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Crystal Oscillator Basics and Crystal Selection

for rfPICTM and PICmicro® Devices
INTRODUCTION

Oscillators are  an  im portant c omponent of radio f re-
quency (RF) and digital devices. Today, product design
engineers often do not find themselves designing oscil-
lators because the oscillator circuitry is provided on the
device. However, the circuitry is not complete. Selec-
tion of the  crystal and external capacitors have been
left to the product design engineer. If the incorrect crys-
tal and external capacitors are selected, it can lead to a
product tha t does not op erate properly, fails prema-
turely, or will not operate over the intended temperature
range. F or product s uccess it is i mportant that th e
designer u nderstand h ow a n o scillator o perates i n
order to select the correct crystal.

Selection of a crystal appears deceivingly simple. Take
for example the case of a microcontroller. The first step
is to determine the frequency of operation which is typ-
ically one  of s everal standard v alues that c an be
selected from a catalog, distributor, or crystal manufac-
turer. The second step is  to sample o r purchase the
crystal and evaluate it in the product design.

However, in radio frequency (RF) circuitry, the selection
of the  c rystal is  no t as  s imple. Fo r ex ample, if  a
designer requires a transmit frequency (ftransmit) of 318
MHz fo r the  rfPIC12C509AG, the  crystal fre quency
(fxtal) will equal:

The frequency 9.9375 MHz is not a standard crystal fre-
quency. Therefore, the designer must order a cus tom
crystal from a crystal manufacturer. When the designer
contacts the crystal manufacturer, he or she is asked a
series of c rystal specification q uestions t hat m ay b e
unfamiliar, such as:

• What crystal frequency do you require?

• Which mode of operation?
• Series or parallel resonant?
• What frequency tolerance do you desire?

• What temperature stability is needed?

• What temperature range will be required?
• Which enclosure (holder) do you desire?
• What load capacitance (CL) do you require?

• What shunt capacitance (C0) do you require?
• Is pullability required?
• What motional capacitance (C1) do you require?

• What Equivalent Series Resistance (ESR) is 
required?

• What drive level is required?

To the uninitiated, these are overwhelming questions.
What effect do these specifications have on the opera-
tion of the oscillator? What do they mean? It becomes
apparent to the product design engineer that the only
way to answer these questions is to understand how an
oscillator works.

This Application Note will not make you into an oscilla-
tor designer. It will on ly exp lain th e ope ration of  an
oscillator in simplified terms in an effort to convey the
concepts that make an oscillator work.

The goal of this Application Note is to assist the product
design engineer in selecting the correct crystal and exter-
nal capacitors re quired fo r th e rfPI CTM or PI Cmicro®

device. In order to do this the designer needs a cl ear
understanding of the interrelationship of the various cir-
cuits th at ma ke up  an oscillator ci rcuit. Th e p roduct
design engineer should also consult with the crystal man-
ufacturer about the needs of their product design.

OSCILLATOR MODELS

There are s everal m ethods to m odeling osc illator
behavior. One form is known as the one port  view or
negative resistance model. It  predicts the behavior of
the os cillator as a n ac tive n etwork g enerating a n
impedance equal to a negative real resistance so that
the equivalent parallel resistance seen by the intrinsic,
lossless tuned c ircuit i s in finite [1 ]. A se cond fo rm i s
known as the two port view or feedback model consist-
ing of an amplifier with gain G and a frequency selec-
tive fi lter element with a linear transfer function in the
positive feedback path. This Application Note will use
simplified forms of each view to explain the basic oper-
ations of an oscillator. A m ore detailed explanation of
oscillator modeling and operation are available in the
cited references.
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OSCILLATOR BASICS

Reduced to its simplest components, the oscillator con-
sists of an amplifier and a filter operating in a positive
feedback loop (see Figure 1). Th e circuit must satisfy
the Barkhausen criteria in order to begin oscillation:

• the loop gain exceeds unity at the resonant fre-
quency, and

• phase shift around the loop is n2π radians (where 
n is an integer)

The amplitude of th e signal will grow once oscillation
has started. The amplitude of the signal must be limited
at some point and the loop gain equal unity. It is at this
point the oscillator enters steady-state operation.

FIGURE 1: SIMPLIFIED OSCILLATOR 
BLOCK DIAGRAM

Looking at Figure 1, intuitively we see that the amplifier
provides the gain for the first cri teria. For the second
criteria, phase shift, the amplifier is an inverting ampli-
fier which causes a π radian (180 degree) phase shift.
The fil ter blo ck provides an add itional π rad ian (180
degree) pha se shift for a tot al of 2 π rad ians (36 0
degrees) around the entire loop.

By design, the filter block inherently provides the phase
shift in addition to providing a coupling network to and
from the amplifier (see Figure 2). Th e filter block also
sets the frequency that the oscillator will operate. This
is done using a tuned circuit (inductor and capacitor) or
crystal. The coupling network provides light loading so
as to not overdrive the tuned circuit [2].

FIGURE 2: SIMPLIFIED OSCILLATOR 
BLOCK DIAGRAM WITH 
COUPLING NETWORK

Oscillator Operation

Operation o f an  oscillator is generally broken up in to
two phases: st art-up and  steady-state op eration. An
oscillator must start by itself with no external stimulus.
When the power is first applied, voltage changes in the
bias network result in voltage changes in the filter net-
work. These v oltage c hanges excite t he natural f re-
quency of the filter network and signal buildup begins.
The signal developed in the filter network is small. Pos-
itive feedback and excess gain in the amplifier continu-
ously increases the signal until the non-linearity of the
amplifier limits the l oop gain to unity. At th is point the
oscillator enters steady-state operation. The time from
power on to s teady-state op eration is  th e oscillator
start-up time.

Steady-state operation of the oscillator is governed by
the am plifier an d th e tun ed c ircuit of t he fi lter blo ck.
Loop gain steadies at unity due to the non-linearity of
the am plifier. Th e tu ned cir cuit rea ctance w ill ad just
itself to match the Barkhausen phase requirement of 2π
radians. During ste ady-state ope ration, w e a re co n-
cerned with the power output and loading of the tuned
circuit.

Amplifier

The am plifier circuit is ty pically implemented with a
bipolar junction tra nsistor or f ield e ffect tra nsistor
(JFET, M OSFET, e tc.). Li near c haracteristics of th e
transistor determine the starting conditions of the oscil-
lator. Non-linear characteristics determine an oscillator
operating point.

Tuned Circuits

The filter block sets the frequency that the oscillator will
operate. This is done using an LC tuned circuit (induc-
tor and capacitor) or crystal. Initially, we will look at a
few basic oscillator circuits that use a LC tuned circuit.
Later w e w ill loo k at  cry stal b asics an d ho w c rystal
oscillators operate.

Figure 3 s hows a b asic LC series resonator using an
inductor and capacitor. This is a simple band-pass filter
that at resonance the capacitive reactance and induc-
tive reactance are equal and cancel each other. There
is a z ero ph ase sh ift a nd on ly t he r eal r esistance
remains.

FIGURE 3: BASIC LC SERIES RESONATOR

Since we are using an inverting amplifier, the filter block
needs to provide a π radian (180 degree) phase shift in
order to satisfy the second Barkhausen criteria. Figure
4 shows a four element shunt-C coupled LC series res-
onator that provides phase shift and a coupling network
[3]. 
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FIGURE 4: SHUNT-C COUPLED LC SERIES 
RESONATOR

Quality Factor

Q (quality factor) is the ratio of stored energy in a reac-
tive component such as a capacitor or inductor to the
sum to tal of a ll energy losses. An  ideal tuned circuit
constructed o f an  i nductor a nd c apacitor w ill s tore
energy by swapping current from one component to the
next. In an actual tuned circuit, energy is lost through
real res istance. The eq uation for a tune d ci rcuit Q is
reactance divided by resistance:

We are concerned about c ircuit Q because it def ines
the bandwidth that a tuned circuit will operate. Band-
width is defined as the frequency spread between the
two frequencies at w hich the  current am plitude
decreases to 0.707 (1 divided by the square root of 2)
times the maximum value. Since the power consumed
by the real resistance, R, is proportionally to the square
of the current, the power at t hese points is half of th e
maximum power at resonance [2]. These are called the
half-power (-3dB) points.

For Q values of 10 or greater, the bandwidth can be cal-
culated:

Where f is the resonant frequency of interest. Relatively
speaking, a high-Q circuit has a much narrower band-
width than a low-Q circuit. For oscillator operation, we
are interested in the highest Q that can be obtained in
the tu ned ci rcuit. H owever, there are  ex ternal i nflu-
ences that effect circuit Q.

The Q of a t uned circuit is effected by external loads.
Therefore w e d ifferentiate between un loaded an d
loaded Q. Unloaded Q defines a circuit that is not influ-
enced by an external load. Loaded Q is a circuit influ-
enced by load.

OSCILLATOR CIRCUITS

There are limitless circuit combinations that make up
oscillators. Many o f th em t ake o n t he name of their
inventors: B utler, C lapp, C olpitts, H artley, M eacham,
Miller, Seiler, and Pierce, just to name a few. Many of
these circuits a re derivatives o f one a nother. Th e
reader should not worry about a p articular oscillator’s
nomenclature, but should focus on operating principles

[4]. No one circuit is universally suitable for all applica-
tions [ 5]. The c hoice o f o scillator c ircuit d epends o n
device requirements.

Now let’s add circuitry to the simplified oscillator block
diagram of Figure 2. Figure 5 shows a simplified oscil-
lator circuit drawn w ith on ly th e R F components, n o
biasing re sistors, and no  gro und co nnection [3 ]. Th e
inverting amplifier is implemented with a single transis-
tor. The  fee dback me chanism dep ends u pon w hich
ground reference is chosen. Of the numerous oscillator
types, there are three common ones: Pierce, Colpitts,
and C lapp. Eac h consists of the sam e ci rcuit except
that the RF ground points are at different locations. 

FIGURE 5: SIMPLIFIED OSCILLATOR 
CIRCUIT WITHOUT RF GROUND

The type of oscillator that appears on the PICmicro®

microcontroller is the Pierce and the type implemented
on the rfPIC12C509AG/509AF t ransmitter i s the Col-
pitts.

Pierce Oscillator

The Pie rce os cillator (Fi gure 6) i s a s eries resonant
tuned circuit. Capacitors C2 and C3 are used to stabi-
lize the amount of feedback preventing overdrive to the
transistor amplifier.

The Pierce oscillator has many desirable characteris-
tics. It w ill operate over a large range of fre quencies
and has very good short-term stability [6]. 

FIGURE 6: PIERCE OSCILLATOR

Colpitts Oscillator

The Colpitts oscillator (Figure 7) uses a parallel reso-
nant tuned circuit. The amplifier is an emitter-follower.
Feedback is p rovided vi a a tapped c apacitor vo ltage
divider (C2 an d C 3). C apacitors C 2 and C 3 for m a
capacitive vo ltage divider t hat couples so me o f t he
energy from the emitter to the base. 

Q
X
R
---=

BW
f
Q
----=
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FIGURE 7: COLPITTS OSCILLATOR

The Colpitts o scillator fu nctions differently from th e
Pierce oscillator. The most important difference is in the
biasing arrangement. Transistor biasing resistors can
increase th e ef fective re sistance of t he tu ned ci rcuit
(LC or crystal) thus reducing its Q and decreasing the
loop gain [5].

The parallel resonant c ircuit f ormed by L1 i n parallel
with C2 and C3 determines the frequency of the oscil-
lator.

CRYSTAL BASICS

The discussion up to this point has been on basic oscil-
lators using inductors and capacitors for the tuned cir-
cuit. The main disadvantage of LC oscillators is that the
frequency c an dri ft du e to  ch anges in  tem perature,
power-supply voltage, or mechanical vibrations. Plac-
ing a LC  oscillator o n fre quency sometimes requires
manual tuning.

We now look at how a quartz crystal operates internally
and later we will see how they operate in crystal oscil-
lators. Understanding how the quartz crystal operates
will give the design engineer an understanding of how
they behave in an oscillator circuit.

Quartz crystals have very desirable characteristics as
oscillator tune d ci rcuits. Th e nat ural osc illation fre-
quency is very stable. In addition, the resonance has a
very h igh Q rang ing from 10,000 to se veral hu ndred
thousand. In some cases values of 2 million are achiev-
able. The crystal merits of high Q and stability are also
its principle limitations. It is difficult to tune (pull) a crys-
tal os cillator [3] (mo re on  the to pic of c rystal pul ling
later).

The practical frequency range for Fundamental mode
AT-cut crystals is 600 kHz to 30 MHz. Crystals for fun-
damental freq uencies hi gher than 30 to 40  MHz are
very th in and the refore f ragile. C rystals are used at
higher fr equencies b y operation at o dd harmonics
(overtones) of the fundamental frequency. Ninth over-
tone crystals are used up to about 200 MHz, the prac-
tical upper limit o f c rystal oscillators [3 ]. This
Application Note will limit our discussion to Fundamen-
tal mode crystal operation.

Piezoelectric Effect

Quartz i s a p iezoelectric ma terial. Whe n an e lectric
field is placed upon it, a physical displacement occurs.
Interestingly enough, we can write an equivalent elec-
trical circuit to represent the m echanical properties of
the crystal.

Equivalent Circuit

The schematic symbol for a quartz crystal is shown in
Figure 8 (A). The equivalent circuit for a quartz crystal
near fundament resonance is shown in Figure 8 (B).
The equivalent circuit is an electrical representation of
the quartz crystal’s mechanical and electrical behavior.
It does n ot re present ac tual c ircuit co mponents. Th e
crystal is, after all, a vibrating piece of quartz. The com-
ponents C1, L1, and R1 are called the motional arm and
represents the mechanical behavior of the crystal ele-
ment. C0 represents the electrical behavior of the crys-
tal element and holder.

FIGURE 8: CRYSTAL EQUIVALENT 
CIRCUIT

The equ ivalent c ircuit in Fig ure 8 (B) represents one
Oscillation mode. For the types of crystal oscillators we
are interested in, we will focus on Fundamental mode
crystals. A more complex model can represent a crystal
through as many overtones as desired. For the sake of
simplicity this si mple mo del is  us ually employed a nd
different va lues are  used to m odel Fu ndamental or
Overtone modes. Spurious resonances occur at fre-
quencies near the desired resonance. In a high quality
crystal, the motional resistance of Spurious modes are
at least two or three times the primary resonance resis-
tance and the Spurious modes may be ignored [3].

C1 represents motional arm capacitance measured
in Farads. It represents the elasticity of the quartz, the
area of the electrodes on the face, thickness and shape
of the quartz wafer. Values of C1 range in femtofarads
(10-15 F or 10-3 pF).

L1 represents motional arm inductance measured in
Henrys. It represents the vibrating mechanical mass of
the quartz i n motion. Low frequency c rystals h ave
DS00826A-page 4  2002 Microchip Technology Inc.
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thicker and lar ger qua rtz wafers and rang e in a few
Henrys. High f requency c rystals have t hinner and
smaller quartz wafers and range in a few millihenrys.

R1 represents resistance measured in ohms. It repre-
sents the real resistive losses within the crystal. Values
of R1 range from 10 Ω for 20 MHz crystals to 200K Ω
for 1 kHz crystals.

C0 r epresents shunt ca pacitance m easured in  Far-
ads. It is the sum of capacitance due to the electrodes
on the crystal plate plus stray capacitances due to the
crystal holder and enclosure. Values of C0 range from
3 to 7 pF.

Example Crystal

Now that each of the equivalent components of a crys-
tal have been introduced, let’s look at an example crys-
tal’s electrical s pecifications th at y ou w ould f ind in  a
crystal data sheet or parts catalog. See Table 1.

When pu rchasing a c rystal, the de signer sp ecifies a
particular frequency along w ith l oad capacitance and
mode of operation. Notice that shunt capacitance C0 is
typically l isted as a maximum value, not an absolute
value. Notice also that motional parameters C1, L1, and
R1 are not typically given in the crystal data sheet. You
must get them from the crystal manufacturer or mea-
sure them y ourself. Equivalent Serie s R esistance
(ESR) should not be confused with R1.

For ou r ex ample cry stal t he e quivalent c ircuit va lues
are:

In Table 2 shunt capacitance is given as an absolute
value. Sh unt capacitance ca n be m easured w ith a
capacitance meter at a f requency much less than the
fundamental frequency.

Crystal Resonant Frequencies

A crystal has two resonant frequencies characterized
by a zero phase shift. The first is the series resonant,
fs, frequency. The equation is:

You may recognize this as the basic equation for the
resonant f requency o f an inductor and c apacitor i n
series. Recall that series resonance is  that particular
frequency w hich the  inductive and  ca pacitive reac -
tances are equal and cancel: XL1 = XC1. When the crys-
tal i s o perating at  it s se ries re sonant fre quency th e
impedance will be at a minimum and current flow will be
at a maximum. The reactance of the shunt capacitance,
XC0, is in parallel with the resistance R1. At resonance,
the value of XC0 >> R1, thus the crystal appears resis-
tive in the circuit at a value very near R1. 

Solving fs for our example crystal we find:

fs = 7,997,836.8 Hz

The second resonant frequency is the anti-resonant,
fa, frequency. The equation is:

This equation combines the parallel capacitance of C0
and C1. When a crystal is operating at its anti-resonant
frequency the impedance will be at i ts maximum and
current flow will be at its minimum.

Solving fa for our example crystal we find:

fa = 8,013,816.5 Hz

Observe tha t fs i s less than fa and that  the specified
crystal frequency is between fs and fa such that

fs < fXTAL < fa
This area of frequencies between fs and fa is called the 
“area of usual parallel resonance” or simply “parallel 
resonance.”

Crystal Complex Impedances

The c rystal h as bot h re sistance a nd reactance an d
therefore impedance. Fig ure 8 h as be en redrawn i n
Figure 9 to show the complex impedances of the equiv-
alent circuit.

TABLE 1: EXAMPLE CRYSTAL 
SPECIFICATIONS

Parameter Value

Frequency (fXTAL)8 .0 MHz

Load Capacitance (CL)1 3 pF

Mode of Operation Fundamental

Shunt Capacitance (C0) 7 pF (maximum)

Equivalent Series
Resistance (ESR)

100 Ω (maximum)

TABLE 2: EXAMPLE EQUIVALENT CIRCUIT 
CRYSTAL VALUES

Equivalent Component Value

C0 4.5 pF

C1 0.018 pF

L1 22 mH

R1 30 Ω

fs
1

2π L1C1

------------------------=

fa
1

2π L1
C1C0

C1 C0+
-------------------×

-------------------------------------------=
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FIGURE 9: CRYSTAL EQUIVALENT 
CIRCUIT COMPLEX 
IMPEDANCES

The complex impedances [5] are defined as:

Combining Z0 and Z1 in parallel yields:

We plug in the values of Table 2 in a spreadsheet pro-
gram and  so lve Zp o ver frequency. We obs erve th e
reactance verses frequency plot in Figure 10.

FIGURE 10: REACTANCE VERSES 
FREQUENCY

This plot shows where the crystal is inductive or capac-
itive in the  circuit. Recall that positive reactances are
inductive and negative reactances are capacitive. We
see that between the frequencies fs and fa the imped-
ance of the crystal is inductive. At frequencies less than
fs and frequencies greater than fa the crystal is capaci-
tive. 

As m entioned earlier, th e e quivalent c ircuit shown i n
Figure 8 (B) i s a simplified model that represents one
Oscillation mode. For this example that is the Funda-
mental mo de. The plot in  Fig ure 10 d oes no t s how
Overtone modes and spurious responses. Therefore,
the crystal can appear inductive to the circuit at these
Overtone modes and spurious responses. Care must

be taken in the selection of oscillator components, both
internal and external, to ensure the oscillator does not
oscillate at these points.

Drive Level

Drive level refers to the power dissipated in the crystal.
Crystal da ta s heets s pecify the  maximum driv e le vel
the c rystal ca n s ustain. O verdriving th e c rystal ca n
cause excessive aging, frequency shift, and/or quartz
fracture a nd e ventual fa ilure. Th e de signer sh ould
ensure that the maximum rated drive level of the crystal
is not ex ceeded. Drive level should be maintained at
the mi nimum lev els ne cessary for os cillator st art-up
and maintain steady-state operation.

Power dissipation of the crystal can be computed by

where E is the rms voltage across the crystal exactly at
series resonance [3][6]. However, for the crystal oscil-
lators di scussed i n th is Application N ote, t he c rystal
operates s lightly off se ries resonance i n th e area of
usual parallel resonance (this will be explained in the
section on C rystal Oscillators). Therefore, current will
need to be measured by using an oscilloscope current
probe. Connect the probe on one leg of the  crystal, if
space permits, or in the oscillator loop. Finally calculate
power by

Crystal Quality Factor (Q)

Due to the piezoelectric effect of the crystal, a physical
displacement occurs when an electric field is applied.
The rev erse e ffect h appens w hen the  cry stal i s
deformed: ele ctrical en ergy is  produced ac ross th e
crystal electrodes. A mechanically resonating crystal is
seen f rom i ts electrodes a s an e lectrical resonance.
Therefore the crystal behaves like a tun ed circuit and
like a tuned circuit the crystal can store energy. We can
quantify the  amount of sto red energy b y s tating th e
quality factor (Q) of the crystal. Crystal Q is defined as
[5]:

Where XL1 (or XC1) is the reactance of L1 (or C1) at the
operating frequency of the crystal. Do not confuse the
operating fre quency w ith fa or fs. The  ope rating f re-
quency can be anywhere between fa or fs in the area of
usual parallel resonance.

Z0
j–

2πfC0
---------------=

Z1 R1 j 2πfL1
1

2πfC1
---------------– 
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The Q of a crystal is not normally specified in the data
sheets. The Q of standard crystals fall between values
of 20,000 and 200,000 [5]. By way of comparison, the
Q of a good LC tuned circuit is on the order of 200 [2].
The very high Q of a crystal contributes to the high fre-
quency stability of a crystal oscillator.

Series vs Parallel Resonant Crystals

There is  no d ifference in  the  construction of a  series
resonant crystal and a parallel resonant crystal, which
are m anufactured exactly al ike. T he only difference
between them is that the desired operating frequency
of the parallel resonant crystal is set 100 ppm or so
above the s eries re sonant f requency. Parallel reso-
nance m eans th at a s mall c apacitance, cal led loa d
capacitance ( CL), o f 12  to  32  pF (depending o n th e
crystal) should be placed across the crystal terminals to
obtain the  des ired operating frequency [6] . Figure 11
shows lo ad ca pacitance in  parallel with t he cr ystal
equivalent circuit.

FIGURE 11: LOAD CAPACITANCE ACROSS 
THE CRYSTAL

Therefore, when ordering a series resonance crystal,
load ca pacitance C L i s n ot sp ecified. I t is  im plied as
zero. These crystals are expected to operate in a circuit
designed to take advantage of the crystals mostly resis-
tive nature at series resonance.

On t he o ther ha nd, a p arallel res onant crystal h as a
load capacitance specified. This is the capacitive load
the crystal expects to see in the circuit and thus operate
at t he frequency specified. I f t he l oad capacitance is
something oth er th an what t he c rystal w as de signed
for, the operating frequency will be offset from the spec-
ified frequency.

Crystal Pulling

Series or parallel r esonance cr ystals ca n be  pulled
from the ir specified ope rating freq uency by ad justing
the load capacitance (CL) the crystal sees in the circuit.
An approximate equation for crystal pulling limits is:

Where ∆f is the pulled crystal frequency (also known as
the load frequency) minus fs. 

The lim its of ∆f dep end on the  crystal Q and  stray
capacitance of t he c ircuit. If the shunt c apacitance,
motional capacitance, and load capacitance is known,
the average pulling per pF can be found using:

Crystal pulling can be helpful when we wish to tune the
circuit to the exact operating frequency desired. Exam-
ples are voltage controlled oscillators (VCO) where
the load capacitance is changed with a varactor diode
which can be adjusted electrically. Another example is
pulling the cry stal for Freq uency Shift Keying (FSK)
modulation. On e ca pacitance v alue equates t o an
operating frequency to represent a binary 1. A second
capacitance value equates to an operating frequency
to r epresent a binary 0. T his is  t he me thod t he
rfPIC12C509AF uses for FSK modulation. 

Crystal pul ling ca n be har mful if the  printed ci rcuit
board e xhibits s tray capacitance and inadvertently
pulls the crystal off the desired operating frequency.

Equivalent Series Resistance

The Equivalent Series Resistance (ESR) is the resis-
tance the c rystal exhibits at th e series resonant fre-
quency ( fs). I t s hould n ot be confused with m otional
resistance (R1). ESR is typically specified as a maxi-
mum resistance value (in ohms).

The resistance of the crystal at any load capacitance
(CL) is  called the effective resistance, Re. It c an be
found using [5]:

CRYSTAL OSCILLATORS

We see that a qua rtz crystal is a tuned circuit with a
very high Q. This and many other desirable attributes
make th e c rystal an  ex cellent c omponent ch oice f or
oscillators. Crystal os cillators a re re cognizable from
their LC oscillator counterparts [4]. For the Pierce and
Colpitts oscillators, the crystal replaces the inductor in
the corresponding LC tuned circuit oscillators. Not sur-
prisingly, the crystal will appear inductive in the circuit.
Recall the crystal’s equivalent circuit of Figure 8 when
reviewing crystal oscillator operation.

Crystal Oscillator Operation

Upon start-up, the amplitude of oscillation builds up to
the point where nonlinearities in the amplifier decrease
the loop gain to  un ity. During s teady-state operation,
the c rystal, w hich has a l arge reac tance-frequency
slope as we saw in Figure 10, is located in the feedback
network at a point where it has the maximum influence
on the  frequ ency of os cillation. A c rystal os cillator i s

∆f fs
C1

2 C0 CL+( )
---------------------------- 

 =

ppm pF⁄ C1 10
6×

2 C0 CL+( )2
------------------------------=

Re R1
CL C0+

CL
-------------------- 

  2
=
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unique in that the impedance of the crystal changes so
rapidly with frequency that all other circuit components
can b e co nsidered to  be of c onstant reac tance, thi s
reactance being calculated at the nominal frequency of
the crystal. The frequency of oscillation will adjust itself
so that the crystal presents a re actance to the circuit
which w ill satisfy the Barkhausen phase requirement
[5].

Figure 1 2 a gain s hows a  si mplified os cillator circuit
drawn with only the RF components, no biasing resis-
tors, and no ground connection [3] . The inductor has
been replaced by a crystal. We shall see for the Pierce
and Colpitts crystal oscillators, the crystal will appear
inductive in the circuit in order to oscillate.

FIGURE 12: SIMPLIFIED CRYSTAL 
OSCILLATOR CIRCUIT 
WITHOUT RF GROUND

Pierce Crystal Oscillator

The Pierce crystal oscillator (Figure 13) is a series res-
onant ci rcuit f or Fundamental mode c rystals. I t oscil-
lates just above the series resonant frequency of the
crystal [3]. The Pierce oscillator is designed to look into
the lowest possible impedance across the crystal termi-
nals [6].

FIGURE 13: PIERCE CRYSTAL OSCILLATOR

In the Pierce oscillator, the ground point location has a
profound effect on the performance. Large phase shifts
in RC networks and large shunt capacitances to ground
on b oth sides of  the  c rystal ma ke the  os cillation fre-
quency relatively insensitive to small changes in series
resistances or shunt capacitances. In addition, RC roll-
off ne tworks and shunt capacitances t o g round mini-
mize any transient noise spikes which give the circuit a
high immunity to noise [6]. 

At series resonance, t he cryst al appears resistive in
the circuit (Figure 14) and the phase shift around the
circuit is 2π radians (360 degrees). If the frequency of
the circuit shift s above or  below  the ser ies r esonant

frequency of the c rystal, it poses more or less  phase
shift such that the tot al is not equal to 360 degrees.
Therefore, steady-state operation is maintained at the
crystal frequency . H owever, this only happens in an
ideal circuit. 

FIGURE 14: PIERCE CRYSTAL 
OSCILLATOR, IDEAL 
OPERATION [6]

In actual circuit operation (Figure 15), the phase shift
through th e tran sistor is ty pically mo re tha n 18 0
degrees because of increased delay and the tuned cir-
cuit typically falls short of 18 0 degrees. Therefore the
crystal must appear inductive to provide the phase shift
needed in the circuit to sustain oscillation.

FIGURE 15: PIERCE CRYSTAL 
OSCILLATOR, ACTUAL 
OPERATION [6]

Thus the output frequency of the Pierce crystal oscilla-
tor is not at the crystal series resonant frequency. Typi-
cally a  parallel r esonant c rystal is speci fied by
frequency and load capacitance (CL). CL is the circuit
capacitance the crystal expects to see and operate at
the desired frequency. The cir cuit load capacitance is
determined by external capacitors C2 and C3, transistor
DS00826A-page 8  2002 Microchip Technology Inc.
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internal capacitance, and str ay capacitance (CS). The
product design engineer selects the values of  capaci-
tors C2 and C3 to match the crystal CL using the below
equation:

Stray capacitance can be assumed to be in the range
of 2 to 5 pF. PCB stray capacitance can be minimized
by k eeping trac es as  short as  pos sible. A de sirable
characteristic o f the Pierce oscillator i s the effects of
stray reactances and biasing res istors appear across
the capacitors C2 and C3 in the circuit rather than the
crystal.

If the circuit load capacitance does not equal the crystal
CL, the operating frequency of the Pierce oscillator will
not be at the specified crystal frequency. For example,
if the crystal CL is kept constant and the values of C2
and C 3 are  increased, the ope rating fre quency
approaches the crystal series resonant frequency (i.e,
the operating frequency o f th e o scillator d ecreases).
Care should be used in selecting values of C2 and C3.
Large values increase frequency stability but decrease
the loop gain and may cause oscillator start-up prob-
lems. Typically the values of C 2 and C3 are equal. A
trimmer capacitor can be s ubstituted for C2 or C 3 in
order to  manually tune th e Pierc e os cillator to  the
desired frequency. Select capacitors with a low temper-
ature coefficient such as NP0 or C0G types.

Colpitts Crystal Oscillator

The Colpitts crystal oscillator (Figure 16) is a p arallel
resonant circuit for Fundamental mode crystals [3]. The
Colpitts is  designed t o lo ok into a hi gh im pedance
across the crystal terminals [6]. The series combination
of C2 a nd C3, i n parallel w ith the e ffective t ransistor
input capacitance, form the crystal loading capacitance
[3]. The effects of s tray reactances appear across the
crystal. The biasing resistors are also across the crys-
tal, which can degrade performance as mentioned in
the LC version.

FIGURE 16: COLPITTS CRYSTAL 
OSCILLATOR

In the particular Colpitts configuration shown in Figure
16, the capacitive divider off the tuned circuit provides
the feedback as in a classic LC Colpitts. However, the
crystal gr ounds the  ga te a t th e s eries resonant f re-

quency of the crystal, permitting the loop to have suffi-
cient gain to sustain oscillations at that frequency only
[4]. This configuration is useful because only one pin is
required to connect the ex ternal crystal to the  device.
The other terminal of the crystal is grounded.

A t rimmer capacitor can be p laced in series w ith the
crystal t o m anually tu ne t he C olpitts oscillator to  t he
desired frequency. 

SPECIFYING A CRYSTAL

Now that we know how a crystal behaves in an oscilla-
tor circuit, let’s review the specification questions asked
by the crystal manufacturer:

What crystal frequency do you require?

This is the frequency stamped on the crystal package.
It is the desired operational crystal frequency for the cir-
cuit. It depends on the mode of operation (fundamental
or ov ertone, s eries o r p arallel resonant), and load
capacitance. R ecall t hat p arallel r esonant c rystals
operate at the specified frequency at the specified load
capacitance (CL) that you request.

Which mode of operation?

Fundamental o r ov ertone. Thi s Ap plication N ote
focused pri marily o n Fu ndamental m ode si nce th e
rfPIC and PICmicro MCU oscillators generally operate
below 30 MHz, which is the upper frequency limit of AT-
cut quartz crystals.

Series or parallel resonant?

This tells the crystal manufacturer how the crystal will
be used in the oscillator circuit. Series resonant crys-
tals are used in oscillator circuits that contain no reac-
tive components in  the fee dback loo p. Para llel
resonant crystals are used in oscillator circuits that con-
tain re active c omponents. As  me ntioned, th ere is n o
difference in the construction of a series or parallel res-
onant crystal. 

For the Pierce and Colpitts oscillators reviewed in this
Application Note, the crystal is used at its parallel reso-
nant frequency. Therefore, a load capacitance must be
specified in o rder for t he crystal to operate at t he fre-
quency stamped on the package.

What frequency tolerance do you desire?

This i s the al lowable f requency de viation plus and
minus the specified crystal frequency. It is specified in
parts per million (PPM) at a specific temperature, usu-
ally +25 degrees C. 

The des igner m ust determine w hat fre quency tol er-
ance is required for the product design. For example, a
PICmicro device in a frequency insensitive application
the frequency tolerance could be 50 to 100 ppm. For a
rfPIC device, the crystal frequency is multiplied up to
the transmit frequency. Therefore, the tolerance will be
multiplied. The tolerance required depends on the radio
frequency regulations of the country the product will be
used. Tolerances of 30  pp m or  b etter are g enerally

CL
C2C3

C2 C3+
------------------- CS+=
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required. Care should be taken in selecting low toler-
ance values as the price of the crystal will increase. The
product design engineer should select the crystal fre-
quency tolerance that meets the radio frequency regu-
lations at the price point desired for the product.

What temperature stability is needed?

This is the allowable frequency plus and minus devia-
tion over a specified temperature range. It is specified
in parts per million (PPM) referenced to the measured
frequency at +25 degrees C. 

Temperature stability depends on the application of the
product. If a w ide temperature stability is required, it
should be communicated to the crystal manufacturer.

What temperature range will be required?

Temperature range refers to the operating temperature
range. Do not confuse this with temperature stability.

Which enclosure (holder) do you desire?

There are many crystal enclosures to choose from. You
can select a surface mount or leaded enclosure. Con-
sult w ith the crystal manufacturer about your product
needs. Bear in mind that the smaller the enclosure, the
higher t he cost. Als o, the s maller th e enclosure th e
higher th e s eries resistance. Series re sistance
becomes an issue because it  lowers the loop gain of
the oscillator. This can result in oscillator not starting or
stopping over a wide temperature range.

What load capacitance (CL) do you require?

This is the capacitance the crystal will see in the circuit
and operate at the  specified frequency. Load capaci-
tance is required for parallel resonant crystals. It is not
specified for series resonant crystals.

What shunt capacitance (C0) do you require?

Shunt capacitance contributes to  the oscillator circuit
capacitance. Therefore, it has to be taken into account
for circuit operation (starting and steady-state) and pul-
lability.

Is pullability required?

Pullability refers to the change in frequency in the area
of usual parallel resonance. It is important if the crys-
tal is going to be tuned (pulled) over a specific but nar-
row freq uency ran ge. The  am ount o f pu llability
exhibited by a crystal at the specified load capacitance
(CL) is  a f unction o f sh unt ca pacitance (C 0) an d
motional capacitance (C1).

This specification is important for the rfPIC12C509AF
device in FSK mode. The crystal is pulled between two
operating frequencies by switching capacitance in and
out of the oscillator circuit. If pullability is not specified,
there will be a hazard o f t uning t he crystal out o f i ts
operating range of frequencies.

What motional capacitance (C1) do you require?

Motional capacitance is required if the cr ystal is going
to be tuned (pulled) in the circuit.

It is interesting to note that motional inductance (L1) is
normally not s pecified. I nstead i t i s inferred f rom th e
crystal’s se ries res onant fre quency ( fa) a nd motional
capacitance ( C1). Sim ply pl ug in  the v alues into th e
crystal series resonant frequency and solve for L1.

What Equivalent Series Resistance (ESR) is required?

Typically specified as a maximum resistance in ohms.
Recall th is is  the res istance the c rystal exhibits a t its
operating frequency. Do not confuse ESR with motional
resistance ( R0). A lo wer E SR r equires a lower drive
level and vice versa. A danger exists in specifying too
high an ESR where the oscillator will not operate.

What drive level is required?

The quartz crystal is driven by the os cillator amplifier
and w ill dissipate heat. Drive lev el is the am ount of
power the  quartz crystal w ill have to di ssipate in  the
oscillator c ircuit. I t is  specified in mi lli- or  m icrowatts.
The quartz crystal can only stand a finite amount of cur-
rent drive. The product des ign engineer must ensure
the quartz crystal is not overdriven or failure of the crys-
tal will result.

Drive level should be maintained at the minimum levels
necessary for oscillator start-up and maintain steady-
state ope ration. The d esign eng ineer sh ould s pecify
the drive level required by the device and ensure that
crystal is not overdriven by measuring the current flow
in the oscillator loop. Make certain that the current drive
does not exceed the drive level specified by the crystal
manufacturer.

PRODUCT TESTING

Once th e c rystal has  be en s pecified an d sa mples
obtain, product tes ting c an be gin. Th e fi nal pro duct
should be tested at applicable temperature and voltage
ranges. Ensure the oscillator starts and maintains oscil-
lation. Include in the evaluation component and manu-
facturing variations.

SUMMARY

There is much to learn about crystals and crystal oscil-
lators, however, t his Application Note can on ly cover
the basics of crystals and crystal oscillators in an effort
to as sist th e p roduct de sign engineer in selecting a
crystal fo r t heir rfPI CTM or PICmicro® ba sed device.
The reader is encouraged to study more in-depth about
the design and operation of crystal oscillators because
they ar e s uch an important c omponent i n electronic
designs today. Additional reading material is  listed in
the furth er read ing and ref erences se ctions of thi s
Application Note. The product design engineer should
also consult with the crystal manufacturer about their
product design needs.
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GLOSSARY

Accuracy - The degree of conformity of a measured or
calculated va lue to it s de finition o r with re spect to a
standard reference.

Aging - The systematic change in frequency over time
because of internal changes in the oscillator. Aging is
the frequency change with time when factors external
to the oscillator such as environment and power supply
are kept constant.

Calibration - The process of identifying and measuring
time o r fre quency errors, offsets, o r d eviations of a
clock/oscillator relative to an established standard.

Drift - The linear (first-order) component of a  system-
atic change in frequency of an oscillator over time. Drift
is due to aging plus changes in th e environment and
other factors external to the oscillator.

Frequency - The rate at which a periodic phenomenon
occurs over time.

Offset - Th e di fference between the measured value
and the defined value.

Precision - The degree of mutual agreement among a
series of individual measurements.

Quality Factor (Q) - T he ra tio of e nergy s tored in  a
reactive component (such as a capacitor or inductor) to
the energy dissipated. Equal to the reactance divided
by the resistance.

Reproducibility - With respect to a set of independent
devices of  the s ame des ign, it  is th e abi lity of  these
devices to produce the same value. With respect to a
single device, it is the ability to produce the same value
and to put it in to operation repeatedly without adjust-
ments.

Resolution - The degree to which a measurement can
be determined. The smallest significant difference that
can be measured with a given instrument.

Stability - Statistical estimate of the [frequency] fluctu-
ations of a signal over a given time interval.

- Short term stability - usually involves mea-
surement averages from a few tenths of a 
second to 100 seconds.

- Long term stability - usually involves mea-
surement averages beyond 100 seconds.

Synchronization - The process of measuring the dif-
ference in time of two time scales such as the output
signals generated by two clocks. In the context of tim-
ing, synchronization means to bring two clocks or data
streams into phase so that their difference is zero.

Tolerance - The maximum allowable frequency devia-
tion from the specified frequency. It is specified in parts
per million (PPM) at a specific temperature, usually +25
degrees C.

FURTHER READING

There are several excellent tutorials on frequency con-
trol devices at the IEEE Ultrasonics, Ferroelectrics and
Frequency Control web site. The URL is

http://www.ieee-uffc.org

Several crystal manufacturers have application notes
about crystal and crystal oscillator operation. Refer to
the individual crystal manufacturers’ web sites.
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