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Cross-Coupling in Coaxial Cavity
Filters—A Tutorial Overview

J. Brian ThomasMember, IEEE

Abstract—This paper presents a tutorial overview of the use of 0 “
coupling between nonadjacent resonators to produce transmission -10 ,,' 'y
zeros at real frequencies in microwave filters. Multipath coupling 4 \“
diagrams are constructed and the relative phase shifts of multiple 20 / ) \ .
paths are observed to produce the known responses of the cascaded -3, y A %
triplet and quadruplet sections. The same technique is also used to 1/\(' S
explore less common nested cross-coupling structures and to pre- g ™0 | * ;A— s
dict their behavior. A discussion of the effects of nonzero electrical ¢ _, "
length coupling elements is presented. Finally, a brief categoriza- & L ~" %

tion of the various synthesis and implementation techniques avail- =60 [5* >
able for these types of filters is given. /

=70
Index Terms—Coaxial cavity filter, cross-coupling, nested cross-
coupling, tutorial.
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IFE IS really simple, but we insist on making it compli-
cated’—Confucius. This paper will attempt to provide &ig. 1. Two possible filter responses, with (dashed line) and without (solid
simplified, qualitative, and intuitive understanding of an impotine) finite transmission zeros produced by cross-coupling. Note the increase
tant and complex topic in the field of microwave filters: crossg, PR AR0CE T e B Kok e i, T rovide fejoction only
coupling, especially cross-coupling in coaxial cavity filters. where it is required.
The ever increasing need for capacity in cellular and personal
communications systems (PCSs) has led to more stringent re-

quirements for basestation filters and duplexers. The transmi{\I

and receive bandpass filters composing basestation duple b less flexible due to b tati niaturizati q
may have required rejection levels greater than 100 dB on o @ve become jess flexible due to basestation miniaturization an
ultiple-sourcing considerations. The choices of overall size

side of the passband and, at the same time, have very mild T&

jection requirements on the opposite side [1]. The technique%?d shap(_a ‘f.jmd co_nstfalnts In connector Iocat!ons play a vital role
geterm|n|ng afilter’s layout, topology, and internal structure.

cross-coupling to produce asymmetric frequency responses . . . .
ping to p y g y P differences can be substantial between a filter with con-

become popular for these applications because it concentra : h ; o ; I oth
the filter's ability to provide rejection only over the band wherd €CtOrs on e same surlace versus opposite surtaces, al other
arameters being equal. Cross-coupling provides an additional

itis needed. This “concentration of rejection” means the filter  flexibility in th desi .
response is trimmed of unnecessary rejection anywhere it is gree ot fiexibiiity in these design scenarios. .
When all things are considered, the use of cross-coupling

absolutely required, increasing the overall efficiency of the de- : . . ;
duces a superior design for many requirements. It is not

sign. The tradeoff in slope between the bandpass filter's upFPerP - o :
and lower skirt is optimized for the particular requirement. Fig. urprising then that these circuits have been the subject of the

shows a filter response with and without two transmission zer gld’s bE?SF and brightest for some time [2], 'Hov.vever, de;pﬂe

on the upper skirt. Using the technique of cross-coupling to pr: 1 prod|g|ogs_numbers (_)f expert-level publl_canons_ ava|lab_le,
duce transmission zeros, the rejection above the passband ié ﬁ_nonspeualls.t RF. engineer may be left with thg Impression
creased, while rejection below the passband it is relaxed. TH?S“ cross—coup’hng IS gnapproachably comp]ex: likely a mix-

can reduce the number of resonating elements required to mté'é‘lf of _Maxwell s_equat|oqs and VO.OdOO magic. .

a specification and this, in turn, reduces the insertion loss, size, he intent of this paper is to proylde a general unders_tandmg
and manufacturing cost of the design, though at the expenseo.(f)?ome fundamental cross-coupling techniques by using mul-

topological complexity and, perhaps, development and t nifigath coupling diagrams to illustrate the relative phase shifts of
polog! piextty P P velop unt ltiple signal paths. This technique can also be used to under-

ot only has the industry seen electrical requirements be-
e more stringent, but mechanical packaging requirements

time. o . : .
stand, and aid in the design of, less common topologies using
nested cross-couplings.

Manuscript received January 31, 2002. . Section Il reviews the simplified phase relationships of
The author is with the Engineering Department, Baylor University, Waco, T%( . . . . .
76703 USA. undamental components in the equivalent circuit of coaxial

Digital Object Identifier 10.1109/TMTT.2003.809180 cavity filters. Although the technique of cross-coupling can be
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Fig. 2. Prototype equivalent circuit for combline or coaxial cavity filter. Shunt EI‘
!nductor/capamtor pairs represent |nd|V|dua_| resonating elements and the series (5—; —= > A —
inductors represent the dominantly magnetic coupling between resonators. i B

resonators, microstrip, or waveguide) special attention will be

-
used with other types of filter realizations, (such as dielectric = H o

given to coaxial cavity filters because of their dominant role in g{/
wireless basestation filter applications.

Section Il illustrates the multipath coupling diagram ap-
proach to describe the operation of well-known cascaded triplet Decoupling Wall

(decreases magnetic coupling,
and hence decreases total coupling)

(CT) and cascaded quadruplet (CQ) sections. The techniques
of Section Il require slight modification for realizations other
than coaxial cavities; however, these are beyond the scopg-gfs. coupling fields betweeadjacentresonators. Total coupling may be

this tutorial. affected by decoupling walls and/or tuning screws.
In Section IV, less common nested structures are explored,

similar to the design of [3], where a five-section dielectric oYY o

resonator filter with three transmission zeros is describec port 1 port 2

Section V gives a very broad description of the various imple o———0

mentation techniques in use today. Special focus will be give
to methods accessible to most RF engineers. The conclusio ™ \

are summarized in Section VI. -20

~30
Il. PHASE RELATIONSHIPS \

Combline and coaxial cavity filters may be represented by
the prototype equivalent circuit of Fig. 2 [4]. Although simple
lumped components are being used to represent three-dime &
sional structures with complex field patterns, nonetheless, the \\
are useful and illustrative for purposes of this tutorial. 0 e

The shunt inductor/capacitor pairs represent individual res -
onating elements and the series inductors represent the dor
nantly magnetic coupling between resonators. The total couplin 1o e 510 610
between adjacent resonators has both magnetic and electric _ _ _ _
cormponents. However, these are out of phase vith each o Prnay courine betueen sonial e fsonairs oy e ol
the total coupling is the magnetic coupling less the electrjg,, ) approaches-90°. P e
coupling [5]. This is the reason a tuning screw placed be-

tween theopenends Of. two resonators increases the COuD“Qﬂf—resonance behavior is what is of concern. It should be em-
betwgen them (see F.|g. 3). The screw decreases the gle Ssized that, although this phase shift omfyproaches-90°
coupling and, hence, increases the total coupling (less is s d, in general, may be much less, for purposes of general un-

tracted from the total). By the same reasoning, a deCOUpIingstanding the approximation eB(° is quite useful. Thus,
wall between the shorted ends of two resonators decreases '

arg(S21) in degrees
Py
8
—

| |
2 @
3 S

the overall coupling by decreasing the magnetic coupling. For @91 =~ —90° (for series inductors). (1a)
a more rigorous treatment of the coupling phenomenon, see
[6]-[9]. The shunt inductor/capacitor pairs of Fig. 2 (resonators) can

The off-resonance (away from the passband) behavior of thiso be thought of as two-port devices. However, the phase shift
components of Fig. 2 is utilized to produce the destructive iat off-resonance frequencies is dependent on whether the signal
terference resulting in transmission zeros and, therefore, needabove or below resonance (see Fig. 5). For signals below the
to be understood. Let the phase component obtparameters resonant frequency (below the passband), the phase shift tends
So1 and Sy, be denotedby; and 14, respectively. Consider toward+90°. However, for signals above resonance, the phase
the series inductor of Fig. 4 as a two-port device. A signal eshift tends toward-90°. This behavior is due to the simple fact
tering port 1 will undergo a phase shift upon exiting port 2. Thithat below resonance, the resonator is dominantly inductive and
is 51, and it tends toward-90°. The fact that the magnitude an inductor in shunt is the dual of a capacitor in series. Similarly
of Soy is quite small at this point is not problematic in that théor frequencies above resonance; the resonator is dominantly
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Fig. 5. Coaxial cavity resonators may be modeled as shunt inductor/capacitc 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050
pairs. When considered a two-port device, phéase approaches-90° away Frequency, MHz

from resonance, and passes throughadthe resonant frequency. @

capacitive and a shunt capacitor is the dual of a series inductor.
Thus,

Resonator 2 Resonator 3

d57 =~ +90° (for resonators below resonance) (1b)
d5; ~ —90° (for resonators above resonance).  (1c)

Although there are no series capacitors in Fig. 2, the series
capacitor is an important cross-coupling device. The phase shift
is

®,1 &~ +90° (for series capacitors). (ad)

These phase shifts should not be confused with coupling co-
efficients commonly found in the literature, which may be of
opposite sign as the phase shift of (1a)—(1d).

I1l. M ULTIPATH COUPLING DIAGRAMS

. . . A window between resonators
A. CT With Inductive Cross-Coupling Resonator 1 1 and 3 provides the

Consider the three resonator structure of Fig. 6(a) and (b), magnetic cross coupling

which represents a CT section using an inductive cross-coupling (b)

between resonators 1 and 3. The resonators of the equivalegit 6. (a) Multipath coupling diagram for CT section wiihductive

circuit (Fig. 2) have been replaced by circles, but the intetftos_s-(_:oupling and _possible frequency response including transmission zero
. . . . . (sqlid line). (b) Physical representation of CT section of (a).

resonator inductors remain shown. Using the relationships of

Section I, the phase shifts can be found for the two possible

signal paths. Path 1-2—3 is the primary path, and path 1-3 is th&elow resonance, the two paths are in phase, but above res-

secondary path that follows the cross-coupling. When summiogance, the two paths are F88part. This is exactly the case

the phase-shift contributions of the individual components, tla¢ one frequency only (here, approximately 2030 MHz), but is

contributions from resonators 1 and 3 are not required. Badpproximately the case for frequencies in the region (approxi-

paths share a common beginning and ending location; omhately 2020-2040 MHz). This destructive interference causes

the contribution of circuit elementmternal to resonators 1 atransmission zero or null on the upper skirt. Stronger coupling

and 3 need to be considered. (Indeed, 1 and 3 need not ebetween 1 and 3 causes the zero to move up the skirt toward the

be resonatorsthe signals can be combined at the input ggassband. Decreasing the coupling moves it farther down the

output of the filter itself (see [3]).) Furthermore, resonator &kirt. This type of cross-coupling can be realized by a window

must be considered both above and below resonance. Tabbetween the cavities in the same way the primary coupling be-

shows these results. tween resonator 1 and 2 or between 2 and 3 is realized. This is
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TABLE |

TOTAL PHASE SHIFTS FORTWO PATHS IN A CT SECTION WITH INDUCTIVE
CROSSCOUPLING [SEE FIG. 6(a)]

TABLE 1

1371

TOTAL PHASE SHIFTS FORTWO PATHS IN A CT SECTION WITH CAPACITIVE
CROSSCOUPLING (SEE FIG. 7)

Below Resonance Above Resonance Below Resonance Above Resonance
Path 1-2-3 -90°+90°-90° = -90° -90°-90°-90° = -270° Path 1-2-3 -90°+90°-90° = -90° -90°-90°-90° = -270°
Path 1-3 -90° -90° Path 1-3 +90° +90°
Result In phase Out of phase Result Out of phase In phase
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Fig. 7. Multipath coupling diagram for CT section witlbapacitive ) ) ) ) o )
cross-coupling and possible frequency response including transmissidgl. 8. Multipath coupling diagram for CQ section with inductive
zero (solid line). Also shown is the standard Chebyshev response with&{@ss-coupling and possible frequency response.

cross-coupling (dashed line).

TABLE Il
8TAL PHASE SHIFTS FORTWO PATHS IN A CQ SECTION WITH INDUCTIVE

advantageous in that no additional components are required [sg CROSSCOUPLING (SEE FIG. 8)

Fig. 6(b)].

Above Resonance

B. CT With Capacitive Cross-Coupling -90°+90°-90°+90° | -90°-90°-90°-90°-90° =
-90° =-90° -450°=-90°

In Fig. 7, the inductive cross-coupling between resonator 1 p 474 90° 90°
and 3 has been replaced with a capacitive probe. The phase shif Reguit
for the two possible signal paths are given in Table Il. Again,
path 1-2-3is the primary path and is no different than in Table I.
Path 1-3 is the secondary path and now ha&° (positive) the group delay also has the effect of flattening the insertion

phase shift. Thus, for a capacitive cross-coupling, the destrl@ss. Midband losses increase slightly while band-edge rolloff
tive interference occuriselowthe passband. effects are decreasédl'hese effects are not apparent from this

analysis. See [10] and [11] for a more detailed analysis of filters
with transmission zeros at imaginary frequencies.

Below Resonance

Path 1-2-3-4

In phase In phase

C. CQ With Inductive Cross-Coupling

In Fig. 8, the four-resonator scenario known as the CQ s CQ With Capacitive Cross-Coupling

shown with an inductive cross-coupling. The primary path in ) ] i
this case is 1-2-3—4; the secondary path 1-4, therefore, byReplacing the inductive element between resonators 1 and 4

passes two resonators. As Table Ill shows, transmission zeYd) & capacitive probe, the other type of CQ is formed. This
are not produced any real frequencies above or below thetopology is particularly interesting, as Table IV shows, because
passband. However, zeros at imaginary frequencies can be §i@2smission zeros are produdeathabove and below the pass-
duced, which have the effect of flattening the group delay ovBand (see Fig. 9).

the passband. These types of responses are useful in eXtremeh/. Wenzel, “Designing microwave filters, couplers and matching networks,”
linear systems using feed-forward amplifiers. The flattening afvideo tutorial published by Besser Associates, Los Altos, CA, 1986.
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TABLE IV
TOTAL PHASE SHIFTS FORTWO PATHS IN A CQ SECTION WITH CAPACITIVE
CROSSCOUPLING (SEE FIG. 9)

Below Resonance Above Resonance
Path 1-2-3-4 -90°+90°-90°+90° | -90°-90°-90°-90°-90° =
-90° =-90° -450°=-90°
Path 1-4 +90° +90°
Result Out of phase Out of phase

IV. NESTED STRUCTURES

It has been shown that two signal paths can be combined t
produce a transmission zero. In this section, nested structurt ,
having three or more signal paths will be explored. Conside 2 b ~
first the circuit of Fig. 10. The outer path 1-2—3 combines with % 50
1-3 to form one transmission zero. Simultaneously, the interio *
path 1-3—-4 combines with the innermost path 1-4 to produc
a second transmission zero. Both are on the upper skirt. Se
Table V. 8

In the same way, the circuit of Fig. 11 produces two transmis- ~ ~9%
sion zeros on the lower skirt. Key to its function is the capaci- -,
tive cross-coupling between resonators 1 and 3 (see Table VI Frequency, Mz
These two circuits are especially useful in duplexer designs due
to their similar topology and symmetry in response. @

The multipath coupling diagram approach can also be used Resonator 3
to understand the operation of some very interesting structures
described in [3], although in it, the filters are realized with di-
electric resonators instead of coaxial resonators. Resonator 4

Two possible coaxial realizations of a five-section
three-transmission-zero filter are shown in Fig. 12(a) and
(b). These are the only two configurations for achieving all
three zeros on the same side of the passband. Other combina
tions exist that produce two zeros above and one below, for
example. Tables VII and VIII show the phase relationships of
Fig. 12 (a) and (b), respectively. Of particular interest is the
circuit of 12(b) because it may be realized using all window
couplings.

For some filter topologies having more than two possible Housing cut away
signal paths [as in Fig. 12(a)], the question may be raised as
to why the outermost and innermost paths do not also combine
to produce an additional transmission zero. To produce a can-
cellation, the two paths must not only be opposite in phase, but

1
(=)
(=4

=70

00
1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050

Resonator 2

°’|IIIIlI
3
4

0

DALV VLA

Resonator 1

Probe between resonators

equal in magnitude. A signal at an off-resonance frequency will 1 and 4 provides capacitive
be partially attenuated by every resonator in its path, therefore, coupling
the outermost and innermost paths will be of vastly different (b)

magnitude, regardless of phase. ) ) . . ) ) .

A kina verification of this nested cross-couplin Fig. 9. (a) Multipath coupling diagram for CQ section with capacitive

S a wor 'lg D 4 p Qross-coupling and possible frequency response. Transmission zeros are
method, see Fig. 13. This eight-resonator filter was developgdduced both above and below the passband (solid line). Compare to standard
using the topologies of Figs. 10 and 11 combined. Resonat&F§byshev response (_d_ashed Iin(_e). (b) Physical representationqu _CQ segtion
1-4 produce both transmission zeros below the band of (a). Here, the capacitive probe is formed from a length of semirigid coaxial
p d % le with the outer conductor and insulator removed from the ends.

resonators 5-8 produce both zeros above the band (special

thanks to J. Roberds, Commercial Microwave Technology In%‘pecification stopband requirements, and resonator design for
Rancho Cordova, CA, for this measured data). » Stop q ' 9

proper frequency an@,, operation, high power-handling con-
siderations, and others. The reader is referred to [5], [12], and
[13] as sources for designing microwave filters. These sources
There is a multitude of important topics in the field of filterpresent much general material over a range of technical levels.
design and implementation such as the determination of theLimiting the scope of this tutorial to understanding the rela-
number of cavities and transmission zeros required to meeti@anship between a cross-coupled filter circuit’s topology and

V. FILTER IMPLEMENTATION



THOMAS: CROSS-COUPLING IN COAXIAL CAVITY FILTERS 1373

+/-90 +-90

90 -90

S21~2, dB

o
|S21|°2,dB

—90

~90

00
1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050
Frequency, MHz

100
1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050
Frequency, MHz

Fig. 10. Nested cross-coupling to produce two high-skirt transmission zer,g@_ 11.

L . Nested cross-coupling to produce two low-skirt transmission zeros
(solid line). Compare to standard Chebyshev response (dashed line). ping fo b

(solid line). Compare to standard Chebyshev response (dashed line).

TABLE V

TOTAL PHASE SHIFTS FORTHREE PATHS OF THECIRCUIT IN FIG. 10 TABLE VI

TOTAL PHASE SHIFTS FORTHREE PATHS OF THECIRCUIT IN FIG. 11

Below Resonance Above Resonance Below Resonance Above Resonance
Path 1-2-3 -90"+90"—9(3° =-90° -90°-90°-90: =-270° Path 123 290°+90°-90° = -90° 290°-90°-90° = -270°
Path 1-3 -90 -90 Path 1-3 +9(0° +90°
Result In phase Out of phase Result Out of phase In phase
Path 1-3-4 -90°+90°-9?° =-90° -90"-90"-90: =-270° Path 1-3.4 $90°+90°-90° = +90° $90°-90°-90° = -90°
Path 1-4 -90 -90 Path 1-4 -90° -90°
Result In phase Out of phase Result Out of phase In phase

its frequency response, a natural quantitative question ariSES;Direct Synthesis
to what degree and in what sense are the various resonators

this question contains all the information required to descril§dven response has been presented in Levy's work giveniin [15].
the bandwidth and presence of any transmission zeros (at €S Work provided an analytical alternative to applying matrix
ther real or imaginary frequencies). These couplings can be fatations to the canonic form of the filter, as had been earlier
scribed by coupling coefficients or coupling bandwidths, wheRfoposed in [16]-{18]. Unfortunately, this direct method is only
the coupling bandwidth equals the coupling coefficient multBPplicable to the CQ filters, as shown in Figs. 8 and 9. The au-
plied by the design bandwidth. For ah resonator filter, these thor is not aware of any closed-form solutions that are capable
bandwidths can be arranged in Ahx N coupling-bandwidth of generating a coupling matrix for the nested structures of Sec-
matrix. Each coupling bandwidth is readily measurable withtn IV. Analytical methods exist for CT and CQ structures only.
vector network analyzer and is, therefore, immediately usefdHe to the comprehensive coverage of this method in the liter-
in the development and production tuning of microwave filter@ture, no further discussion will be offered here.
(see [14] for a unified approach to the technique of using cou-
pling coefficients with coupled resonator filters). B. Low-Pass Prototype Transformations
The methods for obtaining the coupling-bandwidth matrix re- The method of transforming a low-pass prototype circuit into
quired for a given frequency response may be broadly categthandpass filter scaled in frequency and impedance is an old ap-
rized into the following three categories: proach that fills many textbooks on filter design. However, the
1) direct synthesis; limitations on this approach are that the result is a lumped-ele-
2) low-pass prototype transformations; ment filter that eventually must be approximated by distributed
3) optimization methods. components. Furthermore, although elliptic function filters may
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TABLE VII
TOTAL PHASE SHIFTS FORFOUR PATHS OF THECIRCUIT IN FIG. 12(a)
Below Resonance Above Resonance
Path 2-3-4 -90°+90°-90° = -90° -90°-90°-90° = -270°
Path 2-4 +90° +90°
Result Out of phase In phase
0 Path 1-2-4 -90°+90°+90° = +90° -90°-90°+90° = -90°
10 Path 1-4 -90° -90°
Result Out of phase In phase
-20
-30 \ Path 1-4-5 -90°+90°-90° = -90° -90°-90°-90° = -270°
Path 1-5 +90° +90°
3 40 Result Out of phase In phase
2 _o . ‘-. TABLE VIII
\ /'\ TOTAL PHASE SHIFTS FORFOUR PATHS OF THECIRCUIT IN FiG. 12(b)
=70
-s0 \ / | Below Resonance Above Resonance
|I Path 2-3-4 -90°+90°-90° = -90° -90°-90°-90° = -270°
90 }' Path 2-4 -90° -90°
-100 Result In phase Out of phase
1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050
Path 1-2-4 -90°+90°-90° = -90° -90°-90°-90° = -270°
Path 1-4 -90° -90°
Result In phase Out of phase
Path 1-4-5 -90°+90°-90° = -90° -90°-90°-90° = -270°
Path 1-5 -90° -90°
Result In phase Out of phase

an important starting point for beginning filter designers due
to the numerous allusions and references to the method found
throughout the literature (see [5] and [13]).

C. Optimization Methods

Atia presented a “synthesis by optimization” method [19] in
P b which the elements of the coupling matrix were simply given
an initial gross approximation as either 1, 0,-et. A pair of
R noncoupled resonators would have a coupling coefficient of zero
5 (0), a pair with positive coupling (inductive) would be initially
-70 /] approximated as 1, and negative coupling (capacitive) would be
a0 \ / initially approximated by—1. An optimization routine is then
applied only at the poles and zeros, i.e., only at the frequencies
90 v whereS;; (poles) andSy; (zeros) are numerically zero. Since
-100 the locations of the poles and zeros, together with the number
1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050 . . .
Frequency, MHz of resonatorgV, uniquely determine the transfer function of the
(b) filter, these are the only frequencies for which optimization is
Fig. 12. (a) and (b) Two possible five-section three—transmission—zereqUired'The elements of the coupling malrix qUiCkIy converge
regiizatibns. All the couplings? between resonators of circuit (b) may the correct values required to produce the specified transfer
realized with iris coupling, making this topology particularly attractive from gunction (frequency response).
manufacturing point-of-view. In both cases, the standard five-cavity ChebyshevAn analogous process using a linear microwave circuit sim-
response is shown (dashed line) for reference. ulator would be to add cross-coupling elements to a linear sim-
ulation of a standard Chebyshev filter. Using this method, the
be similar in that they utilize transmission zeros at finite freeross-coupling circuit elements can be lumped or a lumped/dis-
guencies, there are not straightforward design tables from whieibuted combination. The elements should first be chosen such
to select cross-coupled designs. If using this “recipe” approacthat they only minimally disturb the standard Chebyshev re-
the choices are limited to standard ladder networks (Chebysh&wonse. In the limit, this would approach a coupling coefficient
Butterworth, etc.) and elliptic function filters. Understandingf zero (a very small capacitor or very large inductor). These
of the methodology of using low-pass prototypes, however, désoss-coupling elements can then be adjusted manually or by

S21°2, dB
‘\
P
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\ \ 1 Fig. 15. (a) and (b) Importance of including the electrical length of the
-99 cross-coupling component is illustrated by showing that a capacitive probe, if
electrically long, can have the same phase relationship as a lumped inductor.
Center 1 S42. 408 MH2 Span 1@8.888 MHz
Fig. 13. Multipath coupling diagram and measured data for an eight-resonator T
filter. The design utilizes the nested cross-coupling techniques of Section IV. -
S—— \c:
N . . S —r D
using optimization routines. As the cross-coupling elements are E— —
adjusted, the tuned response of the filter will degrade. However, d 5 < s
the tuning can be recovered quickly by retuning only the ele- — H¢
ments that are involved in the production of the transmission
zero. As an example, consider An= 5 filter with a cross-cou- Qu) . -
pling from resonator 2 to 4. Adjusting the value of the 2-4

cross-coupling will detune the response, but it can be recovered
by compensating resonators 2 and 4 and couplings 2—-3 and Bigq16. Inductive cross-coupling loop between tlemadjacentesonators.
only.

The distributed nature of the cross-coupling elements themeuctive cross-coupling, ampperskirt transmission zero). In
selves requires they have a nonzero electrical length. Takings case, the multipath coupling diagram might look like the
these lengths into account will result in coupling-bandwidtbne shown in Fig. 15(a), but have the response of Fig. 15(b).
information directly usable in the development and tuning For inductive cross-couplings, the ideal coupling structure is
process. In the analysis of Section Ill, phase shift was achievedindow and iris combination because it has fewer mechanical
purely from the reactance of the inductor or capacitor, not froparts than its alternative, i.e., a coupling loop. If the layout does
its electrical length. However, the total phase contribution witiot allow for iris coupling, a simple loop placed normal to the
consist of the reactive elemeplus any associated distributedmagnetic field will provide the desired effect (see Fig. 16).
contributions. Finally, the tuned circuit is ready to have its coupling-band-

A common technique for realizing a capacitive cross-cowidth matrix extracted. This is accomplished by temporarily
pling is to strip the outer conductor away from the ends of@acing a short circuits in parallel with the resonators and
section of semirigid coaxial cable, such as RG141. This predccessively removing them while making reflectad phase
vides a probe, isolated from the housing, that is easily formeateasurements. For the coupling between the first and second
and adjusted (see Fig. 14). resonator, this measurement is of the bandwidth required for

The electrical length of this probe should be included ithe reflected signal to undergo a I8phase shift. Couplings
the simulation, and the capacitance on each end estimatiet are more interior can vary from this. This measurement
This electrical length should be kept short if the intent is ts performed both in the computer simulation environment
realize the response of Fig. 7 (a lower skirt transmission zer@for the determination of the matrix) and on the bench (for the
however, by increasing the length by odd multiples of 2,.80development of the prototype) (see [14] and [20] for more on
the response of Fig. 6 can be achieved (i.e., the response oftds technique).
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Areview of the importance, need, and benefits of using cross-
coupling in coaxial cavity filter design has been presented. An
approximate model for understanding the phase-shift contrib2?
tions of relevant lumped-element components has been used
with a multipath coupling diagram approach to explain the beill]
havior of well-known triplet and quadruplet sections, as well
as to predict the response of less common nested structuregsz)
This technique is extremely useful for determining an optimal
cavity layout for given electrical and mechanical specifications:
Finally, several design approaches have been categorized, in-
cluding some numerical methods suitable for the nonspeciali$t4]
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VI. CONCLUSION

RF engineer.
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