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Preface

Why This Tutorial?

“Everything should be made as simple as
possible - but not simpler,” said Einstein. The
main goal of this “tutorial” is to assist with
presenting the most frequently encountered
concepts in frequency control and timing, as
simply as possible.

| have often been called upon to brief
visitors, management, and potential users of
precision oscillators, and have also been
invited to present seminars, tutorials, and
review papers before university, IEEE, and
other professional groups. In the beginning, |
spent a great deal of time preparing these
presentations. Much of the time was spent on
preparing the slides. As | accumulated more
and more slides, it became easier and easier
to prepare successive presentations.

| was frequently asked for “hard-copies”
of the slides, so | started organizing, adding
some text, and filling the gaps in the slide
collection. As the collection grew, | began
receiving favorable comments and requests
for additional copies. Apparently, others, too,
found this collection to be useful. Eventually, |
assembled this document, the “Tutorial”.

This is a work in progress. | plan to
include new material, including additional
notes. Comments, corrections, and
suggestions for future revisions will be
welcome.

John R. Vig




Don’t Forget the Notes!

In the PowerPoint version of this document, notes and
references can be found in the “Notes” of most of the pages.
To view the notes, use the “Notes Page View” icon (near the
lower left corner of the screen), or select “Notes Page” in the
View menu. In PowerPoint 2000 (and, presumably, later
versions), the notes also appear in the “Normal view”.

To print a page so that it includes the notes, select Print in
the File menu, and, near the bottom, at “Print what:,” select
“Notes Pages”.

The HTML version can be viewed with a web browser (best
viewed at 1024 x 768 screen size). The notes then appear in
the lower pane on the right.
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Electronics Applications of Quartz Crystals
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Frequency Control Device Market
(as of ~1997)

Technology Units Unit price, Worldwide
per year typical market, $/year
Crystal ~2x10° ~$1 ~$1.2B
($0.1 to 3,000)

Atomic Frequency Standards
(see chapter 6)

Hydrogen maser ~ 10 $200,000 $2M

Cesium beam ~ 300 $50,000 $15M
frequency standard

Rubidium cell ~ 20,000 $2,000 $40M
frequency standard
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Navigation

Precise time is essential to precise navigation. Historically, navigation has
been a principal motivator in man's search for better clocks. Even in ancient times,
one could measure latitude by observing the stars' positions. However, to determine
longitude, the problem became one of timing. Since the earth makes one revolution
in 24 hours, one can determine longitude form the time difference between local time
(which was determined from the sun's position) and the time at the Greenwich
meridian (which was determined by a clock):

Longitude in degrees = (360 degrees/24 hours) x t in hours.

In 1714, the British government offered a reward of 20,000 pounds to the first
person to produce a clock that allowed the determination of a ship's longitude to 30
nautical miles at the end of a six week voyage (i.e., a clock accuracy of three
seconds per day). The Englishman John Harrison won the competition in 1735 for
his chronometer invention.

Today's electronic navigation systems still require ever greater accuracies. As
electromagnetic waves travel 300 meters per microsecond, e.g., if a vessel's timing
was in error by one millisecond, a navigational error of 300 kilometers would result.
In the Global Positioning System (GPS), atomic clocks in the satellites and quartz
oscillators in the receivers provide nanosecond-level accuracies. The resulting
(worldwide) navigational accuracies are about ten meters (see chapter 8 for further
details about GPS).
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Commercial Two-way Radio

Historically, as the number of users of commercial two-way radios
have grown, channel spacings have been narrowed, and higher-
frequency spectra have had to be allocated to accommodate the
demand. Narrower channel spacings and higher operating frequencies
necessitate tighter frequency tolerances for both the transmitters and the
receivers. In 1940, when only a few thousand commercial broadcast
transmitters were in use, a 500 ppm tolerance was adequate. Today,
the oscillators in the many millions of cellular telephones (which operate
at frequency bands above 800 MHz) must maintain a frequency
tolerance of 2.5 ppm and better. The 896-901 MHz and 935-940 MHz
mobile radio bands require frequency tolerances of 0.1 ppm at the base
station and 1.5 ppm at the mobile station.

The need to accommodate more users will continue to require higher
and higher frequency accuracies. For example, a NASA concept for a
personal satellite communication system would use walkie-talkie-like
hand-held terminals, a 30 GHz uplink, a 20 GHz downlink, and a 10 kHz
channel spacing. The terminals' frequency accuracy requirement is a
few parts in 108,
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Digital Processing of Analog Signals

The Effect of Timing Jitter
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Digital Network Synchronization

® Synchronization plays a critical role in digital telecommunication systems.

It ensures that information transfer is performed with minimal buffer overflow or
underflow events, i.e., with an acceptable level of "slips." Slips cause
problems, e.g., missing lines in FAX transmission, clicks in voice transmission,
loss of encryption key in secure voice transmission, and data retransmission.

® In AT&T's network, for example, timing is distributed down a hierarchy of
nodes. A timing source-receiver relationship is established between pairs of
nodes containing clocks. The clocks are of four types, in four "stratum levels."

Accuracy (Free Running)

Stratum | Long Term | Per 1st Day| Clock Type [Number Used
1 1x 101t N.A. GPS W/Two Rb 16
2 1.6 x 108 1x 101 | Rb Or OCXO ~200
3 4.6 x 10° 3.7x 107 |OCXO Or TCXO 1000’s
4 3.2x 10° N.A. XO ~1 million
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Phase Noise in PLL and PSK Systems

The phase noise of oscillators can lead to erroneous detection of
phase transitions, i.e., to bit errors, when phase shift keyed (PSK) digital
modulation is used. In digital communications, for example, where
8-phase PSK is used, the maximum phase tolerance is £22.5°, of which
+7.5° is the typical allowable carrier noise contribution. Due to the
statistical nature of phase deviations, if the RMS phase deviation is 1.5°,
for example, the probability of exceeding the £7.5° phase deviation is
6 X 107, which can result in a bit error rate that is significant in some
applications.

Shock and vibration can produce large phase deviations even in
"low noise" oscillators. Moreover, when the frequency of an oscillator is
multiplied by N, the phase deviations are also multiplied by N. For
example, a phase deviation of 10-3 radian at 10 MHz becomes 1 radian
at 10 GHz. Such large phase excursions can be catastrophic to the
performance of systems, e.g., of those which rely on phase locked loops
(PLL) or phase shift keying (PSK). Low noise, acceleration insensitive
oscillators are essential in such applications.
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Utility Fault Location
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When a fault occurs, e.g., when a "sportsman" shoots out an insulator, a disturbance
propagates down the line. The location of the fault can be determined from the differences
in the times of arrival at the nearest substations:

x=1/2[L - c(t,t)] = 1/2[L - cAf]

where x = distance of the fault from substation A, L = A to B line length, ¢ = speed of light,
and t_and t = time of arrival of disturbance at A and B, respectively.

Fault locator error = X.,,,=1/2(CcAt,,.,); therefore, if At < 1 microsecond, then
Xerror < 150 meters < 1/2 of high voltage tower spacings, so, the utility company

can send a repair crew directly to the tower that is nearest to the fault.
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Space Exploration
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Military Requirements

Military needs are a prime driver of frequency control
technology. Modern military systems require
oscillators/clocks that are:

« Stable over a wide range of parameters (time,
temperature, acceleration, radiation, etc.)

 Low noise
 Low power
 Small size
* Fast warmup

* Low life-cycle cost
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Impacts of Oscillator Technology Improvements

® Higher jamming resistance & improved ability to hide signals

Improved ability to deny use of systems to unauthorized users

Longer autonomy period (radio silence interval)

Fast signal acquisition (net entry)

Lower power for reduced battery consumption

Improved spectrum utilization

® Improved surveillance capability (e.g., slow-moving target detection,
bistatic radar)

® Improved missile guidance (e.g., on-board radar vs. ground radar)

® Improved identification-friend-or-foe (IFF) capability

® Improved electronic warfare capability (e.g., emitter location via TOA)

® Lower error rates in digital communications

® Improved navigation capability

® Improved survivability and performance in radiation environment

® Improved survivability and performance in high shock applications

® Longer life, and smaller size, weight, and cost

® Longer recalibration interval (lower logistics costs)
1-11




Spread Spectrum Systems

In a spread spectrum system, the transmitted signal is spread over a bandwidth that is
much wider than the bandwidth required to transmit the information being sent (e.g., a
voice channel of a few kHz bandwidth is spread over many MHz). This is
accomplished by modulating a carrier signal with the information being sent, using a
wideband pseudonoise (PN) encoding signal. A spread spectrum receiver with the
appropriate PN code can demodulate and extract the information being sent. Those
without the PN code may completely miss the signal, or if they detect the signal, it
appears to them as noise.

Two of the spread spectrum modulation types are: 1. direct sequence, in which the
carrier is modulated by a digital code sequence, and 2. frequency hopping, in which
the carrier frequency jumps from frequency to frequency, within some predetermined
set, the order of frequencies being determined by a code sequence.

Transmitter and receiver contain clocks which must be synchronized; e.g., in a
frequency hopping system, the transmitter and receiver must hop to the same
frequency at the same time. The faster the hopping rate, the higher the jamming
resistance, and the more accurate the clocks must be (see the next page for an
example).

Advantages of spread spectrum systems include the following capabilities: 1. rejection
of intentional and unintentional jamming, 2. low probability of intercept (LPI), 3.
selective addressing, 4. multiple access, and 5. high accuracy navigation and ranging.
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Clock for Very Fast Frequency Hopping Radio

Jammer

Radio Radio

R1

tr

To defeat a “perfect” follower
jammer, one needs a hop-rate
given by:
1:m < (tl T t2) - tR
where t, = message duration/hop
= 1/hop-rate

Example

Let R1to R2=1km, R1to

J=5km,and Jto R2 =5 km.

Then, since propagation

delay =3.3 us/km,

t, =t,=16.5 s,

t. = 3.3 us, and t, < 30 ps.

Allowed clock error=0.2 t |
=~ 0 Us.

For a 4 hour resynch interval,
clock accuracy requirement is:
4 X 1010
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Clocks and Frequency Hopping C3 Systems

Slow hopping <------------=----mmmmmmm - >Good clock
Fast hopping <---------------mmmmmmmmmmme oo > Better clock
Extended radio silence <----------------- > Better clock
Extended calibration interval <---------- > Better clock
Othogonality ¢---------------=--memmm e > Better clock

Interoperability <----------==-=-mmmmmmmmemem- > Better clock
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Identification-Friend-Or-Foe (IFF)
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Effect of Noise in Dopp

er Radar System

Transmitter

| Stationary |
Object

Receiver

Decorrelated

Echo = Doppler-shifted echo from moving target + large "clutter” signal
(Echo signal) - (reference signal) --> Doppler shifted signal from target

Phase noise of the local oscillator modulates (decorrelates) the clutter

signal, generates higher frequency clutter components, and thereby
degrades the radar's ability to separate the target signal from the clutter

signal.
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Bistatic Radar

Conventional (i.e., "monostatic”) radar, in which the IHluminator
illuminator and receiver are on the same platform, is vulnerable
to a variety of countermeasures. Bistatic radar, in which the +‘

illuminator and receiver are widely separated, can greatly
reduce the vulnerability to countermeasures such as jamming
and antiradiation weapons, and can increase slow moving

target detection and identification capability via "clutter tuning” Receiver
(receiver maneuvers so that its motion compensates for the
motion of the illuminator; creates zero Doppler shift for the area X

being searched). The transmitter can remain far from the battle
area, in a "sanctuary." The receiver can remain "quiet.”

The timing and phase coherence problems can be orders 7
of magnitude more severe in bistatic than in monostatic é

radar, especially when the platforms are moving. The Target

reference oscillators must remain synchronized and syntonized
during a mission so that the receiver knows when the transmitter emits each pulse, and the phase
variations will be small enough to allow a satisfactory image to be formed. Low noise crystal
oscillators are required for short term stability; atomic frequency standards are often required for
long term stability.
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Doppler Shifts
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CHAPTER 2
Quartz Crystal Oscillators

————————————————————————————————————————



Crystal Oscillator
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Oscillation

At the frequency of oscillation, the closed loop phase shift
= 2NnTL

When initially energized, the only signal in the circuit is
noise. That component of noise, the frequency of which
satisfies the phase condition for oscillation, is propagated
around the loop with increasing amplitude. The rate of
Increase depends on the excess; i.e., small-signal, loop
gain and on the BW of the crystal in the network.

The amplitude continues to increase until the amplifier gain
IS reduced either by nonlinearities of the active elements
("self limiting") or by some automatic level control.

At steady state, the closed-loop gain = 1.
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Oscillation and Stability

® If a phase perturbation Ag occurs, the frequency must shift Af to maintain the
2nTt phase condition, where Af/f=-A@2Q, for a series-resonance oscillator,
and Q, is loaded Q of the crystal in the network. The "phase slope," dg/df
IS proportional to Q_ in the vicinity of the series resonance frequency (also
see "Equivalent Circuit" and "Frequency vs. Reactance" in Chapt. 3).

® Most oscillators operate at "parallel resonance," where the reactance vs.
frequency slope, dX/df, i.e., the "stiffness," is inversely proportional to C,,
the motional capacitance of the crystal unit.

® For maximum frequency stability with respect to phase (or reactance)
perturbations in the oscillator loop, the phase slope (or reactance slope) must
be maximum, i.e., C, should be minimum and Q, should be maximum. A
quartz crystal unit's high Q and high stiffness makes it the primary frequency
(and frequency stability) determining element in oscillators.
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Tunability and Stability

Making an oscillator tunable over a wide frequency range degrades
Its stability because making an oscillator susceptible to intentional tuning
also makes it susceptible to factors that result in unintentional tuning. The
wider the tuning range, the more difficult it is to maintain a high stability.
For example, if an OCXO is designed to have a short term stability of
1 x 10-1? for some averaging time and a tunability of 1 x 107, then the
crystal's load reactance must be stable to 1 x 10 for that averaging time.
Achieving such stabillity is difficult because the load reactance is affected
by stray capacitances and inductances, by the stability of the varactor's
capacitance vs. voltage characteristic, and by the stability of the voltage
on the varactor. Moreover, the 1 x 10 load reactance stability must be
maintained not only under benign conditions, but also under changing
environmental conditions (temperature, vibration, radiation, etc.).

Whereas a high stability, ovenized 10 MHz voltage controlled
oscillator may have a frequency adjustment range of 5 x 10" and an
aging rate of 2 x 108 per year, a wide tuning range 10 MHz VCXO may
have a tuning range of 50 ppm and an aging rate of 2 ppm per year.
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Oscillator Acronyms

). (O Crystal Oscillator

VCXO......... Voltage Controlled Crystal Oscillator
OCXO......... Oven Controlled Crystal Oscillator
TCXO......... Temperature Compensated Crystal Oscillator

TCVCXO.....Temperature Compensated/Voltage Controlled
Crystal Oscillator

OCVCXO.....Oven Controlled/Voltage Controlled Crystal Oscillator
MCXO......... Microcomputer Compensated Crystal Oscillator

RbXO.......... Rubidium-Crystal Oscillator
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Crystal Oscillator Categories

The three categories, based on the method of dealing with the crystal unit's
frequency vs. temperature (f vs. T) characteristic, are:

® XO, crystal oscillator, does not contain means for reducing the crystal's
f vs. T characteristic (also called PXO-packaged crystal oscillator).

® TCXO, temperature compensated crystal oscillator, in which, e.g., the
output signal from a temperature sensor (e.g., a thermistor) is used to
generate a correction voltage that is applied to a variable reactance (e.g., a
varactor) in the crystal network. The reactance variations compensate for
the crystal's f vs. T characteristic. Analog TCXO's can provide about a 20X
iImprovement over the crystal's f vs. T variation.

® OCXO, oven controlled crystal oscillator, in which the crystal and other
temperature sensitive components are in a stable oven which is adjusted to
the temperature where the crystal's f vs. T has zero slope. OCXQ's can
provide a >1000X improvement over the crystal's f vs. T variation.
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Crystal Oscillator Categories
Af
Voltage § | +10 ppm —
Tune 7 N 250C /
I -450C // \\I // +100°C
OutJ)ut / \\ // T
> S N/
e Crystal Oscillator (XO)  ~—— -10 ppm e
B — Af
B Compensation T +1 opm
Network . .
Ce(;mgl;lt(:rr 45°C \\ 1 //\\ +100°C
~— ~_“ \\T
-1 ppm

+1 x 108 ———
+100°C

-1 x 108

* Oven Controlled (OCXO)
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Hierarchy of Oscillators

Oscillator Type* Accuracy** Typical Applications
® Crystal oscillator (XO) 10°to 104 Computer timing
® Temperature compensated | 10 Frequency control in tactical
crystal oscillator (TCXO) radios
® Microcomputer compensated| 108 to 107 Spread spectrum system clock

crystal oscillator (MCXO)
Navigation system clock &

® Qven controlled crystal 10-8 (with 10-10
oscillator (OCXO) per g option) frequency standard, MTI radar
standard (Rb, RbXO) & multistatic radar

® High performance atomic 10-12 to 10-11 Strategic C3, EW

standard (Cs)

* Sizes range from <5cm? for clock oscillators to > 30 liters for Cs standards
Costs range from <$5 for clock oscillators to > $50,000 for Cs standards.

** Including environmental effects (e.g., -40°C to +75°C) and one year of
aging.
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Oscillator Circuit Types

Of the numerous oscillator circuit types, three of the more common ones, the Pierce, the Colpitts and
the Clapp, consist of the same circuit except that the rf ground points are at different locations. The
Butler and modified Butler are also similar to each other; in each, the emitter current is the crystal
current. The gate oscillator is a Pierce-type that uses a logic gate plus a resistor in place of the
transistor in the Pierce oscillator. (Some gate oscillators use more than one gate).

#jm ¥1u* %;n

Pierce Colpitts Clapp

/

1§
Modified
Butler Butler Gate
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OCXO Block Diagram

>
> Output

0
w Over

Each of the three main parts of an OCXO, i.e., the crystal, the sustaining
circuit, and the oven, contribute to instabilities. The various instabilities
are discussed in the rest of chapter 3 and in chapter 4.
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Oscillator Instabilities - General Expression

B 1-1/2

2
At Af 1 1+(2foLj dolf,

oscillator 1:resonator 2(QL f

f

where Q, = loaded Q of the resonator, and d@(f;) is a small
change in loop phase at offset frequency f; away from carrier
frequency f. Systematic phase changes and phase noise within
the loop can originate in either the resonator or the sustaining
circuits. Maximizing Q, helps to reduce the effects of noise and
environmentally induced changes in the sustaining electronics.
In a properly designed oscillator, the short-term instabilities are
determined by the resonator at offset frequencies smaller than
the resonator’s half-bandwidth, and by the sustaining circuit and
the amount of power delivered from the loop for larger offsets.
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Instabilities due to Sustaining Circuit

e Load reactance change - adding a load capacitance to a crystal
changes the frequency by

f=Af o C,
*TEE o, vc)
then, A(8 f) [1- S

2
CL 2(Co + CL)
* Example: If C, =5 pF, C, = 14fF and C_ = 20pF, then a AC, = 10 fF

(=5 X 104) causes =1 X 107 frequency change, and a C, aging of
10 ppm per day causes 2 X 102 per day of oscillator aging.

e Drive level changes: Typically 108 per maz for a 10 MHz 3rd SC-cut.

e DC bias on the crystal also contributes to oscillator aging.
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Oscillator Instabilities - Tuned Circuits

Many oscillators contain tuned circuits - to suppress unwanted
modes, as matching circuits, and as filters. The effects of
small changes in the tuned circuit's inductance and
capacitance is given by: ( \

A_f _ d(P(ff) _ 1 Qe dCC ) dLC
f oscillator 2QL 1+ 2ff Q CC LC
" BW

where BW is the bandwidth of the filter, f; is the frequency
offset of the center frequency of the filter from the carrier
frequency, Q, Is the loaded Q of the resonator, and Q, L, and
C. are the tuned circuit's Q, inductance and capacitance,
respectively.
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Oscillator Instabilities - Circuit Noise

Flicker PM noise in the sustaining circuit causes flicker FM
contribution to the oscillator output frequency given by:

.|:2
Losc (ff) Lckt (1HZ)4.I:3Q2
f L

and

o (T) = Q—\/InZL (1HZ)

where f; is the frequency offset from the carrier frequency f, Q,is the
loaded Q of the resonator in the circuit, L, (1Hz) is the flicker PM
noise at f; = 1Hz, and t is any measurement time in the flicker floor
range. For Q_ =10°and L, (1Hz) = -140dBc/Hz, o,(t) = 8.3 x 104,
(L. (1HZz) = -155dBc/Hz has been achieved.)
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Oscillator Instabilities - External Load

If the external load changes, there is a change in the amplitude
or phase of the signal reflected back into the oscillator. The
portion of that signal which reaches the oscillating loop changes
the oscillation phase, and hence the frequency by

At  dalf,) :( 1 j(l“ _1j(sin€) Wisolation

f oscillator ZQ ZQ I'+1

where I' is the VSWR of the load, and 6 is the phase angle of
the reflected wave; e.g., if Q ~ 10°, and isolation ~40 dB

(i.e., ~10%), then the worst case (100% reflection) pulling is
~5x 10°. A VSWR of 2 reduces the maximum pulling by only
a factor of 3. The problem of load pulling becomes worse at
higher frequencies, because both the Q and the isolation are
lower.
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Oscillator Outputs

Most users require a sine wave, a TTL-compatible, a CMOS-
compatible, or an ECL-compatible output. The latter three can be
simply generated from a sine wave. The four output types are
illustrated below, with the dashed lines representing the supply
voltage inputs, and the bold solid lines, the outputs. (There is no
“standard” input voltage for sine wave oscillators, and the input
voltage for CMOS typically ranges from 3V to 15V.)

+15V T

E 1 S S —
v - H H |
v A~ JUUL i L

NN igiigigl

-5V
Sine TTL CMOS ECL
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Resonator Self-Temperature Sensing

fp (2 f,=3f, - f,

172300

171300

65 85
Temperature (°C)

170300
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hermometric Beat Frequency Generation

DUAL MODE
OSCILLATOR f
1
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Microcomputer Compensated Crystal Oscillator
(MCXO)

|
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MCXO Frequency Summing Method

Block Diagram

3rd OVERTONE

CRYSTAL

l

DUAL-MODE
OSCILLATOR

FUNDAMENTAL

MODE

PHASE-
» |LOCKED

LOOP

NON-VOLATILE
- MEMORY

MICRO- output

COMPUTER

T =Timing Mode
F = Frequency
Mode



MCXO - Pulse Deletion Method

Digital

% circuitry (ASIC)

¢ output

fB output

fo
D corrected
SC-cut crystal Ou.tpl.Jt
4 . 4 for timing
Frequency
evaluator

& correction
determination

Microprocessor
circuitry

Microcomputer compensated crystal oscillator (MCXO) block diagram - pulse deletion method.
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MCXO - TCXO Resonator Comparison

Parameter MCXO TCXO
Cut, overtone SC-cut, 3rd AT-cut, fund.
Angle-of-cut tolerance Loose Tight
Blank f and plating tolerance Loose Tight
Activity dip incidence Low Significant
Hysteresis (-55°C to +85°C) 10°to 108 10" to 10°
Aging per year 108 to 107 10" to 10°
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Opto-Electronic Oscillator (OEO)

"Pump Laser"

Optical out
.

|:|—>—

Electrical

e

Piezoelectric
fiber stretcher

output .
RF coupler Optlcal@
Electroal Fiber
ectrica -
injection RF Amplifier
Photodetector Optical fiber
Optical Optical / Electrical
Injection coupler transmission
line
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CHAPTER 3
Quartz Crystal Resonators



Why Quartz?

Quartz is the only material known that possesses the following
combination of properties:

» Piezoelectric ("pressure-electric”; piezein = to press, in Greek)
« Zero temperature coefficient cuts exist

» Stress compensated cut exists

* Low loss (i.e., high Q)

» Easy to process; low solubility in everything, under "normal" conditions,
except the fluoride etchants; hard but not brittle

« Abundant in nature; easy to grow in large quantities, at low cost, and
with relatively high purity and perfection. Of the man-grown single
crystals, quartz, at ~3,000 tons per year, is second only to silicon in
guantity grown (3 to 4 times as much Si is grown annually, as of 1997).
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The Pilezoelectric Effect

Strained lattice

Undeformed lattice

The piezoelectric effect provides a coupling between the mechanical

properties of a piezoelectric crystal and an electrical circuit.
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The Piezoelectric Effect in Quartz

FIELD along: z 4
STRAIN !
X Y Z :
< > X Vv |
EXTENSIONAL v \/ :\
along:
5 X € ¢ —7
< > X \/ /
SHEAR v V %
about:
Z Vv

In quartz, the five strain components shown may be generated by an electric field.
The modes shown on the next page may be excited by suitably placed and shaped
electrodes. The shear strain about the Z-axis produced by the Y-component of the
field is used in the rotated Y-cut family, including the AT, BT, and ST-cuts.
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Modes of Motion

N |
. /

\ =

Flexure Mode Extensional Mode |Face Shear Mode

=y
L
L4
N 4
&
A
L4
L]
[
an

Thickness Shear | Fundamental Mode | Third Overtone
Mode Thickness Shear | Thickness Shear

D —

3-4




Resonator Vibration Amplitude Distribution

Metallic

electrodes\\/ crerrererrers

Resonator
plate substrate
(the “blank”)

U]
A

Conventional resonator geometry
and amplitude distribution, Iul
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Resonant Vibrations of a Quartz Plate

Response

I |
3200 3400 3600 3800

Frequency, in kHz

X-ray topographs (21+0 plane) of various modes excited during a frequency
scan of a fundamental mode, circular, AT-cut resonator. The first peak, at
3.2 MHz, is the main mode; all others are unwanted modes. Dark areas

correspond to high amplitudes of displacement.
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Overtone Response of a Quartz Crystal

jX

Spurious

responses Spurious Spurious

responses
responses

! , |1 |
./ Frequency

Reactance
o

5th overtone
3rd overtone

Fundamental mode
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Unwanted Modes vs. Temperature
(3 MHz rectangular AT-cut resonator, 22 X 27 X 0.552 mm)

U/////‘////////% (/ % "J%
- <
ll 7 ",r"ln% %Q'I ||
ll|| SR H” I'IH'
= PEIIEY 'm”“ ' - H"H“*# |
o 1.003 _;;..-.;‘. ’} . - { b
=3 ' i,
S +
= i "
= th, o
= Oh'” 4'1 h
<5 4 '
”l:‘] 00050'06:30::0006umouum {’ 4
= . M “”“"’"'""*3;"‘““’““"““““‘“‘”““ SCUARRL T
= ., o 4
1.002 | R +'
o ]
’fﬂ # ﬁ ””;HH h;m&m,m”}mmmmHHHHHH} ;wHH!HHﬂHH*HH ; HﬂMHMHN# Hmm H mwum
40 60 80
Temperature (°C)

Activity dips occur where the f vs. T curves of unwanted modes intersect
the fvs. T curve of the wanted mode. Such activity dips are highly
sensitive to drive level and load reactance.
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Mathematical Description of a Quartz Resonator

where {T} = stress tensor, [C] =

{T}=
{D}=

® For alinear piezoelectric material

’

Cll ClZ Cl3 C:14 C15 C16
C21 C22 C23 C:24 C25 C26

Cap Cgp Cg3C3y Cys Cps—
Cu Cpp Cp3Cyy Cps Cps—
Cs1 Csp Cg3 Csy Co5 Cos™

C61 C62 C63 C64 C65 C66
4 e15 e16

€. €, 6,6, B 6y

& & &b & &

Ti=Ty, S =9y,
T,=Ty, S, =Sy,
T3 Tas, S = Sy,

T,= Ty, S, =258y,
T5 T3 S =25,
Te=To, S =25,

€, —
—€

N

-€,-€, )
-€,-€,

[C] {S} - [€] {E}
[€] {S} + [[] {E}

elastic stiffness matrix, {S} = strain tensor, [€] =
{E} = electric field vector, {D} = electric displacement vector, and [[J] =

(S,

piezoelectric matrix
Is the dielectric matrix

® Elasto-electric matrix for quartz

In piezoelectric materials, electrical current and voltage are coupled to elastic displacement and stress:

S, S,S; S, S S; -E, -E, -E4
T, °
T, :\o I €t
T;||le—@ @
T4
T N
Ts || CE .
. |I:
D, N@ .\. 6
D, || € 0° o 2

10

LINESJOIN NUMERICAL EQUALITIES
EXCEPT FOR COMPLETE RECIPROCITY
ACROSS PRINCIPAL DIAGONAL
O INDICATESNEGATIVE OF @

@ © INDICATESTWICE THE NUMERICAL

EQUALITIES



Mathematical Description - Continued

Number of independent non-zero constants depend on crystal symmetry. For quartz (trigonal, class 32),
there are 10 independent linear constants - 6 elastic, 2 piezoelectric and 2 dielectric. "Constants” depend
on temperature, stress, coordinate system, etc.

To describe the behavior of a resonator, the differential equations for Newton's law of motion for a
continuum, and for Maxwell's equation must be solved, with the proper electrical and mechanical
boundary conditions at the plate surfaces. oTij . — 0Di
Y P (F:ma:>—J:pui; O =0=—=0,
é’q) 0Xi oXi
E=———; S

—104 ou
ook 1 29X

+ z;k%);fat(:J

Equations are very "messy" - they have never been solved in closed form for physically realizable three-
dimensional resonators. Nearly all theoretical work has used approximations.

Some of the most important resonator phenomena (e.g., acceleration sensitivity) are due to nonlinear
effects. Quartz has numerous higher order constants, e.g., 14 third-order and 23 fourth-order elastic
constants, as well as 16 third-order piezoelectric coefficients are known; nonlinear equations are extremely
messy.

* Magnetic field effects are generally negligible; quartz is diamagnetic, however, magnetic fields can
affect the mounting structure and electrodes.
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Infinite Plate Thickness Shear Resonator

¢ =" % n=1,35.
2h \ p
Where f, = resonant frequency of n-th harmonic
h = plate thickness
p = density
c; = elastic modulus associated with the elastic wave
being propagated

dlogf,) _ 1df, _-1dh _1dp 1 dc
dT  f,dT hdT 2pdT 2c, dT

where T is the linear temperature coefficient of frequency. The temperature
coefficient of c; is negative for most materials (i.e., “springs” become “softer”
as T increases). The coefficients for quartz can be +, - or zero (see next page).

T, =

3-11



Quartz is Highly Anisotropic

The properties of quartz vary greatly with crystallographic direction.
For example, when a quartz sphere is etched deeply in HF, the
sphere takes on a triangular shape when viewed along the Z-axis, and
a lenticular shape when viewed along the Y-axis. The etching rate is
more than 100 times faster along the fastest etching rate direction (the
Z-direction) than along the slowest direction (the slow-X-direction).

The thermal expansion coefficient is 7.8 x 10-6/°C along the Z-
direction, and 14.3 x 10-5/°C perpendicular to the Z-direction; the
temperature coefficient of density is, therefore, -36.4 x 10-6/°C.

The temperature coefficients of the elastic constants range from
-3300 x 10%/°C (for C,,) to +164 x 105/°C (for C).

For the proper angles of cut, the sum of the first two terms in T, on the
previous page is cancelled by the third term, i.e., temperature
compensated cuts exist in quartz. (See next page.)
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Zero Temperature Coefficient Quartz Cuts

90° | I | | |
60° I~
FC IT
30°éT 00
LC SC

The AT, FC, IT, SC, BT, and SBTC-cuts are some
of the cuts on the locus of zero temperature
coefficient cuts. The LC is a “linear coefficient”

Y cutthat has been used in a guartz thermometer.

Y-cut: = +90 ppm/°C
(thickness-shear mode)

X-cut: = -20 ppm/°C
(extensional mode)
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Comparison of SC and AT-cuts

 Advantages of the SC-cut
* Thermal transient compensated (allows faster warmup OCXO)
 Static and dynamic f vs. T allow higher stability OCXO and MCXO
« Better f vs. T repeatability allows higher stability OCXO and MCXO
» Far fewer activity dips
* Lower drive level sensitivity
* Planar stress compensated; lower Af due to edge forces and bending
* Lower sensitivity to radiation
» Higher capacitance ratio (less Af for oscillator reactance changes)
* Higher Q for fundamental mode resonators of similar geometry
» Less sensitive to plate geometry - can use wide range of contours

« Disadvantage of the SC-cut : More difficult to manufacture for OCXO (but is
easier to manufacture for MCXO than is an AT-cut for precision TCXO)

« Other Significant Differences
* B-mode is excited in the SC-cut, although not necessarily in LFR's
« The SC-cut is sensitive to electric fields (which can be used for
compensation)
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Attenuation

Mode Spectrograph of an SC-cut

0
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-30

-40

1.10
I I I I [
1.0 a-mode: quasi-longitudinal mode
b-mode: fast quasi-shear mode
e c-mode: slow quasi-shear mode
T _
3.30
3.0
T
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” 5.0 ” “ n
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I I l I I
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Normalized Frequency (referenced to the fundamental c-mode)
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SC-cut fvs. Tfor b-mode and c-mode

400 [~

200

Temperature (°C)

-200 c-Mode (Slow Shear)

FREQUENCY DEVIATION (PPM)

-400 |- -

600 | b-Mode (Fast Shear) |
-25.5 ppm/°C

-800 |- -

-1000 [ J

-1200 [ |
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Singly Rotated and Doubly Rotated Cuts’
Vibrational Displacements
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Resonator Packaging

Two-point Mount Package Three- and Four-point Mount Package
Quart Electrodes Quartz
blank
Bonding blan.k
Cover——p area Bonding j.>>
¥ g area
Mounting | cover <
\ clips _
Mounting
Seal Base clips f ||
Pins Seal
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Equivalent Circuits

Spring

|
]
O

Mass 3 L

Dashpot |_|"T| $ R
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Equivalent Circuit of a Resonator

Symbol for crystal unit C.
C
10
I\
O_ _O ..... o_leo
CL
k NN AAN—
C, Ly R,
Nf C1 { 1. Voltage control (VCXO)
— = — & 2. Temperature compensation
fs 2(Co i CL) (TCXO)




Crystal Oscillator f vs. T Compensation

Uncompensated
frequency

O

(@)

©
O

>

>

O

c

O

>

o

8

LL

Compensating Compensated
voltage frequency

on varactor C¢ of TCXO
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Resonator Frequency vs. Reactance

Area of usual Antiresonance

| “parallel’
resonance”
f

Frequency

Reactance
o
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Equivalent Circuit Parameter Relationships

Overtone number
C . Static capacitance
C, o Stat .
CO Dﬁ — r=— C,: Motional capacitance
t C, C,.. C, of n-th overtone
L,: Motional inductance
L,,: L, of n-th overtone
1 1 f R,: Motional resistance
S
S f - fs == R,,. R, of n-th overtone
2 L1C1 2|‘ g:  Dielectric permittivity of quartz
=40 x 1013 pF/mm (average)
A: Electrode area
1 WL — 1 t:  Plate thickness
Q = 1 ®C r:  Capacitance ratio
21 fSR 1C q) — 1 r. f/f
Rl fe.  Series resonance frequency =fg
f,.  Antiresonance frequency
Q; Quality factor
d(l) 360 Q T,. Motional time constant
=R,C, J10 g L] w.  Angular frequency = 2nf
df n 1 ¢: Phase angle of the impedance
k;  Piezoelectric coupling factor
=8.8% for AT-cut, 4.99% for SC
' 3
~rC11 ~n|—11 n3R T™n ?
C —— i L R 11 or =
1n 3 In r|3 1n ) r=| —
n r 2k
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What is Q and Why Is it Important?

Energy stored during a cycle
Energy lost during the cycle

Q=2n

Q Is proportional to the decay-time, and is inversely
proportional to the linewidth of resonance (see next page).

® The higher the Q, the higher the frequency stability and
accuracy capability of a resonator (i.e., high Q is a
necessary but not a sufficient condition). If, e.g., Q = 106,
then 1010 accuracy requires ability to determine center of
resonance curve to 0.01% of the linewidth, and stability (for
some averaging time) of 10-12 requires ability to stay near
peak of resonance curve to 10° of linewidth.

® Phase noise close to the carrier has an especially strong
dependence on Q (L(f) O 1/Q%).
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Decay Time, Linewidth, and Q

“ ? | Oscillation

Decaying
oscillation
of a resonator

>
FREQUENCY

I
Exciting ! J
pulse ends : u = ———————.
I Max. =]
I intensity 1
I
________________ Y BW [I—
T,
Maximum intensity Resonance
behavior of

aresonator
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Factors that Determine Resonator Q

The maximum Q of a resonator can be expressed as:

1

Qa5 2nfr

where f is the frequency in Hz, and t is an empirically determined “motional
time constant” in seconds, which varies with the angles of cut and the mode
of vibration. For example, T = 1 x 10-!4s for the AT-cut's c-mode (Q,,,, = 3.2
million at 5 MHz), T = 9.9 x 10-15s for the SC-cut's c-mode, and 1 = 4.9 x 10-1°s
for the BT-cut's b-mode.

Other factors which affect the Q of a resonator include:

® Overtone ® Blank geometry (contour,
® Surface finish dimensional ratios)

® Material impurities and defects ® Dirive level

® Mounting stresses ® Gases inside the enclosure
® Bonding stresses (pressure, type of gas)

® Temperature ® Interfering modes

® Electrode geometry and type ® |onizing radiation
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Resonator Fabrication Steps

DESIGN
RESONATORS

ETCH
(CHEMICAL
POLISH)

ANGLE X-RAY
CORRECT ORIENT

PREPARE
ENCLOSUR

DEPOSIT
CONTACTS

FREQUENCY
ADJUST

OSCILLATOR
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X-ray Orientation of Crystal Plates

Shielding

Monochromator

crystal
Dete%

Crystal under test

X-ray beam

Copper target
X-ray source

W Goniometer

Double-crystal x-ray diffraction system
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Contamination Control

Contamination control is essential during the fabrication of
resonators because contamination can adversely affect:

* Stability (see chapter 4)
- aging
- hysteresis

- retrace

- nhoise

- nonlinearities and resistance anomalies (high starting
resistance, second-level of drive, intermodulation in filters)

- frequency jumps?

* Manufacturing yields

* Reliability
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Crystal Enclosure Contamination

The enclosure and sealing process can have important
Influences on resonator stability.

* A monolayer of adsorbed contamination contains ~ 10°
molecules/cm? (on a smooth surface)

* An enclosure at 107 torr contains ~10° gaseous
molecules/cm?

Therefore:

In a 1 cm?® enclosure that has a monolayer of contamination
on its inside surfaces, there are ~10° times more adsorbed
molecules than gaseous molecules when the enclosure is sealed
at 10" torr. The desorption and adsorption of such adsorbed
molecules leads to aging, hysteresis, noise, etc.
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What is an “f-squared” ?

It is standard practice to express the thickness removed by lapping, etching and polishing,
and the mass added by the electrodes, in terms of frequency change, Af, in units of “f?”, where
the Afis in kHz and f is in MHz. For example, etching a 10MHz AT-cut plate 1f> means that a
thickness is removed that produces Af= 100 kHz; and etching a 30 MHz plate 1f> means that
the Af= 900 kHz. In both cases, Af=1f?> produces the same thickness change.

To understand this, consider that for a thickness-shear resonator (AT-cut, SC-cut, etc.)

N
f=—
t
where f is the fundamental mode frequency, t is the thickness of the resonator plate and N is
the frequency constant (1661 MHzeum for an AT-cut, and 1797 MHzeum for a SC-cut’s c-
mode). Therefore,

A _ At
f t
and,
At = -N2F
f

So, for example, Af = 1f2 corresponds to the same thickness removal for all frequencies.

For an AT-cut, At=1.661 pum of quartz (=0.83 um per side) per f2. An important advantage of
using units of 2 is that frequency changes can be measured much more accurately than
thickness changes. The reason for expressing Af in kHz and f in MHz is that by doing so, the
numbers of 2 are typically in the range of 0.1 to 10, rather than some very small numbers.
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Milestones in Quartz Technology

1880
1905
1917
1918
1926
1927
1927
1934
1949
1956
1956
1972
1974
1982

Piezoelectric effect discovered by Jacques and Pierre Curie
First hydrothermal growth of quartz in a laboratory - by G. Spezia
First application of piezoelectric effect, in sonar

First use of piezoelectric crystal in an oscillator

First quartz crystal controlled broadcast station

First temperature compensated quartz cut discovered

First quartz crystal clock built

First practical temp. compensated cut, the AT-cut, developed
Contoured, high-Q, high stability AT-cuts developed

First commercially grown cultured quartz available

First TCXO described

Miniature quartz tuning fork developed; quartz watches available
The SC-cut (and TS/TTC-cut) predicted; verified in 1976

First MCXO with dual c-mode self-temperature sensing
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Quartz Resonators for Wristwatches

Requirements:

« Small size
 Low power dissipation (including the oscillator)
e Low cost

 High stablility (temperature, aging, shock,
attitude)

These requirements can be met with 32,768 Hz quartz
tuning forks
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Why 32,768 Hz?

32,768 = 21°

 In an analog watch, a stepping motor receives
one impulse per second which advances the
second hand by 6°, i.e., 1/60th of a circle,

every second.

e Dividing 32,768 Hz by two 15 times results

In 1 Hz.

 The 32,768 Hz is a compromise among Size,
power requirement (i.e., battery life) and

stability.

32,768
16,384
8,192
4,096
2,048
1,024
512
256
128

64

32

=
R N DO
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Quartz Tuning Fork

a) natural faces and crystallographic axes of quartz VA

z

b) crystallographic orientation of tuning fork c) vibration mode of tuning fork
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Watch Crystal

2 mm diameter x 6 mm tall cylinder
(0.08" diameter x 0.24" tall)
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L ateral Field Resonator

r??????—: Pl T
f A
f 3
T rrrr> A AT AT T T T TS
Lateral Field Thickness Field

In lateral field resonators (LFR): 1. the electrodes are absent from the
regions of greatest motion, and 2. varying the orientation of the gap between
the electrodes varies certain important resonator properties. Advantages of
LFR are:

 Ability to eliminate undesired modes, e.g., the b-mode in SC-cuts
« Potentially higher Q (less damping due to electrodes and mode traps)
« Potentially higher stability (less electrode and mode trap effects, smaller C,)
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Electrodeless (BVA) Resonator

Side view of BVA, Side and top views of
resonator construction center plate C
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Oscillator Stability

————————————————————————————————————————

CHAPTER 4 i



The Units of Stability in Perspective

® What is one part in 101°? (Asin 1 x 10-1%/day aging.)
e ~1/2 cm out of the circumference of the earth.

* ~1/4 second per human lifetime (of ~80 years).

® Whatis -170 dB? (Asin -170 dBc/Hz phase noise.)

e -170 dB = 1 part in 1017 = thickness of a sheet
of paper out of total distance traveled by all
the cars in the world in a day.

4-1




Strains Due To Mounting Clips

X-ray topograph of an AT-cut, two-point mounted resonator. The topograph
shows the lattice deformation due to the stresses caused by the mounting clips.
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Why o,(1)?

: - : 1 212
® C(Classical variance: a2 (yi —y) :

m-1
diverges for some commonly observed noise

processes, such as random walk, I.e., the variance
Increases with increasing number of data points.

® Allan variance:

* Converges for all noise processes observed in precision
oscillators.

e Has straightforward relationship to power law spectral
density types.

e |s easy to compute.

* |s faster and more accurate in estimating noise
processes than the Fast Fourier Transform.
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Frequency Noise and o, (1)

3X10%,

Af
— 0
f

-3 X 1011k

0.1 s averaging time

I AT

Ixiot [

Af
— 0
f

1.0 s averaging time

100 s

-3X101 -

0,(T) 100
1071

10—12

0.01 0.1 1 10 100

Averaging time, 1, S
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Time Domain Stability

Aging* and
random walk
Frequency noise ~ of frequency
Gy(T) :
I
|
|
I
| — | >
1s 1m, 1h Sample time t
|
Short-term 1 Long-term
stability ' stability

*For 0,(1) to be a proper measure of random frequency fluctuations,
aging must be properly subtracted from the data at long T’s.
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Power Law Dependence of g,(1)

o,(T)

|
I |

White | Flicker 1 White ' Flicker ! Random
I

Noise type: phase | phase: freq. freq. !walkfreq.

Below the flicker of frequency noise (i.e., the “flicker floor”) region,
crystal oscillators typically show 11 (white phase noise) dependence.
Atomic standards show 12 (white frequency noise) dependence down to
about the servo-loop time constant, and 11 dependence at less than that
time constant. Typical t’s at the start of flicker floors are: 1 second for a
crystal oscillator, 103s for a Rb standard and 10°s for a Cs standard.
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Pictures of Noise

Plot of z(t) vs. t S,(f) = hf®| Noise name

WM%WW a
M a=-2 Random

/\\_/ . walk
/

Plots show fluctuations of a quantity z(t), which can be,e.g., the output of a counter (Af vs. t)
or of a phase detector (@t] vs. t). The plots show simulated time-domain behaviors
corresponding to the most common (power-law) spectral densities; h, is an amplitude
coefficient. Note: since Sy = f 2S(p, e.g. white frequency noise and random walk of phase are

equivalent.

-1 Flicker
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Spectral Densities

V(t) =\, +& (t)]sin[2my t + ¢(b)]

In the frequency domain, due to the phase deviation, ¢(t), some of
the power is at frequencies other than v,. The stabilities are
characterized by "spectral densities." The spectral density, S, (f), the
mean-square voltage <V2(t)> in a unit bandwidth centered at f, is not a
good measure of frequency stability because both (t) and ¢(t) contribute
to it, and because it is not uniquely related to frequency fluctuations
(although g(t) is often negligible in precision frequency sources.)

The spectral densities of phase and fractional-frequency fluctuations,
S,(f) and S,(f), respectively, are used to measure the stabilities in the
frequency domain. The spectral density S (f) of a quantity g(t) is the
mean square value of g(t) in a unit bandwidth centered at f. Moreover,
the RMS value of g2 in bandwidth BW is given by g2 (t) = jS o(f)df.

BW
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Mixer Functions

V, =Asinft+,)—=
V, =A sin(o,t+¢, )

2

Trigonometric identities: sin(x)sin(y) = ¥2cos(x-y) - %2cos(x+y)
coSs(XxxTU2) = sin(x)

Letw; =w,;®;, =0t +¢,andd, =w,t +¢,. Then the mixer can become :

® Phase detector: When®, =@, + m/2and A, = A, =1, then

1 1

Vo = sinlp: ~02) =~ (01 -0, ) for smallg's

® AM detector: When A, =1and the filter is a low — pass filter, then

1 _ 1
Vo = EAlcos((Pl _(Pz); if@, =@, then V, = EAl
® Frequency multiplier: when Vv, =V, and the filter is bandpass at 2w,

1
then, V, = EAfcos(Z(olt + 2(p1) = doubles the frequency and phase error.
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Phase Detector

DUT

@ V(t) Sff)
7 I I
=k

O & [ Low-Noise | |
Vi(t) Amplifier  gnectrum Analyzer

Reference /\!

A® =900

Quadrature
Monitor*

* Or phase-locked loop
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Phase Noise Measurement

RF Source

V(t) = V,sin[2m t +ot)

Phase Detector
V(1) = kd(t)

\4 v
M- .|:||:||:|
RF IZID o
o@® O Voltmeter B
Oscilloscope l Spectrum Analyzer

d(t) P us(t) In BW of meter Sf)vs. f
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Frequency - Phase - Time Relationships

1 deft)

V) =v, 4 210 dt

= "instantaneous" frequency; @t)=q, + tIZT[[v(t') - v,|dt

y(t) = V(tz)— Vo _ 2([;(:3 =normalized frequency; @, = qu,(f)dt
0 0

2
S, (f) = ‘5\7\7 = ["]fj s, (f) L(f)=1/2'S,(f), per IEEE Standard 1139 ~1988

— — ¥ 2 .
02(t)=1/2 < (yk+1 - yk) > = W JSm(f) sin* (rft) df
The five common power-law noise processes in precision oscillators are:

S,(f)=h,f* + hf + hy + h,f* + h,f?
(WhitePM)  (Flicker PM) (White FM) (Flicker FM) (Random-walk FM)

Time deviation = x(t) = t_fy(t')dt' = 2(p(—T3
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