TECHNICAL NOTE 30

Design Guidelines for

Quartz Crystal Oscillators

Introduction

A CMOS Pierce Oscillator circuit is well known and is
widely used for its excellent frequency stability and the
wide range of frequencies over which they can be used.
They are ideal for small, low current and low voltage
battery operated portable products especially for low
frequency applications. [1,2] When designing with
miniaturized quartz crystals, careful consideration must

be given to the frequency, gain and crystal drive level.

In this paper, the design equations used in a typical
crystal controlled Pierce Oscillator circuit design are
derived from a closed loop and phase analysis. The
frequency, gain and crystal drive current equations are

derived from this method.

Basic Crystal Oscillator

The basic quartz crystal CMOS Pierce Oscillator circuit
configuration is shown on Figure 1. The crystal oscillator
circuit consists of an amplifying section and a feedback
network. For oscillation to occur, the Barkhausen criteria

must be met:

a) The loop gain must be equal to or greater than
one; and
b)  The phase shift around the loop must be equal to

an integral multiple of 2.

The CMOS inverter provides the amplification and the
two capacitors, Cp and Cg, and the crystal work as the

feedback network.
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R, stabilizes the output voltage of the amplifier and is

used to reduce the crystal drive level.
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Figure 1 — Basic Pierce Oscillator Circuit

Crystal Characteristics

In order to analyse the quartz crystal oscillator, we must
first understand the crystal itself. Figure 2 shows the
electrical equivalent circuit of a quartz crystal. The Ly, C;
and R, are generally referred to as the electrical
equivalent of the mechanical parameters; inertia,
restoring force and friction, respectively. These
parameters can be measured using a crystal impedance
meter or a network analyser. C, is the shunt capacitance
between terminals and the sum of the electrode

capacitance of the crystal and package capacitance.
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R; - Motional Resistance, L; - Motional Inductance
C, - Motional Capacitance, C, - Shunt Capacitance

Figure 2 — Crystal Electrical Equivalent Circuit

This equivalent circuit can effectively be simplified as a
resistance (R.) in series with a reactance (X,) at a
frequency f as shown in Figure 3.
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Figure 3 — Effective Electrical Circuit of a Quartz Crystal




R.(f) and X, (f) as a function of frequency are as follows:
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The series resonant frequency of the crystal is defined as:

1
fs = 21 /L1C; (&)
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The quality factor Q is defined as:
wgL 1
[ (5)
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From equation (1) and (2), an example of the magnitude of
R, and X, as a function of frequency are shown in Figures
4 and 5 respectively for fs = 32.768kHz, €, = 2.4fF, and

R, =28kQ . The frequency is expressed in terms of part per
million (ppm) above the series resonant frequency (fs) of
the crystal (Af/f). These two graphs are very useful in the

analysis of the crystal oscillator.

1. 06
z Cy=3.5pF Co=1.4pF
5 1E05 /
z /y
iy
1504
1 10 100 1000 10000
Afff abowve Tg (ppm)

Figure 4 — R, (Q) vs. Af/f (ppm)
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Figure 5 — X, (Q) vs. Af/f (ppm)

Crystal Oscillator Design

The AC equivalent circuit of the amplifier and feedback
network of a pierce oscillator is shown in Figure 6. For the

following analysis, R, is omitted and will be reintroduced
’q—Vxegb‘qumﬂ
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Figure 6 — Pierce Oscillator AC Equivalent Circuit
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The phase and amplitude relationship of the oscillator
voltage, current and impedance are shown in Figures 7 and
8. Assume that the oscillator is oscillating at a frequency f
and the amplifier output current Iis 180° out of phase with

the oscillator input voltage V; .
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Figure 7 — Current and Voltage Phase Diagram
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Figure 8 — Impedance Phase Diagram

sinf =

Frequency Equation

From the imaginary part of the current phase diagram (y-
axis)

LicosO = Iy + Iysinf (6)
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and from the equations derived from the equivalent circuit,
the voltage and impedance phasor diagram equation (6)

becomes:

Xe' Iy =L+ I Re
XD X — X X RO

From X, = X,— X;

Xe=Xp(1+ §—0)+ X¢

Then
- Re) 4 L
Xo= oo (14 5) + o ?)
Assuming
R\ (Xm _ V Ry Xm
(7o) <« (=) ot [zl < [
Equation (2) becomes
Xm
X.(f) = Xm (7a)
Y

Where X,'= — and C,' = Co+ C;
0

Cs is the circuit stray capacitance across the crystal.

1 1 R\ , 1
let Xop=—=——(1+2)+ o ()

wCy, wCp Ro
o) 4 i}'l
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From eq. 7a and 7b one can obtain

and c, = {a (1 +

XmXo' = XcL’ Xo' — Xm)

v Xe, X'
X+ Xy
Then
1
Xm = w(Cy'+¢;) (8)




From eq. (3) and (&)

COCl O)Cl

1 1 {(w - wg)(w + ws)}

Xp= ol — —= — ™

2(w — wg)
Xm - w2C1

From equation (8)

2(w—wg) _ 1
wzcl - w(C0'+ CL')

fsC
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CO’ = CO + CS
Cy : Crystal Shunt Capacitance
C : Total Stray Capacitance

Across the Crystal
— 1
Then f=rfr+ 2(c0+cL)} (10)
Where €= Cs+ C,

Equation 10 is the oscillating frequency of the crystal
oscillator. C; is called the load capacitance of the
oscillator. With a specified C; , the crystal manufacturer
can then match the crystal to the customers circuit to
obtain the desired oscillation frequency. From the C,
equation, the relationship between the other circuit
parameters can be established (i.e. Cp, C;, Ry and Cs) as
it relates to the oscillation frequency of the crystal
oscillator.

Inatypical CMOS oscillator R, generally decreases as the
supply voltage increases. This causes a decrease in load
capacitance and an increase in the oscillation frequency.
Figure 9 shows the effective load capacitance (C; )
changes as the output resistance (R,)

changes.
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Figure 9 — Effective Load Capacitance (C,) vs. Output

Resistance (Ry).

Gain Equation
From the real part of the current phase diagram
(x-axis);

Ip = IycosO + I;sinf (11)

and from the equation derived from the voltage, and

impedance phase diagram equation becomes

Iy /Rez + X, X,

ImXclx = R
0 2 12
R, + X,
IR+ X, R,
+ .
XD 2 2
R.” + X,

— X, I R,

= kg, T %,

X; = X‘*l+ Re

Imic = RO XD
Im = Re 4 X andfrom X, = X, — X;

XpXg RoXg




and eq. (7)

wore + e 00 (1 )

— 472 f2 Ca Re
m = AT fPCoCoR, + o= (14+ 22) (12

Im =

where R, = Ry (1+ —:) .

Equation (12) gives the minimum g,, required for the
oscillator to maintain oscillation. In practice, 5 to 10 times
the calculated value is required to ensure fast start of
oscillation. This equation also aids the designer in
selecting the component values for Cp and C; to match
the CMQS amplifier and the crystal.

It is important to note here that in most analyses; only
the first term of equation (12) is used. The second term
must be taken into account especially for low frequency
application were the second term becomes larger than
the first term as shown in Figure 10, when R is less than
1.2 MQ.

2m?
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[+]

Ro MQ)

Figure 10 — Comparison of minimum gm requirements
vs. Amplifiers output resistance (R,)

Where

gm1 = first term and g,,2 = 2nd term of equation (12).
For Cp = 20pF, C; = 30pF, Cs = 1.1pF, Cy = 1.4pF,

R; =28KQ, fy =32.768kHz and C; = 13pF.
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Using equation (12), Figures 11 and 12 show the change
in the minimum g,,, requirements due to change in either
Cp or Cg, while maintaining the other capacitor constant.
For a 32.768kHz oscillator, as shown in Figure 11,
trimming the output capacitor (C;) will produce more
change in g,, than the input capacitor (Cp). As shown in
Figure 12, a decrease in the amplifiers’ output resistance
(Ry) increases the minimum g,, requirement.
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Figure 11 - For Ry = 2.5MQ g,, comparison between Cp,
and C¢, where Cs=1.1pF, Cy = 1.4pF, Ry = 28KQ,
fo =32.768kHz.
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Figure 12 - For Ry = 500kQ g,,, comparison between Cp
and Cg;, where Cs = 1.1pF, Cy = 1.4pF, Ry =2 8KQ,
fo = 32.768kHz.




Crystal Drive Current

In order to analyse the current flowing through the
crystal, the AC equivalent circuit from Figure 6 is redrawn
to show the crystals electrical equivalent circuit as
shown in Figure 13. The crystal drive current is i}, and
ig is the current through the shunt capacitance C,'.

— . v,
Where; 7, = Iy — 1, and |ig| = -
0

CD v EX,
il

Figure 13 - Oscillator AC equivalent circuit with the
crystal electrical equivalent circuit.

The crystal voltage, current and impedance phase
relationships are shown in Figure 14 and 15;
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Figure 14 - \/oltage and current phase relationship with
the circuit equivalent
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CRYSTAL IMPEDANCE

Figure 15 - Crystal impedance phase diagram

From; |ig| = ;— and V, = Iy [(R + X.%)
_Ix /(R32+X32) (13)

1 1
w(Cy.) w(Cy +Cs) "

where X, =

From the current phase diagram of Figure 14 and the

-
relationship 1, = Iy — 1,

ip = \/(IX + igcosd)? + (igsing)?

and from the crystal impedance phase diagram Figure 15
Re Xe

—e e
/Rez+ Xe? /Rez+ Xe?

Substituting sing and cos¢ and i, from equation (13)

. ) \ Re2 + Xe2 Xe
lp = IX 1+ *
Xo VR + X2

sin¢ = cos¢ =

2

1
+1X2(R62+X‘*2). R’ }2

X2 R+ X,*

or ip = Iy {(1 + i—:)z + (;—;)2}




14

2
.’R82+Xe

Substituting |Iy| =

b= s (5 () ow

where X, = X, — X;.
From eq. (14) the crystal drive can be calculated from;
P =i,?R, (inWatts)

where R, = crystal’s motional resistance.

Typical Effects Of Rn In The Oscillator
Circuit

In many cases, a resistor R, is introduced between the
amplifier output terminal and the crystal input terminal
as shown in Figure 1. The use of R, will increase the
frequency stability, since it provides a stabilizing effect by
reducing the total percentage change in the amplifier
output resistance Ry and also increases the effective
output impedance by R4 as shown on Figure 9. R, also
stabilizes the output voltage of the oscillator and is used
to reduce the drive level of the crystal.

The complete AC equivalent circuit of Figure 1 is shown
in Figure 16, where X, is the total output capacitance of
the amplifier.

Using the same analytical approach, the frequency, gain
and crystal drive current equations with R, are derived.

1

DCDID T Tx XoT T
<[] | L

Figure 16 — Pierce oscillator AC equivalent circuit with R,
included.
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From the frequency equation (10);

— G
f=1 {1 + 2(c0+cL)} (10)
where; C, = Cs+ CLI
and;
1 1 Rp+Re 2 1
= (1+ e RyRew CaCp) + =

¢y’ R_A)
L CD(1+ Ro +Cp
The gain equation is;

R
g = 4T2F2C, [(CD + COR, + (cd + R—ecd) RA]
0

c 1 R,+R
+ 7;(4”2fZCdCDRA + R_> (1 * % - 4n2fZCdCDRARe)
Co(1+ R—f;) +Cy 0 0

where R, = R, (1 + g—z:) .

The crystal drive current;

W |(+ 5) + (e)

N2 2
X, , R,
[Re + R, (1 _ Xo’)] + [Xe + RAE]

N2

where X, = X, — X; and R, ~ R, (1 + g—z,)




Summary

By using the closed loop and phase diagram method, we
were able to derive the frequency, gain and crystal drive
current equations for a simple quartz crystal Pierce
Oscillator. From the equations derived herein, it can be
shown that the stray capacitance, minimum gain
requirements and the output resistance of the amplifier
must be carefully considered to obtain optimum
oscillator performance. The minimum gain requirements
should include consideration for the full range of
operational temperature and voltage. The stray
capacitance (Cs) is especially critical due to negative
feedback effects and will increase the minimum gain
requirements of the oscillator [1]. As crystal
manufacturers continue to miniaturize the crystal
resonator, the oscillator designer must take into account
the trade off in the crystal, amplifier and the circuit layout
strays in order to select the appropriate component
values to achieve proper crystal drive, start up, and a
stable oscillation.
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