Passive Components

Specifying a quartz crystal for a VCXO

A popular application for the voltage-controlled crystal oscillator is the forming

of a phase-locked loop. Designing the VCXO for this application requires a

‘pullable’ quartz crystal.

By Ramon M. Cerda

voltage-controlled crystal oscillator's (VCXO) output

frequency changesin direct proportion to the application
of an input control voltage. One of the most common usesfor a
VCXO isto form a phase-locked loop (PLL) to synchronize,
translate (up or down), and/or de-jitter an input reference
frequency. Thedesign of aVCXO requires specifying apullable
crystal.

Crystal parameters

The most popular use of aVCXOisinaPLL application, as
showninFigure 1. Theelectrical equivalent circuit of the quartz
crystal used inthe VCXO isshownin Figure 2. C1, L1 and R1
are called the motional parameters of the crystal, and CO isthe
shunt capacitance. COisreal—it can actually be measured with
a simple capacitance meter. The motional arm parameters, on
the other hand, are equivalents and not simple to measure. How
much the frequency of the crystal is pulled or deviated will
depend on the ratio of CO/C1.

The impedance equation of Figure 2 is:

7wy = WLICLE LRI jnCO
PV 1] jwCl+ jwll + R1) +(1/ jwC0)

Equation 1iscomplex, and we areinterested in theimaginary
part only, which is called the crystal’s reactance curve and is
depicted in Figure 3.

In Figure 3, the point marked as fs is where the motional
capacitance C1 resonates and cancels the motional inductance
L1. A crystal calibrated to the desired frequency at fsiscalled a
seriescrystal. A crystal calibrated to work in the areaof parallel
resonanceiscalled aparallel crystal. It simportant to note here
that there’ sno difference between aseriesand aparallel crystal,
only whereit iscalibrated by the manufacturer.

A VCXO circuit will effectively place a load capacitance
(CL) in series with the terminals of the crystal. As the load
capacitance is varied, the crystal will respond by changing its
frequency onthe areaof parallel resonance. Thisistricky andis
misstated in many papers. The capacitiveload is always placed
effectively in series with the crystal and never in parallel. In
other words, aso-called parallel crystal doesnot mean you place
acapacitor in parallel with the crystal, but in series.

Load capacitance is the capacitance needed to be placed in
series with a parallel crystal to bring the frequency within the
calibration tolerance.

Asmentioned above, astheload capacitance CL isvaried, the
frequency of the crystal changes. In fact, it changes asfollows:

o CL
s 2(CL+C0)

@
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Equation 2 givesyou the distancein ppm from the seriesresonance
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Figure 1. Basic PLL block diagram with VCXO.
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Figure 2. Single-mode, one-port, crystal resonator equivalent circuit model.
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Figure 3. Crystal’s reactance curve.

point fs, to a certain load capacitance CL. The plot of Equation 2 is
called the pulling curve of the crystal and is shown in Figure 4. From
Equation 2 it can be seen that the larger C1 isthe greater the distance
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to one-ninth the motional capacitance of the fundamental
response. Because of thisfact, itisdifficult to pull an overtone
crystal. Therefore, apullablecrystal isfundamental.
Resistance: Because the crystal is a passive component, it
has |osses that must be overcome by the oscillator circuit. Itis
the responsibility of the oscillator circuit designer or chip
manufacturer to specify the maximum lossthe crystal can have
to guarantee reliable start-up under al conditions. If your
circuit operates the crystal at fs or series point asin Figure 3,
thenthevalue of Rlistheloss. But we are specifying aparallel
and not a series crystal for this example because we already
specified aload capacitance of 14 pF. So what isthe loss, if it
isnot R1?Intheareaof parallel resonancethelossisafunction
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of CL and CO and isgiven by:

ES.R=RI1+C0/CL) (5

Figure 4. Pulling curve for a crystal with C1= 10 fF and CO =5 pF as
function of load capacitance.

from fsto aparticular CL frequency (more pull). Thus, it is advanta-
geous to have large C1 values for a VCXO. Equation 2 also shows
that CL and CO need to be specified as small as possible to maximize
the pulling onthe crystal. It turns out that C1lisafunction of CO and
C1 cannot be increased without increasing CO. Hence, once the CL
valueisselected, you need only specify theratio of CO/C1 asacertain
maximum to complete the pulling specification requirement.

A more useful form of Equation 2 isthe pulling equation from one
load capacitance to another. That formulais:

CI(CL2 - CL1)
2(CO+ CL1)(CO +CL2)

The use of Equation 3 will be illustrated in the VCXO design
examplebelow.

%k 6

Pull(CL1,CL2) =

(ppm) (3)

VCXO design example

A 38.88 MHzVCXOwill beusedinaPLL application to synchro-
nize to an input reference frequency that must remain locked for a
minimum of 10 years. The operating temperature environment will be
-10°C to +70°C. The input reference is known to have an overal
accuracy of =20 ppm. Assumetheinternal VCXO circuitry hasbeen
designed to present a nominal load capacitance (Cin) of 14 pF when
the controlled voltage (Vc) is centered and 8 pF and 27 pF at low and
high control voltage, respectively (Cit, Cin). Specify all the necessary
crystal parameters for the VCXO.

where E.SR stands for equivalent series resistance.

A good number to use for E.S.R is 50 {) maximum.

Calibration or Tolerance: Thisisthefrequency accuracy of
the crystal at +25°C. The tighter you make this specification,
the more the crystal will cost. Because we are tracking an input
reference and theloop isawayslocked, the calibration number isnot
critical. A =25 ppm maximum figurewill suffice.

Shunt Capacitance, CO: In modern crystals, thisnumber isalways
7 pF maximum. Alternately, it may betied to theratio of CO/C1.

Freguency Stability over Temperature: The crystal will vary over
temperature, and a good number that will not incur cost is =30 ppm
over -10°C to +70°C.

Aging: The crystal frequency will change over time. A good
specification is =5 ppm first year, £2 ppm maximum per year
thereafter.

Motional Capacitance, C1: To calculate the motional capaci-
tance, we first need to figure out how much pulling will be required
fromthecrystal. Theminimum pulling requiredis:
minimum pull required = (input reference accuracy + total errorsfrom
crystal)
wherethetotal errorsfrom crystal = calibration + stability + aging for
10years

=25+ 30+ (5+18)
= +78 ppm

Therefore, minimum pull required

=20+78

= +98 ppm

Using Equation 3 and setting CO = 7pF, calculate a value of C1

Solution

Center Freguency: 38.88 MHz

Load Capacitance: 14pF

Mode of Operation: (For example, “fundamental” or “3d
overtone.”) A crystal has multiple responses (see Figure 5).
The first major response is called the fundamental. The next
major response isthe 3 overtone, then the 5" and so on; only
odds. Crystals have no harmonics, only overtones. Figure 2
can be expanded by adding an additional motional arm for
each overtone response. The motional capacitance of the
overtonearmswill equal:

C1
N 4)

where N is the overtone number and C1 is the motional
capacitance of the fundamental.
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Figure 5. Crystal’s responses.
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The drive level should be measured in circuit to
make sure the crystal is not being overdriven.

that will pull -98 ppm minimum from
Cin =14 pFto C.L = 8 pF. The same value of
C1 must pull +98 ppm minimum from Cin =
14 pF to Ciw = 27 pF. With C1 = 11 fF, we
obtain apull of =-104.8 ppm from 14 pF to
8 pF and +100.1 ppm from 14 pF to 27 pF.
Therefore, C1 = 11 fF minimum and CO =7
pF maximum will meet the minimum pull
required. Give yourself some extra margin
and specify C1 =15 fF minimum.

Cut of Crystal: (For example, AT-Cut or
BT-Cut). The cut on acrystal refersto what
angle(s) thecrystal blank iscut. Anglesof cut
primarily affect the stability over temperature
performance. Pullable crystalsare madewith
AT-Cut quartz. A BT-Cut crystal has poor
frequency vs. temperature stability in com-
parison with an AT-Cut. This extra error in
frequency requires the VCXO to have much
more pulling, which makesthe BT-Cut unde-
sirableasapullablecrystal. Therefore, specify
AT-Cut.

Package or Holder Type: Many crystal
packages are available to the designer. One
way to go about it is to contact the crystal

manufacturers with the specification already
in hand, and they can help select the correct
package. Thisis especially true for pullable
crystals, which need to bein the larger pack-
agesdueto large C1 values. For thisexample
we chose a UM-1 package.

Drive Level: Drive level refers to how
much RMS power the crystal can dissipate
without breaking or experiencing excessive
aging. The oscillator circuit designer or chip
manufacturer should state the drive level
the crystal sees in the circuit. The smaller
the package, the lower the drive level
specifiication will be. For the UM-1 package,
a500 uW maximum drivelevel specification
is adequate. The drive level should be mea-
suredin circuit to make surethecrystal isnot
being overdriven.

There are other crystal specs, but below
arethe necessary specifications needed:

m Frequency: 38.88 MHz

m Mode: Fundamental

m Load Cap: 14 pF

m Calibration: =25 ppm

m Freg. Stability: =30 ppm

m Shunt Capacitance: 7 pF max.

m Motional Capacitance: 15 fF min. or
CO0/C1 (7 pF/15 fF) = 466 max.

m Aging: *=5 ppm 1 year, =2 ppm per
year thereafter

m Quartz Cut: AT-Cut

m Holder Type: UM-1

m DriveLevel: 500 uW max.

Thus, specifying aright pullablecrystal in
the design aVCXO will guarantee aPLL to
synchronize, translate (up or down), and/or
de-jitter an input reference frequency. RFD
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