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Abstract

This paper presents o method of designing band-pass and band
rejection microwave filters by appropriately transforming lumped-element
filters. Such microwave filters are realized physically as chaine of
resonant elements {either cavities or irises) coupled by quarter-wave
sections of line, A structure of thie tyme has a number of practical
advantages over other types of filter structures, such as a chain of
directly coupled cavities, because it permits the construction of the
resonent elements as separete units, and ylelds more liberal tolerances
on the dimensions of the coupling irises,
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MICROWAVE FILTERS USING QUARTER WAVE COUPLINGS

-Introduction

The design of a filter having specified frequency characteristics is
a problem of network synthesis., A number of synthesis procedures have been de-—

(a, 2, 3 which are spplicable to lumped-slement

veloped in the last two decades,
networks, that is to networks consisting of inductences, capacitances and resist-
ances. In microweve systems, however, these lumped elements cannot be used for
obvious ressons and must therefore be replaced by more suitable elements such as
sections of transmission lines or waveguides, cavity resonators, resonat irises,
etc. Unfortunztely these microwave elements behsve with frequeéncy in such a com-
plex manner that the development of direct synthesis procedures applicsble to micro-
wave networks seem quite remote, On the other hand, if one ie interested in a
limited frequency band, the same microwave elements cen be made to apvroximate
rather well the freguency behaviors of lumped elements, either alone or in resonant
combinations, On this basis, one is lead to consider the possibility of designing
microwave filters by aporopriately transforming lumped-element filters,

In addition to theoretical limitations on filter design, the actual
systems upplications and the manufecturing techniques available often impose
widely varying geometricel and physical requirements. These requirements are
largely responsible for the ultimate appesrance of microwave filters, and they also
determine the practicsl usafulness of any design procedure. It follows that no
single design procedure can be exnected to be appliceble in all cases and that the
solution of any specific problem depende largely on the ingenuity of the designer.
This paper will discuss a particular design procedure which is applicable in a
variety of cases, and meets most of the usual practical requirements, This pro-
cedure is limited to the design of band-pass znd band-elimination filters; fortunately,

however, filters of other types are seldom needed in microwave systems,

General Theory of Querter-Wave Coupling

The method of design discussed below leads to filters consisting of
a chain of resonant elements, such as cavity resonators, linked by quarter-wave

sections of line., This chain-like structure is obtained by appropriately trans-—
forming a lumped—~element ladder structure which is characteristic of moat practical

low-frequency filtere, To understand the mechanism of the transformation, consider

first a quarter-weve lossless line terminated in a normelized® impedemce Z, The

1, Guillemin, E. A.,, "Communication Networks" Vol. II, John Wiley and Sons, New
York, 1935.

2. Bode, H, W,, "Network Analysis and Feedback Amplifier Design", D. Van Nostrand Co.,
New York, 1945.

e e et a2 i e e s i

Vol, XVIII, p. 257-353, Sept. 1939.

#  The normalized impedance is the ratio of the actual impedance to the characteristic
impedance of the linc. The normalized admittance is defined in a similar manner.
Normalized impedances and admittsnces are used throughout this psper in connection
with microwave structures, although the word "normelized" will be dropped in most
instences for the sake of brevity,



normelized input impedance of such & line is:

Z+ J ten I
gt = — 2 _1 . (1)
1+j2ten 2

It follows that the circuits of Figure 1 are equivalent if the normalized impedance
Z' is numerically equal to the normalized admittance Y and if both lines ere one-
quarter of a wavelength long. In fact the two networks have the ssme open-circuit
and short circuit impedances.

Consider now the structures of Figure 2, in which Y Ys. etc.
are numerically equal, respectively, to 2!, 24. Z'. etc. and the coupling lines are
all identical. These two networks are exasctly equivalent at the frequency wo for
which the coupling lines sre one-quarter wave long., 4t other frequencies, however,
the equivalence does not hold, but the characteristics of the two networks will not
differ appreciably over a frequency band small compsred to m . Therefore, in the
following diecuesion, we shall neglect the frequency dependence of the electricsl
length of the line and assume thet the two structures of Figure 2 are exactly
equivalent. The error introduced by this approximetion when the frequency band of
interest is relatively large will be discussed later.

To proceed from this noint one must be more specific about the elements
of the general structures of Figure 2. We shall consider the particular case of the
ladder structure shown in Figure 3a in which the series branches are series tuned
circuits resonating at the frequency W end the shunt branches are parallel tuned
circuits also resonating at the frequency w . This structure is characteristic of
band-pass filters whose insertion loss in the attenuation band is a monotonic
function(s); for instance, constant-k band-pass filters,(l) are of this type.

Filters of the m-derived type, and band elimination filters will be considered
later,

Suppose then that a lumped element filter of the type shown in Figure
3a has been designed following any one of the available methode of network synthesis.
The corresponding filter employing quarter wave coupling lines is shown in Figure
3b. The next step in the design procedure is to substitute for each tuned circuit
a microwave element which behaves apvroximately 1in the same manner over the
frequency band of interest, Such an element may be a cavity resonator, a resonent
iris or a shorted section of line depending on the particulsr applicetion and on
the bandwidth of the filter. A

It can be shown(4) that a cavity resonator with an innut and an output
line ran be represented, smnreiimately, in the vicinity of one of its resonant
frequencies by the two equivalent circuits of Figure 4. The reactances Xl and X2
are very closely equal to the innmut and output reactances when the cavity is detuned,
In most practical cases they are very small and can be neglected to a first approxi-~
mation. The other parameters of the equivalent circuits are usually expressed in terme
of the "loaded W's" of the cevity defined as follows. g, 1s the J of the cavity when
a resistance aqual to the cheracteristic impedance ZO1 of the input line 1s connected

4, Schelkunnrff, S, A,, "Represcrtstion of Impedsnce Functions in Terms of Resonant
Frequencies", I.R,B. Proc. Vol. 32, No. 2, Februzry 1944,
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to the input terminele and the cavity itself 1s assumed to be losslese; QLZ ie
defined in a similar manner whon a resistance equal to the characteristic im-
pedance Zo2 of the output line is connected to the output terminals, Finally QL

is the  of the cavity when both pairs of terminsls are losded by the characteristic
impedances of the input and output lines, The unloaded Q(S'S) is the § resulting
from the losses in the cavity itself. According to these definiticns end neglecting
xl end Xz, one obtains for the loaded Q's of the cavity:

Yy = %% (2)
2
ooz | of=2] . (
Uz = 90° T2 T (W) oz @

quqLB
T v

In the particular case of s symmetrical cavity one has:

Uy = Yz = 2y = 0, (s)

and the equivalent circuit reduces to a eimple parallel tuned circuit in shunt

(4)

to the line. Note that CZO is the normalized capacitence of the resonant circuit.

It follows from the above discussion that each rescnant branch of
the structure shown in Figure 3b can be physicelly reslized by means of s
symmetrical cavity resonator whcse loaded Q ie given by:

(QL) 2 w G, (s)

where Ck is the normalized capacitance of the resonant branch. The only difficulty
which mey arise in this transformation concerns the terminating rosietance which,
in general, is different from the line impedance. Since it is desirable to match
the filter to the output line, the last element of the structure ie further trane-
formed as shown in Figure 5 to obtasin the proper change of imvedance level. The
corresponding cavity resonator ie then no longer symmetrically coupled, end in

this case the loaded Q's sre given by:
QLI cﬂ"o (7
c
Y2

.
2 . (8)
If the lest element of the structure of Figure 3a were a shunt branch, one would

<]
obtain:

5., Staff M. I. T, Radar School, "Principles of Rader%, The Technology Press,
Canbridge, Mass., 1944

6. Sarbacher, R. I. and Edson, W. A., "Hyper and Ultrshigh Frequency Engineering",
John Wiley and Sons, New York, 1943,
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%y = By, | (10

Changes of impedance level similar to the one juast described can be performed at
other points of the structure, if so desired, ( )
57

In the case of wavegulde filters, resonant irises can be used
instead of cavity resonators to approximate the behzvior of the resonant branches
of Figure 2b. However, since resonant irises have relatively low unlosded Q's
they sre not used in connection with narrow band filters, On the other hand, in
the case of bandwidths of a rew percent, the use of resonant irises instead of
cavities results in a considerable saving of spece and weight, The design procedure
for such filters is the same as for cavity filters, although no change of impedance
level can be performed in this case becaunse resonant irises are inherently symmetrical,
Filters Bmploying Identicel Blements

The construction of a microwave filter can be considerably simplified

by making all the resonant elements identicsl. Such a design ie not optimum in the
sense that better filter characteristics could be obtzined with the same number of
cavities, but very often the resulting simplicity of construction ie worth the loss
of performence.

The power-loss rztioc of ¢ filter consisting of a2 number of identical
resonant elements can be eesily computed by noting that such a filter is a cascade
connection of n identical sections of the tyne shown in Figure 6. The susceptance

of the shunt dranch cen be expressed in terms of the loaded Q as fcllows:
Yo
B= ZQL(! - =)= 2x (11)
w, w

where x 15 a normalized frequency veriable which is zero at the resonance frequency
and becomes *+1 at the two half power frequencies. By making use of image-parameter

thaory(l’e) one obtains for the power-loss ratio:
P
ol _ 2
2] =1+ szn(x) (12)

T
&

n
vhere the function Un(x) is a Tschebyscheff polynomial of the second kind and order
n. The polynomials corresponding to n =1, 2, 3, 4 are given below with a recurrence

formule from which they may be successively derived.

Ui(x) =1
Uz(x) = 2x
2
Uz(x) = 4x° - 1 (13)
U;(x) = Bx° - 4x
U, (x) =20 -0 (14)

Plots of the insertion loss are shown in Figure 7 foran =1, 2, 3, 4. These curves

7. Leiter, H. A., "A Microwave Band-Pass Filter in Waveguide," M, I, T, Radiation
Laboratory Report No. 814.

8. Richards, P. 1., "Applications of Matrix Algebra to Filter Theory", 1, R, E.

) Proc, Vol., 34, No. 3, March, 1946,
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show that the pass-band tolerance increases with n, consequently values of n larger
than 4 are seldom used, JFor large values of x, the off band insertion loss becomes

approximately
&= 6(n -1)+ 20nlcg 5 ap. (15)

t Design Oonsider

The main advantage af quarter wave coupled filters is that the
resonant elements cszn be built, tested and tuned separately. Only minor tuning
adjustments are necessary after assembly since the cavities can be joined to each
other by means of standard connectors & without need of any further soldering.
This great advantage results from the fact that the coupling lines are non-—
resonant and, therefore, their continuity can be broken by standard connectors with-
out causing appreciable additional loss. BSuch a construction would not be pessible,
on the other hand, if the lines were an integral number of half-waves long.

The structure employing quarter-wave coupling linesis not the only
microwave structure equivalent to the lumped-element ladder network., The ladder
network of Figure 3, for instance, can be transformed 1 into a chain of resonant
loops tuned to the same frequency and coupled to one another by mutual inductances.
The microwave realization of this structure consists of a chain of directly coupled
cavity resonators, Filters of this type, however, must be built in a single unit,
and moreover, require closer machining tolerances than the corresponding filters
employing quarter-wave coupling lines, It can be shown, in fact, that, in the case
of directly coupled cavities, the coupling susceptances are equal to the square of

the coupling susceptances required when the cavities are quarter-wave spaced. It
must be pointed out, however, that directly coupled filters are superior from the
point of view of space and weight requirements. This advantage may outweigh, in
some ingtances, the construction difficulties mentioned above.

In connection with the design of querter-wave coupled filters, the
determination of the effective location of the terminals of a cavity on the input
and output lines requires further explanations, particularly in the case of loop
couplings to coaxial lines. Such a determination can be performed experimentally
with the help of a standing-wave detector by finding the position of the voltage
zero in the line when the cavity is detuned. Under these conditions the input term-
inale of the cavity are effectively short circuited so that their location muet de
an integral number of half wavelengths from the position of any voltage zero, This
experimental determination may be done in such & way as to include the equivalent
l;ne length of whatever fittings are used to connect the cavity to the coaxial line,
Moreover, the locations of the terminals are automatically shifted to compensate
approximetely for the presence of the reactances Xl and Xz of Figure 4, which have
besn neglected in the theoretical analysis.

The effective length of the coupling lines may be incressed to glh or
ﬁ A when larger mechanical specing between cavities is required. These longer lines
are. of course, more frequency sensitive but their frequency behavior can still be
neglected in most practical cases., The lengths of the coupling lines are not critical,
as one would expect from the fact that the lines are not resonant, It was found in
practice that the characteristics pf a narrow-band two-csvity filter were not

'




appreciably changed by variastions of the coupling line length as large as A/40.
The actual characteristics of a number of quarter-wave coupled
filters were found to be very close to those predicted apart from the effect of
“incidental dissipation which was neglected in the theoretical analysis. The
"theoretical and measured characteristics of a four—cavity filter are compared in
Figure 12, The main effect of dissipation is a finite loss in the pass band,
approximstely equal, in the case of n identical cavities,to n times the loss of ¥ne
cavityi the iﬁsertion loss for a symmetricsl cavity at resonance is given by:

L =20 log 1+ S"—)‘ av (16)

%

In view of the fact that the bandwidth of a filter is inversoly proportional to
the loaded Q's of the cavities employed, the effect of incidental dissipation be-
comes increasingly important in narrow-band filters. For detailed computaetions of
the effects of incidental dissipation the reader ie referred to the literature on
this subject in the case of lumped element filters.(l’a's)‘

The val ue of Qb for a cavity is limited, in practice, by space con-
siderations as well as by the requirement that the ecazvity must approximate the be-
havior of a simple resonant circuit over a specified frequency band. The unloaded
Qb 1s(gog§h1y proportional to the ratio of the volume of the cavity to ite surface
area, ' 80 that Qb increases with the volume, On the other hand, an increase of
volume always results in a reduction of the separation between resonance frequencies,
and therefore 1in a reduction of the useful freguency band. In general this fact
sets up en upper limit on the size of the cavity and consequently on the unloaded Q
for a given surface materisl.

A discussion of the design of cavity resonators is beyond the scope
of this paper. It will suffice here to describe two types of cavities which are
particularly suitable for use in microwave filters, The first type of cavity,
shown in Figure 8, has loop coupled coaxial terminals, The loaded Q of such a
cavity is roughly proportional to the square of the area of the coupling loop pro-
Jected over a plene normal to the magnetic lines of force(s). It follows that the
loaded Q can be varisd by simply rodating the coupling loops. The cavity may be
tuned over a broad band by varying the length of the center conductor, Figure 8
is scaled from the dimensions of a cavity designed to operate over a 10% band in
the neighborhood of 3000 mc. The Qb of such a cavity is about 5000 and the loaded
Q for the loop size shown is about 500,

A cavity particularly suitable for waveguide filters is shown in
Figure 9. The proper distance betweon the two inductive irises, for a given
resonance frequency, depends on the dimensions of the irises, and it is always
emaller than one half of the gulde wavelength. In practice this distance is made
a little shorter than required and the cavity 1s then tuned to the desired
frequency by means of the screw shown in Figure 9. The loaded Q and the length &
of a symmetrical cavity of this type can be computed by means of the equations: -

2
1+Dd A 2b
2 -
g = —2 G52 tan an
o » -1
0
A 2o
L = & 1::31‘1-1 -7;—‘9“\ (18)
2n b; -1
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where bo’ ko and Ag are, respectively, the normalized susceptanﬁgssgf the irises,
the resonance wavelength and the corresponding guide wavelength '~ '~’, The cevity

is provided with standard choke and flangevconnectors(s) spaced a distence equal

to Ag/e from the two irises so as to yield the desired quarter-wave coupling when

two cavities are connected together. In the cese of waveguide filters, of course,

the coupling lines must be A /4 long rather than A/4,

In Figure 10 is shown an experimental filter consisting of 4 identi-
cal brass cavities tuned to a moan wavelength Ao = 3,308 cms; the dimencsions of the
cavities are given in Figure 11, The effective coupling susceptance of the in-
ductive irises is 9,3, as obtained by means of a formula developed by Marcuvitz
of the M,I,T, Radiation Laboratory( 9). The corresponding QL for each cavity is
equal to 133, according to Bquation 17. The proper length of the cavity, as given
by BEquation 18, should be approximately 0.880"; the actusl lengtk was made 0,050"
shorter to permit screw tuning.

The theoretical curve for the insertion loss of the four-cavity
filter neglecting dissipation is plotted in Figure 12 as curve B, The transmission
loss of the individual cavitieswas measured at resonance and found to be approxi-
mately 0.44db, This velue, according to EBquation 16, corresponds to a ratio QL/Q.° =
0.05and, therefore, to an unloaded Qoequal to 2660, It must be pointed out in
thie connection that the actual Qb of 2 cavity may differ considerably from the
theorstical value because of the additional losses resulting from the presence of
the courling irises and of the tuning screw. In this particular case, for instance,
the theoretical Qb is almost twice the messured value.

Curve A in Figure 12 18 a plot of the theoretical insertion loss in
the presence of dissipation for a ratio QL/Qo = 0,08 The crosses in the same figure
represent measured values. In coneidering the rather large effect of dissipation
one must remember that no attempt has been made in the design of this filter to re-
duce the losses, Silver plating alone would increasse Qb by a factor of approximately
2, thus reducing the mid-band loss by approximately the same factor. Further im-
provement could be obtained by reducing the losses in the tuning device.

The machining tolerance on the apertures of the irises was +0.003%,
Since the bandwidth of the filter is roughly proportional to the square of the iris
susceptamce e&nd,therefore, to the fourth power of the irls asperture, the corresponding
tolerance on the handwidth is approximately t4$. It is interesting to note in this
respect that the same machining tolerance in the case of a directly coupled filter
with the same characteristics would yield a bandwidth tolerance of apnroximetely :Bﬁ.

In many cases where loaded Q's of less than 30-40 are required, it is
possible to reduce the size and weight of a filter by replacing the cavity resonators
with resonant 1.1'1-3«(5'7 ). These irises, behave like peralle-tune@ circuits in shunt
to the line, and, therefore, may be considered as combinations of inductive and
capacitative irises. Several types of such irises may be used, the most common of

9. M.I.T. Radiation Laboratoyy Wave Guide Handbook, Report 43-2/7/44, Sections 2-1,
2l-a, 26-a.
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which are illustrated schematically in Figure 13. The saving in space and weight

o) Dy

7z Y%
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FIG. 13

assoclated with the use of a resonant iris results from the fact that the waweguide
stores the energy associsted with the iris, while still performing its function as
a link to other components of the system. However, since the ratio of the effective
volume to the surface is always smeller for an iris than for a cavity with the sgme
loaded Q, the unloaded Q of the iris will always be smeller, Thus, the use of
resonant irises 18 restricted to values of loaded J sufficiently pmall to keep the
transmission loss within reasonable limits, On the other hand, the design of
cavities becomes rather difficult when small loaded Q's of the order of magnitude of
50 are desired because the coupling elements become a major portion of the cavity.
It follows that resonant irises are complements to cavities rather than substitutes.
One of the outstanding uses of resonant irises is in the construction
of broad band TR tubes(s). The technique of gquarter-wave coupling a number of
identical resonant irises was first used by Fiske(lo'll)of General Electric in the
design of these tubes before the authors considered its application to cavity 4
resonators and to the design of microwave filters, TR boxes and filters employing
identical irises were also designed at the Radiation Laboratory in the section headed

by L- Do sm’ullin-

The design of a microwave filter involves first of all, as pointed out
above, the synthesis of a lumped element structure with specified frequency character-

istics., A discusaion of the different synthesis procedures available for this pur-
pose is certainly beyond the scope of this paper. However, a few remarks should be

made on this subject because of their bearing in the particular case of microwave

filters.

10, Fiske, M. D., "A Brond-Band TR Switch", General Electric Report 10/13/43.
11, Piske, M. D., "Characteristice of Single and Multiple Tuned Circuits',

General Electric Report 5/25/45.
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The charscteristics of microwave filters must often satisfy special
requirements resulting from the peculiarities end limitations of microwave systems.
Two of these requirements have particular bearing on the theoreticel part of the de-
sign of a filter, The first of them results from the fact that, at present, low-
noise microwave amplifiers are not available and, therefore, the loss in the radio-
frequency part of any microwave system must be kept to a minimum, This requirement
excludes at once the use of dissipative filters and puts a premium on any reduction
of incidental dissipation and reflection 1osses. The second requirement reesults from
the foet that in general microwave generatora(S) do not operate satisfactorily when the
voltage standing wave ratio in the output line is larger than a certain value, in
many cases as small ss 1.,5. Even assuming negliglble reflection in the other components
of the system, & maximum standing wave ratio of 1.5 which corresponde to 4% power re-—
flection places a very stringent limitation on the pass—band characteristics of a filter.
When such stringent specifications on the electrical characteristics of
a filter are added to the usual space and weight limitations, it becomes necessary to

malke the best possible use of any given number of resonant elements., In the
simplest case, the optimum design corresponds to an insertion loes function which
oscillates in the pass band between zero and a specified value, 211 the maxima
being equal. It becomes evident, at this point that the familiar method of filter
design based on the specification of image parameter functions 1s not satisfactery,
gince this method does not take into account the loss resulting from mismatched
terminations., To overcome this limitation in filter design Darlington, of the Bell
Telephons Laboratories, developed a direct synthesis procedure which permits the
direct synthesis of non-dissipative networks having specified insertion loss
characteristics., For a general discussion of this method of filter design, the

reader is referred to the original peper by‘DarIington.(a)

It seems worthwhile,
however, to mention briefly the optimum design of filters of the type shown in
Figure 3.

The power loss ratio of a band-pass ladder structure of the type shown

in Mgure 3 has elways the functional form

P
;ﬂ =1+ P(x) (19)
L

where P(x) is an even polynomial and x is a frequency variable normalized with re-
spect to the mean frequency w, and the bandwidth w meusured between the frequencies
for which x = %1,
w
x=-2 (2 _
v wo

GLE

(20)

The degree of P(x) is equal to twice the number of resonant elements in the ladder
structure, It can be shown that the optimum design of a filter with n resonant
elements corresponds to a power loss ratio of the form:

P
;9 =1+ ezTi(x) =1+ ¢ cpla(n cos 1x) (21)
L

-15-




where T (x) is a Tschebyscheff polvnominl of the first kind and order n, and cz

is a poaitive constent. The function T (x) is equal to unity for x = *+1,
oscillates n times between zero and one for -1<x <1, and tends monotonically to
infinity as 2 for x| >1, Itvfollows that the maximum value of the power-
loss ratio in the pass band is 1 + Qz, while the sharpness of cut==off is pro-

portional to cz. The choice of 62 depends, therefore, on a compromise between
pass-bend loss and sharpness of cut—off., Ths Tn polynomials of order 1 to 4 are

given below with a recurrence formula from which higher order polynomials may

be derived. . \

Tl(x) = x
? (x) = 22 -1
<
Tz(x) = 4x° - 3x .
4 2 (z2)

T4(x) = 8x - 8x" +1
Tn*l(X) = 2XTn - Tn-l

t=

o

-

-

N
N\

0o 0.2 04 O

FIG. 14

The functions, Tz(x) Tz(x) and T, 2(x) are plotted in Figure 14, Design equations
forn=2and n= 3 can be obtainad without difficulty by matching the coofficients
of the powers of x in the expreseion for the power-loss ratio with the corresponding

coefficients in T (x) and T"(x) With reference to Figure &, one obtaines for m = 8:

-16-




<= odn (23)
‘WZﬁ!l - R! (24)
v

Lz = 013 =
and for n = 33 3
: (le)
(g——-——-z-——-
S(le) + 4 {35)

v = —At (26)

R=1;0 = ¢ (27)

Note that Bquations 26, 26, and 27 are satisfied when C = O, = O, if ? = L.
It follows that a filter employing three identical resonant elements is an optimum
design for this value of cz.

When the pass band characteristices of a filter sre to be held within
very strict tolerances, the design procedure must be modified to take 1hte account
the effect of incidental dissipetion., This modification may consist simply, as

(3), of an appropriate predistortion of the desired

pointed ocut by Darlington
characteristics, One must remember in this comnection that in a dissipative network
the power reflected 14 not necessarily zero when the power transmitted is a maximum

8o that the reflection and the transmission characteristics cannot be optimum

sizul taneously.

Another difficulty arising when close tolerances are to be held con-
cerns the effocts of the approximations mede in transforming lusiped element structures
into microwave structures, It is aifficult to determine these effects in the genersl
case, As far as the frequency dependence of the electrical length of the coupling
line is concerned, we may get an estimate of its effect.by coneidering the particular
case of a filter consisting of identical elements. One obtains for the power-loss

ratio

P
(—50) =1+ x0%0x) (28)
. L n
n
where
A
T 1l ¢(g)?
k =1+ %(") .
A comparison of this equation with Bquation 12 shows that, to a first approximation,

the bandwidth of the filter is reduced by a factor equel to k. The pass-band
tolerance is also reduced since xz is inversely proportional to kz for any given

(29)

value of Ui. In the particuler case of n = 3, Equation 27 and Equetion 12 can be

=l




written in the form of Bquation 19 by means of the change of variable x!' =J3x,
This substitution yields for Equation 12:

P
o)\ . i o2
end for Equation 27:
P
2| =1e L%y (a1)
L/3 27k

A comparison of these two equations shows that both the bandwidth and the tolerance
¢ are reduced by a factor equal to k.

Very little 1s known about the effect of the reactances X, and X
in the equivalent circult of a cavity resonator. However, thie effect 1 beligved

to be negligible when the loaded Q ie larger than about 10,

Tilters of the "m derived" Type and Band Rejection Filters

Filters of the m derived tyvre are used when fast rieing attenuation

functions are requir,d(l.3)'

No quarter-wave filter of this type has yet been
built by the authors, but the design prccedure is strzight forward. The only
difference between the simple hand-pass ladder structure and the m derived structure
is the presence of shunt branches of the type shown in Figure 15a or of series

“branches of the tyne shown in Figure 15c. Since these two types of branches are
equivalent when quarter wave coupling ie eqnloyed, only the firet type will be

(1,2) permits the transformation

considered in detail., Foster's reactance theorem
of the branch of Figure 15a into the network ehown in Figure 15b, in which the twe
rescnant circuits are tuned at the frequencies Y and Woor These frequencies
correspond to pesks of infinite attenuation in the characteristics of the filter,
A microwave realiration of the network of Figure 15b is rezdily obtained, as shown
in Figure 16a. One may also consider the network of Figure 15a ae a two-element
iedder structure with its output terminals open circuited. (§ee Figure 16b). Its
micrownve equivalent shown in Figure 16c ie then obtzined by gquarter-wave coupling
two cavities tuned at the mean frequency w, of the filter. In thies case the
seperation of the frequencies %1 and w _, i8 contradled by the ratio of the losded
Q's of the two cavities, 4 microwave renlization of an m-derived section is
shown in Figure 17. In the cese of waveguide filters the seme design technigue is
emplcyed, although the apvesrsnce of the final structure might be somewhat different.
Band elimination filtere can be designed in the same menner since the
lumped-element ladder structure of this type of filter cen be obtained from the
band-pess structure by the simnle vprocess of substituting a series tuned circuit for
any nerallel tuned circuit and vice versa(l). A weveguide reclization of a baid
elimination filter is shown schemstically in Figure 18, Note in this respect thet
the cavities behave like series tuned circuits in shunt to the line, since thetr
inmut terminsle sre effectively sneced one—quarter wave from the gulde. In the case
of broad band filtere it is convenient to use rejection resonant irises which be-
have like series tumed circuits. The simplest type of rejection irie consists of a

acrew rarallel to the narrow edge of the guide, 2nd aprroximately A/4 long.

Gonclueions
The quarter-wave coupled structure hss been shown to te a microwave
~18-
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equivalent of the lumped-element ladder structure for the purpose of designing
band-pass and band eliminetion filters, This structure provides physical

spacing between the resonsnt elements, and at the seme time vermits the conetruction
and test of these elements as seperate unite which can be easily assembled after-
wards. The method of design discussed in this vaper, however, is not necessarily
the best method in all ceses, For instance, filters consisting of directly coupled
cavities may be preferable when space is at a premium, These filters can also be
designed by properly transforming lumped-element ladder structures but they may
present serious construction problems when more than two cavities are used.
Therefore, in some cases the two methods of design may be effectively combined

to setisfy space requirements without introducing excessive construction difficulties,
In such instances one may also use speclal cevities which alone beheve like two eor
three element filtera, These cavities will be the subject of a future paper.
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