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Synthesis of Advanced Microwave Filters Without
Diagonal Cross-Couplings
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Abstract—Asymmetric filtering characteristics are frequently
used for the design of microwave filters for the cellular telephony
industry, particularly for the transmit/receive diplexers for base
stations. Typically, such filters have to be manufactured in large
quantities at the lowest possible cost. However, due to the asym-
metric filtering characteristics, the designs often include diagonal
cross-couplings between nonadjacent resonators in addition to the
usual “straight” couplings. Diagonal couplings tend to be mechan-
ically difficult to manufacture and assemble and can be electrically
awkward to tune and be sensitive to temperature, vibration, etc.,
all of which drives up unit costs. This paper introduces the methods
for the synthesis of two novel filter network configurations that do
not require diagonal couplings, but nonetheless are able to realize
asymmetric filtering functions.

Index Terms—Asymmetric filtering functions, Chebyshev
characteristics, circuit synthesis methods, coupling matrix,
cross-couplings, microwave filters.

I. INTRODUCTION

I N ORDER TO cope with the increasing demand for capacity
in restricted spectral bandwidths, specifications for channel-

izing filter rejections have tended to become asymmetric. This
is particularly true for the front-end transmit/receive diplexers
in the base stations of mobile communications systems and re-
quires the use of advanced filtering characteristics, optimally
tailored to the rejection requirements, whilst at the same time,
maintaining maximum in-band amplitude and group-delay lin-
earity and lowest insertion loss.

In the course of synthesizing the networks for such character-
istics and then reconfiguring the inter-resonator main line and
cross-couplings to give a convenient realization, it is frequently
found that diagonal couplings are required. Diagonal couplings
are those that interconnect resonators arranged in a grid pattern
at an angle relative to the grid lines, where “straight” couplings
are parallel to the grid lines (e.g., Fig. 1).

In this paper, two novel synthesis methods are presented
that allow the realization of symmetric or asymmetric filtering
characteristics without the need for diagonal cross-couplings.
The first is the “box” configuration and a derivation known
as the “extended box” configuration, and the second is the
“cul-de-sac” filter configuration.
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Fig. 1. 4–1 asymmetric filtering function. (a) Realized with conventional
diagonal cross-coupling (M ). (b) Realized with the box configuration.

(a) (b)

(c)

Fig. 2. 4–1 filter: formation of the box section. (a) Trisection. (b) Annihilation
ofM and creation ofM . (c) “Untwisting” to obtain box section.

II. BOX SECTIONS

The box section is similar to the cascade quartet section [5],
i.e., four resonator nodes arranged in a square formation, but
with the input to and the output from the quartet from opposite
corners of the square. Fig. 1(a) shows the conventional quartet
arrangement for a fourth degree filtering characteristic with
a single transmission zero (TZ), realized with the diagonal
cross-coupling (a “trisection,” see [1]). Fig. 1(b) shows the
equivalent box section realizing the same TZ, but without the
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Fig. 3. 4–1 filter: coupling matrices. (a) Trisection. (b) After transformation to box section (TZ on upper side of passband). (c) TZ on lower side of passband.

Fig. 4. 4–1 filter: measured results. (a) TZ on upper side. (b) TZ on lower side.

need for the diagonal coupling. Application of the “minimum
path” rule indicates that the box section can realize only a
single TZ.

The box section is created by the application of a
“cross-pivot” similarity transform to a trisection [1] in
the coupling matrix for the filter. A cross-pivot similarity
transform is the case where the coordinates of the coupling
matrix element to be annihilated are the same as the pivot of the
transform itself, i.e., the element to be annihilated lies on the
cross-points of the pivot. The angle of the similarity transform
for the annihilation of an element at the pivot cross-point
( ) is different to that of a regular annihilation [2] and is
given by

(1)

where and are the coordinates of the pivot and also of the
element to be annihilated, is the angle of the similarity trans-
form, and is an arbitrary integer. For the box section, the pivot

is set to annihilate the second main line coupling of the trisec-
tion in the coupling matrix, i.e., and in the fourth
degree example of Fig. 1 and its equivalent coupling and routing
schematic [see Fig. 2(a)]. In the process of annihilating the main
line coupling , the coupling is created [see Fig. 2(b)]
and then by “untwisting” this section, the box section is formed
[see Fig. 2(c)]

In the resultant box section, one of the couplings will always
be negative, irrespective of the sign of the cross-coupling ()
in the original trisection.

To illustrate the procedure, an example is taken of a fourth de-
gree 25-dB return-loss Chebyshev filtering characteristic, with
a single TZ at to give a lobe level of 41 dB on
the upper side of the passband.

Fig. 3(a) below gives the “ ” coupling matrix for the 4–1
filter showing the trisection cross-coupling, corresponding
to the coupling diagram of Fig. 2(a). Fig. 3(b) shows the cou-
pling matrix after transformation to the box configuration. Fig. 4
shows the measured results of a coaxial resonator realization of



2864 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 12, DECEMBER 2002

Fig. 5. 10–2 asymmetric filter: coupling and routing diagrams. (a) Synthesized
with two trisections. (b) After transformation of trisections to two box sections
by application of two cross-pivot rotations at pivots[2; 3] and[8; 9]. This form
is suitable for realization in dual-mode technology.

Fig. 6. 10–2 asymmetric filter: RF simulated and measured return loss and
rejection.

the 4–1 filter configured as in Fig. 1(b). Good correlation is ob-
tained between the measured and simulated results.

If the TZ is placed at below the passband instead of
above, then the transformation to the box section will result in
the same values for the inter-resonator couplings, but comple-
mentary values for the self-couplings [ etc. along
the principal diagonal of the coupling matrix, see Fig. 3(c)].
Since the self-couplings represent offsets from center frequency
and are adjustable by tuning screws, it means that the same filter
structure may be used, for example, for the complementary fil-
ters of a transmit (Tx)/receive (Rx) diplexer. Fig. 4(b) shows the
measured results of the same structure that gave the single TZ
on the upper side of the passband [see Fig. 4(a)], now retuned
to place the TZ below the passband.

Box sections may also be cascaded within higher degree fil-
ters, indexing the coordinates of the pivots in (1) appropriately to
correspond correctly with the position of each trisection. Fig. 5
gives the coupling and routing diagrams for a tenth degree ex-
ample with two TZs on the lower side of the passband, while
Fig. 6 shows the measured and simulated return loss and rejec-
tion characteristics of a test filter.

Fig. 7. Eighth degree network. Two box sections conjoined at one corner.

Fig. 8. Coupling and routing diagrams for extended box-section networks.
(a) Fourth degree (basic box section). (b) Sixth degree. (c) Eighth degree.
(d) Tenth degree.

It may be seen from Fig. 5(b) that because there are no diag-
onal cross-couplings, it would be possible to realize this asym-
metric characteristic in dual-mode cavities

III. EXTENDED BOX SECTIONS

A series of box sections may be formed in higher degree net-
works by cascading trisections and applying the single cross-
pivot rotation to eliminate the main-line coupling within each
one and then untwisting. However, the closest that box sections
may be created by this method is where two sections share a
common resonator, e.g., the eighth degree network of Fig. 7.
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TABLE I
PIVOT COORDINATES FOR THEREDUCTION OF THEFOLDED MATRIX TO THE EXTENDED BOX-SECTION CONFIGURATION—SIXTH, EIGHTH, AND TENTH DEGREES

This leads to a rather awkward and restricted layout and heavily
loads the common resonator (resonator 4 of Fig. 7) with four
couplings. Moreover, only two TZs may be realized by this net-
work.

A rather more convenient arrangement both in physical layout
and number of TZs that may be realized is shown in Fig. 8.
Here, the basic fourth degree box section is shown and then
the addition of pairs of resonators to form sixth, eighth, and
tenth degree networks. Application of the minimum path rule
indicates that a maximum of 1, 2, 3, or 4 TZs may be realized by
the fourth, sixth, eighth, and tenth degree networks, respectively.
The resonators are arranged in two parallel rows with half the
total number of resonators in each row, input is at the corner
at one end, and output from the diagonally opposite corner at
the other end. Even though asymmetric characteristics may be
prescribed, there are no diagonal cross-couplings.

There appears to be no regular pattern for determining the se-
quence of rotations to synthesize the coupling matrix for the ex-
tended box sections from the folded network or any other canon-
ical network. The sequences that are shown in Table I were de-
rived by first determining the sequence of rotations to reduce
the extended box-section network to the corresponding folded
network coupling matrix, for which a regular procedure exists
[2]. This sequence of rotations is then reversed to transform the
folded coupling matrix (which is readily derived from the
and polynomials using the methods of [2] or [3] and [4])
back to the box-section matrix.

Reversing the sequence means that some of the rotation an-
gles are unknowna priori and can only be determined by
relating the coupling elements of the final matrix with those of
the initial folded matrix and then solving to find the (sim-
ilar to the procedure for synthesizing cascade quadruplets in an
eighth degree network, see [5]). Deriving the equations to solve
for analytically involves a formidable amount of algebra and

the task becomes most easily performed by setting up a simple
solver procedure.

The procedure starts by setting initial values for the unknown
rotation angles (one for the sixth degree, two for the eighth de-
gree, and five for the tenth degree) and then running through
the sequence of rotations, as shown in Table I, to obtain the
transformed coupling matrix. With these initial angles, some
of the unwanted coupling matrix elements will have nonzero
values and a cost function may be evaluated by forming, for ex-
ample, the root–sum–square of the values of all the elements in
the coupling matrix that should be zero. The initial angles may
then be adjusted by the solver routine until the cost function
is zero. By varying the value of the integerin the cross-pivot
angle formula (1), when it is used in the rotation sequences, sev-
eral unique solutions may be found in most cases, allowing the
choice of the coupling matrix that gives the most convenient
coupling values for the technology to be used for the realiza-
tion.

An example is taken of an eighth degree filtering character-
istic with 23-dB return loss and three prescribed TZs at

, , and , which produce one rejec-
tion lobe level of 40 dB on the lower side of the passband and
two at 40 dB on the upper side. The folded “ ” coupling
matrix is shown in Fig. 9(a), and having found the two unknown
angles and of one of the possible solutions (63.881 and

35.865 , respectively) and applying the sequence of seven ro-
tations (Table I), the coupling matrix for the extended box sec-
tion is obtained [see Fig. 9(b)], which corresponds to the cou-
pling and routing diagram of Fig. 8(c). The analyzed transfer
and reflection characteristics for this coupling matrix are shown
in Fig. 10, demonstrating that the performance has been pre-
served intact.

It may be seen from Fig. 8 that because they have no diagonal
cross-couplings, extended box sections are also very suitable for
realization with dual-mode resonator cavities. A practical ad-
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Fig. 9. Extended box-section configuration: eighth degree example. (a) Original folded coupling matrix. (b) After transformation to extended box-section
configuration.

Fig. 10. 8–3 asymmetric filter in extended box-section configuration:
simulated rejection and return-loss performance.

vantage arises from all the straight couplings being present, in
that any spurious stray couplings become less significant. Sev-
enth, ninth, and eleventh odd-degree filters may also be syn-
thesized, using the rotation sequences for the sixth, eighth, and
tenth degree filters, respectively.

By working on subsections of the main coupling matrix, hy-
brid forms may also be created. An example is given of an
eleventh degree characteristic with three Tx zeros, which may
be initially synthesized with three trisections [see Fig. 11(a)].
The first two trisections are then transformed into an asymmetric
cascade quad section with two similarity transforms at pivots

and to eliminate couplings and , respec-
tively [2]. The iterative procedure described above for the sixth
degree case may then be applied to the upper left 66 sub-
matrix of the main matrix to form the extended box section at
the left-hand side of the network [see Fig. 11(b)]. Finally, the
basic box section at the right-hand side may be formed with a

cross-pivot transform at pivot to eliminate coupling .
Alternatively, applying the cross-pivot transform at pivot
would form the basic box section at the extreme right of the net-
work.

IV. CUL-DE-SAC CONFIGURATION

The cul-de-sac configuration is restricted to double-termi-
nated networks and will realize a maximum of TZs. Oth-
erwise it will accommodate any even- or odd-degree symmetric
or asymmetric prototype. Moreover, its form lends itself to a cer-
tain amount of flexibility in the physical layout of its resonators
[6].

A typical cul-de-sac configuration is shown in Fig. 12(a) for
a tenth degree prototype with the maximum-allowable seven Tx
zeros (in this case, three imaginary-axis and two complex pairs).
There is a central “core” of a quartet of resonators in a square
formation [1, 2, 9, and 10 in Fig. 12(a)], straight-coupled to each
other (i.e., no diagonal cross-couplings). One of these couplings
is always negative; the choice of which one is arbitrary. The
entry to and exit from the core quartet are from opposite corners
of the square [1 and 10, respectively, in Fig. 12(a)].

Some or all of the rest of the resonators are strung out in cas-
cade from the other two corners of the core quartet in equal num-
bers (even-degree prototypes) or one more than the other (odd-
degree prototypes). The last resonator in each of the two chains
has no output coupling; hence, the nomenclature “cul-de-sac”
for this configuration. Other possible configurations are shown
in Fig. 12(b) (eighth degree) and Fig. 12(c) (seventh degree). If
it is practical to include a diagonal cross-coupling between the
input and output of the core quartet, an extra TZ may be real-
ized. This coupling will have the same value as in the original
folded coupling matrix.

The procedure for the synthesis of the cul-de-sac network
takes advantage of the symmetry of the ladder lattice network
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Fig. 11. Stages in the synthesis of an 11–3 network with cascaded box sections. (a) Initial synthesis with trisections. (b) Formation of cascade quad-section.
(c) Formation of sixth degree extended box section in cascade with a basic box section.

Fig. 12. Cul-de-sac network configurations. (a) 10–3–4 network. (b) 8–3
network. (c) 7–1–2 network.

for symmetric or asymmetric filter responses [7]. This leads to
a particularly simple and regular series of rotations, which can
be made entirely automatic for any degree of filter. Starting with
the folded coupling matrix, elements are annihilated using a se-
ries of regular similarity transforms (for odd-degree filters) and
cross-pivot transforms (for even-degree filters), beginning with
a main-line coupling near the center of the matrix and working
outwards along or parallel to the cross-diagonal.

Note that, for cross-pivot annihilations of , where
the self-couplings , [see (1)]. It is also
allowable to have for when , which will

give a slightly different configuration alternative. For odd-de-
gree filters, the angle formula takes the more conventional form

(2)

where ( ) is the pivot coordinate.
Table II gives the pivot coordinates and angle formula to be

used for the sequence of similarity transforms to be applied to
the folded coupling matrix for degrees 4–9 and a general for-
mula for the pivot coordinates for any degree4.

The folded-network coupling matrix for the double-termi-
nated version of the example that was used in [2] is shown in
Fig. 13(a). This was a seventh degree 23-dB return-loss asym-
metric filter, with a complex pair of TZs to give group-delay
equalization over approximately 60% of the bandwidth and a
single zero on the imaginary axis to give a rejection lobe level
of 30 dB on the upper side of the passband.

To transform the folded network coupling matrix to the
cul-de-sac configuration, two transformations according to
Table II are applied [pivots and with angles cal-
culated from (2)], after which the coupling matrix, as shown
in Fig. 13(b), is obtained, corresponding to the coupling and
routing diagram of Fig. 12(c). The results of analyzing this
coupling matrix are given in Fig. 14(a) (rejection/return loss)
and Fig. 14(b) (group delay), where it may be seen that the
30-dB lobe level and equalized in-band group delay have not
been affected by the transformation process. Note that when
the source and load are directly connected to the corners of
the core quartet and the number of finite-position zeros of the
prototype is less than , the values of the four couplings
in the core quartet have the same absolute value.
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TABLE II
PIVOT COORDINATES FOR THEREDUCTION OF THEFOLDED MATRIX TO THE CUL-DE-SAC CONFIGURATION

Fig. 13. Cul-de-sac configuration: seventh degree example. (a) Original folded coupling matrix. (b) After transformation to cul-de-sac configuration.

Fig. 14. 7–1–2 asymmetric filter example: simulated performance. (a) Rejection and return loss. (b) Group delay.
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Fig. 15. 7–1–2 asymmetric filter example: coaxial cavity realization configurations. (a) Folded-network configuration. (b) Cul-de-sac configuration.

Fig. 16. 8–3 asymmetric filter example. Folded coupling matrix [see Fig. 9(a)] after transformation to cul-de-sac configuration.

The topologies of the filters in coaxial-resonator technology
corresponding to the two coupling matrices of Fig. 13 are shown
in Fig. 15(a) (folded) and Fig. 15(b) (cul-de-sac), demonstrating
the rather simple construction of the cul-de-sac form as com-
pared with the folded form. There are no diagonal cross-cou-
plings and only one negative coupling in the cul-de-sac.

A proof-of-concept -band model of the same 8–3 prototype
as was used for the extended box filter example (Section III)
was synthesized in a cul-de-sac configuration, then realized as
a coaxial-cavity filter and measured. Starting with the folded
coupling matrix for this prototype [see Fig. 9(a)] and applying
a series of three cross-pivot transforms at pivots , ,
and (Table II) and with angles according to (1), results in
the coupling matrix shown in Fig. 16, which corresponds to the
configuration of Fig. 12(b). Since the number of finite-position
TZs for this prototype was less than the maximum permissible

, the third transform angle is actually zero and may be
omitted for this case.

The simulated and measured rejection and return-loss perfor-
mances of this filter are shown in Fig. 17, which clearly shows
the three TZs. The bandwidth of this filter being quite large
(110 MHz) means that the return-loss performance has degraded
slightly due to dispersion effects; but these seem to be well pre-
dicted by the simulation model.

A sketch of the filter resonator layout is presented in Fig. 18,
showing the very uncomplicated coupling arrangement. The
omission of the third rotation has left the core quartet
not directly connected to the input/output terminations, which
should benefit far-out-of-band rejection. This same con-
struction would be able to support eighth degree prototypes
with numbers of TZs ranging from nil up to three and with
symmetric or asymmetric characteristics.

As was noted above, all the couplings are positive, except for
one in the core quartet. This may be moved to any one of the
four couplings for the greatest convenience and implemented as
a probe, for example, if the filter is to be realized in coaxial-res-

Fig. 17. 8–3 cul-de-sac filter: simulated and measured performance.

Fig. 18. Cul-de-sac configuration: 8–3 asymmetric filter.

onator technology, and the other couplings are to be realized as
inductive apertures or inductive loops. Also, there are no diag-
onal couplings even though the original prototype was asym-
metric.

Some of the more important features of the cul-de-sac con-
figuration are summarized as follows.

1) The cul-de-sac topology may be used to realize a com-
pletely general class of electrical filtering function,
symmetric or asymmetric, even or odd degree, provided
that the filtering function is designed to operate between
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Fig. 19. Sensitivity to variations in coupling value. (a) Nominal 11–3 characteristic. (b) Cul-de-sac: random variations to all couplings. (c) Cul-de-sac: 0.2%
increase to self-couplings, 0.2% decrease to all others. (d) Box filter: 0.2% increase to self-couplings, 0.2% decrease to all others.

equal-value source and load terminations (“double-ter-
minated”) and that the number of TZs embodied by the
filtering function is less than or equal to , where
is the degree of the function

2) A given filtering function incorporating TZs may be real-
ized with an absolute minimum number of coupling ele-
ments and their associated adjustment mechanisms. e.g.,
for a tenth degree function with seven TZs, ten internal
couplings are required. The equivalent folded structure
would need 16 internal couplings, some of which will be
diagonal couplings.

3) All the couplings are “straight,” i.e., either horizontal
or vertical between resonators if these are arranged in
a regular grid pattern. This will tend to significantly
simplify the design and eliminate the need for diagonal
couplings, which are typically difficult to manufacture,
assemble, and adjust and tend to be quite sensitive to
vibration and temperature variations. The absence of
diagonal couplings enables the realization of asymmetric
filtering characteristics with dual-mode resonators,
e.g., in a dielectric or waveguide and also usage of the
high- cylindrical waveguide resonant mode.

4) The same structure may be used to embody any double-
terminated symmetric or asymmetric filtering function of
the same degree (provided always that ).
Therefore, the same basic housing incorporating the cou-

pling elements may be used for a variety of filtering char-
acteristics. If the changes in coupling values from the
original design are small, e.g., to correct for a dispersion
distortion, the changes may be made with tuning and iris
adjustment screws without the need to alter the mechan-
ical dimensions of the inter-resonator coupling apertures
or to add further cross-couplings.

5) Regardless of the transfer characteristic, all the internal
couplings will be of the same sign with the exception of
one within the central quartet of resonators. The range
over which the values of the internal inter-resonator cou-
plings are spread will be comparatively small, allowing
the use of a common design for all the couplings with the
same sign.

6) The values of the inter-resonator couplings will be rel-
atively large as compared with the levels of stray and
spurious couplings typically found within complex filter
structures. This will tend to ease the design and tuning
process. Also, the values of all inter-resonator couplings
are externally adjustable with screws, reducing the need
for tight tolerances during manufacture and enabling op-
timal performance to be obtained during production.

7) The -factor of a microwave resonant cavity tends to
decrease as the number of coupling elements intercon-
necting to it increases, thus, increasing the insertion loss
of the filter of which it forms a part. Since there are
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a minimal number of inter-resonator couplings in the
cul-de-sac filter and only one of those is a negative cou-
pling (which tend to be realized as a probe in coaxial and
dielectric filters and can be relatively lossy, particularly
if it is a diagonal coupling), its insertion loss will be less
than the equivalent filter with more coupling elements.

8) By short-circuiting certain cavities, the filter may be split
into smaller sections, which will tend to ease the devel-
opment and production tuning processes.

9) The cul-de-sac filter may be manufactured as a simple
two-dimensional two-part housing lid assembly with
all the tuning screws on top, making it very suitable for
mass production and tuning methods. The form is also
amenable to volume manufacturing processes such as die
casting. A certain amount of flexibility is available in the
layout of its cavities, enabling compact integration with
other subsystems and components in the same system.

A. Sensitivity Considerations

Having the minimum number of internal couplings, it is to
be expected that the cul-de-sac filter will be more sensitive to
variations in its coupling element values and tuning state than
the equivalent filter realized in the folded configuration or with
trisections, etc. To assess the nature of this sensitivity and to
make a comparison with alternative configurations realizing the
same filtering function, a brief qualitative simulation study was
made.

There will be two main classes of variation in the coupling
and resonator tuning states, i.e., random, which will be due to
component and manufacturing/assembly tolerances, and unidi-
rectional or bidirectional, which will be caused by temperature
fluctuations during operation.

The first category was assessed using a Monte Carlo sen-
sitivity analysis package on an eleventh degree characteristic
with three TZs on the lower side giving 97-dB rejection lobe
levels, realized in folded box section [see Fig. 11(c)], trisec-
tion, and cul-de-sac configurations. Here, the box and trisection
were relatively little affected by 1% standard deviation varia-
tions in coupling values alone, but the rejection performances
of the folded and cul-de-sac were both quite seriously affected
[see Fig. 19(b)]. Although the variations in the values in the cou-
pling elements will be adjustable during production with tuning
screws, counteracting the effect of manufacturing and assembly
tolerances and restoring the rejection performance, there will be
an impact on volume production where more careful and accu-
rate tuning will be required.

The second category of variation was investigated by ap-
plying a 0.2% increase to self-couplings and a 0.2% decrease
to the other coupling values. Here, the cul-de-sac fared worst
overall with the rejection performance suffering significantly
[see Fig. 19(c)]. By comparison, the box filter is relatively
lightly affected [see Fig. 19(d)]. This indicates that greater
thermal stability of the coupling values and resonant frequen-
cies of cul-de-sac filters will be required or that the mechanical
design gives shifts in the same direction under the influence of
temperature changes.

V. CONCLUSION

In this paper, the exact synthesis methods for two novel
configurations for microwave filters have been introduced,
i.e., the box (and its extended form) and the cul-de-sac forms.
The new forms feature some important constructional simpli-
fications that should ease the volume production process for
high-performance microwave filters for the wireless industry
and make practical the realization of a wide range of advanced
asymmetric filtering characteristics in dual- or triple-mode
technology without an accompanying increase in constructional
complexity.
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