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A&sfract—A review of recent and current work on microwave
filters is presented, and an extensive bibliography of recent articles is

appended. The review is largely qualitative and pictorial, rather than
mathematical Among the microwave filter topics discussed are band-
pass filters with cascaded lifes or cavities; band-pass and band-stop
filters with stubs and parallel-line coupling; low-pass and high-pass

filters; the connection between dissipation loss, group delay, and

power-handling capacity; delay equalizers; diplexers; directional
filters; tunable filters, especially magnetically tunable filters; dielec-
tric-resonator titers; filter techniques applied to semiconductor de-

vices; the connection between tilters and directional couplers; filters
with open walls; and filters for millimeter waves and higher fre-

quencies.

1. INTRODUCTION

T

HE PRESENT PAPER is a review paper with

emphasis on developments o,f the past three

years. (Although most of the referenced papers

have been published since September 1962, the bibliog-

raphy is classified and sufficiently extensive so that the

reader should have little difficulty in ~inding earlier pub-

lications of interest to him.)

Filters are at the heart of many design problems.

They are used to separate or combine different fre-

quencies, as in frequency converters or multipliers, or

in multiplex communications. The electromagnetic

spectrum is limited and has to be shared; filters are used

to confine the radiation from high-power transmitters

within assigned spectral limits; conversely, other filters

are used to protect receivers from interference outside

their operating bands. Filter-like networks occur in im-

pedance matching, as between two transmission lines of

different characteristic impedances; or between a re-

sistive generator and a reactive load, such as a diode

in a parametric amplifier. Sometimes it is necessary to

obtain certain phase (or time delay) characteristics, as

for pulse stretching; or to compensate for the distortion

produced by another filter or dispersive structure (like

a length of waveguide). There is need for filters at all

frequencies, from very low through microwave to op-

tical frequencies and beyond.

One may approach the subject of microwave filters

from the point of view of waves in a transmission line

or waveguide (this might be called the physicist’s point

of view), or one may extrapolate from lumped-constant

filters (this view is adopted by perhaps most electrical

engineers). The latter point of view has proved the more

useful for the systematic design of microwave filters.

For this reason, we shall start by referring the reader
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to a few relevant

constant networks.
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publications [1 ]– [12 ] on lunlped-

References [11– ~51 are textbooks.

References [4], [6 ]– [9 ], together \vith Chapter 4 of

Reference [13 ], contain numerical tables for lurrlped-

constant filters useful as prototypes for the design of

many microwave filters.

Figure 1 shows typical response curves for four itypes

of lumped-constant low-pass filters, all of which may be

used as prototypes for lumped-constant high-pass (Fig.

2), band-stop (Fig. 3), and band-pass filters (Fig. 4), as

well as for microwave filters. Numerical tables for

filters having the type of response shown in Figs. 1(a)

and (b) will be found in Chapter 4 of Reference [13];

similarly, Fig. 1 (c) goes with References [7] and [9],

and Fig. 1(d) goes with Reference [6]. The changes

necessary to convert from the low-pass prototype to the

other lumped-constant types is indicated in Fig. 5. The

most common low-pass prototype, corresponding to

Figs. 1 (a) and (b), is shown in Fig. 6.

II. MICROWAVE FILTERS [13]-- [18]

The electromagnetic radiation fields from a short

wire carrying RF current exceed the magnetic indu~:tion

field and the electric transition field at distances greater

than one-radian wavelength (about one-sixth of a

wavelength) from the wire. Thus, radiation can no

longer be neglected, as it conventionally is neglected for

lumped-constant circuits, when the physical dimensions

of the network approach one wavelength. Nevertheless,

it is possible to design a resonant cavity or shielded

resonator as if it were a resonant LC circuit over a

small bandwidth since both have certain fundamental

properties in common. (They both store energy which

continually oscillates between electric and magnetic

form, and they both couple to one or more outside re-

sistive circuits; in other words, they both behave like

a damped simple harmonic oscillator.)

An exact method of designing microwave filters is

based on Richards’ transformation [18], which holds

only for microwave circuits with commensurable line

lengths. This transformation maps the entire rea,l-fre-

quency axis of the lumped-constant prototype onto

finite portions of the real-frequency axis of the trans-

mission-line circuit, and then the respons{e pattern is

repeated periodically. (See Sections III and V.) ~E’hys -

ically, this repetition corresponds to repeated incre-

ments of one-half wavelength in the electrical line

lengths of the transmission-line circuit, as the frequ ency

increases. These repetitions in the behavior of the cir-

cuit as the frequency increases are usually undesirable

and are then referred to as spurious responses. In taddi -
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tion, spurious responses will arise in microwave filters

at high enough frequencies because of the occurrence of

higher-order modes.

A flow chart showing many kinds of filter using com-

mensurable line lengths, and other filters derivable

from them, is presented in Fig. 7. This chart will be-

come clearer after reading the following sections.

Microwave filters may be classified by function

(band-pass, band-stop, etc.), by mode of operation (re-

(a)

(b)

(c)

(d)

Fig. 1. Lumped-constant low-pass filter characteristics; (a) maxi-
mally flat, (b) Chebyshev, (c) Chebyshev transformer, and (d)
elliptic-function.

FREQUENCY+

Fig. 3. Lumped-constant band-stop filter characteristics; (a) maxi-
mally flat, (b) Chebyshev, (c) Chebyshev transformer, and (d)
elliptic-function.
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Fig. 5. Element substitutions corresponding to frequency trans-
formations to turn a low-pass filter into a high-pass, band-stop,
or band-pass filter.

fleeting, absorbing, etc.), by physical structure (co-

axial line, rectangular waveguide, etc.), by application

(tunable or fixed-tuned), by loading (singly terminated,

doubly terminated, etc.), by energy manifestation

(electromagnetic, spin-wave, acoustic, etc.), and so on.

Most of these types will now be described, but it must

be remembered that the groupings are somewhat arbi-

trary and there is bound to be considerable overlap

under any classification scheme.

(a)

(b)

Fig. 2. Lumped-constant high-pass filter characteristics; (a) maxi-
mally flat, (b) Chebyshev, (c) Chebyshev transformer, and (d)
elliptic-f unction.
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Fig. 4. Lumped-constant band-pass filter characteristics; (a) maxi-
mally flat, (b) Chebyshev, (c) Chebyshev transformer, and (d)
elliptic-function.
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iq=gn

----’---1
or --l %

=9”,,.—-
“ . ~,j,j



1965 YOUNG: 1965 FILTERS 49T

inn-w -[+3:\ JNL’ L. P. = LO W- PAS!3

H. P = HIGH-PASS

)

B, P. = BAND-PASS

R S. = BAND-STOP

Q EXACT THEORY AND

(Q

EXACT THEORY

] AVAILABLE

o c1

lMFEDANCE --

NUMERICAL TABLES DERIVED DESIGN

AVAILABLE

Admittance

DUALS

- EXACT DERIVATION

< APPROXIMATE DE RI VATI13N

Fig. 7 Flow chart showing derivationof filters with commensurable (ornearly commensurable) line le1lgths
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Fig. 8. An L-band seven-section quarter-wave transformer
in waveguide [150].

Fig. 9. A C-band six-resonator direct-coupled-cavity filter
in waveguide [57].

III. FILTERS WITH CASCADED LINES

OR CAVITIES [19]– [25]

A periodic structure, such as a waveguide or coaxial

line loaded periodically with posts or irises, has filter

properties. However, the pass bands and stop bands are

clearly defined only for an infinite length of line,

whereas in practice the input and output lines must

usually be in uniform waveguide or transmission line.

In a sense, the problem is not how to design the filter

(the periodic structure) but how to match between un-

loaded and loaded lines. For an optimum match, a

gradual loading is required, starting with light loading

at the ends and increasing to the greatest loading at the

center. The structure is now only approximately

periodic—it is a filter.

We have just described the wave (or physicist’s) view

of a direct-coupled-resonator filter, consisting of end-

(b)

Fig. 10. Direct-coupled-resonator filters in coaxial and strip lines.

(a)

1-

0 fo 2 f. 3ftJ

o fo 2fo

FREQUENCY

Fig. 11. The periodic nature of the frequency response of transmis-
sion-line filters; (a) quarter-wave transformer, and (b) half-wave
filter [20].

coupled transmission-line resonators or cavities. The

network engineer would start with a lumped-constant

filter and approximately transform the LC resonators

into transmission-line form. Cohn’s paper [19 ] is the

most useful on this subject, having served as the basis

for much subsequent work. It generally applies to

microwave filters with fractional bandwidths up to

around 30 percent, provided that the pass-band VSWR

is not too low.

Returning to the idea of the periodically loaded line,

we should like to know if at least one type of periodic

loading can be designed exactly, so that others may be

designed from it by suitable approximations. The

quarter-wave transformer, for which a complete syn-

thesis procedure was first given by Riblet [19a], is such
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a prototype [20], the periodic loading being obtained

by impedance steps. The impedance ratios at the steps

in a typical quarter-wave transformer are on the order

of 20 percent from unity, and are seldom greater than

?-to- 1, as can be seen from Fig. S. The corresponding

impedance ratios at the steps of the quarter-wave trans-

former prototype are frequently on the order of 10O-to-

1, and may be as high as 10,000 -to-l or even higher.

Clearly, such a transformer is not practical, but the

mathematical theory is the same for any impedance

ratio, and exact solutions are possible for the ideal

transformer [13 ], [20 ]– [22 ]. The impedance steps are

then replaced by other more realizable discontinuities,

such as shunt inductances (irises, posts) or series ca-

pacitances, each having a discontinuity lJSWR equal

to the corresponding step impedance ratio [23]. Two

filters of this type are shown in Figs. 9 and 10, and also

in circles (Q), (R), and (.S) in Fig. 7.

The lumped-constant loy-pass prototype [19] is

easier to use, but the quarter-wave transformer proto-

type [20 ] enables one to predict the filter performance

more accurately, especially when the bandwidth is

large or the pass-band t7SWR is particularly low, or

both.

The step-tw-ist filter of DeLoach [25] has equal line

lengths between junctions, and is a good example of a

filter that could more efficiently be designed from a

stepped-impedance prototype [20], [22 ].

The frequency response of a quarter-wave trans-

former (Fig. 8) or a direct-coupled-resonator filter

(Figs. 9 and 10) is periodic, or approximately periodic,

in frequency. (For waveguides, substitute reciprocal

guide wavelength in place of frequency. ) This periodic-

ity is indicated in Fig. 11 for an ideal quarter-wave

transformer and an ideal half-wave filter [20], [22].

The response of actual filters [23], [24] will be modified

by the frequency sensitivity of the couplings and even-

tually by the generation of higher-order modes.

I [:. TEM-Mo~E BAND-PASS FILTERS WITH PAR~LLEL-

LINE COUPLING [26]- [34]

Consider the filter shown in Fig. 10. To obtain large

bandwidths, adjacent resonators have to be coupled

tightly, which requires large series capacitances at the

gaps and therefore small, critical gaps. If the resonators

could be coupled on their sides instei~d of at their ends,

then wider, less critical gaps would be possible. Such

an arrangement is indicated in circle (L) of Fig. 7,

showing a parallel-coupled resonator filter [26 ]. Since

the facing areas are larger, the gaps are also wider and

less critical. However, the coupling is no longer purely

capacitive (with equi-phase surfaces), since the over-

lapping lengths are one-quarter-wave long at band

center and the phase varies along them. The design of

these filters [26], [27 ] is based on other concepts [13],

[26], developed by Jones and Bolljahn, which we shall

not discuss here.

The interdigital-line filter [28 ]– [33 ] was first built

by Bolljahn and Matthaei. Filters using circular rods

have been constructed by Cristal [30] (Fig. 12). Each

resonator is one-quarter-wave long at bmd center,

when the ends of the rods are open-circuited. As in the

parallel-coupled filter, the resonator spacings are not

very critical. In addition, the resonator commenis it-

self for many applications by its compact form, An

exact design theory for interdigi tal filters and related

structures is given by Wenzel in this issue [33]. l[~rac -

tional pass-band band~vidths in excess of one octave

have been obtained.

The digital resonators of the interdigital filter can

be made shorter than one-quarter wavelength at band

center, and the filter becomes even moire compact by

capacitively loading the ends of the rods [32!], as sholvn

in Robinson’s filter (Fig. 13). Also, the first spurious

pass band is thereby moved further awav from the de-

sign center frequency.

Another very compact structure is the coml~line

filter developed by Matthaei [34] (Fig. 14), which is

similar in many ways to the capacitively loaded inter-

digital-line filter. In the comb-line filter the ca paci-

tances are all on the same side. They are necessary to

the functioning of the filter, since there is no coupling

between quarter-wave digital resonators when they

are all grounded on one side, and all open-circuited on

the other. The rods are typically one-eighth of a \rave-

Iength long at midband. The first spurious pass lband.

then does not occur till past the fourth harmonic fre-

quency. The comb-line filter is more compact than an

(unloaded) interdigital line filter. Current design pro-

cedures are suitable only for up to relatively narrow

bandwidths, on the order of 10 per cent. The comb~line

filter is likely to find most application at VHF, UHF,

and the lower microwave frequencies.

The parallel-coupled, interdigital, and, comb-line

filters are indicated in circles (L), (M) and (Y) in Fig. 7.

V. BAND-STOP FILTERS [35]- [45]

Various band-stop filters have been developed at

Stanford Research Institute [35 ]– [40]. Many of them

[35], [36], [39] consist of a length of transmission, line

and either series, short-circuited stubs—or shunt, (open-

circuited stubs—or both, as indicated in circles (1?) and

(C) in Fig. 7. They are a good illustration of the ap-

plication of Richards’ transformation [18] to the low-

pass prototype. Richards’ transformation is illustrated

in Fig. 15, showing how the transformation (A) into

(B) is accomplished in Fig. 7. Note the periodic nature

of the band-stop filter response. To realize the required

cluster of stubs on a single junction is usually not

mechanically convenient; in coaxial line it could be con-

structed as shown in Fig. 16. It is often more convenient

to separate the stubs, one to a junction, and this can be

accomplished by means of the Kuroda identities (a)

or (b) in Fig. 17. Kuroda’s identity makes it possible

to spread out the stubs; moreover, each stub is of the
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Fig. 13. An L-band capacitively loaded interdigital filter [32].

Fig. 14. An L-band comb-line filter [34].
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Fig. 15. Element substitutions (corresponding to Richards’ trans-
formation) to t+rn a lumped-constant low-pass filter into a
commensurable-hne-length band-stop filter. The periodic nature
of the new frequency response is also indicated.
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Fig. 17. Kuroda’s identities [46]. (Heavy lines represent transmission lines, or “unit elernellts, ” all of the same Iength e.)

Fig. 18. An L-band band-stop filter with stubs [36].

same type. For instance, the stubs in Fig. 18 are all

shunt, open-circuited. The four band-stop filters [35 ],

[38 ], [40] in Figs. 19 through 22 are more suitable for

narrower stop bands. The spur-linle filter may be con-

sidered to be obtainable from the stub filter (Fig. 18)

by laying the stubs parallel to the main line; the parallel-

line coupling opposes the junction coupling, weak ening

it and making the filter more suitable for narrower stop

bands. These band-stop filters are indicated in circles

(B) through (F) in Fig. 7.

A more general kind of band-stop filter [37] can be

designed which has three separate, but symmetrically

placed, poles of attenuation. This filter is based on the

low-pass prototypes of Saal and Ulbrich [61], as in. circle

(G) of Fig. 7. It uses one double stub, as in circle (1?) of

Fig. 7; it has not been possible so far to accommodate

more than one double stub, when all the stubs are sep-

arated (no more than one to a junction), because

Kuroda’s identity does not apply to a double stub.

(However, concerning a generalization of Kulroda’s

identity, see the end of Section VI. )

VI. FILTERS WITH STUBS: GENERAI. THEORY [46]- [.53]

We shall begin with some general remarks about

Kuroda’s identities: The two Kuroda identities of the

first kind in Fig. 17 are the same, except that both boxes

have been turned around. In each identity a series,

short-circuited stub is exchanged for a shunt, open-cir-

cuited stub. (Note that no impedance transformer is

required. ) Also, each circuit transmits at dc.

The two Kuroda identities of the second kind inter-

change two like stubs; furthermore, an impedance
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BRASS

\

Fig. 19. An L-band parallel-coupled-line band-stop filter [35].

Fig. 20. An L-band spur-line band-stop filter [35].

E

LOCKS

Fig. 21. A C-band narrow-band band-stop filter [40].

transformer is required. Each circuit is totally reflecting

at dc. It is not possible to separate the stubs in Fig.

16(b) and obtain stubs all of one kind, as can be done

for the stubs in Fig. 16(a) to obtain a filter like that

shown in Fig. 18. The reason is that the two Kuroda

identities of the second kind do not change the stub

type. Thus, it is not possible in Fig. 7 to make an exact

transformation from (1) to (~), as was possible from

(B) to (C). The appearance of a transformer in the last

two identities is a further complication, which however

disappears for symrnetr~cal filters, since then the trans-

formers can be passed through the circuit, changing the

impedance levels of the elements passed over and,

finally, the symmetrical series of transformers from each

half of the filter combine at the center into two trans-

formers that cancel. For unsymmetrical band-pass

filters, application of a Kuroda identity of the second

kind leaves a transformer in the circuit.

A filter [13] which could be (but was not) designed

by making use of a succession of Kuroda identities of

the second kind is shown in Fig. 23, and schematically

in circle (1) of Fig. 7. The filter is highly redundant

since the thirteen stubs have only a single pole of

attenuation at zero frequency. Thus, the same per-

formance could be obtained (in principle) by a filter

with twelve line sections in cascade and but a single

stub. Of course, the impedance of the single stub might

turn out to be so low as to make it impractical to

realize. One could use any number of stubs between one

and thirteen (preferably an odd number to avoid a

Fig. 22. An X-band narrow-band band-stop filter in waveguide [40].

transformer), compromising between the impedance

level and the number of the stubs. Filters of this type

are also the subject of a recent paper by Riblet [52].

To avoid redundancy, or in other words, to obtain

“optimum filters” (filters having the fewest number of

elements to meet a specified frequency characteristic),

one cannot use only shunt, short-circuited stubs, as in

Fig. 23, or only series, open-circuited stubs, since they

could all be reduced to a single stub. One must alternate

between the two stub types, as indicated in circle (N)

of Fig. 7. Filters of this general design have recently

been treated by Horton and Wenzel [49], and by

Carlin and Kohler [51]. They make use of the connect-

ing lines between stubs, as well as the stubs themselves,

to contribute to the filter performance. In contrast,

designs based on the low-pass prototype [circle (A) in

Fig. 7], after separation of one or more stubs by one of

Kuroda’s identities, do not give “optimum filters”; the

connecting lines between stubs are redundant since

they do not contribute to the filter performance (but

only toward a simpler mechanical design).

An important practical consideration is the value of

the impedances of the stubs and connecting lines. The

spread between realizable impedance values is limited

in practice; for instance, in coaxial line, between 15

ohms and 150 ohms is usually considered reasonable. A

5-ohm stub would have an inconveniently low im-

pedance. This situation can always be remedied by in-
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troducing redundancy. For instance, a 5-ohm shunt

stub could be replaced by three 15-ohm shunt stubs in

parallel, then separated by Kuroda’s identity. How-

ever, the filter is then no longer ‘toptimlum” according to

our definition. (It would be useful to have some kind of

new ‘~optimum” synthesis procedure, in which upper

and lower bounds for the impedances are specified as an

add;t;onal constraint to the problem. )

For illustration of this point, consider four numerical

examples, including two of the examples given by

Horton and Wenzel [49]. They all have a 3-to-1 pass

band with a ripple of 0.1 dB. Let m be the minimum

number of stubs (either shunt, short-circuited, or series,

open-circuited), and n the minimurn~ number of con-

necting lines between stubs. One would expect m to con-

tribute much more to the stop-band attenuation than n.

This is borne out on comparing, say, the (m= 5, n =2)

filter with the (m= 1, n =8) filter. The latter corre-

sponds to the type of filter shown in Fig. 23 (with all

but one stub redundant). Two additional curves are

plotted in Fig. 24, both for filters with n== O and derived

from the low-pass prototype circuit, Fig. 6 or circle (A)

in Fig. 7. one filter is (m = 5, n = O), and is inferior to

the (m=5, n=2) filter; the other is (m=7, n= O), and

is the best of the four filters considered. This, of course,

was to be expected since a nonredundant stub would

contribute more to the stop-band attenuation than a

connecting line. However, it was not possible to predict

how the impedances would turn out. It was found that

the (WZ= 5, n =2) filter was realized with two redundant

stubs so as to make all impedances nearly equal [49],

and thus it ended up with seven rather than five stubs.

The (m= 7, n = O) filter could not be realized as such

because seven stubs could not be crowded at one j unc-

tion; however, it could be realized with two redundant

connecting lines introduced by Kuroda’s identity from

outside the filter. Thus the final Practical structures for

the (m= 7, n = O) filter would be very similar to those

for the (WZ= 5, n =2) filter, and both would contain the

same number of elements of each kind.

Band-pass filters with stubs that create poles of at-

tenuation close to the pass band have been described

by Matthaei [13], pp. 605–614. They use stubs that

are one-half wavelength long at band center, as in-

dicated in circle (K) of Fig. 7.

Recently, Kuroda’s identity has been extended by

Levy [47 ]. In particular, this generalization can be ap-

plied to removal of the limitation on transmission-line

elliptic-function [6] filters, mentioned in Section V. It

should be possible to design such lilters with several

double stubs, requiring no more than one stub per junc-

tion, spread out along the main line.

VII. LOW-PASS AND HIGH-PASS FILrEIW [54]-- [60]

The low-pass prototype filter of Fig. 6, or circle (A)

in Fig. 7, can be turned into a transmission-line filter by

replacing each series inductance by a short high-im-

pedance line, and each shunt capacitance by a low-

\

\

m = MINIMUM NUMBER

CONNECTING LINES

o 0.5 1.0 I .5

NORMALIZE FREQUENCY

o

Fig. 24. Attenuation characteristics of optimum band-pass filters
with stubs, showing the effect of the number of stubs an (d the
number of internal connecting lines (taken partly from lSLefer-
euce [49]).

impedance line, as indicated in circle (X) of Fig. 7. A

coaxial line filter of this type [13] is shown in Fig. 25.

In waveguide, it can lead to the waffle-iron filter [54]-

[56] developed by Cohn and others at Stanford Re-

search Institute. The waffle-iron filter can be desi;gned

to have a wide pass band (on the order of al waveguide

band) [55 ], [56], as well as a very wide stc~p band (al-

most three octaves for the composite filter shown in

Fig. 26). It will handle moderately high power levels,

and makes a very compact unit.

Low-impedance, high-impedance short-line low-pass

filters can also be designed from a stepped-irnpeclance

prototype [20 ], [22]. The effect of the cclrner sl-~unt-

capacitances at the steps must be allowed for in any

practical filter.

High-pass filters in coaxial or strip line may take the

form shown in Fig. 10 [57]. Waveguide is a natural

high-pass filter. As is apparent from Fig. 27, the prob-

lem reduces to the design of a good inhomogeneous

transformer [13 ], [60] that is, a transformer in which

the guide wavelength changes along the transformer. I t
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Fig. 25. A coaxial low-pass filter [13].

Fig. 26. An L-band waffle-iron filter with stop
band up to 13,7 Gc [56].

is usually necessary to obtain a good match relatively

close to the cutoff frequency, where the impedance of

the near-cutoff waveguide is still high and changing

fast. (Another application of inhomogeneous trans-

formers has nothing directly to do with filtering, but

concerns making a transition piece between two dif-

ferent waveguide sizes, as in Riblet’s paper [60] in this

issue. )

VIII. DISSIPATION Loss, GROUP DFiLAY, AND POWER-
HANDLING CAPACITY [61 ]- [69]

Filters are usually designed by first neglecting dis-

sipation loss, and then allowing for the dissipation loss

on the assumption that it is small. A remarkably ac.

curate formula for the midband dissipation loss of

band-pass filters has been given by Cohn [61] for well-

matched filters that are designed from a low-pass pro-

totype. The formula can readily be modified [68] for

filters that are appreciable y mismatched, and then con-

tinues to hold quite accurately for filters with up to

several decibels of reflection loss. It can also be ex-

tended to band-stop filters [40]. The mid band dissipa-

Fig. 27. A high-pass filter in waveguide using two
inhomogeneous quarter-wave transformers.

tion loss of a stepped-impedance filter can also be cal-

culated quite accurately [62 ]. Taub [63 ]– [65 ] has

given numerical curves for the insertion loss of lossy

equal-element filters as a function of frequency, both

for band-pass and band-stop filters.

The dissipation loss is closely related to the group

delay [13 ], [68] and is nearly proportional to it over

most of the pass band. This is intuitively acceptable,

since the longer the energy remains inside the filter, the

greater should be the amount of its dissipation in the

filter.

Figure 28 shows some typical curves. Curve (a) is the

general shape of either the dissipation loss vs. frequency,

or the group delay vs. frequency characteristic. Notice

the two sharp peaks which usually occur just outside

the pass band. The effect of the dissipation loss on the

overall insertion loss is to produce ‘<dimples, ” as in-

dicated in curve (b).

The power-handling capacity is also related to the

group delay. The equivalent power ratio [13] is nearly

proportional to the ratio of the gross power flow (the

sum of the powers in the forward and backward waves)

to the net power flow (their difference), and is in-

versely proportional to the power-handling capacity.

The equivalent power ratio vs. frequency curve varies

from cavity to cavity, as can be seen from Fig. 29,

plotted for a six-cavity filter of 10 percent bandwidth.

The shape of the group delay or dissipation loss vs.

frequency curve (Fig. 28) represents a sort of averaging

of all the curves in Fig. 29.

Some considerations in the design of waveguide

filters [66 ] indicate that both the dissipation loss and

the power-handling capacity of a rectangular-waveguide

filter stay constant to within a few percent for a wide

range of waveguide shapes.

IX. DELAY EQUALIZATION [70]- [75 ]

Delay distortion arises from dispersive structure,

such as a filter or a length of rectangular waveguide.

Torgow [71] has compensated for delay distortion by

using a circulator and a section of tapered waveguide,

the shape of which is controlled to nearly equalize the

delay in a long section of waveguide over a band of

frequencies (Fig. 30). A similar taper has been de-

scribed by Tang [70].
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FREQUENCY+

Fi~. 29. Equivalent po~verratios imthesix cavities ofadirect-coupled-resollatorfilterof 10-percent bandwidth [13].

TAP EREO

(VARIABLE cuTo FF)

\ WA VEGU IDE

Fig. 30. Delay equalizer using acirmdatoranda
tapered waveguide [71].

X. DIPLEX~RS AND NIULTIrLEXERS [76] -[S1]

Adiplexer separates power entering a common input

into two frequency bands; or conversely, it combines

two frequency bands arriving separately into acommon

output. A multiplexer extends this principle from two

to many channels. Frequently, a multiplexer is made

up of a cascade of diplexers because of the mechanical

problems that arise in connecting many filters close to

a single junction.

Diplexers in which there are adequate guard bands

between channels may be designed by suitably con-

necting two separate, doubly terminated filters onto a

T-j unction. The design procedure is not so simple when

the bands are contiguous [76–79], that is, when they

cross over at the 3-dB points (and thus have no guard

bands to separate them). This case is illustrated in Fig.

31 for the case of a band-pass and a band-stop filter.

It is possible to maintain perfect match at the common

port, provided that the two filters are designedl as

singly terminated, maximally flat filters [1], [76].

Two filters having contiguous pass bands are shown

in Figs. 32 and 33. The filter in Fig. 32 was built by

Matthaei and Cristal [79], and it has a relatively nar-

row pass band of about 5 per cent at L-band. The filter

in Fig. 33 was built by Matthaei and Schi Ffman, and

it has a relatively wide pass band of one octave (4 to

8 Gc) .

XI. DrRE~TIONAL FILTERS [82 ]-8,4]

Directional filters [13 ] can be constructed in wave-

guide and in strip line, as indicated in Fig. 34. Craven,

Stopp, and Thomas [82] and Williams [82a] describe

filters such as that shown in Fig. 34(a). Standley [33],

[84] reports on filters such as that shown in Fig. 34(d);

he analyzes discontinuity effects, which often set a prac-

tical limit on the performance of such filters.

Directional filters can also be realized in a straight-

forward manner by joining two quadrature hybrick in

cascade through a pair of identical filters. For example,

in the polarization filter of Fig. 34(a), the two hybrids

are the two junctions at top and bottom, and the single

circular tube represents two waveguides b:y vitrue of

the two independent circularly polarized waves that

propagate in it.

Directional filters can be used as channel-dropping

filters, or as matched diplexers with contiguous channels

(compare Fig. 31). However, the isolation in one chan-

nel w-ill generally not be very good in practice because

of the small (but not negligible) reflection in the pass

band of the filter pair.

XII. TUNABLE FILTERS [85 ]- [94]

Filters can be tuned mechanically [S5 ]– [87 ] or elec-

tronically. They have been tuned electronically by a

magnetic field [88 ]– [92], by a varactor [93], and by

means of a plasma [94].
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Fig. 31. Characteristics of complementary band-pass
and band-stop filters.

32. An ~-band diplexer composed of an interdigital filter
a parallel-coupled-line band-stop filter [79].

-
Q)

Fig. 33. A wideband diplexer (pass band of interdigital filter= stop
band of band-stop filter =4 to 8 Gc).

and

Magnetically tunable filters using single-crystal

ferromagnetic resonators of yttrium iron garnet (YIG)

have proved very successful at microwave frequencies.

They attain high unloaded Q, and it is therefore possible

to build band-pass filters with relatively low insertion

loss (typically 1–2 dB per resonator), and band-stop

filters with relatively high attenuation [88 ]. The filter

is tuned by adjusting the applied (static) magnetic

field; the resonant frequency in megacycles is approxi-

mately equal to 2.8 times the applied magnetic field in

oersteds. The lowest frequency at which a ferromag-

netic resonator can be operated depends on the sample

shape and material. For example, a pure YIG sphere

can be resonated down to about 2 Gc, but it rapidly

loses unloaded Q as this frequency is approached. A

pure YI G disk can be tuned to much lower frequencies

—for example, down to about 500 Mc for a diameter-

to-thickness ratio of 10-to-1. (An infinitely thin disk

theoretically has no lower-frequency limit.) A disk also

tends to have fewer spurious-mode resonances than a

sphere. On the debit side, disks are difficult to machine,

expensive, fragile, and more temperature-sensitive than

spheres. For this reason, where a pure YIG sphere will

not do (below about 2 C,c), it is generally preferred to

(a)

,, ky- -D-
-v +V

HALF HALF ONE
WAVELENGTH WAVELENGTH WAVELENGTH

STRIPS STRIP STRIP

+V +V

12 l~z

A
z

(b) (c)

(d)

Fig. 34. Some directional filters; (a) in waveguide,
and (b) in strip line [13].

dope the YI&for instance, by gallium substititution.

Doping reduces the saturation magnetization and thus

the internal demagnetizing field, and it permits filter

operation down to a few hundred megacycles. Doping

has several undesirable effects. It reduces the unlo~ded

Q (increases filter losses), and Imakes it more difficult

to couple to the doped YIG resonator. In addition, since

it is difficult to control the uniformity of the doping,

there will be appreciable inhomogeneities within one

crystal, and there is likely to be a relatively large spread

in resonant frequencies between doped resonators.

The first single-resonator YIG filter was reported by

DeGrasse, and the first multiresonator filter was re-

ported by Carter [13]. Two magnetically tunable
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Fig. 35.
YIG
from

Magnetically tunable band-pass filter, using two gallium-
spheres and low-pass matching transformers [7], tunable
1.3 to 2.7 Gc.

Fig, 36. Magnetically tunable band-stop filter, using two YIG
spheres (one has been removed), tunable from 2.2 to 6 Gc [88].

filters built recently by Matthaei [88] are shown in

Figs. 35 and 36. They use YIG spheres as the resonators.

One sphere mounted at the end of a dielectric rod can

be seen in each photograph.

Blau [92a] has lowered the saturation magnetization

of a gallium YI G resonator by heating it, and has

operated it down to 50 Mc. However, heating also

lowers the unloaded Q of the resonator, thus increasing

filter insertion loss.

Each ferromagnetic sphere may be treated as a res-

onator from the circuit point of view, and one has to

devise means for coupling into and out of it. The

coupling is through the RF magnetic field, which

should therefore be made as strong as possible over a

wide frequency band (the tuning range of the filter).

This result implies that the ferromagnetic resonator

should be placed at a low impedance point, which can

be accomplished either by dielectric loading or by an

impedance transformer.

@l@ml
L METAL-wALLED WAVEGUIOE

/’

o
I

Fig. 37. Dielect

m
it-resonator filters using TiOZ disks [96].

YIG resonators saturate at relatively low power

levels (typically below one milliwatt), and they are

therefore also used as limiters [91].

XII I. DIELECTRIC-RESONATOR AND DIELECTRIC-

LOADED FILTERS [95 ]-[100]

Okaya and Barash [95] showed that high unloaded

Q (on the order of 104) can be obtained with materials

having high dielectric constant (on the order of 80).

This phenomenon makes it possible to use small volumes

of such materials as dielectric resonators [96 ]– [99a ].

Theoretically, no metal walls would be required, but it is

necessary in practice to provide shielding. Filters can

then be constructed from these resonators, and can be

made very compact. Such a filter is sketched in Fig. 37,

adapted from Cohn [96 ]. The filters can be tuned, for

instance, by adjusting the spacing between resonators.

If the material is ferroelectric, the possibility exists of

tuning the resonance electrically, by the application of

a high electric field.

The chief drawback of high-dielectric-constant reso-

nators is the excessive dependence of the resonant fre-

quence on temperature, at least with present-day ma-

terials.

XIV. FILTER TECHNIQUES APPLIED TO SEMICONDUCTOR

DEVICES [101] -[109]

Rapid strides in the semiconductor art and the prog-

ress toward ever-higher frequencies have led to the

application of microwave filter techniques to various

semiconductor devices. They include frequency multi-

pliers [101 ], [102], frequency converters [103], and

amplifiers [104 ]– [106a], as well as diode phase shifters

[107] and switches [108]. Circuits have become more

“integrated” [109 ], and this trend is likely to continue.

XV. STEPPED-IMPEDANCE FILTERS AS DIRECTIONAL

COUPLERS [110-12o]

From the design point of view, there is a strong re-

semblance between filters and certain types of direc-

tional coupler. Nowhere is this more apparent, perhaps,

than with the TEM-mode coupled-transmission-line

directional coupler, pioneered by Jones, Bolljahn, and

Shimizu [13]. (There are at least two papers on this
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subject in this filter issue [117], [118 ].) The corre-

spondence reduces to the stepped-impedance filter

prototype shown in Fig. 38. The design of the TEM-

mode backward-wave coupler reduces to the design of a

stepped-impedance filter, with the reflected wave be-

coming the coupled component. The input and output

impedances of the prototype must be the same (ZO in

Fig. 38). The design problem is to maintain nearly

constant (equal-ripple) reflection over a specified stop

band.

Two kinds of coupler are of practical importance, the

asymmetrical coupler [1 IO]– [1 14] of Fig. 38(a) and

the symmetrical coupler [115 ]– [120] of Fig. 38(b). The

former requires fewer sections, while only the latter

maintains phase quadrature between the two outputs,

which is usually of importance for 3-d B couplers. An

asymmetrical coupler realization in strip transmission

line is sketched in Fig. 39.

We make a final comment on the asymmetrical

coupler prototype [Fig. 38(a) ], illustrating its resem-

blance to and difference from a band-pass filter. The

problem of constant coupling reduces to one of con-

stant reflection coefficient magnitude for the prototype.

Now the junction of two lines of different characteristic

impedances gives a perfectly constant reflection co-

efficient. It may therefore be expected that the coupler

of Fig. 38(a) should be designed as a quarter-wave

transformer from 20 to some impedance 2.’; the ratio

2.’/20 would then be nearly constant and would de-

termine the coupling. This approach is indicated on a

Smith chart in Fig. 40(a). The difference between the

coupler and the transformer is that it is only the varia-

tion in the magnitude of the reflection coefficient that

interests us in the coupler, whereas the transformer ap-

proach has minimized the variation in the vectorial

change of the reflection coefficient. Thus, an optimum

design allows the tip of the reflection coefficient vector

to lie anywhere inside the annul us shown in Fig. 40(b),

the radial width of which can be made appreciably less

than the diameter of the circle in Fig. 40(a), for a given

number of sections. The author has analyzed the per-

formance of couplers based on quarter-wave trans-

formers [20 ], and that of couplers based on Levy’s

tables [111 ], and has found the latter to give ap-

preciably better performance,

XVI. COUPLERS FROM FILTERS AND FILTERS FROM

COUPLERS [121]- [125]

The connection between couplers and filters is further

exemplified by the branch guide coupler [121 ] shown

in Fig. 41, which can be designed to a close approxima-

tion from a quarter-wave-transformer prototype.

Directional couplers can also serve as filters [123].

This principle depends on the fact that complete trans-

fer of power can occur only between two transmission

lines having the same phase velocity [124]. If one line

is made dispersive with respect to the other, 100-per-

cent coupling occurs over only a narrow frequency

band, where the two phase velocity curves cross.

Z. 20

(a)

I
I 1

I

Z. Z.

(b)

Fig. 38. Stepped-impedance filters that serve as prototypes for
TEM-mode backward-wave directional couplers; (a) asymmetri-
cal, and (b) symmetrical.

MAIN OUTPUT

Fig. 39. Typical TEM-mode backward-wave directional
coupler in strip line.

(a)

(b)

Fig. 40. Diagram showing why the optimum prototype in Fig.
38(a) is not based on a quarter-wave transformer.
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Fig. 44. An S-band diplexer in rectangular waveguide
using open-wall construction [131].

Fig. 41. An S-band branch-guide directional coupler [121].

Fig. 45. A low-pass leaky-waveguide filter using
open-wall construction [133].

XVII. FILTERS WITH OPEN WALLS [126]- [133]

Fig. 42. An L-band circular-waveguide TEO,-mode
high-power tunable filter [13].

Fig. 43. An X-band circular-waveguide TEO1-mode “trapped-
mode” filter using open-wall construction [129].

Microwave filters that are to operate at high power

or with very low insertion loss are usually constructed

in waveguide, and sometimes in overmoded guide, such

as the circular TEO1-mode. Figure 42 shows a three-

cavity tunable filter constructed by Jones [13]. Wave-

guide filters, especially when in overmoded guide, suffer

from spurious frequency responses; that is, in the stop

band there will be occasional resonances and the at-

tenuat ion drops sharply over a very narrow band. To

damp out these spurious resonances, a number of filters

have necently been tested at Stanford Research Insti-

tute, using an open-wall construction, reminiscent of

leaky-wave filters [126]– [128]. However, in this case, a

filter is first designed as a band-pass filter and then se-

lected walls are removed. An open-wall TEO1-mode

filter [129] is shown in Fig. 43, and an open-wall rec-

tangular waveguide filter is described in another paper

[130] in this issue. An open-wall waveguide diplexer

[131] is shown in Fig. 44, and an open-wall low-pass

filter [133 ] is shown in Fig. 4.5.
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XVIII. FILTERS FOR MILLIMETER WAVES AND HIGHER

FREQUENCIES [134]- [143]

Filters at millimeter wavelengths have been built in

TEO ~circular waveguides [134]–[137 ]. The Fabry-Perot

resonator [137 ]– [139] and other filter types and di-

rectional couplers [140 ]– [142] have been adapted from

optics. There are many points of similarity between

microwave and optical filters [141 ].

A stack of separated dielectric plates makes a good

reflector when the thicknesses of the plates and the

separations between them are equal to or close to one-

quarter wavelength. Two such stacks, spaced an in-

tegral number of half-wavelengths apart, as indicated

in Fig. 46, form a Fabry-Perot resonator.

When the diameter of this system does not equal

many wavelengths, there is appreciable outward radia-

tion, causing a drop in the unloaded Q. Such a drop can

be remedied to a large extent by placing spherical mir-

rors at or near confocal spacing. If coupling losses are

to be kept low, some sophistication is necessary in

QUARTER-WAVE

DIELECTRIC SHEETS

/’”%

coupling to the con focal resonator. A system devised by

the author and B. M. Schiffman is shown in Fig. 47.

The thin dielectric sheets determine the maximum

possible coupling; the coupling and bandwidth are then

controlled by moving the mirrors C and D in unison.

There has recently been renewed interest in millimeter

and submillimeter waves [137]. The main problem

today is still a lack of reliable inexpensive power

sources, especially above 150 Gc. New types of trans-

mission line are also being developed. With sufficient

progress in these developments, we may expect to see

more activity in the area of submillimeter wave filters.

XIX. MISCELLANEOUS FILTERS [144]- [153]

A few filters have escaped classification. Torgow and

Lubell [1.44] have described a combination of band-

pass and band-stop filter to obtain steep skirt selec-

tivity. They make the interesting observation that,

with prc)perly spaced filters, very sharp spurious

resonances (the two stop bands almost canceling one

another) are prevented by the damping due to the

small amount of dissipation.

Log-periodic structures [146 ]- [148], described by

DuHamel and others, offer the possibility of compo-

nents with very wide bandwidths.

An interesting type of band-pass filter [13] is shown

in Fig. 48 and in circle (W) of Fig. 7. Resonators are ca-

pacitively coupled in such a way to suppress the first

spurious resonance so that the filter has a wide stop band.

A differential phase shifter is not a filter, but the

Schiffman phase shifter [152] of Fig. 49 has been widely

Fig. 46. Millimeter-wave Fabry-Perot interferometer
using dielectric stacks.

Fig. 48. A band-pass filter with wide stop band [13].

Fig. 47. A band-pass confocal resonator filter
showing low-loss coupling mechanism.
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Fig. 49. A wideband 90-degree differential phase shifter [152].
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used and depends on the theory of parallel-coupled

lines, as do certain types of filter (Section IV).

We have not discussed experimental procedures in the

alignment of filters. For this material we direct the

reader’s attention to References [13] and [153].

XX. CONCLUSION

We are at the end of our journey. We have attempted

to conduct the reader past the principal types of filters

of interest today. We have relied on photographs and

diagrams, rather than on mathematics, to convey an

impression of the needs felt and the ideas generated.

The reader will find a fuller description of many of the

filters in Reference [13], which reports developments

up to early 1963, whereas the present paper covers the

work undertaken since late 1962.

The presentation has been colored by the author’s

particular interests, and some omissions were inevi-

table. No attempt was made to scan every relevant

journal.1 We apologize in advance to any author whose

work may not have been given proper credit, whether

through ignorance or oversight.
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Band~Stop Filters for High~Power Applications

E. N. TORGOW, SENIOR MEMBER, IEEE, AND G. E. COLLINS

Abstract—There are several advantages to the use of band-stop

filters, rather than band-pass filters, in many systems. This is shown

to be particularly true when signals at high-power levels must be

transmitted or rejected,

A formula has been derived which expresses the external Q of
each resonator in a band-stop filter in terms of the element values
of the normalized low-pass prototype and the parameters of the fre-
quency transformation. The peak power capacity of iris-coupled
waveguide cavity filters and TEM falters using capacitively coupled
inductive stubs is then determined in terms of the external Q of the
first resonator and the dimensions of the resonator. Experimental
results given for a waveguide band-stop filter show good agreement
with theory.

1. INTRODUCTION

I

N THE recent literature a number of articles have

appeared expounding the virtues of band-stop

filters in lieu of band-pass filters for many applica-

tions [1], [Z]. In cases where a high rejection loss is

required over a relatively narrow frequency band, and

where low insertion loss is needed at a frequency close

to this rejection band, the band-stop filter is the more

Manuscript received June 1, 1965.
The authors are with the Rantec Corporation, Calabasas, Calif.

efficient device. The band-stop filter can also be more

easily aligned to exhibit its prescribed response. Each

resonator can be independently adjusted so that the

coupling from the main transmission line to that reso-

nator yields the specified external Q. This is accom-

plished by detuning all other resonators. When all of the

couplings are properly set, the band-stop filter is then

aligned by adjusting the individual cavity resonators in

turn until peak rejection is obtained. In practice, very

little additional trimming is required beyond this point.

In Section II of this paper, a simple expression is de-

rived which enables the design engineer to determine

the external Q of each resonator directly in terms of the

required performance and the element values of a nor-

malized low-pass prototype filter [3].

The band-stop filter offers advantages when con-

sidered as part of a diplexer or multiplexer. A combina-

tion of band-pass and band-stop filters can be designed

to approximate a true complementary pair, presenting

a matched input over a very wide band of frequencies

[4]. Band-stop filters can also be used in cascade con-

nection with other filters to provide more complex re-

jection characteristics [5]. This is a particular advan -
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