Refinements in Crystal

Ladder Filter Design

Improved design techniques can result in

much better wide-bandwidth filters.

ams have been building their
own crystal filters since the

H

hand. Early motivations were eco-
nomic: commercially built filters were
either too expensive or unavailable.
Quartz crystals offered a method for
achieving the selectivity needed in
SSB transmitters and receivers. The
trend continues, especially among
QRP enthusiasts.

Recent work by Carver and by
Makhingson has taken the process
further.!'2 Both examined the con-
struction and design of very high-per-
formance crystal filters. Their goal
was to build filters offering perfor-
mance that was not commercially
available. This work produced some
spectacular filter performance. Both

'Notes appear on page 21.
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based their work on one of several ver-
sions of X.EXE, a computer program
for crystal filter design that I wrote
several years ago.’

Recent communications (including
those with Makhinson) mention limi-

tations in the design method used in

X.EXE. Wide filters were difficult, if

not impossible. Examination of the
underlying filter theory revealed a
simple circuit modification to extend
the design methods. This circuit ex-
tension produces filters with wider
bandwidths at a greater variety of
center frequencies, including filters
using overtone modes. The new free-

dom allows us to build filters with
improved time-domain performance,

the primary goal in the filter designs
of Carver.

Before examining circuit modifica-
tiong, the original mathematical
methods will be presented-—allowing
the limitations to be evaluated—be-
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ginning with a review of L-C filters
using crystal-like circuits. The prob-
lems encountered when we substitute
crystals into this framework are then
presented, leading to the methods
used in X.EXE. Finally, the circuit
modifications are presented that
extend the capabilities.

This article is practical to the extent
that it produces filters that are inex-
pensive and relatively easy to build.
The filters really work well. The meth-
ods, however, are mathematical.
Hence, the article is more analytical
than is usual in amateur literature.

L-C Filter Background

The bandwidth of a band-pass filter
defines a filter Q. This parameter,
Qr= Feenter /Bandwidth, must be less
than the unloaded Q of the resonators.
A filter is then completely determined
if the following conditions are met:

1) The singly loaded end section Q18



established in accordance with the
polynomial of choice (Chebyshev,
Bessel, etc).

2} The couplings between resanators
are set to fit the polynomial.

A practical, although uncommon,
example would use L-C series tuned
circuits with large L and small C. This
topology is presented in Fig 1.4

Unloaded resonator Q is easily mea-
sured. Once known, a normalized Q
can be calculated for a filter as the
ratio, Q,= @./Q. Tables in Zverev list
the values of @, that are needed for a
given polynomial filter to be realiz-
able.? If the resonators are not good
enough, it will be impossible to realize
some filter types.

Consider an example, a 4th-order
Butterworth filter, which has normal-
ized parameters g, = g4 = 0.765, k13 =
0.841, k23= 0.541, and k34 = ().841. As-
sume that the inductors are 10 pH
while the series capacitor is 101.3 pF.
Assume also that both L and C are
fixed: we can’t adjust them. (This re-
striction is the same one we encounter
with crystals.) The L-C combination is
series resonant at 5 MHz. Assume
further that @, = 250, a typical value
for toroid inductors. Examination of
Zverev's tables shows that @,> 3.7 will
allow the construction of a 4-resonator
Butterworth filter. The unloaded reso-
nator bandwidth is 20 kHz, so 4th-
order Butterworth band-pass filters
with a bandwidth of 74 kHz or more
are realizable. We will design this
filter for B = 200 kHz, so Q= 25 at
5 MHz.

The end section Q is denormalized
according to the equations summa-
rized on page 92 of Note 3:

Eql
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where g (lower case) is the normalized
end Q. The value for ¢ was 0.765 for
both ends of the Butterworth filter, so
denormalized @enp=20.71. The induc-
tor reactance at the filter center
frequency is oL = 314.2 {2, so the end
sections will have a singly loaded Q of
20.71 if the end termination is 15.2 €.
The coupling coefficients are denor-
malized with regard to @f:

Cenp = (

—— 12
= Qf Eq 2

where k., (lower case) is the normal-
ized coupling coefficient between the
1st and 2nd resonator. The coupling
capacitor is then:

Eq 3
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Fig 1—L-C filter topology using series tuned circuits.
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Fig 2—Evolution of a 4-resonator band-pass L-C filter including tuning. See text.
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Fig 3—L-C filter response. The filter is that of Fig 2D.
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where C, is the nodal capacitance for
the resonator, 101.83 pF for the ex-
ample. With klg = ().841, the coupling
capacitor is C3= 3011 pF, a large but
realizable value. C;4 has the same
value. A similar process generates
the middle cnupling capacitor, Cg;; =
4681 pk.

The almost-complete filter i8 shown
in Fig 2A. We must still tune the filter.
The simple resonators all started on
the same 5-MHz frequency, but this
synchronous tuning was upset when
we inserted coupling capacitors. Mesh
1, shown in Fig 2B, is resonant at 5.084
MHz while mesh 2 (Fig 2C) tunes to
5.137 MHz. Owing to symmetry, mesh
3 isidentical to mesh 2 while mesh 418
the same as mesh 1. A filter becomes
properly tuned when we ingert extra
series C in meshes 1 and 4, forcing all
four meshes to be resonant at the same
frequency, 5.137 MHz. The final cir-
cuitis shown in Fig 2D. The calculated

response of this filter is presented in
Fig 3.

The Quartz Crystal

The equivalent circuit for a crystal
is given in Fig 4. The motional param-
eters, L,, and C,,, form a series tuned
circuit while ESR, the equivalent se-
ries resistance, models crystal losses.
This is, so far, no different from the se-
ries tuned circuits considered in the
previous L-C example. However, the
quartz crystal is complicated by an ad-
ditional element, C,, the parallel crys-
tal capacitance. This componentis the
result of the basic physical crystal
structure, a slab of quartz with metal-
ization on both sides. This is a simple
parallel-plate capacitor that is unre-

lated to the piezeolectric properties of

the material. C, of Fig 4 includes any
stray capacitance that might be in the
crystal package. The value for C, 1s
usually related to the motional
capacitance by an approximation,
C,=220C,.°

The component values are much dif-
ferent than what we might realize
with off-the-shelf L and C. For ex-
ample, a 10-MHz crystal that I've used

for numerous filter experiments has
L,=002H,C,=1267{F, and C, =
3pF.(1fF=0.001pF=1 femtofarad.)

As an initial approximation, the fil-
ter designer mightignore C,. The crys-
tal is then nothing more than a series
resonator, and the design of filters 1s
exactly like the L-C example. Unfortu-
nately, this works only for the narrow-
est of filters. As the filter becomes
wider, the discrepancy between design
and measured results is extreme, (It 18
not necessary to build the filters to see
these effects. The difficulties are quite
evident in computer simulation with
C, included in the crystal model.) The
coupling capacitors calculated when
C.is ignored are too large and may not
be in the right ratio. The result is a
bandwidth that is too narrow and a
distorted shape. A smaller value of
motional C should be used when cal-
culating coupling elements. But what
are appropriate motional elements?
An answer was found 1n a reactance
slope approximation, the method that
formed the basis for X.EXE.

Consider a simple lossless series
tuned circuit, Fig 5. The complex im-
pedance 15 given as:

|
Z=j-X=j (:J-L—--———]
" J( 0-C Eq 4
where @ = 2nf. At resonance:
l
W, O =
‘ W, - L Eq 5
which allows us to eliminate C-
(I)E L\,
Xiw)=jl @ L~ —"— |
] A J( _ e Eq6

Differentiating this expression with
respect to angular frequency, w:

K _, 0L

Eq T
3 TTY w? 4
This expression can be solved for in-
ductance as a function of reactance

slope with frequency, providing a new
definition for effective inductance:

X
| = — L0,
W Eq 8
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Fig 4—Quartz crystal model.
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Consider now the equivalent circuit
for the crystal shown in Fig 4. Ignor-
ing ESR, the series tuned circuit
portion has the impedance:

1 2 )
Zspr =J - L - L
\ w
This is converted to an admittance,
Y = 1/Z, and the admittance of the
parallel capacitance, C,, 1s added,
yielding:

Eq9

: \ 2 2
W-C,- L -0;)-0
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Y=/

:\ Eq 10

Converting back to impedance form,
the reactance becomes

e -e®)
w-C, L, (0 ~05)-o
This reactance is differentiated with
respect to angular frequency, o, with
the result inserted into Eq 8 to produce
the desired result, an expression for

effective resonator inductance of a
crystal in a filter:

X

kq 11
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where

A=L, C, (® ~©) Eq 13

We define X(8f) as the ratio of the
effective inductance to the motional
inductance, with §f being an offset fre-

quency in Hertz above the crystal reso-
nance. Then, Fig 6 shows X(3f) plotted
as a function of offset for a typical
5-MHz crystal with L,,=0.098 H. Two
parallel capacitance values are used,
resulting in the two curves. The lower
curve is for C, = 2 pF while the upper
one is for C, = 5 pF. The effective
inductance ratio is plotted for offsets
up to 2500 Hz. The effect is dramatic,
especially when C, is large.

This effect, an increase in effective
inductance resulting from added par-
alle]l capacitance, is a familiar one. It
happens when we parallel an inductor

in a low-pass filter to generate fre-
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Fig 5—Ideal series tuned circuit.
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quencies of high attenunation in the
stopband (elliptic filters). It also hap-
pens when we build atrap foruseinan
antenna. In both cases, the addition of
parallel C causes the inductor to
behave like one with a larger value.

Crystal Filter Design

Now that we have isclated an ef-
fect—increased effective inductance
due to holder capacitance—that will
complicate filter performance, we can
try to compensate for it. From Fig 6, if
the filter is narrow, with a bandwidth
of only a few hundred Hertz, the induc-
tance ratio is very close to 1 over the

entire band. We can then build effec-
tive filters by allowing the inductance
to equal the motional value. Wider-
bandwidth filters are built by evaluat-
ing the effective L over the passbhand.
The L, value calculated at the top of
the passband seems to work well for
SSB filters. That value, and the result-
ing motional capacitances, are used
for filter design. Thisisdone in X. EXE.

The results shown in Fig 6 describe
a particular 5-MHz crystal, although
the effect is a general one. Going to a
higher crystal frequency partially al-
leviates the problem, while lower fre-
gquencies complicate the outcome. This
is the effect that led Makhinson (Note
2} to observe that effective lower-side-
band ladder filters with an SSB band-
width are best built for center frequen-
cies between 6 and 12 MHz.

The approach used in X. EXFE seems
to produce useful and predictable fil-
ters when L.y< 2L,,. The rest of the
design is no different than the L-C
method outlined above. The reader
should review the results obtained by

Carver and Makhinson to see what 1s

possible with these methods.
Motional inductance and capaci-

tance can be measured with a variety

of methods. The scheme shown in the

sidebar is the one I presently use with
most crystals.

Additional Refinements

The methods presented are not new.
Rather, they represent but one math-
ematical formulation for the design.
This method grew from correspon-
dence with Dr. Dave Gordon-Smith,
G3UUR. Dave had used similar ana-
lytical techniques to derive a unique
set of normalized filter tables for crys-
tal filter design with arbitrary crystals
with any value for C0.7 While not pub-
lished, Dave has freely distributed his
work (and tables) to many amateur
experimenters over the years. His
analysis predated and contributed to

the “Ly, effective” approach that I've
presented above (Eq 12). Dave also
originated the crystal measurement
scheme presented in the sidebar.

Wider Bandwidth Crystal Filters

The design methods outlined so far
do not work well (if at all) when wide-
bandwidth filters are to be built. Even
when the methods appear to be work-

ing with regard to filter shape and
bandwidth, the resulting circuits may

have excessive group delay near one
end of the passband. This is another

consequence of C,, the nemesis of our
problem. There is a simple solution to

the problem: add circuitry that will
cancel the effects of C,.

The modified design procedure will
be illustrated with an example. The
circuit desired is one with a bandwidth
of 3 kHz, suitable for AM reception.
The center frequency is 3.58 MHz, the
frequency of readily available color-
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Fig 6—X, defined as L /L, is plotted for irequency offset, 5f, above the crysial
series-resonance frequency in Hertz. These 5-MHz crystals had parallel C of 2 pF
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burst crystals. Circuit design begins
with an attempt at using the standard
methods. The available crystals have
a motional Lof0.117 H and C, of 4 pF.
This data, along with the £ and g data
for a Butterworth polynomial were
entered into X. EXE. The resulting fil-
ter was then analyzed; the resuits are
presented in the reference plot (small
squares) of Fig 7. The filter 18 a poor
one at best, showing severe asymme-
try. Further, the bandwidth is slightly
less than the desired 3 kHz. This
attempt at synthesis is clearly unsuc-
cessful; this is an application requir-
ing the modified circuit.

The scheme that is used to cancel C,,
the parallel crystal C, is to add induc-
tance in parallel with the crystal, cre-
ating a parallel resonance with C,. The
inductance is made a bit smaller than
needed and a small trimmer capaci-
tance is added, allowing for easy
adjustment. The resulting filter 1s
shown in Fig 8. The filter was designed
with X.EXE, but with a value of 0 pF
entered for C,,.

The added inductors are wound on
ferrite toroids. This was required for
this low frequency filter; the needed
150-uH inductance was not practical
with iron-powder toroids. The solid
curve in Fig 7 shows the calculated
result for this filter. The shapeisclean
and very symmetrical, something of a
rarity with lower-sideband-ladder
crystal circuits.

This filter was built and tested with
the results shown in Fig 9. The only
subtlety encountered was with adjust-
ment of the trimmer capacitors. I
eventually shorted all four crystals
with pieces of wire. Then the crystals
were individually unshorted, the re-

lated capacitor was adjusted for adeep

null about 20 kHz away from the pass-
band, and the crystal was again short
circuited. Only then were the shoris
removed. No further adjustment was
needed. This method should work well

with filters with many more
crystals.

It is not surprising that adjustment
should be difficult. Fig 10 shows the
calculated response for this filter over
a wider frequency range of 3.4 to 3.8
MHz. The nulls (calculated!) next to
the desired passband are over 150 dB
below the desired response! The
“wings” that reappear at wider sepa-
rations from the desired responses can
be a problem. The crystal filter will
have to be “protected” with a suitable
L-C band-pass circuit; one or two reso-
nators will probably do the job.

20 QEX

Fig. 8—A low-frequency AM fiiter with BW = 3.5 kHz.
Y1,2,3,4—3.58-MHz surplus color-burst crystals. L, = 0.117 H, C, = 4 p¥

L—151 uH, 48 turns #30 on FT-50-61 Ferrite toroid (Amidon).
C-trim—3-12 pF ceramic trimmer.

The G3UUR Method for Measuring Quartz Crystal

Motional Parameters

This simple circuit may be used to measure the motional parameters of fun-
damental-mode quartz crystals. A crystal to be evaluated is placed in the cir-
cuit at Y1 and oscillation is confirmed. The frequency is measured. Then the
switch is thrown and the frequency is measured again. Typical values are

C,= 470 pF and C,= 33 pF. C,, will have the same units as C.:
If |

Cs LG
then

Cmmz'CS'éFE*

and

_ 1
w®-Cp,

where w = 2nF with Fin Hertz. AF is the frequency difference observed when
the switch is activated. Example: use capacitors mentioned above, 10-MHz

crystal: F = 1x107, AF = 1609 Hz, to yield L,,= 0.0238 H and C,,= 10.6 {F.
(1000 fF = 1 pF.)

L

Y1 10K
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Filters with Overtone Crystals

The example filter used readily
available low-frequency crystals. The
instrumentation used for measure-
ment is that available to most experi-
mentally active amateurs. Similar

filters have been built at VHF with
overtone crystals. Such filters are not
difficult if small inductors are added
to each crystal, along with small
trimmers. The inductors can now use
iron-powder cores. The difficulty with

Butterworth Crystal Filter, 3.58 MHz
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Fig 9-—~Measured response of an AM-bandwidth crysial filter at 3.58 MHz.

11-APR-95 COMPACT SOFTWARE

File:

- ARRL Radio Designer 1.0
c:harvi\xfilisge.ckt

14:11:239

Wide Frequency Responae to 3.58 MHz Crystal Filrer

Y M&21 ,dB) XTFIL

0.00

-50.Q¢ I|“‘|“‘H“““|‘I||‘|‘|“‘H‘|“,
-100.00 “"

m ~wenilll
/ :
‘ |
-156.0¢
3.4 3.45 3.5 3.55 3.6 3,

£5 3.7 3.7% 3.8

Frag (MHz)

Fig 10

Page 21, QEX, June 1995, published by The American Radio Relay League, Inc.

overtone crystals results from the
physical nature of the crystals: while
motional inductance remains essen-
tially constant, independent of over-
tone number, the motional capaci-
tance decreases in proportion to the
square of the overtone number. Hence,
a third-overtone crystal will have one
ninth of the motional C that is seen at
the fundamental frequency. The cou-
pling capacitors will be reduced by a
similar ratio, complicating filter real-
ization. Swept instrumentation will
probably be required for the construc-
tion of really good overtone filters.

Conclusions

The filters that we have examined
are very practical. Of greater signifi-
cance are the general methods that
allow the experimenter to move to-
ward high-order filters with improved

selectivity and more constant group
delay.
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