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IC CRYSTAL OSCILLATOR CIRCUITS

The majority of IC’s with built in crystal oscillat
circuits use the Gated Pierce design where thdlaisci
is built around a single CMOS inverting gate. For
oscillator applications this is usually a singlearting
stage comprising one P channel and one N channel
enhancement-mode MOSFET, more commonly knov
in the digital world as an Un-Buffered inverterddeg.
1). It is possible to use a Buffered inverter (lisua
comprising three P-N MOSFET pairs in series) bat tr
associated gain of many thousands will lead to a
potentially less stable finished oscillator.
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A practical oscillator circuit is shown in Fig. 2
comprising the Un-Buffered inverter, two capacitors
two resistors and the Quartz Crystal. To understenvd
this oscillator works the CMOS inverting gate minist
considered as a linear amplifier with gain, phase a
propagation delay constraints, not as a logic @evic
working with 1's and O’s.

Fig.
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Fig. 3 shows the DC Transfer Characteristics (\&n v
Vout) and DC Bias Point line of an Un-Buffered
HCMOS inverter 74HCUO4. At 3.3V and a IMor
Rf, the inverter will sit with its input and output
voltages at ~1.65V. This inverter is now said to be
biased in its linear region. A small change ofitipaut
voltage will be amplified by the gain and appeaaas
larger change in the output voltage.

40v
v
4
=
=]
=

20v

v

ov

ov

Fig.

1

.2

Vdd
P MOSFET

+—— OuT

N MOSFET HoUos

o

o

Bf

Vidd

CMOS
Inverier

-
bl
&
]

3

v

Vdd=5.0V

Vdd=3.3V

Vdd=2.7V

Ved=2 n\q

1.ov

Fig. 4

Fig. 4 shows a typical set of Open Loop Gain cufees
the same 74HCUO04. At 3.3V the inverter has a gah0o
(26 dBV) from DC to 2MHz, with a 3dB roll off 3
frequency of 8.5MHz, and still appears to have gain
beyond 100MHz.
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For this biased inverting gate to be used as aillaisc it must have sufficient gain to
overcome the losses of the feedback network (C1RG& and Quartz Crystal in Fig.
2) , enough Negative Resistance at the frequenogallation to over come the
crystals Equivalent Series Resistance, and theepdtaf around the whole circuit must
be 360. It is tempting to think this 74HCUO4 inverter ¢dibe used to make an
oscillator that works beyond 100MHz as it has emmogain at 3.3V but in reality it
would only be practical to make a stable oscillagoito ~20MHz due to the various
phase shifts around the oscillator loop.

The analysis of this circuit is difficult to genéisa as it is very dependant on the family
of CMOS gate used and the internal constructiathaif particular CMOS family. All
CMOS inverting gates have an input capacitanceudiput capacitance, an output
‘resistance’, and a propagation delay, all of wredflect the choice of C1, C2 and Rlim
in Fig. 2 and ultimately the upper working frequgid the oscillator. The choice of
biasing resistor Rf is usually between @\nd 10M2, to low a value will effectively
appear across the Crystal and may cause the Crysiatillate on a spurious or
overtone frequency.

Consider a 20MHz crystal with an ESR of4,5 CO0 of 3pF and requiring a load
capacitance of 20pF with a crystal power dissipatibapproximately 1Q0N.

Starting with the desired load capacitance of 20yg-can be approximated as C1 +
gate input capacitance (1 to 5pF being typicales)lin series with C2. The ratio of C1
to C2 will affect the gain and crystal power disgipn. A good starting point is GC2.
To increase loop gain (and reduce crystal powesighsion) make C1 < C2. This
generates sensible starting values of C1 = 33pk €2F for a load capacitance of
20pF with the gate having an input capacitance3pi

Using these capacitor values without Rlim will make

working oscillator but the crystal drive power wik Fig. 5
about 1mW, over 10 times the 100 recommended
value for this design, and for modern AT strip tays oo

potentially catastrophic. Adding RIim will redudwet

p

crystal drive power but also reduce the loop gath a = \
negative resistance to a limit where the oscillatiir

not start. There is no simple equation to prediet t o \
actual crystal power dissipation but as a rulenafrtb, w0

Power

for selecting Rlim, start with Rlim = the reactamfeC2
at the desired oscillator frequency ( in this c@8e=

Xtal

47pF = 17@ at 20MHz). Fig. 5 is a plot of the actual

crystal power dissipation for varying values ofrRlior 0 T
the above design. At 5Q0for Rlim the oscillator is Rlim (Q)
very close to not starting.

We have already shown the biased 74HCUO04 invedsshfficient gain up to 100MHz
at 3.3V so we need to consider where the’ @@hase shift comes from to make our
oscillator. The gate is already 8fy virtue of being an inverter but we must adthis
figure the phase shift due to it's propagation gelad the additional phase shift due to
the fact we are working beyond the gates flat gairfrequency portion of the curves in
Fig. 4.
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The phase shift due to the propagation delay mutated as:-
Phase Shift = Propagation Delay * Working Frequendg0’

And the phase shift due to the working frequenaaisulated as:-
Phase Shift = Tal(Fosc/ Fadg)

For this 20MHz design this equates t& 36r the propagation delay and °4@r the
working frequency. The remaining 72s generated by Rlim + the inverting gates
output ‘resistance’ and the Pl network comprisirig C2 and the Quartz Crystal. It is
the additional phase shift through the invertinteghat sets the upper working
frequency limit for this design.

Checking the ‘goodness’ of the chosen design \dlsually impossible without
specialised test equipment. One check for ‘goodne$s monitor the waveforms at the
input and output of the inverting gate. This wdbuire a high bandwidth oscilloscope
and a specialised probe. The normal x10 oscillosgwpbe will have an input
impedance of ~10 K4 in parallel with 10pF. The 10 M will form a DC potential
divider to GND with the 1 M bias resistor Rf which will alter the oscillatdrigs

point. The 10pF will appear directly across C1 whezasuring the inverter input
waveform making C1 = 43pF, not the designed 33p#y. thace observed on the
oscilloscope will be completely invalid (and makely the probe will stop the
oscillator from working anyway). A better choiceascilloscope probe is an ‘Active’ or
‘FET’ probe which has a high input impedance buffeilt into the probe tip. The input
impedance of an ‘Active’ probe is typically >10Mn parallel with <2pF, but as before
the effect of using this probe must be taken itmant when probing the oscillator.
For this design the waveforms required (assumisigjtable probe is used that will not
alter the oscillators working conditions) is an istoited 3.3V CMOS 20MHz square
wave at the inverters output and a clean 20MHz winee of 1V to 3V pk/pk
(superimposed on the 1.65V bias point) at the teverinput. It is important the input
waveform pk/pk value is always less than the irersrsupply (Vdd) to prevent the
input from limiting on the input protection diodes.

The actual Crystal power dissipation cannot be omegswith an oscilloscope probe
because the voltage across the crystal and cutmenigh the crystal are not in phase.
This is caused by the designed load capacitan28pft requiring the crystal to be
inductive (not resistive) at the working frequendgsuming the actual crystal current
could be measured (with a high bandwidth, ultra ilesluctance AC current probe for
example) then there is still no way of determiniing actual crystal power dissipation
because the crystal ‘resistance’ in circuit id stit known. The crystal manufacturer
will usually specify the maximum ESR (equivaleetiss resistance) and maximum
Static Capacitance (L In the above design these figures would be>-&0d ~7pF
respectively. The actual ESR could be as lowtas2d Co as low as 1pF with more
typical values being I®»and 3pF.

The equation for ‘in circuit resistance’{Ris calculated as:-
Re = Resr (1+ GJ/C)’?
In our design Cis the load capacitance of 20pF buk;Bnd G are unknowns unless

they were measured on a specialised crystal impedaeter before the crystal was
used in circuit.
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