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THE BUTTERFLY CIRCUIT™
e AT HIGH RADIO FREQUENCIES transmission lines have

heen used for a long time to perform the functions of resonant circuits.
In the region near resonance, the curve of line impedance as a function
of frequency has the same shape as the resonance curve of a circuit with
lumped constants. The equivalent Q depends upon the frequency, upon
the configuration of the line, and upon the malterials used. For a con-
centric line, for instance, with optimum ratio of outside to inside diam-
eter of 3.6, with copper conductors and air dielectric, Q is approxi-

mately 0.1DV fwhere D is the inside diameter of the outer conductorin
inches and f the frequency in cycles per second. Such a line has approxi-
mately 75 ohms characteristic impedance and, for an inside diameter of
1 inch, has a Q of 1000 at 100 M¢. Off resonance, transmission lines are
reactances, but they change somewhat differently with frequency than
do coils and condensers.

While transmission lines have been used at moderately high fre-
quencies mainly to obtain superior performance as expressed by high
values of Q, they have seemed to be the only practical means of tuning
at still higher frequencies. It has been assumed that conventional tuning
devices were of little use at frequencies over a few hundred megacycles,
and so concentric lines have generally been adopted. Theoretically,

#Parent applied for.

Fircore I. 55-400 Mc Wavemeter. Adap- Frcure 2. Contact type tuning unit
tation of conventional tuning condenser. for 60660 Mec.
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these lines are very suitable for the in-
tended purpose, but in practice their
performance has not been completely
satisfactory. This is due entirely to me-
difficulties, but
simple solution to them has been found.

chanical thus far no
The problem involved is merely that of
changing the length of a line by accu-
rately known amounts without intro-
ducing losses and erratic variations. In
some applications the changes required
are small, and actual contact with the
can but
sliding contacts are required if the tun-
the
motion is ordinarily derived from a lead

line conductors be avoided,

ing range is large. In addition,
screw of considerable length, which is
difficult to manufacture with sufficient
accuracy.

It seemed desirable, therefore, to in-
vestligale again the possibility of circuits
with lumped parameters, where tuning
over wide [requency ranges could be
achieved by rotating one member with
respect to another and to see if sliding
contacts could be eliminated.

Contact-Type Tuning Units

The first step of this development can
be seen in the wavemeter shown in Fig-
ure 1. A conventional tuning condenser

Ficure 3. 400-1600 Mec. Wavemeter. F.nd of

stator band connected to rotor.

GENERAL RADIDO EXPERIMENTER 2

and a single-turn inductor consisting of a
metal band fastened to a ceramic ring
are mounted coaxially. The stator of the
condenser is connected to one end of the
metal band, and a metal brush on the
condenser rotor shaft makes contact with
the band. The band covers an are of
270°, corresponding to the rotation of the
condenser, and the length of the band
between rotor and stator increases with
increase ol capacitance. The tuned cir-
cuit consists of a capacitance variable
from 12 to 85 yuf and an inductance var-
iable from 14 to 99 em. It covers the
range from 55 to 400 Me. Resonance is
indicated by an incandescent lamp or a
small glow tube carried on the rotor arm.
A transparent housing and a calibrated
dial complete the wavemelter. T'he range
could be extended to lower frequencies
by adding tuning-condenser capacitance,
but the top (requency is limited by the
minimum capacitance of the condenser
and by the relatively large inductance of
the connections to the metal band.

T'o increase the top frequency obtain-
able in a circuit of this kind, the tuning
condenser must be replaced by a more
suitable structure, and the connections
to the band must be shortened. The new
circuit shown in Figure 2 has little re-
semblance to the wavemeter of Figure 1,
but the basic structure is still the same.
The capacitance of this unit, which has
an inside band diameter of 234 inches,
varies between 7.4 and 118 uul and the
inductance between 7.8 and 59 em., giv-
ing a [requency range of 60 to 660 Mec.
The law of inductance variation is de-
termined by the design, but the fre-
quency distribution can be chosen by
shaping the condenser plates. The plates
shown in Figure 2 give a straight-line
logarithmic frequency scale, which is al-
ways desirable for an instrument cover-
ing a wide frequency range.

Copyright, 1944, General Radio Company
Cambridge, Mass., U. S. A.
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Tuning unit without contacts for
100-1200 Me.

Firoure 4.

The unused part of the inductance

band, projecting beyond the point of

contact, is closely coupled to the tuned
circuit and resonates at a high frequency.
The end of the band is usually connected
to the rotor to keep the resonant fre-
quency outside the range of the tuned
circuit. This connection can be seen in
Figure 3 on a 400 to 1600 M¢ wavemeter
of somewhat different design, in which
the capacitance is varied by an eccentric
hub of the rotor.

These wide-range circuils are very use-
ful for mmany purposes, but they still have
sliding contacts which require a certain
amount of care to insure low losses and
trouble-free operation. To avoid these
difficulties, the contact spring can be re-
placed by a capacitive contact member,
but suppression of resonance effects by
shorting the end of the band to the rotor
is then no longer effective. Consequently,
the top frequency of the circuit has to be
lowered, and, since the bottom frequency
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is raised owing to the series capacitance
of the contact, the tuning range is re-
duced considerably.

Tuning Units Without Contacts

A different approach to the problem is
shown in Figure 4. In all the circuits dis-
cussed so [ar the highest resonance im-
pedance was developed between a point
on the rotor and a point on the stator. In
the new circuit, the semi-butterfly cir-
cuii, so-called because of its relation to
the butterfly circuit shown later in Iig-
ure 9, the highest impedance appears be-
tween two points on the stator. The
plates of the semi-butterfly circuit are
shown in four different positions in Fig-
ure 5. The stator
circular band connecting two pairs of

consists ol a semi-

sectorially shaped plates. To change
from the lowest f[requency position

shown under - to the highest frequency
position shown under D, the rotor is
turned through 180° In position 4 the
capacitance between points 1 and 2 on
the two stator plates is at maximum. In
position 3 the capacitance is almost al
minimum and changes only slightly un-
til position D is reached. The inductance
Frcure 5. Stator and rotor plates of semi-
butterfly circuit. Capacitance and inductance
between points | and 2 on the stator are at
maximum in A and at minimum in 1.
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Ficure 6. Cross section of hutterfly circuit
with different types of design. The double-cross-
hatched section represents the inductance band.

between points 1 and 2 is likewise at
maximum in position 4 and changes to
minimum over position I3 and C to po-
sition I). The change in inductance ot the
semicircular band is brought about as
the rotor gradually fills up the opening
of the inductance loop. In the final po-
sition I), lines of magnetic flux are re-
stricted to the small clearance between
rotor and stator.

Ficure 7. 100-500 Me Oscillator. Inductive
coupling to the load is varied by rotation of the
coupling loop in lower part of the picture.

In this design, wide tuning range with
simultaneous change of lumped capac-
itance and inductance is obtained by
rotation of a member that does not re-
quire any electrical connections. The
rotor shaft can be made of insulating ma-
terial, and the flow of radio frequency
currents through the bearings of this
shaft is easily avoided. A cross section of
the unit of Figure 4 is shown schemat-
ically in Figure 6.4. The rotor is a solid
block. The stator carries a pair of plates
on each end of a circular band. The cross
section of the band corresponds to the
cross-hatched area. The resonant fre-
quency in closed position, corresponding
to Figure 5.4, is changed most effectively
by a change in size. Capacitance and in-
ductance increase, and {requency de-
creases, approximalely with the square
of the diameter. The resonant frequency
in the open position, corresponding to
Figure 5D, does not vary as rapidly, and
the tuning range, therefore, increases al-
most proportionately to the diameter.
At any given diameter the frequency
range can be shifted by variations in de-
sign. Figure 613 shows a unit in which
capacitance and inductance have heen
increased by the addition of plates and
by reducing the width of the band. Fig-
ure O6C is the corresponding high-
frequency unit with lowered capacitance
and inductance.

The law of inductance variation again
is determined by the geometry of the de-
sign. In general, the inductance varia-
tion will be considerably smaller than in
the circuits with sliding contacts and
will be further reduced if the rotor plates
are shaped to provide a predetermined
frequency distribution. The loss of tun-
ing range, the price that has to be paid
lor a desirable frequency distribution, is,
therefore, much higher in the butterfly
circuit than in a conventional tuning
condenser.

~
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A further modification that yields a
lower L/C ratio is used in the 100 to
500 Mc oscillator shown in Figure 7.
This circuit uses 120° sections for the
stator plates and a 240° section for the
rotor. The rotor turns through 120°.

It is important to keep in mind that
the tuning devices described so far are
two-terminal impedances only. These
two terminals are designated | and 2 in
Figure 5. No point on any of the cir-
cuits maintains electrically its position
relative to these terminals over the tun-
ing range, in the sense, for instance, of a
tap on a coil with respect to the ends of
the winding. In Figure 5, the point 3,
midway electrically between the ter-
minals, is symmetrically located only in
the two extreme positions A and I) and
shifts toward terminal 2 for intermediate
setlings. The potential of the rotor is
midway between points | and 2 in po-
sition 4 and I but shifts toward terminal
L for intermediate settings. This fact is
an important consideration in all appli-
cations.

Any point of the circuit can be con-
nected to ground. but it is convenient at
times not to make any definite connec-
tions. This might be desirable in an os-
cillator circuit. for instance, where plate
and grid of a tube are connected to the
two terminals and where the cathode is
grounded.

Ficure 3.

OCTOBER, 1944

The optimum method of coupling a
load to the circuit depends upon the
ground arrangement. If one terminal is
grounded, electrostatic coupling is most
convenient. When the left
floating, electromagnetic coupling is
more desirable. The only point where

circuil is

effective magneltic coupling over the en-
tire tuning range can be obtained is
shown as point 4 in Figure 5. The oscil-
lator shown in Iigure 7 uses this type of
coupling. By rotating the coupling loop,
the amount of coupling can be varied
without disturbing the ““floating ground”
condition of the oscillator.

The Butterfly Circuit

A certain amount of electrical symn-
metry can be obtained by a modifica-
tion suggested by Dr. A. P. G. Peterson,
whereby two circuits are opened up and
connected in parallel. The result is the
butterfly circuit shown in Figure 8,
which received its name (rom the shape
of the rotor.

Figure 84, B, C, and D correspond to
the positions shown in Figure 5. Points
3 and 3’ are the electrical midpoints be-
tween terminals 1 and 2, and points 4 and
1"are the locations for magneltic coupling.

Eleetrically the rotor of a butterlly
circuil i1s always the nudpoint between
terminals | and 2, and the rotation be-
tween extreme positions is 90°. With

Stator and rotor plates of butterfly circuit. Capacitance and inductance between

points 1 and 2 on the stator are at maximum in A and at minimum in .
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Fic. 9. (Left)
220-1100 Mc
butterfly circnit
with terminals
for Type 703-A
door knob type
tube.

Fic. 10. (Right)
100-200 Me
butterfly circuit
of heterodyne
frequency meter.

these exceptions, the discussion in the
preceding paragraphs can be directly ap-
plied to the butterfly circuit.

Figure 9 shows a 220 to 1100 Mc¢ os-
cillator unit intended for use with a
Tyre 703-A door-knob type tube. Grid
and plate terminals of this tube fit into
the spring clips provided on the two
stator sections. Figure 10 is the close-up
view of the 100 1o 200 Mec¢ oscillator of a
heterodyne frequency meter. The rotor
plates are shaped and provide a loga-
rithmic frequency distribution. The 958
acorn-type oscillator tube can be seen in
the rear. Grid and plate are connected to
extensions of the two stator sections and
the cathode is connected directly to the
housing. Figure 11 shows the smallest
butterfly circuit built so far, together
with an acorn tube and a Type I1N22
Detector. This circuit has
range of 900 to 3000 Me.

a tuning

Design of Butterfly Circuits

It was mentioned in the introduction
that the equivalent QQ of a resonant
transmission line is of the order of
0.1 D‘\/f. A quarter wave line covering
the range from 220 to 1100 Mec would be
about 1314 inches long and might have a
diameter of 2 inches. The theoretical Q
would be 3000 at 220 Mec¢ and 6700 at
L100 Mec. To cover this {requency range,

the length of the line would have to be

varied by over 10 inches. The circuil
shown in Figure 9 with 214 inches out-
side diameter covers exactly this range
with a Q of 650 at 220 Mc¢ and of 300
at 1000 Me.

While the losses in butterfly circuits
cannot be made as low as in concentric
lines, values of () can be obtained that
are sufficient for many applications. The
characteristiecs of the butterfly ecircuit
shown in Figure 9 are given in Table I,
together with Lhese
characteristies that can generally he ob-
tained by varying design factors. In the
third column, n is a factor between 1.5
and 3.5, depending on design and size,
the
smaller units.

the wvariation in

wilh lower walues applying for

TABLE 1

Circuit of Figure 9 In General

Low High Low High
Frequency 220 - 1100 Me 1 — n?
Inductance 0.011 — 0.0041 xh 1 —nt
Capacitance 48 — 5 uuf Il — n—3
Q 650 — 300 1 —n?
R = %E 0.023 — 0.093 © I - n?
VLG 15.2 —28.6 I —m
Z = Qv L;/C 9800 — 8600 Constant

The maximum induetance of butter-
fly circuits in the closed position can be
computed by any of the standard in-
ductance formulas by taking 1¢ of the
inductance of the full ring and multiply-
ing by a factor of 1.35 to allow for the
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contribution of the stator and rotor
plates. For instance,

L =135 X3X

] 36r ,
0.01257r (ln — — 2> 10-% henrys
t + w
or
36r X
L. =212rIn —— — 2| centimelers
t + w
Another formula suggested by Dr.

A. P. G. Peterson that sives flairly ac-
curate results is

2
T
L = o (r2 — r?») X

1 1 .

[t o -+ Vm] centimeters
where r is the inside radius of the band,
r1 is the outside radius of the rotor hub,
and ¢ and w the thickness and width of
the band, all in centimeters. The min-
imum inductance depends to a great de-
gree on the clearance between stator and
rotor along the circumference of the
band and the clearance between the
radial plate edges. This latter clearance
cannot be reduced very {far without add-
ing capacitance and lowering the top
frequency. In general, the ratio of max-
imum to minimum effective inductance
will be between 1.5 and 3.5. The highest
ratio actually obtained has been 4.6.
This circuit had a band diameter of 514
inches and 1/16 inch clearance to the
rotor. In this particular case the capac-
itance ratio of the l4-plate unit was
22 — the frequency range 47—470 Me.

Maximum and minimum capacitance
of a butterfly circuit can be computed as
in a variable air condenser, but, owing to
the butterfly shape, capacitance ratios
are considerably less than in
designed conventional tuning condensers.
Figure 12 shows inductance, capacitance,

well-

and frequency plotted against dial rota-
tion for the 220 to 1100 Me butterfly
circuit of Figure 9.

OCTOBER, 1944

Ficure 11. 900-3000 Mc butterfly circuit.
Acorn tube and IIN22 detector are shown for size.

One effect of changing the number of
plates mention, al-
though it has not been fully explored.
As expected, the ratio of maximum to

deserves special

minimum capacitance increases with the
addition of plates and the inductance of
the stator decreases due to its increased
width (designs where the band differs
in width from the stator, as shown in
Figure 6B and Figure 6C have only
rarely heen used in practice). For very
low numbers of plates, the inductance
can decrease more rapidly than the min-
Imum capacitance increases, and a bult-
terfly circuit with four plates, for in-
have a lower low- and a

slance, may

Ficurge 12. L, C and f variation of unit shown
in Figure 9.
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Ficure 13. Assembly of butterfly stators.

higher high-frequency limit than with
two plates. As further plates are added,
the range is shifted to lower frequencies
and the span slightly increased, but soon
odd modes of resonance appear that
were not previously observed. These
modes are not always noticed in oscil-
lator circuits where a single dominant
frequency is produced, but they are
easily found by other methods. It ap-
pears that these modes can be sup-
pressed or at least can be shifted by ad-
ditional shorting connectionsbetween the
individual plates of the four groups of
plates. I'wo connections can be applied
at the inside of the stator and two at the
outside of the rotor on the radial edges
of the plates where they do not interfere
with the rotation of the rotor. In prac-
tice, shorting of the plates can be
avoided by using a larger unit with fewer
plates instead of a small unit that re-
(luires too many plates to cover the de-
sired frequency range.

The equivalent series resistance of a
butterfly circuit increases linearly with
frequency and reduces Q at the high-
frequency end, where the Q of a trans-
mission line is increased. This increase in
equivalent resistance is due to the fact
that the change of inductance in the

butterfly ecircuit is brought about by

GENERAL RADIO EXPERIMENTER 8

eddy currents in the rotor and not by a
reduction of conductor length. Addi-
tional losses originate at the junction of
the inductive and capacitative parts of
the circuit where currents pass {rom one
plate to another in a direction perpen-
dicular to the plates. Three methods of
statorconstruction withindividual plates
and spacers are shown in Figure 13.
From an electrical point of view, Method
A appears to be the best. Method B has
the advantage that the rotor can be ob-
served through the slots in the stator
and can be centered after assembly.
Method C may be desirable in exper-
imental work since it uses parts that can
be obtained more easily without special
tools. For lowest losses stator and rotor
should be soldered after assembly and
plated with a material of high conduc-
tivity. Dielectric losses can be almost
completely avoided in butterfly circuits,
il two supports are used, placed at the
two points of equal potential corre-
sponding to 3 and 3’ in Figure 8.4. In
practice, however, the are
often placed at other points, more de-
sirable for mechanical reasons, and on
large units three supports may be re-
squired. It is interesting to note that, in
the circuit shown in Figure 9, about 4
of the 0.023 © equivalent series resist-
ance, measured at 220 Me, is accounted
for by the metallic losses in the silver-
plated inductance band.

The resonant impedance of butterfly
circuits i1s well within the range of plate
resistance of vacuum tubes and changes
very little from the low to the high fre-
quency end. This makes it possible to
produce uniform oscillations over the

supports

tuning range.
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