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Abstract—The paper presents a universal and compre- zerosis directly related to the topology of the coupling network,
hensive synthesis technique of coupled resonator filters with whereas their location is further affected by the relative signs
source/load-multiresonator coupling. The approach is based and magnitudes of the different coupling coefficients.
on repeated analyses of a circuit with the desired topology; no . . . )
similarity transformation is needed. Restrictions imposed by the A survey of the voluminous literature on microwave fllters.
imp|ementati0n on the Coup”ng coefficients such as Signs and ShOWS that most Of the research effort haS been focused on f||'
orders of magnitudes are straightforwardly handled within this ters where the source feeds only one resonator (resonator 1) and
technique. The technique is then used to synthesize and design fil-the |oad is connected to only one resonator (resontdi—[7].
ters with full or almost full coupling matrices by selecting, among It is well established that such filters can generate at mese

the infinite number of solutions, the matrix that corresponds to finite t . ith t 11 H
the actual implementation. In such cases, analytical techniques inite transmission zeros with resonators [1]. However, some

and those based on similarity transformations cannot be used SpPecifications for filtering structures may be more expediently
since they provide no mechanism to constrain individual coupling fulfilled by exploiting additional couplings between the source
coefficients in order to discriminate between two full coupling and the load and the resonators. Indeed, when the source is di-
matrices, which are both solutions to the synthesis problem. Using a1y coupled to the load; finite transmission zeros can be
the technique described in this paper, a filter designer can extract ted withn ¢ 81 [91. D ite the attractive f

the coupling matrix of a filter of arbitrary order and topology genera e. wi .resona ors [8], [9]- - ESPILE the a raF: s eaj
while enforcing relevant constraints. There is no need to master all tures of filters with source/load-multiresonator couplings, their
the different existing similarity-transformation-based techniques  investigation has been reported in only a few papers [10]-[15].
and the topologies to which they are applicable. For the firsttime, Filters where the source and load are coupled to more than one
detailed investigations of parasitic coupling effects, for either \ogqnator, but not to each, other were also reported [16]-[18].
compensation or utilization, are made possible. The method is Th thesis of ical filt ith load i

applied to the synthesis of a variety of filters, some of which are esyn eS|s_o Canonlca_ IILEFS WIth SoUrce=0ad coupiing can
then designed and built and their response measured. be handled with the technique presented by Bell [19], [20], al-
though no examples were given in these two papers. A slightly
more general approach was given by Pfitzenmaier, but again,
with no examples [21]. More recently, extraction techniques,
which are applicable only to canonical folded structures, were

I. INTRODUCTION published by Montejo-Garai [22] and Amari [23].

HE synthesis and design of coupled resonator filters Although the synthesis techniques mentioned above produce

with additional cross-couplings between nonadjaceﬁtCOUp””g matrix, which fulfills the filter specifications, they
resonators has been the subject of intense research efforts d@/ghtually rely on similarity transformations to enforce a de-
their importance in modern wireless communications systen$i€d topology [19], [20]. Unfortunately, there is no general and
Efficient spectrum utilization imposes stringent frequency-séeliable algorithm to generate a coupling matrix with an arbi-
lectivity requirements, which are commonly met only by thoskarily chosen topology starting from a canonical matrix. When
filters with sharp cutoff skirts; additional couplings are oftef@ced with a new topology, a practicing engineer with common
used to generate attenuation poles in the stopband in org¥perience in dealing with this kind of transformations must
to increase the cutoff slope. Naturally, the number of finitély on the special knowledge of high-level experts in the field.
transmission zeros and their location in the complex plafe/€n when a coupling matrix with the proper topology is ob-
determine the performance of the filter, especially its stopbafgined, the approach provides no mechanism for enforcing con-

attenuation and group delay. The number of finite transmissigHaints on the individual entries of the coupling matrix. When
more than one coupling matrix can satisfy the filter specifica-
tions, but only one of these can be realized using the imple-
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coupling. The coupling coefficients are used as independel
variables in minimizing a simple cost functién.

Il. FILTERING FUNCTION

The class of filtering functions that are used here are the gel
eralized Chebyshev functions, which can be computed from
simple recursion relation recently given by Amari [24]. The fil-
tering function of orden, i.e., F,,(«"), is related to the trans-
mission coefficient521(w’) by

1

N2 _
|S21(w)]* = 1+e2F2(w')

1)

) ] o ) Fig. 1. Routing and coupling schementoupled resonators with source/load
The ripple levele is related to the minimum in-band returnmultiresonator coupling. Dark disks: resonators, lighter disks: source and load.

lossRbye = [10R/10 _ 1]71/2. The generalized Chebyshevso"d lines: direct (main) couplings, dashed lines: bypass couplings.
function of ordern is defined by

A simple analysis of the network along the lines described in

k=n . .
p 1 [11] or [19] shows that the loop currents, which are grouped in
Fn(w') = cosh Lzl cosh (x’“)] (2) a vector[!], are given by a matrix equation of the form
wherez;, is related to thekth transmission zere), by z; = [—JR+ W' [W]+ M][I] = [A]l]] = —j[], it =-1
(W' —1/w})/(1 —w'/w}). It can be shown that},(«') is a ra- 4
tional function of the formF,,(w’') = P,(w’")/D,(v") where
the denominatoD,, (w’) is given by the producD,,(w’) = Here,[R] is a(n + 2) x (n + 2) matrix whose only nonzero
’;j (1 — («'/w})) [28]. The polynomials?, (w’) are related entries areR;; = R,y 42 = 1, [W] is similar to the(n +
by the recursion relation [24] 2) x (n+2) identity matrix, except thaf’1; = W42 42 =0
[19], and [M] is the(n + 2) x (n + 2) symmetric coupling
Py (W) matrix. The excitation vector if&]* = [1,0, 0, ..., 0]. The
1 1/2 low-pass prototype frequency is denoteddgyand is related
o\ 2 1- o2 to the actual frequenacy by the standard transformatiari =
=—P, <1— - ) 4’3*1 wo/Aw(w fwy —wo/w), Wherewy is the center frequency of the
“n 1-— filter and Aw is its bandwidth. Bothuy and Aw are set to unity
“n since they act only as scaling parameters [1]. Note that the cou-
1 12 li trix [AM] may have nonzero diagonal elements, which
1— > pling matrix [A/] may g :
, , 1 , 1 Wiy account for differences in the resonant frequencies of the dif-
+ (W) | = Wiy + <“’ - E) 1 * ferent resonators. The transmission coeffici€nt and reflec-
’ - w_g tion coefficientS;; of the model are given by (load and source
3) resistors= 1)
T a—1
The polynomials’(w’) andP; (w') are given byPy(w') = 1 S =-2j[4 ]n+2, 1 ®)
andP;(v') = ' — 1/w}. and
Si=1+2j[A71,. (6)
Ill. THE MODEL

. . . The synthesis problem consists in determining the coupling
The two-resonator model introduced in[11]is extendedto t atrix [M] such that a prescribed response is reproduced.

case ofn resonators, which are coupled to one another by mf"he coupling matrix is to have a well-defined topology with

gzgr:?;n:rngggeg dcfouﬂlgf’ectﬂzfr:'cgiﬂ;%’é 'Siﬁglct)?zzgurggs%crupling coefficients that may be required to satisfy additional
pled 1o | N ! POSS¥ straints that are dictated by the implementation envisaged.
to each other. The resistive terminations are set to unity. Singe

; . synthesis technique that allows the enforcement of a given
the model can be straightforwardly deduced from the discussi . . . .
in [11], it is not reproduced here. The domain of validity of théc))?)ology and constraints on the entries of the coupling matrix,

model and its scaling properties are well described in [1]. Fi hen the source feeds only one resonator and the load is
shows the <I:ou IinI gr?d rgutié schevrvne ofa Ienerald net;/voI?k.C prIed to only one resonator, was recently proposed by Atia
ping 9 9 et al. [25] and a more comprehensive version by Amari [24].

coupled resonators with source/load-multiresonator coupling|=t is used here after proper extension to handle sourceload

. N coupling. The approach determines the coupling matrix by
INote that similar optimization-based approaches were also used for the . . itabl f . h h NV
model described in [1] by Atiet al. [25], Bandleret al. [26], and more MINIMIZING @ suitable cost function where the optimization

recently, by Levy and Petre [27]. variables are the nonzero entries of the coupling méidk
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IV. COSTFUNCTION wherelm(>) stands for the imaginary part ef Note that the
iéjm runs fromk = 2to k£ = n+ 1, while that in [24] runs from

= 1to k = n since the latter does not involve source—load
coupling and both the source and load are coupled to only one
resonator each.

The cost function used in this paper is identical to the o
given by Amari [24], .i.e.,

n

5 r
K=" |su(l)] + 3 | ()

i=1 i=1 VII. RESULTS

2

, € 2 The synthesis technigue described in this paper was applied
+ < S11 (w = —1)‘ - ﬁ) tq filters of varied orders and topologies. A sample of these are
) discussed here.
+ < Sn(w’ _ 1)‘ _ € ) ' @ The first example (filter 1) is a third-order filter with three
V1+4e? transmission zeros at finite frequencies. The center frequency
~_ of the filter is 26.453 GHz, its bandwidth is 41 MHz, and its
Here,w; andwj,; are the zeros and poles of the filteringy aximum in-band return loss is 26 dB. The transmission zeros
function £}, (w'), respectively. It is assumed tha} (w’) hasP  gre |ocated alf, = 26.323 GHz, f» = 26.524 GHz, and
poles and_z zeros. The arguments leading to its derivation Caf, — 26.607 GHz. To implement a total of three finite trans-
be found in [24] and are not repeated here. Note that the cRg§ksjon zeros using three resonators, it is necessary to couple
function is evaluated at no more than + 2 frequency points {he source to the load directly. Although the total number of fi-

for a filter of ordern. nite transmission zeros is then determined, their locations in the
complex plane depend on the remaining details of the topology.
V. GRADIENT OF COST FUNCTION To accommodate the planned implementation of this filter, a
In this paper, we use a gradient-based optimization technicftRPling matrix of the following form is sought:
where the gradient of the cost function is computed exactly and 0 M., 0 Ms M.,
from a single analysis of the model. My My My Mys M.
The gradient of the cost function given in (7) is determined [M] = 0 M Mw Mo 0 |. (10)
from the gradient of the reflection and transmission coefficients. M, Mys My, My My
Following the discussion in [24], it is straightforward to estab- M,, Msa 0 M, 0

lish the following results:
Note that the filter is symmetric, although its response is not.

d511 The initial guess for the optimization corresponds to setting all

=—45P, [A7], [A7T 8a _ .
OM,, 3ol A7 i | ]ql’ p#q (8a) couplings to zero, excep¥/,; and M, which are set to 1.0
95 and 0.9, respectively. These values are chosen to guarantee a
aMn =—2jB,,[A7Y] [A7] (8b) signal path between input and output. We also used the starting
pp point M,; = 1 andM;, = 0.5 and all the remaining entries in
0521 _9ip ([A—l] [A—l] the coupling matrix set to zero with no noticeable difference in
OMp, J4pa n+2,p ql the convergence of the minimization process. (A “better” initial
n [A*l] [A*l] ) 2 guess corresponds to using the Chebyshev solution for a filter of
n+2,q 1)’ Prd the same order and minimum in-band return loss, but with the
(8c) three transmission zeros removed to infinity.) After optimiza-
9852, . 1 . tion, the obtained coupling matrix is
aMpp J PP[ :In—|—2,p|: ]pl ( ) [M]
Here, the topology matrip#’] of the network is defined bg;; = 0 1.2404 0 —0.0280 —0.0156
1.2404 0.1058 1.2027 0.4225 —0.0280

1if M;; # 0andP;; = 0if M;; = 0. The topology of the

network can be specified beforehand and will be enforced at =~ 0 12022 —0.3493 1'2087 0
each step in the optimization. The matfi¥] is given in (4). —0.0280  0.4225  1.2027  0.1058  1.2404
—0.0156 —0.0280 0 1.2404 0

VI. COMPUTATION OF GROUP DELAY (11)
The group delay of the synthesized filter can be determinedThe transmission and reflection coefficients of the filter, as

from the transmission coefficient directly without first comcomputed directly from the filtering function, are shown in

puting its phase and without finite differences. Again, a simpkig. 2. The presence of the three transmission zeros, as well

extension of the formulation in [24] leads to as the specified minimum in-band return loss, are evident.
Also plotted are the transmission and reflection coefficients
KSay [A7Y] [471] obtained directly from the coupling matrix in (11), computed
= nt2k ki according to (5) and (6). The difference between the two results
7y =Im A, ©) s not visible, thereby illustrating the accuracy of the synthesis

technique.
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Fig. 2. Transmission and reflection coefficients of filter 1 (synthesized), as obtained from the coupling matrix in (11) and the filtering flimetion.cannot
be distinguished.
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Fig. 3. Group delay (normalized) for filter 1 as obtained from (9) and by differentiating the ph&se.ofhe two cannot be distinguished.

The group delay of the filter was also computed from (9) arttie normalized group delay, which is related to the actual group
is shown in Fig. 3. We also calculated the group delay frodelay by a simple transformation [21].
the derivative of the phase of the transmission coefficient andThe synthesized filter has been realized by a symmetrical
obtained identical results. We should mention that Fig. 3 showavity configuration, which is folded in thél-plane and op-
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705 well and validate the presented method. The measured in-band
‘ insertion loss can be well accounted for by the present synthesis
| Symmetry axis method using the realizable unload@dfactor of about 6000
(cf. Fig. 6), corresponding to @-efficiency of approximately
Fig. 4. Layout and dimensions (in millimeters) of filter 1. 75%.

The next example (filter 2) was chosen to better illustrate the
erated withTE3o; resonance modes (cf. Fig. 4). Cavities 1 andecessity of constraining the individual coupling coefficients to
3 exhibit a common broad wall, which contains the inter-cavitfit the implementation; it is no longer sufficient to simply gen-
iris 1-3 needed for all bypass couplings. There are irises at #ate a coupling matrix with the proper topology and whose
center of the respective other broad wall of these cavities fimsponse fulfills the specifications. The filter specifications are
interfacing with WR34 waveguides (representing source antet by a fourth-order filter with four transmission zeros in the
load, respectively), i.e., the ports are located at opposite sideser stopband. The center frequencyfis= 27.25 GHz, the
of the overall structure. One broad wall of cavity 2 faces one bandwidth is 450 MHz, the in-band return loss is 26 dB, and
the narrow walls of the adjacent cavities 1 and 3 to allow thbe transmission zeros are locatedfat= 24.8 GHz, fo =
realization of the main couplings\{i12 = M»3) between the 25.73 GHz, f3 = 26.16 GHz, andf; = 26.55 GHz.
cavities by irises within their respective common walls. Due to The implementation of the filter involves a full coupling ma-
this symmetrical structure, there are four bypass couplings tiax where each resonator is coupled to all the remaining ones
have been considered by the synthesis of the coupling mataxd the source and load are coupled to each other and to each of
First, couplingM 3 is realized directly by the inter-cavity iris the four resonators. Bypass couplings are realized through the
1-3. Secondj,3 is performed by the input irises, the nonresidea of utilizing parasitic couplings [16].
onating TE ;o mode of cavity 1, and also the inter-cavity iris The structure of this special in-line cavity filter is depicted
1-3. Third, M1.(=M,3) corresponds to the second one, buh Fig. 7. It is based on single-modé\;;o-mode resonances.
to the output direction. Fourthi/,;, uses the input and outputThe inter-cavity irises are located in the broad walls of the cav-
irises, inter-cavity iris 1-3, and the nonresonatifig;, cavity ities, which couple mainly magnetically. The waveguide inter-
modes of cavities 1 and 3. Consequently, the present desigoe ports directly face the respective broad wall of the first and
makes use of the parasitic effects presented in [16]. It shodtiirth cavities with an offset from the center for the realiza-
be noted that the transformation properties of overmoded catitn of the assigned coupling magnitudes and signs. Moreover,
ties, as introduced in [29], must be considered carefully for tlieoss-couplings are realized by electrical bypasses through the
realization of this type of filters. irises andTE;o (nonresonating) cavity modes. Consequently,

Since the bypass couplings partly use the same discontitiue satisfaction of a desired filter response needs proper control
ities, (e.g., inter-cavity iris 1-3) control of the individual cou-of all main and cross-couplings, which is performed by opti-
plings is obtained by accurate determination of the geomemmjzation of all iris dimensions (cross section, length, and offsets
(width and height) and location (1) of the dedicated irises. For regards to the respective cavities) and the cavity dimensions
the present filter, it was sufficient to consider these parameters well. Hence, all couplings, including the source—load one,
for the inter-cavity iris 1-3 only. may be realized. However, the magnitude of the cross-coupling

The filter structure has been optimized using aoefficients decreases with the number of bypassed discontinu-
mode-matching based computer-aided design (CAD) tatiks (irises and cavities).
to fit the specifications—and, finally, it has been realized by It is well established that the response of a given full cou-
computer numerically controlled milling techniques. Owing tpling matrix is invariant under any similarity transformation that
the very narrow bandwidth«0.2%), a little tuning is necessarydoes not modify the input and output [19]. It should be obvious
to account for the manufacturing tolerances. Fig. 5 showstleat there exist an infinite number of solutions to the synthesis
photograph of the realized filter. problem examined in this example. However, most of these so-

Fig. 6 depicts the comparison of the filter response from thetions cannot be implemented using the structure in Fig. 7. In-
synthesis (dashed line), computer field theoretic simulati@eed, from our experience with this kind of cross-couplings (uti-
(dotted line), and measurement (solid line). All results agrdiged parasitic), the magnitude of a bypass coupling decreases
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Fig. 6. Transmission coefficient of filter 1. Solid line: measured. Dashed line: simulated. Dotted line: synthesized.

Fig. 7. Structure used for filter 2.

Starting from this coupling matrix, a filter was designed and
simulated using a mode-matching based CAD tool. The inser-
tion and return loss versus frequency are shown in Fig. 8 as the
solid lines. It is in excellent agreement with the synthesized re-
sponse of the coupling matrix given in (5) and (6) (cf. dotted
line in Fig. 8). To further validate these results, the filter was an-
alyzed with the CST Microwave Studio (finite-integral based).
The CST results, which are shown as the dashed line in Fig. 8,
are in good agreement with those of the coupled integral-equa-
tions technique (CIET), which has been extensively tested (cf.
30] and [31)).

by roughly an order of magnitude for each bypassed cavity.The third example (filter 3) concerns an asymmetric five-pole
For example My, M,3, and My, must satisfy the inequalities fjiier response exhibiting four transmission zeros above the

|M23| > |M24| > |M25|-

passband (see Fig. 9). A compact realization of this filter uses

The application of the synthesis technique yielded the cogne triple-mode cavity and one dual-mode cavity, as shown in
pling matrix, shown in (12), at the bottom of this page, whiclig. 10.
satisfies both the specifications and the constraints. The input port of the filter is located at one top wall of the
Note that other coupling matrices, which yield the same ré&iple mode cavity—a convenient offset iris design allows si-
sponse, were also obtained, but were rejected because theimeualtaneous couplings of the dedicatétl;,, andTMg;(,,—1)
tries do not fit the constraints imposed by the special in-line inmode with the interfacingl’E,, waveguide mode [15]. The

plementation (Fig. 7).

other top wall of the triple mode cavity is facing the dual mode

0.0000
1.1547
—0.1245
0.0473
—0.0063
0.0010

1.1547  —0.1245 0.0473 —0.0063 0.0010
0.1370 1.0130 —0.2264 0.0325 —0.0063
1.0130 0.0580 0.8109 —0.2264 0.0473
—0.2264 0.8109 0.0580 1.0130 —-0.1245
0.00325 —0.2264 1.0130 0.1370 1.1547
—0.0063 0.0473 —0.1245 1.1547 0.0000

(12)
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Fig. 9. Transmission and reflection coefficients of filter 3.

one, which is short circuited at one end. Possible inter-cavitye by offset irises [33]. However, the latter ones must consider
couplings can be performed between identically polarized simultaneous coupling of the respectid&,;,, modes
TE;1, modes, as well as between ti&;,,, modes of the within both cavities [33]. The output port is located at the
dual-mode cavity and th&M,, (,,_;y mode of the triple mode circumference of the triple mode cavity—a slot iris is aligned
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Ouput (Load) Using these entries for the straightforward optimization
with the introduced method yields the coupling matrix, shown
in (14), at the bottom of this page, which exactly satisfies
the desired response with the inherent design restrictions of
the triple/dual-mode cavity configuration. Note that the main
couplingMs3 becomes zero and resonance 3 is only coupled to
resonance 4N/.3 = 0), i.e., the complete energy is transferred
by bypass couplingd/,s, M4, M15, andMs;. The principle
RS(TMO1(n-1)) s iris designs for the required couplings are indicated in the
sketch in Fig. 10.

Interior cavity couplings Short circuit
M14/M15/M45
as srews [34]

Ms1/Ms5
R2(TE11n)

R1(TE11n)

A\

Input (Source

Allocation of resonance circuits

R4(TEM .
(TETIn and cavity modes

VIII. | SSUE OFCONVERGENCE
Fig. 10. Structure for the realization of filter 3.

A perennial issue that optimization-based techniques face is

along the circumference (situated at nearly maximum magnéeifit¢ thorny problem of convergence. Obviously, the fact that the
field components of thelMo,(,_1) and vanishingH,-field ~method converged for all cases examined does not constitute a
components of thé[E,;,, modes) to allow coupling of the Proof that convergence is always guaranteed. Perhaps a reas-
TMo1(,,—1) Mmode only with the interfacingd’E;, waveguide Suring point in this regard lies in the observation that the min-
mode2 As is well known, properly located screws in the cavitymum of the cost function for an exact synthesis is known be-
walls (not shown in the sketch) allow individual frequencyorehand and is equal to zero. As long as a minimum value of
adjustment of the dedicated resonance modes and provide38E0 is reached, the resulting coupling matrix is guaranteed to
assigned couplings between the modes of the same cavity. Satisfy the original specifications. If the minimum reached is

The allocation of the resonance modes to the filter circuif®nzero, the solution can be either rejected or examined further
and the coupling possibilities of the desired triple/dual-mod@ decide whether it provides an acceptable approximation to
realization mentioned above yields the feasible entries of tHte synthesis problem. Naturally, the method will not converge
coupling matrix, shown in (13), at the bottom of this page. 10 Zero when the chosen topology cannot generate the desired

Additional constraints are imposed on the magnitudes of coi@Sponse regardless of the actual values of the coupling coeffi-
plings, namelyM»s > Msg andMys > Mg relating to proper Clents.

offset iris designs of inter-cavity couplings between 1, ,, It is possible to devise complex algorithms to deal with con-
modes of the dual-mode cavity with the respectié,;,, and Vvergence within the method described here. A simple scheme
TMou(n—1) Modes of the triple mode one. corresponds to starting from the Chebyshev solution, which is

known analytically [32], and then move the finite transmission

2Note that an offset of the iris in the cavity axial direction may also providg infini ;
r r lly from infini large normalized val 4
the possibility of'E ; ,-mode couplings to the “load” interface port, but would eros g adua yro ty (a arge norma ed value, Say, O)

yield increased design effort and, thus, has not been further considered. (O their final location. The solution from one step is then used

r0.0000 1.1383 0.0000 0.0000 0.0000 0.0227 0.00007
1.1383 0.1439 0.5137  0.0000 0.6879 —0.5575 0.0000
0.0000 0.5137 —0.7036 0.0512 0.0000 —0.4911 0.0000
M = | 0.0000 0.0000 0.0512 —-0.4473 0.8996 —0.0701 0.0000 (13)
0.0000 0.6879 0.0000 0.8996 0.7507 0.0000 0.8603
0.0227 —-0.5575 —0.4911 -0.0701 0.0000 —-0.7166 0.7457
L 0.0000 0.0000 0.0000 0.0000 0.8603 0.7457 0.0000

r0.0000 1.1384 0.0000 0.0000 0.0000 0.0149 0.00007
1.1384 0.1175 0.5335 0.0000 0.8597 0.1437 0.0000
0.0000 0.5335 —-0.6714 0.0000 0.0000 —-0.5266 0.0000

M = | 0.0000 0.0000 0.0000 —0.9305 0.4165 0.0000 0.0000 (24)
0.0000 0.8597 0.0000 0.4165 0.3901 0.8710 0.0000
0.0149 0.1437 —0.5266 0.0000 0.8710 0.1213 1.1385

L0.0000 0.0000 0.0000 0.0000 0.0000 1.1385 0.0000 J
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