A Unified Approach to the
Design of Crystal Ladder

Filters

Have you turned
away from a
construction project
because of high-cost
crystal filters? Why
not build your own?

By Wes Hayward,* W7Z0lI

The design of crystal tadder filters has
been treated in the professional literatitre!
and amateur journals,’ However, the
design methods are specific — they treat
crystal filters as a special field with
isolated methods. Actually, the same
design methods for L-C bandpass filters
may be applied directly to crystal filters.
Such a unified design method should be
more pleasing to the designer, and will
allow more flexibility in the resulting
filters.

The amateur*s interest is primarily one
of economics, Crystal ladder filters are
easily designed and built with readily
available components, yielding great
savings for the builder. Television color-
burst crystals are attractive for ladder
filters. These are at 3.579 MHz in the
U.8., while European crystals are at 4.433
MHz, The latter are popular with the
many builders in the G-QRP-Club,

This paper addresses a number of goals.
Simple methods are presented for the
crystul evaluation and measurements
needed for the design of filters. The ac-
curacy is adequate for most amateur filter
designs. Also, a simple set of design equa-
tions is given, which allows the measured
data to be used in the design of filters.
Tables are presented for Butterworth and

Notes appaar on page 27,
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0.1-dB ripple Chebyshev filters.

Finally, some design subtleties are
presented to aid in the construction and
tuning of rather precise filters. These
details may be ignored for many simple
amateur-built filters, but should be of in-
terest to the exacting designer. The results
of the more exact methods are compared
with the simplified ones.

All of the design may be done with a
hand-held scientific calculator. Detailed
analysis of filter frequency response may
be done with sophisticated programmable
calculators, such as those offered by
Hewlett-Packard or Texas Instruments.
All of the analysis reported by the writer
was done with an HP41CV calculator.

Some Filter Fundamentals

Fig. 1A shows a traditional LC-coupled
resonator filter. This circuit uses two
coupled, parallel-tuned circuits, Many
more resonators (tuned circuits) may be
used to obtain a steeper skirt response.
Filter bandwidth and response shape are
determined by the loading caused by the
end terminations (the source and load
resistances) and by the coupling between
resonators,

There is no reason to restrict the filters
to those using parallel resonators. Series-
tuned circuits are just as viable. This type
of L-C filter is shown in Fig. 1B, the exact
duplicate of that using parallel resonators.
Design of multielement filters of both
types is covered in the literature.*

A detail that is not generally ap-
preciated is the relative freedom available
to the filter designer. For example, &
5-MHz L-C filter with a 100-kHz band-
width could be designed with inductors of
less than ¥ «H, with inductors greater than
10 uH, or with anything in-between. Some
values might be more practical, but this is
not & fundamental restriction. Once an in-
ductor is chosen, the rest of the filter com-
ponents are determined. This applies to
both filters of Fig. 1.

Another overlooked detail can be the
termination of the filters, Any filter must
be terminated at both ends in the
resistance for which it was designed. The
filters of Fig. 1 are doubly terminated with
equal resistances at each end. This is com-
mon, but not mandatory, It is not proper,
however, to design a filter for a given load
at each end, such as S0 ohms, and then to
expect the same response from that filter
with other terminations.

Fig. 2A shows the equivalent circuit for
a quartz crystal. This is a model — a cir-
cuit that shows the same response as a real
crystal. The components of the model
may not be practical, but this is of no
significance for design work., For exam-
ple, a 5-MHz crystal used in some filters
built by the writer had a motional induc-
tance of L, .= 0.098 and a motional
capacitance of C;;, = 0.0103 pF. The loss

‘resistance was R, = 13.4 ohms, and the

parallel capacitance was = 5pF.
The parallel capacitance, C,of Fig. 2A,
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Fig. 1 — Double-tuned circuits with aqual termination at each end. Parallel resonators are used at

A; serlas-tuned circuits are used at B.
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Fig. 2 — Equivalant circuit for a quartz crystal. Ly, and G, are “motional” components. Paral lok
capacitancs, Cp, i8 included at A while it 18 ignored at B.

is rarely more than a few picofarads and
may often be ignored for a design. This
leaves the equivalent circuit of Fig. 2B.
This is nothing more than the series-tuned
circuit, exactly like that used in the L-C
filter of Fig. 1B, Realizing this, the same
methods may be used for the design of an
L-C or crystal filter — one is no more
complicated than the other.

Crystal Measurements

1f the methods of LC-filter design are
transferred to the design of crystal filiers,
it is mandatory that the vital inductance
and capacitance values in the crystal, Ly
and Cg,, be known. It is not reasonable to
substitute an  arbitrary crystal of
“proper” frequency into an existing
design and expect it always to work. This
will be illustrated later.

The crystal parameters are measured in-
directly, but easily, with lab-quality in-
strumentation. A suitable measurement
may also be done with equipment
available to most amateur experimenters,
and with a special test set constructed
from ordinary components,

The nature of the measurements is
understood with reference to the
simplified crystal equivalent circuit of Fig.
2B. The crystal is placed between a source
of known characteristic impedance and a
detector, also of well-defined impedance.
The generator is adjusted until a peak
response is found, Then, the reactances of
L, and Cg cancel, leaving the result
dominated by R,. This is evaluated easily
by replacing the crystal with a small-value
variable resistor that is adjusted for the
same response in the detector. The poten-
tiometer is then measured with an ohm-
meter, providing a value for R,.
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Next, the crystal is reinserted in the
signal path and the generator is tuned to
both sides of center frequency. The two
frequencies where the response is down by
3 dB are noted. The difference is the
loaded bandwidth in the test circuit. This
is used to calculate a loaded-Q value. But,
this is directly related to Ly, Using the
condition for resonance, Cp is then
calculated., C, may be mezsured, but is
not vital to the design of the filters

described in this paper. Instead, we have .

assumed that C, = 5 pF for all examples.
Fig. 3 shows the test set that is used to
perform the measurements. The first ele-
ment is a signal generator. It should have
an adjustable output level (up to about
— 10 dBm or more) and should have ex-
cellent stability and good bandspread.
Remember that we may be measuring fre-
quency differences of only 100 Hz or 50.
A suitable generator is described in
Chapter 7 of Solid State Design.* The out-
put of the signal source is applied to a fre-
quency counter and to the test set. The
counter should have a 1.Hz resolution,
The generator output is attenuated with
a 20-dB pad and then applied to the
crystal, The high attenuation ensures that
low power is delivered to the crystal and
provides a 50-ohm termination for the
crystal. Output from the crystal under test
drives an amplifier with a 50-ohm input
resistance. The signal is amplified by four
gain stages and then applied to a diode
detector, D1. The dc output drives a high-
impedance voltmeter. The test set should
be operated with output voltages of 2 or
less to prevent overdrive of the amplifiers.
Q4, the related components, and the
detector may be eliminated, if desired.
Then, the cutput from Q3 is routed to an

oscilloscope with a 50-ohm terminator,

Amplifier gain is switchable with S1.
With S1 open, the net gain is somewhere
around 40 dB, Closing S1 changes the
emitter degeneration in Q2, causing the
net gain to increase by 3 dB.

A batch of crystals may be evaluated
easily for filter applications with this test
set, A crystal is inserted and the generator
is tuned for a peak response in the
voltmeter, That tesponse is carefully
noted. The crystal is then removed and
replaced with the potentiometer. This is
adjusted to obtain the same voltmeter
response as was obtained with the crystal.
The *'pot’’ is then removed from the cir-
cuit and measured, providing a vatue for
R,.
‘The crystal is now reinserted in the cir-
cuit, with S1 open. The generator is tuned
again for a peak response. Both the series-
resonant frequency, F,, and the meter
response are carefully noted. S1 is then
closed to produce an increase in output.
The generator is tuned to the two sides
(above and below F,) until the meter reads
the same as it did carlier. The two fre-
quencies are noted and the difference is
recorded as Af, a parameter used for later
calculations. Note that there is no need
for amplitude calibration anywhere in this
system.

This procedure is repeated for a
reasonable sampling of the crystals on
hand. The work that the writer has done
would suggest that the values for Fy, Ry
and Af may be averaged for later calcula-
tion as long as the spread is not excessive.
One batch of 20 surplus TV color-burst
crystals showed an average R, value of
20.78 ohms, with a standard deviation of
7.2 ohms. The average series-resonant fre-
quency was 3577.257, with a standard
deviation of only 67 Hz,

The designs which follow are based on
having all crystals in a filter at the same
frequency. Hence, frequency matching is
required. A tule of thumb is that the
deviations should be less than about 30
of the bandwidth of the filter. The center
frequency measured in the test set will be
the series-resonant vatue. This is not
necessarily the value that would come
from an oscillator. A simple oscillator is
shown in Fig. 4. It may be used for
matching the crystals. This circuit
operates at a frequency slightly higher
than the series-resonance. It is still
suitable for frequency matching, It will
serve also for BFO applications. The
operating frequency may be increased fur-
ther by insertion of a variable capacitor in
series with the crystal.

Simplified Filter Design

Now that data is available on existing
ctystals, filter design may commence. See
Fig. 5. A few approximate equations may
be used. They require additional data and
nortmalized filter parameters. These are
presented in Tables 1 and 2, respectively,
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Fig. 5 — A four-pole
crystal ladder filter
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Fig. 4 ~ A simple crystal osclllator that may
be usad for crystal fraquency matching. The
470-pF capacitors may be ceramic, mica or
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crystals from 1.8 MHz to over 10 MHz.
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for the Butterworth and the 0.1-dB ripple
Chebyshev filters. More exacting designs
may be done with the exhaustive tables
presented by Zverev.? His work considers
the effects of response-shape distortion, a
consequence of loss in filter elements. The
Zverey tables are termed *‘predistorted.”

The motional crystal components, Ly
and C,,, have been factored into the equa-
tions and need not be calculated. Equa-
tions are given for them, though. An
equation is also given for the unloaded
crystal Q {(Qu. This parameter is not

crystal parallel capacitance
{assumed to be 5 pF in all
eguations)

Kix = normalized coupling coef-
ficient, given in Tables
1and2

normalized end-section Q,
given in Tables 1 and 2

number of crystals to be used
in the filter

The simplified design equations are

The design process will be illustrated
with an example. Note that the equations
use the umits given in the list of
parameters. Assume that a small group of
crystals is frequency matched and found
to have the average parameters f = 294
Hz, AF, = 3.577 MHz and Ry = 23
ohms. This data is typical of inexpensive
TV color-burst crystals, These crystals will
be used to design a 3-pole Butterworth
crystal filter with a 250-Hz bandwidth.
We eventually would like to terminate the
filter in SO ohms, but will not pick a ter-
mination, R,, just yet.

needed directly for filter design, but Af
should be evaluated, nonetheless. The Q, C; = 1326 [_B_E_F—] - 10 (pF) The normalized coupling and loading
value should exceed the filter Q by a ko q values are found in Table 1 with N = 3.
factor of 10 or more to allow simple filters (Ea. 1) we gsee that k;z = kiz;. Hence the
to be built. Filter Q is defined by Foener + 120B coupling capacitors (Fig. 5) will be equal.
bandwidth, where both are in hertz. Some Rend = qat |~ R; (ohms) The capacitor value is evaluated with
surplus crystals may have a Q, value that Eq. 1.
is too low for filter applications, The (Eq. 2)
parameters are defined with respect to . _ 1.59 x 10° ®
Fig. 5 as: end = R,Fo Ciz = Cpn = 1326 X
(1]
Af = bandwidth measured in test V - 1-50P (Ea- 3 r 254 - 10 = F
fixture (Hz) ' Rend L250 X 0.7071 x 3.577 10 = 606.5p
B = filter bandwidth in Hz (Ea. )
R, = end termination to be used Additional equations not mandatory
stb ter th for simple designs are
Ry = enzln:-‘;sist:ngzeseq:ﬁr:int:md) P ¢ ) The end resistance needed to terminate
terminate the filter without Q, = _-1%1—(-]—11— the filter is given by Eq. 2.
matching capacitors R, (Eq. 9
Ceng = matching end capacitor (pF) 120 x 250 ~
C.. = ocrystal motional capacitance (F) s [ Af Rod = |“Tx30a | ~ 2= P ohms
L, = crystal motional inductance (H) Cm = 1.326 X 10 ) (farad) (Eq. 8)
Fa = crystal center frequency (MHzZ) o (Eq. 5)
R, = crystal series-loss resistance as ’ A value for R, may now be picked. It may
measured in test set L. = 221 tenrys) be any resistance greater than 79 ochms. A
Cup = coupling capacitor (pF) m Af (Eq. 6) value of 200 ohms is chosen, and an end-
o —
L= 4.24B
.
.
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oo s 6 s Boo 780 RELATIVE FREQUENCY (Hz)
RELATIVE FREQUENCY fR1} Fig. 7 — The response curves show the effect of using the wrong

Fig. 8 — Clreult and calcufatad responsa for a 3-pola crystal filter at
3,577 MHz2 with a 250-Hz bandwidth. The design is based on
measurements on surplus TV color-burst crystals.
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crystals In a design. The narrow responsa uses tha clrcuit of Fig. 6

(FL1) with hgh-quality crystals. The wider response uses the clrcuit

shown (FL2), designed on the basis of measurements on the crystals.
. Crystal data: F, = 3.579 MHz, Ry = 8.2 and @, = 721,000.
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matching capacitor is calculated from

Eg. 3.
Cor = 1,59 x 105
= 17200 x 3577

/200 -
75 ~ 1 =5=210pF (gq 9

The final cireuit is shown in Fig. 6. The
calculated response is also shown. These
calcutlations were done using the Ladder
Method,* and accounted for the 5-pF Co
value,

The 208-ohm resistance levels may be
transformed to 50 ohms with ferrite
transformers. This may not be needed ina
circuit application, but is certainly usefyl
for measurements.

Note that the filter has an insertion loss
of 4.2 dB. This results from the crystal
loss with a relatively low crystal Q (Q, =
63,000}, evaluated with Eq. 4. The band-
width is very close to the desired 250-Hz
velue, but the peak shape is much more
tounded than would be expected from a
Butterworth filter. This is also 4 result of
crystal loss,

Consider now the effect of using the cir-
cuit of Fig. 6 with other crystals. A group
of high-quality 3.579-MHz crystals were
measured in the test set. The results were
very different than those found with the
surplus crystals, The Af was 96 Hz, and
R; was only 6.2 ohms. The calculated Q
was 721,000 — over 10 times that of the
surplus crystals, L, was aiso much
different,

The filter of Fig. &, designed for the
low-Q surplusg crystals, was evaluated with
the parameters of the high-Q erystals. The

result is shown in the narrow response of
Fig. 7. The bandwidth is much narrower
than the desired 250.Hz value, and would
be nearly useless in & cw receiver, owing to
excessive ringing.

A filter was then designed around the
measured  crystal  parameters, This
response is also shown in Fig. 7, as is the
circuit, FL2, This filter has a low insertion
loss of only 0.4 dB and a shape Kke that
expected of a Butterworth design. A com-
parison of Fig. 6 and Fig. 7 illustrates the
effects of shape distortion.

The data in Figs. 6 and 7 are calculated.
An obvious question regarding any ex-
perimental pursuit is how well do
calculated curves compare with measured
data? This comparison is presented in Fig.
8 for a $-MHz, 250-H- bandwidth filter.,
The three-pole circuit is also shown in the
figure., The comparison between caleyla-
tion and measurement is very good. The
offset in center frequency is of no
significance — it resulted from using
4.999 MHz for F, during the calculation,
rather than a more accurate value, The
measurements were daone with the writer’s
receiver synthesizer as a signal generator,
followed by a step attenuator and then the
filter. This was followed by a broadband
amplifier and a 50-chm-terminated
oscilloscope. Similar results have been ob-
tained with fiiters at 3.579 MHz.

The experimental curve of Fig. 8 is
marked with a BFQ frequency. This
would be the proper frequency to provide
a 700-Hz beat note and to ensure good
suppression of the opposite sideband.
This filter would be very practical in g

simple superhet receiver for ¢w applica-
tion, especially if it were supplemented
with an R-C active low-pass audio filter,
This scheme has been used VETY suc-
cessfully by the writer in a portable Field
Day transceiver.’

A simple three-pole filter is also prac-
tical for some ssb applications. Such a
filter at § MHz is shown in Fig. 9.
Measured and calculated frequency-
Tesponse curves are also shown. Note that
the filter shape is lacking in symmetry, In-
deed, this is an illustration of why this
type of circuit is termed a *‘lower side-
band ladder.’” This also justifies the posi-
tion of the BFQ in Fig. 8. In spite of the
poor attenuation slope on the low.
frequency side, the filter of Fig. 9 would
be practical for a simple ssb exciter. This
passhand ripple may be climinated by
tuning, a detail shown in the figure and
covered in the following section,

Filter Tuning

The method presented so far has as-
sumed that all crystals are exactly at the
same frequency. This simplification is suf-
ficient for many applications, especially
with narrow-bandwidth filters, It is not
adequate for critical designs. Additional
tuning is required if we want to design
filters with an exactly predicted band-
width, achieve a desired shape more ac-
curately, or build wide-bandwidth filters
with more than 2 or 4 crystals,

Modern filter theory has been used to
calculate coupling and end-matching
capacitors. The detail that we have ig-
nored is that the individua] crystals have

CAYSTALS:
F5 x 49990.0 kHp
Cp = BpF

Au = 13.4
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been detuned by the shunt capacitors. The
detuning may be **fixed" through proper
choice of crystal frequencies ot with the
insertion of additional capacitors in the
circuit.

Fig. 10A shows one end of a crystal
filler. The crystals have been replaced
with the simplified equivalent circuit
without loss resistance. All crystals are
assumed to be at the same frequency,
which implies that all Ly and Cq values
are the same throughout the filter.

Filter theory states that each loop in this
circuit should be resonant at the same fre-
quency when that loop is considered
alone. Adjacent loops are open-circuited
during this evaluation. Counsider the in-
terior loop shown in Fig. 10B. The crystal
resonance is determined by L, and Cp.
However, the resonant frequency of this
loop is determined by Ly and the series
equivalent of the three capacitors, Cja,
Cy; and Cp,. The loop will resonate slight-
1y higher than the crystal frequency. The
actual frequency is easily calculated with
standard formulas and a hand calculator.

Analysis of end-section resonance is
slightty more complicated. The end
vesistance and the related parallel
capacitance must be resolved into a series
equivalent, shown in Fig. 10C. The series
capacitance is given by

1

R2
CS=E'0_""___-_-_

w? Cend

+ w? Ce:l'l{:l2
(Eq. 10

where W = 2nF, % 105

The resonant frequency of the end loop
is then calculated from L, and the series
combination of Cy, Cp and Cya.

Consider an example, a 4-pole ssb filter.
This circuit, shown in Fig. 11, was de-
signed for a 0.1 dB Chebyshev response
using the k and q values from Table 2 and

e

crystals with Fy
ohms and Q, = 63,000. Assume for the
present that the two 96-pF capacitors are
shorted. The filter is symmetrical, so only
two frequency calculations must be done
__ one for the ends and one for the in-
terior loops. The end loops are resonant
1220 Hz above F,, while the inner two
loops resonate 1790 Hz above |

Two methods may be used to tunc this
filter, to force all loops to resonate at the
same frequency. One method requires
that the F, of the crystals in the end sec-
tions be increased 570 Hz over that of the
inner loops (570 = 1790-1220). This dif-
ference is small compared with the filter
bandwidth, so we would not expect a
dramatic difference in response shape.

The other method places capacitors in
series with crystals in those loops re-
quiring a frequency increase — the end
sections of Fig. 11. This is the circuit
shown in the figure. A value of 96 pF was
found to be necessary for the 570-Hz
shift. The addition of series capacitors
allows more design flexibility, especially
when working with surplus crystals. On
the other hand, it may be convenient to
use stagger-tuned crystals if the batch on
hand has the proper frequency spreads. It
is, of course, possible 1o us¢ a combina-
tion of the two methods.

The frequency response of the four-
pole filter is shown in Fig. 11 for the cases
with and without tuning. The center fre-
quency is raised with tuning, and pass-
band ripple is reduced to near the desired
0.1-dB level. Either filter would be prac-
tical for amateur applications.

The bandwidth of the ssb filter of Fig.
11 was 2.2 kHz. It was designed for a
25.kHz bandwidth. The difference
results from simplifying assumptions used
to derive the critical equations and using
the k and g values from Table 2, where the
effect of filter loss is ignored during

= 357TMHz R, = 23

Ly Cw Lu Cw

Cza

,—J—, 1a)

{C)

{8}

im
o-[ iz :l-cza
Ln

Ca cu

—t

LETIH

-

B

Fig. 10 — Pactlal filter clreults used in evaluation of tuning of individual loops. See text for

details. -
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design. Improved accuracy is obtained
with the Zvetev tables to supply the k and
g values. Suitable amateur filters may be
designed by increasing the design band-
width slightly over the desired one, while
using the Table 1 or 2 data.

The effects of shape distortion are more
dramatic  with narrow-bandwidth cw
fitters, for the losses are higher with
decreased bandwidth. The Butterworth
data of Table 1 provide a good starting
point for design. As losses increase, the
shape of a narrow-bandwidth  filter
evolves toward one with a more rounded
peak shape, approaching something like a
Gaussian response. This rounded shape is
desired for narrow-band application, for
it offers an improved time-domain
characteristic with less filter ringing.
Chebyshev filters should not be used for
cw applications.

The effects of filter tuning were
examined experimentally in the filter of
Fig. 12. This was a 250-Hz wide design
using the 5-MHz crystals applied in other
filter experiments. A S-pole design was
chosen. The measured responses with and
without tuning are also shown with the
circuit. Without tuning, the attenuation
slope on the high-frequency side of the
response was poor. Tuning the filter im-
proved the shape and reduced the inser-
tion loss. The shape was still not the
Butterworth response predicted. This was
traced to variations in the crystal frequen-

- cies that had not been taken into account

during the design. This filter is destined
for use in a multiband portable
transceiver.

Concluslons and Applications

Home construction of crystat filters is
very practical, especially for the ex-
perimentally inclined amateur with the
wsual amount of instrumentation.
Laboratory-grade equipment is definitely
not needed, It is important, however, that
the filters be carefuily designed, and that -
the designs be based on the crystals to be
used. Measurements are performed easily
in the home lab to obtain the needed
crystal parameters. None of the filter cir-
cuits presented in this paper is suitable for
exact duplication.?

Filter tuning may or may not be re-
quired, depending on the filter to be built.
An interesting filter that would never re-
quire tuning is & two-pole circuit. This
results from symmetry. Any detuning
would be the same in both crystals. Im-
proved stopband attenuation may then be
obtained with a cascade of several filters
with isolating stages of gain between
them.

Another interesting special case is the
three-pole filter with all crystals at the
same frequency. The terminating
resistance, R,, may be set equal to the
calculated Req. There will then be no
shunt capacitors at the ends. This filter
may be tuned by placing series capacitors
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Flg. 12 — Measured res
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in the end loops, which have a value equal
to the coupling capacitors, An example of
this is the ssb filter shown earlier in Fig. 9,
The tuning was realized with the addition
of 17-pF capacitors in series with the two
outside crystals. Variable capacitors may
be used, of course, in any of the circuits
shown, Instrumentation must then be
built for alignment.

The 3.58-MHz TV color-burst crystals
offer an attractive possibility for a simple
CW receiver. A single local oscillator could
be built at approximately 10.5 MHz. This
will then allow both the 40- and 20-meter
cw bands to be recejved with no band
switching in the LO. This scheme is not

well suited to an ssb receiver, for har-
monics of the BFQ appear at 7.16 and
14.32 MHz, This harmonic relationship
could also lead to spurious respenses in a
two-band cw transceiver,

Examination of the design procedure
reveals some interesting subtleties,
Careful choice of termination, R, could
lead to filters requiring no tuning. Useful
filters can be built from poorly matched
crystals, although the design may get
messy. Excessive tuning with serjes
capacitors will increase the loss of the
filter. Finally, careful choice of termina-
tion resistance will allow the construction
of filters with a switched bandwidth. g

Strays -’

QST congratulates , , .

O Retired Army Colonel Fred J. Elser,
KH6CZ, of Honoluly, on receiving a PhD
in American Studies from the University
of Hawaiji. His doctoral thesis was en-
titled “Amatenr Radic — An American
Phenomenon, "

O Ira Bechtold, W6NCP, on receiving
the Los Distinuidos Award from the Lg
Habra Heights {California) Improvement
Association for 10 years of outstanding
service to his Community,

Bilt Staiger, W7IN,
buried in his attic.

meters and also for I reception on 800 metars

T *W. Hayward, Introduction to Radio Frequ,

of Portland, Oregon, came across this photo white
The honeycomb goll receiver (laft) was used for arc reception around 15,000

{500 kHz) with difterent Plug-In colls. The trans-
mitter (ght) was a TPTG back-to-back clrcuit fed with a 60-Hz power supply with a 126-Hz note,
The breadboard recaiver saemed to work, Bilt notes, if he didn’t get too closs to the coupling unit
&nd disturb the body-capacity effect while tuning. (photo courtesy W7IN)

Pense curves for a 5.pole, 5-MHz cw fitter, The
ects of tuning a fitter with series capacitors,

Notes

‘A. 1. Zyerev, Handbook of Filter Synthesis (New
York: John Wiley and Sons, 1967), Chapter 8,

*J. A. Hardcastle, “‘Ladder Crystal Filter Design,**
QOST, Nov. 1980, pp, 20-23.

ency
Design (Englewoad Cliffs, NI: Prentice Hall, Inc,,
1982). Both filter types are covered in detai) in
Chapter 1,

*W. Hayward and D, DeMaw, Sofid-State Design for
the Radio Amateyr (Newingten: ARRL, 1977,
p. 171,

‘See note 1, pp. 341-379,

*See note 3.

"See note 4, p. 2[4,

'The author has made
at a variety of frequencies that have
acterized for filier applications, Interested
should send an s.n.ae. for a daia sheet,

arrangements to supply crystals
been char.
teaders

geing through an old box
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