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Dual-Mode Canonical Waveguide Filters
ALBERT E. WILLIAMS, MEMBER, IEEE, AND ALI E. ATIA, MEMBER, IEEE

Abstract—This paper introduces a new form of dual-mode

narrow-bandpass waveguide cavity filter. The filters, which can he

constructed from either dual mode circular or square wavegnide
cavities, can realize the optimum transfer functions (including the

exact elliptic function response). One of the unique features of these
filters is that all the intercavity coupling irises may take the form of

circular holes rather than long narrow slots. Several alternative
input~utput configurations are described. Experimental results on

several filters indicate excellent agreement with thec)ry.

INTRODUCTION

T HE DEVELOPMENT of high-capacity communica-

tions satellite transponders has made it necessary to

channelize the frequency spectrum to efficiently use the

available spacecraft transmit power. To accomplish this

objective, filter guard bands must be minimized and hence

sharp frequency selectivity is required. Further, the filters

must have flat in-band gain slope and small group-delay

variation to minimize communications cross talk and dis-

tortion. Therefore, the need for high-performance micro-

wave channelizing filters which possess optimum responses

consistent with minimum weight and volume is apparent.

Starting with the cascaded waveguide cavity (Chebyshev

or Butterworth design [1]), the development of the linear

phase filter [2], the dual-mode (TE ~~~) longitudinal circular

cavity filter [3], and the single-mode rectangular (TE 10J

and dual-mode square (TEIO ~) folded geometries [4] are

evidence of the improvement which has occurred in recent

years. The key to the developments is the recognition that
simple cascaded waveguide cavity filters cannot have finite

transmission zeros. On the other hand, the optimum filter
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must have the maximum possible number of finite transmiss-

ion zeros, placed at predetermined (arbitrary) locations in

the complex frequency plane, as may be dictated by the

solution of the approximation problem.

A possible configuration for obtaining the most general

response from a set of n-multiple-coupled synchronously

tuned cavities is the canonical form [5]. In this form, the

cavities are numbered 1 to n, with the input and output ports

located in cavities 1 and n, respectively. Cascade (or series)

couplings of the same sign must be provided between

consecutively numbered cavities, i.e., 1 to 2,2 to 3, ‘.., n – 1

ton (as in the Chebyshev filter). In addition, shunt (or cross)

couplings of arbitrary signs must be provided between

cavities 1 and n, 2 and n – 1, .””, etc. As in the canonical

form, the more general responses which can be obtained

from multiple couplings allow a given filter specification to

be met by fewer electrical cavities, which in turn leads to

minimum weight and volume.

The canonical coupling set may be realized with the

single-mode or dual-mode folded geometries, but its realiza-

tion in the simpler longitudinal dual-mode circular (or

square) cavity geometry has not been described. Therefore,

the advantages of the longitudinal dual-mode filter, such as

minimum weight and volume and ease of fabrication, do not

coincide with the optimum filter response.

This paper presents a new dual TEI ~~ mode circular

waveguide cavity structure, the dual mode canonical filter,

which realizes the optimum electrical response, and retains
all the mechanical advantages of the longitudinal dual-mode
filter. This filter is described with reference to its equivalent

circuit. Its design is outlined, with specific emphasis on the

design of its input and output ports. Detailed experimental

results for four-pole elliptic filters indicate the validity of the

design philosophy. Finally, experimental results for six- and
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Fig. L (a) Canonical equivalent circuit. (b) Longitudinal dual-mode equwalent circmt.

eight-pole, 4-GHz, bandpass, canonical dual-mode filters

are presented.

THEORY AND DESCRIPTION OF THE NEW REALIZATION

Fig. l(a) is the equivalent circuit of an n-cavity canonical

filter, where n (= 2n3) is an even number. The cavities are

identical and tuned to the same resonant frequency, which is

the center frequency of the filter. Couplings among the

cavities are assumed to be frequency invariant. It has been

shown [5] that, to generate the general class of transfer

functions, the cascade (or series) cavity couplings (i, i + 1),

where i=l,2, ”.”, n – 1, must have the same sign, while the

cross (or shunt ) cavity couplings (i, n – i + 1), where i = 1,

2,”””, n/2, must have arbitrary signs. The equivalent circuit

of this coupling set is shown in Fig. 1(a). This set of couplings

can be realized by the folded rectangular waveguide cavity
structure described in [4], and shown in Fig..2. However, this

structure is expensive and difficult to fabricate, and does not

possess the simplicity and compactness of the dual-mode

cavity structure.

On the other hand, the longitudinal dual-mode filter [3],

with input and output ports situated on opposite ends of the

structure, cannot satisfy the canonical coupling set except

for n = 4. The equivalent circuit of this filter is shown in Fig.

l(b). It is apparent that, while couplings between non-

adjacent cavities can be provided, the two cavities cannot be
separated by more than two cascaded cavities. This restric-

tion results in the reduction of the number of finite zeros of

tm
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Fig. 2. Single-mode waveguide canonical filter.

transmission that can be generated in the filter’s transfer
function.

The significance of this effect in terms of filter performance

is shown in Fig. 3 [6], which compares the responses of a

series of eight-cavity equiripple filters (FZ= 8). These re-

sponses are labeled 8-O–8-3, where O denotes a Chebyshev

response and 1, 2, and 3 the number of real zeros of

transmission. The longitudinal dual-mode form shown in



WILLIAMS AND ATIA : CANONICAL WAVEGUIDE FILTER 1023

130

t
120

110

ICYI
[

90
t

80

~/’’””

/

8.2/

70

/

8.!

60 /

%

40
<’

30

Y// /Il,,,,uz,lll/
/-’-’
// 8-C

20
101 102 103104 106108110 11512 13 14 16 1820 25 30 40 50

— SELECTIVITY

Fig. 3. Comparison of filter responses.

OUTPUTCOUI,l!NG SLOT
.

/

62\~:>
COUPLINGSLOTS .“’ “’ ‘% ‘“

*I

%

/“
COUPIINGsCREWS

~l,?;, ,/
.

‘.zn — 1
, <::,
\~

\. OUTPUTPOLARIZATION

+

IS ROTATED9LY FOR

/% ,’4

,= :4. -2),. =1,2,3,

INPUTCOUPLINGMOT

+

2
FOR CIRCULARWAVEGU!OECAVITY

15,11 MOI)E POLARIZATION

IFOR S12UARIWAVEGUIDECAVITY
lEtol MODEPOLARIZATION

(a)

COUPLINGHOLES

w

\

. ““ Q ‘“

PI

COUPLINGSCREWS
1 ,-.

@\\\\;,
/. n/2

/“’
1, ,; .,

s.

-“k

./2 + I

\ ./’

OUTPUT o ““1 2

,(/ “ ‘

+

+

t

(b)
I

FORCIRCULARCAVITY

h ‘ODE POLARlzA1lQN

FORSOUAREWAVEGUIDE
Hlol MCIOEPOLARIZATION
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Fig. l(b) will realize filters 8-O, 8-1, and 8-2,, but not the

optimum amplitude 8-3 response. ‘This response is realized

only by the canonical coupling set shown in Fig. l(a). Fig. 3

shows that a significant performance advantage is obtained

by generating the optimum filter response and that its

realization within the longitudinal dual-mc~de structure

would also result in mechanical advantages such as mini-
mum weight and volume.

The key to achieving this goal is the recognition that, for

the same order n, both equivalent circuits of Fig. 1 have an

identical number of couplings. ‘Therefore, it should be

possible to rearrange the electrical cavities from one cou-

pling set to the other. Fig. 4 shows how this maybe achieved
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for a TE ~~~ dual-mode circular cavity, with the input and

output electrical cavities taken from the same physical

cavity. The mechanical advantages of the dual-mode longi-

tudinal structure, such as ease of fabrication and minimum

weight and volume, can now be combined with the optimum

electrical response. It is also interesting to note that, since in

most practical cases the filters are symmetrical, the new

canonical dual-mode realization will have asymmetrical set

of couplings, i.e., M12 = M*,H _ 1, M23 = M.-l,v-z, etc.;

therefore, the intercavity coupling slots can be made circular

coupling holes. This further minimizes the filter fabrication

time and expense.

A possible limitation of the canonical dual-mode filter is

the potential for spurious coupling between the input and

the output ports, causing degradation of the filter’s response.

Such coupling, when present, must depend on the particular

port configuration. Several possible input-output port

configurations have been constructed and experimentally

tested in four-pole, 40-MHz bandwidth, elliptic function

filters centered at 4.138 GHz. These input-output

configurations, shown in Fig. 5, include the following:

a) Coaxial–coaxial: Two coaxial probes are used to

couple to the maximum radial electric field (E,) positions in

the input-output cavity, as shown in Fig. 5(a).
b) Coaxial-end waueguide: One port is formed by a

coaxial probe that couples to the radial electric field (E,),

while the other port is formed by coupling the radial

magnetic field (H,) at the end of the cavity through a long

narrow slot, as shown in Fig. 5(b).

c) End-wall–sidewall: One port is formed by coupling the
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Fig. 6. (a) In-band and return loss responses of four-pole filters, (b) Out-
of-band responses of input–output configurations.

axial magnetic field (Hz) at the side wall of the cavity

through a slot, while the other port is formed by an end slot,

as in (b). This configuration is shown in Fig. 5(c).

d) Sidewall-sidewall; The two ports are formed by cou-

pling the axial magnetic fields (Hz) through sidewall slots, as

shown in Fig. 5(d).

e) Orthomode junction: An external orthomode junction

is used to separate the two orthogonally polarized fields, as

shown in Fig. 5(e),
Experimentally measured responses of these

configurations are shown in Fig. 6. The narrow-band re-

sponses of all the configurations (with the exception of that

shown in Fig. 5(d)) are virtually identical to the theoretical

response (see Fig. 6(a). Significant asymmetry has been

observed in the configuration of Fig. 5(d). This asymmetry is

probably attributable to the generation of higher-order

modes due to the relatively large sidewall slots in the cavity.

The measured wide-band swept frequency insertion loss

(from 3.1 to 5.1 GHz) of the configurations of Fig. 5 is shown
in Fig. 6(b). In the case of the coaxial–coaxial structure (Fig.

5(a)), the spurious coupling limits the out-of-band rejection

of this four-pole filter to about 30 dB. The coaxial-wave-

guide and end-wall-sidewall configurations (Fig. 5(b) and

(c)) have very similar characteristics, and offer an adequate

out-of-band rejection. The out-of-band response of the

structure using the orthomodejunction reflects the isolation

characteristics of that junction, which exhibits several

narrow-band resonances, as shown in Fig. 6(b). It should be

noted that the geometries of Fig. 5(b) and (c)are particularly

suitable for use in waveguide manifold multiplexer applica-

tions requiring at least one waveguide coupling.

FILTER DESIGN

The electrical design of the filter described herein begins

with the choice of the center frequency, bandwidth, and

out-of-band rejection to meet a given specification. The

generation of a general coupling matrix from the given filter

transfer function is described in [3], and the reduction of this

general coupling matrix to the canonical coupling set is

described in [5].

Similar to the procedure described in [7], the mechanical

filter design, which involves the determination of the inter-

cavity coupling slot dimensions and the cavity lengths,

follows from the electrical design. As mentioned previously,

one advantage of this type of filter is that, since the couplings
Mlz = M.,. _ ~, M23 = M._ ~:~_ ~, etc., circular diameter

holes can be used for intercawty coupling. This coupling is
computed by using the procedure described in [7].

The intercavity coupling A4ij between cavities connected

by a circular hole is related to the free-space wavelength 1,

the cavity guide wavelength Ag, and cavity radius R as

follows :

8(PL)221-

M‘j = 3A;R2
where PM is the equivalent corrected magnetic polarizability

of a circular hole and is given by

‘M= [1 - (2c,Jy]10%3*/lc[l-(Ac,A)211/2
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where

t

P&f

AC

iris thickness

uncorrected magnetic polarizability of a circular

hole diameter d = d3/6

cutoff wavelength of circular TEI ~~ guide with
diameter d,= 1706d.

The designed physical length of cavity i is computed as

Li = ~~/2 _ A~

where ALi, the length correction, is given by

[(y)ALi = A,/2 J.~/2J2 ~ MiY + l/2~ tan-1 (2X~i/ZO) 1
with XY MiY = sum of couplings associated with cavity i and
X~i /ZO = reactance of input or output cc~upling slot or

probe for i = 1 or n = O for i # 1 or n. Fom example, for

end-wall loading

XRi/Zo = 47rP~f3R2&

Excellent agreement between theory and experiment has

been obtained using these equations during the design of

many different types of canonical dual-modle filters. Some

examples of these designs are described in the following

section.
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EXPERIMENTAL RESULTS

To illustrate the potential of the canonical dual-mode

filter, two elliptic function filters were designed and con-

structed according to the design procedure just described. A

six-pole filter was designed for a center frequency of 3742.5

MHz with a bandwidth of 74 MHz and an eight-pole filter

was designed for a center frequency of 3905 MHz and a

bandwidth of 80 MHz. The in-band and out-of-band re-

sponses of these filters are shown in Figs. 7 and 8. Fig. 9 is

a photograph of the eight-pole filter. The in-band responses

of both filters show very good agreement with theory, and

the correct number of transmission zeros is evident. Cavity

unloaded Qs of 10000, entirely consistent with this type of

filter, were achieved. The asymmetry of the transmission

zeros is probably due to in-band spurious coupling between

the input and output ports.

CONCLUSIONS

This paper has shown that the optimum canonical set of

couplings can be realized within the mechanically attractive

longitudinal dual-mode geometry. Symmetry of couplings

allows circular holes to be employed, further simplifying the

filter’s geometry. The structure is completely general and

may be designed for any even n.
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Experimental results for two six- and eight-pole S-band

elliptic function bandpass filters show good agreement with

theory. Although this type of filter may suffer from spurious

input–output coupling, it has been shown that careful design

can alleviate this problem.
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Components for Microwave Integrated Circuits
with Evanescent-Mode Resonators

KLAUS SCHUNEMANN, MEMBER, IEEE, REINHARD KNOCHEL, AND GUNTHER BEGEMANN

A bstract—The electrical performance of active microwave com-

ponents for radio link systems, which have heen realized utilizing
evanescent-mode resonators, is described. This waveguide-below-
cutoff technique is shown to he an alternative to the techniques
established before now.

I. INTRODUCTION

A FEW YEARS AGO, Craven [1] presented a new type

of passive integrated circuitry utilizing evartescent-

mode resonators. In this technique, inductance is repre-

Manuscript received May 11, 1977; revised August 10, 1977. This work
was supported by the Deutsche Forschungsgemeinschaft.

The authors are with the Institut fiir Hochfrequenztechnik, Technische
Universitat Braunschweig, D-3300 Braunschweig, Federal Republic of
Germany.

sented by short sections of rectangular waveguide below

cutoff, capacitance by obstacles in the waveguide, such as a
capacitive screw or a thin sheet of dielectric. Thus resonators

of high unloaded Q-factor (called evanescent mode resona-

tors) can be formed which resemble a reentrant cavity (see,

e.g., [2] ) in that the electric stored energy is confined to a

small volume of a gap region surrounded by a larger volume,

which contains the magnetic stored energy. In both cases

resonant conditions are established only after insertion of

a post. One can then regard the reentrant cavity as the

forerunner of the waveguide-below-cutoff technique.

While theory and realization of passive components in

waveguide-below-cutoff technique are in an advanced state

[2]-[10], only little work has been done concerning active
components [11]–[15]. A varactor diode upconverter and


