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Realization of a Filter with Helical Components*
A. I. ZVEREVt,

SENIOR MEMBER, IRE, AND H. J. BLINCHIKOFF?,

Summary-In
the VHF range, high-quality
narrow-band
filters
with reasonable physical dimensions
are extremely
d8icult
to
realize. Excessive pass-band
insertion
loss accompanies filters
employing lumped constant elements, and unreasonable
size is
a natural
consequence
of coaxial-resonator
filters.
Harmonic
crystal filters are inadequate because of the unpredictable
amount
of spurious modes above the harmonic frequency; and hence they
can only be used for very low percentage bandwidths. A solution to
the above problems is provided by the use of helical resonators for
high-quality filters.
This paper describes the helical resonator, measurement of its
Q, and coupling to the resonator. A procedure for the design and
construction
of a filter using helical circuits is then presented.
Finally an example is given illustrating
the design method, and
several photographs of helical-resonator
filters are shown.

I. INTRODUCTION
T is a well-established fact that in the VHF range
high-selectivity
filters are extremely
difficult to
I
realize. High-quality, practical-sized lumped elements
cannot be successfully used at frequencies above approximately 30 MC, and coaxial resonators in the VHF range
become large and cumbersome. Crystal filters, which are
very popular at the present time, cannot be used to solve
the majority of VHF filter problems because of limitations on their realization. Let us recollec’t the known
difficulties of filtering in the above-mentioned frequency
range.
All filters require a certain minimum value for the
quality factor of the resonator or lumped reactance.
Inductors in toroidal form are not generally used above
30 MC because of distributed capacitance effect, and
shielded single-layer solenoids of reasonable size will
only provide a maximum Q of about 200. In order to
increase the Q factor, the size of the coil must be increased
to unreasonable proportions. Even when the coil is made
large, the Q is still relatively low and the space requirements will naturally not be satisfied. The Q factor of
coaxial resonators is usually very high, but in the VHF
range their construction becomes bulky and unproportionally large in comparison with the size of present
tubes, resistors, capacitors, and other components of
modern circuitry.
The piezo-electric crystal resonator is the only component which satisfies the electrical requirement of high
Q and the physical requirement of small size. However,
at the present time, it is practically impossible to construct crystals whose fundamental frequency is above
* Received by the PGCP, February 13, 1961; revised manuscript
received, April 21, 1961.
t Network Synthesis, Electronics Div., Westinghouse Electric
Corp., Baltimore, Md.
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35 MC. Their internal physical dimensions become SO
small that a good quality crystal cannot be produced.
Harmonic crystals are generally utilized at frequencies
above 30 MC. The crystal itself is basically a very highquality device, but it inherently possesses several shortcomings which appreciably reduce the domain of its
utilization for filter construction. Crystals always have
an unpredictable amount of spurious modes above the
fundamental frequency (or any harmonic frequency),
and hence they can only be used for very low percentage
bandwidths (below 1 per cent). Any attempt to create
wide-band crystal filters meets unsurpassable difficulties
becuase of the necessity to include lossy spreading coils,
which reduce the obtainable bandwidth from its theoretical
maximum value. A crystal filter is basically a very narrow
bandpass element.
For a long time the practicing engineer has looked for
a new type of resonator which would provide a solution
to the seemingly unsolvable problem of filtering in the
VHF domain. The solution has come from an adjacent
side of electronics-antenna
design. We refer to the coaxial
line with the helical inner conductor. Coaxial lines with
helical inner conductors are used in traveling-wave tubes,
as delay lines, high-Q resonators, high characteristic
impedance transmission lines, and in extending impedancematching techniques to frequencies as low as 300 kc.
As yet they have not been used in filters.
Results of extensive experimentation
in the use of
helical resonators for high-quality
filters in the VHF
range will be given here.
II. HELICAL RESONATOR
Helical resonators of practical size and form factor,
and with high Q (greater than 1000) can be constructed
for the VHF range. Basically they resemble a coaxial
quarter-wave resonator, except that the inner conductor
is in the form of a single-layer solenoid (also called a
helix). It is only natural to suspect that resonators of
this form can be extended to higher frequencies, when a
Q between several hundred and 1000 is sufficient.
The helical resonator consists of a single-layer solenoid
enclosed in a shield made from a highly conductive
material. The shield may have a circular or square cross
section. One lead of the helical winding is connected
directly to the shield and the other lead is open circuited.
As an example of space saving and superior form factor,
consider a coaxial resonator at 54 MC with an unloaded
Q of 550. The coaxial resonator would be 4.5 feet long
by 0.7 inches in diameter. The same quality helical resonator would be 1.5 inches in diameter and 2 inches long.
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l?ig. 1 show</ a sketch of the resonator with circular
cross section. 7Vith these notations, the following set of
equations,’ whi :h are well known to microwave specialists,
can be given:

0.45 < d/D < 0.6

L = 0.025n’ d”[l - (d/D)‘]ph/axial

inch,

(1)

< b/d

,?eptenzber

< 4.0

0.4

< d,,/T < 0.6

at

b/d = 1.5

0.5

< do/7 < 0.7

at

b/d = 4.0

r

< d/2,

where

where

d, is the diameter of the conductor in inches.
L is the equivalent inductance of the resonator in ~11
per axial in&
The axial length of the coil is approximately equivalent
d is the mean diameter of the turns in inches
to a quarter wavelength. This actual length is much
D is the insicle diameter of the shield in inches
shorter than the free-space length, which1 is given by
the expression
72 = 1 = turlls/inch,
(2)
7
x

- := -4 & x lo-e,

where

where

r is the pitch of the winding in inches.
Empirically i’or air dielectric,
0.75
C = log,08

c is the speed of 1igLt in free space
and

ppf/axial

inch.

(3)

f,, is the operating frequency in MC.
The actual length of the coil in inches can be expressed
by the following equation:
b=--,

1H
I-

250

(5)

fodLC

where
f. is the resonant frequency in MC.
This expression is based on theoretical considerations,
but a working equation can be formulated wit11 the help
of the following expression:

Because of fringing effect and self-capacitarice of the
coil, the electrical length of the coil is applosimately
6 per cent less than a quarter wavelength. The empirical
value of b will be reduced by 6 per cent and is

k---d+

Fig. l-Helical

resonator.

b

=

This equation is only valid for the following condition:
b
- = 1.5,
d

(4

(3)

where
b is the axia! length of the coil in inches.
These equations and all those below are accurate for
the resonator when it is realized between the following
limits:

0.94x = -0.235~ = --g=~.
235
I_
4
fo

The number of t.nrns per inch is obtained
tuting (1) and (3) into (5).
-1 = n = mc~~~d,jp
7

3y substi-

[~~“,r~#~]l”’
turns per inch .

@>

The total number of turns N is given by
N = nb = &g

1 W. W. Maczdpine and R. 0. Schildknecht, “Coaxial resonators
with helical inner conductor,”
PROC. IRE, vol. 47, pp. 2099-3105;
December,
1959.

(‘7)

The characteristic
by

[

CD/‘4
Ilog,,
_ (dllp

1
“’

tu,lls .

(9)

impedance of the resonator iE expressed
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= 183nd{[ 1 - (d/D)‘]

Z, = -$!f$

log,, (D/d)}“*

ohms.
(10)

If
d
- = 0.55
D

and

i = 1.5,

then

and
Z 0 = g8ooo
foD

ohms

*

resonators in shields of square cross section, the resonator
that physically lends itself best to filter design.
B. Quality Factor

As mentioned before, the helical resonator solves the
immediate problem of high-quality
resonators in the
VHF range, the “no man’s land” where all conventional
resonators fail to meet the basic requirements for filter
applications. In a reasonable volume they provide a
tuned circuit whose Q is higher than a normal lumped
(11) circuit. Possible causes of dissipation in the resonator
are losses in the conductor, the windings, the shield, and
the dielectric.
The Q of the resonator-electrical
or mechanical-is
(159 defined by

If the shield is of square cross section, therfollowing
equations are applicable:

= 2Tf
(13)
(14)

n=1=1600
7
S2fo
z

0

R

c

=nn&fl

12000 do ’

(161 or,

foS

d = 0.66X
b = s

(20)

(energy stored)
(power dissipation)’

The most important loss in coils is the copper loss, as
influenced by skin and proximity effect. There is also an
additional loss due to currents in the shield. The resistance
of the coil can be expressed as

(15)

= 81500

(energy stored)
(energy dissipated per cycle)

Q = 2~

S = length of one side of the square = &
Q = GO&f,
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for
for

d/D = 0.55
b/d

(17)

= 1.5

(1%

H = 1.68.

(19)

Fig. 2 shows the nomogram constructed from formulas
(13)-(19). This nomogram is to be used for helical

R = -.---TL~T
o’083 4
c
1000 nd,

d dj

Q/axial inch.

(W

An additional resistance due to the shield is given by
R = 9.37n2b2(d/2)4m
Ip,
vz
X 10e4Q/axial inch.
8
b[D’(b + d),‘8]“”
(22)
The unloaded ‘Q of a resonant line’ is given by

Qu = 2.

(23)

If R, and R, are assumed in series, the Q of the resonant
line is expressed as

2rfoL

(24)

&a = R, +R;

In this form, the dielectric losses are neglected. For a
resonator with a copper coil and copper shield, (21) and
(22) can be substituted into (24), and the final expression
for the unloaded Q” is
Q

=
u

230 (d/D)
(d/O3
d 1.5 + (d/D)’

D

NN~ODV$.
Fig.

3--?Jomogmru

for

helical resonators
cross section.

in shields

of square

2 “Reference Data for Radio Emineers.”
’
”
N. Y., 4th ed., p. 575; 1956.
3 Ibid, p. 603.

dfo

(25)
(26)

ITT

Corp., New Pork,
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per cent

0.45 < $ < 0.6,
$ > 1.0,
and

46

d, > 5 6,
where
6 is the skin clepth.
For copper con~luctors~
6 := 2.60 X 1o-3 inch
v%
.

(27)

To show how important the volume of the resonator is,
the Qy as a function of volume is
Q. = 5O$%i

36

.v”&

37

when

36

0 .4 .: $ < 0.6

and

1 < $ < 3.

(28)

Fig. 3 illustrates how rapidly the unloaded Q decreases
as a function c.f d/D and how important it is to keep
this ratio betwe:n the specified limits.
C. &Ieasuremen;: of Resonator Q

.5

The problem of finding the unloaded Q of the resonator
is not easy. N:any methods have been proposed, but
most have bee11 inconvenient or impractical. However,
the unloaded Q can be estimated quite accurately from
the loaded Q anti the insertion 10~s.~This relation between
the insertion 10~s and Q when generator and load impedances are equal is

Fig. 3-Unloaded

.6
d/D

.7

.6

.9

.O

& of the helical resonator.

u
L DB = 20 log ___
U-l’
where

In this case, I~“,in is the loaded Q determined from the
relation Qmin = ;1,,/(BW)3db, where (BW),,, is the measured
3-db bandwidth. When loop coupling is used into and
out of the resonator the insertion loss, and hence Qmin,
mill be a function of the coupling between loops and the
losses in the lcop circuits. It is desirable to use very
loose coupling ir order that the effect of coupling between
loops may be nl:glected. Fig. 4 gives a plot of (29). The
insefiion loss i: measured by the substitution method
4 Ibid., p. 129.
5 E. G. Fubini ~ncl E. A. Guillemin, “Minimum
insertion
filters,” PROC. IRE, vol. 47, pp. 37-41; January, 1959.

loss

Fig. 4-General

curve for minimum

insertion

loss.

when all coaxial cables are as short as possible. T’he value
of unloaded Q is evaluated by multiplying the value of
Qmin by the value of U, which correspo:nds to the rieasured
insertion loss. If the insertion loss (of the resonator is
greater than 25 db, the correction factor for the unloaded
Q will be 1.05 or less. At this condition, Qnil, mil. only be
in error of Qunbnded by 5 per cent and it is selj-evident
that Qunloudedcould be calculated from fo/ (BW) 3db.
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D. Physical Construction of Resonator
To obtain the predicted unloaded Q, several important
points for construction of the resonator should be remembered. The coil form should be made of a low-loss material
such as teflon or polystyrene. If the dielectric material
is sufficiently rigid, the coil form can be nothing more
than a hollow cylinder. Helices using larger wire sizes
may not require a winding form and can be self supported
by the connected end. Prewound air-core coils can also
be used. It is desirable to silver plate the surface of the
wire and the shield to increase the conductivity. The form
of the shield can be cylindrical, rectangular, or any other
shape, but for simplicity of calculations only a shield
with a circular or square cross section has been considered.
There should be no seam in the shield parallel to the coil
axis. The lower end of the coil should be carried over and
soldered (or welded) to the shield as directly as possible.
If the coil end is run to the bottom cover of the shield,
the cover must be solidly soldered to the shield in order
to reduce the losses in the joints. The length of the shield
must be extended beyond the coil on each side by approximately one quarter of the shield diameter. If the coil
were carried to the bottom of the shield without having
this clearance, the lower few turns would be ineffective
for storage of energy but would still contribute loss. The
clearance, at the top of the resonator, reduces capacitive
loading due to fringing.
The resonator can be open since the top and bottom
shield have little effect upon the frequency and Q. The
external field is minimized by use of the top and bottom
covers.
E. Coupling
A very important problem is now considered-that
of
coupling into and out of the helical resonators. Several
ways to effectively couple to the helical resonator are loop
coupling at the bottom of the coil, probe coupling at the
top of the resonator, or aperture coupling in a manner
analogus to direct-coupled coaxial resonators.
A loop for low-impedance coupling is usually placed
below the actual coil in a plane perpendicular to the
coil axis and only a small distance from the coil itself.
In the case of a filter, it is only natural to suspect that
the distance between the coupling loop and helix can be
used for adjustment of the standing wave ratio or echo
attenuation.
For high-impedance coupling between input and output circuit and resonator, or between resonators, the
probe is placed close to the upper part of the helix. In
this manner no direct current circuits are provided and
the coupling is mostly capacitive. With small capacitors
as the coupling elements between resonators, an appreciable amount of coupling, which determines the bandwidth,
can be obtained. Openings between the resonators can
also be used for coupling. Openings at the upper part are
equivalent to capacitive coupling; that is, more attenua-
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tion is obtained on the lower side of the pass band than
on the upper. Openings in the lower part of the partitions
provide inductive coupling, and the filter will exhibit
more attenuation on the high side than on the low side.
III.

FILTER WITH HELICAL

RESONATORS

To develop a filter, it is necessary to prescribe the
desired effective attenuation as a function of frequency.
In most instances, this requirement is simple. In the
pass band, the attenuation must be small, while in the
stop band, the attenuation must be greater than a given
value. Between these two bands lies the transition band
where the attenuation rises from a small to a large
value. The problem is to realize a transmission function
which satisfies the above attenuation requirements.
A filter with the above requirements can be realized
by two different kinds of responses: Butterworth
and
Tchebycheff. The first type of response, which gives no
ripples in the pass band, may be considered as the limiting
case of the more general Tchebycheff response. With
the response, often called a maximally flat characteristic,
minimum attenuation in the pass band is obtained. A
Tchebycheff response is one with maximum slope in the
transition region between pass and stop band. The attenuation vs frequency is allowed to oscillate or ripple
between prescribed limits in the pass band. Ifi general,
the bigger the ripples in the pass band, the steeper the
slope of attenuation in the transition region.
A. Determination of Q Factor
For a given set of specifications, the value of the unloaded Q must exceed a certain Qmin in order that the
filter be realizable. Fig. 56 shows the relationship between
the required Qlmin(Qmio= QlminfO/Af) for a Butterworth
and three different Tchebycheff filters.
&ample: A 7-pole filter (7 resonators) possessing a
Butterworth
response requires a qmin of 4.6. For a
Tchebycheff response with a 1-db ripple in the pass band,
Pmin = 21.9. If Qnnl were equal to Qmin, the insertion loss
would be infinite. It is self evident that the unloaded Q
must exceed Qmin. The values of qmi,, have been tabulated
for both the Butterworth and Tchebycheff cases and the
theoretical performance of these filters is shown.7
For the above cases, assuming a 1 per cent bandwidth,
Qmin equals 460 for the Butterworth filter and 2190 for
the Tchebycheff. It must be remembered that if components, whose unloaded Q is barely equal to Qminr are
used, the response can be achieved, but an infinite midband loss will result.
When the unloaded Q is greater than Qmin, the loss of
the filter does not primarily depend on the number of
sections, but is exclusively controlled by the ratio U,
given in (29). Once the minimum value of unloaded Q
is obtained and the quality factor of available components
6 Ibid., p. 37.
7 “Reference Data for Radio Engineers,”

op. cit., pp. 193-198.
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is determined, the loss in the filter is almost completely
defined and val,ies very little with the shape of the filter,
the number of :,ections, the bandwidth, etc.
Fubini and Guillemins give a curve that shows the
minimuni
insertion loss at midband of Butterworth
filters plott,ed a3 a, function of the rat,io U. The following
two conclusions can be made.
1) For moderate losses, the curves are very close to
each other,
2) The curves for 1 and 2 section filters are exactly the
same and hre expressed by (29).

+

From the prl:vious example of a 7-pole Butterworth
filter, assume the available unloaded Q of each section
is 3000. The value of U can be computed as follows:
y=&x4(io=

3000

6.54.

From (29) or Fig. 4,
6.54
L OR = 20 log 5.54 = 20 x 0.071 = 1.42 db.
As mentioned before, this equation is only valid for
1 and 2 sections. E’or t,he example with 7 resonators, a
correction. facto1 must be used. Fig. 6 plots t,his correction
factor given by Fubini and Guillemin and shows that
the loss is alwc.ys greater as the number of section is
increased.
Since the nurrlber of sect,ions is 7, the correction factor
is 1.27 and the :tctual insertion loss at midband will be

Fig.

5-Relative

minimum
unloaded
(3 for
Tchebycheff filters.

Blltterworth

and

1.6

ILCB = 1.42 x 1.27 = 1.8db.
For a realizable Tchebycheff filter, qrninis always higher
than that of a Ilutterworth
filter and can be found from
Fig. 5. For the same unloaded Q and bandwidth, t,he
insertion loss of a Tchebycheff filter will be several times
higher than that of a Butterwort,h filter.
Example: If Lie available unloaded Q is 5000 and the
relative bandwitIth is 1 per cent, the insertion loss for a
4-section Butterworth
filter mill be 0.48 db. For a
Tchebycheff filter with 4 sections (3-db ripplej the expected
insertion loss wi:l be 2.3 db. If the Q factor is only 3000,
the former mill I-e&t in 0.935-db loss and t,he latter will
exhibit 4.3-db illsert,ion loss. If the Q is 2000, the corresponding insertion losses will be 1.2 and 7 db, respectively. For mo:‘e information concerning this subject,
see the literature .’

2

Fig. G-Correction

3

4
5
6
78
NWdBER OF SECTION?

factor for insertion

IO

20

loss for two or mar,: sections.

s:raightforward,
and the evaluation of their circuit elements is well known. More interesting, however: are the
equivalent schematic and the mechanical realization of
the filter.
Even after carefully calculating the number of turns
and all dimensions of the resonator, it is very possible
13. Filter Constrt ction
that the resonant frequency may be in error by as much
As previously stated, the only reason for using helical as 10 per cent. This must be adjusted without any disresonators is to reduce the size of t.he filter and to provide tortion to the other dimensions so that the predicted Q
a low insertion :oss in t,he pass band. The design of a will be obtained. This ,adjustment’ is made by using a
filter for a BLr,terworth and Tchebycheff response is brass screw at the top of t,he helix. In the equivalent
schematic, the screw, because it is connected to the ground,
has the effect of providing capacitive loading for the
* Fubini and Gu.llomin, op. cit., p. 38.
helix.
9 “Reference Da;a for Radio Engineers,” op. cit., pp. 187-235.
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Fig. 7 shows the equivalent schematic of a Z-cavity
filter when a lumped capacitance exists. Fig. 8 shows a
3-cavity filter based upon the same principle of a helical
resonator inside each cavity and magnetic coupling
between them through the openings. Coupling in and
out of the filter is provided by low-impedance loops.
C. Coupling Between Resmators
The coupling of helical resonators is considered the
most complicated problem of the filter design. However,
the problem is greatly simplified if the coupling is mostly
inductive. Fig. 9 shows a physical construction which
provides this. The shield is made of the same material
as that of the can and is solidly comiected to the sides
and top of the can (spot melded, dip brazed, or soldered).
The dimension 1~ determines the amount of coupling
between resonators, and a method will be given here for
calculating it.
The coupling is considered to be entirely inductive, a
valid assunlption for narrow-band filters ( <8 per cent).
The shield will then be far enough down the coil so
effectively most of the capacitive coupling is eliminated.
The calculat,ion of the coupling between coils with parallel
axis” has already been done, and with a slight modification
it can be applied to helical resonators. One of the primary
ratios to be considered is X/d. For the dimensions in
(13)-(19), S/d = 1.52. Fig. 10 is based upon this value,
and if the actual ratio is much different, (> 15 per cent),
Dwight” should be consulted. The quantities shown on
Fig. 10 will now be defined.

===

Fig. ‘i-Equivalent

schematic of a 2-cavity

filter.

COAXIAL

Fig. S-A

Z-cavity

filter.

SHIELD
/

X, N, and d are given in (13) through (19).
h, from Fig. 9 is seen to be the distance from the bottom
of the coil to the begimling of the shield.
M is the mutual inductance between coils. For small
percentage bandwidth filters (<8 per cent), ilil can
be given quite accurately by the relationship
(30)
where the subscripts 1 and 2 refer to the first and second
resonator, respectively. The mutual inductance between
the 2nd and 3rd coil is given by M,,. The normalized
coefficients of coupling can be found in the literature.’
The procedure for determining h is to first make an
educated guess. Calculate h/d and enter Fig. 10 with this
value. Three curves are given for different values of N.
It can be shownIl that the coupling is a function of the
ratio d,/d. By substitutions involving (14)) (15)) and (17))
and the condition that

Fig. O-Position

of coupling shield used with shields having square
cross sect,ions.

cl,
- = 0.5,
7

lo H. B. Dwight, “Electrical
Coils and Conductors,”
McGrawHill Book Co., Inc., New York, N. Y., 1st ed., pp. 257-263; 1945.
I1 Ibid., p. 261.

Fig. lo-Mutual

inductance

between resonators
dimension h.

as a function

of
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it can be showri that the ratio c&/d = 1/1.32N. It should
be noted that the family of curves of Fig. 10 rapidly converge with increas.ing N. A value of 1.5 MS/N2h2 is
obtained from the appropriate curve. Then calculate
1.5 MS/N2h2 using the value of h estimated. Unless the
original guess nas exactly correct, the above two value of
1.5 MS/N’h’
will differ. The process is now to pick
another value of h until the correct one is determined.
This is a rapidly convergent procedure and should
generally require about three attempts.
IV.

I’LLUSTRATIVE

-90
-70
-60
, -50

EXAMPLE

In order to complete the design information of a 3resonator filter, an example will be given. The purpose
of the example is to emphasize the fact tha.t the development of the typ? of filter is a straightforward continuation
of regular filter practice in the VHF and UHF domain.
It is a missing link between existing low-frequency filter
practice, extencling from 0 to somewhere above 20 MC
and microwave filters starting in the hundred megacycle
region.

-40
-30

The required filter is of the bandpass variety, centered
at 54 MC with :t 3-db bandwidth of 3 MC. 40-db attenuation is required at 46 and 62 MC. Insertion loss of the
filter must not exceed 1 db. The impedance must be
low (~5Ofi), ard the input and output must have a dc
return path. Reflective attenuation in the pass band has
to be greater than 13 db or the VSWR has to be no
greater than 1.5 (see Fig. 13).
Percentage b:,ndwidth = 3/54 = 5.5 per cent.
B. Solution:
1) Fig. 11 shows the number of resonators necessary
for a Butt?rworth response. Entering with the following infc Irmation :
a) Left side-

BJ%,
a
16
-__
BW3,, = Tj- = 5.33
b) Right. side-absolute

value of rejection

= 40 db

A st.raight 1ir.e connecting these points indicates that
necessary number of resonators is 2.8. Therefore 3 resonators will be llsed. This network will be defined by a
third-order poly nomial (3-pole network with no zeros).
2) Necessary value of unloaded Q.
a) The value of Pmin for a Butterworth
response is
2.0.” T:len Qmin = 2.0 X 54/3 = 36.
The rig:d necessity to satisfy the requirement of
l-db insertion loss in the pass band at midfrequenl:y yields the following design relation:
L,, times correction factor = 1 db (= &,.K).
D tta for Radio Engineers,”

op. cit., p. 194.

..-20

50
60
70
60

1.
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IFig. 11-Number

A. Specification 9

I2 “Reference

--I20

of resonators necessary for a Butte:raorth

response.

From Fig. 6, t:he correction factor is s(:en to be
1.09. L,, = l/1.09 = 0.9:14 db.
From Fig. 4, U = 9.5 for Ldb = 0.914 db
Qunl = U Qmin = 9.5 X 36 == 342.
b) Fig. 12 shows an alternate methodI cd finding
the unloaded Q. The only limitation lipon this
nomogram is that the insertion loss per resonator
not exceed 3 db. Thus, for a filter wl~ose total
insertion loss must not be greater than 1 db, it
is obvious that this nomogram is applicable. For
this nomogram, Q loadedis defined as Qlosded =
fo/BJV,,,. For this exam,ple, the insertion loss
can be evaluated as follows:
With a straight; edge connect 1 db ‘on the right
scale and the point corresponding to’ 3 resonators.
This will intersect 0.053 on the left scale. Then

~dra::“.,
=:
0.053

54

Qunloaded=: 3 x o.053 =: 340.
It is seen that this value is very close: to that
value calculated in part “a.”
3) Design of Resonator Dimensions.
a) To insure that the insertion loss remains below
1 db, the helical resonator will be des..gned for
a Q of 500. From (13)-(19),
for micro\vave
13R. D. Baars, “Nomograms
Microwave J., vol. 3, pp. 59--62; August, 1960.

filter

design,”
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b) An alternate method of determining the dimensions of the resonator makes use of the nomogram
of Fig. 2. Connect the center frequency, 54 MC,
on the ,fo scale, with the dimension S = 1.3
inches on the right-hand S scale. The line is
extended as shown to the Q and n scales. At
this point, the straight edge is turned horizontally
to the wire size scale. The following can be read:
H
Q
n
wire

=
=
=
=

2.1 inches
580
17.5 turns/inch
#21.

Next, connect f0 with the left-hand
extend the line and read,

’ LOADED
o UNLOADED

INSERTION

Fig. X-Insertion

Q
’ = 602/fo

loss of a Butterworth

500
= ~
606

LOSS IN DB

filter.

= 1.13 inches.

=
=
=
=

X = 1.3 inches
0.84 inch
1150 0
22 turns.

These results compare very favorably with the
calculated dimensions. The nomogram can be
used for a rough design, as a check, or as a
method of determining if the resonator to be
designed is physically realizable.
4) Dimensions of Coupling Shield.

Available space allows the use of a standard
dimension can whose width is 1.3 inches. For
this value of S
Q = 60 X 1.3G

b
d
Z”
N

S scale,

= 573.

The necessary design quantities
from (14)-(19)

are obtained

The dimensions of two coupling shields will now
be calculated. From Fig. 10, it is seen that the only
dimension unknown is h.
The normalized coefficients of coupling for a 3-resonator equal-resistive terminated filter are
k,, = k,, = 0.707.
From (1) the inductance of each coil is

N = E

II

1600
n=S2fo=
z

= 541Fy

3 = 22.8 turns

1600
= 17.6 turns/inch
(1.3)” x 54

= 81500 =
81500
0 __
54
x 1.3 = 1160Q
fOS
d = 0.66X = 0.66 X 1.3 = 0.858 inches

L = 0.025(17.6)‘(0.858)‘[

1 -

( 1 .;‘yl

.,,‘I

X 1.3 = 7.4 X 0.697 = 5.15&.
Because the coefficients of coupling are equal
M,, = M,, and from (30),

b = S = 1.3 inches
H = 1.6s = 1.6 X 1.3 = 2.08 inches.
For d,,/T = 0.5

do = $ = 2 x117 6 = 0.0284 inches.
This corresponds to #21 copper wire.
With an available Q of 575, the actual insertion
loss of the filter will be lower.

M,, = M,, = 0.707 x y

X & = O.lOlcth.

From Fig. 10, it is necessary to calculate the quantities
represented by the ordinate and abscissa
1.5MS = 1.5 x 0.101 x 1o-6 X 1.3 = 0.379 x 1o-g
-2
(4
(22.8)‘h’
Nh
h2
h
h
- = = 1.165 h.
0.858
d

(b)
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The final ste’) is, by successive approximations, find
a value of h sucl1 t.hat (a,) and (b) are satisfied on Fig. 10.
A value of h =: 1.04 inches is found to be the correct
dimension. Again, referring to Fig. 9, the length of the
shield is found to be
1.3s - h =: (1.3 X 1.3) - 1.04
= 1.69 - 1.04 = 0.65 inches.
Insertion lo 3s = 1.09 X L,,,
where U = 575,/37 = 15.9
From Fig. 4, .L,, = 0.6 db.
Thus insertion loss = 1.09 X 0.6 = 0.654 db.
The dimensioIts of the can are found as follows:

PARTS
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fundamental property of the helix can be used f(lr tmiing
purposes, or at least adjustment to a proper center
frequency. Fig. 15 shows the possiblle construction of a
Y-resonator tunable filter. This particular
filter was
d,esigned for a center frequency from 400 to $50 MC,
while maintaining a constant bandwidth of 10 h!tc. In
this case three synchronously moving plungers of lowloss dielectric material were used to change the clielectric
constant of the medium inside of the helix. The same
effect could have been obtained if a cylinder outside was
L.sed, instead of a plunger inside the helix.
In Sichak,15 an example is given. of a resonator which
could be tuned from 50 to 3500 MC (a range of 70/l),
F,Nutno indication of the Q variation was given. It is
also indicated, that with proper design, a tuning range of
100/l is possible.

Length = 3X = 3 X 1.3 = 3.9 inches
Widt,h = S = 1.3 inches
Height = 1.6X = 2.08 inches.
5) The final 1)roblem in the filter design is to satisfy
the requirement for impedance. This is measured as echo
attenuation (ret’lrn 1.0~s))VSWR or reflection coefficient
and determines the amount of mismatch between the
filter and the te:*minating impedances. Fig. 13 shows the
curve of return loss vs VSWR, where (T, the standing
wave ratio, is a fun&ion of the reflection coefficient p:
l+P
a=l--

(30

At these frequercies, the measurement of return losses is
easier to a&omplish. by means of the bridge method,
except for the iact that the voltage source, voltmeter,
and bridge itself require resistors of very close tolerance.14
The desired im] jedance characteristics can be obtained
by adjusting tht: input- and output-coupling
loops. The
tuning of the filt:r ca,n be accomplished by use of a sweep
generator, and tile response may be measured by the conventional generator-voltmeter
method. Fig. 14 shows the
filter built to the above specifications and the measured
response.
One final remark about the construction of this type
of filter. It has been foundI’ that a dielectric inside the
helix has only 9 second-order effect while a dielectric
outside the helix has a first-order effect when the parameter
less than one. When
(rnd) (rd/X)
is considerably
(wzd)(?rd/X) is greater than 1, Z, depends only upon the
ratio (2X/d) and introducing dielectric material inside or
outside of the helix has equal first-order effect. This
Electronic
14R. E. Lafferty, “Measuring return loss accurately,”
vol. 19, pp. 7(1-74; October, 1960.
16W. Sichak, “(Joaxial line with helical inner conductor,”
Elec.
Commn., vol. 32, 11p. 62-67; March, 1955.

Fig. 13-Return

loss vs VSWR.

Znd.,

Fig. 14-Helical

resonator titer,

54

MC.
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Fig. 15-Tunable

filter with helical resonator.

A

Fig. l&-Filter

with helical resonators for printed
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Fig 16 shows the construction of a helical resonator
filter which has a high input and output impedance while
still maintaining a dc return path for the input and output circuit. The assembly of the coupling coils enable
the filter to be very well suited for printed circuit applications.
Fig. 17 shows the measured response curve of a 5resonator filter. The total volume of this filter is only
three cubic inches and the equivalent Q of each resonator
is approximately 700. The small size and low insertion
loss of this filter emphasize the advantage of using helical
resonators as filter elements.
Finally, Fig. 18 shows the construction and response
curve of a 7-resonator filter whose cent)er frequency is
30 MC. The coupling between resonators is provided by
metal shields, and the filter is tmied by a brass screw at
the top of each coil. Fig. 19 shows the same filter completely
assembled. The brass screws are locked by the nuts to
insure that the center frequency does not shift.

circuits.

.-

-

-

-

Fig. l&30-MC

filter with cover off.

Fig. 19-30-MC

filter with cover on.

-

-

-

-

-

32s

Fig. 17-Response

curve of a 5-resonator

filter.
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the size of the helical resonator filter is so sntall that
no a,vailable passive filter is able to compete with it.
This type of filter is a standard feature in OCR VHF
and UHP receivers and transmitters and is a part of
the radar with antijamming features.
The military requires that electronic equipment pass
certain temperature, shock, and vibration tes1.s. After
the mechanical assembly of the input and our;put coupling
loops was slightly modified, the helical resonatljr filters
successfully met the military requirements.

V. CONCLUSION

Filters with helical components simplify the filtering
problem at frecluencies where previously only lumped
constant elements and coaxial resonators were employed.
Use of these filt(:rs solves the problems of excessive passband insertion l~s, when lumped-constant elements are
used, and of unreasonably large size and weight, when
coaxial resonatol’s are used.
At Westinghouse Electronics
Division,
the helical
resonator has proved to be a usable addition to convenACXKOWLEDGMENT
tional componellts, such as solenoids, toroids, piezoThe authors wish to ::hank M. Savetman for carrying
electric crystals, coaxial resonators, and waveguides.
out the original experiments and collecting the recessary
Consistant expe rimetitation
has proved that practical
which helped
high-quality passive filtering with an unlimited number data, S. Russell for his contributions
of resonators in tile composite network can be accomplished reduce the application problems to an engineeri-lg level,
from approximately 20 MC to 2 Gc. At high frequencies and T. Oray for his contributions to the coupling problem.

The Split-Feedback Push-Pun11Magnetic Amplifier *
I. M. HOROWITZt,

Summary-This
paper describes a high-gain
phase-sensitive
magnetic amplifier which simultaneously
possesses the high-gain
property of the se’f-saturating
(100 per cent positive feedback)
amplifiers and the li: nited circulating current property of the low-gain
zero feedback amplifiers. These features are obtained by using
feedback windings i o obtain the self-saturating
large-gain property.
However, the feedback windings are arranged so that the feedback
is positive only whel t load current flows and is zero when circulating
currents flow. The circuit is analyzed and its various modes of
operation are desc,:ibed. The theory is verified with numerous
experimental resultr:.

HE split-f :edback push-pull magnetic amplifier is
a high-gaill, phase-sensitive amplifier in which the
magnitude of the circulating currents is considerably
less than that in others of equal gain and power rating.
Circulating push .pull currents are an inherent property
of phase-sensitive amplifiers for the following reason.
The amplifier circuit consists of two meshes with the
load common to ,:ach mesh [Fig. l(a)]. The nature of the
unconstrained magnetic amplifier is such that current
flows in any mesk during a portion of the cycle only. It
* Received by thl! PGCP, March 17, 1961. All the experimental,
and part of the theo:,et,ical work described in this paper was done at
the Microwave Res. Inst., Polytechnic Inst. of Brooklyn, E%rooklyn,
N. Y., under the spcmsorship of the Office of Naval Res., Contract
Nonr-292(00).
t Hughes Res. Lr,bs., Malibu, Calif.
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is convenient to divide the half cycle of excita;ion
quency into the following regions [see Fig. l(b)]:

fre-

1) From 0 to A, when neither mesh conducts and the
two mesh currents ,i, = i, = 0’.
2) From A, to A, when only one mesh cmducts;
i, = v/R1, iz = 0 where v is the applied EMF per
mesh and R, = R .f r is the sum of the load resistance R common to both meshes and r is the other
resistance (winding, rectifier forward resistar ce, etc.)
in the mesh.
3) From A, to ?r when both meshes ((assumed iclentical)
conduct so i, = tp/r = i,.
Load current i = i, - i, flows only in :region 2 frcm A, to
&, while from A, to ?r, very large currents, d.eper.ding on
the ratio of R, to T, flow around the outside 103~. The
magnetic amplifier must be designed on the :)asis of
the maximum dissipation in its windings. The circulating
currents are therefore often the limiting factor.
For the purpose of discussing circulating cur!*ents, it
is appropriate
to distinguish between two z,mplifier
ca,tegories. One of these may be called the “current
arnplifier” because the output current is (ove:r the amplifying range) some constant times the input current,
independent of the load or the excitation voltage!. There
is no circulating current problem here. The mesh 1:urrents
are held within bounds and although the cir,:ulating

