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Welcome from the General Co-Chairs, Prof. Clark T.-C. Nguyen and Dr. Giorgio Santarelli

oA

It is our great pleasure to welcome you to the San Francisco Bay Area and to the Joint Conference of the 65" IEEE
International Frequency Control Symposium and 25" European Frequency and Time Forum. This event marks the 5" joint
meeting to combine the two leading international technical conferences for research, development, and applications of
timing and frequency control.

The 2011 Organizing and Joint Technical Program Committees have strived to provide a stimulating and educational
program for all attendees. With a larger than usual number of abstracts to choose from, the conference program easily
coalesced to one that encompasses all traditional topics, to include resonators, oscillators, atomic standards, optical
frequency standards, timekeeping, and resonant sensors, with a noticeable increase in contributions from MEMS
technologists.

On 1 May, the day prior to the meeting, twelve educational and informative Tutorial Sessions are offered. These sessions
will cover topics of interest to attendees, and will be presented by internationally recognized experts in their field.

From May 2-5, the conference program includes three parallel sessions of technical presentations and two poster
sessions, as well as a panel session on Tuesday morning that is sure to provoke thoughtful discourse among conference
participants. Monday and Tuesday evenings offer a Welcome Reception and an Exhibitor's Reception, respectively, giving
you ample opportunity to socialize with colleagues and perhaps stimulate that next big idea over a few drinks. Throughout
the Symposium an exhibit area of leading frequency control and timekeeping manufacturers will be open and will serve as
the site for session breaks, as well as the aforementioned Exhibitor's Reception.

Since the conference venue is situated near the bay at the edge of beautiful downtown San Francisco, it is very close to
many of San Francisco’s bay front attractions that you may wish to enjoy before or after the conference. Among these
attractions are the San Francisco Museum of Modern Art, Pier 39, the Exploratorium, the Aquarium of the Bay, Coit
Tower, the Palace of Fine Arts Theatre, the Presidio, and a plethora of world class restaurants. Beyond the bay front lie
countless other attractions in the greater San Francisco Bay Area, e.g., the wine country up north, the Golden Gate
Bridge, Silicon Valley down south, etc. Needless to say, there is much to do and see at this location, so hopefully you've
planned a few extra days before or after the conference in the area.

We hope the Joint Conference will provide you an opportunity to network with colleagues, reconnect or make new friends,
and share advancements in the frequency and timing field.

Have a great stay in San Francisco and enjoy the 2011 Joint Conference!

Clark T.-C. Nguyen and Giorgio Santarelli
2011 Joint Conference General Co-Chairs
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Welcome from the Joint Program Co-Chairs, Eric Burt and Patrick Gill

It is our pleasure to welcome you to the 2011 Joint IFCS/EFTF. The first joint conference was held in 1999 in Besancon,
France with an initial agreement to repeat the joint configuration every 4 years. However, with the success of these joint
conferences, in 2007 it was decided to move to a biennial format. 2011 marks the 5" joint conference. With 3 parallel
tracks over 4 days covering the entire spectrum of time and frequency topics, the 2011 conference promises to be as
technically successful as its predecessors, providing attendees with the latest scientific and engineering results from the
international time and frequency community

The field of time and frequency is currently experiencing rapid development in several areas. Pushing the limits of
accuracy, optical frequency metrology has emerged as one of the fastest growing sub-disciplines. Developments over the
past decade now include optical clocks with accuracy in the eighteenth digit as well as all-optical means of transferring
that accuracy both in-house and over trans-national distances via optical fiber and femtosecond combs. The most recent
developments in optical frequency metrology will be thoroughly represented at the 2011 conference.

Pushing in the direction of the ultra-small, MEMS technology is poised to revolutionize applications of time and frequency
that require low-cost, miniature, ubiquitous sources with high performance. MEMS technology was featured in the 2010
IFCS and a successful panel discussion was held to discuss if and how MEMS technology might replace quartz. In 2011
we will continue to emphasize MEMS technology through sessions devoted to this topic.

In between the two extremes of highly accurate laboratory frequency standards and ultra-miniature devices are small or
even chip-scale atomic clocks with impressive performance. With size reduction and increasing performance of such
devices, a wide spectrum of applications are arising ranging from clocks in space to sensors that are based on atomic
clock technology. With their decreasing mass/power/volume footprint comes the question of whether chip-scale atomic
clocks also might someday replace quartz oscillators in certain applications. On Tuesday, May 3, there will be a panel
discussion on this topic.

The Sl second remains defined in terms of a microwave transition in cesium so that all primary frequency standards are
based on this transition. The performance of cesium primary microwave frequency standards is 2 orders of magnitude
better than two decades ago. The latest generation of these frequency standards will be discussed in a session devoted
to fountain clocks.

In 1960 Prof. Rudolf Kalman described what came to be known as Kalman Filtering. This method of estimating the values
of variables in the presence of multiple noise types is now a standard tool in time scale formation. To mark the 50"
anniversary of Kalman’s work, which occurred last year, we will have an entire session and several tutorials devoted to
Kalman Filtering.

The student poster competition has become a tradition at this conference. Started in 2004, the competition has grown
steadily each year and the quality of the papers has evolved to be extremely high. In the 2010 IFCS there were over 50
entries. In 2011 there were 76 entries submitted. 24 finalists representing all 6 topical groups of the conference will be on
display and judged during the first poster session on Monday, May 2. Winners will be announced during the reception on
Monday night.

In addition to the regular technical sessions, we will have a day dedicated to tutorials. There will also be an extensive
exhibition with representatives from leading manufacturers and suppliers of frequency control products and equipment
from around the world.

We hope that you will have an enjoyable and technically rewarding 2011 conference!

Eric Burt and Patrick Gill
2011 IFCS/EFTF JPC Co-Chairs
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2011 IFCS Awards
IFCS I.I. Rabi Award

This award recognizes outstanding contributions related to the fields of atomic and molecular frequency standards, time
scale realization, and time comparison and dissemination.

2011 IFCS L.I. Rabi Award:

Prof. Fritz Riehle, Physikalisch-Technische Budesanstalt (PTB)

Citation: “For outstanding contributions to the field of atomic frequency standards, including pioneering research and
development of optical frequency standards and their measurement.”

IFCS W.G. Cady Award

This award recognizes outstanding contributions related to the fields of crystal resonators, frequency control, frequency
synthesis, noise measurement and sensor devices.

2011 IFCS W.G. Cady Award:

Prof. Georgy D. Mansfeld, Russian Academy of Sciences

Citation: “For pioneering research in physical acoustoelectronics and acoustics, including acoustic resonance
spectroscopy, attenuation mechanisms, piezoelectric properties of thin layers and films, and new acoustic materials.”
IFCS C.B. Sawyer Memorial Award

This award recognizes outstanding contributions in the development, production or characterization of piezoelectric
materials of interest to the Symposium Technical Program Committee, or to recognize entrepreneurship or leadership
within profit or non profit organizations in the frequency control community (including all parts of the community).
2011 IFCS C.B. Sawyer Memorial Award:

Prof. Achim Wixford, University of Augsburg

Citation: “For the development and successful commercialization of surface acoustic wave driven microfluidic systems.”
2012 IFCS Award Nominations

Nominations are sought for the 2012 IFCS awards. Information is available at the Registration Desk and is also available
on the IEEE Frequency Control Conference website at: http://www.ieee-uffc.org/fc
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2011 EFTF Awards
EFTF Award

The award, which is open to anyone working in the fields traditionally associated with the European Frequency and Time
Forum (EFTF), recognizes exceptional contributions in all fields covered by the EFTF either for fundamental advances or
important applications. The significance of contributions includes the degree of initiative and creativity, the quality of work,
the degree of success obtained as well as the worldwide scientific impact on the Time and Frequency Community. This
award is sponsored by the Société Francaise des Microtechniques et de Chronométrie. The recipients are selected by the
Executive Committee of the EFTF.

2011 EFTF Award:
Dr. James C. Bergquist, NIST Time and Frequency Division

Citation: “For seminal contributions to high-resolution laser spectroscopy and frequency standards for over 30 years.”

EFTF Young Scientist Award:

The EFTF Young Scientist Award is conferred in recognition of a personal contribution that demonstrated a high degree of
initiative and creativity and lead to already established or easily foreseeable outstanding advances in the field of time and
frequency metrology. A prerequisite is that the work to be taken under consideration has been published in the
Proceedings of the European Frequency and Time Forum or the IEEE Frequency Control Symposium. The award honors
a person under the age of 40 at the date of the opening session of the 2011 EFTF-IFCS joint conference. The goal is to
encourage scientific endeavor and competition and to help young scientists along their career paths. This award is
sponsored by the Société Frangaise des Microtechniques et de Chronométrie. The recipients are selected by the
Executive Committee of the EFTF.

2011 EFTF Young Scientist Award:

Dr. Tobias Kippenberg, Ecole Polytechnique Fédérale de Lausanne and Max Planck Institute for Quantum Optics
Citation: “For contributions to optical frequency metrology by the demonstration of

monolithic micro resonator frequency comb generators.”

EFTF Marcel Ecabert Award:

The Marcel Ecabert Award of the European Frequency and Time Forum (EFTF) is a lifetime award and honors the
excellent achievements of the recipient in the field of time and frequency. It is named after the late Marcel Ecabert,
founding member of the EFTF and member of its Executive Committee.

2011 EFTF Marcel Ecabert Award:

Dr. Giovanni Busca, KYTIME

Citation: “In recognition of a career successfully devoted to the development of atomic

frequency standards, and for his major contributions to the establishment of an industrial
infrastructure for ground and space clocks at European level.”
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Student Paper Competition Awards

Group 1: Materials, Resonators, & Resonator Circuits

“Mechanically-Coupled CMOS-MEMS Free-Free Beam Resonator Arrays with Two-Port Configuration”
Ming-Huang Li, National Tsing Hua University

Group 2: Oscillators, Synthesizers, Noise, & Circuit Techniques

“Effects of Volume and Frequency Scaling in AIN Contour Mode NEMS Resonators on Oscillator Phase Noise
Matteo Rinaldi, University of Pennsylvania

Group 3: Microwave Freqguency Standards and Applications

“CPT Pump-Probe Measurement of the Cs Clock Transition DC Stark Shift”
Jean-Luc Robyr, University of Fribourg

Group 4: Sensors & Transducers

“SAW-Thin-Film Acoustoelectric Effect in-Situ Observation and Measurement”
Brian Fisher, University of Central Florida

Group 5: Timekeeping, Time and Frequency Transfer, GNSS Applications

“Absolute Calibration of GNSS Time Transfer Systems : NRL and CNES Techniques Comparison”
Amandine Proia, CNES/BIPM

Group 6: Optical Frequency Standards and Applications

“Absolute Frequency Measurement of the 1S-2S Transition in Atomic Hydrogen Using a 900 km Remote
Frequency Reference”
Katharina Predehl, Max-Planck-Institue of Quantum Optics



Tutorials

Seacliff A Seacliff B Seacliff C
8:30 a.m. - 10:30 Use of Kalman Filters in Time The Leeson Effect, Phase Noise Theory and Analysis of MEMS
a.m. and Frequency Analysis and Frequency Stability in Resonators
John Davis, National Physical Oscillators Ville Kaajakari, VTI Technologies

Laboratory, Teddington, UK Enrico Rubiola, Femto-St, CNRS

10:30 a.m.- 10:45 Break — Seacliff Foyer
a.m.
10:45 a.m. - 12:45 Fundamentals of Kalman Phase Noise Measurements MEMS Resonators for Frequency
p.m. Filtering and Applications to Craig Nelson, NIST Boulder Control and Sensing Applications
GNSS Gianluca Piazza, Univ. of
Mohinder Grewal, California Pennsylvania
State University, Fullerton
12:45 a.m. - 1:45 Lunch — Hospitality Room
p.m.
1:45 p.m. - 3:45 Principles of Atomic Clocks Variance Measurements — Nanoscale Electromechanical
p.m. Robert Lutwak, Symmetricom Practical Use — Statistics — Long Resonators and Oscillators
Term Prediction Philip X. L. Feng, Case Western
Francois Vernotte, Besancon Reserve University
Observatory
3:45 p.m. - 4:00 Break — Seacliff Foyer
p.m.
4:00 p.m. - 6:00 Next-Generation Frequency The Kalman Filter Theory and Analysis of Quartz
p.m. Standards Lorenzo Galleani, Politecnico di Crystal Resonators
Bruce Warrington, National Torino Yook Kong Yong, Rutgers University
Measurement Institute and Ji Wang, Ningbo University,

China




8:30 a.m. —10:30 a.m.
Room: Seacliff A

Use of Kalman Filters in Time and Frequency Analysis
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides Davis.pdf)
John Davis, National Physical Laboratory

Kalman filters have many applications both in time and frequency and in related topics, for example GNSS analysis.

In this tutorial an overview will be given of the Kalman filter and its relationship to other filters and smoothing algorithms. A
detailed description will be given of each element of the Kalman filter, with emphasis on the underlying physical meanings
and limited use of mathematics. A step by step description of the filtering process will then be provided.

There are several key applications of Kalman filters within time and frequency analysis. These include clock ensemble
algorithms, clock predictors and steering algorithms. The use within the Kalman filter of each of the well-known power law
noise processes will be examined. Models of clock and time transfer noise will be discussed in detail, along with the
treatment of periodic instabilities and linear frequency drift. Methods of testing Kalman filters using simulated data sets will
be demonstrated. Finally the concept of observability, which is of particular importance to clock ensemble algorithms, will
be examined.

8:30 a.m.—-10:30 a.m.
Room: Seacliff B

The Leeson Effect, Phase Noise and Frequency Stability in Oscillators
(http:/lifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides Rubiola.pdf)

Enrico Rubiola, CNRS FEMTO-ST Institute

Simply stated, an oscillator consists of a loop in which a resonator sets the oscillation frequency and an amplifier
compensates for the resonator loss. The oscillation amplitude is set by clipping or other gain-saturation mechanism,
usually in the amplifier. When phase noise is introduced in the loop, the oscillator converts it to frequency noise through a
process of time-domain integration. The consequence is that the oscillator phase fluctuation diverges in the long run. This
phenomenon was originally referred as the “Leeson model” after a short article published by D. B. Leeson [1]. On my side,
| prefer the term “Leeson effect” in order to emphasize that it is far more general than a simple model [2].

The first part of this tutorial explains the phase-to-frequency conversion mechanism as a general phenomenon inherent in
the feedback, following an heuristic approach based on physical insight. There follow the relationships between the noise
of the internal components (sustaining amplifier, resonator, etc.) and the phase noise at the oscillator output, or
equivalently the frequency stability.

The second part is the analysis of the phase noise spectra found in the data-sheet of commercial oscillators: dielectric-
resonator oscillator (DRO), whispering gallery oscillator (WGO), 5-100 MHz quartz crystal oscillators, opto-electronic
oscillator (OEO). The analysis gives information on the most relevant design parameters, like the quality factor Q and the
driving power of the resonator, and the flicker noise of the sustaining amplifier.

The last part shows the derivation of the oscillator phase noise formulae from the elementary properties of the resonator.
Interestingly, the amplitude non-linearity, necessary for the oscillation amplitude to be stable, splits the resonator
relaxation time into two time constants. The approach shown in this last part is general. It applies to all oscillators,
including quartz, RLC, microwave cavity, delay-line, laser, etc.

This tutorial updates on the earlier editions, and also on the book [2] by including the AM noise and the impact of AM
noise on phase noise [3].

References

[1] D. B. Leeson, A simple model for feed back oscillator noise spectrum, Proc. IEEE 54(2) pp. 329-330, Feb. 1966.
[2] E. Rubiola, Phase noise and frequency stability in oscillators, Cambridge 2008 & 2010.

[3] E. Rubiola, R. Brendel, A generalization of the Leeson effect, April 2010 (48 pages).

arXiv:1004.5539 [physics.ins-det].



8:30 a.m. -10:30 a.m.
Room: Seacliff C

Theory and Analysis of MEMS Resonators
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides Kaajakari.pdf)
Ville Kaajakari, VTI Technologies

Microresonators offer promise to integrate bulky analog and RF components on-chip enabling smaller form and reduced
system cost. MEMS resonators have been proposed as one-to-one replacements of macroscopic components such as
quartz crystals and SAW filters. Microresonator based oscillators have been demonstrated to meet the stringent phase
noise requirements of reference oscillators for wireless communication systems, and resonators have been demonstrated
to reach frequencies of over 2 GHz. While small may be desirable, scaling down the resonator also has unavoidable
physical limits. The

research work of past years allows critical evaluation of these limits and provides tools to analyze feasibility of different
microresonator applications.

In this course, we will cover the microresonator basics with the goal of understanding what are the practical applications
and limitations of the resonators. We start by modelling of the mechanical resonator with the goal of representing the
mechanical resonator as a circuit element (LRC resonator). First, the distributed resonator vibrations are represented with
a lumped element. Next, electromechanical coupling mechanisms (capacitive and piezoelectric) are introduced and
compared. The theory is expanded to include second order effects such as electrostatic spring softening and nonlinear
spring effects. As nonlinear effects effectively set the resonator power handling capacity, the estimation of the nonlinear
limit is of fundamental importance for estimating the fundamental limits for miniaturization. Finally, the mechanical
resonator and electromechanical transduction models are combined to an electrical equivalent circuit suitable for system
design.

In the second part of the tutorial, we compare the model parameters (e.g. motional resistance Rm, electromechanical
coupling coefficient kt2) for selected microresonators and commercial devices. These characteristics are compared to
application specific criteria.

10:45 - 12:45
Room: Seacliff A

Fundamentals of Kalman Filtering and Applications to GNSS
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides Kaajakari.pdf)
Mohinder Grewal, University of California, Fullerton

This tutorial presents the fundamentals of Kalman filtering with application to GNSS. It addresses the subtleties,
problems, and limitations of estimation theory as applied to real world situations encountered in GNSS and navigation,
and provides application examples.




10:45 a.m. —12:45 p.m.
Room: Seacliff B

Phase Noise Measurements
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides Nelson.pdf)
Craig Nelson, NIST Boulder

Noise is everywhere. Its ubiquitous nature interferes with or masks desired signals and fundamentally limits all electronic
measurements. Noise in the presence of a carrier is experienced as amplitude and phase modulation noise. Modulation
noise will be covered from its theory, to its origins and consequences. The effects of signal manipulation such as
amplification, frequency translation and multiplication on spectral purity are examined. Practical techniques for measuring
AM and PM noise, from the simple to complex will be discussed. Calibration of measurements and common problems and
pitfall will also be covered.

Craig Nelson is an electrical engineer at the Time and Frequency Division of the National Institute of Standards and
Technology. He received his BSEE from the University of Colorado in Boulder in 1990. After co-founding
SpectraDynamics, he joined the staff at the NIST. He has worked on the synthesis and control electronics, as well as
software for both the NIST-7 and F1 primary frequency standards. He is presently involved in research and development
of ultra-stable synthesizers, low phase noise electronics, and phase noise metrology. Current areas of research include
optical oscillators, high-speed pulsed phase noise measurements and phase noise metrology in the 100 GHz range. He
has published over 35 papers and teaches classes, tutorials, and workshops at NIST, the IEEE Frequency Control
Symposium, and several sponsoring agencies on the practical aspects of high-resolution phase noise metrology.

10:45 a.m. —12:45 p.m.
Room: Seacliff C

MEMS Resonators for Frequency Control and Sensing Applications
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides Piazza.pdf)
Gianluca Piazza, University of Pennsylvania

This tutorial will review the state-of-the-art in MEMS resonator technology that uses piezoelectric, electrostatic and
thermal transduction. Examples of some of the latest micromechanical resonators under development at Universities,
National Labs and industry will be provided. Device design, fabrication and performances will be discussed and compared
to commercially available resonators such as quartz crystals and surface acoustic wave devices. The utilization of these
resonators for frequency control applications such as filtering and high precision signal generation will be presented. In
addition, the ability of arraying these devices, fabricating them in large volumes and integrating them with electronics will
be emphasized in regards to new opportunities in the area of low power front-ends, channelizers and reconfigurable
circuits. Furthermore, the continuous miniaturization and frequency scaling of the MEMS and NEMS resonator technology
has enabled the utilization of these devices for the making of very sensitive, portable and

low-power sensor arrays. The tutorial will briefly review some examples of chem/bio resonant detectors from academia
and industry, and highlight the advantages that MEMS will bring to this space with respect to currently available solutions.

liv



10:45 a.m. —12:45 p.m.
Room: Seacliff A

Principles of Atomic Clocks
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides Lutwak.pdf)
Robert Lutwak - Symmetricom Technology Realization Center

Atomic frequency standards provide the ultimate source of accuracy and stability for all modern communications,
navigation, and time-keeping systems. Commercially-available “Industrial” atomic clocks, including cesium beam
frequency standards, rubidium oscillators, and hydrogen masers, are based on technology originally developed in the
1950's. Since that time, technology evolution and field experience have led to a level of performance and reliability that
atomic clocks are now deployed throughout critical infrastructure applications.

Recently, for the first time in 50 years, a new type of atomic clock has transitioned from the laboratory into practical
application. Chip-Scale Atomic Clocks (CSAC) employ novel techniques for atomic confinement and interrogation,
combined with micro-electromechanical systems (MEMS) and modern electronics, to enable atomic timing accuracy in
portable battery-powered devices. While CSAC technology is yet relatively immature, already a new family of applications
has emerged in handheld communication systems, enhanced personal navigation systems, and remote sensing.

The tutorial will provide an introduction to industrial atomic clocks, focusing on mature technologies: rubidium oscillators,
cesium beam frequency standards, and hydrogen masers, as well as the emerging technology of CSAC.

1:45 p.m. - 3:45 p.m.
Room: Seacliff B

Variance Measurements — Practical Use — Statistics — Long Term Prediction
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides Vernotte.pdf)
Francois Vernotte, Besancon Observatory

The seminar addresses the estimation of the error bars in the Allan variance, and explains why the upper half-bar in the
log-log ADEV plot is bigger than the lower half-bar (while it is a common belief that the lower half-bar is bigger).

Outline

- Practical Allan variance algorithms (with / without overlapping)

- Allan variance versus Allan deviation

- Statistics of the Allan variance and the Allan deviation: chi-squared and Rayleigh distribution

- How to estimate the number of equivalent degrees of freedom (edf) of an Allan variance/deviation measure?
- Probability Density Function and Cumulative Distribution Function of the Allan variance/deviation measures
- Confidence interval over the Allan variance/deviation measures

- Fitting curve over Allan variance measurement

- Link between noise levels and Allan variance response

- Estimation of the noise levels and their uncertainty from the fitting curve

- Extrapolation to very long term time stability

- How to increase the number of edf: the Total variance

- Generalization to the other variances.




1:45 p.m. —-3:45 p.m.
Room: Seacliff C

Nanoscale Electromechanical Resonators and Oscillators
Philip Feng, Case Western Reserve University

Nanoscale devices with mechanical degrees of freedom offer compelling characteristics that make them not only
interesting tools for fundamental studies, but also intriguing candidates for technological applications. In particular,
nanoelectromechanical systems (NEMS) vibrating in their resonant modes provide promising opportunities and
advantages for developing novel transducers and sensors, in the previously inaccessible regimes. In fundamental
physics, recently there have been considerable interests and intensive efforts in exploiting such NEMS devices for
guantum measurements. In technology development, significant milestones have been achieved using prototypical
devices and systems, and rapid progresses are currently being made in resonant sensing; plus other interesting
applications are emerging. At the juncture from understanding fundamentals to creating practical technologies, there are
great challenges and also enormous opportunities for the engineering of NEMS resonators and oscillators.

This tutorial will give an introduction to fundamentals of NEMS and an overview of recent efforts in developing and
engineering nanoscale electromechanical resonators and oscillators. After discussing the basic ideas and fundamental
aspects of such devices, | shall introduce prototypes of devices enabled by the state-of-the-art nanofabrication
techniques, including both top-down and bottom-up approaches. Related and enabling materials, along with their
interesting properties and relevant challenges, will also be discussed. | will then discuss device characterization
techniques and introduce recent advances in very-high and ultra-high frequency (VHF/UHF) NEMS resonators and
oscillators, along with important challenges such as noise and integration. Finally, | will review and discuss some
representative areas of applications, latest highlights and new possibilities in this field, and their interesting and promising
interactions with a few of today’s mainstream technologies.

4:00 p.m. -6:00 p.m.
Room: Seacliff A

Next-Generation Frequency Standards
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides Warrington.pdf)
Bruce Warrington, National Measurement Institute

Optical frequency standards have reached systematic uncertainties of a few parts in 10*17, equivalent to an error of a few
seconds accumulated over the lifetime of the universe, and are able to detect time dilation caused by a change in height
of less than one metre in the Earth's gravitational potential. Next-generation microwave frequency standards are set to fly
aboard the International Space Station, testing relativistic red-shift to a few parts per million and transferring time to
ground stations with picosecond-level precision. How are these astonishing feats of ultra-precise measurement achieved?
The presentation will cover a short history, some core techniques, and the two main approaches to realising an optical
frequency standard: single trapped ions and neutral atoms in optical lattices. Space-borne microwave frequency
standards and linear ion traps will also be briefly described, as well

as the challenges in comparing standards across large distances. To conclude, we will

speculate on a redefinition of the Sl second, currently defined with reference to cesium,

and on the frontier for the measurement of time and frequency.
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4:00 p.m. - 6:00 p.m.
Room: Seacliff B

The Kalman Filter
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/Slides Galleani.pdf)
Lorenzo Galleani, Politecnico di Torino

The motion of a satellite, the trajectory of an airplane, the position of a boat: all these quantities can be predicted
accurately and efficiently with a Kalman filter. Since its introduction half a century ago, the Kalman filter has revolutionized
the field of applied optimal estimation. Literally hundreds of applications have been made and the number is still growing.
Also atomic timing benefits greatly from the Kalman filter. GPS time, for instance, is generated by the Composite Clock,
an algorithm based on the

Kalman filter. In this tutorial we do two things. First, we define the Kalman filter by using a simple example, namely, the
motion of a boat. Second, we discuss a few applications of the Kalman filter to atomic timing, including the GPS
Composite Clock.

4:00 p.m. —6:00 p.m.
Room: Seacliff C

Theory and Analysis of Quartz Crystal Resonators
(http://ifcs-eftf2011.org/sites/ifcs-eftf2011.org/files/editor-files/FCSTutorial 2011 Resonator.pdf)
Yook-Kong Yong, Rutgers University

Ji Wang, Ningbo University

Quartz crystal resonators as a key element for frequency control and detection have wide applications in modern
electronics. The manufacturing technology of quartz crystal resonators have under gone tremendous changes in last few
decades with focused efforts on accuracy, stability, miniaturization and novel applications. These changes required
extensive investigations on improving the theory and analytical techniques as represented by improvements in the Mindlin
plate equations and the development of finite element analysis aimed at the analysis and design of novel structures of
resonators. The critical roles of traditional quartz crystal resonators have been targeted to be replaced by newer
technologies such as the surface acoustic wave (SAW) resonators, acoustic wave MEMS, and lately the film bulk acoustic
wave resonators (FBAR), but the sophistication of quartz crystal resonator technology itself has demonstrated the
continuing and sustainable presence of the traditional quartz resonator with improved performance and refined structure
for unique roles in many critical applications.

This tutorial will provide an overview of the needs of future development, design, and research of the quartz resonator
technology through an introduction of the material, basic theory, approximate equations, practical methods, and design of
the traditional resonator. The lecture will be presented to cover the following: 1) History and trends of quartz

crystal resonator technology, 2) Basic theory of wave propagation, 3) Quartz crystal material, 4) Mindlin plate equations,
5) Analytical considerations, 6) Finite element methods.
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Panel Discussion
Subject: To What Extent Will Quartz be Squeezed Out By CSAC and MEMS?

Tuesday, May 3", 10:30 a.m. — 12:30 p.m.
Grand Ballroom B/C

Panelists:

Chair: John Vig, Consultant, USA

Jean-Pierre Aubry, Oscilloquartz, Switzerland

Martin Bloch, Frequency Electronics, Inc., USA

John Kitching, NIST, USA

Amit Lal, Cornell U., USA

Robert Lutwak, Symmetricom, Inc., USA

Gaetano Mileti, The LTF laboratory - University of Neuchatel, Switzerland
Clark Nguyen, UC Berkeley, USA

During the past several decades, many billions of quartz crystal oscillators have been produced. The applications have
ranged from inexpensive clock oscillators to high stability devices for military and space applications. No technology has
been able to seriously compete with quartz - until recently. Now, competition to quartz is emerging. MEMS oscillators are
now competing with quartz at the low end, and, recently, the Chip Scale Atomic Clock (CSAC) has become available to
compete with some applications at the high end.

At last year's Symposium, a panel of experts, together with an enthusiastic audience, debated the question, “To What
Extent Will MEMS Replace Conventional Quartz Resonators?” This year, a panel of experts will continue and extend the
debate to the question, “To What Extent Will Quartz Be Squeezed Out by CSAC and MEMS?” The panelists, who include
experts in atomic clocks, MEMS, and conventional quartz technologies, will compare the advantages and disadvantages
of the three technologies. Brief updates on the state of MEMS oscillator technologies and markets will be provided at the
start of the panel discussion.
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Future Conferences

2012 IEEE International Frequency Control Symposium
19 - 24 May 2011 - Baltimore, Maryland, USA
www.ifcs2012.0rg

EFTF 2012 European Frequency & Time Forum
23-27 April 2012
Chalmers University of Technology, Gothenburg, Sweden
http://www.eftf2012.org/EFTF2012Home.htm
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Special Thanks

The 2011 Joint Conference of the IEEE International Frequency Control Symposium and European Frequency and Time
Forum is made possible with help from:

Sponsors

IEEE Ultrasonics, Ferroelectrics and Frequency Control Society

E im iﬁim European Frequency and Time Forum

Diamond Patrons

NIST

National Institute of
Standords ond Technelogy

Technology Adrinisiration National Institute of Standards and Technology (NIST)

U.5. Department of Commerce

JPL

Jet Propusion Labaratory X
Gatfgnia ngiuteofTechngogy Jet Propulsion Laboratory (JPL)

Sandia
ﬂ" National
Laboratories Sandia

Gold Patron

Symmetrlcoma Symmetricom

Tote Bag Patron

Frequency Electronics

Special Assistance

University of California at Berkeley
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Exhibitors

ACS is the proud producer of Lattice Etch, the only non-aqueous HF solution specifically
formulated for the etching (chemical milling and/or polishing) of crystalline quartz available
on the market. Lattice Etch provides superior etching performance with consistent and

Ac s predictable results. Used by leaders in the frequency control market for years to produce
high frequency fundamental quartz crystals.

http://adv-chem.com/

AMSystems designs and manufactures thin film processing equipment for the
industry, research labs and universities. Our equipment ranges from single wafer
R&D modules to production cluster tools. We provide a complete solution for
FBAR/SAW technologies, including thin film deposition and thickness uniformity
trimming. AMSystems can help build early prototypes utilizing our dedicated
equipment.

http://www.amssb.com

Anapico Ltd

Switzerland based Anapico Ltd is a innovative manufacturer of test equipment such
as signal source analyzers and low phase noise RF and microwave signal
generators. The displayed APPH6000 signal source analyzer measures phase noise

Al'la Pico down to -190 dBc/Hz.

of Switzerland http://www.anapico.com/
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J Brandywine Communications is the premier supplier of GPS and time code
b'q n visine based precision time and frequency products including wireline and wireless
' telecommunication networks. Brandywine offers a full suite of Next Generation
synchronization, timing and monitoring products to maximize a telecom
network’s performance and flexibility to the network. Better timing and synchronization means better quality for voice,
video and data services.

i communicalionsr

http://www.brandywinecomm.com/

Time interval analyzers with 3 ps resolution and 4 million measurements per

B I‘i I I ia nt second in modular instrument formats.
I nStPu ments http://www.b-i-inc.com/

Discovery Semiconductors, Inc. is an industry leader in

1“@ mgemmm‘?u. manufacturing ultrafast, high optical power handling InGaAs
13

we ohip the Futurs. photodetectors, RF over fiber optical receivers, balanced optical
receivers and several custom products for applications ranging
from analog RF links to ultrafast digital communications. Discovery’s instrumentation includes their Lab Buddy, Highly
Linear Photodiode (HLPD), and Optical Coherent Receiver System.

http://www.discoverysemi.com

EndRun Technologies is the only provider of indirect-GPS disciplined
n oscillators. Designed and manufactured in California, EndRun
synchronizes time and frequency systems using GPS or indirect-GPS
(indoor antenna with 1S-95 CDMA). A wide variety of products are
TECHNOL OGIES available spanning from GPS fiber optic links, GPS inline pre-amplifiers,
NTP time servers, IEEE-1588 grandmaster clocks, primary time &
frequency references and distribution. The gem of the product line includes

"Smﬂrfer ﬂm;ﬁg S{}fﬁﬁ(}ﬂ Ay """ the ultra-low-noise oscillator that provides the most precise and stable

GPS-derived frequency reference in the world. Guaranteed.

http://www.endruntechnologies.com/
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Frequency Electronics, Inc. is a world leader in the design, development and manufacture of high
precision timing, frequency control and synchronization products for space and terrestrial
applications. Frequency Electronics’ products are used in commercial, government and military
systems, including satellite payloads, missiles, UAVs, aircraft, GPS, secure radios, SCADA,
energy exploration and wireline and wireless communication networks.

http://www.fregelec.com/

: GuideTech is a leading provider of precision test and measurement instruments for
GUIdETECh scientific laboratories, development and volume manufacturing applications based on
its patented “Continuous Timing Interval Analyzer” (CTIA) technology. GuideTech's
multi-channel timing test systems substantially improve test throughput of Automated Test Equipment (ATE) systems
through fast measurement rates, greater accuracy, increased parallelism, and through critical high-speed timing test
coverage. The Company sells its PC-based timing instruments since 1988 into the scientific lab market to customers such
as NIST, NASA, CERN, US Naval Observatory, Northrop, Rolls Royce and other respected science organizations
worldwide. GuideTech’s PC products and test systems are available in ISA, PCI, PCle, PXI, and PXle. With very strong
R&D, the company is scheduled to launch 9 new products in 2011.

http://www.guidetech.com

(CSACs) and ultra-miniature GPS Disciplined Oscillators. Our smallest product is

less than 1 inch square and consumes less than 0.5W, and our highest
performance product is slightly larger than a pack of cigarettes, and is based on a Cesium Vapor Atomic Reference for
ultra-fast warm-up, very low power, and very good holdover performance.

Jackson Labs Technologies, Inc. designs and manufactures Precision Timing and
a onL Frequency References including ground-breaking Chip Scale Atomic Oscillators

http://www.jackson-labs.com/

Noise XT is a high spectral purity instrumentation provider offering Phase and

Amplitude Noise Test Systems. Our products measure Absolute, Residual,
Added noise on CW and Pulsed signals with offsets up to 500MHz and on input
signals up to 140GHz. Our new product DCNTS exhibits the lowest noise floor of
the industry with down-to -195dBc/Hz performance. It is the only complete dual
phase noise test set with cross-correlation feature. Its unique signal processing

software allows very fast high performance measurements.

http://noisext.com/
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E‘Efl.t_-mi|lil1kg.1;_:_ e Pascall Electronics Ltd based on the Isle of Wight in England (UK) is a

leading supplier of RF & Microwave components, subsystems and custom
power supplies for aerospace, defence, marine and civil markets. Pascall has special expertise in providing industry
leading ultra low noise oscillators and frequency generators solutions covering VHF to X-band. Such devices are
particularly suited for radar, communication and high end test systems

http://www.pascall.co.uk/

B oL - N : .
P I I( hTIM E SYSTEMS Piktime Systems Ltd specializes in: *time transfer solutions for time scales

purpose, *high precision measurements of frequency and time, *distribution
of time signals and reference frequency. Our core product is time transfer
system TTS-4 which allows comparison of time scales and clocks on long distance. TTS-4 receiver is capable to carry
observations on all available frequencies for GPS, GLONASS and GALILEO. Our product offers high precision along with
comfortable and stable operation. Piktime Systems Ltd closely co-operates with The Astrogeodynamical Observatory
(AOS) of the Space Research Centre.

http://www.piktime.com/

R o I H Roth & Rau MicroSystems is a leading supplier of plasma and ion beam processing
systems for the semiconductor, MEMS, and sensor industries. Our “lonScan” frequency

trimming systems are widely used in SAW, BAW, and FBAR manufacturing for yield

R A maximization. We also offer a full range of precision thin film deposition and etching
systems for a broad range of processes, including Reactive lon Etching (RIE), Plasma

Enhanced Chemical Vapor Deposition (PECVD), lon Beam Etching (IBE) and lon Beam

Microsvstems Sputter Deposition (IBSD), using our own in-house developed plasma and ion beam

sources.

http://www.roth-rau.de/konzern/microsystems/de/index.php

Sansei-Showa Co., Ltd produces production and test equipment for the Quartz
‘ n I Crystal and Semiconductor industry.

Sansei-Showa Co..ltd.  http://www.sanseishowa.com/
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n "Industry leader of test and manufacturing equipment for the frequency control industry." We make
A measurement, temperature test, frequency adjustment, sorting and various other production
'+ = equipment for the frequency control industry.
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http://saunders-assoc.com

Spectracom is a leading provider of time and frequency technology. Our

@ SPECTRACO M application-specific products are designed for synchronization and timing of

networks, systems and devices; calibration and test of precise frequency
instruments, and measurement of frequency signals. Products include sync tester/analyzers, GPS simulators, time and
frequency analyzers/counters, secure master clock synchronization systems, and more.

http://www.spectracomcorp.com/

SpectraDynamics, Inc. is a leading supplier of Time and Frequency Products with

exceptionally low noise and high stability. Our main product lines are Time and

Frequency Distribution Amplifiers, Frequency Synthesizers and Noise Measurement

SpectraDyYNaMIcs. INC. Systems. SpectraDynamics, Inc. is proud to serve the Time and Frequency
f community around the world.

http://www.spectradynamics.com/

(j) ‘S‘pfcrﬂ/_' EE .:4“, - Spec_tratime is a world's leader in high-performance crystal, rtjbidium, maser

and integrated GPS/GNSS reference clocks and related test instruments, by
[Precision Timing Solution offering smart, cost-effective and high-quality products for the telecom,
defense, broadcasting, instrumentation, and space industries.

http://www.spectratime.com/
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//ﬂ Symmetricom's precision frequency standards deliver exceptional performance
: .- _and unsurpassed accuracy, stability and reliability in the most challenging of
Symmetrlcom environments. Our hydrogen, cesium and rubidium standards and quartz

oscillators have supported more military communications, satellite ground stations,
metrology laboratories and test & measurement applications than any other precision frequency references in the world.

http://www.symmetricom.com/

. T4Science is a world's leader in high-performance hydrogen maser clocks, by offering smart,
" \ cost-effective and high-quality products and total support services for the multiple scientific
and GNSS space industries.

D)
" eeience

IPRECISION MASER SOLUTIONS™

http://lwww.t4science.com/

AXECO, Iﬂc. XECO, Inc. is a manufacturer of quartz inverted mesa blanks offering many styles

and sizes of blanks both electroded and non-electroded from frequencies of 20 to
v over 600 MHz fundamentals. For unique applications requiring special electrode

patterns or mesa shapes, XECO can produce blanks to your specifications with
minimal tooling fees. XECO exclusively uses swept quartz and a unique photolithographic process to produce blanks and
can offer the highest quality blank available on the market from an independent supplier.

http://lwww.xeco.net/

h\\ \ \ ! Technology-leader Zurich Instruments (ZI) designs and manufactures high performance
dynamic signal analysis instruments for advanced scientific research and leading industrial

Sy Sy \/ applications. ZI products include lock-in amplifiers, phase-locked loops, instruments for
electrical impedance spectroscopy, and application specific pre-amplifiers. Headquartered in

—— / \ Zurich, Switzerland, ZI was established in 2008. ZI customers are scientists and engineers in
leading research labs and organizations worldwide.

http://www.zhinst.com/
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Plenary Session Invited Talk

Quantum Information Processing and Atomic Clocks*

D. J. Wineland, NIST, Boulder, CO

Abstract:

For approximately the last fifteen years, the subject of quantum information processing (QIP) has occupied the efforts of
many laboratories, leading to logic gate implementations and demonstrations of basic protocols for universal quantum
computation. The potential strength of quantum computing derives in part from the exponentially-increasing size of state
space with the number of bits - when such “qubits” exist in superposition states. Primary drivers for this work include the
potential realization of efficient factoring (P. Shor) and unstructured searches (L. Grover), however these applications are
probably at least decades away. In the near term, simple elements of QIP can be applied to simulation of interesting
guantum systems or to metrology. For atomic clocks, simple logic gate protocols have been used to realize “quantum
logic spectroscopy” which has led to an Al+ optical clock with systematic uncertainty less than 1x10™’ (T. Rosenband et
al.). Particular entangled states created with QIP techniques can provide improved clock stability in certain
circumstances. Extensions of these techniques may also have more general spectroscopic applications.

* NIST work supported by ONR, AFOSR, IARPA, NSA, DARPA, and the NIST Quantum Information Program.

Bio:

DAVID WINELAND received a bachelor’s degree from Berkeley in 1965 and his Ph.D. from Harvard in 1970, under
Norman Ramsey. After a postdoctoral appointment at the University of Washington, under Hans Dehmelt, he joined NBS
(now NIST), where he is the leader of the lon-Storage Group in the Time and Frequency Division at Boulder. The group’s
research has focused on laser cooling and spectroscopy of trapped atomic ions with applications to atomic clocks,
guantum-limited metrology, and quantum state control.
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Parallel Oral Session Schedule

Monday, May 2

10:50 a.m. - 12:30 p.m.

_ Grand Ballroom B Grand Ballroom C Seacliff Rooms

A1L-B - Time Transfer and Time Scales

A1L-A - Lattice Clocks I

A1L-B - Silicon and CMOS MEMS
Resonators

] Session Chairs:

Scott Diddams, NIST

INVITED: Trapping Induced
Frequency shifts by Comparison of

Sheng-Shiang Li, National Tsing Hua
University
INVITED: Hybrid MEMS Resonators
and Oscillators

Samuel Stein, Symmetricom

Aces MWL Status and Test Results

10:50a.m. - _ o Marc Peter Hess, et al.
11-10a.m Two Sr optical lattice clocks at the 10- Sunil Bhave, Cornell University A_strlum GmbH
B 17Level Timetech GmbH
Jérdme Lodewyck, et al. ESA/ESTEC
LNE-SYRTE Single-Frequency time and frequency
11:10am. - ) |NR|_|V| o transfer with Galileo E5
o Nicolaus Copernicus University Maria Del Carmen Martinez-Belda, et al.
11:30a.m. IPL Universi -
niversity of Alicante
Royal Observatory of Belgium
Higher-Order Effects on the Clock A CMOS-compatible 20MHz Poly-SiGe | New realization strategy for UTC(PTB
Transition 1S0 — 3P0 in Strontium MEMS oscillator with low-power Andreas Bauch, et al.
11:30a.m. - Atoms heating for stabilization over PTB
11:50a.m. Vitaly Pal’chikov, et al. temperature. NUDT
Roelof Jansen, et al.
IMEC
Reducing the Uncertainty of the Yb Mechanically-Coupled CMOS-MEMS Contribution to TAI frequency by a
Optical Lattice Clock Free-Free Beam Resonator Arrays with | travelling Primary Frequency Standard
Andrew Ludlow Two-Port Configuration Daniele Rovera, et al.
11:50a.m. - NIST Ming-Huang Li, et al. LNE-SYRTE
12:10p.m. ECNU Institute of NanoEngineering and
MicroSystems
National Tsing Hua University
Transition Frequency of the 698 nm Bulk Modes in Single-Crystal Silicon Direct comparison of optical clocks
Clock Transition of *’Sr Gavin Ho, et al. Using a telecommunication fiber link in
Stephan Falke, et al. ParibX, Inc Tokyo
12:10p.m. - Physikalisch-Technische Bundesanstalt University of Denver Miho Fujieda, et al.
12:30p.m. Georgia Institute of Technology National Institute of Information and

Communications Technology
The University of Tokyo
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Parallel Oral Session Schedule (continued)

Monday, May 2

1:30 p.m. - 3:30 p.m.

_ Grand Ballroom B Grand Ballroom C Seacliff Rooms

A2L-B - New Material Applications

A2L-A - Fountain Clocks

Robert Lutwak, Symmetricom

INVITED: Measuring the Blackbody

Radiation Shift — Comparisons

Ralf Lucklum, Tech. Univ. of

Magdeburg

Piston Temperature Measurements
with SAW SensorsThomas Plum, et al.

A2L-C - Phase Noise Measurement and
Modeling

Session Chairs:

Warren Walls, US Naval Observatory

INVITED: Modeling Phase Noise in

Multifunction Subassemblies

1:30p.m. - between Room Temperature and Deutz AG Michael Driscoll, et al.
1:50p.m Cryogenic (77K) Cs Fountains at SENSeOR Northrop Grumman Electronic Systems
INRIM and NIST
T.P. Heavner, et al. Characterization of WO; layers
NIST deposited on Quartz and Lithium
. . I’_\'RIM i Niobate SAW Resonators for the design
1:50p.m. - Politecnico di Torino of gas sensors
2:10p.m. .
M. David, et al.
Université deToulon var
Université Femto Besancon
Uncertainty evaluation of the Langasite SAW Tmperature and Vibration Isolation of
continuous cesium fountain frequency oxygen multi-sensor Acceleration-Sensitive Devices
2:10p.m. - standard FOCS-2 P. Zheng, et al. Joseph Donovan, et al.
2:30p.m. Gianni Di Domenico, et al. National Energy Technology Laboratory Northrop Grumman Corporation
Université de Neuchétel Carnegie Mellon University
METAS
Improved accuracy evaluation of the SAW Sensor Correlator System Limited Live-Time Measurements of
NPL-CsF2 primary frequency Performance Parameters Frequency Spectra
2:30p.m. - standard Nikolai Kozlovski, et al. David Howe, et al.
2:50p.m. Ruoxin Li, et al. University of Central Florida NIST
Pennsylvania State University
National Physical Laboratory
Measurements with Multiple Thin Film Plate Acoustic Wave Based Simplified Phase Noise Model for
2:50 Operational Fountain Clocks Resonant (FPAR) Pressure Sensors Negative Resistance Oscillators
:50p.m. - - ] A
3:10p.m. Steven Peil, et al. Emil Andera_s, et gl. Jeren_wy E\{erard, etal.
U.S. Naval Observatory Uppsala University University of York
Quantitative Evaluation of Distributed Elasto-Acoustic Properties of An integrated phase noise measurement
Cavity Phase Shifts to Improve the ReCa40(B0O3)3 (Re=La, Pr, Nd, Y. Gd) | bench for the on-chip characterization
3:10p.m. - Accuracy of SYRTE FO2 Piezoelectric Crystals of resonators and VCOs
3:30p.m Jocelyne Guéna, et al. Thomas} Shrout, et_al. _ Sylvain Godet, et al.
DR LNE-SYRTE Pennsylvania State University Axess Europe

The Pennsylvania State University

Crystal Photonics Inc.

LAAS-CNRS
ST Microelectronics
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Parallel Oral Session Schedule (continued)

Tuesday, May 3

8:30 a.m. - 11:00 a.m.

_ Grand Ballroom B Grand Ballroom C Seacliff Rooms

B1L-C- Two Way Optical and

B1L-A - Ion Clocks

B1L-B - Novel structures for MEMS
Resonators

Microwave Links

_ Session Chairs:

Eric Burt, JPL/NASA

Precision Calculation of Blackbody
Radiation shifts for Metrology at the
18™ Decimal Place

Gianluca Piazza, University of
Pennsylvania
INVITED: Ferroelectric PZT RF
MEMS Resonators
Jeffrey Pulskamp, et al.

Mizuhiko Hosokawa, NICT

INVITED: Time transfer by laser link -
T2L2: Current Status and Future
Experiments

88350;;?“ ) Marianna Safronova, et al. US Army Research Laboratory Etienne Samain, et al.
D University of Delaware Cornell University Observatoire de la Cote d'Azur
PNPI CNES
Joint Quantum Institute
Precision Calculation of Blackbody
850 Radiation shifts for Metrology at the
ova.m. - th .
9:10a.m. _18 Decimal Place
Nils Huntemann, et al.
Physikalisch-Technische Bundesanstalt
Search for time-evolution of the fine Ultra High Frequency Air/Aluminum Construction Progress in the Photon
structure constant using two optical Nitride Fractal Phononic Crystals Counting Detector for the European
9:10a.m. - transitions in a single Ion of 171Yb+ Nai-Kuei Kuo, et al. Laser Timing Experiment
9:30a.m. Steven King, et al. University of Pennsylvania Jan Kodet, et al.
National Physical Laboratory Czech Technical University in Prague
CSRC
Experiments with trapped thorium A new acoustic resonator concept based TWSTFT Experiment by Employing
ions: Towards an optical nuclear clock on acoustic waveguides using Dual Pseudorandom Noise (DPN)
with Th-229 Silicon/Periodically Poled Codes between NICT and TL
9:30a.m. - Ekkehard Peik, et al. Transducer/Silicon structures for RF Shinn-Yan Lin, et al
9:50a.m. Physikalisch-Technische Bundesanstalt applications Chunghwa Telecom
Florent Bassignot, et al. National Tsing Hua University
FEMTO-ST
DGA
High-Q Factor in electrostrictive thin Transatlantic 2.5 MChip/S Two-Way
Fflms resonators Satellite Time and Frequency Transfer
9:50a.m. - Mathieu Pijolat, et al. with Surface Acoustic Wave Filters
10:10a.m. CEA LETI Victor Zhang, et al.
FEMTO-ST NIST
LNE-SYTRE
Motional Impedance of Resonators in Dual-Stage Quad-Mixer Satellite
10:10a.m. - the Nonlinear Regime Sir_nulato_r for TWSTFT
10:30am. Hyung Kyu Lee, et al. Faisal Ali Mubarak, et al.

Stanford University

Dutch Metrology Institute
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Parallel Oral Session Schedule (continued)

Tuesday, May 3

1:30 p.m. - 3:30 p.m.

_ Grand Ballroom B Grand Ballroom C Seacliff Rooms

B2L-B - Liquid Sensors

B2L-A - Combs

B2L-C- Frequency Synthesis & CMOS
Oscillators

_ Session Chairs:

Scott Crane, USNO

INVITED: The evolving optical
frequency comb: Expanding

Fabien Josse, Marquette University

Surface Functionalization and
Monolayer Formation on Silicon

Jeremy Everard, University of York

INVITED: A History of the
Development of CMOS Oscillators: the

113500ppnr1n i applications for a precision optical Resonant Nal_loballances Dark_ Horse in Frequency Control
RS frequency synthesizer Babak Tousifar, et al. Michael McCorquodale, et al.
Scott Diddams, et al. University of Denver Integrated Device Technology
NIST Damping and Mass Sensitivity of
Laterally Vibrating Resonant
Microcantilevers in Viscous Liquid
1:50p.m. - Media
2:10p.m. Russell Cox, et al.
Marquette University
Georgia Institute of Technology
Universite de Bordeaux
Carrier-envelope phase stabilization Liquid Sensor Utilizing a Regular A Highly Stable CMOS
with as little As 120 pJ Laser Pulse Phononic Crystal with Normal Self-Compensated Oscillator (SCO)
2:10p.m. - Energy (10 mW at 80 MHz) with a Incidence of Sound Based on an LC Tank Temperature
2'_30F') m new method Ralf Luck!um, et a_ll. _ Null Concept
R Peter Hommelhoff, et al. Otto-von-Guericke-University Ayman Ahmed, et al.
Max-Planck-Institut fur Quantenoptik Wuhan University Si-Ware Systems
INVITED: Chip Scale Optical Influence of Ambient Parameters on Design and Performance of the RF
Frequency Combs the Response of Polymer-Coated Sh- Synthesiser for the ELISA cryocooled
Tobias Kippenberg, et al. Surface Acoustic Wave Sensors to Sapphire Oscillator
2:30p.m. - EPFL Aromatic Analytes in Liquid-Phase Wolfgang Schaefer, et al.
2:50p.m. MPQ Detection TimeTech GmbH
Florian Bender, et al. FEMTO-ST
Marquette University European Space Agency
Stanford University
Surface Acoustic Wave Flow Sensor A 4.6 GHz, 15 mW Frequency
Yizhong Wang, et al. Synthesizer CMOS ASIC with Milli-
University of Pittsburgh Hertz Frequency Resolution for
2:50p.m. - Peking University Miniature Atomic Clocks
3:10p.m. Yazhou Zhao, et al.
Ecole Polytechnique Fédérale de
Lausanne
ASULAB
Low-Noise Near-Infrared Optical Solidly Mounted Resonators with A Novel High Frequency Synthesizer
Frequency Comb from a Solid-State Carbon Nanotube Electrodes for Using Injection-Mode Coupled VCSO
Femtosecond Laser Biosensing Applications for Low Jitter and Low Noise
3:10p.m. - Stfépha_ne Schilt, et al. L. (“?arcifa—Gancedo, gt al. Applications
é:30§.rﬁ. Universite de Neuchatel University of Cambridge Ulrich Rohde, et al.

ETH Zurich

Universidad Politecnica de Madrid
University of Bolton
University of Cambridge

University of Cottbus
Synergy Microwave Corp
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Parallel Oral Session Schedule (continued)

Wednesday, May 4 8:30 a.m. - 10:30 a.m.
C1L-A - : Local Oscillators & C1L-B - Optimized and Tunable C1L-C- Celebrating Kalman Filter S0th
Resonators MEMS Resonators Anniversary
Patrick Gill, NPL Yoonkee Kim, US Army Demetrios Matsakis, USNO
INVITED: Sensitivity Training for the 3.2 GHz AIN Lateral Overtone Bulk INVITED: Applications of Kalman
8:30a.m. - Laser Interferometer Space Antenna Acoustic Resonator Filtering from 1960 to Present
8:50a.m. (LISA) Mission Songbin Gong, et al. Mohinder Grewal, California State
William Klipstein, et al. University of Pennsylvania University
California Institute of Technology Tunable Silicon Bulk Acoustic
8:50am. - Resonators with Mu'lti-F ace AIN
9:10a.m. Transdu_c?lon
Roozbeh Tabrizian, et al.
Georgia Institute of Technology
Laser stabilization at the 10-16 level Voltage-Controlled Phase Matching to Reduced Kalman Filters for Clock
Yanyi Jiang, et al. Optimize Micromechanical Ensembles
9:10a.m. - East China National University Array-Composite Resonator Output Charles Greenhall, California Institute of
9:30a.m. NIST Power Technology
University of Colorado Mehmet Akgul, et al.
University of California at Berkeley
Robust, portable ultra-stable lasers Acoustic Bragg Reflectors for A Kalman Filter UTC(k) prediction
9:30a.m. - for non-laboratory applications Q-Enhancement of Unreleased MEMS and steering algorithm
9:50a.m David Leibrandt, et al. Resonators _ John Da}ws, et al.
AR NIST Wentao Wang, et al. National Physical Laboratory
MIT
Force-insensitive Fabry-Perot etalon Tunable Piezoelectric MEMS Synchronizing Computer Clocks using
9:50a.m. - Stephen Webster, et al. Resonators for Real-Time Clock Kalman Filters
10:10a.m. National Physical Laboratory Diego Emilio Serrano, et al. Judah Levine, NIST
Georgia Institute of Technology
Frequency-stabilization to 6x10-'° via Linear Acoustic Bandgap Arrays for Using the Kalman filter to detect time
10:10a.m. - spectral-hole burning S.purious Mode Suppression in and frequency jumps in_ atomic clocks
10:30a.m Michael Thorpe, et al. Piezoelectric MEMS Resonators Lore_nzo C_Sallegm, e_t al.
T NIST Logan Sorenson, et al. Politecnico di Torino
Georgia Institute of Technology INRIM
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Parallel Oral Session Schedule (continued)

Wednesday, May 4 10:50 a.m. - 12:30 p.m.

_ Grand Ballroom B Grand Ballroom C Seacliff Rooms
C2L-A - : Microclocks & Novel C2L-B - Quartz Based Resonators C2L-C- Algorithms for Clock and Time
Scale Estimations

Concepts

| Session Chairs:

John Kitching, NIST Ji Wang, Ningbo University Ilaria Sesia, INRIM
Dark Line Resonances in Cs-Ne An Efficient AT-Cut Quartz Crystal Straightforward estimations of GNSS
10:50a.m. - microcells for Chip Scale Atomic Resonator Design Tool for Activity Dip on-board clocks
li'lOé m Clocks in Working Temperature Range Jerome Delporte, et al.
R Rodolphe Boudot, et al. Shih-Yung Pao, et al. CNES
FEMTO-ST TXC Corporation
All-Optical Integrated Rubidium Recent Investigations on BAW Statistical biases and very long term
11:10a.m. - Atomic C_lock Resonators at Cryogenic Temperatures time st_ability analysis
11',305 m Lute Maleki, et al. Maxim Goryachev, et al. Francois Vernotte, et al.
RN OEwaves Inc FEMTO-ST University of Franche-Comte
The Aerospace Corp
Low-power chip-scale Rubidium A Parametrically Driven Quartz UHF Multi-Scale Clock Ensembling Using
Plasma Light Source for Miniature Oscillator Wavelets
11:30a.m. - _ Atomic Clocks Randall Kubena, gt al, Ken Senior, et al.
1i'50a m ~ Vinu Venkatraman, et al. HRL Labor_atorl_es U.S. Ngval Research Lgboratory
R Ecole Polytechnique Fédérale de Rutgers University University of Washington
Lausanne
University of Neuchatel
MOT Loading Enhancement with Results on 40MHz Quartz Resonators A new prediction algorithm for EAL
11:50a.m. - Stimulate_d Light Forces Realized by Deep Reactive Ion _Gianna Panfilo, et al_.
12',105 m Tara Liebisch, et al. Etching....267 International Bureau for Weights and
R NIST Jean-Jacques Boy, et al. Measures
FEMTO-ST
CPT pump-probe measurement of the | Quartz Crystal Industry of China in the | Performance Comparison of Composite
Cs clock transition DC Stark shift Crossroads Clock Algorithms Based on Future GPS
Jean-Luc Robyr, et al. Ji Wang, et al. Clock Scenarios
University of Fribourg Ningbo University Matthias Suess, et al.
Piezoelectric Crystal Association of China DLR
12:10p.m. - TXC (Ningbo) Corporation JPL
12:30p.m. East Crystal Electronic Co., Ltd USNO
Ningbo Hiking Electronics Tech. Co., Ltd
Timemaker Crystal Technology Co., Ltd
203 Institute of the Second Academy
Zhejiang University
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Parallel Oral Session Schedule (continued)

Wednesday, May 4

1:50 p.m. - 3:50 p.m.

_ Grand Ballroom B Grand Ballroom C Seacliff Rooms

C3L-B - Physical Sensors

C3L-A - : Lattice Clocks II

C3L-C- Acoustic Oscillators and
Micromechanical Resonators

| Session Chairs:

Ekkehard Peik, PTB

INVITED: Suppression of collisional
frequency shifts in an optical lattice

Don Malocha, University of Central
Florida
INVITED: Two Types of
Micromachined Vibratory Gyroscopes

Michael Driscoll, Northrop Grumman

RF oscillators stabilized by temperature
compensated HBARs based on

LNE-SYRTE

12510&";” ) clock Andrei Shkel, et al. LiNbO;/Quartz Combination
R Matthew Swallows, et al. DARPA/MTO Thomas Baron, et al.
NIST FEMTO-ST
Passive Tuning in Lateral-Mode
2:10p.m. - Thin-Film Piezoelectric Oscillators
2:30p.m. Mohsen Shahmohammadi, et al.
Oklahoma State University
Evidence of a fermionic collisional Ultrasonic Microparticle Trapping by High Frequency Dual-Mode
shift Multi-Foci Fresnel Lens Thermal-Piezoresistive Oscillators
2:30p.m. - Wilfried Maineult, et al. Youngki Choe, et al. Amir Rahafrooz, et al.
2:50p.m. LNE-SYRTE University of Southern California University of Denver
Laboratoire Kassler Brossel Palos Verdes Peninsular High School
The Pennsylvania State University
INVITED: Development of Optical Resonant Piezoelectric Energy Wafer-scale packaging for FBAR-based
2:50p.m. - Clocks for Future Applications in Converters ar_)d Cardiological Health Oscillators
3:10p.m Space Rui Zhang, et al. _ _ Martha Small, et _al.
R Uwe Sterr, et al. Case Western Reserve University Avago Technologies
Physikalisch-Technische Bundesanstalt University of Washington
Heinrich-Heine-Universitat Diisseldorf Influence of non-ideal clamping in Low Phase Noise Quartz BAW
microcantilever resonant frequency Oscillator for Space Applications
estimation T. McClelland, et al.
3:10p.m. - Ludivine Fadel-Taris, et al. Frequency Electronics, Inc.
3:30p.m. Université de Bordeaux
Marquette University Milwaukee
Georgia Institute of Technology Atlanta
CNRS, LAAS Laboratory
Measureg;ent of the magic wavelength
. for the ""Hg optical clock transition
3.?,Op.m. ) SiﬁdapMejri, etal.
3:50p.m.
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Parallel Oral Session Schedule (continued)

Wednesday, May 4 4:10 p.m. - 6:10 p.m.

_ Grand Ballroom B Grand Ballroom C Seacliff Rooms
C4L-A - : Space Clocks & Novel C4L-B -Mass Sensors C4L-C- Optical Fiber Time and
Oscillators Frequency Transfer

_ Session Chairs:

Louis Marmet, NRC Canada Leo Reindl, University of Freibourg Michael Driscoll, Northrop Grumman

Study of Fe**-Sapphire Maser Above 4 | INVITED: Vibratory MEMS for room | INVITED: A 900 km long optical fiber
4:10p.m. - ' Kelvin ' tempera.ture ele_:ctrometry link for remote comparison of
4:30p.m ‘Karim Benmessal, et al. _ A_shwn_n Seshia, et gl. frequency standards
AL University of Western Australia University of Cambridge Harald Schnatz, et al.
FEMTO-ST University of Hong Kong Physikalisch-Technische Bundesanstalt
Space Mini Passive Hydrogen Maser - Max-Planck Institute for Quantum Optics
a Compact Passive Hydrogen Maser
for Space Applications
4:30p.m. - Marco Belloni, et al.
4:50p.m. Selex Galileo
Spectratime
European Space Agency
Kytime
Cavity pulling study and long-term Nanoscale Thin Plate and Membrane Phase Noise of Integrated Optical Phase
stability evaluation of HORACE Resonators for Sensing Locked Loops
450 compact cold atom clock Philip Feng, Case Western Reserve Amir Nejadmalayeri, et al.
:50p.m. - . RO
5:10p.m. Nicolas Rossetto, et al. University ) MI_T
LNE-SYRTE Sandia National Labs
NIST
CNES
Photonically generated 10 GHz High Frequency Thermal-Piezoresistive Progress on an Optical Link for
microwaves with close-to-carrier MEMS Resonators for Detection of Ultra-Stable Frequency Dissemination
5:10p.m. - phase noise <_-100 dBc/Hz Organi_g Gases using a Public Telecommunication
5:30p.m Tara Fortier, et al. Argsh Hajjam, etal. _ _Network
AL NIST University of Denver Olivier Lopez, et al.
Laboratoire de Physique des Lasers
LNE-SYRTE
Receptor-Coated Porous Silicon Active Detection of Propagation Delay
Resonators for Enhanced Sensitivity of Variations in Single Way Time
5:30p.m. - Vapor Detection Transfer Utilizing Dual Wavelengths in
5:50p.m _ _Yongha Hwang, et al. an Optical Fiber Network
R University of California, Los Angeles Sven-Christian Ebenhag, et al.
SP Technical Research Institute of
Sweden
Effect of a mass layer on SH Waves in One-Way Temperature Compensated
5:50 Piezomagnetic/Piezoelectric Material Fiber Link
:50p.m. -
6:10p.m. _Struct_ures James Hanssen, et al.
Jing Cui, et al. US Naval Observatory
Ningbo University
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Parallel Oral Session Schedule (continued)

Thursday, May 5 8:30 a.m. - 10:30 a.m.

D1L-A - Vapor Cell Clocks D1L-B -Filters D1L-C- Optical Oscillators &
Components
. SesionChars_______________________
Svenja Knappe, NIST Rick Puccio, Quartzdyne Michael Tobar, University of Western
Australia
INVITED: Super-coatings enabling INVITED: Positioning FBAR Experimental Demonstration of
M\minute-long Zeeman coherence Technology in the Frequency and Phase-Modulated OEO Using Balance
8:30a.m. - times in alkali-vapor Cells Timing Domain Detection
8:50a.m. Micah Ledbetter, et al. Rich Ruby, Wireless Semiconductor Patrick Callahan, et al.
University of California at Berkeley Division Johns Hopkins University Applied Physics
State Optical Institute Laboratory
Characterization of Surface Acoustic
8:50a.m. - Wave Optomechanical Oscillators
9:10a.m. Gaurav Bahl, et al.
University of Michigan
A compact laser-pumped Rb clock INVITED: Tunable RF SAW/BAW New strategies for fiber-based
with < 5x10-" ;-'* frequency stability Filters: Dream or Reality femtosecond lasers low-noise
9:10 Christoph Affolderbach, et al. Ken-Ya Hashimoto, Chiba University microwave generation
:10a.m. - S :
9:30a.m. University of Neuchatel Wei Zhang, et al.
LNE-SYRTE
University of Western Australia
MenloSystems GmbH
Pulsed Optically Pumped Rb Clock Optical Scattering Induced Noise in
with High Frequency Stability RF-Photonic Systems
9:30a.m. - Performances Olukayode Okusaga, et al.
9:50a.m. Salvatore Micalizio, et al. U.S. Army Research Laboratory
INRIM University of Maryland Baltimore County
Laboratoire Temps Fréquence
The Influence of Laser Polarization Cascaded Channel-Select Filter Array Theoretical Investigation of Optical
Noise on CPT Atomic Clock Signals Architecture Using High-K Fiber-Length-Dependent Phase Noise in
9:50a.m. - James Camparo, et al. Transducers for Spectrum Analysis Opto-Electronic Oscillators
10:10a.m. The Aerospace Corporation Eugene Hwang, Cornell University Andrew Docherty, et al.
U.S. Army Research Laboratory University of Maryland Baltimore County
U.S. Army Research Laboratory
Laterally Coupled Narrow-Band High Generation of Kerr Combs in MgF,
Overtone Bulk Wave Filters Using Microresonators
10:10am. - Thinned Single Crystal Lithium Wei Liang, et al.
10:30a.m Ni(_)bate Layers.... OEwaves Inc
DA Dorian Gachon, et al.
PROMES
FEMTO-ST
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Parallel Oral Session Schedule (continued)

Thursday, May 5 10:50 a.m. - 12:50 p.m.

_ Grand Ballroom B Grand Ballroom C Seacliff Rooms

D2L-C- GPS Carrier Phase Time

D2L-A - Fundamental Measurement
& Sensors

Giorgio Santarelli, LNE-SYTRE

D2L-B - Materials

Bernard Dulmet, ENS2M

Comparison and Calibration

] Session Chairs:

Pascale Defraigne, ORB

Recommended standard frequency INVITED: GaN: a multifunctional The time stability of PPP links
values for applications including the material enabling MEMS resonators Gérard Petit, et al.
practical realisation of the metre and based on amplified piezoelectric Bureau International des Poids et
secondary representations of the detection Mesures
10:50a.m. - second Marc Faucher, et al.
11:10a.m. Riehle Fritz, et al. IEMN
Physikalisch-Technische Bundesanstalt CRHEA
National Physical Laboratory MC2-technologies
BIPM
Absolute Frequency Measurements of Precision and Accuracy of USNO GPS
the 2S-6S,6D Transitions in Atomic Carrier Phase Time Transfer: Further
Hydrogen Studies
11:10a.m. - Jeff Flowers, et al. Christine Hackman, et al.
11:30a.m. National Physical Laboratory United States Naval Observatory
LNE-Cnam
University of Oxford
DK Research
Testing the gravitational redshift with Hot Filament CVD Conductive PPP Using NRCan Ultra Rapid
atomic clocks and atomic Microcrystalline Diamond for High Q, products (EMU): near real-time
gravimeters? High Acoustic Velocity comparison and monitoring of time
11-30a.m. - Peter Wolf, et al. Micromechanical Resonators scales generated in Time and
11-50a.m LNE-SYTRE _ Mehmet A_kgul,_ etal. Frequency laboratories
IR GRECO University of California at Berkeley Giancarlo Cerretto, et al.
LKB sp3 Inc. INRIM
Natural Resources Canada
LNE-SYRTE
Continous g monitoring with atom Very Low-Loss High Frequency Absolute Calibration of GNSS Time
interferometry Lateral-Mode Resonators on Polished Transfer Systems : NRL and CNES
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Trapping induced frequency shifts by comparison of
two Sr optical lattice clocks at the 107" level
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Abstract— We present a comprehensive study of the frequency
shifts associated with the lattice potential in Sr lattice clocks. By
comparing two such clocks with a frequency stability better than
5.107Y after one hour of averaging time, and varying the lattice
depth up to Uy = 900 E, with E, being the recoil energy, we
evaluate lattice related shifts with an unprecedented accuracy.

Three different types of frequency shifts induced by the
lattice have been identified as potential limitations to the
accuracy of optical lattice clocks [1]. The first one is related to
the non scalar feature of the atom-lattice interaction, which
results from the atomic hyperfine structure [1,2]. It induces a
small vector and tensor component in the confinement
potential. In addition to the intensity dependence, this makes
the light shift slightly dependent on the lattice polarization and
geometry. We report the first observation of these effects in a
Sr lattice clock and measure them with percent accuracy. We
also show that the tensor effect can be used to operate a clock
with &Sr in an optimal 3D lattice.

The second effect, Hyperpolarizability, refers to a shift due
to higher order coupling [1]. The frequency shift scales as Uy”
and therefore cannot be compensated for by a change of the
lattice frequency. A first experimental study showed that this
effect was small enough to not alter Sr clock accuracy at the
1078 level for U,=10 Er [3]. We improve on this limit by
almost two orders of magnitude.

Finally, a subtle effect of higher order multipolar terms has
recently been predicted [4]. Dipole magnetic (M1) and
quadrupole electric (E2) interactions indeed lead to a shift of

L. Lorini, M. Zawada and E.A. Burt are also affiliated to INRIM
(Torino, Italy), Nicoalus Coprnicus University (Torun, Poland) and JPL
(Celtech, Pasadena, USA) respectively. SYRTE is a member of IFRAF. This
work has received funding from the European
Community’sFP7,ERANETPIus, under Grant Agreement No. 217257, as
well as from CNES and ESA (SOC project).
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the internal atomic energy levels that is linear in lattice laser
intensity. However, their spatial dependence in a lattice
formed by the interference of several traveling waves does not
match the one of the main dipole electric term. This in turn
leads to a change of the oscillation frequency in the lattice
potential wells and thereby of the spacing of the atomic
external energy levels. This effect is expected to differ for
both clock states. The net M1/E2 frequency shift of the clock
frequency scales as Uy and again cannot be compensated for
by tuning the lattice frequency. In Ref. it is argued that this
effect could be as large as 107*° for U, = 50 E,,! We perform
the first experimental study of the M1/E2 effect showing that
it is controllable to within 107" even for U, as large as 700 E,.
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Abstract—We report results for improving the stability and
uncertainty of the NIST '7'Yb lattice clock. The stability im-
provements derive from a significant reduction of the optical Dick
effect, while the uncertainty improvements focus on improved
understanding and constraint of the cold collision shift.

I. INTRODUCTION

Optical lattice clocks have potential for achieving time and
frequency measurement at unprecedented levels of accuracy
and stability. However, to date these young systems are far
from reaching this potential. Here, we describe efforts to mit-
igate effects which, left unresolved, pose significant obstacles
to achieving these levels of performance. To improve the clock
stability, we reduce the optical Dick effect. To improve the
eventual accuracy of this system, we probe cold collisions
between the lattice-confined atoms.

II. REDUCING THE OPTICAL DICK EFFECT

The fundamental limit to the instability of an atomic fre-
quency standard is given by the quantum projection noise
(QPN). For an optical atomic clock that probes a large
ensemble of quantum absorbers, the QPN limit can be quite
low. For example, for a Yb or Sr lattice clock with 105 atoms, a
1 Hz transition linewidth, and a cycle time of T, = 1 second,
the QPN instability limit is below 10~!7 at 1 s. However,
while such clocks have resolved optical transition linewidths
approaching 1 Hz, the instability of these systems is much
higher than indicated above. Instead, the fractional frequency
instability is such that it would require significantly more than
10* seconds to reach the 10~!7 level. This is because these
systems are usually limited by the Dick effect [1], i.e. as
the atoms are periodically interrogated by the local oscillator
(LO) with a period of T, and for a probe duration of T}, the
frequency noise of the LO is downsampled onto the transition
spectrum and contaminates the clock stability. In this way, the
frequency noise, the probe time 7}, and the cycle time 7 all
influence the magnitude and downconverted Fourier frequency
of the aliased noise and thus the stability degradation. The
previous operating conditions for our Yb lattice clock were
T, = 0.08 s and T, > 0.5 s. With a frequency noise of 0.5
Hz/+/Hz at a Fourier frequency of 1 Hz, this led to a Dick-
limited instability of 1-2 x 107! at 1 s.

U.S. Government work not protected by U.S. copyright

In order to reduce this limitation, several improvements
could be made: reducing the LO frequency noise that is
aliased, achieving a higher duty cycle with longer probe times
or reduced dead time [2], or choosing a form of spectroscopy
which is less sensitive to the aliasing process (e.g. short-
pulse Ramsey spectroscopy). All of these are useful from a
practical perspective. However, by improving the LO laser
coherence and stability, we can achieve both reduction of
the LO frequency noise and longer probe times. In order
to improve the LO stability, the level of Brownian thermal
noise in the optical cavities used for laser stabilization must
be reduced. When stabilizing a laser to an optical cavity, the
thermal-noise limited laser instability dominated by the cavity
mirrors [3] is given by:

2
Otherm = \/IHQ%‘M <¢sub + ¢coat% 11 _20(_)- UC)lO)
(1
Here, o, E and ¢, are Poisson’s ratio, Young’s modulus and
the mechanical loss for the mirror substrate, and ¢.oq: and
d denote the mechanical loss and thickness of the thin-film
reflective coating. wy is the laser beam size on the mirror, T’
is the mirror temperature (K), kp is Boltzmann’s constant and
L is the cavity length. In order to improve laser stabilization
by reducing the thermal noise, we designed a cavity with
length L = 29 cm, fused silica substrates with low mechanical
loss (¢psup =~ 1076) and a somewhat large beam size using
mirrors with a somewhat longer radius of curvature (R = 1
m). For these parameters, the thermal-noise-limited fractional
frequency instability is 1.4 x 10716,

To reduce acceleration-induced cavity length changes, the
optical cavity sits horizontally on four symmetrically placed
Viton hemispheres [4], [5]. The precise support position is
optimized to reduce the vertical acceleration sensitivity. Figure
1 shows the vertical acceleration sensitivity as a function
of support position, indicating both finite-element simulation
results as well as experimentally measured sensitivities. Simu-
lation results are also shown for cavity acceleration sensitivity
offset from the cavity optical axis. The measured sensitivity
reaches as low as 7 kHz/(ms~2) at the laser wavelength of
578 nm. The experimental measurement also includes weak,
incidental acceleration in the horizontal dimensions. During
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Fig. 1. top: Vertical acceleration sensitivity of the optical cavity. Experimental
measurement (blue diamonds), simulation results (red triangles), simulation
results for 250 pm removed from the cavity optical axis (black squares). The
support position, d, is measured from where the cavity taper begins. bottom:
Measured frequency noise spectrum for the laser locked to the fully-isolated
cavity. The solid red line gives the theoretical prediction of the Brownian
thermal noise.

normal operation, the reference cavities sat on vibration iso-
lators.

While the use of fused silica mirrors helps reduce Brownian
thermal-mechanical noise, it makes the cavity more susceptible
to thermal expansion. However, a balance between the thermal
expansion of the cavity components can be achieved, and we
have been able to demonstrate operation of these cavities at
the zero crossing of the coefficient of thermal expansion. This
is done at a temperature conveniently just above ambient [6].

By comparing two independent cavity systems, we mea-
sured the frequency noise spectrum of the cavity-stabilized
laser as shown in Figure 1. The red line is the thermal
noise limit for each reference cavity. Up to several Hz, the
laser frequency noise is close to the thermal noise limit.
This low level of frequency noise in turn reduces the aliased
noise contributing to the Dick effect. Furthermore, the reduced
frequency noise spectrum yields laser coherence times which
allow us to extend our clock probe time up to 1 second. For
a more conservative operating condition of 7}, = 0.3 s, the
Dick instability is at 1.5 x 10716 /,/7, for measurement time
7. This constitutes an order of magnitude improvement over
our previous Dick limit, and enables a significant improvement
of the clock stability. By using the narrow atomic transition
as a frequency discriminator, we have made measurements
consistent with a clock instability at the 5 x 10716/\/7
fractional frequency level [6].
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Fig. 2. Frequency instability from measurement of the cold collision shift,
when the shift is cancelled to zero (see text).

III. COLD COLLISION SHIFT

While the presence of many atoms in the optical lattice is
desirable for low clock instability due to quantum projection
noise, another consequence of large atom number is high
number density which can lead to significant interactions
between the atoms. These interactions can shift the clock
transition frequency and in so doing can potentially compro-
mise the absolute uncertainty of the optical standard. Non-zero
interactions in a !71Yb optical lattice clock were first observed
using one-pulse Rabi spectroscopy [7]. More recently, we have
studied the resulting cold collision shift of the clock transition
using two-pulse Ramsey spectroscopy, for atoms confined both
in a one- and two-dimensional optical lattice. The choice
of Ramsey spectroscopy was driven by simplification: the
interactions yielding the collision shift occur primarily dur-
ing the Ramsey dark time, when the atomic population is
not simultaneously being driven by the probing laser field.
By studying the collision shift as a function of excitation
fraction, sample inhomogeneity, and Ramsey dark time, we
have determined that the collisions responsible for the shift
are dominated by p-wave interactions between a ground and
excited state atom pair [8].

We have been able to identify regimes where the cold colli-
sion shift can be canceled, which is metrologically interesting
for clock operation. One such case is given by controlling the
excitation fraction just above 50%, where the shift on each
clock state is the same. By operating at these conditions, the
collision shift was measured to be consistent with zero at or
below the 10717 fractional frequency level. Figure 2 highlights
such a measurement, showing the frequency instability of the
measured collision shift. This data is taken by stabilizing the
probe laser to interleaved samples of high and low atomic
density, and measuring the frequency shift between the two
cases. Due to the clock stability improvements described in
section II, we are able to measure the shift at the 10717 level
with only several thousand seconds of measurement time. This
measurement emphasizes the potential of the Yb lattice clock
for very high measurement stability, as well as high accuracy
through control of the cold collision shift.
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Abstract— With quality factors (Q) often-exceeding 10,000,
vibrating micromechanical resonators have emerged as leading
candidates for on-chip versions of high-Q resonators used in
wireless communications systems. However, as in the case for
transistors, extending the frequency of MEMS resonators
generally entails scaling of resonator dimensions. Unfortunately,
smaller size often coincides with lower-power handling
capability and increased motional impedance. In this paper we
introduce novel transduction techniques which can improve the
motional impedance of MEMS resonators by 1000x over
traditional 'air-gap' transduced resonators, present latest results
on narrow-bandwidth parametric filters for frequency-agile
radio receivers, and discuss performance scaling of NEMS
resonators to X-band frequencies.

1. INTRODUCTION

Maturity in micro-electro-mechanical systems (MEMS)
fabrication technology has opened the opportunity to design
high quality factor Q) mechanically-coupled
micromechanical structures capable of implementing ultra-
low-power frequency-domain signal processing functions. We
endeavor to demonstrate new and high-impact micro-electro-
mechanical circuits using such mechanically-linked networks.
In the OxideMEMS Lab we have invented new mechanical
designs and efficient transducers to manufacture MEMS
resonators with high resonance frequency, low motional
impedance, strong transducer coupling coefficient, low bias
drift and large tuning range. We characterized and cataloged
these resonators, developed and verified butterworth van-dyke
(BVD) resonator models, investigated their coupling
mechanisms to demonstrate channel-select filters, and
explored inter-domain coupling to design merged resonant
body transistors.

II.  DIELECTRICALLY TRANSDUCED RESONATORS

Modern wireless transceivers are designed under a
mandate to minimize the use of off-chip passive devices.
However, the increasingly-crowded radio spectrum and the
impending arrival of next generation 7-band cellular phone
and the joint task force radio system (JTRS) has necessitated
front-end filters capable of eliminating both out-of-band and
out-of-channel interferers. Such channel-select filters will also
relax the dynamic range requirements of the LNA and the
phase noise requirements of the local oscillators, leading to a

978-1-61284-110-6/11/$26.00 ©2011 IEEE

10x reduction in power consumption of direct-conversion
radio receivers.

Building of initial pioneering work at Berkeley and Delft,
we demonstrated solid-dielectric transduced thickness shear
mode MEMS resonators with 807 MHz center frequency,
motional impedance Ry < 100 and Q’s > 7,000 [1]. We have
developed ‘orthogonal frequency tuning’ technique for
independently changing the series and parallel resonant
frequencies of dielectrically transduced thickness shear mode
resonators. Using this technique our channel-select filter array
is capable of dynamically tuning center frequency and filter
bandwidth, thereby reducing capacitive loading at the filter
input. This enables reception of multiple waveforms, and leads
to substantial reduction in the number of filters in next-
generation frequency-agile transceivers [2].

The thickness shear mode resonators have high Q and low
Rx. However, their second-order dependence on CAD-defined
dimensions severely limits the frequency design space.
Contour-mode resonators can be designed across a much
wider frequency range but have minimal tuning capability [3].
We have invented, designed and demonstrated a digital tuning
technique for a filter consisting of mechanically coupled
contour-mode resonators. By altering the polarization voltage
applied to each resonator in the array we can digitally change
the filter center frequency and alter the bandwidth from 1.4
MHz to 700 kHz (Figure 1) [4]. Unlike the analog voltage
tunable shear-mode filters, the digitally-tunable filters are
significantly less sensitive to variations and noise on the DC
polarization voltage. We also proposed and demonstrated a 2D
filter arraying technique to make the filters less susceptible to
process variations [5]. We worked with Professor Tom
Kenny’s group at Stanford and developed an epi-silicon
encapsulation process for vacuum packaging our resonators
and filters in milli-Torr, clean micro-environment (Figure 2)

[6].

Dielectric-transduction enables us to design high-Q, low
impedance resonators and filters. However, dielectric
transducers have very small bandwidth (< 0.2%), preventing
them from being used for wide bandwidth IF filters.
Aluminum Nitride (AIN) has been used to fabricate IF filters
with 2% band-width, however these are fixed-frequency
filters. We collaborated with Army Research Labs and co-
developed voltage tunable ferroelectric contour-mode
resonators and filters using lead zirconate titanate (PZT)-on-
Silicon technology [7]. We have demonstrated resonators with
5% center frequency tuning and impedance < 100Q. At
MEMS 2009 we demonstrated the first monolithic, frequency



agile, channel-select filter bank integrating RF MEMS PZT
switches with PZT-on-Silicon contour-mode filters (Fig 3) [8].

III.  AQUEOUS TRANSDUCTION

The frequencies of contour mode resonators are defined by
CAD-defined lateral dimensions and can cover frequencies
from 40 MHz — 2.4 GHz. But unlike shear mode resonators,
the frequency expressions for contour modes and flexural
vibration modes do not directly couple. It is therefore more
difficult to perform orthogonal frequency tuning of contour
mode resonators. BioMEMS groups have recently
demonstrated that by using an LO signal that is faster than the
response time of a polar fluid, it is possible to prevent
electrode polarization and double-layer formation, enabling
electrostatic transduction in liquid media. To determine
whether the same approach enhances the performance of
contour-mode RF MEMS resonators, we used an air-gap poly-
SiGe disk resonator and submerged it under a water droplet.
However, immersing the resonator in water caused excessive
mass-loading and Q losses resulting from viscous drag. To
eliminate mass-loading and viscosity effects of the water-
droplet on the resonator, we coated the resonators with a
hydrophobic, non-conformal self-assemble monolayer (SAM).
We rolled a water droplet over the resonator such that it had
enough time to wick the nano-gaps, but greatly reduced the
chance of water seeping under the resonator. We were
surprised to measure Q > 3,000 and motional impedance Ry <
4.2 kQ, reduced from 510 kQ with air-gap transduction.
Replacing air in the sub-micron transducer gap with DI water
enhanced the electrostatic spring by > 50x and extended the
tuning range to 3%, the highest tuning-range reported for
contour-mode resonators [9] (Figure 4).

IV.

Placing the dielectric or ferroelectric transducer on top of
the resonator avoids the dielectric from hindering the
contour-mode resonator vibration. However, such transducers
suffer from two inefficiencies — the Poisson’s effect and
improper placement of the dielectric above regions of
minimal strain. Both affect the effective coupling coefficient,
and fractional bandwidth of the resonator. In the
OxideMEMS lab we developed the concept of internal
dielectric transduction, in which dielectric transducers are
incorporated directly into the resonator body. With dielectric
films positioned at points of maximum strain in the resonator,
this transduction improves in efficiency with increasing
frequency, enabling resonator scaling to previously
unattainable  frequencies.  Using internal  dielectric
transduction in longitudinal-mode resonators, we have
demonstrated a frequency-quality factor (f.Q) product of
5.1x10" [10].

INTERNAL DIELECTRIC TRANSDUCTION

We measured these resonators by capacitively driving and
sensing acoustic vibrations in the device. However, capacitive
detection often requires 3-port scalar mixer measurement,
complicating monolithic integration of the resonators with
CMOS circuits. The internal dielectric bulk-mode resonators
can be utilized in a 2-port configuration with capacitive drive

and piezo-resistive detection, in which carrier mobility is
dynamically modulated by elastic waves in the resonator. We
demonstrated piezo-resistive sensing of silicon-based
dielectrically transduced resonators with 1.6% frequency
tuning and control of piezo-resistive trans-conductance gm by
varying the current flowing through the device [11].
Furthermore at Transducers’09, we demonstrated selective
excitation of targeted harmonics in poly-silicon dielectrically
transduced bar resonators by varying dielectric position in the
resonator body (Figure 5). We also showed frequency scaling
behavior, with improved transduction efficiency at higher
frequency. RF resonators up to 6.2 GHz were demonstrated,
with f-Q products up to 3.1x10" [12]. The high Qs measured
in these resonators indicates the ability to scale resonators to
high frequency without compromising f:Q product.

The initial calculations for optimizing internal dielectric
transduction assumed the silicon and dielectric transducers
had similar acoustic velocity and Young’s modulus. Recently,
we refined and published a complete theoretical treatment
without such assumptions and provided correction factors for
optimally designing the internal dielectric transduced
resonators [13].

V. RESONANT BODY TRANSISTOR

The Resonant Body Transistor is a NEMS resonator
integrating a sense transistor directly into the resonator body,
geometrically similar to a suspended (HF undercut and
released) split-gate FinFET, as shown in Figure 6. The region
in light grey in Figure 6 represents the active region of the
resonator, while the dark grey region is highly doped. The
active region near the drive electrode is biased into
accumulation (red), so that a large capacitive force acts across
the thin dielectric film (yellow), driving longitudinal resonant
motion in the body. A gate voltage is applied to the opposing
electrode, generating an inversion channel (blue) which
results in a DC drain current. At resonance, elastic waves
formed in the resonator modulate the drain current both by
physically changing the gate capacitance and by piezo-
resistive modulation of carrier mobility. The internally
amplified RBT has significantly lower output impedance than
capacitive detection mechanisms, simplifying impedance
matching with active circuits.

The RBT was designed and fabricated at CNF. Using internal
dielectric transduction for driving the resonator into acoustic
resonance, the RBT uses a field-effect transistor embedded
into the resonator to detect resonance. We demonstrated an
11.7 GHz RBT with a Q > 1,800 in vacuum (Figure 6) [14].
This is by far the highest frequency ever measured in silicon.
Moreover, due to its use of internal dielectric transduction, the
RBT promises to scale favorably to 60GHz.
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Figure 1.a: Four series mechanically-coupled
checkered-electrode resonators. Each
resonator has individually addressable

4 RF+DC lines. The silicon device layer is an
RF ground to prevent substrate losses. All RF'
paths are metalized, routed on an elevated
oxide bridge to reduce capacitance and de-
embedded to the edge of DRIE trench.
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Fig. 3.a: SEM of a monolithically integrated single pole dual
throw PZT MEMS switch and two PZT contour mode filters.
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Fig. 3.b: SEM and S21 data at 0 volts (OFF) and 7 volts (ON)
for the PZT RF MEMS switch.
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Fig. 3.c: (a) S21 response for an integrated SP2T switch and filter with the switch in the off-state (0 V), (b) S21 response for the left

switch and filter with the switch on (7 V) and with 10 VDC applied to the filter, and (c) S21 response for the right switch and filter

with the switch on (7 V) and with 10 VDC applied to the filter.
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Figure 4.a. (a) Schematic of water droplet rolled across the
resonator, wicking the transducer gap, but minimizing the

water left underneath the resonator (b) transmission
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49.40
4935

(a)

49.30
4925
49.20
49.15
49.10
49.05

Resonant frequency (MHz)

|

43.0
425
42.0
415
41.0

(b)

49.00.
4

. J | Tuning Range:I0.1% |

Anchor failure. Onset
of pull-in

A

&

5

7 8 9 10 12
DC bias (Voits)

ol o i |

1

| Tuning Range: 3%

l
—

405
40.0.

Resonant frequency (MHz)

o = M W
T

3 7
DC bias (Volts)

Figure 4.b. (a) 0.1% resonant frequency tuning of the air-gap
transduced disk resonator before anchor failure, (b) In

DI water, the resonator is tuned up to 3%, before the onset
of electrolysis.



— polysilicon polysilicon LO signal Parametric )
N electrode - “inner body generator Network | v, ==mb Vie —_—
\ Analyzer [ . >
. 9 rod
15 nm ) ‘
B 0 .. o I Y SR S UslX
1( nitride - : : ) !
\ "\ e R IAWARAWA
M 6.2 GHz polysilicon Fig.5.b. Scalar mixer i \/ \/ \/ \/
bar resonator (4.3 x 40 measurement of the 3-port MEMS . ) : ]
x 2 um). top: SEM of resonator. The resonator (DUT) F.tg.5.c.‘Cross sectlonl ofresona'tor showing
resonator cross acts as a mixer for the input RF dielectric (J’SHOW)» thfh nor rr.zalzzed mode
section, showing 15nm  and LO signals. The resonance is shap?s Of 3 and 9" har monics of
solid nitride film. detected at RF — LO. longitudinal resonance (1D in-plane
JL
4 M _ _ : _ -BO N Ll L] L] LLS L Ll i
\== 4 B

X measured 3rd harmonic (1.55 GHz) #@ 95 A
analytical 3rd harmonic ] 90 |
¥ measured 9th harmonic (4.72 GHz) .95 -W" : g

BM| ——analytical 9th harmonic. 5 1550 1.552 1554 4720 4.725
Frequency (GHz)

sc21

JL
L] L] Ll Ll

_ - - 88 | ]
" AT [ g
.* no signal i 7

X x 1551 1.552 1.553 4.720 4.725 4.730
1M F § - Frequency (GHz)
* * @ %@ -80 T T /s T
[ -85 L 4

* ®' * : * .®§ 90 ‘A A )
0.4 0.5 0.6 0.7

R, (©)

. . . » -95 . — .
Fractional Dielectric Position |2d/L| 1548 1550 1552 4680 4690
Frequency (GHz)

Fig.5.d. Motional impedance vs. position of dielectric transducer in 3" and 9" harmonics of & different resonators. Selective positioning
of dielectric can excite @ only 9" harmonic at 4.72 GHz, @ only 3¢ harmonic at 1.55 GHz, and @ both 3¢ and 9" harmonics.

25 . r i ; :
20 Vp=45V fes = 11.72 4
Vg=5V GHz
151 VAQQ =-05V Afgg_B_ =6.4 MHz i
) P, =20 Q=1831
2 Q= %. 13
accumulation | Vace > Vp - Vg ‘-—'E dBm fres@=2.1-10
= 10}
5L
0 L 1 1
11.5 11.6 1.7 11.8 11.9

Frequency (GHz)

Fig.6. Schematic, SEM and electrical transfer characteristics
of an 11.7GHz Resonant Body Transistor.

10



A CMOS-compatible 24MHz poly-SiGe MEMS
oscillator with low-power heating for frequency
stabilization over temperature

R. Jansen, M. Libois, X. Rottenberg, M. Lofrano, J. De Coster, R. Van Hoof, S. Severi, G. Van der Plas, W. de Raedt,
H.A.C. Tilmans, S. Donnay and J. Borremans
imec
Leuven, Belgium
Jonathan.Borremans@imec.be

Abstract—MEMS based timing devices have been proposed as
an alternative to Quartz systems for certain applications.
Through using an oven-controlled system it is possible to
stabilize the frequency response of such a MEMS system over a
large ambient temperature range. This work presents a BAW
MEMS resonator in poly-SiGe which achieves significantly
lower power consumption for frequency stabilization over
temperature through Joule heating than for a similar system in
SOI, while showing promising phase noise performance in an
oscillator setup. Since the poly-SiGe resonator can be processed
on top of standard CMOS, this enables the possibility of full
integration of an Oven-Controlled MEMS Oscillator.

I. INTRODUCTION

Silicon-based resonators provide an attractive alternative
to replace conventional frequency control and timing devices
that are based on high quality factor (Q) resonators such as
quartz crystal, piezoelectric ceramic and surface acoustic wave
(SAW) [1,2]. The bar-type bulk-acoustic (BAW) poly-SiGe
resonators exemplify this by offering the possibility to
integrate MEMS and CMOS in a “MEMS-last” approach
[3,4]. Optimizing the quality factor Q is crucial, as it is a
critical figure of merit for resonators and has a large impact
both on the motional resistance and on the phase noise for
circuits employing these resonators.

A further important consideration for timing devices is the
frequency stability over temperature (typically £10ppm down
to +£0.1ppm over temperature range -40 C to +80 C). Due to
the relatively large frequency drift of MEMS devices over
temperature (in the order of tens of ppm/°C) in comparison to
quartz, a compensation scheme is required to stabilize
frequency over temperature. Several frequency-correcting
mechanisms can be employed, typically steered by an ambient
temperature sensor. A well-known solution is to embed the
MEMS oscillator in a fractional PLL, whose fractional
frequency control word is steered by a temperature sensor [5].
In such a system, the PLL provides a clock output, stable over
temperature. However the output is polluted with fractional-
PLL noise. Moreover, the feed-forward temperature
compensation requires multipoint calibration for ppm-level

978-1-61284-110-6/11/$26.00 ©2011 IEEE
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stability over a wide temperature range, and requires a high-
resolution, sufficiently linear temperature sensor.

A second possibility involves keeping the resonator at a
fixed temperature by placing the device in a micro-oven [6].
This approach is followed in this work, creating an Oven-
Controlled MEMS Oscillator (OCMO), which potentially
yields good clock stability over ambient temperature. The
target temperature for the resonator should be set above the
specified ambient temperature range, for example at 95°C.
Hence, a power-efficient micro-oven is needed that can keep
the resonator at 95 C. A bar-type BAW resonator system is
presented that proposes to heat the resonator, keeping it at a
constant temperature above the maximum operating range and
therefore minimizing the effect of ambient temperature
changes on the resonance frequency. This design is made
possible through the use of T-type supports which allow for
Joule heating through the supports, while simultaneously
optimizing the design in terms of anchor losses to the
substrate, therefore maximizing the Q [7]. The T-type design
is rigid in the direction of actuation, allowing the relatively
high bias voltages needed to lower the motional resistance and
ease the design of an oscillator system.

In this paper such an oscillator system is demonstrated
using commercially available off-the-shelf components
(COTS), showing sufficient phase noise performance for
many applications, with the promise of full integration of the
poly-SiGE resonator with CMOS to produce an Oven-
Controlled MEMS Oscillator (OCMO). Furthermore we show
that the lower thermal conductivity of poly-SiGe compared to
SOI provides a significant advantage in the amount of power
needed to heat the resonator for similar devices manufactured
in both technologies.

This work is organized as follows: Section II introduces
the poly-SiGe technology, Section III describes the resonator
design using T-shaped supports, while section IV discusses
the implementation and of an oscillator based on the SiGe
resonator using COTS. We demonstrate the proposed poly-
SiGe OCMO is thus adequate for analog performance and for
temperature stabilization through Joule heating.
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Figure 1, Cross-section layer build-up of the SiGe MEMS above-IC

II.  POLY-SIGE MEMS TECHNOLOGY

Poly-SiGe IMEC MEMS technology allows for the
fabrication of MEMS devices directly above a planarized
CMOS wafer, on top of the metal interconnection lines, as
described in [3,8]. This integration approach enables cost and
area reduction as several CMOS functionalities, such as
sustaining amplifier and temperature-compensation, can be
placed just below the resonator. Ultimately, other
functionalities such as a real time clock, gyros,
accelerometers or pressure sensors can be integrated on the
same die. For explanatory purposes, Figure 1 illustrates the
cross-section of a resonator above the complete CMOS
process. In this work, however, the MEMS device is defined
on top of a simple AlCu interconnection that mimics the top
metal of a CMOS backend stack. A SiC layer is deposited to
protect the CMOS metallization during the vHF MEMS
release process [3]. Vias are opened into this layer to realize
the connection with the IC. A chemical vapor deposited
(CVD) SiGe layer fills in the vias and form simultaneously
the electrode. After electrode patterning, the wafer is
planarized to ensure optimal definition of the 3um high
density plasma (HDP) oxide sacrificial gap. Anchors are
defined in the oxide layer and then filled during the
deposition of the SiGe MEMS structural layer by a
combination of CVD and plasma-enhanced CVD (PECVD)
processes [9].

Anchor¥

Connection

w Anchor

width Bar length L Support length
(LTxup)
: <+

Connection [l
Bar width W <— Support
width

Anchor

~> 4 Anchor

Figure 2, Schematic top view of a bar-type BAW resonator with
“acoustically long” T supports. [7]

II1.

The bar-type BAW resonators studied in this paper
consist of right parallelepipeds suspended in free space by
means of T-supports, e.g., as in Figure 2. Figure 3 shows a
SEM image of such a bar-type resonator as realized in imec’s
poly-SiGe MEMS platform [3,8]. The bar vibrates along its
width in an extensional mode. A bar targeting a resonance
frequency f,., is designed with a bar width W close to Aone/2,
where 4, is the acoustic longitudinal wavelength at f,.;. The
resonance frequency, for the first width extensional mode, is
approximately given by:

BAR RESONATOR DESIGN

1 |E
f res =~ W ; (1)
where E and p denote the Young’s modulus and specific
mass of the resonator material, respectively. In this work an £
of 120 GPa, p of 4575 kg/m® and W of 110 um result in a
resonance frequency of 24MHz. The other design parameters
are presented in Table 1. The bar resonator is electro-
statically actuated via two electrodes separated from the
resonator by transduction gaps (250 nm in this work), e.g., as

shown in Fig. 2.
A. T-type support

The T-type support comprises of a support placed parallel to
the side of the resonator connecting to the resonator at the
symmetry line with a short, narrow connection. Figure 4
contains SEM images of a manufactured resonator with a

Table: Design parameters considered in this work.

Variable Symbol Value

Design Frequency (SiGe) | f. 24 MHz /48 MHz
Bar Width w 110pm /55um
Bar Length L 220pm/110pm
Support Width Wap 1 pm

Support Length Ly, Design dependent
Transduction Gap dgap 250 nm
Connection Width W onnect 2 um

Connection Length Leonnect 2 um

Electrode

Electrode

Tran:

E T-Support  Anchor

Figure 3, SEM image of a SiGe bar-type BAW resonator with acoustically

long T-type supports. Design parameters are as in Table 1 for a 48MHz
device, with a support length of 38um.
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T-type support. A A/4 transformer technique can be applied to
obtain an optimum support length Ly, ., to minimize energy
losses to the anchors, with Ly, ., given by:

2iA L._
‘{lex " c12c1,1 (4)

where for a given clamped-clamped beam, the flexural
wavelength Ay, is given by:

i=0,1,23..

b

LTsup,opt =

Aftex = an"w(L(wz) -L,) (6)

where L,12) and L, are the lengths of beams with respectively
(n+2)™ and n™ flexural harmonics occurring at the frequency
Jres [7]. We can compute Ay, with eq. (6), after which Ly, o
is obtained from eq. (4). L..; is the length of a clamped-
clamped beam with first flexural resonance frequency equal

to fe5, approximated by [7]:

1.028W,/E/ p
fres

Figure 5 demonstrates the benefits of using this technique. It
shows the measured Q values against support length for a bar
type resonator with design frequency at 48 MHz, along with
simulations of the Q factor due to anchor losses. It can be
seen that maxima for the Q values do indeed exist at
multiples of A./2 given a certain offset as described by eq.
(4). Therefore the Q factor can be optimized for longer
support lengths, allowing us to design supports with higher
thermal isolation between the resonator and the anchor.

)

Lejen) =

i ‘?5'« £ :
Figure 4, SEM image of the resonator with T-type support, with the insert
showing a closer view of the support itself.
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Figure 5, Measurement of Q and COMSOL simulation of the anchor loss

Qunen versus support length for a T-support, with Age/2 shown to be 7.5um.
Devices were designed to operate at 48 MHz.

IV. OVEN-CONTROLLED MEMS OSCILLATOR

An  Oven-Controlled MEMS Oscillator (OCMO)
potentially yields good clock stability over ambient
temperature. The target temperature for the resonator should
be set above the specified ambient temperature range, for
example at 95°C. Hence, a power-efficient micro-oven is
needed that can keep the resonator at 95°C.

Support
PP Heating current

Anchor Heating current

Figure 6, Schematic layout of the resonator, top view, showing the current
used for Joule heating to keep the resonator at a fixed temperature.

A. Resonator design for use in OCMO

We use the T-type support described in the previous
section for the BAW type bar resonator targeted at 24 MHz.
This T-type support design provides several advantages for
an OCMO design. Firstly the design is very stable in the
direction of actuation, which allows the application of large
bias voltages [7]. The supports also provide both a thermal
resistance for Joule heating, as well as thermal isolation
between the bar and the substrate. Figure 6 demonstrates how
the current for Joule heating flows through the supports.
Since the resonator is intended to operate in a vacuum
packaged environment, the predominant thermal losses occur
through the anchors which are connected to the substrate. The
thermal isolation provided by the support length is therefore

700
600
500
400
300
200

100

Power through Support [uW]

o

30 40 50 60
Support Length [um]
Figure 7, Simulated power required to heat SiGe resonator (with design
parameters as in Table 1 for 24MHz and support length 38um) to a
temperature of 95°C degrees with ambient at -40°C.
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crucial in determining the amount of power needed to keep
the resonator at a fixed temperature. In Fig. 7 FEM
simulation results can be seen showing that a minimum
support length of 35um is required (with support width at
lum) to keep the heating power under 250uW. Using eq. (4)
the support was designed to have a width and length of 1pm
and 38um respectively, maximizing the quality factor while
meeting the required length specification provided by the
thermal limitations.

B. Oscilator using COTS components

To demonstrate the feasibility of the system, a 24MHz
oscillator has been built around the SiGe resonator using
COTS components. Figure 8 shows a diagram depicting the
system and contains an amplifier, a tunable phase shifter, a
band-pass filter, a 20 dB coupler, a programmable attenuator
and a limiter. The resonator is probed on wafer inside a
vacuum chamber. Figure 9 depicts the measured phase noise
of the 24MHz oscillator. For reference, the phase noise of the
same setup using a commercial 26MHz quartz crystal is also
shown. Both achieve the GSM specifications (referred to
24MHz and also indicated on Figure 9) at lower offset
frequencies. At higher offset frequencies, the SiGe oscillator
exhibits a higher noise floor. This is partly due the larger
amount of gain required due to the relatively larger motional
resistance of SiGe resonator as opposed to the crystal.
However the SiGe performance is also limited by the 50Q
external loop components and is expected to improve through
full CMOS co-integration of the sustaining amplifier. Indeed,
a trans-impedance amplifier can be designed with far lower
input-referred noise than an off-the-shelf 50Q amplifier. Also,
the tunable attenuator used to control the amount of gain in the
system is one source of noise that can be removed when using
a custom designed amplifier with the correct gain
specifications. When considering the performance achieved
despite the limitations of the probing setup and the COTS
components used in this design, it can be seen that the
technology shows potential to achieve GSM phase noise
performance.

C. Power consumption for heating in SiGe and SOI

The OCMO micro-oven functionality is implemented by
heating the resonator through use of Joule heating. Currents
are applied through the T-type supports as demonstrated in
Figure 6. The amount of power required to reach 95 C is of
crucial importance to the feasibility of the system. Poly-SiGe

= Spectrum I
analyser
o y
O— Phase noise
analyser
Bar  Amplifier Tunable 20dB Tunable Limiter ~ Bandpass
Resonator Phaseshifter  coupler Attenuator filter

Figure 8, Oscillator setup using COTS sustaining amplifier

has a thermal conductivity that is more than 40 times lower
than silicon (2.8 W/mK and 120 W/mK for SiGe and Silicon
respectively), providing a distinct advantage in this
implementation. Since the device is intended for packaged
vacuum operation the majority of the thermal losses occur
through the supports to the substrate. For the SiGe resonator,
the thermal resistance of the T-type support is much larger
than for the SOI support, which results in large power
savings. The measured power required to heat the resonator
to the targeted 95°C is shown in Figure 7 for SiGe and SOI
resonators with the same physical dimensions. The SiGe
system needs far 40 times less power (<250uW at -40°C
ambient) than an SOI implementation would need (> 10mW
at -40°C ambient). In reality the generation of heater currents
requires more power than that dissipated in the supports,
resulting in a larger effective heater power. These SOI
numbers compare to the work in [6]. A drawback for the
implementation in SiGe is the lower quality factor of the
poly-crystaline structures compared to the crystalline SOI.

N b N ]
£ 70 : : :
9 | | |
| | |
B 90f b--L- b Lo RO
@ | Q-determined noise !
) : ' Phase noise spec :
Z -110F - e S R
3 ) :Sustaininq ampl.
] | noise floor
& -180F--—---- ck
| | |
1 } ®
-150 2 3 4 5
10 10 10 10

Offset Frequency [Hz]

Figure 9, Measured phase noise of the SiGe MEMS oscillator using a COTS
sustaining amplifier loop. For reference, the measured phase noise of a
26MHz XTAL oscillator using the same COTS setup. Also depicted is the
phase noise specification for GSM.

Required Power (mW)

60
Ambient Temperature C°

Figure 10, Measurements showing the required heater power applied through
support legs of 38um to maintain resonator temperature at 95°C with varying
ambient temperature for SOI and SiGe resonators with identical
configurations.
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Figure 11, Measured S, of a poly-SiGe resonator with length and width 220
and 110um respectively. The quality factor is shown to be 24000.
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Figure 12, Measured S, of a SOI resonator with length and width 220 and
110um respectively. The quality factor is shown to be 121000.

Figure 11 and Figure 12 display the measured S, of a SiGe
and SOI resonator respectively, showing a quality factor of
24,000 for SiGe (at 24MHz) and 121,000 for SOI device (at
38.7MHz). The higher Q for SOI indicates that SOI resonators
have an advantage with respect to SOI for achieving low
phase noise in a timing device. However, as we have shown,
the system with the SiGe does show potential to meet the
GSM specification, indicating that SiGe is good enough. On
the other hand, the 40 times higher power consumption of a
micro-oven in SOI (in excess of 10mW) is prohibitive for a
TCXO replacement, making SiGe a more suitable technology
in which to implement an OCMO.

V. CONCLUSIONS

We demonstrate an oscillator using a bar-type BAW
MEMS resonator that shows promising phase noise
performance. The resonator is designed using T-shaped
supports, optimizing the Q while providing sufficient thermal
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isolation to the substrate. The SiGe resonator requires
significantly less power to heat than a similar device in SOL
Furthermore, the SiGe platform allows the resonator to be
processed on top of CMOS, enabling a fully integrated
OCMO system.
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Abstract—Integrated CMOS-MEMS free-free beam resonator
arrays operated in a standard two-port electrical configuration
simultaneously with low motional impedance and high power
handling capability centered at 10.5MHz have been
demonstrated by the combination of pull-in gap reduction
mechanism and mechanically-coupled array design. The
mechanical links (i.e., coupling elements) using short stubs
connect each constituent resonator of an array to its adjacent
ones at the high-velocity vibrating locations to accentuate the
desired mode and reject all other spurious modes. A single
second-mode free-free beam resonator with quality factor Q >
2,200 and motional impedance R,, < 150 kQ has been utilized to
achieve mechanically-coupled resonator arrays in this work. In
array design, a 9-resonator array has been experimentally
characterized to have around 10X performance improvement on
motional impedance and power handling as compared with that
of a single resonator. In addition, two-port electrical
configuration is much preferred due to its low feedthrough
nature and high design flexibilities for future oscillator and filter
implementation rather than its one-port counterpart.

L

Vibrating off-chip mechanical tank components such as
quartz crystals and SAW resonators are widely used in
wireless transceivers and electronic systems for precision
timing and filtering applications. In particular, quartz crystal
oscillator, a classical timing reference device, has been used in
consumer electronics for more than fifty years because of its
exceptional O and excellent thermal stability. In recent years,
electrostatic silicon-based resonators are very promising in
terms of their low motional impedance, high O, small volume,
satisfactory power handling capability, and IC compatible
processes, paving a way of realizing miniature MEMS
oscillators [1]. However, commercialized MEMS oscillators
currently available in the timing market are still using two-
chip stacking with wire-bonding connections, therefore
against the ultimate miniaturization and integration [2][3].

In contrast, CMOS-MEMS based high-Q resonators
become a promising candidate for realizing monolithic
integration of resonators and circuits [4]. In our previous work,

INTRODUCTION

a deep-submicron gap fundamental-mode free-free beam
resonator centered at 11.5 MHz was designed and fabricated
by utilizing a foundry CMOS-MEMS platform with motional
impedance down to 112 kQ and Q’s greater than 1,500 under
dc-bias voltage of 60V [5]. However, the previously-designed
beam resonator is limited by one-port electrical configuration
due to its fundamental vibrating mode shape; therefore, the
monolithic CMOS-MEMS oscillator implementation will
become very difficult. Moreover, the large dc bias voltage
(often greater than 50V) is required to attain acceptable
motional impedance for a single resonator due to its
insufficient transduction area. In addition, the power handling
capability is also restricted by the tiny device size of such a
“single” resonator.

To overcome the aforementioned issues without affecting
0, in this work, second-mode free-free beam resonator arrays
combined with pull-in mechanism for gap reduction are
designed to replace the previous fundamental free-free beam
resonator version. The major advantages of resonator array
design mainly comes from (i) the large transduction area to
effectively reduce the required dc-bias voltage while
maintaining reasonable motional impedance and (ii) higher
power handling capability compared to that of the single
resonator since the maximum handling power is proportional
to the effective stiffness of the resonator. Furthermore, the

Pull-in Frame

Anchor

Torsional
Support

L Sy Sy - AN
7
Meander Spring /

9-Resonator Array Pull-in Electrode (Optional)

Fig. 1: Perspective view schematic of a 2"-mode free-free beam resonator
array consists of 9 identical resonators in a standard two-port electrical
configuration.
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two-port electrical configuration proposed in this work not
only alleviates the electrical feedthrough between the input

and output ports but also separates the signal and dc-bias ports,

hence making monolithic CMOS-MEMS oscillator
implementation possible. A comprehensive study of CMOS-
MEMS resonator arrays is provided in this work to address
issues on motional impedance and power handling capability.

II.  ARRAY DESIGN AND GAP REDUCTION MECHANISM

The perspective view of a deep-submicron gap free-free
beam resonator array is shown in Fig. 1 with a typical two-
port biasing and excitation configuration. Two parallel
electrodes are placed underneath the resonator array with an
original gap of around 1um before pull-in operation for gap
reduction. One end of the torsional supporting beams is
connected to the outer pull-in frame while the other end is
attached to the nodal points of the resonator array to minimize
the acoustic loss, hence attaining high 0. As also shown in
Fig. 1, the pull-in frame is suspended by four meander springs.
Since these meander springs have very low stiffness (i.e., very
low pull-in voltage), the optional pull-in electrodes in Fig. 1
can be shorted to ground in a normal operation.

The mechanical resonance frequency of a single free-free
beam resonator is determined by its material properties,
including equivalent Young’s Modulus £ and density p, and
geometric parameters, including beam thickness %, and length
L,. The vibrating mode shape of a second-mode free-free
beam is shown in Fig. 2(a); the corresponding resonance
frequency of the beam can be derived using Euler-Bernoulli
beam theory, given by

£, :2.833\/Eh;
pL.

Note that the electrical stiffness is neglected in (1) for

(1

Nodal Points
f,=10.25MHz
Torsmnal
Suppons

High-Velocity Coupling Locations

(b)
Fig. 2: Finite element simulated mode shapes for (a) a single free-free beam
resonator and (b) a 9-free-free beam resonator array. The supporting beams
are placed at the nodal locations of both the free-free beam resonator and
array to reduce the anchor loss, hence improving the quality factor.

simplicity.

To achieve the mechanically-coupled resonator array, the
identical resonators are placed nearby, and each constituent
resonator is connected to the adjacent ones by mechanical
coupling links, as described in [6]. The resonance frequency
of an arrayed resonator is very similar to that of a single
resonator if all of the constituent resonators of the array are
operated in phase, as shown in Fig. 2(b). However, in general
such a multiple degree-of-freedom mechanical system would
generate plenty of spurious modes near the desired mode in
contrast to single resonance behavior, thereby preventing the
implementation of subsequent filter and oscillator applications.
To eliminate the spurious modes [7][8], stiff mechanical
coupling elements (half-wavelength couplers or short stubs at
high-velocity vibrating locations) can be used to effectively
push the spurious modes away from the desired frequency;
electrical phasing design also helps to select only one
vibrating mode and reject all the others. The use of high-
velocity coupling and electrical phasing design in this work
selects the in-phase vibrating mode of a resonator array as
shown in Fig. 2(b) while eliminating all other unwanted
modes.

For a capacitively-transduced resonator, the motional
impedance R, and maximum handling power P, are
governed by the following equations

kﬂ,d:
" 00Vied @
P%o“%e
R )

where d,, k., @, O and A, are electrode-to-resonator gap
spacing, equivalent stiffness, radian resonance frequency,
quality factor, and electrode-to-resonator overlap area,
respectively, and where Vp and g, are the dc-polarization
voltage and free-space permittivity, respectively. In (3), the
parameter X,.x denotes the maximum vibration amplitude of
the resonator. To reduce the motional impedance R, and
increase the maximum power handling capability P,,.x of a
resonator, mechanically-coupled array design concept is
adopted here to effectively increase both the equivalent
stiffness k. and transduction area 4., hence lowering R,, and
v,,-o

Anchor
Meander Spring Resonator (Array)

E/EaeE =

d,=970nm

(a)

PuII -in Frame

InputIOutput Electrode

Pull-in !!

E ===

Vp =30V
d,=280nm

(b)

Fig. 3: Cross-section view schematics of the CMOS-MEMS resonator array
illustrating resonator status (a) before and (b) after a dc-bias voltage is applied
into the resonator structure.
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Fig. 4: (a) Global view of a 9-resonator array where the constituent resonator
components are located at the center of the pull-in frame. (b) Fabricated single
free-free beam resonator using the same pull-in frame. (c) Meander-spring
zoomed view of the 9-resonator array.

increasing P,n.c. To further reduce the motional impedance,
the pull-in gap reduction mechanism to enable deep-
submicron gaps is an efficient approach to minimize R,.
Fig. 3(a) and (b) present the gap-reduction operation of the
resonator array with status (a) before pull-in operation where
dc-bias Vp is OV and (b) after pull-in gap reduction where dc-
bias Vp is 30V. The final gap of around 280nm is set by
altitude difference of the two polysilicon layers in the 0.35um
CMOS process.

II1.

The free-free beam resonator arrays were fabricated by
using a generalized 0.35pm 2P4M CMOS-MEMS platform
provided by TSMC followed by a maskless wet-release
process [4]. A commercial silicon-dioxide etchant with very
high selectivity between metal and oxide was used to perform
the maskless oxide release process without the help of critical
point dryer. After wet release process, the surrounded
sacrificial oxide was removed, leaving the resonator structures
together with their pull-in frames suspended above the
input/output (I/O) electrodes and pull-in stoppers by the use of
the soft meander springs.

FABRICATION PROCESS

Fig. 4(a) presents a global SEM view of a fabricated
CMOS-MEMS second-mode free-free beam resonator array
containing 9 identical resonators. The array couplers (at high-
velocity vibrating locations) and I/O electrodes are also
indicated. In this work, a single resonator was also fabricated
for comparison with a SEM view shown in Fig. 4(b). The
meander-spring zoomed view is also shown in Fig. 4(c). Note

Bias Voltage, V, Agilent E5071C

Network Analyzer

Coax Cable

e
( -
(=i

i

Cryogenic Vacuum Chamber

- ——

{
1
|
! — Optional

1 (HI Pull-in Voltage

Liquid N,

Vacuum Pump

Fig. 5: Two-port measurement setup for a free-free beam resonator array in a
cryogenic vacuum probe station.

that this single resonator only has three torsional supports for
minimizing the anchor loss while the resonator array in
Fig. 4(a) possesses six torsional supports for persevering
enough polarization voltage Vp to avoid device breakdown.

IV. EXPERIMENTAL RESULTS

As mentioned above, a typical two-port biasing and
excitation configuration is used to characterize the fabricated
CMOS-MEMS resonator and array. As shown in Fig. 5, the
fabricated resonator was placed in a cryogenic vacuum probe
station to measure its capacitive transduction characteristics
under a vacuum level of 100uTorr. Since the meander springs
of the pull-in frame are of low stiffness, the optional pull-in
voltage port shown in Fig.5 is connected to ground
throughout the following measurement results. To operate the
device, a dc-bias voltage Vp is applied into the resonator to
perform pull-in, as a result producing a deep-submicron
electrode-to-resonator gap of around 280nm. Then a small ac
signal v; is applied onto the input electrode. Such a small ac
signal v; together with the dc-bias voltage V» would generate
electrostatic force to drive the resonator into resonance as
frequency of v; matches the resonance frequency of the beam
structure, hence sourcing out a motional current 7, to the
output electrode. The motional current then goes back to the
network analyzer, showing a high-Q frequency response due

.60 Single Res. 180
d =280nm
V=65V 135
-70 f,=10.43MHz
) Q=2,268 0 o
S 80 R,=141kQ 2
c 45 &
0 )
& 90 0o 2
& @
) 45 ®©
€.
s 100 £
= -90
-110 135
-120 -180
10.23 10.33 10.43 10.53 10.63
Frequency [MHz]

Fig. 6: The measured frequency spectrum of a single resonator under a bias
voltage of 65V in a vacuum environment.
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Fig. 7: The measured frequency spectra of single resonator and multi-
resonator array under the same bias voltage of 30V in vacuum environment.

to the mechanical vibration.

Fig. 6 presents the measured transmission amplitude and
phase plots for a single second-mode free-free beam resonator
centered at 10.43 MHz under a dc-bias voltage of 65V in
vacuum. The motional impedance of the resonator is less than
150 kQ with quality factor greater than 2,200, comparable to
that of the fundamental mode free-free beam resonators (one-
port electrical configuration) fabricated by using the same
CMOS-MEMS process [5]. To characterize the performance
of the resonator array, Fig. 7 presents measured frequency
characteristics of the fabricated single free-free beam
resonator and the nine mechanically-coupled resonator array
tested under the same bias voltage V» of 30V and 100uTorr
vacuum environment. Obviously, the resonator array exhibits
lower motional impedance than that of the single resonator as
expected. In theoretical calculation, the motional impedance
reduction ratio is proportional to the number (9 in this work)
of constituent resonators used in an array. In Fig. 7, motional
impedances of 2.23 MQ and 220 kQ for single resonator and
9-resonator array, respectively, were measured, showing the
reduction ratio is around 10.1 which is in good agreement with
the ideal ratio of 9. The discrepancy of R, reduction ratio
mainly comes from the contribution of additional transduction
areas between short stubs and I/O electrodes in an array.

To characterize the relative enhancement of the power
handling capability for the mechanically-coupled resonator
array, single resonator and 9-resonator array were tested under
the same transmission conditions, i.e., the same motional
impedance and input power level. As shown in Fig. 8, these
two resonators with similar motional impedance R, and
quality factor O were operated under the same driving
condition of Py, = 5dBm, showing different measured
transmission spectra. Py, denotes the power directly from the
network analyzer in Fig. 5. In such a power level, the single
resonator was driven into the Duffing nonlinear regime while
the 9-resonator array was still far away from its bifurcation
point, showing significant power handling improvement using
mechanically-coupled array approach.

V. CONCLUSION

In this work, two-port CMOS-MEMS free-free beam
resonator arrays combined with pull-in gap reduction
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Fig. 8: Comparison of single resonator and 9-resonator array under the same
motional impedance and input power level.

mechanism to enable deep-submicron electrode-to-resonator
gap spacing have been successfully demonstrated with
preferred electrical configuration (i.e., two-port operation) and
much lower dc-bias voltage (only 30V versus more than 60V
used in previous single beam resonator) for attaining
satisfactory motional impedance. In addition, the power
handling capability of the mechanically-coupled resonator
array is significant improved, hence paving a way for realizing
low phase noise monolithic CMOS-MEMS oscillators in the
future.
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Bulk Modes 1n Silicon Crystal Silicon
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Abstract—Bulk dilation modes in rectangular plates of
particular orientations in single crystal silicon are found to have
distinct advantages over to those in isotropic materials. Finite
element modeling using an anisotropic model reveals plates
aligned to the 110> direction in (100) silicon have modes which
offer excellent capacitive coupling and good isolation to the
supports. Low impedance and high Q are predicted for select
geometries. Experimental results are included, showing a 100-
MHz resonator having an unloaded Q of 90,000, which
demonstrate an f-Q product of ~1x10",

L.

Micromechanical resonators [1] are a promising alternative
to traditional macro-scale frequency control devices. Silicon
IS an attractive material since it is well characterized, it has
deterministic material properties, and it offers low acoustic
loss.

INTRODUCTION

Electrostatic micromechanical resonators, also known as
capacitive resonators, are attractive for a number of reasons.
Since metallization is not necessary on the resonating
structure, the resonator can be monolithic in the strictest sense.
Very high quality factors, no built-in stress, and excellent
long-term stability are possible in silicon capacitor resonators.

The characteristic motional resistance R; in early
demonstrations of capacitive resonators was 10 kQ to 1 MQ.
It is desirable for resonators, especially those at higher
frequencies, to have lower R|. Reducing R; (i.e., increasing
output current from an input voltage) involves increasing
electrode area, improving electromechanical coupling, and
optimizing the mode shape of the resonator.

High Q reduces the close-to-carrier phase noise. Ensuring
high @ requires minimizing the magnitude of the loss
mechanisms. It is necessary to minimize both the intrinsic and
extrinsic loss mechanisms. The design-dependent extrinsic
losses are reduced through mode isolation (from other modes)
and designing for mode shapes which limit energy leakage
into the surrounding medium.

Good linearity is also desired in the resonator for a low
noise floor. The linearity limit of a resonator is determined by
material properties and physical dimensions. It is evident that
a large resonator is desirable.
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A silicon plate resonator with a large lateral dimension is
introduced to satisfy the requirements for low R, high Q, and
good linearity. See Figure 1. As the lateral dimension is
increased, it is known that wavelike properties commonly
appear in the observed modes. The modes for some isotropic
plates are shown in Figure 2.

Electrode

Electrode

Support

Figure 1. Perspective view of a capacitive plate resonator with two supports

and two fixed electrodes.

o e |

ESSmeE
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+

=

Figure 2. Typical mode shapes in narrow, wide, and very wide rectangular
plates in isotropic materials (v=0.28).



The objective of this work includes: 1) characterizing the
dilation modes of rectangular plates in isotropic and
anisotropic materials and 2) understanding whether plate
modes can be optimized for the metrics of interest. Finite
element analysis is performed in ANSYS using SOLID186
elements and isotropic and anisotropic material models.

II. BULK DILATION MODES

A brief discussion of bulk dilation modes in capacitive
resonators follows. The natural frequencies are

fo==% &

where n is the mode number, v, is the acoustic velocity and L
is the length of the resonator. The motional resistance of a
capacitive bulk dilation mode resonator may be simplified to

2

2= k. Ep,d*

' 20,4

where k. is the relative dynamic stiffness, E; is the elastic
modulus in the i direction, p,, is the mass density, d is the gap
size, ¢ is the permittivity of the gap, Vp is the polarization
voltage, and A4 is the overlap area of the electrodes. It is
evident that increasing A reduces R; — more current is
available when the transduction area is increased. Reducing &,
also reduces R;. An interesting observation is that R, is not
directly dependent on frequency. Contrary to the trend in
prior art, higher frequency resonators do not necessarily have
higher R;.

k. is a comparison between the dynamic stiffness &, and
the stiffness of a slender ideal 1-dimensional resonator.

— n

&)

kn,lD

It is strongly dependant on the mode shape. One goal of this
work is to understand the effect of increasing 4 on ,.

The dynamic stiffness &, for each mode is found from the
energy in the mode W and the average of the displacement of
the resonator electrode surface normal to the fixed electrode
u,. For a low k, (and consequently low £,), all the energy in
the mode is preferably attributed to u,.

o
n T —2
uy

k 4
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III.

The analysis begins by extending the findings on bulk
dilation modes of isotropic plates summarized in [2]. In a
plate with a small width w (e.g., 0.2L), the mode is entirely
uniform along the ends. See Figure 2. As w is increased to
0.8L, some non-uniformity is observed. Lateral motion at the
support location exists. For a plate with a width of 1.8, the
most prominent mode is a third mode along the x direction.
For a width of 4.1L, the most prominent mode is a seventh-
order mode along x. Although the frequencies of these modes
are very similar, the latter three modes are in three different
modal families.

ISOTROPIC PLATES

Focusing on the seventh-order modal family of an
isotropic material with a Poisson ratio v of 0.28, observe the
attributes of the mode as the width is increased. See Figure 3.
For w=3.5L, there are out-of-phase regions which cause
charge cancellation. The mode in this geometry has poor
coupling and a large k.. For w=4.1L, the displacement is
somewhat uniform. With this geometry, the u, motion at the
support is minimal. For w=4.3L, the displacement is most
uniform. This is the optimal plate geometry for coupling and
the &, is 1.2. Further increasing w to 4.8L leads to a more
wavelike mode with substantial #, motion at the support. In
these thin isotropic plates, the optimal coupling and optimal
support isolation occur for different values of w.

The solutions for isotropic plates having widths of [0,10]L,
thickness ¢ of L/5, and v = 0.28 are summarized in Figure 4. £,
and normalized u, (to the average u,) are plotted. The minima
for k,, for w>2L, are approximately 1.2. There are geometries
in which the support u, is small. However, u, is quite sensitive
to the width.

1
e

EEEmEEmE

-
-

w=4.1L

w=438L

Figure 3. Variation of mode shape within a modal family for width of 3.5L,
4.1L,4.3L, and 4.8L (isotropic, v=0.28).
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IV. ANISOTROPIC PLATES
The analysis for anisotropic plates is performed similarly.
A very interesting observation is that uniform modes are
Increasing the thickness to L/2 reveals further advantages.
See Figure 7. Compared to L/5 plates, the range of widths for
which k. = 1 is broader. The u, also have lower sensitivity to

There are several advantages for these anisotropic plates.
w. The most beneficial attribute is that the transduction area is

First, k, is ~1 for a large variety of widths. Next, u, is smaller

equal to L/5 and L/2. The mode shape for L/5-thick plates
compared to isotropic plate modes.

observed in plates aligned to the <110> direction in (100)
silicon. A thorough analysis was completed for plates with ¢
with w=[3.4,4.1]L are very uniform (Figure 5). For w=3.7L,
the mode has the smallest u, response at the support. The £,
and normalized support u, are shown in Figure 6.

increased without increasing die size.

with the k. minima. Also, u, has low sensitivity to w.
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Figure 6. Relative dynamic stiffness and normalized support motion in anisotropic plates aligned to <110> in (100) silicon having a thickness of L/5.
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Figure 7. Relative dynamic stiffness, normalized support motion, and normalized frequency in anisotropic plates aligned to <110 in (100) silicon having a

thickness of L/2.
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Periodicity is evident from the results. Widths of even
multiples of L provide small motion at the supports and good
coupling. The optimal widths for minimizing support loss are
2.0L,3.9L,5.8L,7.7L, and 9.7L.

V.

Resonators with L=40um and =L/2 were fabricated using
the HARPSS-on-SOI process [3]. A resonator with a width of
9.7L and 225-nm gaps is shown in Figure 8. The resonance
frequency of this resonator was measured to be 103 MHz
along with a quality factor of 90000. See Figure 9. The
optimized design enabled the £-0 product of ~1x10".

EXPERIMENTATION

= Input/Output
pad

t =20 um
d =225nm

L =40 um
w=97L

Figure 8. Scanning electron micrograph of a resonator fabricated using the
HARPSS-on-SOI process.
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Figure 9. Transmission frequency response of the resonator showing an
unloaded Q of 90000 at a frequency of 103 MHz.
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CONCLUSIONS

Bulk dilation modes of plates aligned to the <110 direction
in (100) silicon were found to have improved attributes over
plates in isotropic materials. In anisotropic plates, the relative
dynamic stiffness is unity for many geometries. For a broad
range of widths, a 1-dimensional assumption applies. The
thorough exercise also revealed specific widths at which the
motion of the support location is minimal. This enabled a
100-MHz resonator to demonstrate an £-Q product of 1x10".
Future work includes characterizing modes in plates with
larger thickness.
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Abstract—Atomic Clock Ensemble in Space (ACES) is a mission
using high-performance clocks and links to test fundamental
laws of physics in space. The ACES microwave link (MWL) will
make the ACES clock signal available to ground laboratories
equipped with atomic clocks. The ACES MWL will allow space-
to-ground and ground-to-ground comparisons of atomic
frequency standards. The MWL comprises the Flight Segment
(FS) as part of the ACES payload as well as a distributed set of
Ground Terminals (GT), collocated with the ground atomic
clocks. MWL is a two-way, two-frequency link transmitting a
carrier signal modulated by a PN code, both phase coherent
with the local clocks. MWL is designed to reach a time
resolution (TDEV) of 0.3 ps in less than 300 s of integration time.
In addition to the MWL, operating in microwave domain, ELT
is an optical link based on the exchange of laser pulses detected
and time stamped in MWL in the local time scale in space and
on ground.

The engineering model of the MWL FS and the first
prototypes of the MWL GT will be used for end-to-end testing of
the MWL performance. The end-to-end test is using a set-up,
where the MWL FS and GT are connected by cables through a
test equipment that allows the full simulation of the signal
dynamics during an overflight of the ISS over a MWL GT. The
MWL design and test results of the individual elements will be
briefly reported. The results of the end-to-end test will be
presented and perspectives for clock comparisons with ACES
discussed.

L

ACES is a distributed system designed to disseminate a
high stability and accuracy clock signal [1,2]. It consists of a
space payload generating the ACES atomic frequency
reference and a network of ground terminals connected to
high-performance atomic clocks on ground.

INTRODUCTION

Transported on the International Space Station (ISS) by the
Japanese transfer vehicle HTV in the 2014-2015 timeframe,
the ACES payload will be installed at the external payload
facility of the Columbus module, using the space station
robotic arm.

The ACES payload (Fig. 1) accommodates two atomic
clocks: PHARAO (acronym of “Projet d'Horloge Atomique
par Refroidissement d'Atomes en Orbit”), a primary frequency
standard based on samples of laser cooled caesium atoms, and
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SHM (acronym of “Space Hydrogen Maser”), an active
hydrogen maser for space applications. The performances of
the two clocks are combined to generate an on-board
timescale with the short-term stability of SHM and the long-
term stability and accuracy of the PHARAO clock. The on-
board comparison of PHARAO and SHM and the distribution
of the ACES clock signal are ensured by the Frequency
Comparison and Distribution Package (FCDP), while all data
handling processes are controlled by the eXternal PayLoad
Computer (XPLC). A GNSS receiver installed on the ACES
payload and connected to the on-board time scale will provide
orbit determination of the ACES clocks. One of the main
objectives of the ACES mission consists in maintaining a
stable and accurate on-board timescale that will be used to
perform space-to-ground as well as ground-to-ground
comparisons of atomic frequency standards. The ACES clock
signal will be compared to ground clocks using two separate
links: a time and frequency transfer link in the microwave
domain (MWL) and an optical link (ELT). These comparisons
will enable fundamental physics tests and applications in
different areas of research.

Figure 1. ACES Payload Design. Front: SHM; back: PHARAO, side panels

removed for better visibility.

The planned mission duration is 18 months. During the
first two weeks, the functionality of the clocks and of MWL
will be tested. Then, a period of 6 months will be devoted to



the characterization and performance evaluation of the clocks.
During this phase, a clock signal with frequency inaccuracy in
the 10"° range will be available to ground users. Under
microgravity conditions, it will be possible to tune the
linewidth of the atomic resonance of PHARAO by two orders
of magnitude, down to sub-Hz values (from 11 Hz to 110
mHz). After the clocks optimization, performances in the 10
range both for frequency instability and inaccuracy are
expected. In the second part of the mission (12 months,
possibly extended up to 30 months), the on-board clocks will
be compared to a number of atomic clocks on ground
operating both in the microwave and optical domain.

ACES will perform worldwide comparisons of advanced
clocks operating on different atoms or molecules reaching a
frequency resolution in the 10" regime. These measurements
will test general relativity and seek for new interactions
beyond the Standard Model.

The ACES mission is developed by ESA with ASTRIUM
as prime contractor. PHARAO is funded and developed by
CNES as contribution to the ACES mission.

The ACES Mission is presently in phase C/D. All
instruments and subsystems are in an advanced state of
development with engineering models delivered and flight
models manufacturing started. The ACES Payload and
Ground Segment Critical Design Reviews (CDR) have been
successfully passed in 2009 and 2010, respectively.

Development is now proceeding towards a delivery of the
ACES payload flight model in 2013. ACES is designed for a
mission duration of 1.5 years with the possibility for extension
to a minimum of 3 years.

IL.

ACES will conduct the first experiments with cold atoms
under microgravity conditions equivalent to a freely falling
laboratory; it will perform fundamental physics tests to high
resolution, and develop applications in different areas of
research.

ACES SCIENTIFIC OBJECTIVES

A.  New Generation of Microwave Clocks for Space

A new generation of space clocks reaching frequency
instability and inaccuracy of few parts in 10'® will be validated
by ACES. PHARAO will combine laser cooling techniques
and microgravity conditions to significantly increase the
interaction time and consequently reduce the linewidth of the
clock transition. Improved stability and better control of
systematic effects will be demonstrated in the space
environment. PHARAO will have a fractional frequency
instability of 1-10"%t 2, where 1 is the integration time
expressed in seconds, and an inaccuracy of few parts in 10'°.
The reliability offered by active H-masers will be made
available for space applications by SHM. SHM will
demonstrate a fractional frequency instability of 1.5-10™" after
only 10000 seconds of integration time. Two servo-loops will
lock together the clock signals of PHARAO and SHM
generating an on-board time scale, combining the short-term
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stability of the H-maser with the long-term stability and
accuracy of the caesium clock (Fig. 2).
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Figure 2. Fractional frequency instability specified for the PHARAO, SHM,
and ACES clock signals in space

The ACES clock signal will be distributed via a dedicated
Microwave Link (MWL). Frequency transfer with time
deviation better than 0.3 ps at 300 s, 7 ps at 1 day, and 23 ps at
10 days of integration time will be demonstrated (Fig. 3).
These performances, surpassing existing techniques
(TWSTFT and GPS) by one to two orders of magnitude, will
enable common view and non-common view comparisons of
ground clocks with 1077 frequency resolution after a few days
of integration time. Thanks to the recent development of
optical frequency combs [3,4], which significantly simplify
the link between optical and microwave frequencies, ACES
will be able to take full advantage of the progress of optical
clocks [5,6], today reaching instability and inaccuracy levels
of a few parts in 10"

ACES will also deliver a global atomic time scale with 10
accuracy, it will allow clock synchronization at an
uncertainty level of a few hundreds of ps, and contribute to
international atomic time scales (TAL, UTC...).
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Figure 3. Time instability specified for PHARAO, SHM, and MWL.

B.  Fundamental Physics Tests with ACES

According to Einstein’s theory of general relativity,
identical clocks placed in different gravitational fields
experience a frequency shift that, in the frame of the PPN



approximation, depends on the difference between the
Newtonian potentials at the clocks positions. The comparison
between the ACES on-board clocks and ground-based atomic
clocks will measure the frequency variation due to the
gravitational red-shift with a 35-fold improvement on previous
experiments [7], testing Einstein’s prediction at the 2 ppm
uncertainty level.

Time variations of fundamental constants can be measured
by comparing clocks based on different transitions or different
atomic species [8]. Indeed, any transition energy can be
expressed in terms of the fine structure constant a and the two
dimensionless constants mq/Aqcp and me/ Aqcp, depending on
the quark mass myq, the electron mass me, and the QCD mass
scale Aqcp [9,10]. ACES will perform crossed comparisons of
ground clocks both in the microwave and in the optical

domain with a frequency resolution of 1-10""in a few days of
integration time. These comparisons will impose strong and
unambiguous constraints on time variations of fundamental

constants reaching an uncertainty of 1-10'/year in case of a

l-year mission duration, down to 3-10"'"%/year after three
years.

The foundations of special relativity lie on the hypothesis
of Local Lorentz Invariance (LLI). According to this principle,
the outcome of any local test experiment is independent of the
velocity of the freely falling apparatus. In 1997, LLI tests
based on the measurement of the round-trip speed of light
have been performed by comparing clocks on-board GPS
satellites to ground hydrogen masers [11]. In such
experiments, LLI violations would appear as variations of the
speed of light ¢ with the direction and the relative velocity of
the clocks. ACES will perform a similar experiment bly
measuring relative variations of the speed of light at the 10"
uncertainty level.

C. Applications

ACES will also demonstrate a new technique, called
“relativistic geodesy”, to map the Earth gravitational potential.
This technique uses a precision measurement of the Einstein’s
gravitational red-shift between two clocks to determine the
corresponding difference in the local gravitational potentials.
The possibility of performing comparisons of ground clocks at
the 10" frequency uncertainty level will allow ACES to
resolve geopotential differences at 10 cm.

A dedicated GNSS receiver on-board the ACES payload
will ensure orbit determination, important for comparing
clocks and performing fundamental physics tests. In addition,
the GNSS subsystem will be connected to the ACES clock
signal, opening the possibility to use the GNSS network for
clock comparisons or remote sensing applications (GNSS
radio-occultation and reflectometry).

In addition to the ACES MWL, the European Laser
Timing (ELT) link will allow clock comparisons, time
transfer, and ranging experiments in the optical domain. The
combination of ELT and MWL will provide a bench to test
two different time transfer and ranging techniques, also
opening the door to studies of atmospheric propagation delays.
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III. MWL STATUS

The ACES clock signal distributed by FCDP is finally
transmitted to ground stations by the ACES microwave link.
The proposed MWL concept is an upgraded version of the
Vessot two-way technique used for the GP-A experiment in
1976 [7] and the PRARE geodesy instrument. The system
operates continuously with a carrier frequency in the Ku-band.
The high carrier frequencies of the up and down links (13.5
GHz and 14.7 GHz respectively) allow for a noticeable
reduction of the ionospheric delay. A third frequency in the S-
band (2.2 GHz) is used to determine the Total Electron
Content (TEC) and correct for the ionospere time delay. A
PN-code modulation (100 Mchip/s) of the carrier removes the
phase ambiguity between successive comparison sessions
separated by large dead times. The system is designed for
multiple access capability, allowing up to 4 simultaneous
ground users distinguished by the different PN-codes and
Doppler shifts.

A. MWL Flight Segment

The engineering model of the flight segment electronic
unit (Fig. 4) has been completed and tested.

Figure 4. MWL Flight Segment engineering model under test.

MWL long-term stability is ensured by the continuous
calibration of the receiver channels provided by a built-in test-
loop translator. For shorter durations (< 300 s), time stability
is driven by the noise performance of the Ku transmitter and
receiver and of the DLL (Delay-Locked Loop) boards. The
100 MHz chip rate has already enabled a time stability better
than 2 ps to be achieved with code measurements. Carrier
phase stability is shown in Fig. 5, where time deviations down
to 80 fs at about 100 s are reported. For longer durations, time
deviation remains well below the 1 ps level even in the worst
conditions of signal to noise density ratio (C/N),
corresponding to very low elevation angles of the ISS over a
ground terminal. The thermal sensitivity of the system has
been measured and used to calibrate MWL phase comparison
data against temperature variations. The sensitivity to a series
of key parameters such as clock input power, received signal
C/N, supply voltage, Doppler, Doppler rate, etc. has been
measured. The susceptibility of the system to narrowband and
broadband interference, as well as to multipath effects has
been characterized.
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Figure 5. MWL Flight Segment stability of the carrier phase, expressed in
time deviation, for different carrier-to-noise power density ratios.
Measurement are compared to MWL system requirements and derived MWL

FS contributions.

The engineering model of the flight segment S-band and
Ku-band antennas (fig. 6) have been completed and tested.
The antennas exhibit a extremely flat phase pattern over the

complete field of view covering 140°.

10000

Figure 6. Engineering Model of the MWL Flight Segment Ku-Band

antenna.

B. MWL Ground Terminal

The MWL ground terminal electronics is similar to the
MWL flight hardware, symmetry being important in a two-
way system to reduce instrumental errors. The ACES MWL
Ground Terminal (MWL GT) is a microwave station
interfacing the local clock on ground to the ACES payload
allowing space-to-ground clock comparisons. To reduce phase
instabilities due to the tracking motion, the electronic unit of
the MWL GT has been rigidly attached to the antenna unit.
The Ku-band signal is delivered to the antenna feeder via a
waveguide, a high stability RF cable is used for the S-band.
The antenna is a 60 cm offset reflector with a dual-band feed
system automatically pointed in azimuth and elevation by a
steering mechanism. A computer controls the steering unit
based on ISS orbit prediction files, collects telemetry and
science data both from the local clock and the MWL GT
electronics, and interfaces directly with the ACES Users
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Support and Operation Center (USOC). The system is housed
below a protective radome cupola (fig. 8), which also allows
to stabilize the temperature of the enclosed volume by an air
conditioning system, part of a separate service pallet. The
MWL ground terminal is presently being assembled (fig. 7).
After dedicated tests on the ground terminal, a MWL system
level test will be conducted. The test will be performed using
dedicated test equipment that will allow reproducing the signal
dynamics both in terms of amplitude and frequency (Doppler)
variations.

Figure 7. MWL Ground Terminal under assembly (top: steering unit with
antenna and electronics unit, middle, bottom: electronics unit front panel,
backplane).



Figure 8. MWL Ground Terminal protective radome

The MWL ground terminals will be collocated with the
ground atomic clocks operated by metrology institutes and
research laboratories. The hosting site will provide the clock
signal to the MWL ground terminal (table 1) ensuring ground
clock synchronisation to UTC to 0.5 us (100 ps after 10 days
for at least two of the ground clocks).

The MWL ground terminal comprises the radome pallet
including antenna, electronics unit, steering unit and radome
and the service pallet including control computer, steering unit
controller, power supply (and UPS), and water chiller to
thermally stabilise the MWL electronics unit. All these
elements are accommodated in an air-conditioned outside
cabinet. A dedicated air-conditioning system will maintain and
stabilise the temperature inside the radome.

The total weight of system is 270 kg for the radome pallet
and 380 kg for the service pallet and air-conditioning system.
Power supply demand include about 6 kW for all electronics,
thermal chiller and cabinet cooling with an additional 3-5 kW
for the radome thermal control, capable to operate the MWL
GT in a large range of ambient environments from -30 °C to
+45 °C.

TABLE 1. CHARACTERISTICS OF THE MWL GROUND TERMINAL TO
LOCAL GROUND CLOCK INTERFACE.
Signal Characteristics
Receiver characteristics Single ended, AC
coupled, no galvanic
isolation w.r.t. chassis
ground

Nominal frequency

100 MHz + 1-10”

Waveform

Sine

Input level

6 dBm + 2 dB

Spurious of input signals

Harmonic: < 69 dBc

No harmonic: £ 69 dBc
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Signal Characteristics
in a bandwidth of 100
kHz around the carrier

Nominal input | 50 Q

impedance

VSWR <1.20

S11 stability <1.5-10° pp/day

Connector 3.5 mm female

Signal PPS

Slope Rising slope

Trigger level 0-4 V (programmable)

Impedance 50 Q

Connector 3.5 mm female

C. MWL Data Analysis

MWL provides time-tagged code and carrier phase
measurements on the two Ku-band signals (up and down-link)
and on the S-band down-link signal. Housekeeping and
telemetry data, collected both at the ACES payload and on
ground, provide additional calibration  parameters
(temperature, RF power, etc.) to be applied to MWL raw
measurements. ACES scientific products are generated by
analyzing MWL raw data, together with additional
information, in particular ISS orbitography, parameters for the
troposphere model, etc. Data analysis algorithms will be able
to deal with the intrinsic noise of the measurements, possible
events such as temporary signal loss, etc. and will provide
results at the expected performance levels even in adverse
conditions.  Algorithms includle a DRVID (Di
erenced Range Versus Integrated Doppler)-based multipath
detection. Ionospheric delay calculation will be performed
zusing the Ku- and S-band downlink signals, possibly using
again DRVID in addition.

For this purpose, a complete model describing the space-
to-ground comparison of clocks via MWL has been
developed. The model includes relativistic corrections up to
third order in v/c, which are still non negligible for reaching a

frequency uncertainty level well below 1-107"°. Algorithms to
measure and control the instabilities introduced by
atmospheric propagation delays (ionosphere and troposphere)
are included in the code, as well as algorithms for the correct
identification of phase ambiguities and cycle slips. The code
has been tested on raw MWL data having the same noise
behaviour measured during of MWL EM tests and processed
by an independent program which also models atmospheric
propagation delays and link-related signal attenuation. The
results presented in [12,13] show a good agreement with the
ACES system requirements.

Based on this work, algorithms are presently developed
and implemented in the ACES ground segment infrastructure
to operationally exploit the MWL measurement and to
generate the ACES data products available to the scientific
community.



ACES MWL RF EGSE
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Figure 9. MWL end-to-end test RF EGSE providing full Doppler simulation.

IV. MWL TEST RESULTS

A. MWL Test Program

The MWL system is thoroughly tested in incremental
steps. The MWL FS and MWL GT electronic units are
measured against a dedicated EGSE as well as using their
internal test loop translators to determine intrinsic stability.
The sensitivity against variations in the environment
(temperature, supply voltage, clock signal level, etc.) is
independently measured and sensitivity coefficients are
validated using realistic variation patterns. The antennas are
characterised for gain as well as for their individual phase
pattern, allowing to apply corrections in post-processing
depending on line-of-sight angles.

Following stand-alone tests, the system is validated in an
end-to-end test comprising MWL FS and MWL GT electronic
units connected by cables through a signal simulator RF
EGSE (fig. 10).

Within the end-to-end test the system stability with
Doppler, Doppler rate and variations in signal amplitude is
verified. Delay calibration between uplink and downlink is
demonstrated in the end-to-end test.
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Figure 10. MWL end-to-end test set-up (MWL FS on the right, MWL GT
electronics on the left, RF EGSE in the two center racks)

B. MWL End-To-End Test Configuration

The MWL end-to-end test is presently conducted using the
MWL FS electronics unit Engineering Model and the MWL
GT electronics unit of the first item being build. Both items
under test are connected by cable including appropriate and
variable attenuation to offset the free-space range. An RF



EGSE simulates Doppler, generated in a DDS and applied
coherently on the PN code and carrier signals (fig 9).

The end-to-end test configuration supports both, common
clock and dual clock measurements. The common clock
configuration will be used to test the MWL intrinsic stability,
where the dual clock measurement resembles the operations
set-up during the mission; results obtained in this
configuration will be compared to measurements performed
externally between the two reference clock using a separate
phase comparator.

The end-to-end test includes static tests without Doppler
and signal amplitude variations followed by Doppler tests. It
concludes with a test including the full signal dynamics for a
typical ISS passage over a MWL GT.

In the end-to-end test configuration, the differential delay
calibration of uplink versus downlink is demonstrated. Delay
calibration is performed by comparing the ground clock PPS
to a PPS generated internally to the MWL GT.

The end-to-end test data evaluation makes use of extensive
data post-processing developed specifically for the test and
being a part of the algorithms under development for the
ACES mission data exploitation itself.

C. MWL End-to-End Test Results

First results have been obtained from the end-to-end test
(fig 11) with constant Doppler.

The figure shows the MWL end-to-end carrier phase
stability, expressed in time deviation. The upper curve
represents the measurement in the MWL FS of the MWL GT
received carrier phase against the local reference signal;
measured with DLL2. The lower curve represents the
measurement in the MWL GT of the MWL FS received
carrier phase against the local reference; measured with
DLLI. Results are based on raw data, i.e. before establishing
the lambda configuration and applying the two-way formula.

TIME STABILITY, Carrier

[1]1 MWL GT KuDLL1 locked to MWL FS (2011-05-03 00-00-00 ~ 05-03 06-69-69)

[2] MWL FS DLL2 locked to MWL GT (2011-06-03 00-00-00 ~05-03 06-59-69)
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Figure 11. MWL end-to-end test results (carrier phase stability with constant Doppler measured in the MWL FS (blue curve) and in the MWL GT (orange

curve)

The system performance reaches stability in the order of
50-60 fs, which is well within the specification requesting 240
fs. The MWL system remains stable up to several hundred
seconds of integration time, performance at integration time
larger than 1 thousand seconds is dominated by thermal noise
in the EGSE.

Remarkably, the system performance is already reached
with the code measurements at 300 seconds of integration
time (fig 12).
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V. OUTLOOK

The MWL end-to-end test is planned to be completed by
June 2011. Based on a successful demonstration of

TIME STABILITY, Code

[1] MWL FS OLLZ locked to MWL GT (3011-06.03 00-00.00 - 05-03 06.59.88)
00 [2] MWL GT HUDLLY Iocked to MWL FS (20110503 00.00-00 - 0503 06-58.58)
e - -~ -

Time Daviation Sigma (Taw), Seconds

w0 ]
P o

018 15 108 1
Murerage Time, Tau , Seconds

Figure 12. MWL end-to-end test results (code phase stability with constant
Doppler measured in the MWL FS (upper curve) and in the MWL GT (lower

curve)

The code phase is primarily used to resolve carrier phase

ambiguities, the performance is well suited to obtain this goal.
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performance, the MWL FS flight model will be build and
manufacturing of the full set of MWL Ground Terminals will
be released.
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Single-frequency time and frequency transfer with
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Abstract— The GNSS main technique currently used for
accurate time and frequency transfer is the so-called “geodetic
time transfer”, based on a consistent modeling of dual-frequency
code and carrier-phase measurements. This technique enables
frequency transfer with an uncertainty of 0.1 nanoseconds
thanks to the very low noise level of the carrier phase
measurements, but the accuracy of time transfer can only reach
the level of a couple of nanoseconds in the best cases, due to the
noise and multipath of the GPS and GLONASS codes. However,
in the near future Galileo will offer one promising signal,
namely the broadband signal ES, with an ultimate low range
noise in the cm range and with the lowest multipath error
impact observed before. This paper investigates the use of this
precise code for accurate time transfer.

L

Measurements from Global Navigation Satellite Systems
(GNSS) are used since the eighties to perform precise and
accurate Time and Frequency Transfer (TFT) [1-2].
Nowadays, the main technique used for TFT is the so-called
“geodetic time transfer”, based on the joint analysis of GPS
(and GLONASS) dual-frequency code and carrier-phase
measurements. It is widely recognized for its high frequency
stability (see for instance [3-5]), thanks to the very low noise
level of the carrier phases, enabling time transfer with an
uncertainty of 0.1 ns (nanoseconds), when ignoring the
uncertainty of the instrumental hardware delays calibration.
This calibration value can be determined with an uncertainty
at the level of about 1 ns for GPS links, as it has been shown
in recent experiments [6-7]. However, the time transfer
accuracy is also limited by the colored signature of the code
noise, affecting the medium-term stability of the solution and
inducing possible discontinuities at the day boundaries [8-10].
Therefore, the accuracy of time transfer given by this
technique can only reach the level of a couple of nanoseconds
in the best cases.

INTRODUCTION

On the other hand, the European Galileo system is
currently under development, and will be interoperable with
GPS and GLONASS. Galileo signal is on the air since
December 2005, when the first experimental Galileo satellite
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GIOVE-A was launched. Presently, there are two
experimental Galileo satellites in operation, GIOVE-A and
GIOVE-B, and the first four operational Galileo satellites
(building the Galileo In-Orbit Validation (IOV) constellation)
are due for launch in 2011. GIOVE satellites transmit the
ranging signals using all the code modulations currently
foreseen for the future Galileo, and provide therefore a
foretaste of their performance in real-life applications. Due to
the use of a higher PRN chip rate of 10.23 MHz and two
subcarriers spaced at 30.69 MHz resulting in a 51 MHz wide
signal bandwidth, the ranging signals of Galileo provide
significant improvement of the (long) multipath performance
as compared to current GPS/GLONASS. In 2008, some
studies with GIOVE-A data evidenced that the ESAItBOC
code demonstrates the highest multipath suppression as
compared to other signals and very low magnitude of average
multipath errors, down to the values about 20 cm [11].
Previous research done by the authors of this paper [12]
showed that this very precise GNSS pseudorange is very
promising for improving time transfer applications.

The purpose of this article is to develop accurate methods
for time transfer with Galileo ESAItBOC (E5 hereafter). In
section 2 we revise the current GNSS main time transfer
technique; section 3 presents the noise level of the E5 code
using the experimental GIOVE satellites observations and
investigates the possible approaches to use it for time transfer;
the fourth section presents some results from tests with Galileo
simulated data, and the last section is dedicated to the
conclusions of this work and perspectives for the future.

II.

The current geodetic time transfer method is based on a
consistent analysis of ionosphere-free combinations for the
code and carrier-phase measurements on L1 and L2 bands,
that is,

STATE OF THE ART

P, :af'Pl_ﬂf'Pza
L, Zaf-Ll—ﬂf-Lz,



with

o,

. —-_JS2
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which are finally given by
P=|x

rec

L, =l x

rec

—x"" || —cAt,,, +cAt"™ +Trop + O, +é&}, )

—x"" || —cAt,,, +cAt"™ + Trop + AN, + 8¢ + €],

where X, is the receiver position, x is the satellite
position, ¢ is the vacuum speed of light, Al‘m, is the receiver
synchronization clock error, A is  the satellite

synchronization clock error, Trop is the tropospheric delay,
ﬂg is the wavelength of the carrier-phase combination, N, is

the integer phase ambiguity of L3, 531) contains the receiver
hardware delays for the P3 code, 53(’) is the initial phase delay
of the phase combination, €3P is the pseudorange noise and

multipath, and Sf is the ionosphere-free carrier-phase noise.

The carrier phases themselves allow to give a precise
signal evolution, at the subnanosecond level, as already
mentioned, but they need to be combined with code data, due
to the fact that they contain an unknown initial ambiguity
(integer number of cycles, see (1)) which must be solved. The
P3 code is used for this task, determining then the absolute
receiver clock offset. The noise of the ionosphere-free P3
combination is given by the expression

Oy, =1[2.5457 0} +1.545" 0}, =3-0,.

The ionosphere-free combination therefore amplifies the
pseudorange noise and multipath with respect to the individual
code measurements. As a consequence, the accuracy of the
time transfer solution is at the level of up to a couple of
nanoseconds.

The most important parameter for time transfer is Al‘m, ,
i.e. the receiver clock synchronization error with respect to the
reference of the satellite clocks. When the receiver frequency
is driven by or synchronized with an external atomic clock

frequency, Af

.. gives indeed access to this external clock.
The solution for Af_ is obtained from a least-squares fitting

of the code P3 and carrier phase L3 observations. Using a
Precise Point Positioning (PPP) approach [14-15], it is

possible to determine at the same time the Af, , the station

position, the tropospheric zenith delay Trop, and the float
carrier phase ambiguities (/'i3 N;+ é‘f ); the satellite positions
and clocks are provided by external products, e.g. the IGS

products. Note that 531) will be absorbed in the clock solution
At

rec >
parameters (receiver, antenna and cable delays).

and should be corrected for using external calibration
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III.  USING THE GALILEO ESALTBOC PSEUDORANGE FOR

TIME TRANSFER

A. E5 observation equation

The observation equation for E5 is quite similar to the
observation equation for P3, with an additional term
containing the ionospheric delay at frequency E5:

E, = x,,, —x* || —cAt,,, + A" + lonos + Trop+ 6. +€L,(2)

rec

where §5P contains the receiver hardware delays for this

frequency and 85 is the pseudorange noise and multipath.

all the

other contributions to the E5 code must be corrected. As
explained before, the satellite positions and clocks can be
provided by external products. The troposphere zenith delay
can be either obtained from external products (if such products
exist for the station where the clock is located), or estimated as
explained before for PPP. The ionospheric delay is the main
limitation and requires being determined at the highest
possible precision level. Different ways can be used to correct
for the ionospheric delay. Combining the E5 code with
another code in order to perform an ionosphere-free solution,
as done with the GPS/GLONASS P3, will cause the loss of
the properties of this very precise code, due to the noise of the
second pseudorange used for the combination. This will thus
offer no advantage with respect to the present geodetic time
transfer approach. Alternative approaches exist and are
presented in the next section.

In order to obtain the receiver clock error, Af

rec®

B. Ilonosphere correction of the ES5 pseudorange
measurement

1) Ionosphere correction for single-frequency receivers

Having only single-frequency measurements at our
disposal requires external products for the ionosphere
correction. It is therefore necessary to use maps providing the
Total Electron Content (TEC) as a function of the latitude and
longitude, in order to get the ionospheric delay for each signal
path. Using global TEC maps proposed in the IONEX format,
as for example those provided by the IGS analysis center
CODE [16], however only corrects for the long wavelength
and long term variations (above 2 hours) of the TEC. It was
demonstrated with GPS that this is not sufficient for time and
frequency transfer: the ionosphere-free combination P3
improves time transfer by a factor of 2 with respect to using
P1 code corrected with the CODE TEC maps, for
intercontinental baselines [17].

On the other hand, regional ionosphere maps, currently
under development (as for instance the ones produced by the
US National Oceanic and Atmospheric Administration
(NOAA)), offer a better spatial and temporal resolution with
respect to the global maps, as they are built with more dense
networks. They could then provide a more precise correction
for the ionospheric delay on pseudoranges; this will be tested
in the future.



Another approach to correct the ionosphere could be to
estimate this effect by means of an appropriate model from the
Code-minus-Carrier (CMC) observable. The latter is obtained
from the difference between the E5 code and carrier-phase
measurements, and retains only the ionosphere correction and
the carrier-phase inherent ambiguity term. Indeed, the LS5
carrier-phase observation equation reads:

Ly = x,,, — x* || —cAt,,, + cAt*™ — lonog + Trop + G

+A N, +67 + €.

Note that the ionosphere contribution lonos contains here
only the first order (i.e. in 1/ where fis the frequency), which
affects the code and carrier phase with the same magnitude but
opposite signs. By differencing equations (2) and (3), we
obtain the CMC combination:

E

—L
CMC=—"—= 5 2 = Jonog +

& (AN:+67)

5 +Eqc-(4)

CMC therefore contains only the ionospheric delay, plus
an ambiguity term (constant over each continuous satellite
track) and a constant term. The ionospheric delay, lonos, can
be estimated by using a single-layer spherical ionospheric
shell model [18], i.e.,

CMC = MF'(ZIDO +V¢ '((ouv —(p0)+V/1 '(/?VIP _/10))

+5_5P_(15N5+§5¢)+
2 2

cMC
where MF is the elevation-dependent mapping function, ZID,
denotes the zenith ionospheric delay at the station position,

\% (pand \Y% ,are latitudinal and longitudinal ~ gradients,
respectively, ¢, and /?,IP are the geodetic latitude and

longitude of the ionosphere pierce point (IPP); ¢ and /?0 are

the latitude and longitude of the station. Using a least- squares
fitting of all observations above a given elevation, it is
possible to determine the TEC at the zenith plus latitudinal
and longitudinal gradients. We tested this approach using
simulated Galileo data (see later), and using the mapping
function MF=1/cos z, where z denotes the zenith angle of the
satellite. The differences between the VTEC retrieved with
this model and the simulated VTEC can reach the level of
some TEC units (see Fig. 1), corresponding to more than one
nanosecond for the GNSS frequencies. The technique can
therefore not be used for our purpose as not enough precise.
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Figure 1. Comparison between the vertical ionospheric delay in TEC units
for a 5-day period estimated with surface fitting based on a ionospheric shell
model from CMC , and the simulated VTEC (taken from CODE IONEX
maps).

2) lonosphere correction for dual-frequency receivers

If dual-frequency data are available, a combination of
carrier phases measured on two frequencies can be used to get
the first order ionospheric delay for each signal path. First of
all, as the ionosphere is a dispersive medium, the ionospheric
delays for different frequencies f; and f; are related by the
expression

Iono; _ Iono,
2 2
i f
Then, the geometry-free combination of L1 and L5 carrier-
phase observations can be expressed as

L

2
1

LGF — Ll _LS = 10]’[05( j"’N&;F +€gpy (5)

where N, 'GF is an ambiguity parameter that includes the

difference between the ambiguities in the two frequencies,
plus some biases. In order to estimate the ionosphere, this
ambiguity must be first solved for. The latter can be done by
means of the geometry-free combination of E1 and E5 codes,
which retains the ionospheric delay plus a collection of biases
of the receiver and satellite hardware (the so-called differential
code biases, or DCBs), that is,
2

1-=2

1

Then, by making the difference between (5) and (6) we
can estimate the ambiguity parameter as
Nor =((Lgp = By )>a,clwi§kuu, —¢(DCB,,, + DCB*™).

cycle slips

And finally, we can obtain the ionospheric delay of each

ES measurement as

E, =E,—E, = IonoS[ J—C(DCBM +DCB*")+¢l,.. (0)



lono; = —

{LGF - [<(LG - EGF )>
—c(DCB,_ +DC )]}
where O/ ;. = l—fsz/flz.

arc without ~—
cycle slips

(7

C. The E5 Code-Plus-Carrier combination

Instead of using the E5 observation only, we propose here
to take advantage of the Code-plus-Carrier observable (CPC),
which is at first-order ionosphere-free. By adding equation (3)
to (2), we get CPC, which reads

CPC = Estl, = x,,, —x"“ || —cAt,,. +cAt™ + Trop +
®)
2 2 CPC*

It is important to note that the noise and multipath cpc of
this combination are mainly the noise and multipath of the
pseudoranges, as the carrier-phase noise is significantly lower.
Then,

(o} E,

2 2

that is, CPC has half the noise and multipath of the ES code.
Therefore, the time transfer solution obtained with CPC
should have a noise reduction by a factor of 2 with respect to
the solution obtained with E5 only. Moreover, the CPC
combination also mitigates higher-order ionospheric effects,
with a reduction of 25% of the second-order delay (~//f) and
33% of the third-order delay (~1/f') with respect to the code
observable [19]. However, the CPC combination is
ambiguous, so that the time transfer method based on this

combination will have to deal with the ambiguity resolution in
the first step.

o

5

+0, =

Ocpc = 5

In [12] we presented some results of the time transfer
solution obtained with CPC once the ambiguities were solved,
with current data available from GIOVE satellites. These are
reported in Fig. 2, which presents for the time link GNOR-
GUSN, i.e. Noordwijk (Netherlands)-USNO (US), the clock
solutions obtained with either the CPC, or the ionosphere-free
codes using the combination of E1 and ESAItBOC (labelled as
E5(atb)) for GIOVE, and P1 and P2 for GPS. The results are
shown for one satellite track of GIOVE-B and of GPS PRN
19, these two satellites appearing visible at the same time for
both stations. The clock solutions have been computed using
pseudorange observations at a 30 second sampling rate, and
correcting them for the geometric distance satellite-receiver,
for the satellite clock and for the relativistic effect due to the
satellite orbit eccentricity, using the IGS orbits for GPS and
the CONGO orbits [20] for GIOVE-B. The tropospheric
delays were taken from the IGS products [19] for USNO and
for DLFT (25 km far from GNOR). The station positions were
fixed to a priori known coordinates. The clock solutions are
presented in Common View in order to get rid of the reference
time scale which is different for GPS and for GIOVE satellites
clock products.

37

Clock Ditferences GNOR-GUSN
1 T I T I ’ I

code EL+ES(utb)
.« GFSP3(G19)
« CFCES(at+b)

A00

wd -
& iy
= =

NANOSECOND
S

]
=
o

350

554207 5542085 554209

Figure 2. From [12]: Comparison between the clock solutions obtained with
either dual-frequency ionosphere-free combination of pseudoranges, or the
CPC combination.

The improvement in terms of noise level obtained with the
CPC with respect to the classical dual-frequency ionosphere-
free codes appears clearly. The rms of the GPS P3 and of the
GIOVE EI+E5 combinations are about 7.8 and 4.8 ns,
respectively, whereas the rms of the CPC E5 falls down to 0.4
ns. That means that the latter has a noise level about 10 times
lower than the ionosphere-free E1+ES and more than 15 times
lower than GPS P3. The small variations of the CPC curve
correspond to E5 multipath.

If we do not consider the instrumental calibration issues,
the clock solutions so-obtained correspond to the quantity
which determines the accuracy of the time transfer solutions.
The advantage of the CPC will be therefore to improve the
accuracy of time transfer with respect to the dual-frequency
ionosphere-free combination, i.e. with CGGTTS (Common
GPS GLONASS Time Transfer Standard) or PPP, provided
that the ambiguities of the CPC are precisely determined. In
order to do that, we can for instance use the Code-minus-
Carrier combination (4), as it has the same ambiguity that
appears in CPC (see (8)). However, this approach requires
again the correction of the ionosphere effect, as with the ES
code only approach. To that purpose, the double-frequency
geometry-free combination of carrier-phase and code
measurements on E1 and E5 bands can be used.

Let’s recall now that the time transfer solution with CPC
E5 should be 2 times less noisy than that using only E5. This
will be verified in the next section, where we investigate the
two approaches that have been presented, with data simulated
with the ASiF software [13]. To summarise, these two
approaches are:

E5-only approach:
1. - Estimate the ionospheric delays from the geometry-
free code and carrier-phase combinations of E1 and ES5.




2. - Correct the E5 observable with the previous value and
then, solve for the clock solution with a least-squares fitting:
either determine the receiver clock, the station position and the
wet troposphere path delays; or fix the position and
troposphere, and determine only the receiver clock.

CPC ES5 approach:

1. - Estimate the ionospheric delays from the geometry-
free code and carrier-phase combinations of E1 and ES.

2. - Correct the ionosphere in the CMC equation to
determine the ambiguities.

3. — Enter these ambiguities in the CPC observable and
then, solve it as in the ES-only approach.

IV. CLOCK RESULTS FROM SIMULATED DATA

The ASiF software [13] simulates measurements in
RINEX 3.0 format and satellite products in clk formats for
the GPS and Galileo constellations. The satellite orbits are
modelled with a keplerian motion; receiver and satellite
clocks are simulated using the procedure proposed in [21];
tropospheric delays are taken from the IGS products [22];
ionospheric delays are generated from CODE IONEX maps
[16]; a white noise is then added to the measurements. In the
present study, we considered pseudorange white noise with a
standard deviation of 6 cm for E5 and 13 cm for E1, with no
multipath effect, and white noise with standard deviation of
13 mm for the carrier phases.

Following the two procedures previously described, we
estimated the receiver clock using a least-squares inversion as
in the Atomium PPP software [23], i.e. with an analysis of
one-day data batches. The clock solution was computed either
fixing the position and troposphere to a priori known values,
or determining them in the same analysis. Figs. 3 and 4 show
the difference between the simulated clock and the clock
retrieved by the least-squares inversion with the two
approaches (E5-only or CPC ES), for 5 consecutive days. The
first conclusion that arises from these results is that, as
expected, the noise of the clock solution obtained from the
CPC combination is half the noise level of the solution
obtained directly from the E5 pseudoranges. Secondly, we
see that estimating also the troposphere and the position, as it
is done in classical PPP, induces errors on the clock solution
of the order of about 50 ps in the present case. Finally, we
can consider that the accuracy of our clock solution is given
by the average difference between the computed and
simulated clocks over one day. This difference is smaller than
20 picoseconds in both cases. However, it is important to
note that only white noise has been considered for ES and E1
pseudoranges. Although ES5 is not much influenced by
multipath, this effect should be also taken into account in the
future, as it will directly impact the clock solution accuracy.
In the case of E1, or any other different from ES, the noise
and multipath are more significant, and will then affect the
precision on the ionosphere correction (see (7)). Moreover,
the simulation did not consider different hardware delays for
each frequency, which play also a very important role in the
ionosphere  determination. The uncertainty on these
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parameters will therefore be a parameter influencing the
accuracy of the clock solution and will require further
investigations.

400

ES
— CPCES

PICOSECOND

400

55420 55421 55422 55423

Figure 3. Differences between the computed and simulated clock; the
computed clock was obtained using either the ES code directly or the ES
CPC combination. The position and tropospheric delays are fixed to a priori
known values.

PICOSECOND

55420 55421 55422 55423

Figure 4. Same as figure 3, but here the position and tropospheric delays
are also estimated in the least-squares analysis.

V.

This paper investigated the applications of the future
Galileo code ESAItBOC for time transfer. Thanks to its high
precision and low multipath, this code can offer large
improvement to the time transfer accuracy. The sum of code
and carrier phase measurements (called CPC for Code plus
Carrier) on ESAItBOC has been proved to be two times less
noisy than the ESAItBOC code; its use for time transfer shows
therefore a big interest. Some comparisons with true GPS and
GIOVE data demonstrated that the CPC combination is more
than 15 times less noisy than GPS P3. As the CPC is an
ambiguous observable, the combination CMC (Code Minus
Phase) has been proposed to solve for the ambiguities. This

CONCLUSIONS



combination needs however to be first corrected for the
ionospheric effect, which can be precisely determined only
from dual-frequency code and carrier-phase measurements.
Some tests with simulated data have shown that the accuracy
of the E5-based clock solution, measured as the mean offset
between the computed and simulated clocks, is lower than 20
ps. However, the impact on the clock solution of multipath
and of the precision of the differential code biases which were
not considered here, need to be carefully investigated in future
work.
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Abstract—The Physikalisch-Technische Bundesanstalt (PTB)
realizes its atomic time scale UTC(PTB) as approximation to the
international time reference UTC. It serves as the basis for
PTB’s time services, for the local clock comparisons and for
international time comparisons. Since February 2010
UTC(PTB) has been realized using an active hydrogen maser
steered in frequency via a phase micro stepper according to an
algorithm described in this paper. Thereby the long-term
stability and accuracy of PTB’s primary clocks is combined with
the typical short-term frequency stability of a hydrogen maser.
During the last 12 months, the caesium fountain clock CSF1 was
used as the steering reference on more than 98% of the days,
which resulted in an excellent stability of UTC(PTB). During the
last six months, including March 2011, its deviation from UTC
was less than 4 ns.

1. INTRODUCTION

The German Units and Time Act entrusts the Physikalisch-
Technische Bundesanstalt PTB to realize UTC(PTB), a
representation of Coordinated Universal Time UTC, as the
basis for legal time in the country. It serves thus as the
reference for PTB’s time dissemination services, for the local
clock comparisons and for international time comparisons.
According to recommendations of the Consultative
Committee for Time and Frequency the deviation of UTC(k)
from UTC, where k stands for any laboratory active in this
field, should be as small as possible, preferably below 100 ns.
No unique prescription for the realization of UTC(k) follows
thereof. UTC(PTB) used to have its physical representation as
standard frequency and one pulse per second (1 PPS) signals
based on its primary clock CS2 for the last 20 years [1]. Since
February 2010 UTC(PTB) has instead been realized using an
active hydrogen maser (AHM) steered in frequency via a
phase micro stepper (PMS) according to an algorithm
described below. Thereby the long-term stability and accuracy
of PTB’s primary clocks is combined with the short-term
frequency stability of a hydrogen maser.

Subsequently we lay down the algorithm in current use
(Section II) and briefly describe the practical realization
(Section III). In Section IV results are presented. A discussion
and outlook on further work closes the paper.
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II.  CONSTRAINTS ON THE REALIZATION OF UTC(PTB)

A.  Available equipment

PTB currently operates two cold-atom based caesium
fountain clocks, CSF1 [2] and CSF2 [3], two older thermal
beam primary clocks, CS1 and CS2 [1], three commercial
caesium clocks of type Symmetricom 5071 (high-performance
option), and three AHM produced by Vremya-Ch. One
motivation of going to a new scheme of realization of UTC(k)
was to make better use of the available resources in the
laboratory. As long as UTC(PTB) was based on CS2 alone, it
already had a good reputation as one of the most long-term
stable and predictable time scales. A deviation from UTC by
more than 50 ns occurred only for a few ten days during the
last 10 years. The day-to-day stability was, however, worse
than that of time scales of other institutes realized with
hydrogen masers as the signal source. This fact became even
more obvious since two-way satellite time transfer and GPS
carrier phase-based time transfer became standard methods in
the field, and was considered no longer state-of-the-art. A final
motivation was a rather technical one: The CS2 ovens were
almost depleted of caesium, and clock operation could not be
assured beyond some point in time in 2010.
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Figure 1. Relative frequency instability of PTB’s atomic clocks, detailed

explanations in the text



In Figure 1, the frequency instability of the available
frequency standards in PTB is depicted. It illustrates that the
performance of the various devices is quite different. Results
of AHM comparisons (green symbols) are shown for local
comparisons among two of them with averaging times
between 1 s and 10 days, and for comparisons of the same two
masers with the time scale UTC(NIST) of the US National
Institute of Standards and Technology for averaging times
between 1 day and 30 days. The performance of the fountain
CSF1 is shown in yellow symbols, with respect to an AHM
(squares) and to an optical frequency standard of PTB [4]
(circles) with an instability superior to CSF1. The data span
analyzed here is longer than that reported in Figure 3 of [4].
These data advised us to steer the maser frequency through the
PMS towards CSF1 at least once per day based on daily
average values of the frequency difference. The frequency
instability of all other available standards (CS1: dark blue,
CS2: light blue, three commercial clocks: earth tones) equals
that of the masers only after far more than 10 days of
averaging. Thus daily steering the maser frequency towards
those references has been based on linear fits to a number of
daily average values, extrapolated to the current day.

B.  Basic algorithm design
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Figure 2. UTC(PTB) realization from a hydrogen maser

In the past, a frequency offset between UTC(PTB) and
CS2 used to be introduced through a phase micro stepper
(PMS) so that agreement of UTC(PTB) and UTC was assured
in the long term. This offset was introduced manually once
every few months based on the results published in the BIPM
Time Department Circular T. Now this “steering of the AHM”
is under software control as illustrated in Figure 2. The PMS is
commanded daily to shift the 5 MHz input frequency by the
relative  amount  Ofyer Which has three additive
components, df;, 0/, and Jf;. The first component, &f;, is
intended to adjust the frequency of the maser to the rate of the
reference clocks as just described. The second term, &f,
represents the individual reference clock rates with respect to
TAI Three steering values df;+ &f; are calculated in parallel
each day and one is selected based on a pre-selected priority
and the availability of data:

Option 1: The AHM frequency is compared to PTB’s
fountain clock CSF1 hourly. If during day N-1 6 hours of data
are available, then the mean value, corrected for the daily
frequency drift of the maser is used as &f; during day N. When
no valid data are available for day N-1, the steering for day N
is calculated from a linear fit to the last three daily values. If
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less than two such data are available (e.g. two extrapolated,
but not measured data), the steering is calculated based on
another option. For §f, we use the estimated d, representing
the fractional deviation of the scale interval of TAI from the SI
second on the geoid, as published in the last line of the
Circular T Section 4.

Option 2: The AHM frequency is compared to all caesium
beam clocks. df; is updated daily, based on extrapolation of
past data for an interval adapted to the frequency instability of
the reference clocks, mostly 25 days. To estimate 0f; the
monthly published rates rTAI of the clocks with respect to
TAI from the ALGOS data base are used. Individual clock
results are combined using their most recent statistical weights
wTAI as published in the ALGOS data base.

Option 3: As a fall-back option, steering is made based
either on CS2 or CS1, similar to Option 2.

The third term o&f; is common to all three options. It
assures the long term steering of UTC(PTB) to UTC and is
currently calculated as {UTC-UTC(PTB)}irp / 60 d, where
the time difference is taken at the last reported day in the most
recent issue of the Circular T, LRD. The values of df; (and
also df;) are thus constant for about one month after a new
issue of the Circular T was received.

C. How to ensure reliability and availability?

The first steps of realizing a time scale based on CSF1 were
made in 2002 [5]. Since then we collected a lot of
experiences of equipment failures and weaknesses of the
chosen strategies. Figure 2 should make clear that a maser
output failure is fatal. Therefore the realization of the time
scale is made in duplicate, named UTC(PTB) and
UTH(PTB), based on two different AHM, and both time
scales should be in close agreement. Switching of all signals
(5 MHz and 1 PPS) requires manual intervention, but is
simple to do. The PMS has proven very reliable, so it appears
a more likely event that no software input is available. In this
case the frequency steering remains unchanged, and alarms
are distributed. The data required for the calculation of 6f; are
collected using well developed measurement infrastructure.

( a8 _ N
lﬂ*(PTB)\ uTCc(PTB)
S —
Phase T T
C t s
AYAcumf:ara or Kt TWSTET
CSF1 T
Maser 1 GNSS
""" receivers
Dissemination
3commercial 1| I services
;';;ﬂ.—:.w:lrr'. clocks K _/1

Figure 3. Implementation of duplicate realization of PTB’s reference time

scale UTC(PTB)



The generation of three optional inputs has proven as
sufficient to provide a steering value each day and also allows
cross-check among the results. The software can be re-started
manually at any point in time so that during working days
corrected input data could be used to produce a refined
steering value if necessary.

II1.

Figure 3 gives a simplified view of the implementation. In
order to implement Optionl, a phase comparator is used to get
hourly mean frequency differences between CSF1 and two
AHM which provide the physical input to the generation of
UTC(PTB) and UTH(PTB), respectively. The same
measurement infrastructure is available for CSF2, but the
interfaces to the time scale generation have not been
established yet. These interfaces proved as one of the key
issues to be solved. Other than most fountain clocks operated
world-wide, both fountains output 5 MHz signals from a
quartz oscillator (XO). Such a signal is available even if the
XO is deliberately not locked to the fountain or if the regular
fountain operation failed, e. g., because of a loss-of-lock of
one of the lasers used for atom cooling and detection. Using
data in such a condition would result in an erroneous steering
command. The interface thus contains a two-level check of
data quality: use or do not use.

PRACTICAL IMPLEMENTATION

Figure 3 shows also part of the measurement infrastructure
linking the CS1 and CS2 in the clock hall and the commercial
caesium clocks with the two AHM, in order to implement
Options 2 and 3. In duplicate (not shown), the 1 PPS signals
are routed to signal switches and compared by two time
interval counters (TIC). Routinely the software accesses the
data files produced daily after midnight to get the required
clock differences. These are combined with previously
acquired data to get the frequency prediction of each clock
with respect to both AHM. These predictions are then
combined with rTAl-values of each clock, and in Option 2 a
weighted average is calculated based on the recent wTAI-
values.

The software selects the daily steering command according
to pre-selected priorities: Priority 1 has always been given to
the use of CSF1 data (Option 1). A newly calculated value
Ofseer should agree with the value calculated one day before
within 2x107'*. If this condition is not met, the software checks
all available options. If a large step is found in all options,
then this step is applied and an alarm is generated. Such a
large step would point to a malfunction of the maser involved.

After a steering command was sent to the PMS, the
instrument is queried, and proper reception of the command is
verified. For each option and for each implementation, daily
log-files and archive files are produced which allow a check of
all calculations after the fact. Last but not least the software
supports two events which cannot be excluded to happen.
Based on auxiliary data, a change between the AHM in use to
the third one available in the lab is quickly made in case that
service is needed to the AHM in operation. Even an AHM
with cavity auto-tuning exhibits a (linear) frequency drift, and
the synthesizer which is part of the AHM electronics needs to
be stepped once in a couple of months as for practical reasons

42

the relative frequency difference between the AHM frequency
and the fountains should be limited to about 107,

IV. RESULTS

The new realization scheme was implemented after 27
February 2010, MJD 55254, and was accompanied by a
replacement of some older cables (RG 58) by a more
appropriate double-shielded variant. All cable delay changes
were measured and later documented as required such that the
transition could be made without a step in the time scale. On
the other hand, the UTC(PTB) stability improved
immediately, as illustrated by a comparison to UTC(NIST)
using a GPS carrier phase comparison (NRCan PPP software
[6]) whose result is shown in Figure 4.
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Figure 4. Phase comparison UTC(PTB) — UTC(NIST) based on a GPS
carrier phases analysis using the NRCan PPP software [6] for a few days
before and after the change of the UTC(PTB) realization; independent phase
offsets removed in both data sets.
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Figure 5. Steering corrections calculated since October 2010, red: Option 1,
cyan: Option 2, green Option 3 (CS1), black based on CS2 with showing the
interruption of its operation in fall 2010

Since then, including March 2011, the frequency steering
could be based on Option 1 (CSF1 data) on about 98% of the
days. Of course, during many days CSF1 was useful for less
than 24 hours, but during the 13 months CSF1 was also used
in 7 measurements of the TAI scale unit (see Figure 9) during
which its operation has been ensured with a duty cycle



approaching 100%. The combination software (Option 2)
became operational only in October 2010. Before that CS2
alone was used in Option 2 and CS1 in Option 3. In Figure 5
we show the steering values calculated since October 2010.
They include one intentional maser frequency adjustment. As
a matter of fact, the AHM selected as the physical source of
UTC(PTB) behaved quite predictable during the last months.
The alternate channel (UTH(PTB)) faced some abnormal
events. In Figure 6 we compare six months of
UTC-UTC(PTB), in 2009 - 2010 (CS2 based) and 2010 — 2011
(hydrogen maser based) , respectively. The improvement in
stability and thus predictability is appealing. During the last
six months, including March 2011 UTC(PTB) deviated from
UTC by less than 4 ns. In comparison with other timescales of
renown quality, we see that UTC(PTB) is now quite
competitive, despite of the fact, that a rather limited number of
clocks has been involved in its realization.
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Figure 6. Time scale comparison UTC-UTC(PTB) in 2009 - 2010 and
2010 — 2011, respectively
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Figure 7. Time scale comparison UTC-UTC(k) during one year, including
March 2011; k as indicated in the figure

As mentioned before, the realization of UTC(PTB) is made in
duplicate, and in order to facilitate switching between the two
signals they should be in close agreement. One option is that
one realization is given the master status and the other slaved
to follow it. This is not what we do. In Figure 8 we illustrate
the relation between the two independently realized time
scales, UTC(PTB) and UTH(PTB) (see Figure 3), during

100 days. The cause of the oscillatory behavior is under study,
nevertheless the two independently realized time scales are
typically within £1 ns.

2 T T T T

1 - -
B
~— 0 F -
~
<

-1 -

i 1 1 L L

55570 55580 55610 55630 55650 55670

MJD

Figure 8. Comparison among the two realizations of PTB’s time scale
during 100 days

V. DISCUSSION AND OUTLOOK

From the very beginning of the project, the use of fountain
data as the reference for steering the AHM frequency was
given the highest priority. One issue in debate was the
optimum way to determine at all times the relation between
CSF1 and the rate of TAL. We opted initially to use the
estimated d from Circular T, Section 4, although d depends in
a complicated way on the past contributions of several
primary frequency standards, including CSF1 from time to
time [7]. Another choice would have been to rely always on
the last published value d(CSFI) or a mean value over recent
data of that kind.
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Figure 9. Three options to make the relation between CSF1 and the rate of
TAL blue: reported vales d(CSF1) for periods when CSF1 is used to measure
the TAI scale unit; black: monthly values r(TAI-CSF1) as described in the
text; red: monthly reported value d from Circular T, Section 4, which was
actually used.

We also combined monthly average frequency values
<Y(CSF1-AHM)>; built from the daily values, collected as
described above, with the monthly values rTAI for the AHM
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involved to yield r(CSF1-TAI) for a full month. There are two
subtle difficulties involved. As described before, a value
<y(CSF1-AHM)>\, practically never covers 100 % of a month,
but the rTAI value for the AHM does. These rTAl-values, on
the other hand, do not represent true frequency averages but
are calculated by the BIPM from the slope of a linear fit to the
seven time difference values reported monthly according to
the ALGOS schedule. In Figure 9 we illustrate that the three
options lead to steering values differing by a few parts in 10"
in some cases. In consequence, the time scale built thereon
would behave differently. The result of one simulation made is
shown in Figure 10 where the fictive time difference
{UTC-UTC(PTB)}r, based on the monthly r(CSFI1-TAI),
shows significantly larger deviations from zero as what was
achieved in reality. Fortunately, the use of d is the simplest to
implement, and as it provided good results we will continue to
follow this practice for a while.
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Figure 10. Deviation of UTC(PTB) from UTC: fictively calculated (black)
based on the monthly values r(TAI-CSF1) (black in Figure 9) and realized in
practice (red).

Simulations also covered the situation that one of the other
options had to be used all times instead of Option 1. They
included deviations from the practice of calculations described
above, namely the use of the most recent or an average value
for rTAI and also the averaging interval for the calculation of
0f) was questioned. We prefer to skip all details here, as in all
cases a realization of UTC(PTB) based thereon would by far
not have had the quality that was actually achieved using
Option 1.

In view of this, the work program ahead of us is obvious.
At first we implement the interfaces between the fountain
CSF2 and the time-scale generation software and later use that
input either as a separate option or we combine the data from
the two fountains. Having achieved this, the steering of the
hydrogen maser can be made twice per day. We also noted a
few minor inconveniences in the operation of the software
which shall be avoided in a future update.

One has to keep in mind that the UTC-UTC(PTB)
differences obtained during the last 6 months are no longer

44

large compared to the uncertainty with which they have been
determined [8]. Delay changes in the time transfer equipment
have to be avoided or at least have to be corrected for as
otherwise they spoil the quality of the timescale. Periodic
calibrations of the signal delays in the time transfer equipment
are a way to support this. Such activities are, however, on our
agenda anyway [9, 10] since PTB serves as the pivot
laboratory for all time comparisons made in context of the
realization of TAL
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Abstract— The Mobile Atomic Fountain has been used to
steer the TAI frequency when operating in sites without regular
link to BIPM. A brief description of the method used to link
this standard to a fly-wheel clock included in BIPM database
and results are presented. There is no evidence of different
behavior when the FOM is sitting in LNE-SYRTE or in remote
laboratories.

I. INTRODUCTION

The steering of the frequency of TAI by the Primary atomic
Frequency Standards (PFS) has been introduced after that was
found a systematic bias in the majority of the commercial
cesium beam frequency standards of first generation [1].

With a few exceptions PFS do not run continuously to allow
the necessary tests necessary to the accuracy evaluation. For
this reason they are only used to steer the TAI frequency.
In normal practice a PFS measures the frequency of a high
stability flywheel oscillator. This oscillator participates to the
computation of TAI and a monthly report of its the frequency
measured by the PFS is sent to BIPM. The link uncertainty in
this case is very low because usually the PFS and the flywheel
clock are located in the same building, or at least in the same
campus as is the case for FO1 and FO2 at Paris Observatory.

The Mobile atomic FOuntain FOM developed at SYRTE
has contributed to TAI in this way for several years. In June
2008 the FOM has been moved to CNES in Toulouse for
a long campaign of test of the space clock PHARAOI[2].
Two Hydrogen Maser were available as flywheel at CNES
but unfortunately both of them were not included in the
BIPM database and therefore useless to report to BIPM.
The main goal of the campaign was to check the PHARAO
Performances, and a complementary task was to continue the
synchronous comparison between all the PFS of LNE-SYRTE,
and possibly continue to report to TAI.

First result of comparison of distant fountain have been
achieved in October 2008 via a GPS carrier phase time transfer
link. After a period of validation of the method a first report
has been sent to BIPM with data of April 2009, followed by
3 others from the same location. In all report from CNES
the carrier phase GPS data processing has been performed by
CNES staff using a proprietary software[3].

In the following FOM has been moved to Max Plank
Institute in Garching for a measurement of the frequency of
1S-2S Hydrogen transition [4]. During summer 2010 FOM
has been moved to Observatoire de la Cote d’Azur OCA, near
Grasse, to serve as a reference clock for the T2L2 experiment
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and from here 3 reports have been sent to BIPM. For the last
two campaigns the GPS data processing has been done with
the PPP software kindly licensed to SYRTE from NRCan. The
method of frequency transfer described here is a demonstration
of the possibility of operate a PFS outside of Metrology
Institute regularly contributing to TAI.

I1. THE MOBILE ATOMIC FOUNTAIN

Motivations:

« The mobile fountain FOM has been built when there was
no link allowing frequency comparisons at 1071° in a
few days of operation.

« It was necessary to build a reference clock for the ground
test of PHARAQO clock at CNES integration facility.

o In almost 10 years of operation FOM has been used as
primary frequency standard for several measurements of



optical/microwave frequency standards.

o The mobile fountain FOM can be used to test the perfor-
mances of newly developed time/frequency links.

« Since 2006 the mobile fountain FOM has contributed 25
times to the steering of TAl.

« Since 2008 the mobile fountain FOM has contributed 8
times to the steering of TAI from 3 different sites not
usually linked to UTC.

FOM can be operated in three different configurations to
match the availability of a local frequency reference:

« Autonomous mode, by using a low noise BVA quartz-
oscillator. This configuration delivers signals at 10 and
100 MHz with a short term instability of 1.4-10~137-1/2
limited by the noise of local oscillator.

o Maser mode, by filtering the 100 MHz signal from an
H maser with a low noise BVA quartz-oscillator. This
configuration measure the maser frequency with a short
term instability of 1.2- 10~ 1371/,

o Cryo mode, by using directly a 100 MHz or 1 GHz
signal from a cryogenic oscillator[5]. This configuration
measure the cryo frequency with a short term instability
of 810~ 147=1/2 In this case the stability is limited by
the quantum projection noise

A. FOM measurement campaigns

o 1999 MPQ Garching: Hydrogen 1s-2s measurement [6].

« 2003 PTB Braunschweig: Fountain comparison

o 2003 MPQ Garching: Hydrogen 1s-2s measurement [7].

« 2007 Innsbruck University: Measurement of Ca+ optical
clock [8].

o 2008-2010 CNES Toulouse: Test of PHARAQO space
clock.

o 2010 MPQ Garching: Hydrogen 1s-2s measurement[4].

o 2010 OCA Grasse: T2L2 [9].

o When in Paris: Comparison with FO1 and FOZ2[10],
measurement of Rb, Sr[11], Hg [12], ...

B. FOM uncertainty budget

TABLE |
FOM UNCERTAINTY BUDGET

Correction | Uncertainty
10—16 10-16
Quadratic Zeeman effect -295.9 1.2
Black body radiation 165.8 0.6
Cold collisions & cavity pulling 25.1 5.0
Microwave power dependence 0 6
Ramsey & Rabi pulling 0 <0.1
Microwave recoil 0 <14
Second order Doppler 0 <0.1
Background gas collisions 0 <1.0
| Total [ 1050 | 8.1 |
Red shift OCA -1384.1 3.0
Red shift MPQ -520.5 3.0
Red shift CNES -160.1 1.0
Red shift LNE-SYRTE -68.7 1.0
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A typical uncertainty budget of FOM is presented in table I.
The largest value of the red shift is obviously obtained at OCA
(h=1268.72 m) A recent a survey[13] report the height of a
reference point located nearby the fountain with a uncertainty
of 1 cm. The same source also reports the local gravity g with
0.1 mGal. As the value of the red shift depends on the local
potential we take a conservative uncertainty of 3716 We take
the same uncertainty in Garching because we have a poorer
determination of height. The agreement of the frequency of
the FOM with the Sl at different heights is a confirmation of
the good estimation of the red shift.

I1l. LINK OF FOM 10O TAI

The basic idea is to set up a link allowing the measurement
of the frequency of a flywheel oscillator that is inserted in
BIPM database and contributes to the generation of TAL
Considering the experience gathered in years of fountain
comparison inside LNE-SYRTE we have decided to continue
on the same basis, that is the measurement of the maser
frequency averaged over a period that is slightly shorter then
the optimum time where the fountain and maser noises crosses.

Figure 2 shows the block diagram of the link between
the FOM and one of the Maser of LNE-SYRTE used as
flywheel oscillator for FO1 and FO2 fountains. In all the
visited laboratories the local maser is not inserted in BIPM
database and in some case not stable as the one in Paris.

When operating in Maser or Cryo mode FOM produces files
with 1 line of data per cycle. The most relevant information
is the central frequency of the microwave synthesizer, that is
the measured uncorrected frequency of the maser.

o The 1 cycle raw files are processed line by line by apply-
ing all the estimated correction, included gravitational red



shift. The result is a 2 column file with the cycle time-
stamp and the relative frequency of the local H maser.

« To avoid manipulation of huge amount of data dominated
by white frequency noise the 1 cycle files are packed in
files with one point ever 0.1 day.

o GPS rinex files are processed with the NRCan PPP soft-
ware and used to calculate the time difference between
the local H maser and the H maser 140 0890 located at
LNE-SYRTE.

o The maser’s frequency difference, averaged over period
of 0.1 day, is obtained by smoothing and differentiation
of time differences.

o The frequency of H maser 140 0890 is obtained by
difference of local and GPS frequency files.

o Usual techniques are applied to estimate the frequency
and drift of the LNE-SYRTE H maser 140 0890 in
a standard BIPM interval, as well the Allan standard
deviation and the link uncertainty.

TAI CONTRIBUTIONS

List of FOM contributions from different sites

o 54919-54944 CNES GPS carrier phase CNES software
o 55044-55074 CNES GPS carrier phase CNES software
o 55074-55104 CNES GPS carrier phase CNES software
o 55104-55119 CNES GPS carrier phase CNES software
e 55344-55359 MPQ GPS PPP NRCan software
o 55364-55399 OCA GPS PPP NRCan software
« 55404-55434 OCA GPS PPP NRCan software
« 55439-55469 OCA GPS PPP NRCan software

Figure 111 shows the frequency difference between FOM and
TAI. For comparison on the same graph the red line shows
the difference between Sl, that is the best estimation of the
realization of the second, and TAI. From this plot it is evident
that the frequency of FOM is in good agreement with Sl not
only when it is sitting in Paris Observatory but also when it
is travelling around Europe.

IV. CONCLUSION

This is the first time that a Primary Frequency Standard
contributes to steering of TAI from different sites with different
gravitational red shift.

The perfect agreement of the frequency of the standard with
Sl from locations differing in height more than a thousand
meter is confirmation of the correctness of the evaluation of
gravitational red shift.
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Abstract—We have compared the frequency of a room-
temperature cesium-fountain primary frequency
standard with that of a cryogenic (~80K) cesium
fountain. This comparison yields a measurement of the
blackbody frequency shift of the room-temperature
fountain.

I. INTRODUCTION

NIST-F1 is a well characterized cesium-fountain
primary fractional frequency standard with frequency
inaccuracy at the 8f/f ~4x107'® level. This inaccuracy
is dominated by the uncertainty in the blackbody
correction of about 8f/f ~3x10°. NIST-F2 and IT-
CsF2 are cryogenic (80K) cesium-fountain frequency
standards coming into operation at the National
Institute of Standards and Technology (NIST) in
Boulder, CO and at Istituto Nazionale di Ricerca
Metrologica (INRIM) in Torino, Italy. Frequency
comparisons among these fountains yield a
measurement of the blackbody shift

II. ROOM TEMPERATURE FOUNTAINS

A.  NIST-FI

NIST-F1 is the US primary frequency standard
and has been previously described in great detail
[11,[2],[3]. Thus we will give only a cursory
overview of the salient points regarding its
performance and uncertainties.

Contribution of the US government — Not subject to US
copyright
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B. Error Budget

An abbreviated error budget for NIST-F1 is shown
in Table 1. It can be seen that the overall uncertainty
of the standard is dominated by the Sf/f ~2.8x10™"
fractional uncertainty in the blackbody shift. This
uncertainty corresponds to a 1 K uncertainty in the
effective radiation temperature of the standard, and is
the uncertainty that the cryogenic fountains are
designed to effectively eliminate. A comparison of
the room temperature fountains with the cryogenic
fountains combines the systematic errors in the
fountains in ways that require individual treatment of
these systematic uncertainties: an obvious example is
the gravitational shift that largely cancels for both
clocks with the uncertainty in the shift dropping from
8f/f ~3x10"7 to S/f ~1x10",

III. CRYOGENIC FOUNTAINS

A. NIST-F2 and INRIM CsF-2

The NIST and INRIM cryogenic fountains are
similar in that the design of the Physics package is
essentially identical. Details of the optical systems
and control electronics are however idiosyncratic to
each particular fountain. The physics package has
been described previously and only a short review is
given here [4],[5].

The fountains operate on a pure optical-molasses
atom-loading scheme (no MOT), with the beam
geometry being (1,1,1) (crystallographic notation that
defines the beam geometry). The atoms are launched
upwards at about 4.5 m/s and post-cooled in the
moving frame to temperatures around 500 nK. The



atoms fly upward through the room-temperature
vacuum system before entering the magnetically
shielded cryogenic region. In the cryogenic region the
atoms are state-selected and Ramsey interrogation
takes place. The microwave structure is essentially
identical to that of NIST-F1 [1],[2],[3] with the
exception that the microwave cavities are tuned to
resonance at 80 K instead of 318 K (NIST-F1) or 340
K (T CsF-1). Detection takes place at room
temperature after the atoms have left the magnetically
shielded cryogenic region. The detection region is
very similar to that used in NIST-F1, and was
specifically designed to minimize vignetting, with the
modeled detection efficiency being uniform over the
entire cloud and vignetting being less than 10 %.

TABLE L NIST-F1 ERROR BUDGET — BIASES AND
UNCERTAINTIES ARE GIVEN IN UNITS OF 8F/F = 107", THIS IS
CURRENT AS OF MARCH 2011.

Physical Effect Bias UnTchfagl v
Gravitational Red shift +179.95 0.03
Second-Order Zeeman +180.25 0.01
Blackbody -22.98 0.28
Microwave Effects -0.026 0.12
Spin Exchange (density =8) 0.0 (-0.56) 0.06 (0.16)
AC Zeeman (heaters) 0.05 0.05
Cavity Pulling 0.02 0.02
Rabi Pulling 10* 10*
Ramsey Pulling 10* 10*
Majorana Transitions 0.02 0.02
Fluorescence Light Shift 107 107
Second-Order Doppler 0.02 0.02
DC Stark Effect 0.02 0.02
Background Gas Collisions 107 107
Bloch-Siegert 10* 10*
RF Spectral purity 3x10° 3x10°
Integrator offset 0 0.01
Total Type B Standard Uncertainty 0.30
(including Spin Exchange) (0.34)

B.  Error Budget — NIST-F2 & IT CSF-2

An abbreviated error budget for NIST-F2 is shown
in Table 2. This is a preliminary error budget and
several systematic shifts, notably systematic
frequency shifts associated with microwave effects
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(eg. microwave leakage, distributed cavity phase,
microwave spurious signals etc) are not yet
completely evaluated. The entries in the error budgets
generally reflect our most pessimistic measurements
and estimates and are usually limited by statistical
uncertainties in those measurements. At this time the
error budget for INRIM IT-CsF-2 is similar to that for
NIST-F2.

TABLE II. NIST-F2 ERROR BUDGET — BIASES AND
UNCERTAINTIES ARE GIVEN IN UNITS OF 8F/F = 10", THIS IS
CURRENT AS OF MARCH 2011.

Physical Effect Bias Un{g’;ﬁ ty
Gravitational Red shift +179.15 0.03
Second-Order Zeeman +287.178 0.03
Blackbody -0.096 0.005
Microwave Effects -0.0025 0.27
Spin Exchange (density =10) 0.0 (0.07) 0.01(0.24)
Cavity Pulling 0.02 0.02
Rabi Pulling 10" 10"
Ramsey Pulling 10* 10*
Majorana Transitions 0.02 0.02
Fluorescence Light Shift 10° 10°
Second-Order Doppler 0.00 0.01
DC Stark Effect 0.02 0.02
Background Gas Collisions 107 10°
Bloch-Siegert 10* 10*
RF Spectral purity 3x107 3x10°
Integrator offset 0 0.01
Total Type B Standard Uncertainty 0.28
(Including Spin Exchange) 0.36

IV. BLACKBODY SHIFT MEASUREMENT

Three measurement campaigns using NIST-F1
and NIST-F2 have been completed. These campaigns
(in Sept 2010, Dec 2010 and March 2011) after
appropriate data processing yield a measurement of
the blackbody shift in NIST-F1. In the course of a
measurement, NIST-F1 and NIST-F2 are run
concurrently. Each fountain is corrected for
systematic frequency shifts associated with the
Zeeman effect, spin-exchange collisions, and
differential gravitational effects.  The frequency
difference between the two fountains is then
compared to the frequency difference calculated for
the differing blackbody shifts in NIST-F1 and NIST-



F2. That comparison yields a measurement of the
blackbody shift in NIST-F1.

Preliminary results from comparison of the NIST
fountains suggests that the difference between the
blackbody shift as predicted by theoretical
calculations [6] and the measured blackbody shift is
well within the experimental uncertainties (&f/f ~5-
7%107'%) of the comparison.

Further measurements are underway and full
results will be published in a forthcoming paper.
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Abstract— The continuous atomic fountain primary frequency
standard FOCS-2 is quite unique since all the atomic fountain
clocks presently contributing to the international atomic time
(TAI) are operating in pulsed mode [1]. Qur alternative approach
offers the possibility to operate with a high atomic flux without
the collisional shift limiting the accuracy or the Dick effect
limiting the stability when a quartz is used as local oscillator [2],
[3]. Moreover, it contributes to the metrological diversity since the
relative importance of the error budget contributors is different
in the two types of fountains, notably for microwave cavity and
density related effects. In this contribution we present the status
of the metrological evaluation of the continuous fountain FOCS-
2. Thanks to an innovative atomic beam source followed by
an atomic state preparation stage, we reach a signal-to-noise
ratio of 600vHz and thus a relative frequency instability of
6 x 1071 7=1/2_ A detailed investigation of the frequency shifts
which are specific to the continuous operation (light-shift from
the source and cavity end-to-end phase shift) shows that the
continuous fountain is compatible with an inaccuracy at the
1075 level or below.

I. INTRODUCTION

In this work, we report on the evaluation of the frequency
shifts in our continuous atomic fountain clock FOCS-2. We
start in Section II by describing the atomic resonator with an
accent on the elements which are unique to the continuous
mode of operation: the light-trap and the microwave cavity
with two distinct interaction regions. In Section III we de-
scribe the operation of the fountain, from the acquisition of
Ramsey fringes to frequency stability measurements and state
preparation. In Section IV, we discuss the evaluation of the
frequency shifts which are specific to the continuous fountain
and therefore required the development of new experimental
methods. The light-shift produced by the source of the atomic
beam is reduced to a negligible level with a rotating light-
trap as described in Section IV-A. The microwave cavity
is substantially different in a continuous fountain since the
upward and downward interactions zones must be separated.
As a consequence, a cavity reversal technique was developed
for the evaluation of the end-to-end phase shift and the results
are presented in section IV-B. Evaluation of the second-order
Zeeman shift requires a precise knowledge of the magnetic
field in the atomic free evolution zone. The methods developed
to measure this magnetic field are presented in Section TV-
C. Finally, we present the status of the inaccuracy budget in
Section V and conclude in Section VL.
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II. DESCRIPTION OF THE CONTINUOUS ATOMIC FOUNTAIN
FOCS-2

A. Atomic resonator

A scheme of the continuous atomic fountain FOCS-2 is
shown in Fig. 1. The atomic beam is produced with a two-
dimensional magneto-optical trap (2D-MOT) [4]. Then, the
atoms are captured, cooled, and launched at a speed of 4 m/s
with a moving molasses [5]. The atomic beam temperature
at the exit of the moving molasses is approximately 70 pK.
Before entering the microwave cavity, the atomic beam is
further collimated by transverse laser cooling. Moreover, the
atoms are pumped into | = 3,m = 0) with a state
preparation scheme combining both optical pumping and laser
cooling [6]. After these two steps, the transverse temperature
is reduced to = 3 pK.

Then, the atomic beam passes through the light-trap which
stops the light coming from the source. A photodiode has been
installed which measures the light intensity after the light-trap
and is used for the evaluation of the light-shift and long term
monitoring, see Sec. IV-A.

During the first passage into the microwave cavity, we
apply a 7/2-pulse (duration of 10 ms) and thereby produce
a superposition state which evolves freely for 0.52 s before
the second 7 /2-pulse is applied during the second passage.
Finally, the transition probability between |F' = 3, m = 0) and
|FF = 4,m = 0) is measured by fluorescence detection of the
atoms in F' =4,

B. Light-trap

The atomic beam source described in the previous section
operates in a continuous mode, which means that the lasers
producing the cold atomic beam are always switched on, and
as a consequence their light may produce a shift of the clock
transition frequency. Therefore, a rotating light-trap has been
installed to prevent the source light to reach the free evolution
zone situated above. It is composed of 18 glass blades oriented
at 45° as shown in Fig. 2. The rotation speed is adjusted
such that the horizontal velocity v, of the blades matches the
longitudinal velocity v; of the atomic beam, see Fig. 2(a).
When this condition is satisfied, the atoms can pass with a
minimal attenuation < 15%. On the contrary, the photons
are either absorbed or deviated into a beam block after two
reflexions on the blades as shown in Fig. 2(b). The light
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Fig. 1. Scheme of the continuous atomic fountain FOCS-2. (a) Atomic
resonator. (b) Scheme of principle. An intense atomic beam of pre-cooled
cesium atoms is produced in the two-dimensional magneto-optical trap (2D-
MOT). The atoms are then captured by the 3D moving molasses which further
cools and launches the atoms at a speed of 4 m/s. Then the atomic beam
is collimated with Sisyphus cooling in the transverse directions and, before
entering the microwave cavity, the atoms are pumped in [F' = 3,m = 0) by
state preparation. Finally, after the second passage in the microwave cavity,
the transition probability is measured by fluorescence detection of the atoms in
F = 4. The free evolution time between the two 7/2-pulses is T' = 0.52 s.
The light-trap prevents the stray light from the atomic beam source from
reaching the free evolution zone situated above.

attenuation factor was measured to be 10%, The trap is driven
by a home-made electrostatic motor which is compatible with
ultra-high vacuum and entirely non-magnetic [7].

C. Microwave cavity

We use a coaxial cylindrical cavity with two interaction
regions as shown in Fig. 3. The cavity is mounted on a rotation
stage which allows us to exchange the interaction zones for
the evaluation of the end-to-end phase shift. There are two
feeding ports which are placed at 90 degrees with respect to
the plane containing the interaction zones and we excite the
mode TEg2;. The quality factor is 15000 loaded and 22000
unloaded. The coupling factors are approximately 0.2.

III. OPERATION OF THE CONTINUOUS ATOMIC FOUNTAIN
FOCS-2

A. Ramsey fringes

In our continuous fountain, Ramsey fringes are measured
by continuously recording the transition probability while
scanning the microwave frequency. Figure 4 shows a measure-
ment of the Ramsey fringes observed on the clock transition,
acquired in a single scan, at a speed of 2 Hz per second. The
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Light +atoms

Fig. 2.  Scheme of the light-trap. (a) The atomic beam can pass through the
trap when the blades horizontal velocity v, matches the atomic beam vertical
velocity v;. (b) The light is stopped after two reflexions on the blades.
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Rotation 4
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Feeding
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Fig. 3.
feeding ports. It is mounted on a rotation stage which enables to exchange
the interaction zones for the evaluation of the end-to-end phase shift.

The microwave cavity has two distinct interaction regions, and two

contrast is > 98% and the signal-to-noise ratio is approxi-
mately 600v/Hz '.

B. Frequency stability measurement

We compare the frequency of the fountain FOCS-2 to an
active hydrogen maser using the scheme presented in Fig. 5.
A commercial microwave synthesizer (from SpectraDynamics
Inc.) referenced to the hydrogen maser is used to interrogate
the atomic transition. We use square wave phase modulation

"Here, the signal is the peak-valley amplitude of the central fringe, and the
noise is measured on the top of the central fringe.
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Fig. 4. Measurement of the Ramsey fringes observed on the clock transition,
acquired in a single scan, at a speed of 2 Hz per second.
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Fig. 5. Scheme of the frequency control loop. A commercial synthesizer,

referenced to an active hydrogen maser, generates the microwave which is
used to interrogate the atoms. By modulating the phase of the microwave at
1 Hz and demodulating the resulting transition probability, one obtains the
error signal which is integrated to produce the frequency correction 4 f. See
section III-B for details.
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Fig. 6. Allan deviation of FOCS-2 compared to an active hydrogen maser.

The dashed line indicates 6 x 1014 7—1/2, The bump at 500 s is due to
temperature variations (&1 K) in the laboratory.

at 1 Hz of the microwave, and subsequent square wave syn-
chronous detection of the transition probability, to generate the
error signal which is then integrated by the loop filter to control
the synthesizer frequency. The resulting frequency correction
4f is a measure of the frequency deviation of the fountain
with respect to the maser. Note that the synchronous detector
is digital, the servo loop filter as well, and the synthesizer
frequency is numerically controlled.

With this scheme, we obtain the Allan deviation shown in
Fig. 6 which follows a 6 x 10~4 7=1/2 behavior. The bump at
500 seconds is due to temperature fluctuations of £1 K in the
laboratory and should disappear with a better stabilization of
temperature. Let’s note that the first 2 points are not relevant
since they are out of the servo loop bandwidth.

C. State preparation for an improved frequency stability

State preparation is a key point to reach the high stability
shown in Fig. 6. We use two-laser optical pumping to bring
all the atoms in |[F =3,m =0). A first laser excites the
F = 4 ground state in order to pump the atoms toward
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F = 3 while a second m-polarized laser excites the F' =3 —
F’" = 3 transition of the D2 line in order to produce Zeeman
pumping toward m = 0. To avoid trap states, the first laser is
implemented in a 2D optical lattice geometry, thereby creating
polarization gradients. This configuration has the advantage of
simultaneously producing Sisyphus cooling when the optical
lattice laser is tuned on the blue side of the ' =4 — ' =4
transition, which is important to remove the heat produced by
optical pumping [6].

Thanks to state preparation, we were able to bring approx-
imately 60% of the atoms in |F = 3,m = 0) which produces
a notable increase of the useful flux. As a consequence, we
observe an increase of both the signal-to-noise ratio and the
frequency stability by a factor > 4 [8]. The resulting Allan
deviation is shown in Fig. 6.

IV. EVALUATION OF THE FREQUENCY SHIFTS

In this section, we discuss the evaluation of three frequency
shifts which are specific to the continuous fountain and there-
fore required the development of new experimental methods.

A. Reduction of the light-shift from the source

As mentioned in section II, the lasers producing the atomic
beam are always switched on in our continuous fountain, and
therefore they produce a light-shift of the clock transition
which has to be reduced. To this end, we installed a rotat-
ing light-trap to prevent the source light from reaching the
interrogation zone. A photodiode installed a few centimeters
above the light-trap (see Fig.1(b)) allows us to measure the
amount of light coming from the source along the atomic
beam trajectory in the direction of the microwave cavity. By
measuring the detected light before and after the installation
of the light-trap, we obtained an attenuation factor of 10%.

Before installing the light-trap, we measured the light-shift
by comparing FOCS-2 frequency to UTC via a GPS link.
In order to identify the light-shift contribution, we measured
both the fountain frequency and the amount of light along the
atomic beam trajectory (with the photodiode mentioned above)
for different values of the source fluorescence light. In order
to change the source fluorescence light, we varied the atomic
flux by changing the 2D-MOT laser power. The results are
presented in Fig. 7. The linear dependence indicates that the
source fluorescence light is the main contributor. Moreover, the
value of the light-shift at nominal flux and without light-trap
is

Avps/ves = —1.6 x 1072 without light-trap (1)

After installation of the light-trap, we measured the amount
of fluorescence light collected by the photodiode and obtained
an attenuation factor of 10, Since the light-shift is propor-
tional to the light intensity, we can conclude that the light-shift
with light-trap is reduced down to

Avps/ves = —1.6 x 10716 with light-trap 2)
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Fig. 7. Light-shift measured in FOCS-2 before the installation of the light-
trap. The horizontal axis is the light collected by the photodiode shown in
Fig.1(b). It is a measurement of the stray light emitted by the atom source
toward the microwave cavity. This stray light is attenuated by a factor 107
with the light-trap. See section IV-A for details.

B. Microwave cavity end-to-end phase shift

As mentioned in section II, the microwave cavity has two
distinct interaction zones, and thus a cavity end-to-end phase
shift A¢ results in a frequency bias Avy = —Ag¢/(27T)
where T is the effective free evolution time. In order to
measure this shift, the microwave cavity is mounted on a
rotation stage which allows us to rotate it by 180° around the
vertical axis, thereby exchanging the two interaction zones,
and thus changing the sign of A¢. This high quality rota-
tion stage enables to reproduce the absolute position of the
microwave cavity with a precision better than 0.01 mm. In
order to measure Av,, we successively compare the frequency
of FOCS-2 in positions A (original position) and B (rotated
by 180°) with the hydrogen maser during a short period of
time such that the maser frequency drift is negligible. The
cavity end-to-end phase shift is then given by Av,/ves =
y(position A — position B) /2.

We performed a frequency measurement of eight hours,
alternating between positions A and B every 30 minutes, and
after averaging the frequency differences as explained above,
we obtain the cavity end-to-end phase shift

Avy/vcs = (1.7T£0.9) x 10715 (3)

C. Second-order Zeeman shift

Evaluation of the second order Zeeman shift Avy = K{)ﬁ
where K = 42.745 GHz T~2 and B% = (1/T) [ B2(t)dt
requires a precise knowledge of the magnetic field in the free
evolution zone. The methods developed in pulsed fountains
to measure the magnetic field in the resonator are based
on throwing balls of atoms at different altitudes. This is
not applicable to our continuous fountain since the atomic
trajectory is not vertical and therefore the launching velocity is
limited by geometrical constraints. Moreover, the atomic beam
longitudinal temperature is higher in our continuous fountain
(75 K) than in pulsed fountains (1 1K) and as a consequence
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Fig. 8. Time-averaged magnetic field B(T') as a function of the transit time
T. The blue solid line was obtained from the phase of the Fourier transform
of the Ramsey fringes measured on mp = —1. Due to the 27 ambiguity of
the phase, this function is not uniquely determined. The blue dashed curves
represent possible realizations which differ by a multiple of 1/(K.T'). The
red band has been obtained from the time-resolved Zeeman spectroscopy
measurement of the magnetic field profile. It allows us to identify one of
the curves from the Fourier analysis. See Section IV-C for details.

the distribution of apogees is wider. The effect of this large
distribution of transit time is to modify significantly the Ram-
sey pattern, reducing the number of visible fringes but also
increasing its sensitivity to magnetic field inhomogeneities.
As a consequence, identification of the central fringe on a
Zeeman sensitive Ramsey pattern showed to be difficult in
FOCS-2, and thus we developed novel methods to determine
the magnetic field.

The first method makes use of the Fourier transform of
Ramsey fringes measured on Zeeman sensitive components
(m # 0). It is based on the observation that Ramsey fringes
observed in an atomic fountain are formed by the superposition
of the individual atomic signals. Due to the atomic beam resid-
ual temperature, the atoms have slightly different trajectories
and thus are subject to a different average magnetic field. As a
consequence, both the velocity distribution and the magnetic
field profile are imprinted on the Ramsey patterns observed
on Zeeman sensitive transitions. In Ref. [9] we demonstrated
that one can retrieve the time-averaged magnetic field B(T)
associated with different trajectories (of transit times 7T") from
the phase of the Fourier transform. By applying the procedure
described in [9] to FOCS-2, we obtain the time-averaged
magnetic field shown in Fig. 8. As discussed in Ref. [9]
there is a 27 ambiguity in the determination of the phase
which generates an ambiguity in B(T") of +n/(K.T) where
K. = THz/nT and n is any integer number (see the dashed
lines in Fig. 8). In principle, it would be possible to identify the
correct curve (n = 0) by extending the domain of 7" values, but
this is not possible in FOCS-2 since the transit time values are
limited by geometrical constraints. As a consequence another
method is necessary in order to solve this ambiguity.

The second method consists in measuring the magnetic field
profile B(z) in the free evolution zone by using time-resolved
Zeeman spectroscopy. The basic principle is to measure the
Zeeman frequency f. by exciting AF = 0, Am = *1



TABLE 1
PRESENT STATUS OF THE EVALUATION OF FOCS-2.

Physical effect Bias Uncertainty Unit
Light-shift from the source —0.16 0.08 10=2%
Cavity end-to-end phase shift 1.7 0.9 1073
Second-order Zeeman 25.0 0.2 10-15
Blackbody radiation —18.9 0.1 10—15
Gravitational shift 54.66 0.13 10-15
Second-order Doppler —0.012 0.001 10-15
Rabi pulling < 0.005 0.005 1015

Cavity pulling - - -
Collisional shift - - _
Distributed cavity phase shift - . -
Power shifts - - -
Electronics shifts - - -
Background gas . - -
Majorana - - R

transitions and then deduce the magnetic field from B =
f2/K.. Finally, from the magnetic field profile B(z) and
with the knowledge of the atomic beam trajectory, one can
calculate the time-averaged magnetic field B(T'). The result
is presented in Fig. 8 together with the measurement obtained
from the Fourier analysis of Ramsey fringes. In the Zeeman
spectroscopy measurement, the main contribution to the error
bar comes from the uncertainty on the atomic beam trajec-
tory. Therefore, starting with the same experimental data, we
repeated the same analysis but with trajectories differing by
+1o from the nominal trajectory, and we obtained the *lo
error band shown in Fig. 8.

With this knowledge of the magnetic field, combined with
the distribution of transit times, we obtain the second-order
Zeeman shift

Avz[vcs = (25.0£0.2) - 1071° “4)

V. PRESENT STATUS OF THE INACCURACY BUDGET

The present status of the evaluation of the frequency shifts
in our continuous fountain FOCS-2 is shown in table 1. In
section IV, we discussed in detail the frequency shifts which
are specific to the continuous fountain and therefore required
the development of new experimental methods: the light-shift
from the source, the cavity end-to-end phase shift and the
second-order Zeeman shift. The blackbody radiation shift, the
gravitational shift, the second-order Doppler shift and Rabi
pulling were treated like in pulsed fountains. The second part
of the table shows the shifts that we plan to evaluate next.

VI. CONCLUSION

In conclusion, the continuous cesium fountain frequency
standard FOCS-2 is now in the metrological evaluation phase.
Thanks to an innovative atomic beam source followed by state
preparation into |F = 3,m = 0), we reached a high-level of
frequency stability with an Allan deviation of 6x 10~ 7=1/2,
We started the metrological evaluation of FOCS-2 with a
detailed investigation of the frequency shifts which are specific
to the continuous mode of operation and/or required the
development of new experimental techniques. More precisely,
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we measured the light-shift from the source and showed that it
is reduced to a negligible level with the help of our home-made
rotating light-trap. The microwave cavity end-to-end phase
shift has been evaluated with the cavity reversal technique.
It represents the first direct measurement of a dephasing of
the field between two distinct points of a microwave cavity in
an atomic fountain. The methods developed for the evaluation
of the second-order Zeeman shift in pulsed fountains are not
applicable to our continuous fountain because of the difference
in atomic beam geometry and temperature. We thus developed
a new experimental technique involving the Fourier transform
of Ramsey fringes which could find applications in other
similar experiments. Finally, all the frequency shifts evaluated
so far show that the continuous fountain FOCS-2 is compatible
with an inaccuracy budget at the level of 1071° or below.
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Improved Accuracy Evaluation of the NPL-CsF2
Primary Frequency Standard
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Abstract— Presented is quantitative evaluation of two leading
uncertainties in the NPL-CsF2 fountain frequency standard.
The distributed cavity phase shift evaluation is based on recent
theoretical model where the cavity field is decomposed into a
series of 2D Fourier components in azimuthal angle in the
cylindrical cavity. Predictions of the model are reproduced
experimentally. The microwave lensing effect is caused by dipole
forces originating from radial variation of the microwave field
amplitude and cavity apertures. The new evaluation of the two
effects together with other recent improvements reduce the total
type B uncertainty of NPL-CsF2 to 2.3 x 106,

The first accuracy evaluation of the primary frequency
standard NPL-CsF2 was performed in 2009 [1]. The largest
contributions to the total type B uncertainty were distributed
cavity phase shifts (DCP) and the microwave lensing of the
atomic cloud. Here we quantitatively evaluate these leading
uncertainties.

Our DCP uncertainty evaluation is based on a recent
theoretical model [2]. The difficulty of accurate three-
dimensional finite element modeling of the cavity field’s
phase is overcome by decomposing the field into a series of
two-dimensional Fourier components cos(m¢); ¢ is an
azimuthal angle in the cylindrical cavity. After measuring a
number of cavity resonances to precisely determine the cavity
geometry, the fields and atomic response were then calculated
for typical operational parameters of the NPL-CsF2 fountain.
Frequency errors due to m > 3 modes are negligible since the
atomic trajectories are localized near the cavity axis.
Predictions of the amplitude dependence (Rabi frequency for
the interaction in the cavity) for m = 0 and m = 1 were
reproduced experimentally.

The agreement of the power dependence for m = 0 DCP
shifts validates the model, which allows us to make a
correction of 1.6 x 107" for the predicted shift at optimal
power; we take half of this value as an uncertainty. We
experimentally evaluate the m = 1 DCP uncertainty by tilting

978-1-61284-110-6/11/$26.00 ©2011 Crown
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the fountain [3], operating at optimal power. This gives an m =
1 DCP uncertainty of 7.7 x 10”7, with a 0.3 mrad uncertainty
of the fountain tilt from vertical along two orthogonal axes.
For m = 2, we model the imaging of the atomic cloud at the
detection and use the model to set a DCP uncertainty at 7.8 X
107", We also apply a correction of 13.8 x 10" for the m = 2
DCP frequency shift [4]. The total DCP uncertainty of 1.1 X
107% is dominated by the m = 1 tilt sensitivity and m = 2
uncertainty.

With a reduced DCP uncertainty, the largest uncertainty is
then the yet unobserved microwave lensing of the atomic
cloud by the dipole forces of the microwave clock field. The
dipole forces occur due to the radial variation of the
microwave field amplitude and a frequency shift results from
the system apertures [5]. We evaluate the shift to be 6.2 x 107
for the circular apertures and the 2D dipole forces of our
cylindrical cavity in NPL-CsF2. The shift is corrected, with an
assigned uncertainty of 50% of its value. Future measurements
will allow this to be further reduced.

Further improvements recently introduced to NPL-CsF2
fountain standard optimize the operation near the zero-
collisional shift point [6] and include a re-evaluation of
microwave leakage. These improvements and the quantitative
evaluation of the DCP shift and the microwave lensing reduce
the type B uncertainty of NPL-CsF2 by about a factor of 2, to
2.3x10™.
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Measurements with Multiple Operational Fountain

Abstract—Performance of the first two operational rubidium
fountains at the USNO is presented using relative measurements
and comparisons against other timescales. Recent results with
four fountains indicate frequency agreement at the 107" level
and good agreement with the primary frequency standards
contributing to TAI

I. INTRODUCTION

The U. S. Naval Observatory (USNO) maintains an
ensemble of atomic clocks for generation of a Master Clock,
the physical realization of UTC(USNO). As many as 20
hydrogen masers and 70 commercial cesium clocks can
contribute to the ensemble. The timescale used to generate
UTC(USNO) relies on the short-term frequency stability of
the masers and the long-term stability of the cesium clocks. In
order to advance timekeeping activities, 7 rubidium fountain
clocks are being added to the clock ensemble.

The fountains will serve as a long-term frequency
reference, similar to but better than the lower-stability cesium
clocks, but will not provide any tie to the SI second. In order
for a fountain to be integrated into the USNO clock ensemble
like any other clock, it generates a continuous 5 MHz output
that can be measured against the Master Clock. The 5 MHz is
generated from a precision synthesizer referenced to a maser
that also serves as the LO reference for a fountain; the
fountain adjusts the synthesizer’s output based on its
measurement of the maser frequency. The maser can act as a
flywheel to minimize the effect of interruptions to fountain
operation, but the fountains have been designed to operate
continuously for long periods of time.

II.  NRF2 AND NRF3

The design and operation of the first operational fountains,
NRF2 and NRF3, have been described in [1]. The fountains
were installed in a new clock building at the end of 2008, and
have been under evaluation for about 2 years. During that
time, much has been learned about obstacles to continuous,
uninterrupted operation. Imperfections in the environmental
controls in the clock building and faulty commercial
electronics  have  disrupted  fountain  performance.
Additionally, the semiconductor laser systems that we use
need to be serviced at intervals of 1 to 2 years.

Funded by SPAWAR PMW 120

U.S. Government work not protected by U.S. copyright 58

A. Relative Comparison

Despite these obstacles, several good periods of evaluation
were obtained. Data from an uninterrupted 100-day
comparison between NRF2 and NRF3 are shown in Fig. 1.
The plot in Fig. 1(a) is the relative phase between the
fountains after a single relative phase and frequency have been
subtracted. The relative frequency removed from the data is
7.4x107"°. A linear fit to the corresponding frequency data
returns a slope of 4.2(2.7)x10 "¥/day. The uncertainty is
derived from the result in [2] for determining errors on
frequency drifts in the presence of white frequency noise. In
general, we measure frequency drifts that are consistent with
zero (see section III. D.)

The Allan deviation between the two fountains, shown in
Fig. 1(b), exhibits white frequency noise out to an averaging
time of at least 23 days, with an average stability per fountain
of 1.6x10 /"2 During this 100-day comparison, each
fountain operated virtually hands-free.
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Figure 1 Data from 100-day comparison of NRF2 and NRF3. (a) Relative

phase after removing single relative frequency and phase.
Allan deviation versus integration time.
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B. Comparison to USNO Timescales

Fig. 2 shows a plot of the relative phase of NRF3 versus
the USNO cesium mean and maser mean. The cesium mean
is a timescale based solely on the cesium clocks and represents
a long-term frequency reference; the maser mean tracks the
cesium mean because each maser is characterized against the
cesium timescale before the maser mean is generated. The
plot in Fig. 2 demonstrates a relative drift between the long-
term reference and the two rubidium fountains measured to be
2.1(0.5)x10""/day.

While the comparison between NRF2 and NRF3 was
limited to 100 days, NRF3 ran uninterrupted for a period of 6
months. Over this period of time, NRF3 served as an internal
UTC predictor; because the Circular T provides UTC some
number of days in the past, the present value of UTC needs to
be estimated.

I11.
A. Fountain Mean

Recently a second pair of fountains, NRF4 and NRF5, has
begun operation, and all four fountains have been running for
about 2 months. One of the ways the rubidium fountains will
be used for timekeeping is to characterize the frequencies and
frequency drifts of individual masers, which is currently
carried out with the cesium clocks. With four fountains
running, a fountain mean is in the process of being
implemented as part of standard timescale generation.

FOUNTAIN ENSEMBLE

Fig. 3 shows the relative phase of a preliminary fountain
mean over 60 days versus the maser mean, as well as the
relative phase of the cesium mean and the maser mean. No
relative frequencies have been removed, and the masers are
characterized by the cesium mean in each case. The plot
demonstrates the dramatic improvement in short-term noise of
a timescale generated with only four fountains compared to
that generated with dozens of commercial cesium clocks,
which directly translates to improved efficiency with which
the masers can be characterized, as well as the relative drift
between the fountain mean and cesium mean.
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Figure 2 Relative phase of NRF3 and the cesium mean (grey), maser mean
(black) and NRF2 (red), versus MJD. Each set of data has had its own relative
phase and frequency removed. The NRF2 curve is the same data as in Fig.

1(a).
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Figure 3 Plot of the relative phase of the fountain mean and the maser mean
(black) and the cesium mean and the maser mean (blue) versus MJD.

B. Relative Frequencies

How well the frequencies of the four fountains agree is an
interesting question. This is a question of the reproducibility
of building and fielding these systems; in addition, the two
pairs of fountains (NRF2 and NRF3 versus NRF4 and NRF5)
have some different design elements.

The most significant potential source of frequency
differences between fountains is the second-order Zeeman
shift. The size of this shift is 575B* (Hz/G?). The fountains’
magnetic fields are adjusted to be very close in value, to better
than 1 uG, using the frequency of the central fringe of the
magnetic field-sensitive 1—1 transition. Any error in
determining this central fringe could lead to a frequency
difference between fountains. The other most significant
frequency biases, the black-body and gravitational shifts,
should be common mode to a very high degree for the four
systems. Other potential biases that could introduce frequency
differences among the fountains are the cold-collision shift,
cavity pulling, distributed cavity phase shift, and AC stark
shift from stray laser light. The parameters determining these
biases vary among some of the fountains.

Using data from the first 60 days when all of the fountains
were running, the relative frequencies of all fountain pairs are
measured. The results are shown in Fig. 4, where the error
bars represent statistical uncertainties corresponding to the
Allan deviation for a given comparison assuming white
frequency noise. The raw frequencies (no biases adjusted for)
all agree at the level of 10™" or better.
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C. Frequencies Compared to Primary Standards

A rough measurement can be made of the fountain
frequencies versus the frequencies of the primary standards
used in determining International Atomic Time (TAI). The
master clock is USNO’s physical realization of UTC, which
has the same frequency as TAI; a measurement of a fountain’s
frequency against the master clock, then, constitutes a
measurement of the fountain compared to TAI. The frequency
difference between TAI and the primary frequency standards
is provided by the Circular T. The difference between these
terms gives the frequency difference between a fountain and
the primaries, which should correspond to the frequency bias
of a given fountain.

We estimate the three most significant contributions to the
frequency bias for a given fountain and remove them from the
raw frequency difference between the fountain and the
primaries. The results are shown in Table I. The values of the
biases accounted for are -1.17x10"' for the black-body shift
for rubidium at T=295 K, 9.2x10™" for the gravitational shift
at an elevation of 84 m, and 6.97x107"* for the second-order
Zeeman shift at a bias field of 0.910 mG. In each case the
uncertainty of the comparisons to the world’s primary
standards is dominated by the tie through TAI and
UTC(USNO), which is estimated conservatively at 3x10™"°.

fountain number Av (x107°)
NRF2 =7
NRF3 -8
NRF4 0
NRF3 -3

Table I Average frequency difference between fountains and the primary
frequency standards contributing to TAI after removing the frequency bias
for each rubidium fountain.

D. Relative Frequency Drifts

The plot in Fig. 5 shows the measured relative frequency
drift between all possible pairs of fountains over 60 days. All
measured values are consistent with zero. The uncertainty is
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Figure 5 Plot of relative frequency drift for each pair of fountains.
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derived from the result in [2] for determining errors on
frequency drifts in the presence of white frequency noise.

IV.  SCIENTIFIC APPLICATION OF OPERATIONAL

FOUNTAINS

Atomic clocks have found applications to fundamental
science in addition to their roles in precise time and frequency
metrology. According to current physical theories, which may
need to be modified in order to arrive at a theory of quantum
gravity, the relative frequencies of two atomic clocks using
different atoms should be constant in both time and space. In
particular, the principle of Local Position Invariance, an
element of Einstein’s Equivalence Principle, applied to atomic
clocks dictates that the frequency difference between two
different atomic clocks should stay constant as the clocks
experience the same, varying gravitational potential. The
varying gravitational potential that has been used to test this
principle is provided by the elliptical orbit of the earth about
the sun. This test therefore requires looking for an annual
oscillation in the relative frequencies of two different types of
atomic clocks.

The best test of this type to date has been carried out by
comparing cesium primary frequency standards to hydrogen
masers over the span of 7 years [3]. The discrete frequency
measurements obtained with primary standards, typically
several measurements per year, necessitates a long period of
time to look for an annual variation. The authors of [3] relied
on several primary standards to increase the rate of available
measurements. Operation of a continuous fountain provides a
high rate of frequency measurements against the reference
maser (or other clock) that enables an annual variation to be
searched for more efficiently. Estimates using a 6 month data
set from NRF3 indicate that the statistical uncertainty
achievable on a search for an annual term is comparable to the
total uncertainty on the best current test of Local Position
Invariance [3].
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Abstract— We report measurements and ab initio calculations of
the distributed cavity phase (DCP) shifts of the LNE-SYRTE
FO2 atomic fountain clock. The measurements and validated
model provide the first complete and quantitative evaluation of
the DCP shift in an atomic fountain, reducing the FO2 DCP
uncertainty to +8.4x10""7. Here we emphasize the experimental
techniques that precisely determine the fountain parameters to
stringently test the DCP model.

L INTRODUCTION

The distributed cavity phase (DCP) shift is a first-order
Doppler shift in atomic fountain clocks. The field in the
microwave cavity used to interrogate the atomic transition is
not a pure standing wave since the conductivity of cavity’s
copper walls is finite. Power flows from the feeds to the cavity
walls, producing a small traveling wave and hence spatial
variations of the phase of the field, the distributed cavity phase
[1]. In a fountain, the atoms do not experience the same time-
dependent phase variations on the two cavity traversals
because of their transverse velocities, leading to this 1st order
Doppler shift.

Our results demonstrating the first quantitative agreement
between measurements and calculations of DCP shifts appear
in [2]. In this paper, we do not repeat the results in [2] but
instead present the supporting data that tightly constrain the
fountain parameters, the position and velocity distributions of
the atomic cloud, spatial variation of the atomic detection, and
the truncation of the atomic cloud by apertures. We also
illustrate the importance of using DCP shifts to balance the
cavity feed amplitudes. This resolved a discrepancy in our first
measurements. With the validated model, the DCP uncertainty
of the SYRTE FO2 Cs fountain improves by a factor of 3.5, to
+8.4x10™.

II.  RABIOSCILLATIONS AS TEST OF THE MODEL FOR THE

FOUNTAIN GEOMETRY

DCP shifts depend sensitively on a number of fountain
parameters. Therefore, sufficiently stringent and independent
confirmation of the parameters is helpful to critically validate
the DCP calculations. We demonstrate that the Rabi flopping
probability on the upward and downward fountain cavity
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traversals and the Ramsey contrast as a function of microwave
amplitude provide sensitive and independent constraints.
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Figure 1. Comparisons between measured and predicted (curves) transition

probabilities of resonant Ramsey pulses (R1R2) or a Rabi pulse on the
upward (R1) and downward (R2) cavity traversals, as a function of the
microwave amplitude, up to 11 /2 pulses.

We begin with a knowledge of the fountain geometry and
measurements of the initial atomic cloud size, position, and
velocity distributions. A CCD image of the cloud, with a
background of mechanical parts, and time of flight
measurements are used. The detection response is determined
by the detection laser beam power, spatial distribution, and
detuning from the 852 nm atomic cycling transition, and a
previous characterization of the spatial sensitivity of the
fluorescence detection system. In Fig. 1 we show RIR2 in
black, the usual Ramsey pulses, and then only Rabi pulses on
the way up, Rl in red, and down, R2 in blue. For each of
these, the microwave frequency is tuned to resonance. The
points are measurements and the solid lines are from our
model. The Ramsey RI1R2 data essentially defines the
amplitude scale, R1 measurements are most sensitive to the
position distribution of the atoms during their upward passage,
and R2 measurements probe the position distribution of the
atoms during their downward passage, including the spatial
inhomogeneities of the atomic detection. The excellent



agreement is achieved with minor tuning of the detection
curvature in one direction and the initial cloud transverse
position. All other parameters in the model are the measured
values. The contrast of these Rabi oscillations is very well
reproduced for all three curves and, in particular, for the
nominal clock operation (black point at 1 m/2) where our
contrast is 0.985.

III. COMPARISON BETWEEN 2009 AND 2010
MEASUREMENTS OF THE M=0 DCP SHIFT

The importance of verifying the fountain parameters as in
Fig. 1 became clear in our first measurements of the m=0 DCP
shifts. The DCP calculation, with no tuning of parameters,
reproduced the shape of the experimental data but with a clear
discrepancy of a scale factor of about 1.5 [3]. We could find
realistic values of the parameters to reproduce the m=0 DCP
shifts, but these parameters were inconsistent with the Rabi
flopping data in Fig. 1. Further work showed that there was a
contamination of the m=0 shift by a residual m=1 shift due to
feed asymmetries along with a small residual fountain tilt of
about 200 prad. We now balance the feeds by insuring that
there are no frequency shifts at large tilts. Subsequent m=0
measurements with fountain tilts less than +100urad agree
with the DCP calculations. In Fig. 2 the two data sets, before
and after properly balancing the feeds (black and red squares)
are plotted along with the simulations for the pure m=0 term
with no free parameters (red curve) and a combined m=0 and
m=1 with weights given by the known feed asymmetry and
residual tilt (blue curve).

1204 ® expt 2009 with wrong symmetrization .
®  expt 2010 with new symmetrization
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Figure 2. m=0 DCP shifts as a function of microwave power. The two data

sets and calculations (curves) correspond to measurements with imbalanced

feeds (black squares and blue curve) and with the feeds balanced to null the
tilt sensitivity (red squares and curve).
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Abstract— In this contribution we introduce a new
approach for a piston temperature measurement
system based on surface acoustic wave (SAW)
resonators sensitive to temperature. The approach
offers a new and competitive way to support the
development of pistons and allows the research and
improvement in combustion processes.

1. INTRODUCTION

Piston temperature measurements face some major problems.
The first measurements date back to the 1930s [1].They had
been made on 12 inch bore diesel engines running at 250
rpm. One used sensors that were connected with cables to the
measurement system. These cable led from the bottom of the
piston over the moving crankshaft to the crankcase. The
mechanical forces made the cables break, making long term
measurements nearly impossible. A very commonly used
method is based on active telemetric radio transmission.
With the sender and receiver placed on the crankshaft. This
approach also uses a wire connection between the piston, the
transmitter and receiver unit with the threat of breaking
wires. This measurement technique normally comes with a
massive intervention in the engine parts.

Other measurement approaches are performed with
mechanical linkage telemetry systems, where the sensor
elements are connected directly to the data acquisition
system with a metal arm with joints [2] as shown in Fig.1.
Further, the usage of metallurgical temperature sensors as
shown on the leftside in Fig.1, often called as “Templugs”, is
a quite common approach [3]. Such sensors are made of steel
alloys — serving as color indicators — which can be screwed
or glued on parts that are exposed to temperature. The
markers show an irreversible change in color depending on
the temperature they are exposed to. The benefit of this
temperature measurement approach is the easy handling and
the low costs of the approach itself. Unfortunately, they can
only serve as indicators for the maximum temperature they
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were exposed to without any further information of time of
temperature gradients.

Fig. 1: Examples of piston temperature measurement approaches. Lefiside:
mechanical arm with joints. Rightside: metallurgical temperature sensor.

Regarding the requirements for measuring the temperature of
a piston inside a running engine, surface acoustic wave
temperature sensors seems to offer an easy to apply and low
cost solution for an accurate validation of FEM simulated
temperature profiles of pistons. Differential SAW resonators
were used for achieving high accurate temperature
measurements and minimizing effects like cross sensitivity
due to acceleration, stress, frequency pulling or standing
wave effects.

II.  EXPERIMENTALS

A. Preparations before Testing

As first step to the measurement in the fired engine the
optimal positions of the sensor and interrogation antenna
with minor or no design changes to the engine were
evaluated empirically. Therefore, sensor and antenna were
mounted on potential positions and the signal link was
evaluated by measuring the signal strength while turning the
open engine manually until the optimal position for the



transmission with no design changes of the engine was
found.

After having determined these optimal positions inside the
engine, the piston and the crankcase were prepared for
mounting the elements of the sensor system: SAW sensor,
sensor and interrogation antenna to perform further
reliability tests regarding the transmission on the open
engine. Finally, a convenient signal strength up to a half
stroke which resulted in an interrogation time slot of 10 ms
at a speed of 2300 rpm was found.

The exact mounting was done as follows and shown in Fig.2.
The machine parts were cleaned with acetone and isopropyl
and an electric isolation layer for the sensor antenna was
formed by an epoxy. On this layer the antenna and the cable
to the SAW-sensor were screwed inside the piston and
covered with the same epoxy suitable for high temperatures
up to 300°C and resistant to engine fuels, oil and lubricants.
After tempering the glued piston in an oven with about
100°C over several hours, the piston was applied in the
crankcase to verify the reception of the radio waves of the
transceiver unit again.

The antenna in the crankcase was fixed with a hose clamp on
the oil cooling injector. To support the cable with an
additional protection it was placed in a small rigid pipe made
of alumina.

To connect the antenna cable with the transceiver unit a hole
in the crankcase was chosen that normally is used for the oil
level gauge as shown in Fig. 4.

Fig. 2: Backside view of the prepared piston from the bottom of the oil pan.
1: transceiver antenna fixed to the oil cooling injector, a non moving part of
the crankcase; 2: mounted sensor antenna inside on the bottom of the
piston; 3: oil injector nozzle; 4: mounted SAW temperature sensor type
TSEAS10 by SENSeOR; 5: Crankshaft.

The moving parts of an engine face beside the high
temperature stress also forces cased by rough accelerations.
Although the test engines are diesel engines that are typically
used in heavy duty off-road applications that are operated at
relatively low rotation speeds compared to spark ignited
combustion engines that are used in passenger cars. The
movement path of a typical piston in an typical consumer
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application sums up to 580 km operated at a speed of 1800
rpm for 24 hours [4].

The range of rotation speeds of interest were between 800
rpm and 2300 rpm. Within these ranges, a piston is exposed
to rough acceleration values of approximately 400 g as
shown in Fig. 3.
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Fig.3: Acceleration about rotation angle

B.  Engine Test Set-Up

Before the first run with the applied piston the transmission
quality of the signal was tested with the mounted oil pan. No
interferences were found with that setting.

These tests were repeated after installing the engine on the
test cell (Fig. 4). Again the engine was turned by hand for
safety reasons.

Output of the
antenna cable

'H.‘\

Fig.4: Engine TCD 7.8 in test cell before running.

C. Engine Test Run

The engine was fired and ran at 800 rpm. After a couple of
minutes while reaching the optimal engine run conditions,
the engine speed was changed to 900 rpm. The signal-
strength was checked again to control the influence of oil
dust. The risk of dumping the signal strength with the



increasing amount of oil dust was not observed and therefore
the dust had no effects on the transmission of the radio
waves and the measurements itself.

The engine speed was changed again after one could expect
that the engine was in a stable work point. This implied that
one did not expect significant temperature changes. Also the
signal seemed to be stable enough to get a result for the
temperature. The steps that were chosen for the engine speed
change had been 100 rpm higher up to 2290 rpm as shown in
Fig.8.

Occasionally the signal had to be optimized by changing the
engine speed slightly for avoiding standing wave effects.

For all speed steps no load was put on the engine for this first
run due to safety reasons.

After the test run the piston was removed of the engine and
the screwed and glued antenna and the SAW-sensor were
analyzed for damages or any relieves of the glue. The used
adhesive component was robust enough to resist within the
harsh environment inside a running and no damages of the
sensor or the antenna was observed.

D. Signal Processing Strategies

Experimental data demonstrate that both resonances are
rarely identified simultaneously as shown in Fig. 5 and Fig.
7. The differential measurement strategy is based on the
principle that both a reference resonator with little
temperature drift, and a measurement resonator with a strong
temperature drift, patterned on a common piezoelectric
substrate, are affected in a similar way by environmental
disturbances (sensor aging, stress, radiofrequency parasitic
components), and hence a frequency difference provides the
needed long term stability and accuracy, independent of
environmental conditions and interrogation unit aging.

B |

TR R pid”

Fig. 5: Raw returned RF power measurement provided on the low
frequency output of the reader. Lefiside: the minimum acceptable signal
level. Rightside: acceptable quality signal level. The output power is
controlled using a proportional feedback loop in order to keep the returned
power at the optimum level.

However, because the refresh rate is higher than several
hertz, the reference and measurement frequencies are not
needed during a same frequency sweep: measurements
recorded during successive frequency sweeps are still close
enough to validate the differential measurement strategy.

Hence, in order to increase the probability of a useful
measurement despite the poor radiofrequency link budget,
the last useful frequency measurement (either reference f.r or
measurement fi,.,) were propagated to all successive
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all
nor

unsuccessful measurement attempts. Nevertheless
frequency sweeps for which neither reference
measurements frequencies were visible, were rejected.
Thanks to this strategy, a useful dataset has been gathered
exhibiting a meaningful temperature evolution trend. The
conversion from a frequency difference Af = f ¢ —fs to a
temperature requires the application of calibration
coefficients individually identified during a preliminary
calibration step. Indeed, based on a second order polynomial
fit of the frequency f dependence with temperature T, the
function

f,—f
¢ — =CTEx(T-T,)+CTE x(T-T,)

0
classically used in the literature, with f; the frequency at
reference temperature T, and CTF,, CTF, the first order
Coefficient of Temperature and second order Coefficient of
Temperature respectively, a temperature dependence law
was deduced as a function of frequency difference Af

following T = A, +,/A, + A, XAf .

In the case of the sensor used during these experiments,
Ay (°O) 109.6, A, (°C% -118553 and
A, (°C*Hz) = -0.1284. The calibration coefficients are
classically identified in the -20 to +160°C range.

The application of calibration coefficients to the raw
measurements of a sensor located in a piston, associated to
the in-plane monopole antenna (35 mm interrogation range),
yields the temperature measurement exhibited in Fig. 6.
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Fig. 6: Measurement of the temperature of a sensor located in the piston of
an engine running from 800 to 2290 RPM. The frequency difference was
converted to a temperature using calibration coefficients established prior
to the experiment. Outlying points were filtered automatically.

This dataset was cleaned by removing the points below
433.3 MHz and above 433.7 MHz for the measurement
resonance, and below 434.1 and above 434.44 MHz for the
reference resonance. As seen in another measurement set
(Fig. 7), obtained in the same rotation speed conditions and
with the same antenna, these outlying points yield
significant ~ measurement  dispersion. Our  current



understanding of the source of these unwanted points is
associated with the automatic gain control on the emitted
power since the sensor is not seen by the interrogation
antenna most of the time; the emitted power is maximum
(+10 dBm). If the sensor happens to come close to the
interrogation antenna — within reception range — while the
emitted frequency is close to the resonance, then the
received signal might appear as a local maximum even
though it is not the global maximum of the resonance. This
effect will be strongly reduced by extending the
interrogation range (asymmetric dipole antenna), which will
help the automatic gain control to remain locked most of the
interrogation time, but most significantly also means that
the unwanted points will remain far from the main
measurement curve (since close the resonance, locking on a
side-lobe has a low probability considering the frequency
sweep rate compared to the duration the sensor is seen by
the interrogation unit). Hence, a digital post-processing step
will always easily remove these unwanted data.
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Fig. 7: Raw frequency measurements exhibiting a clear trend associated to
the measurement (measurement frequency around 433.5 MHz, reference
frequency around 434.2 MHz) and outlying points widely scattered above
and below the actual measurement.
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The temperature was calculated of the measured frequency
values. The measurement showed frequency values which
seemed to be induced by reflections of the signal.

RESULTS AND DISCUSSION
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Fig.8: Measured and filtered temperature values in relation with the recorded engine speed during a test run.
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After processing these data as described above, the
temperature value at the piston could be determined as
shown in dependency of the engine speed in (Fig. 8).

These first terms provide encouraging results since usable
resonance frequency signals were obtained even with a poor
interrogation range. Various antenna configurations have
been identified which allow for an extended interrogation
range, potentially up to the full displacement of the piston
(yielding a continuous view of the sensor by the
interrogation antenna). Further sensitive parameters have
been identified during the tests on the site and have not
necessarily been optimized yet. The signal processing steps
to provide a consistent temperature reading were applied to
the recorded signal successfully. As further steps, using an
optimized antenna configuration and locating the sensor
close to the final position appear as reasonable milestones, to
be extended with the inclusion of multiple sensors which
require an extended frequency interrogation range since each
resonance occupies a different 900 kHz-wide frequency slot
beyond the ISM range.

Therefore a new approach of a new and competitive way to
support the development of pistons that allows the research
and improvement in combustion processes had been
identified. Successful tests with engine running at 800 rpm
up to 2300 rpm had been demonstrated where SAW sensors
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able to withstand accelerations as high as 400 g inside
running engines with an interrogation time of 10 ms.
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Abstract — Surface acoustic wave (SAW) gas sensors generally
require the use of a reactive layer for molecule adsorption. WO,
has been identified for a long time as a high potential sensitive
layer particularly for NH;, NOy, CO, etc. We report here on the
characterization of elastic properties of such material using the
dispersion behavior of SAW propagating under gratings
passivated wich WOj; films of various thicknesses. Quartz as well
as LiNbO; SAW devices are used in that purpose, allowing for
the derivation of a reliable data set. Complementary structural
characterization using direct measurement techniques (DRX,
AFM, TEM,) are reported to confirm the analysis deduced from
SAW measurements. As a conclusion, the exploitation of WO;
for SAW-based sensor is discussed.

L

Surface Acoustic Wave (SAW) sensors are presently
receiving an increasing interest, although many works has
been dedicated to operate to such developments. A particular
effort is paid to develop devices capable to detect gas flows in
common environment for health protection or security
purposes. The arising of new materials and technologies
actually pushes to re-investigate the capability of such
devices to efficiently operate, particularly in harsh
environment such as toxic atmospheres and high temperature.
Hence, the possibility to remotely interrogate gas sensors
based on resonator structures can be actually implemented
and tested. In this work, we propose to characterize the
operation of SAW resonator sensors coated with tungsten
trioxide (WOs3), a layer which exhibits selective detection
capabilities when heated near 350°C. The exploited principle
consists in the change of dielectric properties of the film
when adsorbing specific molecules (O;, NO,, NH; and
ethanol). The design of such sensors requires the knowledge
of the actual properties of the detection film as it is directly
deposited atop the resonator electrodes, yielding modal
dispersion which must be accounted for to guaranty the
device operation according given requirements (such as those

INTRODUCTION

978-1-61284-110-6/11/$26.00 ©2011 IEEE

68

D. Rabus', W. Daniau', T. Baron', .M. Friedt*, L.
Delmas’, S. Ballandras'”

' FEMTO-ST, UMR 6174 CNRS-UFC-ENSMM-UTBM
* SENSeOR, TEMIS Innovation
Besancgon, France
sylvain.ballandras@femto-st.fr

imposed by wireless interrogation in ISM bands). In that
purpose, test devices have been fabricated, based AT Quartz
and (YX/)/128° LiNbO; synchronous resonators operating
near the 434-MHz-centered ISM band, coated with various
WO; thicknesses (100, 200 and 300 nm). These thins films
were characterized wusing X-ray diffraction/Rietveld
refinement and the samples morphology were analyzed by
Atomic Force and transmission electron microscopy. The
diffract pattern showed the monophasic layers with the same
crystallinity and they reveal a pseudo cubic phase (isotropic
behaviour). We then have measured the reflection coefficient
of the resonators allowing for fitting the coating elastic
properties by model updating. This fit has been first achieved
using quartz resonators and we have obtained the fitted
coefficients (apparent elastic constants C;, C},, Cy4 and mass
density p). They have been used to predict the coating-
induced frequency shift on lithium niobate resonators.
Although mass density is found to change dramatically versus
WO; thickness (from 6500 to 3900 kg.m), the elastic
constants reveal more stable (C;; and Cy4 typically equal to
15, 8 and 2.5 GPa respectively). The max coating thickness
actually is found near 300 nm, but it turns out that above 200
nm, the resonator response is too degraded to allow for any
operation. A specific design then is proposed on LiNbO; for
assessing the actual operation of the sensor.

In the first section of the paper, we report a direct analysis of
the deposited material also has been achieved to complement
and justify effective data derived using SAW-based
measurements. Next, we briefly describe WO; coating
properties, with a particular insight in physical parameter
changes related to gas adsorption and the subsequent SAW-
sensor application. As such devices need accurate design
procedure to optimize their actual operation; the
characterization of WO; elastic properties was a prerequisite
and therefore the experimental measurements of the
corresponding physical coefficients then is reported.



Finally, exploitation of the corresponding results using
LiNbO; SAW resonators is discussed.

II.  WO; THIN FILM PROPERTIES FOR GAS DETECTION

The structural configuration of the WO; crystal lattice is
the distorted rhenium trioxide (ReOs) structure [1,2]. The
crystal structure of tungsten trioxide is temperature
dependent. The most common structure of WO; is monoclinic
(P21/n). Based on the reversible changes in conductivity,
WO; thin films have been used as sensitive layers towards
0;, NH;, NO,, CO, ethanol [3,4]. It was shown that the
conductivity of WO; thin films changed in presence of NOy
gas with a dependence of temperature. At 375°C the
resistance of WO; drop by a factor of 100 compared to its
initial value at room temperature from 6.10° to 6.10” ohms
respectively [5]. This behaviour can be explained by
physisorptions and chemisorptions mechanisms and catalytic
reactions between gases and material surface (phenomenon of
adsorption and desorption) [6]. Due to its -electrical
properties, WO; is an ideal candidate for applications SAW
gas sensors. Indeed, the interaction between gases molecules
and tungsten trioxide causes a change in conductivity of thins
films WOj; resulting from in a variation of the velocity and
propagation loss of the acoustic wave. By measuring the
change in the frequency characteristics of the SAW sensor, it
was possible to determinate different physical parameters of
the sensitive layer WO; and sees the influence of the
viscoelastic layer on the SAW device (dielectric loss, mass
effect) [7,8]. To achieve this, it is imperative to have strong
knowledge in the field of piezoelectricity and acoustic.

III.  STRUCTURAL CHARACTERIZATION

A. Experimental

WO; thin films on the surface of a quartz substrate for SAW
devices were prepared by reactive radio frequency magnetron
sputtering at 13.56 MHz, using a 99.9% pure tungsten target.
The synthesis setup and standard procedure have been
described in more detail by previous work of the lab [6]. The
obtained films were annealed at 400°C for 3 hours.

B. Characterization and results

The morphological analyses of WO; thin films were
conducted by Atomic Force (AFM) and Transmission
Microscopy (TEM, Philips TECNAI F20 FEG).

The structure properties of WOj; films were determined by X-
ray diffraction with Cu.Ka radiation (Siemens — Brucker
D5000 diffractometer). X-ray patterns were compared with
those of the Joint Committee on Powder Diffraction
Standards (JCPDS). The DBWS Tools 2.16 software was
used to perform Rietveld Refinement. Figure 1.a shown the
state surface of the deposited WO; films on quartz substrates
and reveals a weak roughness and a porous surface. This

69

porosity varies from 10 nm to 100 nm and they extended in
deep layers. The TEM image (fig 1.b) shows a cross section
of the oxide layer deposited on Si substrate reference. For all
studied thicknesses of WO;: 50, 100, 200 and 300 nm, all
films were homogenous.

110431 Topography0 15

Figure 1. a) AFM image of WOs; films on quartz substrate after annealing at
400°C for 3 hours; b) TEM cross section of WO; thin film thickness of 50
nm on Si substrate

The X-ray diffraction patterns and Rietveld refinement of
trioxide tungsten are in good agreement (figure 2) showing a
low crystallite size in accordance with TEM observation.

The XRD diagram show a polycrystalline structure identified
as monoclinic phase and indexed from standard data sheet.
The observed structural parameters are in good agreement
with JCPDS (No. 83-0950) data [9].

From Rietveld refinement results, it is proved that WO; thin
films have a monoclinic phase close to cubic one. The
evaluated lattice parameter values of WOj; are a = 7.308 4, b
=75144 ¢=76754 a=y=90° and p = 90, 632°. This
allows to hypothesize that WO; films behave as an isotropic
system. All deposited layers (50 to 400 nm) were structured
in the same phase and the calculated parameters remain
unchanged.

g crystallographic parameters
) a=7308A,b=7514A, c=7675A
1400~ /\8 a=90.00°, p=90.63° y = 90.00°
g —1)Exp
T N 2) The
3 7004 ‘/, s —3) The- Exp
= I\ ‘ g
@ 8 8, . - <
Q I o= Vo IN] =) T =T J
g ey g8 gizgs
ol W) A e ML
T T 2
M
1
M\.'}, ,.\,UNLMMWMMW s s il
|
X T T T 1
20 30 40 50 60
2009

Figure 2. X-ray diffractogram (1.Exp) and theory Rietveld refinement
(2.The) of WO; thin films with a thickness of 50 nm



IV.  'WOj; ELASTIC CONSTANTS CHARACTERIZATION

In this section, the theoretical and experimental protocols
for characterizing the WOj; overlay properties are described,
using Quartz SAW resonators (fig.3). The quality of the
obtained physical paremeters is the assessed for LiNbO; (YZ)
devices better suited for dielectric perturabtion detections.

i G -
Figure 3. WO; thin film deposited on SAW devices
A. Theoretical analysis

As layered devices are concerned, with the WO; overlay
covering the electrodes, one cannot make the economy for
advanced simulation and analysis exploiting a combination of
finite element and boundary element methods (FEM/BEM)
developed in that purpose [10]. We here briefly recall the
analysis approach, detailed description of the calculation
fundamentals are reported in [11]. An harmonic admittance is
derived from FEM computation of a single period of an
infinitely long periodic transducer accounting for the
inhomogeneous boundary conditions induced by the
electrode/passivation surface conditioning. The acoustic
contribution of the substrate is accounted for by Green’s
function based BEM. For an accurate simulation of the device
behavior, one need a reliable set of physical constants, i.e.
elasticity coefficients, mass density and dielectric parameters
and associated intrinsic losses if available. Although some
data can be found in the literature, providing a starting point
for the simulation, a set of experiments has been achieved on
SAW resonators of fig.1 built on a (ST,X+y) cut with v a
small non zero propagation angle, therefore providing clear
contributions at both edges of the stop-band and hence a direct
evaluation of the reflection coefficient magnitude. This will be
used for improving the theory/experiment agreement and
consequently the accuracy of the above-mentioned constant
determination.

B.  Experimental implementation

As explained above, SAW resonators built on Quartz have
been used first to determine the WO; overlay properties
required for sign and analysis purposes. The asynchronous
single-port resonators implemented in that purpose consist of
one interdigited transducer (IDT) surrounded by two Bragg
mirrors. They have been designed to operate at best in the
434-MHz centered ISM band. The IDT is composed of 82 Al
electrode pairs with a mechanical period p of 3.627 pm and a
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metallisation ratio a/p of 0.8 to benefit for the reflection
coefficient stabilitiy versus electrode width a. As suggested
above, the mirror period differs from the IDT one, being
fixed to 3.646 pm (same metallisation ratio) to force the
resonance within the stopband of the mirrors and hence
increasing their reflecvtion efficiency. The metal height % is
120 nm (h/4, .~ 1.5%). The acoustic apperture is 320um (40
Aqe) to avoid any possible diffraction effect. These devices
have been then covered with WO; overlays of different
thicknesses (50, 100, 200, 300 and 400 nm) to achieve the
characterization discussed in the previous paragraph. Figure 4
shows the corresponding experimental electrical admittances
compared with theoretical harmonic admittances derived with
FEM/BEM. For each configuration, a set of material
constants has been fitted to achieve the maximum agreement
between both curves, reported in Table I. As one can easily
see, the acoustic dissipation increases along the WO,
thickness in such a way that above a 300 nm thick deposition,
the experimental signal was no more exploitable (fig.5). Also
the viscoelastic losses of the overlay has been fitted according

to experimental observations, yielding an equivalent
mechanical quality factor of 50 whatever was the WO;
thickness.
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Figure 4. Theory/experiment assessment of SAW resonators on AT-
Quartz cut for different WO; overlay thickness

In all the simulations, a relative dielectric constant of 230 has
been fixed according to published material [12]. As shown by
Table I, the mass density was changed along the WO;
thickness for best fit purposes. Although one could also
change the elastic constants in that matter, the reflection
coefficient gave helpfull tracks for the fitting strategy, as it
strongly depends on the combination of all the elastic
constants. One could imagine keeping the mass density
unchanged versus WOj; thickness but the ratio between the
elastic constants would then be kept unchanged. From a
structural point of view, the film is assumed polycristalline
and porous. This porosity vary with the deposition thickness.
Within each grain, the elasticity behaviour is not changed but
the overall of the layer actually reduces along the deposition
height.



Materials AT Quartz (YX1)/128° LiNbOs
Physica.ls 100nm | 200nm | 300nm | 100nm | 200nm | 300nm

properties

Densityp 6500 | 4700 = 3900 | 6500 = 4700 3900
(kg.m-")

C11 (GPa) 14 15 125 14 15 15
C12(GPa) 8 8 7 8 8 8
Cu4(GPa) 2.5 2.5 2.5 2.5 2.5 2.5

Table I.Apparent elastic constants and density of the WO; versus overlay
thickness. The initial value of the density was fixed to 7200 kg.m™ according
to the literature and adjusted versus thickness for best fit purposes.

C. Validation on LINbO; SAW resonators

The previous section has shown the way the physical
parameters of the WO; overlay, more specifically the elastic
constants and mass density, has been fitted. To confirm the
reliability of these data, another set of experiments has been
achieved using SAW resonators built on (YZ) LiNbO; cut
with similar WO; deposition conditions and thickness (fig 3).
As for Quartz resonators, a FEM/BEM analysis then was
conducted using the fitted parameters to assess the
experimental results. Figure 4 shows the corresponding
experimental admittances compared with theory. For best fit
purposes, slight changes have been applied to the elastic
parameters but the overall behaviour of the device responses
was well predicted using Quartz-resonator-derived data,
yielding confidence in their physical meaning. Particularly,
the frequency shift related to mass loading was found in good
agreement here again and therefore, the above-proposed
hypothesis concerning the porous surface and weak
roughness was not infirmed. From a pragmatical point of
view, these results show that the fitted apparent elastic
constants and mass density can be used for the design of a
next generation of sensors. This work is currently under

development.
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Figure 5. Theory/experiment assessment of SAW resonators on
(YX17)/128° LiNbOs; for same WOs; overlay thickness
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V. CONCLUSION

In this work, we investigated the design and the physical
properties of WO; using SAW devices as a mean of
characterzation. A pseudo cubic as isotropic system was
identified for WO; sensitive films via structurals analysis. The
measured reflection coefficient allowed to estimate the elastic
properties and induced frequency shift on quartz/lithium
niobate resonators as a function of the WO; layers thickness.
Although mass density is found to change as a function of
WO; thickness and their porosity, the apparent elastic
constants reveal more stable. The max coating thickness
actually is found near 300 nm, but it turns out that above 200
nm, the resonator response is too degraded to allow for any
operation.
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Abstract—We report here a langasite SAW device suitable for
sensing temperature and oxygen concentration, with
applications such as monitoring the exhaust of oxy-fuel
combustion systems. In this paper we report on the observed
temperature dependence of oxygen sensitivity, explain the
mechanism for this behavior, and present a scheme for
temperature compensation.

L.

Langasite (La;GasSiO;4) surface acoustic wave (SAW)
devices have potential applications in harsh-environment
sensing. Important applications include exhaust gas oxygen
sensors for the control of oxy-fuel combustion systems. In
such combustors it is possible to achieve a nearly pure carbon
dioxide exhaust suitable for geologic sequestration. In this
application oxygen sensing in the temperature range from 500
to 1000 °C is needed. Langasite SAW devices have been
operated as resonators up to 1000 °C [1]; langasite SAW
sensors for H, and C,H, gas have been operated up to 550 °C
[2]; and wireless temperature sensing has been demonstrated
up to 850 °C [3,4]. Here we report recent results obtained for
langasite SAW oxygen sensors. We particularly focus on the
temperature dependence of these sensors, and a method for
reducing the impact of temperature flucuations on gas sensing.

INTRODUCTION

IL.

The SAW sensors considered here utilitze the
electroacoustic effect, where a conducting layer near the
piezoelectric surface influences the surface wave velocity. Gas
sensing is achieved by using a layer with a conductivity that
depends on the gas concentration. The most suitable
conducting layers for this high-temperature application are
metal oxides, which exhibit a semi-conducting behavior with
conductivity dependent on the oxygen defect concentration. In
metal oxides with predominant electron conduction, a
reversible reaction occurs with gas-phase oxygen of the form

TEMPERATURE AND GAS SENSING

O &V, +2¢+10% (1)

where O is the concentration of oxygen atoms on an oxygen

site, V, is the concentration of doubly-negative oxygen
vacancies, ¢’ is an electron, and O;g) is an oxygen molecule in
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the gas phase. Higher oxygen partial pressure in the gas phase
drives the reaction to the right, decreasing -electron
concentration and increasing the electrical conductivity. It can
be shown that the conductivity is given by

2

where E, is the activation energy for conduction, k7 is the
thermal energy, and PO2 is the oxygen partial pressure.
Increasing conductivity of the sensing layer decreases the
surface wave velocity, as the redistribution of charge in the
sensing layer reduces the stored energy in the electic field
above the surface, reducing the piezoelectric stiffening. The
change in velocity can be predicted analytically; Figure 1
shows the calculated change of surface velocity for a (0,
138.5, 26.6) langasite SAW device.
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Figure 1. Calculated surface acoustic wave velocity changes (solid blue line)
and relative attenuation (green dashed line) of langasite substrate with Euler
angle (0, 138.5, 26.6) as a function of surface sensing film conductivity.

It is apparent from Figure 1 that significant velocity
changes are only obtained for a limited range of sensing layer
conductivity. As the conductivity is thermally activated
according to (1), a particular sensing layer will have a limited
temperature range where it exhibits useful response. Further,
changes in temperature will also cause a change in surface
wave velocity. We focus here are removing the impact of



small temperature changes on the surface wave velocity. We
will also determine the temperature range over which on
particular sensing layer is useful. In a practical sensor, the
temperature and oxygen concentration need to be measured
independently; this will be addressed in future work.

I1I.

SAW devices used in this work were fabricated on 76 mm
diameter, 0.5 mm thick langasite wafers (Roditi International,
UK) with Euler angles (0, 138.5, 27) using a lift-off technique.
The metallization was e-beam deposited and consisted of 100
nm platinum with 10 nm titanium as an adhesion layer.

EXPERIMENTAL

The SAW devices used in this work have the transmitter
located in the center with open reflectors were located on two
sides. The IDTs had 2 pm finger widths and gaps, yielding an
8 um surface acoustic wavelength and a center frequency of
334 MHz at room temperature. For gas sensing, A 200 nm
ZnO sensing film was deposited by reactive RF sputtering
from a Zn target at a pressure of 4 mT and RF power 50 W, in
25% O,/ 75% Ar. ZnO was masked from the IDT terminals
using Mylar tape. The SAW device was then spin coated with
polysiloxanes (IC1-200 and DC4-500 from Futurrex, Inc.).
The polysiloxanes film was partially removed using a cotton
tip with acetone and then annealed in air at 400 °C for 30 min
to form a 100 nm SiO, insulating film on the IDT transmitter
and terminals region.

XRD characterization of the sputtered ZnO film showed a
wurtzite structure with a 30 nm grain size. In some
experiments temperature sensing was performed at the same
time using a second SAW device with longer path lengths, so
that its reflections were not coincident with the first reflections
of the gas-sensing device.

The SAW device(s) were placed in a furnace (Lindberg
STF55433C) with computer-controlled gas flows. Connection
to the measuring electronics was made using shielded
thermocouple wire as a transmission line, connected to the
SAW device using fine thermocouple wire and conductive
ceramic paste. Measuring electronics consisting of a National
Instruments (NI PXI-5670) and a vector signal analyzer (NI
PXI 5661) [5] was used to measure the phase changes
resulting from temperature and/ or gas concentration changes.
Measurement of the phase changes requires a reference pulse;
this reference pulse consisted of either another SAW reflection
or the attenuated exciting pulse.

We first discuss separate measurements of temperature and
gas concentration. Figure 2 shows the extracted effective
velocity change as a function of temperature. The velocity
decreases monotonically with temperature, consistent with
previous reports [4,6,7].
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Figure 2. Extracted effective SAW velosity change as a function of
temperature.

The effect of oxygen concentration was examined by
measuring the phase change between \the exciting pulse and a
reflection normalized for a 1 us propagation time. The oxygen
concentration was changed in a stepwise fashion with the
balance of the gas being nitrogen. The oxygen concentration
was varied by changing the mass flow controller setpoints
while keeping the total mass flow constant. Figure 3 shows the
results for three temperatures, where the phase changes
consistent with n type conduction in the ZnO. While the phase
changes are consistent with velocity changes due to the
electroacoustic effect, they could also be caused by
temperature variations in the furnace due to imbalanced gas
flow. This is a particular concern at lower temperatures where
the observed phase changes are small.
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Figure 3. Phase change resulting from changes in the oxygen concentration.

The influence of small temperature variations can be
removed by simultaneously measuring SAW reflections on
two propagation paths, one with and one without without a
ZnO sensing layer. This can be achieved by patterning the
sensing layer so that some reflections are not influenced by the
change in sensing layer resistivity. Alternatively, two separate
SAW devices can be connected in parallel, one with and one
without a ZnO sensing layer (Figure 4). In this case the SAW



devices must be different that the reflections are

distinguisable.

SO

ZnO/langasite
SAW O, sensor

Figure 4. Two langasite SAW devices connected in parallel, one with and
one without a ZnO sensing layer.

Figure 5 shows the observed reflections for two SAW
devices connected in parallel at room temperature. Here the
second series of reflections are from the temperature-sensing
SAW device without a ZnO sensing layer. These reflections
are strongest despite the longer path length; this is because the
ZnO sensing layer causes additional attenuation [5].
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Figure 5. Reflections for two SAW devices wired in parallel at room
temperature.

Figure 6 shows uncorrected phase measurements for the
oxygen and temperature sensors (top two traces) and
measurements compensated for temperature variations
(bottom trace) at 650 °C. Temperature compensation is
achieved by subtracting the gas and temperature phase change
measurements normalized for the propagation time. The data
from the temperature sensor shows small perturbations (+ 0.5
°C) due to the gas flow switching. Removing these small
perturbations shows that most of the phase change of the O,
sensor was indeed resulting from the gas sensing layer.
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Figure 6. Compensation for temperature variations with a second SAW
device.

Gas sensing performed over a wider range of temperature
is presented in Figure 7. Data for 650 C and above has not
been temperature-compensated due to failure of the
temperature-sensing SAW device. Oxygen sensing however
has been achieved up to 700 C.

This data shows clearly that sensing with a ZnO layer can
only be performed over a limited temperature range. As shown
in Figure 1, a significant change in propagation velocity is
obtained only for a Ilimited range of sensing layer
conductivity. Due to the exponential dependence of
conductivity on temperature, a peak in the sensitivity is
expected at an intermediate temperature.
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Figure 7. Oxygen sensing as a function of temperature.

The peaked behavior for the sensitivity as a function of
temperature is an important issue in sensor design. In order to
acheive accurate sensing over a range of temperature, sensing
layers with little dependence on temperature are preferred.
Recently some mixed-oxide sensing layers have been



investigated that have reduced temperature sensitivity [8].
Even in this case, the activitation energy is not exactly zero so
simultaneous temperature measurement will still be needed.

Finally, we consider the issue of sensor stability. In early
experiments, we evaluated the oxygen sensing as a function ot
temperature at steadily increasing maximum temperatures of
630, 700, and 750 C. The total phase change resulting from an
oxygen concentration change from 0.25% to 80% 1is plotted in
Figure 8 for these three series of measurements. We see that
the peak sensitivity shifts to lower temperatures with
increasing temperature exposure. This change is consistent
with increasing grain size in the ZnO layer, resulting in higher
conductivity (increase in the factor 4 in equation (1)).

3rd series I I I I
& 2 (750 °C anneal) 1
g 2nd series
o (700 °C anneal)
?; 1.5f 1st series i 1
g) (630 °C anneal)
c
g -
[$] il
[0} _
(2]
2 0.5¢F 1
a ]
0 T

600 625 650
Temperature (°C)

500 550 700

Figure 8. Measured phase change from 0.25% to 80% O, concentration at
different temperature in three series of tests of the ZnO/langasite device.

In a subsequent series of experiments (not shown) closely
similar results were obtained in three series of measurements.
This suggests that the response of the sensing layer is stable
when operated below the maximum anneal temperature.

IV. CONCLUSIONS

We have reported here on a langasite SAW sensor for
simultaneous measurement of temperature and oxygen
concentration. The sensitivity of the propagation velocity
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resulting to oxygen concentration depends on temperature
because of the thermally activated conductivity of the sensing
layer. As a result small perturbations in temperature will cause
a change in the measured phase shift even if the oxygen
concentration is constant. This effect can be minimized by
using two SAW devices or two propagation paths, one with
and one without a sensing layer.

We have also observed that the gas sensitivity can be
influenced by aging of the sensing layer. This effect appears to
be reduced when sensors are annealed at higher temperatures
than used during operation.
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SAW Sensor Correlator System
Performance Parameters
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Abstract—There has been little published data on spread
spectrum SAW RFID correlator receiver performance, since most
approaches published have used an FMCW system. The purpose
of this paper is to discuss issues related specifically to correlator
receiver performance parameters with respect to range, detection,
and noise. The minimum detectable signal (MDS) at the ADC is
used as the measure for prediction of the maximum range. The
loop gain of the system, MDS, noise and processing gain bound
the predicted achievable range for a correlator receiver. It will
be shown that in a correlator receiver nano- to micro-joules of
energy can obtain ranges greater than 50 meters, dependent on
the key system parameters. A model is developed for prediction
of the maximum range as a function of center frequency, output
signal and power, MDS, synchronous interrogation, and loop
gain. From the predictions, it appears feasible to have a sensor
range of over 100 meters with modest interrogation energy in a
pulsed correlator system.

I. INTRODUCTION

The concept of using a correlator receiver for spread spec-
trum systems is well known. Results of a fully operational
SAW orthogonal frequency coded (OFC) spread spectrum
multi-sensor system have been recently reported [1]. The
paper presented some of the important device and system
considerations, such as the choice of operating frequency,
device design, antenna size, loss, etc. The 915 MHz SAW
temperature system presented was based on SAW OFC delay
line devices that are interrogated with a pulsed RF signal.
The temperature is extracted after signal reception through
an analog-to-digital-converter (ADC) and the data points are
post processed as in a correlator receiver, using an adaptive
matched filter and associated software. The post processing
is completely reconfigurable and is comparable to a software
radio approach. Although an OFC SAW system will be used
as an example, the correlator receiver analysis and approach
should be applicable to any type of passive coded waveform
system, SAW or others.

Surface acoustic wave (SAW) technology is beginning to se-
riously attract interest for a broad range of sensor applications,
especially in aerospace and health monitoring applications [1]
[2]. Many applications have very challenging requirements:
zero maintenance (no battery), no external power (scavenging
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or external power source), reliable life-cycle (years in a wing
structure or minutes in an engine exhaust), light and small, etc.
A short list of system specifications may include simultaneous
multi-sensor interrogation and reception, wireless, passive,
radiation hard, and range of several centimeters to 10s of
meters. The sensors should be small, rugged, provide RFID on
chip, operate at cryogenic to high temperature, and differing
embodiments should provide temperature, gas pressure, strain,
chemo- or bio-detection and others.

Over the last 20 years there have been several proposed
SAW embodiments for wireless, passive SAW RFID sensors,
which include narrowband resonant devices, reflective delay
line sensors, SAW chirp devices, external-sensor-SAW mod-
ule, and CDMA [2]-[7]. Narrowband devices can provide an
ID through differing resonant device frequency, while most
delay line devices provide the coding through pulse position
reflectors. The chirp sensor uses the correlation properties for
enhanced sensor data extraction, but provides no effective
multi-coding. Initial work on orthogonal frequency coded
(OFC) SAW devices for RFID and communication began in
2000, and the first publication on SAW OFC was in 2004
[8] [9]. The research was begun to attempt to overcome the
limitations of the previously described embodiments for device
encoding, and then apply the approach to sensing.

II. OFC SAW DEVICE DESIGN

There have been a number of publications on the theory and
approach to OFC based on communication theory, and then
its application to SAW device embodiments [8] [9]. The basic
embodiment for the OFC RFID tag and sensor is schematically
shown in Fig. 1. A wideband transducer launches a SAW based
on the interrogation signal, which is convolved with the OFC
coded reflector array, and is re-radiated, via the transducer,
to the receiver antenna. The chip orthogonality condition
describes a relationship between the local chip frequencies
and bandwidths, embodied in each SAW Bragg reflector. The
reflector-chip frequency responses are a series of nearly ideal
sampling functions with null bandwidths equal to 2-7~!. Each
chip contains an integer number of carrier half cycles and the
chip-Bragg center frequencies are separated by multiples of
771, The key enabling technology is the fact that the nulls
of adjacent Bragg reflectors align with all the peaks of the
individual Bragg reflectors, indicating that the SAW signal
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Fig. 1. Schematic of a 7 chip SAW OFC RFID tag which can be used as the
platform for a sensor. The figure depicts a chirp input signal and the returned
coded signal which is the convolution of the OFC code and chirp.

is nearly transparent to all Bragg reflectors, except near the
center frequency and bandwidth of a single Bragg reflector.
This allows the SAW to travel through the Bragg array without
much attenuation, until a signal frequency coincides with the
chip-Bragg reflector frequency. Coding is accomplished by
shuffling the chips in time, which allows both frequency and
time diversity. The OFC approach produces a wide or ultra-
wide band spread spectrum device. The sensor information is
encoded in the reflectors, time delay regions, or both. Dual
tracks (in-line or parallel) can be used for enhanced coding or
multiple sensor operations.

The OFC SAW devices used herein are at a center frequency
of 915 MHz and used 5 chips per device with a bandwidth of
approximately 92 MHz. This yields a device signal processing
gain (PG) of 25.

III. SYNCHRONOUS TRANSCEIVER APPROACH

The SAW OFC sensor device and system initial concept
have been previously discussed [9]. The basic system concept,
shown in Fig. 2 is composed of multiple SAW RFID-sensors
(RFIDS) that can have various embodiments. The SAW and
antenna compose the RFIDS. The transceiver, often called the
reader for RFID systems, sends out an interrogation signal
which is received by all the SAW sensors. The interrogation
signal launches a SAW, which is encoded with the RFID and is
appropriately modified to also encode the sensor information,
and is rebroadcast to the receiver. The signal is demodulated
and post processed to extract the RFID and the associated
sensor information.

A conceptual diagram of the interrogation/receiver process
is shown in Fig. 3, which uses a chirp interrogation signal
and a correlator receiver. The chirp provides increased signal
power over a single pulse and allows ultra wide band op-
eration, if desired. The implementation of the actual reader
hardware is more complex, but the operational principles
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remain the same. The near-baseband signal is post processed
through an analog-to-digital converter and software.

An example of a 915 MHz pulsed synchronous, RF
transceiver block diagram developed is shown in Fig. 4

IV. SIGNAL AND NOISE MODEL

The system should attempt to maximize the detection prob-
ability, or minimize errors, as a function of system parameters.
The system must overcome the signal path loss by amplifying
the signal while minimizing all noise source effects .The fol-
lowing will define the signal-to-noise ratio based on the model
parameters. From the model, with suitable approximations,
the range for any synchronous correlator based system can
be estimated.

The system critical operational parameters are:

Center Frequency (f,), Bandwidth (B)

TxRx Antennas

RFIDS Parameters

Equivalent Isotropic Radiated Power (EIRP)
Minimum Detectable Signal (M D.S)

Receiver Gain, Noise Figure, and Noise Sources

A. Parameter Definitions

The following elements within the model are defined. The
elements do not consider details of implementation or opti-
mization.

ADC Ideal Analog-to-Digital Converter

MDS Minimum Detectable Signal

S Signal Power Measured at ADC

N Noise Power Measured at ADC

kT Thermal Noise Energy

EIRP Equivalent Isotropic Radiated Power
Grrips RFIDS Gain (Less than unity for passive device)
G Re—ant Gain of Receiver Antenna

GRe Receiver Gain from Antenna Output to ADC
PG Signal Processing Gain of the System (7B)
PL Path Loss

NF Receiver Noise Figure

Neat External Noise Source at Antenna Output
Napc ADC Equivalent Noise

Noum Number of Synchronous Integrations in ADC
pPCG Pulse Compression Gain

(

N
; ff
‘ =
S

—=

Fig. 2. Block diagram of a SAW wireless sensor system. The system will
interrogate multiple sensors simultaneously. Receiving and identifying the
RFID, the sensor information can be obtained via post processing of the
received signal.
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Fig. 3. A simple block diagram concept of the interrogation and correlator
receiver approach as the sensor reader.

B. S/N Model

The signal is given as

S = (1)

EIRP - Grrips - Gro—ant - PG - PCG - Nyym? - PL.

The random noise is the summation of several possible
sources, given as

N = [kTB'GRI'NF+Newt'GRx+NADC]'Nsum- (2)

To simplify the noise model and see the impact of excess noise
compared to thermal noise, define a term

¥ = [Neat + (Napc/Grz)]/KTB. 3)

r __________ A
|
: Clock REF |l _ _ _ _______
| Generators | 10MHz ) |
1 ] Transmitter |
1 T g :
| | PLL/Clock PLL/Clock
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Fig. 4. A 915 MHz pulsed synchronous, RF transceiver block diagram
developed for testing and analysis.
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The noise can be rewritten as

— [KTB-Gro - NF*] - Nyum.

“4)
(&)

The signal to noise ratio at the ideal ADC, substituting,
PG = 7 - B and regrouping, is given as

S/N = ©)
[EIRP/(NF* - kT/r)- PCG - PG)
[(GrrIDS - GRa—Ant)] - [Nsum - PL]
or
S/N = Gppyr - PCG - PG Gaye Naum - PL (7)
= Gloop - PL. ®)

It is often convenient to write S/N in dB, which is given with
dB terms in bold as

S/Nag = Gppr + PCG + PG + Ggys + Ngum + PL
= Gioop + PL. 9)

The desired S/N establishes the required loop gain to overcome
the path loss, in the presence of noise terms. Often, the MDS
level is set at the noise power level and then

MDS = NF* - kT/r (10)

and

Gppr, = EIRP/MDS (11)

which represents a power gain.

As expected increasing the radiated power, reducing the
thermal noise and noise figure, and increasing the encoded
signal time length, all increase the S/N. For a passive sensor,
such as a SAW device, the Grprps is always less than unity.
It is important to reduce the RFIDS loss as low as possible and
to use as high gain antenna at the receiver as practical. Finally,
coherent integration can, in theory, establish any desired S/N
level, given a reduced RFIDS sampling rate. Interestingly, the
receiver gain and the chip bandwidth do not impact the S/N,
assuming a well designed receiver. The chip bandwidth does,
however, impact the ability to code and detect, and therefore
is an important variable for other system level considerations
other than noise.

C. Range Prediction
For passive RFIDS, the range is given by Friis Equation as

Range = PLY*[vp /(47 f,))] (12)

where vgys is the free space velocity.
A minimum S/N is determined for detection, and the
maximum range, in meters, acheivable is obtained as
Rmaa: =
-1
(47 fo) /vEM]

[Gppr - POG - PG - Gyye - Neum /(S/N . )M
(13)



or given in dB, dB terms in bold, as
Rmax—dB =
(1/4) - [GppL + PCG + PG + Ggys
+Nsum - S/Nmin}
—10-log[(4m f) /vEn]-

V. SYSTEM DESIGN CONSIDERATIONS

(14)

The loop gain model developed predicts the maximum
achievable range for the RFIDS synchronous correlator re-
ceiver system. The loop gain model components are separated
into a series of terms that allow identification of important
components for optimizing system range.

A. Path Loss

Assuming isotropic radiation, the received power from a
transmitter decreases at 40 dB per decade as a function of
increasing frequency and operational range. The thermal noise
floor is constant with range but increases with bandwidth. The
plots of Fig. 5 point to the use of the lowest operational
frequency to minimize path loss and increase operational
range. If target size is not a primary consideration, then
operation at 250-500 MHz might be a good solution to increase
operational range.

B. RFIDS-SAW and Antenna Target

However, to make the target (SAW plus antenna) small, it is
desirable to work at relatively high frequencies. As operational
frequencies increase, the SAW size typically decreases, the
absolute operational bandwidth increases (for a given frac-
tional bandwidth), the propagation losses increase, and the
photolithographic resolution requirements increase. High ve-
locity materials relax manufacturing process requirements, but
constraints on fabrication and propagation loss have currently
limited SAW operational frequencies to below 3 GHz. High
coupling materials can provide low loss operation over wide
bandwidths, but typically have large temperature coefficients
of frequency. The SAW OFC devices developed thus far have
used YZ-LiNbO3 since the material provides high coupling,
broad bandwidths and minimal diffraction. A key parameter

EM Propagation Loss and Noise Power (dB) vs Read Range (m)
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Fig. 5. Ratio of receive to transmit power, in dB, as a function of range, in
meters, for a passive target for 3 differing operational frequencies, 0.25, 0.5
and 1 GHz - solid lines. The dotted traces are the thermal noise power levels
(dBW) at 3 differing bandwidths, 25, 75, and 200 MHz.

is the frequency dependent propagation loss constant, for YZ-
LiNbO3 given as [10]

a(f) =0.19f 4+ 0.88f2

with f in GHz.

The loss increases rapidly above 1 GHz, and it would be
desirable to operate where the loss is not a dominant factor.
Also, this loss term is optimistic, since thin films and other
effects often increase expected device and material loss even
greater with frequency. Antenna gain and achievable fractional
bandwidths increase for a given volume for electrically small
antennas (ESA) as frequency increases. The antenna gain and
bandwidth can be estimated for an ESA given in Fig. 6, and
shows that higher frequencies provide better performance with
respect to both gain and bandwidth.

At 1 GHz, gain greater than 0 dB can be achieved for
an antenna radius of an inch. Higher frequencies can further
increase antenna gain and bandwidth, but the SAW device
propagation loss counters the advantage, and the overall target
performance will be optimized in the 850-1.5 GHz range,
depending on other parameter factors.

Based on the previous arguments, the SAW OFC system
currently under development has an operational frequency
of 915 MHz; since many of the applications being consid-
ered have few or no restrictions on center frequencies and
bandwidths. Regulatory constraints require consideration if
operated in a restricted environment; placing additional con-
straints on the operating parameters. The 915 MHz frequency
was chosen to balance the conflicting parameters of RFIDS
small size, low loss, wide bandwidth, and fabrication process
control. The devices at 915 MHz have a A\/4 line width of
approximately 0.8 um on YZ-LiNbO3. The SAW OFC device
results presented used 5 chips, with a processing gain (PG)
of 25 and a device bandwidth of approximately 92 MHz. The
surface mounted RFIDS was soldered to a PC board, open
sleeve dipole antenna. The antenna, with the soldered SAW
device, was 125 mm x 55 mm on a 32 mil FR4 copper clad
PC board. The measured antenna gain, in a 50 ohm system, is
approximately 1.8 dB and had a bandwidth of approximately
200 MHz [11]. The RFIDS had a loss of approximately 23
dB.

(dB/ps), (15)

Gain (dB) and %BW (%) versus ESA Radius (cm)
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Fig. 6.  Plots of the approximate gain and fractional bandwidth versus

effective antenna radius for an electrically small antenna, from the analysis
of Wheeler [11,12].
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C. Transceiver

The following section presents results of measurements for
two differing temperature SAW OFC systems at 915 MHz.
The systems use an adaptive filter in a correlator based
receiver to identify the SAW sensor and to extract temperature.
Measurements are for a single sensor operation.

1) RF Pulsed Transceiver Parameters:

e fyp =915 MHz, BWr > 100 MHz
Peak RMS Power = 30 dBm
Pulse-Length = 10 ns

PCG =-1 dB

Antenna Gain = 9 dBi

Bandwidth = 82 MHz

] GRX = 47 dB
e NF* =18 dB
e Ne = -22 dBm

Prom =30 -1 - (-22) =51 dB

The RF pulsed format is quite simple, but the radiated
energy is small. For the pulsed system developed, a pulse
length of 10 nsec gated a 915 MHz RF carrier. The peak power
was 30 dBm and fed to a 9 dBi gain Yagi antenna, yielding
an equivalent isotropic radiated power (EIRP) of 39 dBm. The
radiated energy per pulse is approximately 79 nano-joules.
Pulse compression gain in this case is approximately -1 dB,
due to the bandwidth of the IF filter. Power figure of merit
(Proar) can be expressed as sum of peak power to the antenna
and PCG less noise floor of the system or the environment
(N e:rt)-

Fig. 7 illustrates the range capabilities of an RF pulsed
transceiver with the above parameters. Measurements were
conducted of a single OFC sensor for identification of the
code, as well as extraction of temperature. The brown line
with markers is a plot of the fractional error in temperature to
the range of the RFIDS. A false identification is indicated by
a fractional error of 0.1 and occurs at a range of 3 meters. The
red and black dot-dashed plots compare the predicted reflected
RMS power measured at the ADC vs. range, and agree well
until a large fractional error of temperature is measured.

2) Chirped Transceiver Parameters:

Power to Antenna = 28 dBm
Pulse-Length = 700 ns

PCG =17 dB

Antenna Gain = 9 dBi
Bandwidth = 78 MHz

e Gre = 45 dB
« NF* =15 dB
e Nog = -22 dBm

e Prom =28 +17 - (-22) = 67 dB

Measurements were also made with a transceiver utilizing a
chirped interrogation with the above parameters. The receiver
IF bandwidth was 74 MHz, which reduced the apparent PG to
20. Pulse compression gain in this case is 15dB. The increase
in P, from pulsed to chirped system is 16dB. The range of
the chirped transceiver is shown in Fig. 8, and the increase in
range from 3 to 7.3 meters correlates well to the improvement
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Fig. 7. Range measurement for RF pulsed system: RMS power reflected

and received at ADC (red solid), noise floor (blue dashed), actual received
reflection at ADC as measured using adaptive matched filter (black dot-dashed
with markers), and fractional reading error (brown with markers)

in Props. Similar to the pulsed system, the measured vs.
predicted reflected RMS power strongly agree and validates
the outlined range model given previously.

VI. DISCUSSION

Major operational parameters of the correlator based inter-
rogator have been established and a loop gain model has been
developed for predictions of range. It has been shown that
for certain key parameters, terms containing bandwidth of the
system and the receivers gain drop out of the model. A power
figure of merit has been defined. Two demonstrated systems
implemented two different receiver architectures (RF pulse
and chirp) with a maximum interrogatable range (for a single
sensor) of 3m and 7.3m respectively, which correlates well
with their Pr,)s, which are 51 DB and 67 dB respectively.

Power (dBm)
Fractional Error

Distance (m)

— Predicted RMS of Reflected Signal at ADC
--- Noise

+++ Measured RMS of Reflected Signal at ADC
+e+e Fractional Error

Fig. 8.  Range measurement for chirped system: RMS power reflected
and received at ADC (red solid), noise floor (blue dashed), actual received
reflection at ADC as measured using adaptive matched filter (black dot-dashed
with markers), and fractional reading error (brown with markers)



Based on practical improvements in the following system
parameters:

e NF* =-22 dB — -32 dB (AG =10 dB)

° GRFIDS =-23dB — -10 dB (AG =13 dB)

e PGyg + Noym—gg = 12 dB — 22 dB (AG = 10 dB)

« PCG=17dB — 19 dB (AG =2 dB)

¢ Opverall Gain Improvement: 35 dB
an increase in range of up to 80m is expected when using 10
synchronous averages or 40m with a single ping.
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Elasto-Acoustic Properties of ReCa,O(BO;);
(Re=La, Pr, Nd, Y, Gd) Piezoelectric Crystals
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Abstract- Oxyborate single crystals, ReCa,O(BOs); (Re=La,
Pr, Nd, Y. Gd), have recently been demonstrated to offer
superior dielectric, piezoelectric and electromechanical
properties to quartz, langasite and other commonly used
piezoelectric crystals. Of particular significance is the ability to
function at temperatures > 1000°C, offering the potential for
SAW, BAW and related sensors operational in harsh
environments. In this work, the elasto-acoustic properties of
oxyborate crystals were investigated as a function of rare earth
cation. Crystallographic relationships were determined to be
related to bond length and dependence of cation ordering, which
was also reflected in the mechanical loss. Parameters related to
high temperature operation, including electrical resistivity,
dielectric loss, together with temperature dependent
electromechanical and elastic properties were determined and
discussed in relation to various applications.

1. INTRODUCTION

Piezoelectric crystals, including quartz (0-SiO,), lithium
tetraborate (Li,B407, LBO), gallium orthophosphate (GaPOy,),
lithium niobate (LiNbO;) and langasites (La;GasSiOy4, LGS),
have been investigated for bulk acoustic wave (BAW)
resonators, surface acoustic wave (SAW) devices and various
sensors, including accelerometer(s) [1-2]. Recently, oxyborate
crystals, ReCa,O(BO;); (Re: rare-earth cation) have attracted
considerable attention for various piezoelectric applications.
As summarized in Table I, ReCOB borate crystals exhibit
higher piezoelectric properties to that of quartz and GaPO,,
while offering the highest levels of electrical resistivity.
Together with no temperature limiting phase transformation(s)
prior to their melting points (Tm=~1500°C), borate crystals
offer potential usage at temperatures exceeding 1000°C [3-8].

In this work, the elasto-acoustic properties of ReCOB
crystals were investigated as a function of rare-earth cation.
Crystal structure property relationships based on cation radii
and structural disorder were established, leading to the
identification of new borate crystals with enhanced
piezoelectric properties. Parameters pertaining to high
temperature  operation, including electrical resistivity,
dielectric loss, together with temperature independent
electromechanical coupling and elastic properties were

This work supported by NSF under grant number ECCS 09-25586.

978-1-61284-110-6/11/$26.00 ©2011 IEEE

82

Q. M. Wang
Dept. Mech. Eng. Mater. Sci., Uni. Pittsburgh, PA, 15260
Y. T. Fei, B. H. T. Chai
Crystal Photonics Inc.
5525 Benchmark Lane, Sanford, FL 32773

Table T Comparison of various high temperature piezoelectric crystals

Crvstals Symmetry ey Coupling  Resistivity (p)  Temperature Crystal
- - T (pON) Ketr @500°C(Crem)  usage range  growth method
Quartz[1] 32 2-3  ~13.7% ~1x10° <350°C  Hydrothermal
LBO[2] 4mm ~20 ~40% / <230°C Bridgman
GaPO, 32 4 ~18% ~1x101° <970°C  Hydrothermal
LiNbO;[1,3] 3m ~21 ~60% ~1x10° <600°C Czochralski
LGS 32 6~7  ~16% ~1x107 <800°C  Czochralski
Borates m 5~7  ~30% ~x101 >1000°C  Crzochralski

determined to establish the potential of borate crystals for
piezoelectric resonators and sensors in harsh environments.

II. STURECTURE PROPERTY RELATIONSHIPS

ReCa O(BO;); crystals belongs to the point group ‘m’. For
the determination of the complete set of elasto-acoustic related
parameters, numerous sample geometries are required, as
shown in Figure 1 [9].

Figure 1. Sample orientations required for complete
characterization of borate crystal with symmetry ‘m’: (a) X
rod, (b) Z rod, (¢) XZ bar, (d) XY bar, (e) ZY bar, (f) ZX bar,
(g) (XZw)45° bar, (h) (XZw)30° bar, (i) (XZw)-45° bar, (j) Z
square plate, (k) X square plate, (/) ¥ square plate, (m) (XYt)

45° bar, (n) (ZXt)45° bar, (0) (YZtw) 45°/-45° bar,
(p) (ZY1)45° bar (after [9]).
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Figure 2 Crystal structure of NdCOB (left) and the schematic
of Re- ion displacement movement (right) [9-10].
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Figure 3 Variation of electromechanical coupling factor kjs as
a function of Re-cation radius [10].

A schematic of the crystal structure showing the Re-cation
is exhibited in Figure 2 [9-10]. Analogous to the langasite
family (R;GasSiO4, R= rare-earth elements) of crystals,
where the electromechanical coupling factor was found to be
related to the lattice parameter ‘a’[11], the elasto-acoustic
properties of borates were found to be dependent on the Re-
cation radii.

Figure 3 presents the piezoelectric shear properties as a
function of Re-cation radii, revealing a maximum value in
coupling kys for ReCOB single crystals. The observed
relationship was determined to be related to the Re-cation radii
and the level of cation disorder. From observations, new
borate crystals, including Nd and Pr borates were grown and
optimum piezoelectric properties confirmed [10].

The level of cation disorder in the oxyborate crystals was
reflected in the mechanical Q, as shown in Figure 4. Due to
increased phonon scattering, the electrical resistivity was also
found to decrease with increasing Re-cation radii, with the
exception of LaCOB. The resistivity values for different
ReCOB crystals at 1000°C were determined to be
1.0x10°~1.0x10® Ohm:cm, as shown in Figure 5, where the
small inset gives the extrapolated room temperature
resistivities [8].

83

=y

2

Mechanical Q (1000)

0.93 0.96 0.99 1.02

Rare-earth ion radius (A)

0.90

Figure 4 Variation of mechanical Q as a function of Re’*
radius in oxyborate crystals.

Temperature (°C)

1000 800 600 400
T T T T
10"k ErCOB-Y
5§ F LaCOB-Y
£ GdCOB-Y o
£ 10 -~ 'NdCOB-Y
S L
2 YCOB-Y
= _/.’./'}/i 5
..(7; P 510
‘@ 7L - Lo %10‘
o 10 SmCOB-Y , - Z
(4 o £
- o
L -5 PrcoB-y 4o
NN A
090 0.93 096 0.99 1.02
Rare-earth ion radius (A)

T4
1000/T (K™

5 1 1 1
10758 7.0 12 76 78
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II1. HIGH TEMPERATURE PROPERTIES

Figure 6 shows the electromechanical coupling factor kyg
for (ZXw)-6 cut YCOB as a function of temperature up to
950 °C. The largest k, value was obtained in the (ZXw)-30°-
cut sample, being 22% at room temperature, maintaining the
same value till 950°C [7, 12]. Figure 7 presents the variation
of resonance frequency f; for (ZXw)0 (6 = —60°, 0°, 33°)
YCOB crystal cuts. As can be seen, the resonance frequency
shifts downward with increasing temperature, exhibiting
linear temperature/ frequency characteristics over a wide
temperature range of 20-950 °C. The highest first order TCF
was found to be on the order of —-91 ppm/K for the (ZXw)-
33° cut. The impedance modulus for (ZXw)-0° cut samples as
a function of temperature is shown in the inset of Fig. 7,
indicating that the resonance and antiresonance peaks shift to
lower frequencies with increasing temperature. Generally,
sharp and narrow resonance frequency peaks reflect high
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Figure 7 Frequency shift of YCOB crystals as a function of
temperature and crystal cut. Inset is the impedance modulus
for (ZXw)-0° cut YCOB as a function of temperature.

mechanical quality factors, Q. From the impedance modulus,
the mechanical quality factors in air were calculated and
found to be on the order of 16,000 at 20 °C and 2,000 at
950°C [7].

IV. HIGH TEMPERTURE APPLICATIONS

Potential high temperature applications of single crystals in
the oxyborate family have been explored. As shown in Figure
7, the (ZXw)0 —cut YCOB crystals were found to possess
linear frequency -temperature characteristics, with TCF on the
order of -60 ~-90ppm/K, which are promising for temperature
sensing applications at elevated temperatures. In contrast, bulk
acoustic wave (BAW) resonators require temperature stability
of the resonance frequency. In order to further investigate the
potential of zero TCF crystal cut(s), NdCOB samples with
different orientations as a function of rotation angle were
prepared, as shown in the inset of Figure 8. The shear mode
resonance frequency in the temperature range —140 to 200 °C
for different crystal cuts (ZXw)0 (6 =-18°,-15°, 0°, 5°, 15°,
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Figure 8 Resonance frequency shift of (ZXw)0 (6 = -18°, -
15°,0°, 5° 15°, 45°) crystal cuts as a function of temperature

for NdCOB crystals (after [13]).

Table II. Principle properties of NdCOB and PrCOB crystals,
compared to commercial piezoelectric crystals used in
frequency control devices [13-14].

Temperature

Crystals Cuts TCF(1)* TCF(2) Kett
range (°C) (Pc/N)

Quartz AT-cut -60~120 0 0 34 <8.3%
LBO (YX1)51° -30~110 0 -260 / 26%
GaPOs  (YX1)-15.77°  -50~150 0 -10 4~5 13%
LGS Y-cut 5~80 0 -58.9 ~7 16%
CTGS (YX1)-22.5° -60~200 0 -39 ~11 17%

PrCOB (YX1)-1.5°  -140~200 0 -40 158 30.2%

NdCOB (YXt) 15° -140~200 0 -12 15.0

29.0%

* TCF (1): ppm/°C; TCF (2): ppb/°C?

45°) were measured, in which the (ZXw)15° crystal cut
exhibited stable temperature frequency characteristics [13].

Table II lists the fitted first and second order TCF
parameters for (YXt) 6-cut NdCOB and PrCOB single
crystals, compared to commercial piezoelectric crystals. The
piezoelectric d ¢ and electromechanical k. are also listed in
the table for comparison. The first order TCF reached zero for
NdCOB crystals when the cut angle 6 was 15°, while the
crystal cut angle 6 =-1.5° for PrCOB crystals was found to
possess a zero TCF. Of particular significance is that both
NdCOB and PrCOB single crystals have the highest
piezoelectric  coefficients  deg 15-16pC/N,  with
electromechanical coupling k. being on the order of 19-30%,
higher when compared to other single crystals [13-14].

Other applications, such as vibration sensors
(accelerometers) were also demonstrated with sensitivities
being on the order of 2.5pC/g in a wide temperature range of
30-1000°C, achieved in a monolithic compression mode
accelerometer, indicating high stability and reliability in the
harsh environment [6].
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V. CONCLUSION

The electromechanical properties of piezoelectric
crystals in the rare earth oxyborate family, including
YCOB, GdCOB, ErCOB, SmCOB, NdCOB and PrCOB,
were explored as a function of the rare earth cation radius,
with maximum values observed for PrCOB crystals. The
relationship between crystal structure and electromechanical
properties for ReCOB crystals were believed to be related to
the Re*" ion radius and/or Re-O bond length and disorder
distribution of Re®" and Ca®' cations. A consequence of
increased disorder was the reduced electrical resistivity and
mechanical Q, as confirmed in PrCOB crystals. YCOB
crystals were found to possess linear characteristics of the
frequency temperature behavior up to 1000°C, promising for
temperature sensor applications, while NdCOB and PrCOB
crystals exhibited nonlinear behavior in the temperature range
of -140 ~200°C, leading to zero TCF characteristics for the
potential in BAW resonator applications. Figure 9
summarizes the main properties of NdCOB and PrCOB
crystals, compared to other commercial piezoelectric crystals
with zero TCF and turnover temperature at 20°C. As shown,
NdCOB and PrCOB offer significantly  higher
electromechanical coupling factors, together with the wide
temperature usage range, make them candidates for BAW
resonator applications [14].
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Modeling Phase Noise in Multifunction
Subassemblies

Michael M. Driscoll*

Abstract — Obtaining requisite phase noise performance in
hardware containing multifunction circuitry requires
accurate modeling of the phase noise characteristics of each
signal path component, including both absolute (oscillator)
and residual (non-oscillator) circuit contributors. This
includes prediction of both static and vibration-induced
phase noise. The model (usually in spreadsheet form) is
usually refined as critical components are received and
evaluated. Additive (KTBF) phase noise data can be
reasonably estimated, based on device drive level and noise
figure. However, accurate determination of component
near-carrier (multiplicative) and vibration-induced noise
usually needs to be determined via measurement. The
model should also include the effects noise introduced by IC
voltage regulators and discriminate between common vs.
independent signal path residual noise contributors.

I. INTRODUCTION

Accurate prediction of the spectral characteristics of
signal generation and reception circuitry early in the
hardware design phase is essential as it quickly identifies
those circuit elements that are major noise contributors
and performance limiters. Simplified, pre-design
modeling is also helpful during proposal development in
terms of identifying technology tradeoffs and making
realistic assessments of attainable performance, risk,
cost, etc. As oscillator noise reduction techniques and
resonator characteristics have progressed, it can no
longer be safely assumed that the phase noise
contribution of the non-oscillator components can be
largely ignored, especially in the presence of significant
vibration and acoustic stress [1-5]. Modeling should
include all possible or suspected major noise contributors
in signal path circuitry and is time-consuming from both
the standpoint of gathering data and entering it into the
model. Nevertheless, it is considered a very necessary
and worthwhile effort - one that is far less expensive in
the long run, compared to the consequences fabricated
hardware exceeding phase noise specification limits.
The proposed model treats absolute (oscillator) phase
noise separately from total residual (non-oscillator)
signal path noise, with the two contributors added
together at the hardware output signal ports.

*Written while employed by Sycom Services, a subsidiary of
Ameriforce Craft Services, under contract to Northrop
Grumman Electronic Systems, Baltimore, MD.

II. ABSOLUTE PHASE NOISE
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Oscillator output signal phase noise can be inserted into
the model as measured, vendor-advertised, or formulated
data. Figure 1 shows a simplified block diagram of an
oscillator incorporating a modular amplifier sustaining
stage [5-6].

Frequency Control Element {FCE)
i.e., Resonator, Multi-pole Filter,
or Delay Line

Figure 1. Feedback Oscillator Block Diagram

The data entered into the spreadsheet includes the
amplifier open loop power input, noise figure, and
multiplicative (usually 1/f) noise, and frequency control
element (FCE) in-circuit group delay, and short-term
frequency stability (self-noise). In a well-designed
crystal or SAW oscillator, the FCE self-noise is usually
the primary contributor to output signal near-carrier
phase noise [6-9]. Amplifier multiplicative noise may
be entered as a 1Hz intercept value or as measured data.
Similarly, the white phase noise (floor) level may be
computed from the noise figure and input drive level,
with a “fudge factor” sometimes included to account for
noise floor degradation with amplifier in-compression
operation [10]. FCE self- noise may be entered, based
on measured data or past experience. Sustaining stage
measured data should be gathered at the actual amplifier
operating point and powered from the intended voltage
regulator, with the noise measurement system self noise
accounted for. The output signal phase noise single
sideband level can be calculated from these parameters
as:

10 log[((1/2mtf)*+1) (K /f+K,) + Ka/f] (1)

The numeric inside the outer brackets represents one half
of the power spectral density (PSD) of the phase
fluctuations. The K,/f+K, terms represent the open loop
PM noise of the non-resonator portion of the oscillator
(the sustaining stage amplifier and other functional sub-
circuits). K,/f is the amplifier 1/f PM component. If the
measured open loop 1/f PM noise at f=1Hz is -
140dBc/Hz, then K,=can be entered as 10, K, is the
white noise component. K,=10"*/10 where “XX” is the
additive (i.e., KTBF) phase noise level in dBc/Hz = —
177dBm/Hz-Pin(dB)+NF(dB). K3 is a term that



accounts for the FCE self-noise that, in acoustic
resonators and delay lines most often occurs as flicker-
of-frequency noise in the oscillator. When measured in a
phase bridge using an external signal generator, this type
of instability induces flicker-of-phase (10dB/decade)
noise onto the carrier signal. In oscillators comprising
discrete component sustaining stages, the model must
take into account the effect of the FCE frequency-
selective impedance characteristics on the active device
noise contributors [11-13].

IV. RESIDUAL PHASE NOISE

Like absolute noise, non-oscillator component, residual
noise can be inserted into the model as measured,
vendor-advertised, or formulated data. Usually the
residual phase noise PSD contains a flicker-of-phase
(Ky/f) component and a white noise (K,) component as
described in section II [1].

Measured data should be obtained with the UUT
operated at the intended drive level and operated from
the intended DC supply or voltage regulator. If/when the
device phase shift is influenced by DC supply voltage
fluctuations, the phase noise PSD characteristic may be
degraded and deviate from the K;/f+K, type
characteristic, depending on the DC supply/voltage
regular noise characteristics and internal device design
(feedback control loop peaking, etc.)

V. COMMON vs. INDEPENDENT SIGNAL PATH
NOISE

When more than one signal drives a signal path device
like a mixer, accurate phase noise modeling requires that
a distinction be made between phase noise that is
common to the device input signals and that which is not.
For example, consider the simplified block diagram
shown in figure 2.

_S¢2(f) Doven-converting
Mixer
limes M —
Frequency -
Multiplier Qutput
Z E(M-1/N)
Divideby N
L Frequency
.
S¢1(f) Divider
Master * additional signal
Oscillator S3(f)  path components

s¢osc(f) F,,

Figure 2. Common vs. Independent Signal Path Noise

S¢osc(f) represents the oscillator absolute phase noise,
S¢1(f) the common signal path residual phase noise, and
Sea(), Ses(f) represent the independent signal path
residual phase noise, including the residual noise of the
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multiplier and divider, referenced to the device outputs.
The phase noise PSD at the mixer output is:

(M-1/N)?Sgose() + (M-1/N)*Sgi(f) + Sea(f) + Ses() ~ (5)

III. PHASE-LOCKED OSCILLATORS

The use of a phase-locked loop (PLL) is a widely used
technique for imparting the near-carrier phase noise and
long-term frequency stability of the PLL reference input
signal to the locked oscillator (VCO), while retaining
phase noise characteristics of the VCO at carrier offset
frequencies in excess of the loop bandwidth [14-15]. In
addition, the PLL is also used in indirect frequency
synthesizers in order to provide frequency agility. Often,
the entire PLL is available in integrated circuit chip form
where the loop frequency/phase detector and frequency
dividers are digital logic level devices. Figure 3 shows a
simplified block diagram of a phase-lock loop.

Phase Loop Loop
Detector, K, Amplifier, K, Filter
Saall) Self)  Sul) Sgucalf)
Programmable LPF > Fls) VCo,
Divide-by-M Ko
.
Sgelf)
Reference
Signal SW"L Programmable
Divide-by-N

Figure 3. Phase-lock Loop Functional Elements

When the PLL is configured in discrete component form,
classic formulas apply for modeling the output signal
phase noise. In Figure 3, Syr(f), Sgvco(f), Sem(), Sen(f),
and Sya(f)/2K,” are the phase noise PSDs of the
reference signal, VCO, frequency dividers (at the
divider output), phase detector, and loop amplifier. The
amplifier equivalent input noise voltage (volts"2/Hz)
divided by two (50% AM, 50% PM) times the detector
constant squared yields the equivalent amplifier phase
noise, and includes input current noise flowing through
the external input resistance. The open-loop gain is:

Gor = (Kp)(KA)(F(s))(Ko/s)(1/N) (2)
The phase noise PSD of the phase-locked VCO is:
(Sor(D/M*+S (D +Sen(D+Syn(f)/2K ) times
((N)(Gov)/(1+ Gor))’ plus SevecoD/((1+ Gor)) (3)

The phase noise of the components depicted in figure 3
can be modeled as described in sections II and III. From
a phase noise standpoint, the optimum PLL bandwidth is
usually at/near the frequency where the free-running
VCO phase noise level is equal to that of all the non-
VCO noise contributors times N” In phase lock loops
incorporating logic level frequency dividers with high N
divide ratios, the divider noise often limits output signal

Sgolf)



phase noise performance. Manufacturers of PLL ICs
often specify PLL phase noise performance in terms of a
“normalized phase noise floor” or Figure of Merit
(FOM). The FOM has been defined in the literature as:

Linz = Litoor - 20log(N) -10log(F. ) 4)

Loor s the “in-band” (inside the PLL bandwidth) single
sideband, white phase noise level, N is the loop feedback
division ratio, and F, is the phase (detector) comparison
frequency [16].

VI. VIBRATION-INDUCED NOISE

Vibration-induced phase noise is very often the dominant
contributor to hardware output signal phase noise in the
frequency offset region where vibration is impinging on
sensitive components. Although this region often does
not extend beyond 1-2kHz, the resulting phase noise
degradation can extend to many times that frequency if
when mechanical non-linearities exist. Examples of non-
linearities include: loose particles from machining or
galling, loose parts from assembly i.e. washers), lightly
sprung electromechanical relays, and improperly secured
electrical components, wires, cables, covers, and inner
enclosed subassemblies. Even a slight amount of
scraping between parts can cause a problem, as well as
lack of flatness between large area enclosure surfaces.
Mechanical resonances will cause amplification of the
vibration level at the resonance frequency, where the
vibration PSD level increase is proportional to the
resonant Q factor squared [3].
Oscillator vibration induces changes in the oscillator
loop phase shift and/or resonator resonant frequency that
induces frequency modulation (FM) onto the oscillator
output signal. Since the oscillator FCE represents the
highest group delay component in the oscillator, it’s
vibration sensitivity is the dominant source of vibration-
induced FM. Oscillator and oscillator resonator
vibration sensitivity (I'y) is usually expressed on a
fractional frequency basis, with I'y = 8f/fy per g. The “f”
subscript is used here to denote fractional frequency
sensitivity to vibration. If the oscillator FCE is a delay
line whose phase shift at the operating frequency varies
according to a phase sensitivity to vibration (I'y) in units
of radians per g, the resultant oscillator fractional
frequency vibration sensitivity can be expressed as:

I't =21l /1y (6)

where T equals the delay line delay or multipole filter
group delay in seconds [3]. If the vibration is random,
the vibration PSD is usually denoted as S,(f), and the
vibration-induced, oscillator phase noise PSD is given
by:

So(D) = SH(Tfy/D?) (M
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where f'is the carrier offset (vibration) frequency.

Unlike oscillator vibration, vibration in non-oscillator,
signal path components induces phase modulation onto
the carrier signal. Sensitive signal path components
include narrow band (high group delay) filters and other
narrowband circuits used for impedance matching, etc.
Also included are broadband components like coaxial
cables, optical fibers, and connectors [3, 17]. Cables are
sensitive because they are usually free to move between
points where they are secured and can scrape or hit
against printed boards and enclosures and because their
movement can induce changes in effective length and
characteristic impedance, and can also induce motion in
coaxial connectors — especially bayonet and “push-on”
styles. When vibration results in signal PM, the use of
I'y is recommended for use in noise modeling, and the
vibration-induced phase noise is:

So(f) = S(D(Ty) (8)

For coaxial cables, I'y is usually varies with the vibration
frequency. Filter vibration sensitivity can be represented
in fractional (center) frequency or phase sensitivity form.
If represented as a fractional frequency term, the
vibration-induced phase noise is:

Se(f) = Se(H((2mT 1—‘ffo)z) (®

where 7 is the filter pass-band group delay. Band-pass
filter vibration-induced phase noise is subject to the filter
transmission selectivity response, and vibrating filter
resonators can induce a non-uniform effect on vibration-
induced filter PM [18].

The most common method for reducing the spectrally-
degrading effects of vibration is the use of passive,
mechanical vibration isolators. These devices attenuate
vibration levels at frequencies above their resonant
frequency, amplify vibration at the resonant frequency,
and exhibit unity transmission below the resonant
frequency. The expression defining the transmission
response of a mechanical isolation system is:

T=sqre((1-+((FQE)DN/((1-((FE))*) +H(F(QE))))) (9)

where Q and f,, are the Q-factor and resonant frequency
of the isolation system or vibration isolators. Figure 4
shows the theoretical vs. “realistic” isolator transmission
response characteristics.  For random vibration, the
output vibration PSD is equal to the input vibration PSD
times I'”. The dashed line in figure 4 is in recognition
that most isolation systems do not provide attenuation in
excess to 20 to 30dB. Figure 5, which shows the
measured transmissibility of a low frequency isolation
system, clearly demonstrates this effect [19].
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Figure 5. Measured Isolation System Respbnse

VII. STATISTICAL VARIATION

When modeling both absolute and residual noise,
variations in individual device or subassembly signal
path noise levels (especially near-carrier phase noise)
must be taken into account. Typical variability must
usually be gleaned from measured data. Although some
suppliers do provide typical vs. guaranteed levels,
statistical data is usually not supplied. For example,
short-term stability variations on the order of 10dB or
more are typically observed for “identically” fabricated,
VHF quartz crystal resonators [20]. Figure 6 shows the
results of measurement of identical part number, tape and
reel HBT amplifiers operated at UHF.
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Figure 6. Measured PM Noise for Identical Part Number,
UHF HBT Amplifiers

VIII. SPREADSHEET EXAMPLES
Examples of noise modeling spreadsheets are shown in
the Appendix.

IX. CONCLUSIONS

Obtaining requisite phase noise performance in hardware
containing multifunction circuitry requires accurate
modeling of the phase noise characteristics of each signal
path component.
Accurate prediction of spectral characteristics early in
the hardware design phase quickly identifies those circuit
elements that are major noise contributors and
performance limiters.
It cannot be assumed that the phase noise contribution of
non-oscillator components can be ignored, especially in
the presence of significant vibration and acoustic stress.
Modeling is time-consuming, but is far less expensive in
the long run, compared to the consequences fabricated
hardware exceeding phase noise specification limits.
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Figure 7. Example of a Crystal Oscillator Noise Modeling Spreadsheet
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Figure 8. An Example of a Phase-locked Oscillator Noise Modeling Spreadsheet

Phase Noise Sideband Level (dBc/Hz)

Estimated PLL Signal Phase Noise Spectra

-70.0 e | JHF VCO Static Phase Noise Sideband Level {dBc/Hz)
-80.0 T otal PLL Reference Noise, Referred to UHF (dBc/Hz)
: \ == Estimated Phase Noise Sideband Level of Phaselocked YCO (dBe/Hz)
-90.0 s HF InpLL Phase Noise Level at HF {dBc/Hz)
' == =PLL Detector, Divider, and Loop Amplifier Phase Noise, Referred to HF (dBe/Hz)
"
-100.0 ~
1100 \\
-1200
-130.0
\.
-~
-140.0 S =
\ P i \
-'___
-160.0 | —
10.0 100.0 1000.0 10000.0 100000.0
Frequency (Hz)

Figure 9. Typical PLL Modeling Results

91



A B [c D L. E F [ G [ [ [ [ [ [
1 Effects of Vibration On Oscillator Phase Noise | | | | | |
; ; Oscillator | Total — '
Camer 3?{;’”5‘3;?: Vibration PSD at| Sg‘i”‘r\?tn?;e Vibration- Oscillator -700 ‘QdSBcc‘l-latZO)r Statlc NO‘SE Level
% Freq |Frequency Sensitivty the Isolated S Induced Phase \/\ .
Hz) et Oscillator Beitlz) |FEse Noise | Noise 000 ===Tofal Oscillator Phase Noise
Crh rend) @BeHz) | BeHz) | (@BeHz) (dBciHz)
3 10 10E08 | 300E10 ZA7EDD 047 785 764 \
] 6 3 AEED3 007 221 20 1100 A
5 25 1 30E03 067 850 850
B 40 0 04E 03 27 850 60 \
7 &3 3 00E02 187 835 855 1300 Ny
B 100 1 0BE3 a247 1032 052
g 158 T19E04 A307 4167 165 \\
0 | 251 2 20E 05 %67 127.9 273 150.0 ‘\-
1 308 7 50E06 426 1367 357
12 | 6ol 7 50E06 465 407 401 *
13 | 1000 7 S0E08 A543 447 EFVE] -170.0
4 | 1585 7 S0E0B A50.7 487 EFER) —
15 | 2512 7 50E06 644 4527 524
16 | 3081 T00E07 EEEH] 4755 674 -190.0
17 | 8310 1.00E07 708 4795 702 10 100 1000 10000 100000
18 | 10000 1 00E07 726 835 722
19 | 15649 1 00E07 730 4875 A7a7
20 | 25110 T 00E07 748 915 748
21 | =811 T.00E07 755 055 755
22 | 609% T 00E07 760 51995 760
25 | 100000 T 00E07 764 2035 764

cells D3 - D23 copied from spreadsheet page with vibration input and vibration isolation system responses
cells E3 - E23 copied from spreadsheet page with oscillator static noise calculation

cell F3 = 10*LOG(((B$3*C$3/A3)"2)*D3/2)

cell G3 = 10*LOG(10~(E3/10)+10/(F3/10))

Figure 10. An Example of a Crystal Oscillator Static + Vibration-Induced Noise Model
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Figure 11. An Example of Residual Static + Vibration-Induced Noise Modeling
Note the degrading effects of both vibration in the Band-Pass Filter and Coaxial Cable(s) by comparing the data in columns
G, M, and O
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Vibration Isolation of Acceleration Sensitive Devices
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Abstract— Significant vibration exists in many applications such
as aircraft, ground vehicles, ships, and even in the laboratory
due to cooling fans, footsteps, etc. The acceleration sensitivity of
frequency control devices often requires that they be isolated
from their vibration environment in order to maintain the
required stability. Even the latest advances in acceleration
compensation of oscillators require high-performance vibration
isolation systems to reach their full potential. This paper
presents an approach to the design of vibration isolation systems
tailored to the needs of the package designer for an acceleration-
sensitive device. The approach starts with the vibration
environment, the maximum allowable device acceleration, and
the space available and arrives at sufficient information to select
candidate off-the-shelf isolators or specify custom ones.
Limitations and trade-offs inherent in practical isolation systems
are presented as well as common pitfalls awaiting the designer.

L.

The designer responsible for packaging of an acceleration-
sensitive device will likely find that the required stability
cannot be achieved without taking additional measures.
Reference [1] describes in detail how to perform the
calculation of the maximum allowable level of vibration for
the device whether its sensitivity is best characterized by
fractional frequency sensitivity or phase sensitivity and
whether the noise generated is broadband or discrete in nature.
Broadband noise places an upper limit on the power spectral
density of acceleration, S, in units of g*/Hz, whereas discrete
noise places an upper limit on the peak acceleration, G, in
units of g or multiples of the acceleration of earth’s gravity.
Both S, and G may vary with frequency offset from carrier,
corresponding to the modulation, or vibration, frequency. For
the purposes of this paper, only broadband noise will be
considered. However, the approach is similar, and somewhat
simpler, for discrete noise.

INTRODUCTION

Once the allowable level of vibration has been determined,
it must be compared to the vibration environment to determine
whether additional measures need be taken. Knowledge of the
applicable vibration environment may come from design
specifications or it may be inferred from what is known about
the intended end-use environment.

978-1-61284-110-6/11/$26.00 ©2011 IEEE
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IL.

Example vibration levels associated with a few end-use
environments are shown in Fig. 1. The appropriate level,
combined with any influence of intervening structure, forms
the excitation power spectral density, S,. Thus, additional
measures are required if S, > S,. The transmissibility, 7, or
ratio of output to input motion needed, is given by

VIBRATION ENVIRONMENT

(1)

such that the attenuation required corresponds to 7< 1 and
the amplification permitted corresponds to 7> 1.

II1.

If required, attenuation is most often achieved through
vibration isolation. A vibration isolation system consists of
several passive isolators, each having sufficiently low stiffness
to produce the desired attenuation at frequencies of interest.

ATTENUATION
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Figure 1. Example vibration levels for (a) aircraft', (b) wheeled vehicles?,
(c) ships®, and (d) the laboratory of an orbiting space station®.

! Jet at 0.9 Ma, sea level, far from engines [2] Method 514.6
% Composite wheeled vehicle, vertical [2] Method 514.6

3 Unlisted ship types [3] Category V

* Non-isolated racks [4]



Note that a passive isolation system will amplify vibration
at frequencies below those of primary interest. Thus it is
critical to properly define the minimum frequency of interest
or, at least, provide for a range of frequencies over which
amplification is permitted.

Some of the unique aspects of isolation system design
when its purpose is primarily to provide for adequate
frequency or phase stability are

. is usually not

Device fragility a driving

consideration.

Individual isolator size is of greater concern than
the number of isolators.

The isolation system design is just one of several
inter-related inter-disciplinary systems which
must be optimized simultaneously, such as
electrical design and mechanical packaging.

The first aspect focuses the approach on the attenuation
characteristics of the system with transmitted acceleration a
lesser concern. The second aspect permits isolator size to be
driven by displacement requirements and not the force due to
gravity, etc. The third aspect places an emphasis on
designation of isolator stiffness, size, and sway space as
dependant variables more so than the design of isolation
systems for other purposes.

The fundamental characteristics of a vibration isolation
system are its natural frequency, f,, and sharpness of
resonance, (). These characteristics can be determined by
assuming the isolation system behaves as a single degree-of-
freedom under-damped system. This is a simplification of
realistic isolation systems such as the one diagramed in Fig. 2.

The transmissibility of such a system is given by [1]

2
A
5,0

A plot of (2) is shown in Fig. 3 for O=3, a typical value for
isolators.

(4 /

Figure 2. Diagram of an isolation system.
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Figure 3. Transmissibility of a single degree-of-freedom system for O=3.

Solution of (2) for the upper limit on natural frequency
yields

3)

—b—~b*—4ac
f;wl = 2a

where

a=T"-1
2

b= TQzl—sz =
c=T*f".

Equation (3) is plotted in Fig. 4, again for O0=3, for several
values of T.

Anticipation of 7<(0.1 is not realistic due to the inevitable
presence of multiple degree-of-freedom behavior [1]. If such
attenuation is required, multiple cascaded stages of isolation
must be considered. If there are several offset frequencies for
which attenuation is required, (3) can be used to determine the
lowest value of f,, This is the upper limit on natural
frequency under conditions where performance is required.
However, as will be shown in the following section, there is a
lower limit on natural frequency as well, dictated by the need
for the isolators to survive.

Given f,,; and the isolated weight, w, the upper limit on
system stiffness, k,;, is obtained from [5]

kul = E (2” f;ml )2 (4)

g

where g is the acceleration of earth’s gravity.
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Figure 4. Relationship of the upper limit on natural frequency to the
transmissibility required at a particular offset frequency for O=3.

Given the isolated mass, the upper limit on system
stiffness rules out combinations of isolator stiffness and
number of isolators which result in a greater system stiffness.
For this to be true, the center-of-gravity (CG) and center-of-
elasticity (CE) must be coincident or very nearly so. The CG
is, of course, the point on which the mass will balance without
rotation. Conversely, the CE is the point on which a force can
be applied resulting in equal deflection of all isolators. If the
CG and CE are not coincident, so called “coupling” will occur
and it becomes necessary to consider rotational response to
translational excitation. Furthermore, device sensitivity to
rotational acceleration is a relatively unexplored area.
Substitution yields

kul =

T -1

2

)—\/{2# —TZQZ_IT —47*(17 -1)

2(r* 1)

)2 [ZTz—

Yoxrs
g

()

IV. PRODUCIBILITY

It is unrealistic to expect an isolation system to exhibit the
same natural frequency over time and from unit-to-unit. Thus,
the upper limit on natural frequency, f,.;, will be accompanied
by a lower limit on natural frequency, f,;, separated from the
upper limit to some extent. The separation may be defined by
a factor F as follows

(6)
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The actual value of F is a result of at least

e  Unit-to-unit variability due to manufacturing

tolerances on natural frequency of up to 30% [6].

Temperature sensitivity exhibited by elastomers
resulting in natural frequencies varying by 15% to
60% depending on material and temperature
range [7].

Anisotropy, especially for wire rope, resulting in
natural frequencies varying by 60% to 200%
depending on the configuration and direction of
displacement [8].

Strain sensitivity exhibited by both elastomers
and wire rope result in natural frequencies
varying by 30% to 70% depending on strain
amplitude [7].

The values of F'in Table I are appropriate for rough sizing
of isolators to help ensure that they are producible.

TABLE L. PRACTICAL SEPARATION OF NATURAL FREQUENCY LIMITS
Type of Isolators F
Off-the-shelf isolators 3.0
Custom isolators 2.0
Custom isolators operating under limited conditions 1.2

V. ISOLATION SYSTEM SIZE

A.  Sway Space

The lower limit on natural frequency typically defines the
sway space required. Damage to the device could occur if the
sway space were not adequate for the deflection, resulting in a
collision. Assuming single degree-of-freedom behavior, the
rms displacement of the isolation system is

rms = g 2 Grms (7)
(27 1,)
where G,y 1s the rms acceleration response. In general
NN ®)

It can be shown that the rms acceleration, when S, is
reasonably flat (white), is [9]

|5 1:05.(7,)

where S,(f,) is the excitation PSD evaluated at the isolation
system natural frequency. A common assumption is that the

G?" ms

)



sway space, s, needed to accommodate the maximum

displacement is

s=3d (10)

rms °

This assumption is based on the fact that due to Gaussian
random vibration, displacements which exceed three times the
rms value occur less than 0.3% of the time and can be ignored.
Thus, the sway space needed to equal the maximum
displacement of the isolation system is

f;'tul
F

It is apparent that the lower the natural frequency, the
larger the sway space required. The mechanical package, then,
must leave sufficient room to include the sway space plus any
desired clearance.

3
3gF?
3

(@7z) 12

nul

2 0s,

11
) (11

B. Isolator Size

The lower limit on natural frequency also defines the size
of the isolator required. An isolator not large enough to
accommodate the maximum displacement would be damaged
even if the sway space were available. Thus, any isolator
considered must have its maximum permissible displacement
compared to the maximum displacement calculated in the
previous section. Even isolators large enough to accommodate
the maximum displacement could be damaged if the
displacements were repeatedly applied, eventually resulting in
fatigue failure. A useful assumption is that the relationship
between displacement and the number of cycles to failure at
that displacement follows the so-called “power law” [10]

2m
N{ﬁ}
dCA

where dc, is the constant amplitude displacement and N is
the number of cycles to failure which generally occur at the
rate dictated by the system natural frequency, f,, such that

12)

N=ft (13)

where ¢ is the time to failure in seconds. The constants d,
and m depend on the make-up of the isolator.

The exponent, m, determines the relative damage done by
displacements of differing amplitudes. Published values of m
range from approximately 1.6 to 2.0 for elastomers [9, 11, 12]
and similar values can be found for wire rope in bending [13,
14]. A value of m=1.6 is a conservative value useful for rough
sizing.

The factor, d,, is the value of d., that corresponds to
N=10°=1 when extrapolated from much larger numbers of
cycles. However, this is not literally the displacement that
would cause failure in one cycle. The maximum permissible
displacement of the isolator can be quite different than d.
Published values of d, indicate that it is roughly proportional
to the height of the resilient portion of the isolator, 4, for the
most compact isolator types. That is

Ch

d, (14)

where the constant of proportionality C, ranges from
approximately 20 to 40 for elastomers [9, 11, 12]. Similar
values can be found for wire rope in bending [13, 14]. A value
of C=20 is a conservative value useful for rough sizing. A plot
of the power law relationship is shown in Fig. 5.

The data that is available for determining these constants
are based on tests of isolators conducted with constant
amplitude displacement as indicated by the definition of d¢,.
To meet our needs it is necessary to determine the constant
amplitude displacement which is equivalent to the random
displacement experienced by isolators subjected to broadband
random vibration.

Miner’s rule provides a means of accumulating the
damage due to displacement at various amplitudes [9]. By
accumulating the damage due to Gaussian distributed
amplitudes using the value of m given above, it can easily be
shown that a constant amplitude displacement of
approximately two times the rms displacement produces
equivalent damage. Thus

(15)

rms *

10

Const. Ampl. Displ. / Height, d, /h

10° s L4 s e T
10 10 10 10 10 10
Number of Cycles to Failure, N (cycles)

“Power law” relationship between displacement and number of
cycles to failure.

Figure 5.
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Making substitutions and solving for 4 gives

(

3 1

2 2m

1

2gt*"F

(16)

Using (16), it is possible to roughly estimate the size of
each isolator required to meet the durability requirements.

VL

Examples of vibration isolators for use with acceleration
sensitive devices are shown in Fig. 6. The typical resilient part
is an elastomer or wire rope. Examples of elastomers used are
natural rubber and silicone rubber. Wire rope is typically
corrosion resistant steel. In either case, metal flanges or other
features are incorporated which permit the isolator to be
mechanically attached to both the isolated mass and the
supporting structure.

ISOLATOR SELECTION

A.  Off-the-Shelf Isolators

Off-the-shelf isolator selection begins with the height
determined from (16). From among all candidate isolators,
only those whose resilient portion has a height in excess of h
need be considered. Next, comparison of the required sway
space from (11) with the maximum permissible deflection will
rule out more. Finally, determine the number of isolators of
each type which results in the total stiffness which is close to,
but does not exceed, the stiffness obtained from (5). From the
remaining candidates, choose the one that has an agreeable
number of isolators (typically four, six, eight, or more) as well
as maximizes design margin in other areas.

Figure 6. Typical vibration isolators for used with acceleration sensitive
devices. The resilient element is often (a) an elastomer or (b) wire rope.
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B.  Custom Isolators

There are often gaps between series of isolators which can
be filled with custom designs. Isolators with resilient parts
made of elastomer lend themselves to customization in more
ways than wire rope. With either type of isolator the
dimensions of the resilient part and of the attachment features
can be customized. With elastomers, the material properties
can be adjusted. Wire rope can be exercised and/or lubricated
to adjust its properties.

VIL

There are several pitfalls that the package designer for an
acceleration sensitive device is likely to encounter. First, there
are a number of assumptions inherent in the method shown or
ones like it.

COMMON PITFALLS

e  Although the sharpness of resonance, O0=3, has
been assumed, it can vary between 2 and 10
depending on the resilient material, strain,

temperature, and chemical exposure.

The stiffness indicated here must be the dominant
stiffness. “Shorting” stiffness in parallel with the
isolators, such as from wires or cooling air ducts,
must be much less.

Applications which have significant constant
acceleration or shock levels, have survival
vibration levels which exceed the performance
vibration levels, or must endure conditions which
cause significant creep, will require more sway
space than indicated here. However, it is possible
to include bumpers which limit sway to that
indicated here with the penalty of higher
transmitted acceleration.

Estimates of fatigue life are extremely rough.
They do not consider the cumulative damage
from vibration in multiple directions. At best they
are a prediction for the median of the population.
In order to account for scatter in the data, a safety
factor 3 to 10 on life may be appropriate
depending on the criticality of the application
[14].

Second, for the reasons given above and others, it is
absolutely necessary to confirm all conclusions formed by this
approach with the isolator supplier. The intent of this method
is to get the isolation system design in the right “ball-park” so
that major re-design is unnecessary at later stages of the
design process.

Finally, creative packaging engineers often fall prey to the
temptation to design their own vibration isolators. This almost
always ends in disappointment as the lessons learned by
experienced designer/manufacturers cannot be leveraged. If
even just one of the several inter-related design constraints is
ignored, performance, durability, and/or producibility will
suffer.



VIIL

Consider the design of packaging for an acceleration
sensitive device weighing 1 Ib which has an upper limit on
power spectral density of acceleration of 4 x 10™ g%/Hz at 300
Hz offset. The device is to be deployed on the aircraft of Fig. 1
(S=4 x 107 gz/Hz) for 10 hours. The required transmissibility
from (1) is

EXAMPLE

Assuming Q=3, (3) provides the upper limit on natural
frequency f,,~=70 Hz and (4) limits the system stiffness to be
no greater than

k

ul

16 (2270)* =501 1b/in.

or 125 Ib/in. each for a four isolator system.
Assuming off-the-shelf isolators are desired (F=3.0) the
sway space from (11) is
3
3-386-3.02
§=——

27) 702
(27)

%-3-0.04:0.11111.

Furthermore, from (16), in order to have sufficient
durability, the resilient portion of the isolator must have a
height at least

3 1

2-386-(10-3600)2.11_63_0(2‘2.1.6) T

—3-0.04
2

3 1

(27)* - 20- 70(7R]
=0.27 in.

Examination of isolator catalogs, following the steps
outlined in section VI of this paper, readily leads to candidate
isolators employing either elastomers or wire rope. These
candidates can form the basis for packaging concepts.

IX. CONCLUSION

This paper presents an approach to the design of vibration
isolation systems tailored to the needs of the package designer
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for an acceleration-sensitive device. This approach is not
rigorous or all-inclusive but it does establish realistic
expectations for the size and performance of the isolation
system early in the mechanical design process. Armed with
only the required stability and vibration environment, one can
perform rough sizing of the sway space and isolators. The
resulting stiffness can be used to identify candidate off-the-
shelf isolators or to begin the process of specifying custom
ones. The approach respects limitations imposed by
producibility while warning of common pitfalls.
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Limited Live-time Measurements of Frequency Spectra
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Abstract—Frequency-difference-of-arrival (FDOA) can be used
to monitor and track an emitter’s location by observing Doppler
frequency shifts of the carrier during short pulsed
transmissions. This specific application needs to consider two
frequency-stability levels: the short t,,-average frequency
measurements and the sampling time interval between
measurements, denoted by 7, We show the advantage of using
“dynamic” ThéoH for 1,, frequency measurements. Between 7,
transmissions while powered off, the emitter’s reference-
oscillator frequency will change due to power-start thermal
variations, vibration, stress, and other frequency disturbances.
If we regard long-term frequency instability as an uncertainty
on an oscillator's expected or designated frequency, then the
dominant error of frequency prediction is likely to be the error
due to frequency drift and/or random walk FM, indicating the
non-stationary behavior or disturbances. A two-sample
variance is devised, called “Psi-variance,” that has desirable
statistical properties similar to those of the Allan variance.
From this, we compute the power spectral density of frequency
fluctuations, S,(f), from which phase noise, L(f), can be derived.

I.  INTRODUCTION AND SUMMARY

We characterize an oscillating signal for applications in
which the oscillator itself is either only “on” or measured for
short times (1,,) between long, periodic or “stride” intervals
(T5), during which the oscillator is off for 1 - T,, seconds. A
statistic called Psi-deviation, W¥(T,,,Ts), 1s created that
estimates the frequency-prediction error from the last
frequency measurement. The variance of the prediction is
‘Pz(ron,‘cs), which is a time-averaged, two-sample variance and
provides desirable properties similar to the Allan variance.
The application is the tracking of an emitter, transmitting
only for short periods of time, by means of frequency
difference of arrival (FDOA). While the emitter’s oscillating
signal is on and transmitting (or being measured), receivers
calculate tracks based on Doppler shifts, that in turn provide a
navigation solution. On a two-dimensional plane, circular
error probability (CEP) due to the emitter’s oscillator noise is
minimized, given low enough phase noise and frequency
error during the interval t,,. Because T, is short and we want
to optimally characterize frequency stability, we compute
ThéoH [1]. Using 10 sequential segments of 1,,, we display
each segment’s ThéoH in a “waterfall” or surface plot, to
characterize the oscillator’s turn-on transient. =~ Dubbed
“Dynamic ThéoH”, or DThéoH, it allows us to compare the

Work of US Government, not subject to copyright.

U.S. Government work not protected by U.S. copyright
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time taken by different oscillators to obtain consistent ThéoH.
Oscillators having low enough cost, size, weight, and power
appropriate for power cycling are OCXOs and TCXOs or
oven and temperature compensated MEMs oscillators,
respectively. Section II details the measurement setup and an
example of DThéoH for an OCXO. Section III motivates and
develops frequency prediction error ¥(T.,,T;). Section IV
derives the relationship between W-variance in the time
domain and spectral density S,(f). Sections V and VI show
time-domain  and  frequency-domain  measurements,
respectively, comparing an OCXO and a TCXO in limited
live-time operation.

II. DyYNAMIC THEOH WHILE OSCILLATOR IS ON

We want to capture oscillator turn-on frequency stability and
establish dynamic ADEV as a useful format [2]. ThéoH is
preferred rather than ADEV since an oscillator is on for only
a short time compared to its off-time. ThéoH is a hybrid
(hence the “H”) of ADEV for short-term averaging times
plotted with a bias-removed version of Théo1, called ThéoBR
[3] for long-term. The Théo portion characterizes to 75 % of
a data run, whereas straight ADEV characterizes to only 20 %
[1]. To illustrate, ThéoH plots are generated from
measurements of oscillators powered on for a data run of only
3's. Fig. 1 shows the measurement setup. Dynamic ThéoH is
a waterfall graph where each 3 s run is parsed into ten
sequential time segments, then ThéoH is computed for each
segment and displayed as another waterfall plot, as shown in
Fig. 2.

Power-on Sampling Function:
35 60s 35 60s 35 60s 35 60s 35 60s 35

1
On  Off on..

DUT operating frequency, vit)
]j Beat frequency, vy(t)= vp- vit), ~10kk
post-

processing

DUT,
Buffered

LabVIEW control

Synthesized reffrequency, vy

Programmable
Synthesizer

Figure 1. The device-under-test (DUT) is a temperature-
compensated or oven-controlled oscillator with quartz or MEMs
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Figure 2. Dynamic ThéoH plot. Surface smoothness is a general
measure that the test oscillator has attained steady-state operation after
having been powered on.

Such plots provide a quick assessment of how long, and to
what degree, it takes an oscillator to settle down to a
consistent stability after being turned on.

We will use an example in which the emitter is repeatedly
turned on for t,, = 3 s every T, = 60 s. In addition to the
frequency that is traced during start-up, discussed above, an
important criteria is the start-up frequency reproducibility and
its characterization, described next.

II. FREQUENCY PREDICTION ERROR FOR
MULTIPLES OF Tg

We wish to estimate an oscillator’s frequency at its next turn-
on. While there are any number of different ways to make
this estimate based on a history of actual measurements [4],
we construct a two-sample frequency prediction to mimic the
desirable properties of noise identification, convergence,
convenience, and acceptance provided by the two-sample
standard variance, better known as the Allan variance, and its
square root, ADEV [5]. The two-sample, no dead-time Allan
variance has widely accepted statistical properties, however,
limited-live applications have substantial dead-time.

Fractional-frequency error y,,(?) and its prediction at y,,(+7,)
is based on the reasonable assumption that (or one expects
that) any given manufacturer wants y,,(1+7,) to be the same
value as measured values of y,,(?). If we write y,,(t+17) =
(1+€)y,,(t), where € is a random variable, we also expect

1Y
—_— t—nt.
N;yun( )

nonstationary, without a central limit, rendering this average
of little or no practical use in the estimate of the frequency
error designated as P, t+7)- The efficient predictor in the

average to be dependent on N, i.e.

presence of random walk noise is p (r+7,)=y, (¢), the

last measured value of y,,. The variance of this expectation
can be written as a first difference

¥z, 0)=([,0+0)-0,0F ) O

where < - > denotes an ensemble average. Like AVAR, (1) is
the variance of an increment that converges in the limit.

DEFINITION: Samples of the fractional frequency-error
function y(¢) occur at a rate f; having an interval . _
0

fo
(setup shown in Fig. 1) . Given a sequence of fractional
frequency errors {y, : n=I,..,.M} with a sampling period
between adjacent measurements given by 1T,, we define the
mTy-average fractional-frequency deviate as

m— _ 1 m—1
y (t) = ZZ/:OJ}”*/’

where y,=y(t) with n=t/1, starting from a designated origin
ty = 0. We also define psi-variance from the space of all
possible two-sample increments as:

¥ie,.0)=([ <50 - - ]) @)

where < - > denotes an ensemble average and %73 is the

mean frequency over duration T,,=mT,. Fig. 1, top, shows
the sampling function associated with ‘I’z(‘con, T,) acting on
{Vu}, where T,, is called the averaging or live interval and T
- T,, is the oscillator’s dead time. Note that ¥*(T,,, Ts)
becomes twice the two-point standard (Allan) variance Gyz('cs)
if Top = T

IV.  RELATIONSHIP OF S, ( f*) TO W—VARIANCE

For computing the usual power spectrum, we start with
Parceval’s theorem:

Wi(z,,.7) =4[ [H(O[ 8,()df (3)

where H(f) is the frequency-domain response of the time-
domain sampling function of ‘I’z(‘con, T,) shown at the top of
Fig. 1. S,(f) of the emitter is multiplied by the FT squared of
the sampling function to obtain [H(f)*. We obtain:

‘Pz(r,’ron,q):4]&M(Sin(ﬂrlmf)sin(ﬂrqf))z 4)

where r = t/t; (starting from origin t;) is a counting index
r=1,2,3... representing the r'™ data run of 3 s duration.

The f-domain response function [H(f)]* is shown in Fig. 3.
This response is +20dB/decade like the Allan variance for
low frequencies up to the peak at ft;=%. There is insufficient
roll off above this peak, so white and flicker of phase noise
types will cause the level of W?(z 7 )to depend on fj in (4).

This kind of dependence, though, is not a concern as of yet,
since DUT random walk FM (and drift) are likely to
dominate limited-live applications, as discussed in Section
III, while white FM can occur from the measurement system
at short- term.
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Figure 3. Frequency response [H(f)|* of P2 (z,,,
r=I.

Table 1 compares the transform to frequency spectrum S(f)
of 1/2‘1‘2(1:0“, T,) and Gyz(’ts). We use the scaling factor “1/2”
in W41, T,) to normalize its result to equal Gyz(’ts) if
T,n=T,, 1.€., zero dead-time. Furthermore, the zero-dead time
Allan and 1/2‘1‘2(1:011, T,) respond identically to white FM noise
having equal frequency-spectral coefficient h, [6]. Flicker
noise is given in terms of Gyz(’ts) to simplify the formula.
The Table evidences the bias on Gyz(’CS) due to limited-live
operation of the DUT.

7)) in(3), T = ()20

We now observe the intrinsic level of random walk or drift
that properly characterizes the DUT as 1 approaches its
maximum around 2 s, using ThéoH. Since fast-frequency
measurements mask or are not sensitive to DUT-based PM-
noise types that would appear as “super white” FM-noise in
y(t) raw data, 2¥*(T.,, T,) is never biased by this noise when
compared to AVAR. Since the bias never occurs, the
unbiased white-FM-transform coefficient h, used for Sy(f)
does not depend on a high-cutoff, f.=1/(21,,), as indicated in
Table 1. Random walk (and drift) are slightly biased (depends
on r = TJ/T,, [7]) and the positive T-slope is the same for
Y4(1,,, T5) and Gyz(‘t). It is important to note that flicker-FM
noise using dead-time AVAR (here W (T,,=const., T,=T)) will
appear as white-FM noise [§].

TABLE L TABLE OF TRANSFORMS
Noise Allan Psi Variance
Type 2 L2
P O-,V (T) 3 \P (Ton > Tv)
White hy hy
FM 27 27
Flicker 2h 1
og?2
FM -1108 47 7, tanh™' Low
TS
h
5 | +27] In Ly
TDVV on
2
(t2+72)In [1 - T—ZJ
TS
Random 27°h, ’h
Walk 3 ¢ - 6n-7)
FM
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| Data set 128 I\

+1x10°S,

N Datasets1-4 |

| <— Av/v, = 107

0 1000 2000 3000

ms
Figure 4. 128 sets of raw fractional frequency measurements. Set 1 is the
first series of y(t), and the oscillator is first turned on from a “cold” start.
Each trace is 3 s worth of data repeating every 60 s during which the
oscillator is turned off. v, = 16.384 MHz.
It remains to be seen if flicker-FM can be reliably detected by
unraveling W-variance to obtain AVAR. However, this
distinction is wusually unimportant to Doppler-relevant
applications.

V. TIME DOMAIN MEASUREMENTS OF
OSCILLATORS

We use a commercial miniature OCXO and TCXO at 16.384
and 26 MHz, respectively, as DUTs for an example. Fig. 4
shows 128 raw y(t,,) data runs of 2 ms sampled
measurements on top of each other. At the very bottom, data
set #1 starts the test oscillator. One can see that the first four
sets capture a larger set-to-set overall variation than the
remaining 124. In real applications, the oscillators are not
cold-started but are in process, so the initialization sets such
as 1 to 4 can generally be ignored. We process individual
runs of Fig. 4 with dynamic ThéoH as described in Section II.
This is shown in Fig. 5 along with averages of ThéoH. One
can see that a consistent level of stability (drift+white FM) is
reached after about 60 ms. Measurements are an equispaced
sequence of fast-frequency errors, y(t), and are not time-
errors, x(t). Thus, measurement noise is white FM and not
typified by PM noise during runs of t,. Fig. 5 shows

measurement white FM in short-term, i.e., Gy(ro)cx'c'” 2,

TCXO

10°

ocxo 10°

107

102 10t 10° 10t
|€— DThéoH —>

Figure 5. ThéoH deviation (top) and dynamic ThéoH (DThéoH ) deviation
(bottom) for the OCXO and TCXO. Note that the longest tfor DThéoH
corresponds to 1/10 of the longest T for ThéoH.
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Figure 6. ‘W-deviation for the OCXO and TCXO. The minimum
averaging time is 7,=605s. T,, =3 s.

With the average of each data run, =3 (), we compute

‘I-’z(ron, Ts) using all runs. Results are shown in Fig. 6, where
we observe the level and rate of frequency reproducibility as
a function of ntg for each time that the DUT is powered on.
This level and rate may or may not limit other application-
specific goals. Likewise, with a given level and rate, one
may be forced to use application strategies or improve emitter
reproducibility to achieve goals. Our finding is that there is
no reliable method for estimating ¥'(T,y, T5) from 6,(7).

VI. FREQUENCY DOMAIN MEASUREMENTS OF
OSCILLATORS

Phase noise L(f) is important during limited-live Doppler
tracking. L(f) is a convenient standard used to determine the
error vs. range in offset-f, proportional to emitter velocity, as
set by the emitter. L(f) is computed from the fast-frequency
measurements obtained using Fig. 1. For a given t,, data run
sampled at ty, the fractional-frequency spectrum Sy(f) is
obtained from the discrete FT of the series [6]:

Y(mAf) = %i ke, )e )

where Af = 1/(N1y). The one-sided spectral density of y(t) is
computed by adding the squares of the real and imaginary
components of Y and dividing by the RBW of the data run:

{Re[Y(mAf)]}" +{tm[¥ (may)]}
Af

with BW = 1 Hz and RBW = Af. Converting to L(f), we use
[6]:

2
S (mAf)=2 (6)

1 v

L(mAf) = %S¢ (mAf) = XIS

and obtain L(f) plotted on log-log scales in Fig 7.

S, (maf) (D)

In practice, the noise of each limited-live spectrum affects
Doppler-track error. Averages of limited-live estimates of
L(mAf) are shown in Fig. 7 for TCXOs #1 and #2. A word of
caution — L(f) derived from fast-frequency measurements in
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Figure 7. L(f) for the OCXO and TCXO from dead-time measurements.

Fig. 1 will not be sensitive to white and flicker PM noise, as
mentioned earlier. This is not problematic to most limited-
live characterizations, since the measurement high frequency
cutoff (BW) is £, = 1/(21,) and T, is of the order 10~ in this
case. Thus, L(f) is not computed beyond f of several
hundred hertz, even in the best case.

For future studies, characterization of limited-live oscillators
in this paper will be used while such oscillators are subject to
temperature and vibration stresses.
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Abstract— This paper describes a greatly simplified model for
the prediction of phase noise in oscillators which use a negative
resistance as the active element. It is based on a simple circuit
consisting of the parallel addition of a noise current, a negative
admittance/resistance and a parallel (Q limited) resonant circuit.
The transfer function is calculated as a forward trans-resistance
(Vour/Iin) and then converted to power. The effect of limiting is
incorporated by assuming that the phase noise element of the
noise floor is KT/2 ie -177dBm/Hz at room temperature.. The
answer is the same as more complex analyses but enables a
simple clear insight into the operation of oscillators. The phase
noise for a given power in the resonator in the resonator appears
to be lower than in feedback oscillators. The reasons for this are
explained.

L.

The phase noise in oscillators often sets the ultimate limit
in communications and RADAR systems. It is therefore useful
to develop simple accurate linear theories which both
highlight the underlying operating principles and is simple to
use.

INTRODUCTION

Oscillator phase noise for feedback oscillators was first
described by Leeson [1] and the spectral density function was
shown. This equation was manipulated and shown to have an
optimum coupling coefficient between the resonator and the
feedback amplifier for minimum phase noise as presented by
Parker [2].

It is useful to develop simple linear theories from first
principles and a simple accurate linear theory was developed
by Everard at Philips Research Laboratories, UK in 1983 and
published in [3] [4] [5]. At that time a similar theory for
negative resistance oscillators was developed although some
of the noise aspects were not completely clear.

II.

The linear theory for feedback oscillators is based on the
model shown in Figure 1 where the single input is modelled as
two inputs which are added together. One of these is for noise
injection and the other for the feedback path. A transfer
function Vourmede2/ Vinz can therefore be calculated, converted
to power and a phase noise equation derived. The LCR circuit
is used to model the resonator (and can be used for most types

FEEDBACK OSCILLATORS
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of resonators. Any coupling transformers can be incorporated
by varying the values of L, C and Ry ogs.

VINZ
(noise) —»—

N

Vl,\ll

(Feedback) 4

-

Figure 1 Simple Phase Noise Model for Feedback
Oscillators

An equation for phase noise based on this model is shown
FkT 1.
L(f) .

in the following equation [5]:
2
: 2 2 N L
Where: S(Qo) (QL/QO) (I_QL/QO) P(fJ
1. N=1and A =1 if P is defined as PRF and ROUT = zero

2. N=1and A =2 if P is defined as PRF and ROUT = RIN
3 N=2and A =1ifP is defined as PAVO and ROUT = RIN

If we take assumption 3, this equation becomes:

FKT 7Y
8(0,)(0,/0,) (1-0,/0,) Pyyo\ f

L(f)=1.

It is interesting to note the equation is very similar to the
equation for power dissipated in a resonator (Pgposs) as a
function of Pavo



Pross = 2.2 (1 QL) P
RLoss = ¢\ L — 5| favo
Qo Qo
The power in the resonator is (Prross) 1S maximum and
hence phase noise is minimum when Q;/Q, = .. At this point,
half the power is dissipated in the resonator, % is transmitted
and Y is reflected.

This therefore means that the phase noise is minimum
when maximum power is dissipated in the resonator. This is
also discussed in [6].

The phase noise equation for minimum noise is therefore:

ELCE ’

PAVO f

It should be noted that this equation is half the value of
Leeson’s equation when the optimum Q;/Q, is included..
Leeson realised the factor of two shortly after he published his
famous paper (private communication from Prof Leeson).

L(f

This will be compared later with the phase noise equation
for negative resistance oscillators. This equation has been
found to produce very accurate modelling of the phase noise
of feedback oscillators (0 to 1dB) It also gives a clear insight
into the operation of oscillators.

III. NEGATIVE RESISTANCE OSCILLATORS

A number of models have been produced for negative
resistance oscillators [7-9]. A simple model for a negative
resistance oscillator is shown in figure 2. This consists of the
parallel addition of a noise current, a negative
admittance/resistance and a parallel (Q limited) resonant
circuit. The noise current is generated by Rjoss and for this
calculation the load resistance and noise figure are ignored.
This is similar to the model shown in a paper by Hajimiri and
Lee [9] although in their paper the calculation was performed
in a different way and the emphasis was on the impulse
sensitivity function.

The transfer function is calculated as a forward trans-
resistance (Vout/Iin) and then converted to power. The effect
of limiting is incorporated by assuming that the phase noise
element of the noise floor is KT/2 ie -177dBm/Hz at room
temperature

==
— H
Tu@ 1’ ( —: R/t:\‘\' RI(W'
I
I
, o---
v, . Resonator
Figure 2 Simple Model for a Negative Resistance
Oscillator

A. Calculation of the resonator Admittance
The admittance of the resonator is:

1 ) 1

Yees =m+]wC+—

RLOSS

If we now look at ® as the sum of a centre angular
frequency and offset frequency (wy + Aw) where A® is the
offset frequency:

—J .
RES (wo £ Aw)L Jiwo LOSS
Y, T4 (1 + Aw) ctt
= ](1) T~ —
" wo (1 + A—“’) L ’ @o LOSS
wo
At resonance: wyoL = 1/wyC Therefore
—JjwoC . Af 1
Yegs = V<t jw (1i—>C+—
RES (1 + i—f) ° fo Ryoss
0

Where wis the angular frequency.

Assuming that: Af << f; , then as:

Yres = jwoC (_ (1 + %) + (1 + %)) + R,j)gg

A 1
_f) .
fo Rposs

. wOC:L
Rposs

Yres = ijoc(

As Qo = RipsswoC

1

Yres = % [1 +2jQo (%)]

This equation also describes the resonant response around
the carrier for most other forms of parallel resonant circuits.

IV.  OSCILLATION CONDITIONS

If we now complete the oscillator by incorporating the
negative resistance, the input admittance becomes
142/Q (Af ) !

SRV

Under oscillating conditions the negative resistance
cancels the positive resistance and therefore:

- [re(F)]

IN = -
Rioss \fo

We can now calculate the transfer function in terms of the

forward trans-resistance and therefore calculate Vqyt in terms
of i,:

Yin =5— [
LOSS

A In - RLOSS(fO)
ouT — v . Ar
Yin " 2jQo \Af
At resonance, Af is zero and Voyr becomes infinite
whereas in reality it is actually just finite. However the

104



sideband noise is still significantly lower than the carrier for
offset < 1Hz for most oscillators.
If we assume the noise is produced by the loss resistance

in the amplifier then we can calculate the noise current as:

i 2

(—”) Rioss = kKTB

2

Therefore:

4kTB

In
RLOSS

The output voltage is now therefore

 [AkTB Rygss (£
Your ) = R ioss 2105 (E)

For noise, it is usually necessary to deal in terms of power
the output power at an offset (not including zero) is therefore:

(VOUT(Af)) _ kQZf (1_;)

As this theory is a linear theory, the sideband noise is
effectively amplified narrow band noise passed through a Q
multiplication filter. Note the Q multiplication is
approximately the ratio of the output voltage over the input
voltage.

RLOSS

This is huge! It occurs because the voltage transfer
function increases by 1/Af as power is proportional to 1/Af*.

The 3dB point in the resonator now becomes the 3dB
above the noise floor!

To represent this as an ideal carrier plus sideband noise,
the signal can be thought of as a carrier with a small
perturbation rotating around it.

Note that there are two vectors rotating in opposite
directions, one for the upper and one for the lower sideband.
The sum of these vectors can be thought of as containing both
amplitude modulation (AM) and phase modulation (PM). The
component along the axis of the carrier vector being AM noise
and the component orthogonal to the carrier vector being
phase noise. PM can be thought of as a linear modulation as
long as the phase deviation is considerably less than 0.1 rad.

Although linear, this theory can incorporate the non-
linearities, i.e. limiting in the amplifier, by modifying the
absolute value of the noise. If the output signal amplitude is
limited with a ‘hard’ limiter, the AM component would
disappear and the phase component would be half of the total
value. This is because the input noise is effectively halved.
This assumes that the limiting does not cause extra
components due to mixing. Limiting also introduces a form of
coherence between the upper and the lower sideband which
has been defined as conformability by Robins [10]. The phase
noise sideband output power is therefore

2
(VOUT(Af)) _ kTB (&)2
2Q0* \Af
To obtain L(f) we now just need to divide by the output power
of the oscillator (P) and therefore
_ kTB ( fo )2
2Q02P \Af

This equation is very similar to that shown by Edson [7],
Grebennikov [8] and Hajimiri and Lee [9]

V. COMPARISON OF FEEDBACK AND NEGATIVE
RESISTANCE OSCILLATOR PHASE NOISE EQUATIONS

It is interesting to compare this with the equation for phase
noise for a feedback oscillator

2kTB ( fo )2
Qo*Payo \Of

This is 4 times larger. A factor of 2 can be explained by the
fact that P in the negative resistance is the power dissipated in
the resonator whereas PAVO is twice the value of the power
dissipated in the resonator under optimum operating
conditions. The other factor of two is probably due to the fact
that the S/N ratio is set by the power at the input of the
amplifier which is a % in the feedback oscillator. Never the
less it may still be important in some circumstances when the
power in the resonator needs to be kept low that for the same

power in the resonator the negative resistance amplifier offers
a factor of two improvement in the phase noise.

RLOSS

L(f)

L(f) =

VI. EVALUATION OF NEGATIVE RESISTANCE AMPLIFIERS

The easiest way to evaluate the performance of a negative
resistance amplifier in terms of its noise figure and transposed
flicker noise is to turn it into a two port amplifier to enable
conventional measurement of noise figure and transposed
flicker noise. A system is shown if figure 3 which uses a
circulator to turn negative resistance into a conventional two
power amplifier. The diplexer is added to try and ensure near
50 termination both inside and outside the band as illustrated
in Figure 4, The diplexer has the additional requirement to
incorporate the change of out of band impedance caused by
the circulator. The S parameters for the circulator are
measured and the filter response adjusted to take this into
account. A plot of an example operating at 1 GHz is shown in
Figure 5

Circulator | Diplexer | Rliziﬂxie
N | Y |
N\
P | eV |
| | DUT
AN
I A |
| 500 |
o/P I — |

Figure 3 Technique to Evaluate Negative Resistance
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An implementation for a typical circuit was implemented
for this and tested in ADS harmonic balance software. The
noise figure for the simulated negative resistance amplifier
was measured in simulation and a phase noise plot is shown in
Figure 5 and compared with theory. It is seen that the two
plots are very similar.

Negative Resistance Oscillator Phase Noise

Theory vs ADS Harmonic Balance Simulation
-50
-70 N
-90
-110
130
S150
°170
€190
=210
-230 TN

-250

1.E+01

o

1.E+03 1.E+05

Freq, Hz

1.E+07 1.E+09

Figure 5 Comparison of theoretical and simulated Phase Noise

VIL

It is interesting to note that low noise floors appear to be
available in the simulatation. A discussion of reduced noise
floors is presented in an Agilent Patent by John R Burgoon in
1981.

NOISE FLOOR REDUCTION

VIIIL.

A further justification for using a linear theory is if that
transposed flicker noise corners can be significantly reduced.
A number of authors have been working on this [11-15]. This
group has recently shown that both series and parallel
feedback can be used to reduce flicker noise significantly
[16][17] Figure 6 and demonstrated some amplifiers with
between 1 to 2 order magnitudes of flicker noise reduction.
Typical phase noise plots are shown in figures 7 and 8. These
phase noise plots were downconverted from 100MHz to

TRANSPOSED FLICKER NOISE REDUCTION
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enable them to be measured on this particular all digital phase
noise measurement system.

— CE amplifier
— CE with RE

L(f), dBc/Hz at 10Hz
5
S

-160 - 4
170 — Feedback Amplifier
0.01 0.1 1

Frequency, GHz

Figure 6 Transposed Flicker Noise Reduction for Series
and Parallel Feedback Amplifiers

This group has recently shown that both series and parallel
feedback can be used to reduce flicker noise and demonstrated
some amplifiers with between 1 to 2 order magnitudes of
flicker noise reduction. A typical phase noise plot is shown in
figures 5 and 6.

meEenE - £(f) Phase Noise at 10.0 MHz (dBc/Hz) ™™
| M;: 10009.77 Hz 10 dB/Div
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Figure 7 Phase Noise Plot for 100MHz Oscillator
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£(f) Phase Noise at 9.5 MHz (dBc/Hz)
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Figure 8 Phase Noise Plot for 100MHz Oscillator
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These circuits have been used in a battery powered labkit
for the one day courses on ‘Low Phase Noise Oscillators:
Theory and Laboratory run at the IEEE International



Microwave Symposium:- IMS 2009, 2010 and 2011. This
labkit is shown in Figure 8 and enables five experiments to be
performed.
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c
g
m
-
e

IX. CONCLUSIONS

A simple linear theory for phase noise in negative
resistance oscillators has been presented. A comparison
between the phase noise equations for feedband and negative
resiatantce amplifiers has been discussed.
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Abstract : A phase noise measurement bench is integrated on a
3.6 mm’ silicon chip. The bench includes a splitter with
quadrature outputs, a phase detector, a low noise baseband
amplifier and, if necessary, a synthesized source. Applications to
the characterization of frequency sources and BAW resonators
are discussed.

Index terms : Phase noise, Built-in-self-test (BIST), integrated
circuit, phase detection, SMR resonator

I. INTRODUCTION

A phase noise measurement bench is generally a costly
laboratory equipment, based on active references or long
delay lines, including low noise amplifiers and phase
detectors. The ability to include on a single silicon chip the
elements of such a measurement bench allows the
measurement and the monitoring of this critical parameter in
small size systems, and probably also the correction of the
sources phase noise using active loops. The device under test
may either be a frequency source (ex : a VCO) or a two port
system, such as an amplifier, a digital circuit... In the first
case, the phase noise measurement bench must include a
frequency reference element, either passive (resonator, delay
line) or active (reference source). In the second case, it is
mainly based on a low noise phase detection process.

A special case of two ports devices characterization is the
measurement of piezoelectric resonators noise, which is very
difficult to perform using conventional phase noise
measurement techniques on 50 Q load. Indeed, these devices
need different impedances conditions to take benefit of their
series or parallel resonances. While realized on a chip, the
input and output impedances can be controlled and the
resonator is characterized in the same conditions it
experiences when it is included in a circuit.

Such an approach can be part of a Built-In-Self Test
system [1-4], and used for reliability applications. As an
example, the ability to measure the phase noise degradation
in an embedded system allows to switch from the noise

978-1-61284-110-6/11/$26.00 ©2011 IEEE

A. Cathelin

ST Microelectronics, Minatec, BP 257, 38016
Grenoble, France

degraded device (oscillator, amplifier...) to another device,
thus maintaining the system performance at its best.

Various elements of a phase noise bridge have thus been
designed using an integrated circuit foundry (ST
Microelectronics, BICMOS7RF 0.25 um). The system has
been firstly designed to measure the phase noise of integrated
BAW resonators using an SMR technology (CEA-LETI).
However, the replacement of one of the resonators by a short
line results in an enhancement of the detection of the
frequency fluctuations of the source, and thus in the
realization of a narrow bandwidth frequency discriminator.
This discriminator is able to measure the phase noise
spectrum of any type of LC resonator based VCOs.

II. PHASE NOISE MEASUREMENT SYSTEM

Figure 1 represents the typical circuit topology of such a
phase noise measurement bench. The main device is a phase
detector, generally realized with a mixer with the two signals
(LO and RF) maintained close to the phase quadrature (£90°).
The phase detector is followed by a baseband amplifier, which
should feature an equivalent input low frequency noise lower
than the output noise of the phase detector.

Resonator

®_

]

0 ~ 000
0 ®] 000

Low frequency Spectrum
low noise analyzer
amplifier

Source > @

Phase shifter

Figure 1 : Typical topology of a phase noise measurement bench, in the
configuration for source measurement (frequency discriminator). The residual
phase noise measurement system is the same, with the resonator substituted by
the device under test

108



If the purpose of the measurement bench is to characterize
the frequency source, the resonator is used as the frequency
reference element, and is part of the measurement bench. It
allows, thanks to its large phase to frequency slope (d¢/df), the
conversion of the frequency fluctuations of the source into
phase fluctuations, which are then detected by the phase
detector.

If the purpose of the measurement bench is to measure the
residual phase noise of two ports devices, such an amplifier,
the device under test (DUT) replaces the resonator, but a
frequency source should be available in the system. This
oscillator must be tunable and, above all, must feature low
AM and FM noise. The AM noise is the most critical
specification in this case [5], because the FM noise is simply
removed by equilibrating the delay in the two arms of the
phase detector. In the case of a resonator measurement, the
problem of the parasitic FM noise detection of the source is
solved by measuring two identical resonators, one in each arm
of the phase detector, thus canceling the delay caused by one
resonator. The resulting phase noise is the addition of the
phase noise of the two resonators, i.e. a phase noise increased
of 3 dB compared to a single resonator, if the resonators are
identical. Finally, in the case of the measurement of frequency
conversion devices (frequency dividers, multipliers...), once
again two identical devices must be used, in order to reach the
same frequency on the RF and LO ports of the mixer.

One of the devices depicted in Figure 1 is very difficult to
integrate : the phase shifter. It is realized on a macroscopic
phase noise measurement system with a stretched line, which
allows phase rotations of generally more than 180° at all the
frequencies of interest. Such a wide control of the phase is
difficult to get on integrated circuits. However, in the
integrated world, the phase is generally well known and does
not shift too much on the small lines used in a silicon chip. We
thus propose a solution to this problem which avoids the
realization of this phase control.

Finally, the output signal is analyzed on a low frequency
spectrum analyzer. We have not integrated on a chip such a
complex system, although it would be possible to do it. In our
case, the final analysis is still performed out of the chip.
However, it would be easy to integrate a power measurement
on a given frequency bandwidth, which would allow to get an
estimate of the phase noise at a given frequency offset
carefully chosen for the application foreseen.

We will now describe all the elements of this system and
the way they have been effectively integrated on silicon,
starting with the input stages and ending with the phase
detector stage.

A. Synthesized frequency source

An integrated synthesizer has been realized, and is
depicted in Figure 2. It is based on a LC differential VCO,
which features a phase noise of -80 dBc/Hz at 10 kHz offset
from a 7.5 GHz carrier, and on a PLL realized with a digital
prescaler. The PLL allows the locking of the VCO on a low
frequency reference source (30 MHz) and the generation of
stable signals with a 30 MHz step on the whole VCO locking

range (6.8 GHz to 8 GHz). Only the reference source (quartz
oscillator) is maintained outside the chip.

a)

Reference X
source

vVCO

Filter

Figures 2a and 2b : Synthesized frequency source (6.8 GHz to 8 GHz) based
on a digital prescaler PLL ; circuit topology (a) and photograph of the chip (b)

B.  Input stage : splitter and quadrature output

The problem of the phase quadrature at the mixer input can
be solved very easily in an integrated circuit approach with a
power divider delivering signals already in quadrature. If the
phase shift in the DUT is small, or if it can be compensated
using two identical devices, the phase quadrature is
maintained down to the mixer stage, and the phase detection is
performed at its maximum sensitivity.

To realize this function, a digital frequency divider by two
has been used. This circuit, depicted in Figure 3, is based on
D flip-flop cells and generates four output signals which are
all in phase quadrature (0°, 90°, 180° and 270°). However,
such a digital circuit located at a critical stage of the phase
bridge can be the main noise source of the system. Our goal
has thus been to optimize the phase noise of this circuit [6], in
order to get a very low residual phase noise divider. This has
been performed using the phase noise simulation capabilities
of Cadence™, and particularly the ability of this software to
isolate the main noise source of the circuit. An important
optimization work has been focused on the D flip-flop
topology, and more precisely on the current source of this
differential element. More details on this process can be found
in reference [6].

Figure 3 : Input power divider and frequency divider by two, featuring four
outputs in phase quadrature
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Figure 4 : Measured and simulated phase noise of the input frequency divider
by two

Figure 3 represents the realized circuit, and Figure 4 its
residual phase noise simulated using Cadence™ and measured
on a conventional (macroscopic) phase noise measurement
set-up. The agreement between simulated and measured data
is excellent, and the phase noise floor effectively reached is as
low as -164 dBc/Hz at 100 kHz offset from an input frequency
of 3.5 GHz.

C. Phase detector

Phase detectors are classically realized with four balanced
diodes mixers. Such phase detectors are very reliable and can
work on a large frequency range. However, the main
drawback of this approach lies in the need for a sufficient LO
power to drive the mixer (typically 7 dBm) and on the
conversion losses of passive mixers. It is therefore interesting
to investigate on active mixers for phase detection. The
residual phase noise of some bipolar transistor, when loaded
and biased properly, is as low as the residual phase noise of
schottky diodes silicon mixers, and these devices can lead to a
substantial improvement of the phase detection coefficient.
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Figure 5 : Active phase detector, with resistive loads

Various active phase detectors have thus been designed,
based on Gilbert cell mixer and using bipolar devices. Two
versions of this circuit have been realized, one based on
resistive loads (Figure 5) and featuring a phase detection
coefficient of 350 mV/rad, and another one based on active
loads and featuring a phase detection -coefficient of
970 mV/rad. Up to now, only the first circuit has been
measured and used in the integrated phase noise bench,
although the other circuit features a better simulated phase

noise performance. When this second mixer will have been
fully characterized, it will be the purpose of a dedicated
publication. However, the resistive loads mixer is already
particularly interesting because it features a phase detection
coefficient higher than passive mixers and works on much
lower level signals. Moreover, its phase noise is low, as it can
be deduced from the overall system phase noise measurement
presented in section III (Figure 9).

D. Low noise amplifier

The low noise amplifier must feature an equivalent input
noise level lower than the output noise of the phase detector.
Using the resistive loads mixer, the phase detection coefficient
is (a little higher but) close to the phase detection coefficient
of a passive mixer, and the amplifier performance should be as
close as possible as the one of the best operational amplifiers.
Such metrological amplifiers feature an equivalent voltage
noise floor in the range of 1 nV/\Hz, and a 1/f noise corner
frequency lower than 1 kHz. Our goal has thus been to
integrate an amplifier with similar performances.

Our first attempt with a conventional differential topology
first stage has led us to noise performances in the range of
20 nV/\FHz or more at the amplifier input. The strategy to
improve the amplifier performance has been based on the
duplication of the bipolar transistors involved in the first
differential stage and, also, in the gain stage. Indeed, setting in
parallel many transistors reduces the equivalent noise (at a
cost of an input impedance reduction, which is not mandatory
here) because the noise sources of each device are added
incoherently meanwhile the current (the information) is added
coherently. The result of this study has been the realization of
a state of the art low noise amplifier, featuring a noise floor of
1.05 nV/NHz and a noise corner frequency in the kHz range.
This is particularly interesting, taking into account the small
size (640 um X 227 pum) and, above all, the low power
consumption of this circuit : 2.5 V, 18 mA (45 mW).

Figure 6 represents the circuit realized, and Figure 7 the
measured low frequency noise of this amplifier. The noise
measurement is in perfect agreement with the simulated noise,
and demonstrates that the design goals have been fulfilled.
More details on the noise optimization process for this circuit
can be found in reference [7].
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Figure 6 : Photograph of the low noise output amplifier
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Figure 7 : Measured equivalent input voltage noise of the amplifier

E.  Overview of the whole integrated circuit

These elements of the circuit are then put together on a single
silicon chip. The final circuit is represented in Figure 8, and its
size is in the range of 1.67 mm X 2.17 mm. The central part is
dedicated to the DUT (case of residual phase noise
measurement) or the resonators (BAW) and lines, which are
reported on the circuit using a flip-chip technology. As the
input stage provides four outputs in quadrature, we use these
four outputs in order not to lose power, and the mixer is also
designed with four inputs. The signal at the output of the low
noise amplifier is then analysed on a FFT spectrum analyser.
The system noise floor is measured using four identical short
lines in place of the resonators.

1.67mm

2.17mm

Figure 8 : Overview of the integrated phase noise bench

III. APPLICATION TO THE CHARACTERIZATION OF INTEGRATED
BAW RESONATORS PHASE NOISE

Unlike many passive microwave resonators, BAW
resonators may induce a 1/f noise component in the circuit. As
an example, we have measured some years ago on a
conventional phase noise bridge a 1/f phase noise component
in FBAR resonators [8], and the measured phase noise level in
these devices was sufficient to be the main noise contribution
to an oscillator realized with one of these resonators.
However, the same measurements performed in the same
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conditions on some new SMR resonators have given results
much too close from the measurement noise floor to conclude
on the noise contribution of these devices. This is due not only
to the absolute level of phase noise (or more precisely to the
fluctuation of the resonator centre frequency) but also to the
fact that a proper impedance must be used to get an observable
resonance with these devices.

We have thus used our integrated phase noise bench to
measure the residual phase noise of those SMR resonators, the
resonators being realized at CEA-LETI in Grenoble (France).
More details on these resonators and their applications can be
found in reference [9]. Four identical resonators have thus
been mounted using flip-chip technology on the silicon circuit.
Unfortunately, some contacts problems due to differences in
metals pads between the two devices have prevented the
measurement of this integrated circuit. We have thus used the
separated elements to assemble a partially integrated phase
noise test bench, and we have obtained the data depicted in
Figure 9. The measured noise is the one of the four devices
(incoherent addition of the noise of each device), which is
effectively higher than the noise floor. The phase noise of a
single resonator can be deduced from this plot by subtracting
6 dB to this curve.
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Figure 9 : Measured phase noise of the four SMR resonators, and phase noise
floor of the measurement bench

Apart from the resonators residual phase noise, this
measurement demonstrates a relatively good phase noise floor
for our system. The phase noise floor is close to the measured
phase noise of the input stage (frequency divider by two), with
a bump on the spectrum added around 100 Hz offset, which is
probably due to a contribution from the phase detector noise.

IV. CONCLUSION

A phase noise measurement bench integrated on a silicon
chip has been presented. This bench may be used either for
residual phase noise measurements, or for oscillator phase
noise measurement in the frequency discriminator
configuration, with a BAW resonator as frequency reference.
Some of the elements of this bench are at the state of the art
for integrated circuits functions in terms of noise performance
(low noise amplifier, frequency divider). An application to the



measurement of the noise properties of some BAW-SMR
resonators is also presented.
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Abstract -The miniaturization of crystal resonators and
filters towards the MEMS (Micro-Electro-Mechanical
Systems)  and nano-structured scales demands
improvement of nonlinear piez oelectricity theory and a
better understanding of th e nonlinear b ehavior of new
crystal materials. The nonlin earities affect the quality
factor and acousti ¢ behavior of MEMS and nano-
structured resonators and filters. Among these nonlinear
effects, drive level dependence (DLD), which describes the
instability of the resonator frequency due to voltage level
and/or power density, isan  urgent problem for
miniaturized resonators. Langasite, a new promising
piezoelectric material, is of recent interest for a variety of
applications because of its good temperature behavior,
good piezoelectric coupling, low acoustic loss and high Q
factor. It has been recently used to make high temperature
MEMS. In this article, experimental measurements of
drive level dependence of langasite resonators with
different configurations (plano-plano, single bevel, and
double bevel) are reporte d. The results show that the
resonator configuration affects the DL D of the 1 angasite
resonator. The drive sensitivity of resonators with
different configurations is determined.

[. INTRODUCTION

The miniaturization of crystal resonators and filters
towards the MEMS and nano-structured scales demands better
understanding and modeling of the nonlinear behavior of
crystal materials. The nonlinearities affect the quality factor
and acoustic behavior of the MEMS (Micro-Electro-
Mechanical Systems) and nano-structured resonators and
filters. These effects include force-frequency effect,
electroelastic effect, mode coupling and activity dip,
acceleration sensitivity, intermodulation and drive level
dependence. Among these nonlinear effects, drive level
dependence (DLD), which describes the instability of the

978-1-61284-110-6/11/$26.00 ©2011 IEEE

resonator frequency due to voltage level and/or power density,
is an urgent problem for miniaturized resonators. This
behavior is of current interest due to the increasing importance
of low phase noise oscillators, because there is a direct
relationship between resonator drive level and oscillator phase
noise [1]. Except for the influence on the frequency, drive
level dependence could also worsen the activity dip problem

(2], [3].

Langasite, a new promising piezoelectric material,
combines many of the advantages of quartz, barium titanate
and lithium niobate -- having high electromechanical coupling
and good frequency-temperature characteristics. It is a
potential material to substitute for current applications
dominated by quartz. One of the most important advantages of
langasite is that it will not undergo phase transitions up to its
melting temperature of 1473 deg C, which makes it very
promising to make high temperature MEMS sensors.
Common piezoelectric devices made by quartz and lithium
niobate are limited to an operation temperature of 520 deg C
or 400-500 deg C; MEMS made by langasite will be able to
operate at least 1050 deg C. Recently, several attempts have
been made to use langasite as the material to make high
temperature MEMS sensors [4] and nano devices [5], [6], [7].
Investigation of nonlinearities of langasite is critical for the
real application and optimal design of these devices, and
research on DLD is especially important for these
miniaturized devices. The measurement of drive level
dependence for Y-cut langatate and langanite resonators has
been performed by Kim [8]; however, measurements for
doubly rotated langasite resonators have not been performed
yet. In this article, we show that the different configurations
of the resonators also affect the drive level sensitivity of
doubly  rotated langasite  resonators.  Experimental
measurements of drive level dependence of langasite
resonators with different configurations (plano-plano, single
bevel, and double bevel) are reported. The drive sensitivity of
resonators with different configurations is determined.
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II. Sample preparation

There are three langasite resonator samples under test.
Their diameter, thickness and cut angle are the same. All other
parameters are different. The detailed design parameters for
these three resonators are listed in Table 1.

Table I: Resonator design parameters.

Resonator Plano-plano Plano convex | Plano convex

configuration with double with single
bevel bevel

Material YXlw YXlw YXlw

orientation 0=45"0=65" | ©=45"/0=65" | O=45"/D=65"

Plate 13.0 13.0 13.0

diameter

(mm)

Thickness 0.65 0.65 0.65

(mm)

Electrode 5.50 5.61 5.61

diameter

(mm)

Radius of 4 4

curvature

(diopter)

Abrasive size

to grid the 1 |

bevels

(micron)

Fundamental

resonant 2,577,150 2,752,600 2,409,750

frequency

(Hz)

III. Experiment setup

The experiment setup is shown schematically in Fig. 1. An
Agilent 33220A function generator is used to excite the crystal;
the function generator is connected to and controlled by a
computer with Labview. The signal from the function
generator is fed into the crystal resonator through a PI network
shown in Fig. 2. The resistance values in the PI network are
shown in Table II. The response signal from the crystal
resonator is collected by a Tektronix TDS 3054 C oscilloscope,
which is subsequently connected to and controlled by the
same computer with Labview.

Computer with
Labview

Electronic Digital
circuit (PI Oscillosco
network) pe

Arbitrary
Waveform [
Generator

Sample

Fig. 1. The experiment setup.

LGS resonator

C) I¢

Function R,
generator

Fig. 2. The PI network circuit diagram.

Table II. The list of resistance values in the PI network.

R, R, R; Ry
1210 OHMS | 51 OHMS | 51 OHMS | 1210 OHMS
Rs R, R, 1

51 OHMS 50 OHMS | 50 OHMS 1.14Vb

IV. Measurement results

The relation between the resonator current and frequency
is measured and shown in Figs. 3, 4, and 5 as a function of the
magnitude (Volt) of the sinusoidal excitation signal from the
function generator. As expected, the resonance curves shift
towards a lower frequency as the voltage increases, which is a
“softening” behavior. This is contrary to the DLD of SC cut
quartz resonators in [9], as the resonance curves for SC cut
quartz resonators bend towards higher frequency, which is a
“hardening” behavior. The relative drive sensitivity D defined
in [9] is extracted in Figs. 6, 7 and 8. The results are listed in
Tables III and IV; Table III compares the D for the LGS
resonators and SC cut quartz resonators with different
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curvatures. It is apparent that the drive sensitivity of the tested
LGS resonators exceeds SC cut quartz resonators. Table IV

compares the D for LGS resonators and LGN, LGT resonators.

It seems that the drive sensitivity of LGS resonators in
fundamental mode is smaller than LGN and LGT resonators.
Higher overtones of the tested LGS resonators could not be
measured due to undesired mode interference.

10 T

Current[mA]

4 I i I i I I
-80 60 40 -20 0 20 40 60
Frequency-[Hz]

Fig. 3. Drive level dependence of LGS
resonator with plano-plano configuration.
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Fig. 4. Drive level dependence of LGS
resonator with bevel-bevel configuration.
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Fig. S. Drive level dependence of LGS
resonator with plano-bevel configuration.
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Fig. 6. Drive sensitivity of LGS resonator
with plano-plano configuration.
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Fig. 7. Drive sensitivity of LGS resonator
with bevel-bevel configuration.
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Fig. 8. Drive sensitivity of LGS resonator
with plano-bevel configuration.



Table III: Comparison with SC-cut Quartz Resonators

Drive Sensitivity D Drive Sensitivity D [ppm/mA 7|
2 for a SC cutr esonators at5.115
[ppm/mA’] MHz fundamental mode
LGS double -0.0954 Diopter 1.00 0.0076
bevel
LGS plano- -0.1741 Diopter 1.25 0.0116
plano
LGS single -1.2460 Diopter 1.5 0.0127
bevel

Table IV: Comparison with Langatate and Langanite
Resonators

Drive level Sensitivity D [ppm/mA’|

LGS double bevel -0.0954
LGS plano-plano -0.1714
LGS single bevel -1.2460

LGN -3.34 (3 0T)

LGT -1.63 (3 0T)

V. Conclusion

The drive level dependence of doubly rotated langasite
resonators show softening behavior, which is contrary to the
hardening behavior a SC cut quartz resonator exhibits. The
change of resonator configuration has altered the drive level
sensitivity. The resonator with single bevel configuration has
the largest drive sensitivity coefficient; the resonator with
double bevel configuration has the least drive sensitivity.
Compared with SC-cut quartz resonators, the langasite
resonator has generally larger drive level dependence.
Compared with langatate and langanite resonators, langasite
resonators show smaller drive level dependence.
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Effect of DC Electric Field on the Dispersive
Characteristics of Acoustic Waves in Piezoelectric
Layered Structure
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Abstract—Boundary conditions for a layered piezoelectric
structure under the influence of a uniform dc electric field have
been obtained. Dispersive dependences and anisotropy of phase
velocities, electromechanical coupling coefficients, power flow
angle, and controlling coefficients of dc electric field influence as
a functions of hxf product for the Rayleigh and Love modes in
bismuth germanium oxide/fused silica and langasite/fused silica
layered structures have been calculated.

L INTRODUCTION

Development of acoustoelectronics (AE) is now concerned
with the design of complicated structures such as layered
piezoelectric devices [1, 2]. For example, by this way there is
opened an attractive possibility to include the non-piezoelectic
substrate with good acoustical properties into device
meanwhile the acoustic wave can be excited using the
piezoelectric film/plate. However, to extend the class of
devices it is desirable to obtain the ability to control their
parameters during the wave propagation process. On the other
side the choice of optimal film/crystalline layer thickness h is
important to obtain a given frequency characteristics of device
[3]. In present paper for a number of layered piezoelectric
structures the influence of dc electric field on the dispersive
parameters of Rayleigh and Love (SH) waves which are the
functions of hxf product has been examined (f denotes a wave
frequency). As a model structures the crystalline layers of
strong piezoelectric crystal bismuth germanium oxide
(Bi;,Ge0O,, BGO) or langasite (La;GasSiOyy, LGS) on fused
silica have been investigated. Langasite is a most promising
crystal in a practical sense because it has a good combination
of properties, such as thermal stability, low attenuation of high
frequency elastic waves and greater electromechanical
coupling coefficients (EMCC) compared with quartz [4].

978-1-61284-110-6/11/$26.00 ©2011 IEEE
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Troitsk, Moscow region, Russia
E-mail: bpsorokin2@rambler.ru

II. ELASTIC WAVE PROPAGATION IN A LAYERED
PIEZOELECTRIC MEDIUM UNDER THE INFLUENCE OF
HOMOGENEOUS DC ELECTRIC FIELD)

Let us choose the working orthogonal coordinate system in
which the axis Xj is directed along the outward normal to the
surface layer occupying the space of 0 <Xj3<h, and the X;
axis coincides with the wave propagation direction. For small-
amplitude plane waves propagation under the influence of dc
electric field on the piezoelectric crystal the equations of
motion and electrostatics and the state equations of the
piezoelectric medium should have the form:

poU; =?IK,K’ DM‘M =0,

T = CIKPQﬁPQ —exkEns (1)

Dy =€k +&€vnEwn-
In equation (1) the following notation has been used: p is the
crystal density in the undeformed (initial) state, and [NJI is the
vector of dynamic elastic displacements. Here and below
summation over twice repeated indices is meant. Effective
elastic, piezoelectric and dielectric constants which are the
linear functions of dc electric field are defined by:

*

_ (~E E

Casre =Chaprr T (CABKLQRdJQR ~CiaBKL )MJE’

Cnag =Cnag T (eNABKLdJKL +Hyan )MJE’ 2)
Exm = Enu T (HNMABdPAB + 8w )MPE'

Here E is the value of the dc electric field, M; is the unit

1 E
electric field vector, and C ABKLOR® CNABKL and H,,,,, are the

nonlinear elastic, piezoelectric and electrostrictive constants
(material tensors).

Acoustic wave propagation in a piezoelectric plate under
the action of E must satisfy the relevant boundary conditions.
Thus, the normal components of stress tensor must be equal

117



to zero on the free surface. A continuity of the tangential
components of electric field to the interface between
piezoelectric layer vacuum should be provided by the
condition of continuity of electric potential. Also the equality
of normal components of stress tensor Ty and the continuity
of the electric potential ¢ at the boundary “crystalline layer —
substrate” at X3 = 0 should be ensured. As a consequence all
these conditions can be written as:

@ _ a1 _ (Bax)
i =0 D =D
3 x3=h ’ 3 x3=h i
[0 R )] 0 _ @ .
w =Tl 0 Dy =D 3)
1 — 52 O _ 7712
=97 o, Uy=Ugn|
X3= X3 =

As a result of substitution the solutions in the form of
homogeneous plane waves into the boundary conditions (3)
one can obtain a system of equations for calculating the
acoustic waves parameters of a layered structure in a
generalized form when a layer and substrate are the
piezoelectric crystals:
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Numerical superscripts (1) and (2) denote the substrate and
layer terms, respectively; agg‘) and b, are amplitudes and
weight coefficients of m-th partial wave (m=1, ..., 4) in the
piezoelectric substrate, respectively; ag) and a, are the same
ones of n-th partial wave (n = 1, ..., 8) in the piezoelectric
layer.

Note that the equations (4) for the boundary conditions
have been derived at the assumptions about the influence of
homogeneous dc electric field on the crystal layer without
edge effects. In the obtained equations it has been taken into
account all changes in the configuration of an anisotropic
continuum, in particular, changes of the sample form
(geometric nonlinearity) due to direct piezoelectric effect, and
changes of the material constants (2) (physical nonlinearity)
under the influence of strong dc electric field.

For the purpose of this paper there was selected a model
structure which was consisted of a piezoelectric crystalline
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layer mounted on an isotropic substrate (fused silica). Thus the
equations (4) should be specified as
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III. DISPERSIVE CHARACTERISTICS OF ELASTIC WAVES IN
LAYERED PIEZOELECTRIC STRUCTURES

To define in the linear approximation a measure of dc
electric field influence on the phase velocities of Rayleigh
and Love waves it is convenient to introduce the controlling

coefficients as:
a = (AV) (©)
" v(0)\ AE AEHO.

On the basis of equations (1)-(5) in a layered
piezoelectric structures for a few modes of Rayleigh and Love
waves the calculation of such parameters as the phase
velocities, EMCCs and a, coefficients has been carried out.
The material coefficients of linear and nonlinear
electromechanical properties of BGO and LGS were taken
from [4, 5].

Figure 1 shows the dispersion curves of phase velocities,
EMCCs and a, coefficients of Rayleigh and Love waves
depending on the hxf value when waves are propagated along
the [100] direction of (001) BGO/fused silica. In this case pure
piezoactive Love wave and non-piezoactive Rayleigh wave
are propagated. It is clear that the interval of phase velocities
of Love waves lies between the values of the shear waves
velocities of fused silica and BGO. Rayleigh wave phase
velocity at hxf increasing tends to the Rayleigh wave phase
veloclty of BGO (1625.92 m/s). The maximum value of

=2.9 % at hxf= 1000 m/s takes place for zero Love mode
When dc electric field is applied along the EJ|[[010], i
orthogonally to the sagittal plane, the modes of elastic waves
remain the pure ones. The a, coefﬁ01ent of Love wave at hxf
increasing tends to o, =-3-10"" m/V for the slow shear bulk
acoustic wave (BAW) of BGO, and a, coefficient of all the
Rayleigh t e waves at hxf increasing tends to
0y =-6.9-10"% m/V value as the same one for the fast shear
BAW of BGO.
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Fig. 1. Dispersive dependences of the Rayleigh
and Love waves parameters as a functions of hxf
(m/s) for the waves propagating along the [100]
direction in (001) BGO/fused silica layered
structure: a) phase velocities, b) EMCCs; c) o, at
E|[[100]; d) o, at E[|[010]; e) a, at E|[|[001]. Phase
velocities of slow shear bulk acoustic waves in
the layer and the substrate are denoted as SSggo
and SSg, respectively; slow shear quasi-bulk
wave in the layer is denoted as QSSggo. The R;
and L; curves indicate the modes of Rayleigh and
Love (SH) type, respectively.
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Fig. 2. Dispersive dependences of the Rayleigh and Love waves parameters as a functions of hxf (m/s) for the waves propagating along the [110]
direction in (001) BGO/fused silica layered structure: a) phase velocities, b) EMCCs; c) ay at E||[001].
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Fig. 3. Dispersive dependences of the Rayleigh and Love waves parameters as a functions of hxf (m/s) for the wave propagating along the [100]
direction in (001) LGS/fused silica layered structure: a) phase velocities; b) EMCCs; c) a, at E||[[001].
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Fig. 4. Anisotropy of Rayleigh and Love wave parameters for the wave propagating in the (001) LGS/fused silica layered structure for a few values of hxf (m/s):
a) phase velocities; b) EMCCs; c) ay at E||X3; d) PFA at E = 0 (solid lines) and E||X; (dashed lines). Curves denoted as QSS; s and QFS, s are associated with
quasi-bulk slow and fast shear waves in a layer, respectively.

When dc electric field is applied along the E||[100] or
E||[001] elastic waves modes will turn into a generalized form.
Note that if dc electric field coincides with the wave
propagation direction there should be observed a maximal E
influence on the phase velocities especially for Ry and L,
modes (fig. 1c). Thus the maximal o, value for the zero Love
mode 0f2.5:10" m/V at hxf=3050 m/s is achieved at
E|[100].

Figure 2 shows the dispersion curves of phase velocities,
EMCCs and a, coefficients of Rayleigh and Love waves
depending on the hxf value when waves are propagated along
the [110] direction of (001) BGO/fused silica. In this case a
Rayleigh wave possesses a piezoelectrical activity. The range
of variation of the Love waves phase velocities lies between
the phase velocities of shear wave in fused quartz and fast
quasi-shear wave in bismuth germanium oxide. The maximal
value of K* = 1.8 % at hxf = 850 m/s exists for R, zero mode
of Rayleigh wave. In the most practically significant version
of dc electric field application E|[[001] the hybridization
between the modes is negligibly small [6]. The a, coefficient
of Love wave under hxf increasing tends to
o, = -5.6:10" m/V for fast shear acoustic wave in the BGO
layer.

In the [100] propagation direction of (001) LGS/fused
silica layered structure there are only Rayleigh and Love
waves of generalized type (fig. 3). The small EMCCs indicate
on the low piezoelecrical activity of these waves (fig. 3b). An
unique feature is the effect of hybridization between zero and
first modes of SH waves (generalized Love waves). Either
way the applied electric field reduces the effect of
hybridization leading to a "splitting" of phase velocity values
in this area and reducing the hybridization coefficient M [6].
Maximal values of a, =-3.9-10"* m/V and o, =2.410"? m/V
occur at the hxf = 3300 m/s close the center of hybridization
area for the zero and first SH modes, respectively. The a,
coefficient increasing for the second mode with hxf increasing
is also caused by a similar hybridization effect arising between
the L, and L, modes.

Figure 4 shows the anisotropy characteristics of elastic
waves propagating in (001) LGS/fused silica structure.
Vertical dashed lines mark the points of hybridization that in
this case occur between the Ry and Ly modes when hxf = 4500
m/s. The counting of ¢ angle is produced from the initial [010]

direction along which the pure modes of Rayleigh and Love
waves are propagated. In this direction there is a maximum of
K? = 1.1 % at hxf = 1000 m/s for the L, mode. Power flow
angle (PFA) has a maximal value of 16,4° for L, mode at
hxf= 2500 m/s and of -16,8° for Ry mode at hxf= 4000 m/s.
Application of dc electric field along the X; direction which is
three-fold axis leads to the symmetry decreasing up to point
symmetry group 3 and as a result the value of PFA is
increased insignificantly (up to 0,2°), but E application along
X axis leads to PFA increasing up to 2°.

IV. CONCLUSION

Using the obtained theoretical results one can analyze in
detail the dispersive behavior and anisotropy of acoustic
modes in a piezoelectric layered structure under the influence
of homogeneous dc electric field if constants of linear and
nonlinear electro-mechanical properties of the crystal are
known. It was shown that for different variants of an electric
field application interaction can occur between of different
elastic modes. BGO layered structure has a better EMCC than
that for LGS layered structure. The data obtained may be of
interest in terms of study of AE devices geometry controlling
by the dc electric field.
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Abstract— This paper considers the determination of the mode
shapes using x-ray topography and the application of this
method to resonant piezoelectric devices made of various
materials (Quartz, LGS, Lithium tantalate). The basis of the
method is recalled briefly and its application to thickness mode
resonators or filters is particularly considered. A comparison of
the observed mode shapes with those computed using the
“essentially thickness mode” theory of H.F.Tiersten indicates
that this theory give very good results concerning the modes
shapes and the properties of the thickness mode devices even
when materials presenting large coupling coefficients are used.

INTRODUCTION.

X-ray topography is a powerful mean to observe the
vibration modes of the piezoelectric devices. Many years ago,
Spencer et al. [1] have given an interesting overview of the
application of the Lang topography [2] to determine the mode
shapes of quartz resonators and monolithic filters. Several
authors have proposed approximate expressions of the
diffracted intensity in presence of vibration modes that can
have some wvalidity in particular conditions. However, the
image formation occurring due to x-ray diffraction by
deformed crystals is a very complex phenomenon governed
by the dynamical theory of x-ray diffraction and the Takagi-
Taupin partial derivatives equations. A complete description
of this theory can be found in the book of A. Authier [3].
Numerical simulations of diffraction images obtained with
vibrating crystals, made in solving these equations, have
shown that X-ray topography can provides accurate images of
the vibration modes of the piezoelectric devices if favorable
diffraction conditions are chosen [4]. In other cases, the
relation the between the diffracted intensity and the
displacement may be quite complex. In Figure 1 (from [4]),
we compare a computed topograph image obtained in solving
the Takagi-Taupin equations and the corresponding
experimental image (AT-cut quartz 19MHz, fundamental
mode thickness 80um, (-2,1.0) diffraction at A#0.70A). These
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diffraction conditions are particularly favorable to obtain a
good observation of the mode shape (near linear increase of
the diffracted intensity with the displacement in time
integrated conditions). In such conditions, X-ray topography
gives more accuracy and more information in a single
experiment than the other techniques. The contrasts recorded
in the topographs are dependant on the product of the
displacement vector by the diffraction vector, on the values of
partial derivatives of the displacement and on several
parameters characterizing the diffraction process. X-ray
topography allows observing the different components of the
displacement, often separately.

L ¥ M
Experimental image

Simulated image

Figure 1. Comparison of computed and experimental image.

They can also be determined simultaneously if white beam
topography is used. The X-ray films or the nuclear plates have
a large dynamic (up to four decades) and X-ray counting can
be used if necessary. The shapes so recorded of the thickness
modes of energy trapping devices are most often extremely
similar to those predicted by the theory proposed by H.F.
Tiersten et al. [5-6]. The topography experiments reported
here were made using synchrotron radiation at the LURE
(Orsay - France) and at ESRF (Grenoble - France) using
beam lines ID19 and BMOS.



I.  OBSERVED AND COMPUTED MODES IN AT-CUT
QUARTZ.

A.  Plane resonators with conventional electrodes:

Here after we compare the mode shapes observed for 12
MHz plane AT-cut quartz resonators (12.7mm diameter, about
134.5pm thick) having various electrode geometries, but the
same electrode area. The topographs of figure 2 and 3 were
obtained using (-2,1.0) reflection with an X-ray wave length
of 0.70A. As already noticed these diffraction conditions are
very favorable to obtain a nearly linear relationship between
the displacement and the increase of the diffracted intensity
(up to the saturation of the film, and to a certain level of
excitation). At very large exciting currents the diffraction
process change some how (kinematical diffraction) and other
diffraction techniques have to be used to determine the mode
shapes [7].
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Figure 2.  Observed and computed mode shapes of 12.MHz resonators (a)
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Figure 3. Observed and computed mode shapes of 12.MHz resonators (b)

Energy trapping of the modes in the electrode region
occurs due to the electrical effect of the electrodes and to their
mass (mass loading 0.96%). We can observe that the trapping
effect is efficient for such values of the electrode dimensions
and of the mass loading. The computed modes shapes (here
normalized to 1 at the center of the electrodes) are very similar
to the observed ones. A more detailed observation of the
properties of these resonators reveals some difference
concerning the resonance frequencies of the anharmonic
modes and the values of the elements of the equivalent
schemes. The equivalent inductance is some how more
favorable (lower) for the round electrodes. This advantage
results of a smaller efficiency of the corners of the square or
rectangular electrodes.

Anharmonic modes: The dimensions of the electrodes
chosen allow the existence of two anharmonic modes (except
for the 7x2.8 electrodes that give only one anharmonic).

s 1 1

12 MHz Quartz Resonator circular electrodes (2r=5 mm, R=0.96%)

& a3 4 95 0 b1 1 8 2 2 a3 W

Figure 4. Mode shapes of the anharmonics (round electrodes).
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Figure 5. Mode shapes of the anharmonics (Square electrodes).

The modes corresponding to the round and the square
electrodes are represented in figure 4 and 5 (same diffraction
conditions as for figure 2 and 3). For some of these modes
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slight differences appear between the experiment and the
calculation, this is mostly the case for the 2nd mode of the
resonator with square electrodes. The difference is probably
due to a small defect of parallelism in the external region of
the plate. These anharmonic modes appear to be more
sensitive to imperfections and to the electrodes tabs than the
first one, due to their larger extension. The theory elaborated
by H.F. Tiersten indicates the existence, in most cases, of an
intrinsic lateral anisotropy of the modes [8]. For the
fundamental mode of the AT-cut of quartz this anisotropy is
noticeable while it is weak for the 3rd and 5th overtone
modes. It results of the ratio of the M, to the P, coefficients of
the Tiersten partial derivative equations that governs the
lateral dependence of the main displacement u; (M=
0.1098D+12, P;=0.686D+11 N/m?). This anisotropy can be
observed in the case of the round electrodes where the mode is
slightly elongated in the x direction.

B.  Electrodes taking into account the lateral anisotropy.

The use of elliptical electrodes with a particular axis ratio
derived from the theory ([M;/P;]"*=1.265) leads to devices
with more interesting properties, particularly for filter
applications (less unwanted response and lower inductances at
equal electrode surface, etc...). In this case the mode shape
has the same eccentricity as the electrodes and all the
anharmonic modes with 2p nodal line converge toward the
same modes that have either p elliptical nodal lines or 2p
radial nodal line (or a mix of that). The modes with radial
nodal lines are not electrically excited (centric-symmetry in a
particular coordinate system), except when some asymmetry
exists (this is the case for the resonator represented in figure
6). This electrode geometry leads also to the maximum
frequency separation between the main mode and the
anharmonics. It is thus easier to suppress them by choice of
the dimensions of the electrodes and/or of the mass loading.
These properties make that well designed resonators using this
electrode shape are more interesting to build filters

Plaf

/ o dmeter75m

Elliptical electrodes having an axis ratio equal io Sqri(Mn/Pn/
1st eigen mode .
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Figure 6. Modes shapes of a resonator using elliptical electrodes.

Figure 6 represents several modes of a resonator using a
large elliptical electrode with an important mass loading made
on a plate presenting a slight defect of symmetry (the
electrode tabs are not directed along one axis of the ellipse);
this allows the existence of some theoretically unexcited
modes (here the mode with 4 straight nodal lines). However,

the other observed modes shapes are very similar to the
computed ones (same sample as for figure 1 and same
diffraction conditions).

Another way to illustrate the lateral anisotropy of the
fundamental modes of AT-cut quartz is given in figure 7
where we compare the mode shape produced by elliptical
electrodes with the same axis ratio as considered above, either
elongated in the correct direction (x1=x axis) or elongated in
the x3=Z' direction. It can be observed that in the first case the
mode is elliptical with the same eccentricity as the electrodes
while in the second case, it is nearly circular (same diffraction
conditions as for figures 2 to 4).
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Figure 7. Elliptical electrodes elongated in the x or Z' directions.

II.  LANGASITE RESONATORS

The theory proposed by Tiersten et al. makes use of some
approximations considering a moderate piezoelectric effect.
Most of these approximations concern in fact the cut-off
frequencies of the different regions of the device that appear in
the partial derivative equations. However these quantities are
fundamentally one dimensional ones and they can be
computed exactly for any piezoelectric material. Thus it is
possible to expect good results of the application of the theory
to the materials having medium or even large coupling
coefficients. Some times ago [9], we have made calculations
of the modes shapes of the overtone modes of plane and
plano-convexe Y-cut langasite resonators. For several
overtones, the results were not in very good agreement with
the observations. At this time, we have noticed, for this
material and also for gallium phosphate, that the computed
mode shapes, and somehow the computed inductances were
sensitive to the constant set used for the calculation. Since that
time, these materials have been perfected and several new sets
of material constants have been measured. New calculations
were made using some of these more recent sets of material
constants [10-11-12] for the same resonators using Y-cut LGS
(thickness=0.432mm, electrode diameter D=3.5mm, plate
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diameter #10mm). As can be observed in figure 8 and 9, a
much better agreement is obtained, even for the overtones
modes of large ranks using the constants of reference [11]
(Experimental conditions (-2,1.0) diffraction, X#O.7OA, plate
thickness 0.432mm (more absorbing crystal)). The sensitivity
of several important parameters appearing in the energy
trapping theory to the values of the elastic constants noticed
for LGS and gallium phosphate results much probably of the
fact that these quantities imply many products of differences
between constants or products of constants

3rd overtone

Ftal : 3rd j"- ~\I\ 15
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Figure 8. Fundamental and 3rd overtone modes of a LGS plane resonator
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Figure 9. Sth and 7th overtone modes of a Y-cut LGS plane resonator.

. Another observation concerns the quite large anisotropy
of the overtone modes of Y-cut LGS resonators.

Similarly, a better agreement between the observed and the
computed modes can also be obtained for gallium phosphate
resonators using the recently determined constants [13-14].

III. LITHIUM TANTALATE RESONATORS.

We have observed that the theory of essentially thickness
modes of H.F. Tiersten leads to realistic results for many
orientations of this material (X-cut, Y rotated cuts, doubly
rotated cuts, etc...). The mode shapes computed with different
sets of constants [115-16-17] have only minor differences.
Hereafter, we compare the results given by this theory to the
mode shapes observed using x-ray topography for x-cut
resonators. Figure 10 represents the electrical response of a
2777 MHz fundamental X-cut resonator having small
electrodes and a small mass loading (aluminum electrodes)
that give no trapped anharmonics for the fast shear mode
(filter type resonators).
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Figure 10. Response of an X-cut resonator (with compensation of Co)
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Figure 11. Slow shear mode of an X cut resonator

The slow shear mode is sufficiently close to the fast shear,
so that theses mode are coupled and that some excitation of
the ul component (of the fast shear) occurs at the resonance
frequency of the slow shear. This can be observed
experimentally by X-ray topography (figure 11) or in
considering the response curve obtained with compensation of
the static capacitance (the slow shear mode is in the "slope" of
the response of the fast shear). This is a forced mode effect
included in the theory. It results mostly of the very large
coupling coefficient of the fast shear mode (very broad
response curve). This effect can be taken into account
theoretically in considering the forced mode (linear
combination of all the Eigen-modes verifying the boundary
conditions) at this frequency, or more simply in connecting in
parallel the motional arms of the equivalent schemes of both
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modes. This coupling appears in the topographs taken at the
resonance frequency of the slow shear mode (figure 11). The
observed and the computed slow shear modes have a large and
very similar anisotropy. It should also be noticed that the slow
shear is very weakly trapped by small electrodes presenting a
small mass loading and that its experimental mode shape is
probably slightly modified, in the most external region, by the
mounting clips of the plate and the conducting cement (plate
diameter 5.5mm). The coupled fast shear mode excited at the
resonance of the slow shear seems correctly confined in these
conditions but it is also coupled to a weak plate mode
(flexure). The mode shapes of the anharmonics of the fast
shear were observed in a similar resonator made with larger
square electrodes (S#0.66mm?, 2h#70um, plate diameter
5.5mm). Due to the large coupling coefficient (about 45%)
two of them have a resonance frequency lower than the
“nominal” anti-resonance frequency. The computed modes
shapes are in reasonable agreement with the computed ones if
the modest Q factor of mode 2 is considered. It should be
noticed that for all the orientations studied (except for the Z-
cut), an important lateral anisotropy of the trapped mode
modes was observed in lithium tantalate. In some cases,
concerning for example the doubly rotated cuts giving a zero
temperature coefficient for the overtone modes, no trapping
may exist in one direction for a particular overtone rank.
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Figure 12. Response curve of an X-cut resonator made with large electrodes

=[]

248 4 88 8 05 4 4 2 2 a5 4 w5 8 05 1 15 2

@
2 A5 A4 45 0 88 4 45 2

Mode 1 Mode 2 Mode 3
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IV. UNWANTED STATIONARY AND PROGRESSIVE PLATE
MODES

The theory of the essentially thickness modes takes into
account the possibility of (small) components other than the
main displacement but neither that of strong resonant plate
modes nor that of progressives modes. The resonant plate
modes are most often very weakly coupled to the thickness
modes existing in plates having a large ratio of the lateral
dimensions to the thickness. They are more frequent in
devices using rectangular plates and/or rectangular electrodes
and in beveled resonators with a moderate ratio of the lateral
dimensions to the thickness. They are very difficult to avoid in
miniaturized devices where this ratio is small, at least, for one
lateral dimension. Several approximate or exact theories are
able to consider the coupling of the plate modes with the
thickness modes. However there is a difficulty to describe
theoretically the fixation conditions of the plate in a manner
which represent accurately those used in real devices. Most
often the actual plate modes (resonant or progressive) are
extremely dependant to the fixation conditions. Nevertheless,
these theories are extensively used for the design of
miniaturized resonators.

Plate mode in a bevelled resonator  Coupled modes in a half monolithic filter

Figure 14. Plate modes coupled to the fundamental thickness shear.

Figure 15. Flexure coupled to thickness shear in a plane rectangular AT-cut
quartz resonator

Some examples of coupled plate modes are given in figure
14. One was observed in a beveled resonator. The other was
observed in a monolithic filter (only one pair of electrodes is
excited here). Our observations have shown that the coupled
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modes are more frequent in plates having a rectangular shape
and/or using rectangular electrodes (figure 15). In quartz
resonators with one small lateral dimension, it is usual to
choose the plate mode coupled to the thickness mode so to
keep an acceptable Q factor and a good temperature
coefficient.

A. Progressive coupled modes

We have observed progressive modes coupled to the
thickness shear in all the fundamental mode plane resonators
studied by time resolved (synchronous) topography. They
carry a noticeable energy in devices made with high coupling
materials and, in all cases, including quartz; they explain the
modest Q.F products observed for fundamental mode devices.
We consider that they can be detected in resonators having a
Q factor lower than a few hundred thousands. The observation
of these progressive plate modes by stroboscopic X-ray
topograph indicates clearly that they carry energy towards the
fixations of the device. The energy loss per period and the
stored energy can be estimated roughly using x-ray topographs
(or more adequately using video recordings of the diffraction
images obtained in stroboscopic conditions). They seem to
correspond approximately to the measured Q factor. For the
different kinds of fundamental mode resonators this quantity is
typically of the order of a very few thousands for X-cut
lithium tantalate, of several ten thousands for medium
coupling materials such as LGS and GaPO4, and up to a very
few hundred thousands for large fundamental mode quartz
resonators. Most often, the progressive modes have at least
two components (ul and u3) and present a quite large standing
wave ratio which facilitates their detection. It is extremely
probable, that in fact, the progressive modes are the real
responsible of the activity dips (by a modification of the
progressive wave due to a thermal effect) and of several other
annoying phenomena existing in resonators. These modes are
very complex and presently no satisfactory theory (or
numerical solution) seems to exist. An example of the
progressive modes observed in an X-cut TaLiO3 resonator by
time resolved topography is presented in figure 16. It should
be noticed that in these images a non-linear relation exist
between the diffracted intensity and the strains (giving rise to
the phenomena of partial contrast inversion).

e X-cut TaLiO3 ZBMHZV.

Time resolved topography
progressive U1+U3 components

Time integrated topograph
stationary U1 component

Figure 16. Progressive mode coupled to the fast shear in X-cut TaLiO3.

V. CONCLUSION

X-Ray topography constitutes an accurate method to
determine the mode shapes of piezoelectric devices. The
theory of the essentially thickness mode established by H.F.
Tiersten predicts most often very accurately the mode shape of
the resonators that have sufficiently large ratios of the lateral
dimensions to the thickness. Several effects resulting of the
finite dimensions of the plate are taken into account by this
theory, but other ones are not relevant of its hypothesis. This is
the case of the coupling of the thickness mode with resonant
or progressive plate modes of significant amplitudes which are
difficult to avoid in miniaturized devices. The progressive
plate modes are clearly responsible of the limited Q.F product,
at least, of the fundamental mode of plane thickness mode
resonators. They are much probably implied in many other
annoying phenomena such as the activity dips.
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Abstract—This paper presents a new equivalent-circuit model of
SiBARs, derived in a mathematically rigorous way from the
physics equations governing the behavior of the device. The
model is parametric, that is, the model component values can be
computed directly from the dimensions of the resonator and the
properties of the material. The model also accounts fully,
accurately and automatically for aspects of the device behavior
that arise from the interaction of multiple physics domain: the
shift in the resonance frequency with the polarization voltage
(“spring softening”), the effect of the polarization voltage and
gap size on the insertion loss, and the reduction in the resonator
loaded Q as the polarization voltage is increased. In contrast,
those effects are not automatically accounted for by other
models, such as mass-spring combinations. Finally, the model
described is load- and source-independent, and thus it
reproduces accurately the behavior of the device Iitself,
regardless of the type and characteristics of the surrounding
circuitry.

L INTRODUCTION

Much research activity in recent years has been directed at
the development of bulk acoustic resonators that are
compatible with standard integrated circuit technologies. In
this respect, capacitive silicon resonators offer a particularly
attractive option, since they can be made entirely of materials
that are used routinely in IC fabrication processes, resulting in
significant advantages in terms of ease of integration and cost
savings. For this reason, their use is becoming increasingly
common in a wide variety of RF circuits, such as reference
oscillators and filters [1].

Disk resonators were among the first examples of
micromechanical bulk resonators, but more recently width-
extensional-mode resonators based on an alternative,
rectangular-bar geometry were demonstrated [2]. In this paper
this particular type of capacitive resonators will be referred to
as silicon bulk acoustic resonators, or SiBARs. The basic
structure of a SiBAR is schematically shown in Fig. 1: the
resonating bar element is placed between two electrodes,
supported by two thin tethers. A DC polarization voltage
applied between the resonator and the electrodes generates an
electrostatic field in the capacitive gaps. When an AC voltage
is applied to the drive electrode, the electrostatic force applied
to the corresponding face of the resonator creates an elastic
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Figure 1. Schematic structure of a SiBAR: top view (left) and cross-

sectional view (right)

wave that propagates through the bar. Small changes in the
size of the capacitive gap on the other side of the device
induce a voltage on the sense electrode, the amplitude of
which peaks near the mechanical resonant frequencies of the
bar.

While the behavior of bulk resonators is well understood
in broad, qualitative terms, sufficiently accurate analytical
models of those devices that can be used in place of full-
blown finite-element simulation are still lacking. This is a
significant drawback in the design of mixed-technology
systems that rely on micromechanical resonators. In the
simulation of such systems it is common practice to use
simple RLC models for the resonators [3][4]. However these
models are usually derived using empirical or semi-empirical
techniques, often relying on qualitative analogies with
similarly  behaving systems, such as mass-spring
combinations. Consequently, the accuracy of such models
cannot be demonstrated or even estimated theoretically: at
best, it can only be verified numerically or empirically, and on
a case by case basis. In fact, an empirical RLC model could
not track changes in O and the insertion loss of a silicon bulk
acoustic resonator (SiBAR) with the polarization voltage
without the introduction of an artificial parasitic resistance [5].

This paper presents an equivalent circuit model of a
SiBAR that is derived in a mathematically rigorous way from
the governing equations of the device. The model is
parametric, in that the model component values can be
computed directly from the dimensions of the resonator and
the properties of the material. The only exceptions are the
resistances in the model, whose values depend on the energy
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losses in the resonator, which are difficult to model

analytically.

The model also accounts fully, accurately and
automatically for aspects of the device behavior that arise
from the interaction of multiple physics domain: the shift in
the resonance frequency with the polarization voltage (“spring
softening”), the effect of the polarization voltage and gap size
on the insertion loss, and the reduction in the resonator loaded
Q as the polarization voltage is increased. In contrast, those
effects are not automatically accounted for by other models,
such as mass-spring combinations. Finally, the model
described in this paper is load- and source-independent, and
thus it reproduces accurately the behavior of the device itself,
regardless of the type and characteristics of the surrounding
circuitry. The model has been validated numerically against
finite-element  simulations and experimentally against
measurements taken on a SiBAR fabricated using the
HARPSS process [2].

II.  RESONATOR MODEL

As in all capacitive MEMS resonators, the operation of a
SiBAR is based on the principle of electromechanical
transduction. Let W, L and #, denote respectively the width,
length and thickness of the resonator, as shown in Fig. 1. If a
DC polarization voltage Vj, is applied across the drive and
sense capacitive gaps, the resulting electric fields create
pressure on the faces of the resonator and a consequent elastic
deformation of the structure. If a small-signal voltage v, is
superimposed to the DC voltage at the drive electrode, the
change in the electric field in the capacitive gap and the
corresponding change in the pressure applied to the resonator
face generate an elastic wave that propagates across the width
of the resonator.

Therefore a compact SiBAR model can be derived from
the equations of elastic wave propagation, under the
approximate assumption that the resonant modes of interest
are created by the propagation of plane waves in the direction
of the width of the resonator. Under this assumption, an
analytical solution of the elasticity equations can be obtained.
By means of appropriate circuit synthesis methods, this
solution is used to derive an equivalent circuit, that is, a circuit
the behavior of which is described by the same equations that
characterize the operation of the SiBAR.

The resulting equivalent circuit model of the SiBAR is

shown in Fig. 2. The values of the circuit elements are given
by the following expressions

€, =C,/8 L =8/ (@} C,)
C,=2C, /n’ L, =%/ a3 C,) (M
Cy=&’Acy; [WO2 RR, =(21/,C,)°

In the expressions above, @y, is the value of the DC charge
that is present on the drive and sense gap capacitances.
Specifically Q, = C4V, = (¢A/g)V,, where g is the size of
the capacitive gap, € the dielectric permittivity, A = Lt;, and
Cgy the value of the gap capacitance. Furthermore w, = 27y,
where f;, is the mechanical resonance frequency of the
resonator, and ¢35 is the stiffness coefficient of the resonator
material in the direction of propagation of the elastic waves.

The values of R; and R, depend on the energy losses in
the resonator, that is, on its mechanical Q. Note that (1)
imposes a constraint on the product R;R,. Consequently the
value of only one of those resistors can be chosen
independently. For example, the measured ratio between the
input voltage and the short-circuit output current of the SIBAR
at resonance can be used for this purpose. An approximate but
sufficiently accurate expression for this ratio can be obtained
by observing that near the resonant frequency the current
through the series R,L,C, circuit will dominate the current
through the parallel R{L,C; circuit: it is therefore reasonable
to assume that i3 = i,. After some algebraic manipulations,
the following expression is obtained

JjoC, [L,Cy

i = v
@0+ jo(Ry /L) +(1-2C, [C)/(L,Cy) ¢ P

The expression above shows that the electrical resonant
frequency w,; — i.e. the frequency at which is achieves its
maximum value — is lower than the mechanical resonant
frequency w, and is given by

@ = ay1-2C, /Cy 3)

In particular, since the value of C, depends on the DC bias
voltage V,, so does the value of w;. This is a well-known
effect, which has been consistently observed in experimental
setups [3][5]. Setting w = w; in (2) yields the desired
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Figure 2. SibAR equivalent circuit model
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Figure 5. SiBAR voltage gain at resonance vs. polarization voltage

relationship between the value of R, and the v,/ ratio at
resonance, namely

Celv
R, =—8|2d
27, (1 L_wl 4)

Note that once the value of R, has been computed for a
particular geometry, it can be extrapolated to other geometries
if the rate of energy loss in the resonator does not change.

Further improvements to the model can be made by
solving the elasticity equations more accurately, taking the
finite thickness of the resonator into account [6]. Because of
space limitations the calculations are omitted here, but the end
result is a modified expression for C,, while the rest of the
equivalent circuit model remains unchanged.

III.  NUMERICAL SIMULATIONS

The equivalent circuit model described in the previous
section was compared to finite-element simulations of a
SiBAR performed in ANSYS. A detailed description of the
ANSYS model is given in [6]. The device used in the
comparisons was a resonator of dimensions L = 400 um, W =
40 um, t, = 20 um, with a DC bias voltage V, = 15 V. Fig. 3
compares the s,; parameter obtained from an ANSYS
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Figure 4. SiBAR electrical resonance frequency vs. polarization voltage
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Figure 6. SiBAR voltage gain at resonance vs. capacitive gap size

simulation of the device with 50 € source and load resistances
with the s,; parameter of the model under the same
conditions.

A second set of simulations was then performed on the
same device with various DC polarization voltages, ranging
from 5 V to 70 V, while keeping the values of the source and
load resistances fixed at 50 Q. Fig.4 shows the electrical
resonant frequency f; = w;/2m of the device at each value of
V;,, obtained both from ANSYS and model simulations. The
same figure shows also the graph of the relationship between
f1 and V, given by (3). It can be seen that the simulation
results track very closely the relationship in (3), which in turn
matches actual measurements taken on SiBARs, as will be
shown in Sec. IV. Fig. 5 shows the value of the voltage gain
Ay = Voye/Vin at resonance as a function of V,, obtained both
from ANSYS and model simulations.

A final set of simulations was performed to evaluate the
effect of the size of the capacitive gaps on the voltage gain of
the device. It should be noted that for these simulations the
values of R; and R, were changed assuming an inversely
proportional relationship to C,. This assumption stems from
the fact that R, and R, are determined by the mechanical Q of
the resonator, which is independent of the gap size. Based on
the expressions in (1), keeping the Q of resonant circuits
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R;L,C; and R,L,C, constant with the gap size requires the
resistance values to be inversely proportional to C,. The
results of this last set of simulations obtained from the model
and from ANSYS are shown in Fig. 6. It can be seen that in all
cases the graphs in the figures show excellent agreement
between the two sets of data, a result that clearly supports the
validity of the model.

IV. EXPERIMENTAL MODEL VALIDATION

In addition to finite-element simulations, the SIBAR model
was validated experimentally against measurements taken on a
device fabricated using the HARPSS process [2]. The nominal
dimensions of the device were L = 400 um, W = 40 um, ¢, =
20 um. The extracted values of the width and gap size were
W= 40.028 um and g = 99 nm, respectively. Fig. 7 compares
the measured resonance frequency of the device with that
predicted by the model, as a function of the polarization
voltage V;,. Fig. 8 shows a similar comparison for the insertion
loss of the device, also as a function of V. For reference
purposes, the corresponding values of the motional resistance
R,, are also plotted. Finally, the values of the quality factor O
of the device, both measured and predicted by the model, are
plotted versus V, in Fig. 9. Although the agreement is not as
good as in the two previous figures, it can be seen that the
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model tracks with good accuracy the drop in O with the
increase in Vj, without introducing an artificial additional
resistance, which is instead needed in simpler, empirically
derived resonator models [5].

V. CONCLUSION

This paper has introduced a parametric equivalent circuit
model for SiBARs that is derived directly from the equations
governing the electromechanical behavior of the device.
Consequently the values of most of the components in the
model can be computed analytically, based on the dimensions
of the resonator and the properties of the material. The only
model parameters that cannot be determined in this way are
the resistance values, which are tied to energy losses in the
device. Simulation results show that the performance
parameters extracted from the model are in excellent
agreement with those obtained both from finite-element
analysis of the device and from actual measurements. Thus the
model can be profitably used in the design of complex mixed-
technology circuits that include SiBARs among their
components, such as VHF oscillators.
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Abstract—As the systematic study of nonlinear vibrations of
quartz crystal resonators, we have established the nonlinear
Mindlin plate equations which include the strongly coupled
thickness-shear and flexural modes. Based on the simplification
of these complicated nonlinear equations, equations of thickness-
shear vibrations of quartz crystal plates have been solved by the
combination of the Galerkin method and homotopy analysis
method (HAM). The amplitude-frequency relation we have
obtained shows that the nonlinear frequency of thickness-shear
vibrations depends on the vibration amplitude and thickness
and length of plate, which is quite different from the linear
cases. All these efforts will result in applicable solution
techniques for further studies of nonlinear effects of quartz
plates under bias fields for the precise analysis and design of
quartz crystal resonators.

L INTRODUCTION

Common types of piezoelectric resonators such as the
quartz crystal resonators always operate at a desired resonant
frequency with broad applications for frequency control and
detection in electronic and mechanical products and systems
[1-2]. The linear piezoelectric plate theories for these
applications have been successfully studied by Mindlin,
Tiersten, and Lee et al and yielded many satisfactory results
[3-5]. However, with demand for higher frequency and
miniaturization of piezoelectric structures, many nonlinear
phenomena such as the derive level dependency (DLD) and
activity dip have emerged and required analysis [6]. These
intrinsic nonlinearities are responsible for the coupling
between the vibration modes and external or internal bias field
effects which ultimately cause frequency instability and affect
the operation precision of piezoelectric devices. Therefore,
there is a strong need to study nonlinear properties and
behaviors of vibrations of quartz crystal resonators for many
different purposes. Actually, some preliminary and
challenging work has been done by many researchers. Yang
has established equations for the extensional and flexural
vibrations of electroelastic plates under strong electric field
[7]. Yang and his collaborators also studied many nonlinear
couplings between thickness-shear and other vibration modes
[8-9]. In his doctoral dissertation, Patel has employed the
finite element method based on equations of nonlinear three-

dimensional piezoelectricity to analyze well-known DLD
phenomenon in quartz crystal resonators [10].

In our earlier studies, we have already established the
nonlinear Mindlin plate equations which include the
thickness-shear and flexural vibration modes that are strongly
coupled [11-12]. We found the nonlinear Mindlin plate
equations are indeed complicated, and cannot be directly
solved by known methods we are familiar with from linear
equations. On the other hand, even with powerful computers,
both linear and nonlinear Mindlin plate equations are still
difficult to solve with numerical methods due to difficulties in
solving extremely large scale linear systems at high frequency.
The finite difference method also has been tried without any
valuable results [13]. For this reason, we focused on solving
the nonlinear equations of flexural and thickness-shear
vibrations of quartz crystal plate by the Galerkin method and
homotopy analysis method (HAM). Both the analytical and
numerical results have shown some inherent characteristics of
nonlinear vibration and given some valuable directions for
further research.

II.  THE NONLINEAR MINDLIN PLATE EQUATIONS

Through the consideration of kinematic and material
nonlinearities, nonlinear Mindlin plate equations have been
established by following the procedure of Mindlin with the
signature expansion of displacements in the thickness
coordinate [11-12]. The nonlinear equations of flexural and
thickness-shear vibrations are [12]
ZbCIZIZ(ug,)l)I + ”1(,11))"' 2bc121112u£(,)1)1u§(,)1) (ué(,)l) + ul(l))
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where ugo) and ul(l) are the displacements of flexural and

thickness-shear vibrations modes, Cin and Citmn Y€ the

second and third elastic constants of material, » and p are the

half thickness of plate and density of material, respectively.
Not surprisingly, we found that the nonlinear Mindlin plate
equations with the consideration of kinematic and material
nonlinearities are indeed complicated. Therefore, we first
carry out the analysis of linear Mindlin plate equations for
comparison purpose. When the nonlinear terms in (1) are
neglected, we have

2b666[ 21)1 +”11] _2bp"‘z > 2)
26 207 .
11”111 2bcéc[“ 01 +”1(1)]= 3 p"‘l(l)'

By assuming a long thickness-shear wave mode, we have
corresponding displacements as [3-4]

= Asin(&, )cos(ar),

where 4, B & n, and @ are amplitudes, wavenumbers, and

=B cos(?]x1 )cos(arx), 3)

angular frequency, respectively.

For the case when the two ends of the plate are free, the
corresponding boundary conditions we have are [3, 14]

ul)(x, =2a)=0, u(x, =+a)=0. o

Substituting (3) into (4), we have

.»;_ n—1357 S n="% m=1357--. ®)
2a
By inserting (5) back into (3) and (2), and consider
thickness-shear approximation [3-4], we have

a)253ii+c”(m”) (6)
b’p p

This is the known long thickness-shear vibration frequency
of a finite quartz crystal plate [1]. Particularly, if m =1, it is
the fundamental long thickness-shear frequency.

III.  GALERKIN APPROXIMATION

We are mostly interested in the effect of the flexural mode
and nonlinear terms on thickness-shear vibration frequency
and mode shapes. The Galerkin method is frequently
employed to solve nonlinear wave propagation problems in
finite regions [15-16]. By assuming the spatial variation of
displacements in the form of linear mode shape, we can use
the orthogonal properties of the linear mode shapes to obtain
equation to determine temporal behavior.

Based on (3) and (5), for the lowest-order effect of the
flexural mode on the fundamental thickness-shear mode
m=1,n=1, we have

ul? = Zu(t)sin[@), ulV) = Eu(t)cos(ﬁ], )
2 2a

where 4 and B are new nonlinear amplitudes. We move the

inertia term from right side of the second equation of (1) to

left side and define this expression as the weighting error. We

also require this weight error to vanish in one period, or over

the length, as

.[ E- cos[ jalx1 ®

Substituting (7) into (8) and integrating through the length
of the plate, we have the equation

ii+Cu+Cu’ +Cu’ =0, ©)]
where
6, -0} =250 7
b'p 4a’p (10)
S B’c,,  B’cy,  Bley  ABeym  Bicn’
2T pp  4p  Bp  2abp  12d%p
;120127[2 chm(,ﬂ'z ABLW, 3 Z%’W,zﬂ
4a°b*p 4a2b2p 24a°p  8Ba’b’p’
c =22§201227r2 Bicym?  Bleyom®  A'Blcmt  A'c,m’
T 0a%p | 20a’bp | 60a’p | 240a'p  80a'bip’

where @, is fundamental and referential frequency of long
thickness-shear vibration of quartz crystal plate.

IV. NONLINEAR SOLUTIONS

The standard homotopy analysis method proposed by Liao
has been successfully applied to solve many types of nonlinear
equations in science and engineering [17-19]. We want to

132



employ this method to solve nonlinear equation of thickness-
shear vibrations of quartz crystal plate as shown in (9). First,
we introduce two new variables, 7 =@t and y =u, to (9) and

assume corresponding initial condition as
@’y +Cy+C,y° +C,y° =0,
»(0)=B.y(0)=0,

where @ is the nonlinear frequency which will be determined

(11)

later, and B is the initial condition. It should also be pointed
out that primes denote derivatives with respect to the new
variable 7 in (11).

Now we want to solve (11) by homotopy analysis method.
Based on the boundary conditions (11), it is reasonable to
assume the solution expression as [17]

y= icm cos[(2m +1)r], (12)

m=0

where ¢, is a constant coefficient. Under the rule of solution

expression in (12), we choose

o = Bcos(z), (13)
as the initial guess of y(T). First of all, we define two Taylor
series as

0(t.q9)=y,(2)+ 2 v,4", &lg)= o+ @,4", (14
m=1 m=1
1 0"¢(z, 1 0"
y0)= L) () L)
m!  dq 40 m! dq 40
where ge[0,]] denotes an embedding parameter.
Furthermore, we define auxiliary linear and nonlinear

operators as

Lo(e.q)= [ Pelea), ¢<m>} (15)

’p(7,q) ~ ~ ~
Motz.aola)l=0? 809 & 9(r.4)+ 2.9 (.9)+E*.0)
where @, is the initial guess of nonlinear frequency.

We construct the zeroth-order deformation equation
(1-9)Llp(z.q)~y,(7)|= ghH(0)Ng(7,9) g)l  (16)

where h#0 is an auxiliary parameter, and H(z)#=0 is an
auxiliary function of 7 . From (16) we know that if ¢
increases from 0 to 1, ¢(z,0) and @, varies form initial guess
to the exact solutions. If auxiliary function H(z) and auxiliary
parameter / are so properly chosen that ¢(z,q) and w(q) are
convergentat g =1.

Differentiating the zeroth-order deformation equation (16)
m times with respect to g, then setting ¢ =0, and finally
dividing them by m!, we obtain the higher-order deformation
equation

Ly, (0)~ 2,9, (0= hqH (DR, (1,.. @, ).
a7
B 0, m<1,
K= {1, m>1.
with the boundary conditions as
7,(0)=0,y7,(0)=0, (18)
where
1 dm IN
R, (ym,pwmfl): [ ( ) a)(q)]‘

4=0

= J/;(T) Z‘wra)mflfjfr' + élymfl (T)

. m-l m=1-j
+C2 (@) 2y, @y, (7)
j=0 =0
L m=l m 1-j m 1—i—j m —1—i—k—j
+G2y, @ 2n(0) 23le) 2y s o)
_/:0 i=0

(19)

Based on solution expression (12) and inherent properties
of nonlinear equation (12), (17) can be expressed as

My

me,n (a),,kl )cos[(Zn + 1)1'],

n=0

th(T) m (ym 12 m 1 (20)

where b, is a constant, g is a positive integer determined

by m and H (7). In order to avoid appearance of secular terms
such as 7 cos(z) in solution of (17), we must force coefficient
of cos(r) to vanish as

2

which provides us with another algebraic equation for @, .

bm,o (wm—l ) =0,

For simplicity, we assume (z') =1, hence the solution of
(17) can be expressed in the form

)=

3 (6)= m,;l ) o)
1= b, cos|(2n+1)r]+ D, sin(z)+ D, cos(7)
@ = 04n(n+1) 1 2 ’

where D, must be forced to zero for satisfying the rule of
solution expression [17], and D, is determined by the initial

conditions. By Mathematica programs, we can obtain the
higher order expression for p and ¢, . For example, the

zeroth- to first-order solutions of nonlinear frequency are gave
as

J8C,+6B°C, +5B*C,
a)o = s
242
_36B*hC?+96B°hC,C, +65B*hC?

3/2

96v2(8C, +6BC, +5B°C, )

(23)

For a practical quartz crystal resonator, we are mostly
interested in nonlinear terms on frequency which cause
frequency shift. Therefore, we defined frequency shift as
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Q=(w-w,)o,, (24)

where ¢, in the fundamental frequency of long wave
thickness-shear vibration of quartz crystal plate which has

been defined in (10). In this study, we consider an 8.6845
MHz resonator [1].

In the previous derivation we have the assumption that /
is to be properly chosen so that the solution series (14) are
convergent. The admissible values of this auxiliary parameter
can be found by plotting the so-called / -curves [17]. The 4 -
curves for € is shown in Fig. 1. It is clear that the series for
Q) is convergent with large scope of 4 for practical vibration
amplitude. The nonlinear material properties needed for the
calculation are given by Patel [10].

7
Ax10

25|

Frequency shift Q

0

0.5
-1000 -500 1000

0 500
Auxiliary parameter A

Figure 1. The /1 -curve for Q with B =4x1077.

Table 1 shows the comparison of our analytical solutions
of Q with results of perturbation method with different
vibration amplitude. Numerical results show frequency shift
caused by vibration amplitude is very small which indicates
neither kinematic nor material nonlinearities are the main
factor of frequency shifts and performance fluctuation of
quartz crystal resonators.

Table 1. The frequency shift Q with different amplitudes

Amplitude HAM solutions Perturbation solutions
1E-10 -1.1936620731E-16 -1.1936620731E-16
2E-9 -4.1778172561E-14 -4.1778172561E-14
3E-8 -1.1936620731E-11 -1.1936620731E-11
4E-7 -1.7904931116E-9 -1.7904931116E-9
SE-6 -2.9841557024E-7 -2.9841557024E-7
6E-5 -4.1779190805E-5 -4.1779190795E-5

V. CONCLUSIONS

The nonlinear equations of thickness-shear vibrations of
quartz crystal plates have been studied by the Galerkin method
and homotopy analysis method, and we obtained amplitude-
frequency relation which depends on many factors such as
vibration amplitude, thickness, and length of a plate. The
amplitude-frequency relation also reveals that with the change
of amplitude, the frequency will become unstable which is not
known in the linear theory. Numerical results show neither
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kinematic nor material nonlinearities is the main factor of
frequency shifts and performance fluctuation of quartz crystal
resonators. This promotes us to study of nonlinear behaviors
of quartz crystal resonators with the consideration of many
complicating factors.
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Motional Impedance Analysis: Bridging the ‘Gap’ in
Dielectric Transduction
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Abstract — This paper presents an analytical model to estimate
the motional resistance for partial air gap capacitively-
transduced MEMS resonators. This model serves as a link
between the well formulated analytical models for conventional
air gap and internal dielectric transduction schemes, thereby
helping decide which scheme is optimal for a given design
frequency. Using this model, we simulate and experimentally
verify the motional resistance for a 303MHz polysilicon disk
resonator within a 5% range of accuracy.

I. INTRODUCTION

Semiconductor electromechanical resonators, with quality
factors (Q) often >10000, provide a low-power small-
footprint CMOS-compatible alternative to various electrical
components in wireless communication and signal
processing. On-chip fabrication of high Q micromechanical
resonators can enable low-cost, miniature, low-power filter
banks for radio front ends. Moreover, such resonators have
promising applications in high performance microprocessors
for synchronized clocking arrays with low power, jitter and
skew.

Conventional air gap capacitively-transduced RF MEMS
resonators typically have high motional impedances on the
order of a few kQ [1, 2]. Sub-GHz partial gap resonators with
10 nanometer air gaps achieving impedances <1kQ have been
shown [3, 4]. Extending the frequency of these resonators
entails scaling of resonator dimensions, leading to increased
motional impedance at higher frequencies. Dielectric
electrostatic  transduction has several benefits over
conventional capacitive air gap transduction schemes for
higher frequencies and smaller dimensions [5]. However,
there is no clear understanding on which of these transduction
schemes is better for a given design frequency and desired
mode shape of the resonator. This work presents an analytical
treatment of this problem, and insights derived from the
equations presented here enable the designer to optimize
resonator designs for low motional impedances.

Primary contact: Siddharth Tallur, sgt28@cornell.edu

978-1-61284-110-6/11/$26.00 ©2011 IEEE

II.  PRIOR MODELING EFFORTS

Motional impedance models for air gap transducers [6] and
internal dielectric transduced resonators [5] are available in
literature. However, partial air gap transduction lacks a good
analytical Butterworth Van-Dyke (BVD) model in literature
that can accurately predict resonator performance for varied
applications. Designers often feel the need for a complete
model for dielectric transduction that can help them determine
the motional impedance for various schemes for their design
of choice, thereby enabling them to pick a scheme that works
best. An earlier attempt to model partial gap beam resonators
[3] was limited by distortions of the beam geometry at the
resonator-electrode interface, resulting in significant deviation
from measured results. The next section presents a model that
is built on the methodology presented in [6]. However, there
are many additional factors to be considered for the case of
partial air gap transduced resonators, such as motion of the
dielectric, acoustic mismatch between the dielectric and
resonator body, stress in the resonator etc. For this simple
zero-order model we have made several assumptions that are
listed in the following section.

III.  ASSUMPTIONS AND METHODOLOGY

A. Assumptions

The model presented here makes several assumptions to
simplify the derivation. Consider a schematic of a beam
resonator shown in fig. 1 for illustration. The resonator body
comprises of a resonator body of length L and dielectric of
length d, at both ends. The air gap is d; and the dielectric on
the electrode has length d,. The dielectric constant of the
dielectric is ¢, and that of air is ¢;. The various assumptions
made are:

1. No acoustic mismatch between dielectric and

resonator body.
2. Dielectric on the electrode is rigid.

3. Expressions for electrostatic forces are independent of
the mode shape

4. Sense current calculation requires:

4.1. Accounting for both displacement in x (motion
at the free end) and displacement in y (motion at
the interface between resonator and dielectric).

4.2. Expressing x displacement in terms of y
displacement.

135



L/2 d; de

§
//é@/l/

Nk
§
//%//

>
n
o

Fig 1. Schematic highlighting half the resonator geometry for
a beam resonator for illustrating model assumptions and
methodology

B. Methodology

The model essentially follows the derivation for motional
impedance presented in [6]. As listed in step 4-5 below, we
need to account for motion at the resonator-dielectric interface
and air-dielectric interface also.

1. Write down the equation for mode shape in the
resonator assuming no acoustic mismatch.

2. Express total capacitance between electrode and
resonator body (dielectric and air gap combination)
in terms of displacements.

V2 0Ctor
2 ox;
where V is the total applied voltage, C,, is the total
capacitance and x; is the corresponding displacement.

3. Express forces in the form F;=

4. Write down displacement amplitude, and hence the
velocity amplitude at the free end of the resonator in
terms of effective force (sum of individual forces
shaped by the mode shape), stiffness and the quality
factor.

5. Use these expressions to write down sense current
dCtor _ 0Ctot dgap
dgap ac ggap ot °
the DC bias applied across the resonator.

as igense = Ve where V. is

6. Express the motional resistance R, in terms of the
C

applied RF voltage v,, as R, = —2

lsense

7. Comparing the expression for effective force from
step 4 with Fpop = vy, find the effective
electromechanical transduction factor 7.

8. Expressions for the inductance and capacitance are

2
given by L, = :}VI—Z, C, = %, where M is the effective

mass and K is the stiffness.

C. Equations for a beam resonator

The equations for a beam resonator can be obtained by
following the methodology presented in sub-section B. For
the schematic presented in fig. 1, the mode shape can be
written as in equation (1), where U, is the amplitude of

displacement, k, = En+UT i the wave number and o is the
(L+2d3)

frequency.
u(x) = U, sin(k,x)e/®t (1)

The total capacitance, C,,; can be written as

€2€1A

Ciop = 2
Lot ™ o) dotey(dy+dy)+x(e1—E2)—E1Y 2)

The forces at resonator-dielectric and air-dielectric
interfaces can be written as follows, where V is the voltage
applied at the electrode. For our purposes we use expressions

obtained by substituting x = d, and y = 0. Moreover, we have
VZ

CY VacVac
F, = VZ0Cor _ V? £,€7A 3)
L7 2 9y 7 2 [erdeter(ditdy)+a(e;—ey) -,y
— V2 9Ctor — v £2€1A(81— &) (%)
2 2 0x 2 [e1detey(di+dy)+x(e1—€3)—€1V]?
. (knL
Free = Fy sin (“25) + F, (5)

The expression for displacement can be written down as
in equations (6)-(7) using expression for stiffness from [5].

Up= e =y = =2 ©)

T pwol  |med| T Kk
Q

_2Q(L+2dy) 3231Vdcvac{31 Sin(%)—(&—gz)}

= 7
0 Y(2n+1)2m2 [eodq+e1dy+eqde]? )
Then the sense current can be written as
i — ACrot _ 0Ctor 0gap _ 9Ctor 0y (8)
sense dc dgap dc dgap ot dc dy ot

While carrying out this derivation, we express x in terms
of y. The reason for this is that motion at the free end also
contributes to the sense current which wouldn’t be captured if
we only carry out a partial differentiation of C,,, with y.

_ y dy _ . (knL
X = dz +m,§ = ZTL'fnUO Sin (T) (9)

Thus, we can get an expression for R, as follows:
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vae _ @n+DmYp [eydi+erdy+erde]*

R, = =
x 2QVi.efesA {81 sin(%)—(ﬁ— 52)}

z (10)

lsense

We obtain 7 from (5), and thus can express L, and C, as
follows:

p(L+2d;)[epdy +&1dy+e1de]*

e2e2 V(fCA{el sin(%)— (e1— 82)}2

(11

. (knL 2
2822 V;CA(L+2d2){£1 sm(%)—(sl— 82)}
- Yﬂ2(2n+1)2[€2d1+81d2+81de]4

C, (12)

D. Equations for a disk resonator

Beam resonators have significant mode distortion at the
resonator-electrode interface [3] that are not accounted for in
this model. However, we can establish the validity of this
model by deriving a similar set of equations for disk
resonators which do not have mode distortion.

Consider the disk resonator geometry in fig. 2. The mode
shape for disk resonators can be written as [8] in (13) where

—y2
ko = wo(R + dy) |22

u(r) = A2y () edor (13)

The total capacitance can be written as follows:

Ctotzi (R+d2+d1+de) 1 (tR+d2+d1) 1 ln(R+d2+x) (14)

E) R+dp+dq Beq R+dy+x 2mey R+y
d
(@)
R+y di-x
V#) & [
r=0 R+d;+x dy
(b)

Fig 2. Schematic for a partial gap disk resonator highlighting
(a) the geometry, (b) displacements at various interfaces
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One can derive the stiffness (and hence effective mass)
from the modeling presented in [8]

2 J3 (ko)

K = npt(R + dy)*w? )

(15)

Also, the forces and hence the effective force can be
written down as in equations (16)-(18)

V2 9Ctot Ctot
F1|y=0,x=0 =7 ayo = VacVqc ayo (16)
V2 0Ctot Ctot
F2|y=0,x=0 =3 axo = VacVac axo 17)
koR
Fl]l(R+d )
2
=—+4F 18
net ]1(ko) 2 ( )

The displacement amplitude can then be written down as
follows:

koR
v ]1(R+d2>actot , 9Ctot
QVdcvac| 7 tg) oy ' ox
_Fo _ x=0,y=0
Uop=7%= 5 2J30k) (19)
TL'pt(R'I‘dz) (l)om
Similar to (8)-(9), we obtain
. _ 6Cmt 6y
lsense = Vdc ay E (20)
koR
_ yhi(ko) dy _ ]1(R+d2)
= TkeRY’ gr — @olVo T (21)
]1(R+d2) t ]1( 0)

Thus we can obtain following expressions for R,, L, and
C,

npt(R+d;)?wo )% (ko)

R, = - 22)
Qv2 ]1<R+d2)actot.actot [dCtot] )i (koR)
dac|”ji(kg) a8y | ox Uay 1, th(kg) x=0,y=0 1\R+dy
*=0y=0 fl(Rfdz)
_ npt(R+d3)%j2 (ko)
x = 2 (23)
]1(—Rk0§ )ac ac,
+d2/)0Ctot tot
jl(kO) Vac J1(ko) dy + ax
x=0,y=0
2
]1(—Rk0(§ )ac ac,
+dz tot tot
]1(k0) Vac J1(ko) dy + ax
Cy = =ty 24
x winpt(R+dy)2J2 (ko) 24)

IV. DISCUSSIONS

We compare the model for a beam resonator in the limiting
cases of air gap transduction and internal dielectric
transduction. The equation for air gap transduction is



presented in (25) [6], and the equation derived from our model
is presented in (26).

VKM _ (2n+1D)md*\[Yp

R. = =
x Qn? ZQVC%CE(%A

(25)

vae _ (@n+Dmdi|Yp
T 2Qv2.e24

R, = (26)

lsense

Similarly, equations (27) and (28) present equations for
the fundamental mode for internal dielectric transduced
resonators in literature [5] and from our model respectively.

ng*/Yp

R, = 27
¥ 2ijcs§A{sin(%)}2
n(d; +de)4\/Y_P (28)

- zqvjcegA{sin(%)}z

The model converges to the well established models for
both cases, thereby serving as a ‘bridge’ between them.

10nm air + 90nm

[*hafnia gap

Electrode "~

Polysilicon
disk
resonator

Fig 3. Scanning electron micrograph of the radial breathing
mode disk resonator actuated through a 10nm air + 90nm
hafnia gap fabricated as in [3]

TABLE L. COMPARISON OF PREDICTED RESISTANCE FROM MODEL TO
MEASURED RESISTANCE FOR A WINE GLASS MODE DISK RESONATOR [7]
Process Measured Predicted
R () [7] R.(Q)
a) 94nm air gap after HF release 2.62k 2.24k
b) After partially filling gap with 30.7nm 966 369
HfO, and sintering at 400°C for 3 minutes
¢) Same conditions as (b) with lower Vpc 6.5k 5.23k
d) After sintering at 400°C for another 3 685 516
minutes

&n

Vpc=3V =005 Wz
: RF,,=-20dBm Q=35480
8
S s
3 (measured)
(calculated)

'ﬁm 30362 30364 30366 30368 30370
Frequency (MHz)

Fig 4. Transmission response of the resonator shown in fig. 3
highlighting measured resistance value

V. COMPARISON OF MODEL TO MEASURED RESULTS

We compared predictions made from our model to
measured motional resistance for a radial breathing mode disk
resonator designed at OxideMEMS laboratory. The resonator
comprises of a poly silicon disk resonator with a radius of
8.83pum actuated through a 10nm air + 90nm hafnia gap. Fig. 3
shows a scanning electron micrograph of this resonator. As
shown in the transmission response of the resonator in fig. 4,
the predicted motional resistance from the model matches the
measured resistance value to within 5% accuracy. To further
corroborate the wvalidity of the model, we compared
predictions from the model to a wine-glass mode disk
resonator reported earlier [7] in table 1.

The model thus compares quite well for measured
resistance for these disk resonator geometries. For higher
accuracy, the model must include the effects of strain in the
dielectric and acoustic mismatch [9] to make it useful for
varied applications [10] of partial air gap transduced
resonators.
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Abstract—This paper reports the fabrication of Lateral Field
Excitation resonators on a free-standing Aluminum Nitride
membrane. We present a very simple fabrication process, and
discuss the electrical measurements. In particular, the influence
of the electrode width on the generation of parasitic longitudinal
waves is demonstrated. We also provide measurements of the
temperature dependence of the resonance frequency of the
thickness-shear mode, which is of -14 ppm/°C, being much lower
than the temperature dependence of the thickness-extensional
mode in the same material stack.

L. INTRODUCTION

Bulk Acoustic Wave resonators have now come to maturity
for telecommunication applications, especially in RF front-
ends. They have also demonstrated a large potential for sensor
application, for their large frequency sensitivity versus added
mass. They come mainly in two configurations, differing on
how the acoustic waves are trapped within the piezoelectric
film and prevented from radiating within the substrate. This is
either achieved by leaving an air/solid interface in membrane-
based Film Bulk Acoustic Wave Resonators or by forming an
acoustic Bragg mirror underneath Solidly Mounted Resonators.
Both configurations exploit the resonance of bulk acoustic
waves generated by a vertical electric field applied by the
means of electrodes positioned at the top and bottom of the
piezoelectric field. Alternatively, Lateral Field Excitation
(LFE) [1] resonators exploit vertically propagating bulk
acoustic waves generated by an electric field parallel to the
piezoelectric layer, generated by pairs of coplanar electrodes
located on top of the piezoelectric material. Such structures,
which should not be mistaken with the same denomination
introduced recently for Lamb wave resonators [2], were
initially proposed for quartz resonators [1], [3], but have
recently been proposed in the thin film form. In particular,
Corso et al. [4] used Zinc Oxide (ZnO) films and ensured an
acoustic isolation by using an acoustic Bragg mirror.

LFE offer some advantages over bulk acoustic wave
resonators. First, in piezoelectric materials of hexagonal class,
like ZnO or Aluminum Nitride (AIN), they enable the
excitation of shear waves which are otherwise not excited by a
vertical electric field. These kind of waves are said
theoretically to suffer from lower acoustic losses, both because
they exhibit less viscoelastic damping, as they do not induce
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volume changes in the material and because they do not
normally couple to pressure waves in the atmosphere
surrounding the resonator. Moreover, no metal, which usually
exhibit relatively large acoustic losses, lie in the acoustic path.
Therefore, LFE resonators are usually expected to exhibit
improved quality factors compared to conventional bulk wave
resonators. More practically, they are technologically simpler
to fabricate, requiring only one metallization level. The fact
that they do not require a bottom electrode can be utterly
interesting as the growth of piezoelectric film atop electrodes
requires using materials with compatible crystalline lattices, for
example, when depositing Aluminum Nitride (AIN) films,
using Platinum or Molybdenum bottom electrodes, which
suffer from poor electrical conductivity. Without the need for a
bottom electrode, piezoelectric films can directly be deposited
atop the substrate and take for example benefit of its crystalline
properties, thus enabling the use of epitaxially grown films
which are otherwise tedious to use [5].

In this paper, we focus on AIN based resonators
acoustically isolated by forming free standing membranes.
Such a structure offers the advantage of being very easy to
fabricate, as it does not require the deposition of multiple
materials. In section II, we detail the fabrication process used
to fabricate such LFE resonators. We then present electrical
characterizations in section III and discuss them in section IV.
Finally, in section V, we present the influence of temperature
on the electrical response of these resonators and use it to
determine the effect of temperature on shear bulk waves in
AIN.

II.  RESONATOR FABRICATION

The devices presented here consist of two square electrodes
deposited side-by-side on top of a piezoelectric free-standing
membrane. The electrodes are 230x212 um? rectangles
separated by 2, 4 or 8 um. Images of a device are presented in
figure 1.

The fabrication of resonators, summarized in Figure 2, starts
with the thermal oxidation of a high resistivity silicon wafer to
get a 500 nm-thick SiO,. A 2 pm thick AIN film is then
deposited by reactive pulsed DC sputtering. 200 nm-thick
aluminum is then deposited and patterned using dry etching.
An additional silicon dioxide layer is deposited and patterned
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Figure 1: a) Optical image of the LFE device and b) scanning electron
micrograph of the cross section of a LFE device
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Figure 2: Process flow for the fabrication of the LFE devices

by dry etching to form a mineral mask for the etching of
release holes in the aluminum nitride layer.

This oxide mask, as well as the thermal oxide located at the
bottom of the release holes through the AIN film is then dry
etched.

Finally, a cavity is formed below resonators by an isotropic
chemical etching of the silicon substrate using XeF,. During
this step, part of the SiO, is removed, especially on the edges
of the device. The SEM image of Figure 1.b) is taken on the
edge of the device, explaining the lack of SiO..
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Figure 3: RF measurements of an unreleased LFE device with a 2 um
spacing

III. RF CHARACTERIZATION

Devices are characterized using a vector network analyzer
and coplanar RF probes. RF measurements were performed
between 10 MHz and 20 GHz, with more accurate frequency
steps of 100 kHz between 1.5 GHz and 3.1 GHz to optimize
the measurement accuracy in this band. A full 2-port Short-
Open-Load-Thru (SOLT) calibration was done. A semi-
automatic RF prober was used to ensure repeatable contact
resistance between the different devices. Measurements are
performed using two-port probes, the second port being
shorted, hence corresponding to a signal applied on one of the
electrodes when the other one is grounded. For each device
presented in the following, we removed the contribution from
pads and ground lines by measuring a reference device similar
to the measured one but without the resonator electrodes (so as
to feature an open circuit) and substracting this measurement
from the one of the resonator. The admittance is presented
using its modulus.

The first measurement we present here is a High-overtone
Bulk Acoustic Resonator (HBAR), obtained before the final
fabrication step consisting in releasing the structure. At this
stage, the resonator is comprised of the piezoelectric and SiO,
layers directly located on top of the substrate; the top electrode
is the same as in the released structure. Figure 3 presents the
electrical measurements of these unreleased devices. First, we
observe periodic peaks separated by 5.7 MHz. This frequency
spacing between resonances corresponds to the spacing
between overtones of the thickness-extensional mode of an
AIN layer deposited on top of a 725 um Si substrate, hence
demonstrating the HBAR behavior of the device. The envelope
of resonance peaks having its maximum around 2.53 GHz is
characteristic of the generation of longitudinal waves by the
AIN film. At this stage, no electrical response related to shear
waves could be determined.
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Figure 4: RF measurements of LFE devices with varying spacing

The structures are then released, leaving an AIN/SiO,
membrane, with their top electrodes. Figure 4 shows the
electrical response of the resonators inter-electrodes spacings
of 2 to 8 um. On these curves we can see three different
contributions. The first is the resonance located around
1.65 GHz, which corresponds to the first thickness-shear
resonance in the AIN film, and hence is the actual LFE
resonance. The second one around 2.52 GHz is characterisistic
of the thickness-extensional mode in the membrane, being the
proof of the generation of also longitudinal waves in the
piezoelectric film. The last contribution, represented by small
periodic peaks, corresponds to the HBAR resonance we
presented above. The LFE and HBAR resonances seem not to
depend upon the distance between the electrodes, while the
thickness-extensional resonance is attenuated when the inter-
electrodes gap increases.

IV. DISCUSSION

To confirm the assumptions related to the nature of the
waves excited in the membrane, we calculated the electrical
response of our stack using a Mason model. We used a device
with an inter-electrode spacing of 2 um for the fit to get the
better resonances. Figure 5 a) shows the fit of the low
amplitude multiple resonances using parameters for
longitudinal waves. Frequencies fit very well with
measurements, revealing a periodicity of about 5.7 MHz, hence
corresponding to overtones of the thickness-extensional mode
observed on the HBAR structure, confirming our hypothesis.

Using a similar Mason model, also with parameters for the
longitudinal wave, we will now focus on the resonance located
at 2.52 GHz. Here we model only the membrane made of SiO,,
AIN and Al To fit correctly this resonance, we needed to
dramatically reduce the piezoelectric properties of the
piezoelectric material. This was performed by adding an
additional capacitance in series with the piezoelectric layer in
the electrical model. The result is presented in figure 5b). The
position of the thickness-extensional resonance is fitted by
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Figure 5: Mason fits a) of the HBAR resonance, b) of the FBAR
resonance and c) of the LFE resonance.

varying the thickness of the SiO, layer. We deposited 500 nm
of SiO,, but the chemical product of the reaction between Si
and XeF, is reacting slowly with SiO,, leaving a thinner layer
[6]. This fit gave about 290 nm of remaining SiO,, but it is
over-evaluated (probably around 240 nm).
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Figure 6: Complete simulation of the device

Finally, we look at the thickness-shear resonance. We used
the acoustic velocity of shear waves in AIN and an estimation
of the capacitance formed by the two top electrodes. The
frequency is closely related to the thickness of the AIN layer.
By fitting the frequency, we conclude that the AIN thickness is
about 1.78 um, which is close to what was observed
experimentally on SEM pictures and through reflectometric
measurements, which is around 1.87 nm.

We combined all these contributions together, assuming
that each of them is related to parts of the device, and
connecting each model in parallel. Each contribution was
ponderated by its respective static capacitance value, which

Figure 8: Electric field (a) and electric potential (b) distribution
obtained from FEM simulations

contributed to the overall electric response. The result is 0002 — ! ' "Thickness—shear

presented in Figure 6. The simulation is qualitatively very 0.0015 - Thickness—extensional - 1

close to the measurements, presenting the same kind of | P _
Cnis, . 0.001

resonances. Because of its high electromechanical factor, the

relative contribution of the thickness-extensional mode needed 0.0005 ]

to remain very low (close to 0.5 % of the total static

capacitance), even when using a series capacitor to decrease it. -1.40208e-5*x-1.12e-5
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The major contribution was attributed to the thickness-shear =N

mode, and the remaining to the high-overtone resonator -0.001 ¢ :

response. The resulting electrical schematic is shown in Figure ~0.0015 | J
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To provide a physical meaning to each contribution, we .

performed Finite Element (FEM) simulations. Figure 8 shows -0.0025 -2.86651e-5"x+6.216-5 -

that, as expected, most of the electric field strength is located in -0.003 . . : : :
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thickness-shear resonance. However, although it may be Temperature variation (AT °C)

considered horizontal in most of the inter-electrode gap,

simulations reveal that it is Vertically aligned under the Figure 9: Relative frequency shifts of the thickness-shear and thickness

e . . extensional resonances with temperatures
electrodes, where it is normal to the equipotential surfaces. P

Therefore, under the electrodes, the piezoelectric material is
excited by a vertical electric field, from which the longitudinal
waves originate. Although the electric potential drop across the
thickness of the AIN film remains low, the surface over which
this happens is relatively large, explaining the relatively large
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contribution of the thickness-extensional resonance. When the
spacing between the two top electrodes is reduced, the electric
field distribution in the inter-electrodes gap is only weakly
affected, while the strength of the electric field under the
electrodes is much more affected. This is the reason why the
thickness-extensional mode seems more sensitive to the
spacing between electrodes.

The generation of longitudinal waves due to a vertical
electric field occurs also at the edges of the resonator, where
electrodes are no more located on top of the air-gap:
longitudinal waves propagate then both in the piezoelectric
film and in the substrate, generating overtone resonances.

V. TEMPERATURE BEHAVIOUR

After having identified each contribution, we measured the
frequency shifts of the thickness-extensional and thickness-
shear resonances with temperature using a 4 kHz step around
each resonance. Their evolution is shown in Figure 9. The
temperature coefficient of wvariation of the thickness
extensional ~ resonance is measured to be  of
-29 ppm/°C, being in agreement with the values usually
considered for FBAR [7] resonators. For the thickness-shear
mode, the coefficient of temperature is measured to be of
—14 ppm/°C, being significantly smaller than the thermal
sensitivity of the thickness-extensional mode. This result is
consistent with data available in the literature [8].

VI. CONCLUSION

This paper reports the first example so far of Lateral Field
Excitation (LFE) resonator fabricated on a free-standing AIN
membrane. The electrode shape were not fully optimized, and
in particular were very large, leading to the generation of
parasitic longitudinal waves due to vertically oriented electric
field out of the inter-electrode gap. These parasitic
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contributions are noticed on the electric response and tend to
decrease the performances of the thickness-shear mode. Future
work will look at reducing them by reducing the width of the
electrodes. Nevertheless, we also reported the characterization
of the thermal dependence of frequency of the thickness-shear
mode, which was found to be of —14 ppm/°C, being much
lower than that of the thickness-extensional mode usually
exploited in AIN.
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Abstract—This paper studied the evaluation of activation
energy(Ea) based on the experimental data from quartz
resonators’ biased aging and high temperature storage. 5.0 mm
x 3.2 mm metal seam sealed quartz resonators were used in this
study. To assure the results are trustable, two approach methods
were used for Ea evaluation. The first method is data fit by
Arrhenius model for biased aging data. The second method is
MTBEF evaluation based on high temperature storage data. Both
methods conclude the close Ea value, about 0.578eV, and which
means 85°C for 7days accelerated aging is equivalent as 0.83
year at 25°C.

L INTRODUCTION

For cost and efficiency consideration, electronic device
manufacturers usually cannot take a long time room
temperature testing for product life evaluation. Instead, most
of the electronic devices are through the reliability
acceleration tests [1, 2, 3] to estimate the device life. The
predominant method to estimate the equivalent life of passive
devices is based on Arrhenius’s law. Arrhenius proposed the
model to describe how temperature affects the materials inter
diffusion as following equation.

el

AFT:eKB Tu Ta (1)
Where AFT is the temperature acceleration factor, which
means equivalent life ratio, Kz = 8.616 x 10°(eV/°K) —
Boltzmann’s constant, Ta(°K) is the temperature of
acceleration environment, Tu(°K) is the device operated
temperature, and Ea is the activation energy. The common
reliability accelerating temperatures of quartz resonator are
125°C, 105°C and 85°C. The AFT (or the life estimation) will
be affected by Ea value a lot, as shown in Table I. For the
quartz resonator’s Ea studies, some researches were already
done more than 20 years ago [4, 5, 7]. However, the device
size and structure changed a lot during past decades. It is
necessary to re-evaluate the Ea value for today’s quartz
crystal resonators. To assure the results are trustable, two
approach methods were used for Ea evaluation. The first
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method is data fit by Arrhenius model for biased aging data.
The second method is MTBF evaluation based on high
temperature storage data.

TABLE 1. PRODUCT ACTIVATION ENERGY(EA) VERSUS TEMPERATURE
ACCLEARTION FACTOR (AFT) AT 125C
T(C )| Tu('C )| Ea(eV) | K(eV/ °K) | Tu( °K)| Ta( °K )| AFT
25 125]0.7000 |8.617*10° 298 398|943.17
25 125/ 0.6000 [8.617*10° 298 398|354.53
25 125/ 0.5000 [8.617*10° 298 398 133.26
25 125/ 0.4000 [8.617*10° 298 398| 50.09
25 125/ 0.3000 [8.617*10° 298 398| 18.83

Like common microelectronic devices, the function of
aging frequency change can be expressed as Equation (2)
which relates with current, temperature, and time [6]

%(i,T,z)z R(i)-R(T)-R(t) )

For the sake of simplicity, this study we focused on Ea for
thermal effect only. Which means we need to minimize the
R(i) effect in experiments and neglect it in calculations. 3
elevated temperatures, 85°C, 105°C, 125°C were selected to
make thermal effects stronger, and no room temperature
condition in this study. After neglect electrical current effect
(or drive level effect), Equation (2) can be re-state as
following

% (T,t)= R(T)-In(1+bt) ©)

-Ea
Where R(T) =C - e( KB'T) , b is constant, and for a specified

time, Equation (3) can be expressed as the relationship of
frequency change versus to temperature in Equation (4).
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II.  APPROACH A: ACTIVATION ENERGY FOR AGING
TESTING

A. Aging Experiment

We took 60 pieces samples for each elevated temperature,
85°C, 105°C, 125°C. 5.0mm X 3.2mm metal seam sealed,
40MHz fundamental quartz crystal resonators were used.
Each sample was working in separated oscillation circuit
simultaneously. Frequency were measured daily for 1000hrs
(about 42days). The results are shown as Fig. 1.
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Figure 1. The aging frequency change of 5.0mm x 3.2mm metal sealed

quartz resonator for 1000 hrs

TABLE IL EA FIT FROM FIGURE | FOR SELECTED DAYS
Days 7 14 21 31 42
Ea 0.578 | 0.372 | 0.311 | 0.270 | 0.200

B. Activation Energy Estimation through Arrhenius
Prediction Modle

In Equation (3), if bt >> 1 it can be simplified as Equation
(5) and Equation (6).

Ajf = R(T)Inb+R(T)Int )

Ea
gzC-eK‘*‘T-lnt (6)
f
For a lower temperature and time, Ty and t;, we can get the
frequency change from Equation (6). Similarly, we can have
another frequency change for a higher temperature and time,
TH and th

zf5ﬁ=%(n,a),and5ﬁ1=%(TH¢H>

_S g _Intn i) _Inmm

CS5fi Inn Int

A:5fH=1ntH.eXpL 1o Ea (8
sfi mu PxB\TL TH

(N

For now, we can calculate the A ratio from Equation (8) by
specified Ea, and we can also calculate the A ratio from
experiment data, and compare these two results to verify the
Ea is suitable or not. For Ty=105 °C, ty=7 days, and T;=85C,
tL =17, 14, 21, 31, 42 days, we can get the comparison results
as Table III, and the ratio is close when Ea = 0.578 eV.

TABLE II1. THE ARRHENIUS VERIFICATION MODEL OF 105°C VERSUS
TO85C
105 vs 85 Verification

Formula Prediction by Real Ea Real Ratio

7 14 21 31 42 NA

Ea 0.578013 | 0.372427 [ 0.310908 | 0.269896 | 0.200391 NA
ATI7 | 3.212913 ] 2.070151 | 1.728199 | 1.500231 | 1.113883 | 3.84529
/A\T7/14 | 2.369043 [ 1.526427 | 1.274289] 1.106196 | 0.821322 | 2.411959
/\7/21 | 2.053537 [ 1.32314 | 1.104581] 0.958875| 0.71194 | 2.123997
A\7/31 ] 1.820636 | 1.173076 | 0.979305] 0.850124 | 0.631195 | 1.954337
ATI42 | 1.672711] 1.077765 | 0.899737 | 0.781052 | 0.579911 | 1.655865

We compared different temperature and time conditions
(125°C, 7days vs. 105°C, 42days and 105°C, 7days vs. 85C,
42days) and found the ratio will closest when Ea = 0.578eV
as shown in Fig. 2.

Aging RatioA\ vs Ea

10
1 | Experimental Data Arrhenius' Model
5 Fiascffiosc B D s nosc =142 days
B Fosclfasc A N\ 55 =142 days
_A
= -
n
R
Y= N
e
<
0.1 1 1 | 1 L | | | |

015 020 025 030 035 040 045 050 055 060 0.65
EA (eV)

Figure 2. The verification model of 7days at higher tempearure compare to
42days at lower temperature
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III.  APPROACH B: ACTIVITION ENGERY BASED ON MTBF
ESTIMATION WITH HIGH TEMPERATURE STORAGE DATA

The classical Arrhenius equation show as Equation (9),
where t is the time, T is the temperature, replace t as the
definition of MTBF in reliability, Equation (9) could further
express as Equation (10).

1nt=a+b~% ©)
ln(MTBF):ln(nXt]:Ea-l (10)
r Ks T

Where n is the sample number, t is the experimental time, r is
the number of failure device. TABLE IV is the experimental
results of high temperature storage [8]. The failure number
could be calculated by various device specification, but the
meaningful MTBF must satisfied the normal electronics
device’s failure principle, which means the failure number
should between 1 and total samples. Based on it, we selected
the blue area as meaningful MTBF area and used as Ea
estimation. The results were showed as Table V, the average
Ea is 0.569, which is close to 0.578 as estimated by approach
A. Because high temperature storage had only thermal effect,
no drive level effect inside, and the Ea is close to elevated
temperature biased aging test, it can also show thermal effect
is dominate in elevated high temperature biased aging.

TABLE 1V. THE FAILURE NOMBER OF DIFFERENT DEVICE
SPECIFICATION FOR HIGH TEMPEERATURE STORAGE
BRI RS Failure Number
Temp (hr)
(€)
Samples | Time(H) If)‘a' +4ppm | +4.5ppm | +4.8ppm [ +5ppm | +5.5ppm | +5.8ppm | +6ppm
jnc +4ohm | +4.50hm | +4.8ohm | +50hm | +5.50hm | +5.80hm | +6ohm
85C 30 1074 32220 18 8 1 1 0 0 0
105°C 30 1074 32220 30 26 20 18 6 2 0
125C | 30 | 1074 ] 82220 | 4 28 26 25 20 15 1
150°C 30 1074 32220 30 30 29 27 21 20 14
85C 30 1921 57630 30 25 19 15 4 1 1
105C 30 1921 57630 30 29 29 29 21 14 10
125¢C 30 1921 57630 29 29 29 27 19 16 12
150°C 30 1921 57630 30 30 29 29 25 22 16
TABLE V. THE AVERAGED EA OF HIGH TEMPERATURE STORAGE IS

0.569(EV)

Ea(eV)

+4.5ppm | +4.8ppm| +5ppm |+5.5ppm [ +5.8ppm| +6ppm
+4.50hm | +4.8ohm| +50hm | +5.50hm| +5.80hm| +6ohm

0.5735

Average = 0.5693

IV. CONCLUSION

We studied the evaluation of activation energy (Ea) based
on the experimental data from quartz resonators’ biased aging
and high temperature storage. 5.0 mm X 3.2 mm metal seam
sealed quartz resonators with fundamental frequency 40MHz
were used in this study. To avoid the interference between
thermal and drive level effect, we selected 3 elevated
temperatures in aging test. To assure the results are trustable,
two approach methods were used for Ea evaluation. The first
method is data fit by Arrhenius model for biased aging data.
The second method is MTBF evaluation based on high
temperature storage data. Both methods conclude the close Ea
value, about 0.578¢V (for thermal effect), and which means
85°C for 7days accelerated aging is equivalent as 0.83 year at
25°C. The aging mechanism and the effects by drive level or
other factors still need more studies in the future.
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Abstract—Strong high-order Rayleigh or Sezawa modes, in
addition to the fundamental Rayleigh mode, have been observed
in ZnO/GaAs(001) systems along the [110] propagation direction
of GaAs. The dispersion of the different acoustic waves has been
calculated and compared to the experimental data. The
bandwidth and impedance matching characteristics of the
multimode SAW delay lines operating at high frequencies (2.5-
3.5 GHz regime) have been investigated.

I. INTRODUCTION

ZnO films are known to enhance the piezoelectric coupling
of GaAs substrates, facilitating the integration of surface
acoustic wave (SAW) devices with the GaAs electronics. In
spite of the small sound velocity mismatch between the two
materials, this slow-on-fast structure supports several guided
waves in the overlayer. However, only the fundamental
Rayleigh wave has been studied so far [1,2].

The dynamic modulation of the band diagram induced by
the piezoelectric field of a SAW in GaAs-based systems has
allowed the development of single-electron transistors using
the split-gate technique [3]. More recently, these constrictions
have been combined with lateral #-p junctions pursuing a high
frequency single-photon source [4]. Other approaches to
SAW-assisted anti-bunched photon emitters rely on the
controlled injection of excitons into quantum dots [5] or the
modulation of their emission by means of the SAW strain
fields [6]. All these applications would benefit strongly not
only from the enhanced piezoelectric coupling provided by the
ZnO but also from the capacity of modulating the
optoelectronic  systems using waves with different

This work has been partially supported by the EPSRC, grant number
EP/F063865/1. J. Pedrés aknowledges the support from the Marie Curie
Intra-European Fellowship within the 7th European Community Framework
Programme. The ICTS Programme from the Spanish Ministerio de Ciencia e
Innovacion is also acknowledged.
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piezoelectric and strain field depth profiles to those of the
fundamental Rayleigh mode.

In this paper we report on the characteristics and
dispersion of the different acoustic waves supported by the
Zn0O/GaAs heterostructure and on the performance of the
SAW delay lines used to generate them.

II.  ZNO FILMS AND DEVICE DESIGN

ZnO films of different thickness H, ranging from 1 to 2.5
wm, were deposited on semi-insulating GaAs(001) substrates
by high target utilization sputtering (HiTUS) [7] at room
temperature. In this technique, an argon plasma is generated in
a side chamber and steered onto the target, avoiding the direct
contact of the plasma with the substrate. This prevents the ion
bombardment of the substrate, providing high quality films
with very low stress and defect density even at high deposition
rates and at room temperature [7].

The sputtering parameters were optimized in order to
obtain highly resistive films oriented along the (001) crystal
axis, conditions that ensure a strong piezoelectricity. A Zn
target (99.999 %) was exposed to the Ar plasma with a
constant target power of 800 W. The flows of Ar and O, were
65 and 41 sccm, respectively, providing a deposition rate of
~50 nm/min. The crystal quality of the sputtered ZnO films
was assessed by X-ray diffractometry, confirming the unique
orientation of the films along the (001) axis. The resistivity of
all the films was very high (10'° Q m).

SAW delay lines, formed by split-finger interdigital
transducers (IDTs), were patterned by e-beam lithography on
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the ZnO films along the [110] direction of the underlying
GaAs(001) substrates. The IDTs were formed by Ti/Au (10/10
nm) contacts and had a period A4 of 1 um and a metallization
ratio of 0.5, i.e. finger width and pitch of 125 nm. The IDTs
had an aperture W of 60 um, whereas the number of finger
pairs N, was varied in order to modify the bandwidth of the
passband. The delay lengths were 1 and 2 mm. The S
parameters of the devices were measured with a coplanar
probe station connected to a network analyzer, and in some
cases (when specifically stated) the devices were also
characterized once mounted on a sample holder with SMA
connectors.

III. RESULTS

A. High-order Rayleigh or Sezawa modes

Fig. 1 shows the insertion loss of identical SAW delay
lines fabricated on a series of ZnO films of different thickness
on GaAs(001) substrates. The spectra of the devices on films
with thickness H ranging from 1 to 1.4 um present two clear
resonances, whereas the device on the thickest film
(H=2.5 um) supports three. The lowest-frequency resonance,
at 2.53 GHz for all the devices, corresponds to the
fundamental Rayleigh mode (labeled as R). The resonances at
higher frequencies are associated with high-order Rayleigh
modes, also called Sezawa modes (labeled as S;, i>1). These
are guided waves in the overlayer that arise since the
ZnO/GaAs structure forms a slow-on-fast system, i.e. the bulk
transverse velocity in the substrate is larger than in the
overlayer. The frequency of the first Sezawa mode (S))
decreases from 3.20 to 2.86 GHz as the film thickness
increases from 1 to 2.5 um (as indicated by the arrow in
Fig.1), whereas the second Sezawa mode (S,) appears only for
the thickest film, at a frequency of 3.08 GHz.
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Figure 1. Insertion loss of identical SAW delay lines on ZnO films of

different thickness A on GaAs. R, Sy, and S, denote the Rayleigh and the first
and second Sezawa modes, respectively.

B. Dispersion of the ZnO/GaAs structure

The identification of the acoustic modes shown in Fig. 1 is
based on the comparison of the experimental data with the
numerical calculation of the dispersion of the ZnO/GaAs

structure. The calculation is based on a Green’s function
formalism which was developed to calculate Brillouin spectra
[8]. The material parameters of ZnO and GaAs used for the
calculation have been taken from Refs. [9] and [10],
respectively.

The results of the simulations for the ZnO/GaAs(001)
heterostructure with propagation along the GaAs [110]
direction are summarized in Fig. 2. ZnO has a wurzite
structure (crystal class 6mm) with isotropic elastic properties
in the (00.1) plane, so that the propagation direction is referred
to that of the underlying cubic structure of GaAs (crystal class
-43m) that presents a four-fold symmetry in the elastic
properties in the (001) plane. The gray scale in Fig. 2 depicts
the magnitude of the shear vertical component of a wave
having the given wvelocity and kH=2mH/A value. The
experimental data (circles) have been determined from the
resonance frequency of the IDTs (Fig. 1). The velocity of the
R mode decreases from its value in GaAs for kH=0, to that in
ZnO for approximately kH>7. Additionally, S; modes emerge
nearly periodically beyond their threshold values of kH. The
velocity of the S; modes decreases monotonically with
increasing kH. The numerical results are in good agreement
with the experimental data. The small discrepancy on the S;
modes in the thickest ZnO film could originate from a slight
misalignment of the delay line pattern from the [110]
direction. The broadening of the R mode is an artifact of the
calculation when resolving simultaneously the intense R mode
and the less intense S; modes.

Velocity (km/s)

0 2 4 6 8 10
kH

12 14 16 18 20

Figure 2. Dispersion of the Rayleigh (R) and Sezawa (S;) modes in the

Zn0O/GaAs(001) structure for propagation along the [110] direction of

GaAs. The brighter the scale is, the larger the calculated intensity of the
mode. The experimental data are shown by the circles.

C. Device bandwidth

Figs. 3(a) and 3(b) depict, respectively, the insertion and
return loss of a series of SAW delay lines with varying
number of finger pairs (N,) fabricated on a 2.5 pum-thick ZnO
film on GaAs(001). The resonances of the R, S|, and S, modes
are clearly observed in both the transmission and the reflection
spectra for all the cases except for the S; mode in the
reflection spectra for the lower N, cases, where it is hardly
distinguished from the background.
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Figure 3. (a) Insertion loss, (b) return loss, and (¢) Smith chart (normalized

to 50Q) of SAW delay lines with varying number of finger pairs N, on a 2.5-
pum thick ZnO film on GaAs. R, Sy, and S, denote the Rayleigh and the first
and second Sezawa modes, respectively.

The variation of N, modifies the losses of the devices by
means of two different mechanisms. On the one hand, the
passband of the devices narrows as N, increases and this
translates into a reduction of the losses. This correlation is
clearly observed in Figs. 3(a) and 3(b). On the other hand, the
increase in N, produces an increase in the capacitance of the
IDT, decreasing its reactance and thus enhancing the
impedance matching condition of the device. Fig. 3(c) shows

the Smith chart of the impedance of the devices. The traces, in
the capacitive half of the chart, move approximately along
curves of constant resistance, except at the mode resonances,
where a loop is formed. As N, increases, the traces present
larger loops, i.e. stronger resonances, and they shift towards
smaller values of capacitive reactance.

The evolution of the bandwith with N, for the different
mode resonances shown in Fig. 3(a) is summarized in Fig. 4.
Both, the bandwidth between first nulls on either side of the
resonance frequency (BW,,) and between points 3 dB below
the main lobe maximum (BW;) have been extracted from the
experimental data in Fig. 3(a). The experimental bandwidths
in Fig. 4 (labeled as BW,,, ., and BWj ,,) are compared to their
theoretically expected values (labeled as BW,, ,, and BW; ).
The theoretical bandwidth between first nulls is given by the
expression BW,,, = 2fy/N,, where f; is the resonance frequency
of the mode. The theoretical value of the bandwidth at 3 dB is
BW; = 0.31BW,,, the characteristic value of a square sinc
function at that level. The comparison of the experimental and
theoretical values of BW; shows an overall good agreement,
whereas the experimental values of BW,, are systematically
lower than the theoretically predicted ones. This discrepancy
is likely to be related to the error in determining the position
of the nulls. This error is especially large in the case of the S;
mode where first nulls appear at a very high insertion loss, as
can be noticed in Fig. 3(a).
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Figure 4.  Evolution of the bandwidth of the Rayleigh (R), first Sezawa

(Sy), and second Sezawa (S,) mode resonances with the number of finger
pairs in SAW delay lines on a 2.5-um thick ZnO film on GaAs. See text for
details.

D. Impedance matching

A stub tuner has been used to impedance match one of the
IDTs forming the SAW delay lines under study in order to
determine the maximum potential of the devices. The selected
device was patterned on a 2.5 um-thick ZnO film on
GaAs(001) formed by IDTs with W=60 um, A =1 wm, and
N,=70. The device was mounted on a sample holder with
SMA connectors. The contribution of the measurement set-up,
including an SMA cable and the stub tuner in its initial
contracted position, has been eliminated by means of the
calibration.
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Fig. 5 shows the return loss spectra of an IDT before and
after using the stub tuner to impedance match it, whereas the
inset presents the data in the format of a Smith chart, where
the variation of the impedance with frequency is depicted. The
comparison of the spectra in Fig. 5 and its inset for the
untunned IDT with those of a similar IDT (N,=70) in Figs.
3(b) and 3(c) indicates the contribution of the sample holder.
The traces, which are in the capacitive half of the chart when
measured on wafer with probes [see Fig. 3(c)], cross over
from inductive to capacitive when measured on housing, as
shown in the inset of Fig. 5. In particular, the resonance of the
R mode lies in the inductive half of the chart. The inductance
measured is likely to originate from the wire bondings used to
connect the device to the sample holder.

Return Loss (dB)

R

50k untunned ]
tunned
. . . .
2.25 2.50 2.75 3.00 3.25 3.50

Frequency (GHz)

Figure 5. Return loss of an IDT with N, =70 on a 2.5-um thick ZnO film on
GaAs (device mounted on a sample holder). The inset shows the Smith chart
(normalized to 50€2) of the return loss. R and S, denote the Rayleigh and
second Sezawa modes, respectively.

When the stub tuner is used to impedance match the R
mode, as indicated by its resonance centered at 1 on the real
axis (i.e. 50 Q) of the Smith chart (inset of Fig. 5), the deep
associated to that mode in the return loss spectrum (Fig. 5) is
enhanced by more than 25 dB. Nonetheless, the stub tuner
introduces an additional modulation of the background of
approximately 8-10 dB in amplitude and a period of 715 MHz.
One of the minima of this modulation coincides with the
resonance of the R mode, broadening its base. If that
contribution is subtracted, the net enhancement of the
magnitude of the R mode amounts to 20 dB, as indicated in
Fig. 5.

IV. CONCLUSIONS

Strongly oriented and highly resistive ZnO films on GaAs
substrates have been obtained by sputtering at room
temperature. The different acoustic waves propagating along
the [110] direction of GaAs in ZnO/GaAs(001) systems have
been experimentally and theoretically investigated. In addition
to the fundamental Rayleigh mode, strong high-order Rayleigh
or Sezawa modes propagate confined in the overlayer. In
particular, the insertion loss of the S; mode can be as low as
that of the R mode for certain thickness-to-wavelength ratios.
The bandwidth and impedance matching characteristics of the
different resonances in SAW delay lines operating at high
frequency (2.5-3.5 GHz regime) have been investigated.
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Abstract—This paper presents a UHF CMOS MEMS resonator
working at 384MHz at its bulky mechanical mode. The novel
topology proposed allows us to design the resonator taking into
account the coupling area of the movable resonator as an
important parameter in the design. The structure is fabricated
using a commercial CMOS technology. This fact allows to
integrate directly the microelectromechanical structure with the
electronic. This work presents the measurement of both, the
stand alone resonator and the resonator with an amplification
circuitry.

L.

Microelectromechanical resonators are widely used in RF
applications, both at HF, VHF and UHF ranges. In particular,
CMOS MEMS are a promising solution for the
implementation of RF front-ends due the facility of MEMS
integration, reduced area and low power consumption. Very
competitive devices have been reported using these fully
integrated structures not only for RF applications but also for
sensing. A CMOS metal cantilever, electrostatically excited,
with an exceptional 1 ag/Hz mass sensitivity is used as
frequency-determining element of an oscillato [1-2]. A
CMOS polysilicon Clampled Clamped shaped beam with a Q
of 4400 [3] is an example of CMOS MEMS resonators used
for RF filters in the range of HF. In this work, two resonators
are electrically coupled in order to obtain a IF filter. In [4] a
squared frame resonator based on four FF-Beams anchored by
their nodal points was fabricated by an stack of metal and
intermetal oxide in a collaborative way to increased the
coupling area and achieve a quality factor Q of around 1400.
Other interesting solutions can be found in [5] where flexural
modes and a stack of CMOS metals are used to obtain a
resonator working at HF range. Higher frequency CMOS
MEMS flexural resonators have been demonstrated in [6] to
reach 200 MHz with a 40 nm gaps. However, the use of the
flexural approach has the intrinsic problem of the scaling. An
increase of frequency implies a length reduction of the beam
and therefore the reduction of the coupling area. Bulk modes
offer the solution to the scaling problems and reach very good
results at VHF and UHF ranges as it has been proven in [6-9].

INTRODUCTION

In this paper a Bulk Acoustic Resonator working at 380
MHz is presented. The LBAR resonator structure presented in
[12] suffers for a limitation in the coupling area. An increase
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of this area, in order to achieve a better coupling, changes the
resonance frequency due to variations in the resonator width.

This paper shows a novel geometry that allows at the same
time to preserve the coupling area and increase the resonance
frequency.

II. DESIGN

An LBAR resonator working in its longitudinal vibration
mode has been selected to implement the novel structure.
Figure 1 shows the diagram of the resonator, whose topology
is similar to the suspensions founded in [13]. A maximum
displacement occurs at the end of the structure while the
center of the resonator presents zero movement. This center
point is selected as anchorage point.

The design technique is based on the merge of two
imaginary ellipses, with major and minor axis of a and b
microns respectively, over a rectangle presenting and area of
WxL. The LBAR is defined by the area that separates the two
ellipses. As it will be seen, the novel structure allows to
predefine the length (W) of the coupling area, and fix the rest
of the dimensions to achieve the desired resonant frequency.

d

w,lb

W

L

Figure 1. Diagram of the resonator, b, corresponds on the minor axis and a to
the major axes. WxL defines the rectangle over the ellipses.

N
>

Equation 1 allows to obtain the frequency as a function of
the stiffness of the structure for the desired mode, K, and the
mass, M. The mass is obtained by subtracting the mass of the
imaginary ellipse (M=a-b'mtp) to the mass of the rectangle
(L-W-tp) in equation (2), being ¢ and p the thickness and
density of the resonator. The stiffness is obtained using



expression (3) presented in [13], where E is the young
modulus.

The design process starts fixing the length of the coupling
surface (W) and therefore, the coupling area in each arm of the
resonator. Design rules of the technology impose the
minimum width of the device near the anchors (w). Therefore,
the minor axis of the ellipse is determined by the subtraction
of W and o. Finally, the major axis (a) length of each arm is
determined by the resonant frequency, following expression 1.

The new resonator has been fabricated using the
polysilicon capacitance module present in the commercial
CMOS technology of the Austria Microsystems (AMS) of
350 nm. The resonator has been dimensioned to operate in the
free band of 434 MHz. The previous described design process
has been followed to implement the structure. In particular, a
coupling length of W=3um with a minimum width ©=850nm
has been fixed. Figure 2 represents the dependence of the
major axis with the resonant frequency. Final dimensions are
detailed in Table 1

TABLEI ~ TABLE OF DIMENSION OF THE RESONATOR
A Area of the rectangle (LxW) 21 pm?
Ae Area of the ellipse 12.9 pm?
p PolySi density 2230 kg/em®
L Length of the resonator 7 p