The Double-

Tuned Circuit:

An Experimenter’s

Tutorial

Although the double-tuned circuit
is popular with Amateur Radio

experimenters, its response can sometimes be misleading.
Here's how to evaluate and adjust double-tuned circuits for
maximum performance.

By Wes Hayward, W7ZOI

7700 SW Danielle Ave
Beaverton, OR 97005

most common filters found in radio

equipment, consists of two tuned
circuits, or resonators, that are coupled
together, allowing energy in one to be
shared with the other. Designing a double-
tuned circuit for use at HF and below is not
difficult,’ yet builders commonly encoun-
ter practical difficulties in building and
adjusting the double-tuned circuit, especial-
ly at YHF and above. The result may he
a circuit that does not meet the filtering
goal.

Although HF double-tuned circuits
differ greatly in physical appearance from
those built for microwave fragquencies, all
double-tuned circuits share many similari-
ties. This tutorial emphasizes their univer-
sal properties. In it, 'l examine the
double-tuned LC circuit from an
experimental viewpoint, emphasizing
measurement, evaluation, and adjustment.

T he double-tuned circuit, among the

Basic Characteristics of the Double-Tuned
Circuait

I'll examine the fundamentals of the
double-tuned circuit by describing the 40-m
filter shown in Figs 1 and 2. Fig 3 graphs
an analysis of the circuit. The solid-line plot
shows gain versus frequency for a single-
tuned circuit filter. The dashed plot shows
the performance of a double-tuned circuit
filter. Both filters are designed to be doubly

1Notes appear on page 34.

terminated, with 50 @ at input and output.
Both have a 7.1-MHz center frequency and
a 200-kHz bandwidth. The response magni-
tudes are similar for the single- and double-
tuned circuits; their differences become sig-
nificant only at frequencies removed from
passband center—in the filter stopband.
We use double-tuned-circuit filiers in place
of single-tuned designs because double-
tuned filters provide higher stopband
attenuation.

‘The two tuned circuits shown in Fig 1 use
toroidal transformers (T1 and T2) tuned
with mica-dielectric compression trimmer

capacitors (C1 and C2, TUNING). A 2-t0-24
pF air-dielectric capacitor ({3, COUPLING)
couples the resonators. Two-turn links pro-
vide input/output coupling to and from
50 Q. (I originally used three-turn links; 'l
describe later why I reduced them by one
turn.}

First, I set the COUPLING capacitor {0
maximum and adjusted the two TUNING
capacitors for maximum response with the
signal generator set to 7.1 MHz. Then |
tuned the generator from 6 to § MHz to
examine the filter’s overall response. Fig 4
shows the result: an overcoupled filter

7 — MHz Double — Tuned Circuit
3 2-24pF
COUPLING
T1 T2

Input Output
(50 a) 190 190 {50 )

pF pF

[y 94
$0-400 pF  G0-400 pF
TUNING TUNING

Fig 1—A double-tuned-circuit filter for 40 m. C1 and CZ are mica-dielectric compression
trimmers; C3 is an air-dielectric variable. (There is usually no justification for using a
variable coupling capacitor in practical double-tuned circuits for frequencies of 30 MHz
and lower; instead, use & fixed capacitor of the value required by the filter design. This
filter's variable coupling capacitor varies the filter response to illustrate concepts
discussed in this article.) The tuned windings of T1 and T2 consist of 17 turns of #22
enameled wirg on T-50-6 toroidal, powdered-iran cores; the transformers’ untuned links at
first consisted of three turns of insulated wire but were later reduced to two turns. See
text and Fig 2.
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Fig 2—An HF (7.1-MHz) double-tuned-circuit filter constructed for lab analysis.

response in which two peaks bound a
region of increased attenuation.

This “double-humped’’ response is not
the result of stagger tuning—that is, it’s not
caused by tuning the resonators to slightly
differant frequencies. Rather, both resona-
tors are tuned to the same frequency. The
peak amplitude of the double-humped
response of Fig 4 is about the same as that
of the desired filter, labeled REFERENCE.

Fig 5 is a more extreme example of over-
coupling: 1 added capacitance across C3 1o

bring the coupling capacitance up to 65 pF,
This moves the peaks even farther apart
and increases the depth of the valley
between them. This situation can be espe-
cially perplexing to the home experimenter
because either peak may appear to be the
single peak expected of the filter. This
illustrates the importance of swept-
frequency instrumentation in evaluating
double-tuned circuits—checking the filter
response through a range of frequencies.
You'll never notice an overcoupled double-

tuned circuit’s second peak if you merely
adjust its resonators for maximum response
at a single frequency!

Fig 6 shows the other extreme, the under-
coupled double-tuned circuit, 1 obtained
this single, sharp peak by adjusting C3,
COUPLING, to its minimum value (2 pF).
This filter is too narrow; its insertion loss
is excessive.

The desired double-tuned-circuit-filter
response is usually eritical coupling, shown
by the reference plot in Figs 3 through 6.
A critically coupled filter has only one
peak, without excessive insertion loss. (I'll
discuss the difference between excessive and
proper insertion loss shortly.)

You can experimentally achieve critical
coupling as follows: Set up the circuit for
undercoupling and align the filter in this
condition. Loss will be large. Increase
coupling in small steps, readjusting the
filter tuning capacitors and sweeping the
filter response after each coupling increase.
Continue this procedure until you observe
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Fig 3—Analysis of the filter shown in Figs 1 and 2. The solid

curve shows the response of a single-tuned circuit; the dashed
curve, a double-tuned circuit. Both filters are adjusted for
maximum response at 7.1 MHz. The gap between the filter-
response maxima and the 0-dB line reprasents the filters’
insertion loss. (A computer generated the data for this and the
other graphs in this article; experiment confirmed the data.)

Fig 4—Too much resonator ceupling (in this example, too much
capacitance at C3) overcouples the filter resonators and produces
a lwo-peaked response. This is not caused by tuning the
resonators to different frequencies. The reference plot shows the
desired singlie-peak responses.

Fig 5—Extreme overcoupling can produce two widely separated
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peaks, either of which can appear to an experimenter operating
with limited test equipment to be the single sharp response of a
properly adjusted filter. The reference plot shows the desired
single-peak response.

30 05T

Fig 6—Insufficient resonator coupling produces a too-sharp peak
and abnormally high insertion loss. As in Figs 4 and & {(and the
Double-Tuned plot in Fig 3), the reference plot shows the desired
filter response—the response obtained by eritical coupling.



Measuring Double-Tuned Circuit Performance

Simple, home-built instrumentation usually suffices for double-tuned-circuit
adjustment at HF and VHF. The main parameter of interest is filter gain versus

frequency; this can be measured with the test setup of Fig A.

The first element is a signal source. | usually use home-brew generators at

HF and YHF, sach with an available output of about 10 mW.*+ Fixed

attentators in line with the input and output of the filter under test provide the

filter with “clean" 50-0 source and load terminations.

Step
-6 dB8 ~6 dB Attenuator

Tuned -
? Circuit ? /%S Indicator

% Bouble— é é/ Datector/

the signal generator is calibrated, a frequency

counter may alsa be useful in this measurement
Signal system.

Genergtor

Fig A—The test setup. Depending on how precisely

double peaking. Slightly decrease the
coupling from the double-peak value and
measure the filter bandwidth,

This procedure produced a smooth,
single, almost flat response in the eaperi-
mental 40-m filter. [nitially, however, the
bandwidth was too wide (324 kHz), with
an insertion loss of 1.2 dB. | reduced the
transtoremers’ three-turn links to two turns
und repeated the process, The result: a eriti-
cally coupled filter that's 178 kHz wide.
with just over 2 dB of insertion loss.

A YHF Double-Tuned Circuit

The double-tuned circuit and the adjust-
ment methods just described can easily be
applied at higher frequencies. | needed a
filter for a 2-m SSB transceiver’s receive
and transmit signal paths—a filter no wider

The next element is a step attenuator. This block is vary fundamental; it becomes the cornerstone for a system for

home RF measurements. | use surplug and home-brew attenuators.tt

The final element is a sensitive detector. This can be a 50-0-terminated oscilloscope, a spectrum analyzer or even a
simple power meter. | made all measurements reported In this article with the circuit shown in Fig B—a "microwatt
meter” consisting of & biased diode detector followed by an operational-amplifier meter driver. The detector is preceded
by a two-stage amplifier using MMICs. The detector should be capable of responding to signals 30 to 60 dB weaker than

_ the signal-generator output,

Begin your measurements with a calibration. Tune the generator to the frequency of interest and replace the filter with
a direct coaxial connection between the fixed attenuators. Note the attenuator setting for a full-scale meter raading and
record this in your notebook. Cormpare this figure with the peak-filter-response readings to determine insertion loss.

Check'the system's calibration often, for levels often drift with time.

This test setup can also measure filter bandwidth. Align the filter and adjust the generator frequency for maximum
response. Set the attenuator o provide a full-scale meter reading. Increasa attenuation by 3 di. Carefully note the new,
lower meter reading. Heset the attenuation to the previous level, bringing the meter back to full scale, Then tune the
signal generator, first 1o one side of the filter peak and then to the other. stopping in each case when the response
equals “‘the new, lower meter reading’’ just described. The frequency difference between these points is the filter's

--3-dB bandwidth.— W7.Z0/

“ Solid-State Design for the Radic Amateur. p 170. See main-text note 1.

'W. Hayward, “Beyond the Dipper,” 2587, May 1988, pp 14-20; Feedback, OST, Aug 1988, p 40,
1R, Shriner and F. Pagel, “A Step Attenuator You Can Build,” QST, Sep 1982, pp 11-13.
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than about 2 MHz to attenuate the image
frequency (124 MHz in my application) by
50 dB. The filter I constructed becomes our
second example.

Fig 7 shows the VHF-filter topology |
used. BEach resonator consists of two induc-
tors. L1 and L2 contribute most of the
resonator inductance; [.3 and L4 are end-
loading elements consisting of stnall lengths
of #18 wire connected to circuit common.
Coaxial connectors attach to the Li-[.3 and

L2-L4 junctions, | find this topology easier
to adjust than taps on a coil.

The filter is built on a scrap of circuit-
board material. Vertical walls serve as
shield sections for each resonator and pro-
vide for component mounting. You may
not need to add a [id if the walls extend well
above the board (perhaps .53 inches or
more) and if you mount the components
close to the board. A lid is mandatory, even
during adjustment, if the walls are short.

Fig 7—This VHF double-tuned circuit
differs electrically from its HF relative
(Fig 1) only in the means used to couple
the filter ports to 50 . The HF filter used
small inductive links; this filter uses the
autotranstormer action of L1-1.3 and
[.2-.4—in eftect, tapped coils, C1 and C2
are 0.8- to 10-pF air-dielectric piston
tnmmers (Johanson); standard air-dielectric
variables are aiso suitable. C3 is a wire
probe, soldered at only one end (the C1-L1
junction in this case; it doesn't matter
which) that passes through a hoie in the
tilter shield partition for electrostatic
coupling to the C2-L.2 junction. L1 and L2
each consist of 7 turns of #14 tinned
copper wire, Ya-inch inner diameter. L3 and
4 each consist of approximately 0.6 inch
of #18 tinned copper wire. Fig 8 shows
three tilters constructed in this way.

A very low-value adjustable capacitor
{C3in Fig 7, illustrated by the three exam-
ples in Fig 8), couples the tilter sections.
(23 consists of a piece of plastic-insulated
wire that’s soldered to one of the tuning
capacitors, routed through a hole in the
shield partition and placed in proximity to
the other tuning capacitor.

The partition is necessary; it ¢liminates
stray coupling between filter elements—a
fact confirmable through measurement.

Fig 8—Twno VHF (A and B, for £ m) and one UHF (C) double-
tuned-circuit filters, The filter at A uses piston air-dielectric
trimmers (Johanson); at B, standard air-dielectric trimmers (in

this case, split-stator “butterfly”’ units with stators paralleled),
Piston trimmers afford more precise adjustment and higher Q.
C details one section of a 70-cm filter in which each resonator
“inductor {L1-L3 and 12-L4 in Fig 7} consists entirely of an L-
shaped length of #14 tinned wire, the end-loading inductor (L2 or
.4 in Fig 7) being the short section between the slbow and
ground. In each filter, the coupling capacitor (C3 in Fig 7)
consists of a wire probe that passes through the shield partition.
Adjusting the wire's length (and the proximity of its unconnected
and to the tuned circuit it probes) varies filter coupling.
Filter shielding, including an inter-resconator pattition, is
assential at VHF/UHF because even stray capacitance can

overcouple a filter. Solenoidal resonators must be shielded for an
additional reason: Unlike toroidal coils, they can couple to each
ather and associated circuitry via their external magnetic fields.
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Double-Tuned Circuits: Not Necessarily “Top-Coupled’

Radio technologists sometimes characterize the Fig 1
and Fig 7 circuits as top-coupled because capacitance

between the “tops™ (Ungrounded ends) of their resonators

couples the filter sections. Top-coupled double-tyned
circuits are common; ong popular QST project* uses them
in its RF-amplifier circuitry, for instarce. The relative
commaonness of this special case of the double-tuned-
circuit leads some experimenters.to conclude that doubis-
tuned circuif necessarily implies two top-coupled circuits.
But this is not so. :
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Fig A—Double-tuned circuits can be coupled inductively.
capacitively or both; top, bottort or both. These examples
show only a few of the possible combinations. Sometimes the
mere proximity of circuit components suffices; see Fig B.

Coupling two cireuits together merely means that energy
from one circuit somehow gets into the other; such
coupling can be inductive, capacitive or both; top, hottom
cor both (Fig A). What matters mare is that whatever
coupling exists allows you to achieve the filter response
you seek, and that whatever unwanted or stray coupling
exists doesn’t compromise. that response—in the filter's

-passband and stopband-over the frequency range of

interest. Pradictable, repeatable filters minimize “*coupling
somehow™ through builder and designer know-how.—David
Newkirk, Wi1z. - -

- "W. Hayward and J. Lawson, “A Pé’agressive Commuynicatigns

Receiver,” QST, Nov 1881, pp .11-21; Feadback, 1982 QST: p 47,
Jan: p 54, April, p 41, Qct; also in the ARRL Handbook {1982

through present editions}.

Fig B—ARRL Lab Engineer Zack Lau, KHBCP, who lives 1
mite from W1AW, originally built this undercoupled double-
tuned filter to knock down WI1AW at 3581.5 kHz during QRP
contests centering at 3560 kHz, Now reconfigured for 75-m
S8B, the filter specs out like this: - 3-dB bandwidth, B kHz:
- B0-¢B bandwidth, 310 kHz; insertion foss, 21 dB, Each coil
consists ot 17 turns of #16 wire on a T-200-6 toroidal,
powdered-iron core (Q, = 482 at 3.8 MHz). The tuning
capacitor in each section consists of parallelad 56-pF silver-
mica, 240-pF chip and 2- to 19.3-pF airdielectric capacitors.
Silver-mica end-loading capacitors (10 pF, between each
resonator fop and the BNC jacks) couple the filter to 50-0
roality. :

The resonalors are exactly 1 inch apart, core to core (the
spacing is adjustable). Can we accurately caiculate the tiny
capacitance between them? Should we characterize this filter
as capacitively top-coupled? Maybe what matters more is that
using this filter on & band where you usually kick in a 20-dB
altenuator anyway also makes your receiver front end 8 kHz
wide! ’ .

{Likewise, the cuter walls prevent coupling
between the tilter elements and external cir-
cuitry.) In one version of this filter with
(. 7-inch-high shield walls, enough stray
coupling existed to produce a severely over-
coupled response with C3 (the probe wire)
absent! The coupling disappeared when 1
placed a lid over the two compartmenis,
Good lid-to-wall electrical contact is man-
datory; I used C clamps during alignment,
Eventually, 1'll solder a lid in place.

VHE/UHF double-tuned circuit adjust-

ment resembles the procedure 1 described

for the 7-MHz example. install a longer-
than-necessary coupling wire and bend it
close to the probed resonator’s “*hot”
(ungrounded) end. Tune the filter and
sweep its response. You should observe a
double-humped response. If vou can’t find
two peaks, increase the coupling until vou
do. Once you observe overcoupling,
decrease coupling by reducing the wire
length or changing its position. Then mea-
sure the filter’s bandwidth and insertion
loss. The handwidth probably won’t be
right at first; vou can set the filter’s band-

width by adjusting the end-loading induc-
tors (L2 and L.4) and adjusting the coupling
after each loading change.

The 2-m filter performs as expected, ex-
hibiting a bandwidth of about 2 MHz and
an insertion loss of 3 dB. (A similar filter
I built uses #18 wire instead of #14 wire for
the main inductors. Although { can adjust
it to obtain a 2-MHz bandwidth, its inser-
tion loss exceeds 6 dB.)

How Narrow is Narrow?
Experiments like these clearly indicate a
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relationship between filter selectivity and
insertion loss. Loss is also related to the
compenents’ unloaded @ (Q,). The
parameter Qg (normalized Q) summarizes
these dependencies. Qg is defined as the
ratio Q,/Qy, where Q, is unloaded rescna-
tor (inductor) @ and Qy is the filter Q,
which equals filter center frequency divided
by filter bandwidth. Fig 9 graphs filter
insertion loss. versus normalized Q.°

The 40-m filter of Fig 1 has a design
bandwidth of 200 kHz—hence, a Qf of
7/0.2, or 35. Building this filter using reso-
nators with an unloaded Q of 250 results
in a normalized Q of 250/33, or 7.1, The
Fig 9 curve shows an insertion loss of about
2 dB for Qy = 7; this agrees with my
measurements.

Fig 9 also shows that insertion loss
becomes very large for normalized Qs of
less than 2. As a reasonable limit, double-
tuned-circuit filter Q should be no more
than about 40% of the unioaded resona-
tor Q.

Summary and Additional Thoughts

The double-tuned circuit can be summa-
rized as follows:

1., Double-tuned circuits can be charac-
terized by degree of coupling. A circuit may
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Fig 9—Double-tuned-circuit insertion loss
versus normalized Q, Q (unloaded Q [Q,
divided by filter Q [Qy]). Higher insertion
loss accompanies narrower bandwidths; a
reasonable limit for the double-tuned circuit
is QU > 2.5,

be undercoupled, overcoupled or critical-
ly coupled.

2. A double-humped response indicates
overcoupling, and rarely has anything to
do with stagger tuning.

3, An experimenter may overiook the
“other”’ peak in a severely overcoupled cir-
cuit because it may be far removed in fre-

quency from the observed peak. Builders
should take special care to avoid mistak-
ing one of two peaks as the single peak of
a critically coupled circuit.

4. Align double-tuned circuits by adjust-
ing their coupling from slight overcoupling
toward c¢ritical coupling. You should
observe slight overcoupling during the
alignment process,

5. Higher insertion loss accompanies
narrower bandwidths. A reasonable limit
for the double-tuned circuit is Qg > 2.5.

All of the concepts governing the double-
tuned circuit may be extended to filters of
other orders. For example, a single-tuned
circuit has an insertion loss related to band-
width and unloaded Q. Similar relations
exist for filters consisting of multiple
coupled rescnators. Crystal filters, arrays
of dielectric resonators, and coupled
microstrip sections all behave similarly.
They can all be tuned with these methods.

Notes

W, Hayward and D. DeMaw, Solid-State Design
for the Radio Amateur, Appendix 2, “"Band-pass
filters,” p 239 (Newington: ARRL, 19886). Alsa
see W, Sabin, “Dasigning Narrow Band-Pass
Fi]teQrss with a BASIC Program,” QST, May 1983,
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New Books

SHORTWAVE LISTENING
GUIDEBOOK

By Harry L. Helms, AAGFW, Published by

HighText Publications Inc, 7128 Miramar Rd,

Suite 15, San Diego, CA 92121, First edition,

1991, Softcover, 6 x 9 inches, 320 pp, $16.95

plus shipping fand sales tax, {f applicable).

Reviewed by Robert i, Halprin, KIXA
ARRL Contributing Editor

Astonishing changes swept the planst as the
1980s came to a close and the new decade com-
menced. Operation Desert Storm sparked a
tremendous surge in shortwave listening
(SWLing) among newcomers and lapsed short-
wave listeners (SWLs), like many other radio
amateurs. Helms’ book on SWLing is a han-
dy reference, and the writing style is clear,
direct and in plain language.

With 11 chapters and six appendixes, the
hook s loaded with practical info for anvone
who owns or is thinking of buying a shortwave
receiver (or perhaps someone on the verge of
making the move from an SWL to a shortwave
DXer).

In its 320 pages you’ll encounter everything
from finding the so-called easy-listening short-
wave powerhouses such as the BBC and Radio
Moscow, to the challenge of logging the
aobscure domestic (ie, internal) services like
Radio Botswana or Radio One in Singapore.
The Shortwave Listening Guidebook addresses
broadcast band, TV and FM DXing, utility
stations {did you know that Interpol handles
traffic on 10-MHz CW?) and ham radio.

Drawing on his experience as the Thoughts
and ldeas columnist for Popular Communi-
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caqtions magazine, Helms has created a work-
ing tool for getting the most out of shortwave
radio, and as such, this volume deserves to be
kept in readiness next to vour receiver. As he
covers the entire waterfront of SWLing, Helms
provides the basie, jargon-free principles of
emission modes, propagation and antenna
theory (supplemented by professionally craft-
ed drawings and diagrams) and conducts a
guided tour of the shortwave-frequency sub-
bands with frequency tables and such. He even
tells you how to solder the connections on your
shortwave dipole. In what seems like a bonus
feature, he provides a riveting chapter on clan-
destine and pirate stations, including the
“numbers stations,” mysterious female voices
reading—in Spanish or English—numbers of
four or five digits, believed by some people to
be coded instructions for espionage agents
around the world. Helms resists the tempta-
tion to lapse into radio lingo and technical
mumbo-jumbo—things that often afflict simi-
lar works. He has a gift for finding the right
verb or adjective in his narrative, and his sense
of humor and enthusiasm for radio is evident
throughout.

Helms is a hands-on radio aficionado. Cards
from his own QSL collection are shown
throughout the book (he explains QSLing for
the SWL, by the way), as are anecdotes from
his listening activities. These include the post-
glasnost Radio Moscow disk jockey advising
listeners to ‘“party hearty,”” hearing a brave
radio announcer on Radio Beijing condemn-
ing the government immediately following the
Tienanmen Square massacre, relving on the
BBC (not Radio Moscow) for the first news
of the Chernoby! nuclear disaster while he was

on a tour of the Soviet Union in April 1986,
hearing Gene Autry records played by a sta-
tion in Uganda or listening to a Radio France
Internationale newscaster get upset on the air
after misplacing his script. Helms admits that
the “‘magic box’’ of shortwave radio keeps him
coming back for more, even after 25 years of
dial twisting.

The author’s interest in SWLing facilitated
a transition into Amateur Radio. As Helms
writes in the book’s preface, ““My desire to
know more about how my shortwave radio
worked pushed ma into obtaining my own ham
radio license and later into a career as a writer
and editor of books on electronics and com-
puting.”

Helms devotes a significant portion of one
chapter to ham radio and offers a balanced
portrayal of our hobby: **Hams are drawn
from the entire human spectrum, meaning
they're just as interesting or horing as any
other segment of the general popula-
tion. . .some hams seem unable to converse on
any other topic other than the weather or the
equipment they are using (and that suits like-
minded hams just fine}, while others have
interesting experiences to share.”

Helms captures the essence of ham radio
and the opportunity for personal achievement
through individual initiative, He also furnish-
es a table of the amateur frequency bands.

If you know of someone who's beent caught
up in the fascination with the “magic box,””
but isn’t quite ready for immersion in the
ARRL’s Now You're Talking!: Discover the
World of Ham Radio, the Shortwave Listen-
ing Guidebook could be just the thing to
inspire his or her imagination!
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