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Module 4: Crystal oscillators

• Introduction

– Review of Quiz 2.

– Term project: The first report 
is due.

• Crystal oscillators:

– The role of oscillators in 
communications circuits

– Electronic oscillators: concept 
and circuitry

– Crystal oscillators: Principle of 
operation

– Crystal oscillators: basic 
parameters

– Crystal oscillators: advantages

Key words
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• Crystal oscillator

• Barkhausen conditions

• Quartz

• Resonant frequency

• Quality factor (Q)
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Operations of communications electronics, a transmitter (sender) and a receiver are relied on 

oscillators. The oscillators generate the required  signals, provide frequency references, deliver 

timing information, and so forth. In other words, communications systems cannot operate 

without oscillators. We will see practical applications of oscillators when we study such 

communications systems as amplitude-modulated and frequency-modulated transmission 

systems.  
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The role of oscillators in communications circuits
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Electronic oscillators: concept and circuitry

Oscillator
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Power supply

Electronic oscillator is a device that generates a required signal (digital or 

analog). To operate, an oscillator needs an external power (typically, dc) 

provided by a power supply.
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damping sine!!!
How can we build an electronic oscillator? 

Let’s consider a parallel resonance circuit as an example: If we excite a sinusoidal oscillation in 

this resonance circuit, this oscillation hypothetically would run forever because, first, ideal 

capacitor and inductor have no energy loss and, secondly, the capacitor and the inductor keep 

exchanging electrical and magnetic energy, which results in sustaining oscillation within the 

circuit. Thus, a resonance circuit could hypothetically serve as a oscillator. However, as soon as 

we start to withdraw this oscillation (energy, that is) for the use in external devices, energy 

stored in this resonant circuit will be depleted. But even without withdrawing an energy, 

oscillation within this circuit will be damping because real capacitor and inductor introduce 

energy losses, which causes energy dissipation. For this matter, it’s sufficient to refer to ohmic 

resistance of an inductor coil, which is shown as R1 in the above figure.

Therefore, to obtain a practical oscillator, we need to supply a resonant circuit with external 

energy to compensate for energy withdraw and circuit losses. 

Electronic oscillators: concept and circuitry
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Electronic oscillators: concept and circuitry

If we include an amplifier in this circuit, we will achieve our goal 

because the amplifier will constantly deliver the external energy 

through its power supply, VCC, and it will compensate for circuit losses. 

In other words, by constantly boosting damping oscillations, an 

amplifier helps to sustain a steady output sinusoidal signal with a 

constant amplitude.

Output
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Electronic oscillators: concept and circuitry

A general block diagram of an electronic oscillator is presented in this figure. Block A denotes 

an amplifier with VCC being its power supply. Block B denotes an oscillation circuit (reference 

element), for example, L-C parallel resonance circuit, which we’ve considered in the previous 

discussion. Note that the output of an oscillation circuit feeds an amplifier and the output of the 

amplifier serves as a circuit output and feeds the oscillation circuit simultaneously. This is an 

example of a feedback circuit. Specifically, since this circuit includes an amplifier, this type of 

feedback is called positive. Clearly, if we have a similar circuit without amplification, a feedback 

is called negative. An example of negative feedback will be considered later, when we discuss 

phase-locked loop (PLL) circuit.

Output
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Electronic oscillators: concept and circuitry

To obtain steady oscillations from this circuit, we need to meet Barkhausen conditions:

1. The loop gain must be equal to 1, that is, A x B = 1.

2. The loop phase shift, Θ, must be  a multiple of 3600, that is, Θ = n x 3600.

The first condition requires that the amplifier gain, A, has to just compensate for circuit losses. 

If gain will be more than losses, the amplitude of an output signal will continuously 

increase; if gain is less than losses, the amplitude will decrease.

The second condition practically requires that the both amplifier A and an oscillation circuit B 

must introduce 1800 phase shifts each.

Output

A x B = 1

A x B > 1

A x B < 1

Increasing sine!!!

Decreasing sine!!!
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Electronic oscillators: Colpitts oscilator This figure presents a simplified 

circuit diagram of a Colpitts 

oscillator. L-C circuit works as an 

oscillation circuit at its resonance. 

“The frequency of oscillation is 

given approximately by the resonant 

frequency of L1 and C1 in series 

with the C2 tank circuit [1]:”

fOSC = (1/2π) x √[(C1 + C2) / 

(L(C1xC2))]

Voltage drop, Vf, across capacitor 

C2 provides a feedback signal to an 

amplifier while output signal, Vout

is presented by the voltage drop 

across capacitor C1. Gain of an 

amplifier must precisely compensate 

for circuit losses caused by energy 

dissipation of all the components of 

the entire loop. Usually, this 

condition, along with the phase-shift 

requirement, is achieved 

L1

C2 C1
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Crystal oscillators: the need and classification

One of the main parameters of an oscillator is stability of its signal frequency. The 

importance of this parameter follows directly from an oscillator's function: It must generate a 

reference signal. 

The frequency variations are measured by the number of varied (erroneous) cycles per 

million of generated cycles, which is called part per million (ppm). Obviously, 1 ppm 

corresponds to 1/1,000,000 = 0.0001%. 

Clearly, an ideal oscillator should exhibit 0 ppm. L-C electronic oscillators suffer from 

the low stability of their frequencies, which is the order of 1000 to 100 ppm. To attain better 

frequency stability, crystal oscillators, XOs, are used. They provide stability from 100 ppm to 

0.01 ppm. To obtain the higher frequency stability,  special measures, such as temperature 

control, are to be used. There are several types of crystal oscillators designed to achieve the 

higher frequency stability. Among them are microcontroller-compensated crystal oscillator, 

MCXO, voltage-controlled crystal oscillator, VCXO, oven-controlled crystal oscillator, OCXO, 

temperature-compensated crystal oscillator, TCXO, and combinations of these basic types. 

Nevertheless, it is hard to achieve frequency stability more than 0.0001 ppm (1/1010) with crystal 

oscillators. When  such super-precision devices are required, atomic clocks are used.

There are fixed and programmable crystal oscillators [4]. The fixed XO generates a 

signal with a single pre-determined frequency, while programmable XO can generate many 

frequencies. Obviously, programmable XO contains more sophisticated circuitry than a fixed 

one. Crystal oscillators cover the frequency range from 10 kHz to 100 MHz. 
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Quartz m.v.~ Vac

The spectrum of the use of crystal oscillators ranges from such simple devices as electronic 

watches and calculators to such sophisticated communications systems as digital subscriber line (DSL), 

cellular phones and the Internet routers. Simply state, crystal oscillators are the most widely used type of 

oscillators of modern electronics. 

The heart of crystal oscillator is a piezoelectric crystal, such as quartz. When voltage is applied to 

conducting plates (electrodes), the crystal (quartz) contracts or expands, depending on the voltage polarity. 

This is a piezoelectric effect. This effect is reciprocal: If we applied mechanical pressure to a crystal, we can 

collect voltage from the electrodes.

If we applied ac voltage, we will excite mechanical vibrations (m.v.) in the crystal; conversely, if 

we make a crystal vibrate, we can collect ac voltage. This effect is the most pronounced at a resonant 

frequency, fres. Therefore, if we applied ac voltage at fres, a crystal will oscillate with the maximum 

amplitude at this frequency and we can collect the maximum Vac at fres from its electrodes. It is a resonant 

property that makes a quartz crystal a reference element (oscillation circuit) of an oscillator.

Crystal oscillators: applications and piezoelectric crystal

Quartz m.v.

Vac

Applied voltage causes mechanical movement 

(contraction or expansion of a crystal). AC voltage 

causes mechanical vibrations (m.v.) at fres. 

Applied mechanical pressure (contraction or 

expansion of a crystal) causes voltage. Mechanical 

vibrations (m.v.) at fres generate ac voltage. 
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Crystal oscillators
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The value of a crystal resonant frequency, fres,  is determined by 

the mechanical properties of a crystal, and this frequency (rate of oscillation) 

depends on the direction in which a crystal get cut, on the size and shape of a 

crystal and on its mounting. For a deeper examination of a quartz crystal and 

its property see, for example, [5]. 

The top left figure shows a crystal’s equivalent circuit. Series 

components, Ls, Cs and Rs, represent the mechanical properties of a crystal 

such as mass, spring constant and mechanical damping. The parallel 

capacitance, Cp, represents the electric field stored between conducting plates 

working as electrodes of a conventional capacitor. Series reactance is given by 

XS = XLS + RS + XCS and the parallel is equal to XP = XCP. When operating far 

from fres, a crystal works as a capacitor CP. At frequency fS, XS = 0 and the 

crystal displays series resonance. Near a series resonant frequency fS, the 

crystal impedance is close to small resistance RS. Above fS, XLS > XCS and a 

series branch exhibits inductive properties. This “inductor” resonate with CP at 

frequency fP as a parallel resonant circuit. At fP, which is also called anti-

resonance frequency, the crystal impedance reaches its maximum value. 

Overall crystal impedance is shown in the bottom left figure [5]. 

Thus, crystal can operate either in series or in parallel resonant 

modes. The difference between fS and fP is very small (≤ 0.1%); this is why 

crystal exhibits its resonance within very narrow frequency range. The exact 

resonant frequency is determined by a load capacitance that a manufacturer 

specifies for every crystal.

Typical parameters of a crystal equivalent circuit are as follows [6]:

RS = 20 Ω, LS = 11mH, CS = 0.0026 pF, CP = 6 pF, Q = 105.
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The advantage of a crystal over a L-C resonant 

circuit, when used as an oscillator reference element, can be 

clearly shown by comparison their quality factors Q: A 

crystal has Q in the range from tens of thousands to million 

while L-C resonant circuit can’t achieve Q of more than a 

thousand. Quality factors are shown at the left. (See 

Appendix “R-L-C resonance circuits” in Topic 1.) The high 

value of Q provides high stability of a resonant frequency.

Crystal oscillators

ƒ (Hz)

QCRYSTAL

QL-C CIRCUIT

I (A)

XTAL

Samples of 

crystal 

mounting [5]

Example of crystal 

appearance (in case)
a) b) c)

This figure shows: a) crystal symbol, b) sample of crystal mounting and c) example 

of packaged crystal as used on a circuit board. In circuits, a crystal often is designated simply 

as X. crystal mounting depends on crystal cut and, therefore, resonance frequency.
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Crystal oscillators: Pierce oscillator The variety of crystal oscillator circuits are 

based on a main version called Pierce oscillator 

shown at left. If you compare this circuit with a 

Colpitts oscillator, you will see that the only 

difference between them is that an inductor of 

Colpitts oscillator is replaced by a crystal (operating 

in an inductive mode, of course) in Pierce oscillator.

Pierce oscillator works as follows: An 

amplifier feeds a crystal with a signal at a crystal 

resonant frequency, fRES defined as   fS< fRES ≤ fP. This 

voltage excites crystal mechanical vibrations at fRES. 

Crystal vibrations, in turn, excite ac electrical signal. 

Thus, a crystal works  as an inductor: It stores the 

energy and then reveals it. This “inductor” forms 

parallel resonance circuit with capacitors C1 and C2. 

The frequency stability provided by a crystal 

guarantees frequency stability of an entire circuit. 

The output of this parallel resonance circuit feeds an 

inverting amplifier that compensates for losses and 

energy withdraw. To provide fine tuning of an 

oscillator frequency, a variable capacitor can be 

included in series with a crystal. An inverting 

amplifier and X-C circuit each provides 1800 degree 

phase shift, satisfying Barkhausen conditions.

A

VCC

X1
C1 C2

How this circuit start to work? Initially, 

only noise is generated by an amplifier. 

However, among these noise signals 

there will be one at the crystal resonant 

frequency. This signal will cause 

crystal oscillate and, therefore, will be 

amplified by an amplifier until steady 

oscillation will be obtained.
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Crystal oscillators: concept and circuit

1. IC crystal oscillators – see the 

picture in your textbook.

2. Example: Maxim circuits
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Module 4 assignments.

Quiz # 3 will be next week.  Topics: Passive and active filters, dB and crystal 

oscillators. (See Module 3 assignment.)

You must be able to:

• Define an electronic oscillator and explain its role in communications circuits;

• Explain how can we build an electronic oscillator using L and C components;

• Explain why a passive oscillator can’t be built practically;

• Sketch the general block diagram of an electronic oscillator and explain the 

function of each component;

• Formulate and explain the Barkhausen conditions for gain and phase shift that 

must be satisfied in electronic oscillators.

• Explain what is the major drawback of an electronic oscillator;

• Demonstrate how we can measure the frequency stability in electronic oscillators;

• Explain how we can use a piezoelectric crystal for building an electronic oscillator;

• Sketch the equivalent circuit of a crystal oscillator and explain its operation;

• Explain how we determine the resonance frequency of a crystal oscillator;

• Sketch the circuit of a Pierce crystal oscillator and explain its operation.
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Assignments:

1. Reading: 

a. Textbook (9th edition): Pages 48-51.

b. Thomas L. Floyd, Electronic Devices, any edition, Prentice Hall: Sections 

“Oscillators.”

2. Homework problems: Chapter 1: ## 67 and 68. 

3. Carefully review the examples given in this lecture.
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