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Abstract—A new parameter-extraction procedure for sym- techniques to extract the filter parameters. Various optimization
metric  coupled-resonator filters is presented. Closed-form routines have played important roles for traditional approaches
recursive formulas are derived for the synthesis of all the filter in parameter extractions. The optimization variables are either

parameters (resonant frequencies of the individual resonators
and couplings between resonators) from known measured or network element values (for model-based approaches) [3], [5]

simulated zeros and poles of input impedance functions of the OF physical dimensions of the filters [7]. Sensitivity analysis of
singly terminated even- and odd-mode networks. Capable of the optimization variables on the final responses has been per-

accurately predicting the unavoidable spurious couplings between formed and much effort has been devoted to improve the con-
nearby resonators, this simple and straightforward procedure can ergance of the optimization routines in all cases [5]-[8].
ellml_nat_e comphca_ted optimization routines and have extensive While usin timizati b ttracti h it
applications in design and tuning of filters. ) - g.O.p Imlza.lon may ; € an aftrac 'Ve_' approach, _'
is usually inefficient, quite complicated, and tedious. In addi-
tion, the solutions may not be unique. Moreover, it depends
strongly on the initial guess of the optimization variables and
|. INTRODUCTION often results in nonoptimum (local minimum) solutions, espe-
jally when the number of resonators is large. One major disad-
ntage of using optimization for parameter extraction is that it
y fail to predict accurately the spurious unwanted couplings
tween nearby resonators, which commonly exist in such com-

Index Terms—Coupled resonator, filter.

ODERN microwave communication systems, especial
satellite and mobile communication systems, requi
high-performance narrow-band bandpass filters having hi
selectivity and linear phase response consistent with minim

weight and volume. To satisfy the stringent requirementg?|Ct'i'.zed structures. imol q iahtf q
optimum filters must have the maximum possible number of n this paper, a new simple and straightforward parameter-ex-

transmission zeros placed at predetermined locations in H:%ction procgdure for sym.metric coupled-resonator filters is
complex frequency plane from the synthesis point-of-view [1 'resented. Th's proc?.dure kl)s able to acmgrately predict tdhe splu-
[2], [14]-[16]. Among all the possible filter configurations, a'?us L(;nfwante coup ngs Ietween dne_ar dy rﬁg?]nators |_rect ﬁ
coupled-resonator filter in a symmetric folded structure (th osed-form recursiveformulas are dervea whic synthesize a
canonical form) is one of the preferable candidates [1]. + e filter parameters from the zeros and poles of the even- and

further reduce the size, weight, and cost, there has beef? -rréod_e ||nput mpedznce funguorés O,f tTe syr_nme_tncally bi-

growing interest in planar structures. septe sugg ytermlna:e 'netwar s. Equiva ent-cwru(;t represen-

Knowledge of the parameters of such high-performance f ation an _cwcwt analysis o the sym_metnc coupiec -resonator
jiters are included in Section Il. Section Il deals with the de-

ters, from two-port measurements or simulations, is very impal-. 4 derivati £ th . q Applicati f
tant since highly accurate couplings and resonant frequenc'i%'ée erivation of the extraction procedure. Applications o

are required to ensure the desired responses. Parameter—exttpé%-nzw a%proaCh It\(; thﬁ des%n and m?als uremefnthof filters prt(aj—
tion methods have been extensively studied for the design ted in Section IV shows the powerfulness of the propose

tuning of such filters. Thal [3] developed a method that incop_rocedure.
porated equivalent-circuit analysis programs with element op-
timization routines. Accatino [4] utilized phase measurement II. CIRCUIT MODEL AND ANALYSIS
of the input admittance of a short-circuited filter in conjunction
with LCX (inductance, capacitance, and frequency-independenf-i9- 1 shows the equivalent circuit of a canonical coupled res-
reactance) synthesis and minimum pattern search optimizatfs#ator filter. Each resonator is a seriesC' circuit with capac-
itanceC; (¢ = 1,...,2n) and total loop inductancé, (i =
, _ _ _ 1,...,2n). Couplings between resonatarsaand j are repre-
Manuscript received April 5, 2002; revised August 20, 2002.

H.-T. Hsu was with the Department of Electrical and Computer Engineerinﬁ,enj[ed by the frequer_lcy-lnd_ependent reactmgg andR is .
University of Maryland at College Park, College Park, MD 20742, USA. He ithe input/output coupling resistance, respectively. For canonical

now with AMCOM Communications Inc., Clarksburg, MD 20871 USA (e-mail:ﬁ|tersl cascade (or series) couplings of the same sign are pro-
becker@ amcomusa.com).

Z. Zhang and K. A. Zaki are with the Department of Electrical and Computé@ded betwe?n consecgtlvely humbered CaYItIeS and shunt (Or
Engineering, University of Maryland at College Park, College Park, MD 20742r0SS) couplings of arbitrary signs are provided between cavi-

USA (e-mail: zaki@eng.umd.edu). , ties 1 and2n, 2, and2n — 1, ..., etc. [1]. In planar structures,
A. E. Atia is with the Orbital Sciences Corporation, Dulles, VA 20166 USA . l b ities 1 2 1.2 &
(e-mail: atia.ali@orbital.com). spurious couplings etween cavities Iﬂd-. ,2,an®n, ...,
Digital Object Identifier 10.1109/TMTT.2002.805283 etc. always exist (as unwanted, but unavoidable) due to the very

0018-9480/02$17.00 © 2002 IEEE



2972 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 12, DECEMBER 2002

R o SRa A SR G, zeros and poles of the input impedances of the bisected even- or

M + Q * Q + O odd-mode networks at loap respectively. The input reflection
1 1 2 2 LR LIRS Vn n - .
: = n P T coefficient for the bisected networks can then be expressed as
1,21 ,2n-2 n-l.n+
iz A S = TR O A VS Ml _
A '—A—C_'_'_tw': £ Faae } A’ 7L R

° pal M3 2 el M3 01 My s - IS _ “in(e,;m) 7
) o @ o 12@ cee oo o i@ 11{e,m) = m (7)
o—\\N—— n(e,m

R Cp RA Copy  RNA KA C

Mon.1,20 M., 2n-1 My pns2 ) X
o L o Finally, the two-port scattering parameters of the whole struc-
Even Excitation : e;=ej, i;=l3, 1,521, - Iy=I,+;, PMCatAdA4’

Odd Excitation : ey=-ep,iy=-iy is=-isys: . iy= -i,s), PEC at A4’ ture can be expressed in terms of the reflection coefficients of
the bisected networks as
Fig. 1. Equivalent circuit of a canonical coupled resonator filters with the

definiti f even- and odd-mod S11m + S1te
efinitions of even- and o mode excitations 511 :5,22 _ ( 11 ;’ 11 ) (8a)
compact structure in this configuration. The following relations So1 :M, (8b)
hold whenAA’ is the plane of symmetry (Fig. 1): 2
, The reflection coefficients of the bisected networks can also
Mi,i+1 = M(2n—i),(2n+1-i)> i=12...,n=1 (18) pe obtained from known two-port scattering parameters of the
mi,(gn_i) = m(i+1),(2n+1_i), = 1, 27 Lo, n = 1. (1b) whole network as
The loop equations of the structure in matrix form can be written S11m =(S11 + S21) (9a)
as [2], [6] S11e =(S11 — S21). (9b)
e=j(AU] - [M])J. @

Equation (9a) and (9b) are very useful since, in practical mea-
surement situations, it is impossible to “physically” impose the
PEC or PMC at the plane of symmetry. Using (9a) and (9b), the

Ci'l‘?ﬁut reflection coefficients of the bisected networks can still be
obtained from direct measurement of the scattering parameters
of the two-port network.

of each individual resonator, and the normalized frequenisy
defined as

AMf) = B)(\(;V <f_i - %) 3 ll. PARAMETER-EXTRACTION PROCEDURE

A. Reference-Plane Adjustment

where f, andBW are the center frequency and bandwidth of e principal of the parameter-extraction procedure is to syn-

the filter, respectively. Analysis of the structure is most easilyeg;ze all the filter parameters from known zero and pole posi-
accomplished using a bisection to obtain the singly terminatggys of the input impedance functions of the singly terminated
even- and odd-mode networks, as shown in Fig. 1. The ingyjkected networks. Thus, accurate determination of such posi-

impedance at loop of the even- and odd-mode networks cafjons js essential to guarantee the correctness of the synthesized
readily be derived as [9]

parameters.
, v, p. ) The zero and pole positions can be obtained either by direct
Z'(ZZ y(A) = — = %7 i=1,2,...,n. (4) measurementornumerical simulation. Inthe case of direct mea-
e ti Qicem>(A) surement where the reference plane is clearly defined (usually

The subscript(m) in (4) denotes the odd- and even-mode blzildjusted through certain calibration procedure), the frequencies

section with the perfect electric conductor (PEC) [perfect macgrrespondmg ta-180° _and 0> phases are th?‘ corresponding
. eros and poles of the input impedance functions.
netic conductor (PMC)] placed at the plane of symmetry. The : ) . .
For the case of numerical simulations, the location of the ref-

monic polynomials” and¢ in (4) can be expressed as erence plane is unknown. Fig. 2 shows the equivalent-circuit

n—it+1 n—it+1 representation of the first resonator together with the input cou-
Pite.my(X) = Z CEQWV = H ()\ - )\i?e_m)t) ; pling structure [10]. An additional unknown length of transmis-
=0 ' =1 ' sion line is included at the input since the reference plane of
i=1,...,n (5) the input resonator is not directly accessible. The loaded res-
n—i n—i ' onant frequencyf; of the structure is the frequency for which
Qiemy(N) =Y d&)’mm)\q =11 ()\ - )\;<)e_’m>q) : the variation o#l (phase of the input reflection coefficient) with
q=0 g=1 frequencyf is maximum. At the reference plane of this one res-
i=1,...,n (6) onator, the phase df is £180C°. By adjusting the length of the

. ) transmission line, the reference plane of the resonator is deter-
where /\S()e7m>t and /\1()‘<>87m>q are the normalized zeros ofmined such that, af;, the phas# of the reflection coefficient
Pite.my(A) and Qe my(A), corresponding to the normalizedis £18C°.
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Accessible Reference

Port Plane Mme,k+1 = (ASTI;) + Agk)) (14)

1
2
/ C
le——> : 1 ,
{*Hé ) M) =3 (A — 49) (15)
1
Pk+l(e,m> ()‘) :Qk<e,m) (/\) (16)
N:i Pk(e,m} ()\) :Pk+1<e,m) ()‘)[+mk,k + mk,2n+1—k]
Fig. 2. Equivalent-circuit representation for the first resonator together with

2
the input coupling structure (the transformer). The additional lehgththe Qk+1(e,m) (M) Mk k41 £ M 2]
transmission line is included since the reference plane is not directly accessible. a7

with: =1,2,...,nandk = 1,2,...,n — 1; ¢’s and

_ ) i . d’'s are the coefficients of the corresponding polyno-

Step 1) Computation of the input reflection coefficieists . mials, as specified in (5) and (6).
and Sy, of the singly terminated bisected networkSsten 5y Finally, the normalized input/output equivalent cou-
This can be done either by direct computation through pling resistance can be calculated as
electromagnetic (EM) simulation using half of the

B. Parameter-Extraction Procedure

structure with proper boundary conditions imposed at T, ()\90 _ )\Sn)n)
the plane of symmetry (the PEC {6, and the PMC R = — - (18)
for Si1,,») or by deriving from the total (simulated or H;”;f ()\90 - /\1()17)1(1)

measured) network response using (9a) and (9b).

Step 2) Determine the zeros and poles positions of the bisected ~ Whereg is the normalized frequency corresponding
networks from the phase of;;. and Si1,,. Refer- to the+90° phase of the bisected even-mode network.
ence-plane adjustment, as described in Section IlI-A, A computer program has been developed to perform the pa-
is necessary for the case of numerical simulations. Fegmeter extraction based on the above procedure. It is clear
afilter with 2n resonators, there arezeros andn—1)  that this procedure provides a simple and straightforward way
poles for each bisected network. to synthesize all the filter parameters from the known zeros

Step 3) Oncethezerosandpolesareknown, the centerfrequetity poles of the bisected networks. The explicit recursive rela-
f, ofthefilter can be obtained by numerically solvingthéons presented here yield accurate and unique solutions, which
following equation (see the Appendix forits derivation)eliminate the complexity and inefficiency of using optimization

routines. Moreover, this procedure can accurately predict the
|:Hn7 (o = f >] |:Hn:1 ( e _ ¢ )} tan <M> spurious gnwan_ted coupIing; betwee.n npnadjacent_ resonat.ors
=1 e e ¢=t Vpa 70 2 through direct simple calculations, which is not possible by di-

[H?zl (f, — fo)} [HZ: (fm - fo)} - tan <99(fo)> rectly using optimization routines.
2

(10) IV. DESIGN EXAMPLES
where 6,,,(f) and 6.(f) are the phase responses of

Si1m andSiie; f™° and f7¢ are the corresponding 1 ne proposed procedure has been extensively tested through

zt
zeros and poles of the sir%ly terminated bisected néfany examples and has been proven to be accurate and pow-

works, respectively. erful. Applications of the proposed procedure to design exam-
Step 4) The normalized parameters of the filter including tHies as well as real measurement will be presented to demon-
offset in the resonant frequencies of each individusirate its feasibility. The first design example involves designing

resonator and the couplings between resonators car@fe€ight-pole elliptic-function filter with 30-MHz bandwidth
synthesized from the following closed-form recursivéentered at 3 GHz. The filter is intended to be realized in the mi-

relations: crostrip-line structure for high-temperature-superconductivity
(HTS) applications. The synthesized prototype filter has the fol-

mi; = — 1 [c(i) = a® e lowing normalized input/output equivalent-coupling resistance
2 m(n—i) m(n—i—1) i i R ”
@) @ and coupling matrix, as shown in the equation at bottom of the
FCe(n_iy ~ de(n_i_l)} (11) following page.

L7 @) @) Fig. 3 shows the ideal circuit response of the prototype filter
Mi,(2n+1-1) = 7 5 |:cm(n—i) = i1y obtained from the circuit model. An unloade@ of 50 000
g } (12) is used in the calculation. In order to minimize the overall
e(n—i) ' Te(n—i-1) |~ filter size, the resonators are realized in a capacitively loaded

Define hairpin-comb structure [11]. Electric (negative) coupling
) . . . is achieved through the open ends of the resonators and a
AR = (Cfnzn,k) - dfngn,k,l)) dfnzn,k,l) tqpped—in configuratio_n is adopted for i_nput/output co_upli_ng.
k k Fig. 4 shows the detailed layout of the filter on a 20-mil-thick
— ¥ +d®) (13a) :
m(n—k—1) " “m(n—k-2) MgO substrate witer = 9.8 andtané = 5 x 1076, The
AR = (c(k) _ 4" )d(k) corresponding spacing between the resonators is determined
‘ G‘(Z_k) e("_:_l) e(n—k=1) through the characterization of the couplings as described
—Ci(zl_k_l) +d£(,)1_k_2) (13b) in [12]. The commercial EM simulation software package
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Fig. 5. Phase response of the first resonator together with the input coupling
structure: (a) before and (b) after reference-plane adjustment. Also included are
the phase derivatives with respect to frequency. The loaded resonant frequency

. . . ) . is 3.0075 GHz.
Fig. 4. Detailed layout of the eight-pole filter on an MgO substrate for first

design example.
without any reference-plane adjustment. Searching for the

. . . . ._maximum derivation of phase with respect to frequency, the
Zeland is used to perform the S|muIat|or!. The input reﬂeCt'o'i[]%aded frequency; is found to be 3.0075 GHz. Fig. 5(b) shows
obtained through simulations by imposing the PEC and PMC £ phase response after reference-plane qdjustment, where

X 80 phase atf; is clearly observed. The shift of reference
the plane of symmetry. To adjust the reference plane correc . : . .
. . . . L ane in this case is found to be 71.8t the corresponding
simulation of the first resonator with the tapped-in inp : . . .
requency. This reference-plane adjustment will be applied

coupling structure is carried out. Fig. 5(a) shows the pha%a both the even- and odd-mode bisected networks since the

response of the input reflection coefficient for the structuri%put coupling schemes are the same for both cases. The

1Zeland Software IncZeland 16th ed., Fremont, CA, 2001. phase responses 6f;. and Sy1,, with the phase derivative

Riy, =Rout = 1.241911

r o0 0.938 0 0 0 0 0 0 7
0.938 0 0.631 0 0 0 —0.018 0
0 0.631 0 0.576 0 0.066 0 0
M, = 0 0 0.576 0 0.519 0 0 0
0 0 0 0.519 0 0.576 0 0
0 0 0.066 0 0.576 0 0.631 0

0 —0.013 0 0 0 0.631 0 0.938
L 0 0 0 0 0 0 0.938 0 U
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——S11e —S11m Fig. 7. EM simulated responses and responses calculated using extracted
200 parameters for the eight-pole elliptic-function filter in the first design.
150 \ g - - . . B
\ \ \ i The calculated responses from circuit simulation using the
g 100 \ \ \ 1 ~ above extracted parameters together with the EM simulated re-
g 50 ; sults from Zealand are plotted in Fig. 7. Good agreement is ob-
g o \ \ 1 served. In this case, the spurious unwanted couplingg =
rY 50 3 ‘ maz), mas(= mag), andmy7(= meg) are directly predicted by
s ~ \ \ \ the extraction procedure. It is not possible to detect this kind of
& -100 \ \ \ \ ‘& \ spurious couplings through direct optimization. The asymmetric
-150 N Y Y\ levels of the flyouts and the deteriorated in-band return loss are
200 . , . . . caused by the spurious couplingses(= masz7), mas(= mag),
207 298 299 300 301 302 3.03 andm7 (= mgg) due to the t_ightly spaced resonators, as is usu-
ally the case for compact-sized planar structures.
Frequency (GHz)

Adjustments of the filter dimensions are then made according
(b) to the extracted coupling matriX,. The adjustments are to cor-

Fig. 6. Phase responses of the even- and odd-mode bisected networr%::t the resonant frequenC|es of the individual resonators and

(a) before and (b) after the reference-plane adjustment for the eight-p6UPlings. The coupling matrix after adjustment is extracted as
elliptic-function filter in the first example, showing the importance of)f;, as shown in the first equation at bottom of the following
reference-plane adjustment on the extraction procedure. page, and the corresponding response is plotted in Fig. 8.The
response in Fig. 8 is far from satisfactory, though the individual
with respect to frequency before and after reference-plaresonant frequencies and corresponding couplings after adjust-
adjustment are plotted in Fig. 6(a) and (b), respectively. Timeent are very close to the theoretical desired values (approxi-
importance of the adjustment of the reference plane is cleamhately 1% error). The spurious couplings are the reason for the
observed since, in this case, four zeros and three poles deteriorated response, which is evidenced by the response that
expected for the bisected networks. The following parametéassalso included in Fig. 8. The coupling matrix used to generate
(normalized coupling matrix) are then extracted for the initidhe other set of responses in Fig. 8 is the same as the theoretical
design, as shown in the equation at bottom of this page. (M) with the inclusion of all the extracted spurious couplings.

Rin = Row = 1.227
£, =2.9995125 GHz

r 0.138 1.178 0 0 0 0 —0.001 0 7
1.178 0.119 0.624 0 0 —0.004 -0.017 -0.001
0 0.624 0.046 0.499 0.054 0.066  —0.004 0
M, = 0 0 0.499 —0.027 0.513 0.054 0 0
0 0 0.054 0.513 —0.027 0.499 0 0
0 —0.004 0.066 0.054 0.499 0.046 0.624 0
—0.001 -0.017 —-0.004 0 0 0.624 0.011 1.178
L 0 —0.001 0 0 0 0 1.178 0.138
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Fig. 8. Simulated response using a theoretical coupling matrix with thgg. 9. EM simulated response after adjustments made according to optimized
inclusion of the extracted spurious couplings showing the effect of the spuriagsupling matrixAz, .

couplings.

In the second example, the parameter-extraction procedure
Il be applied in the measurement of a canonical four-pole el-
ic-function filter with center frequency 4- and 40-MHz band-

To further improve the filter response from this point, simpl\gvi
optimization routines may be adopted. Since we already h

all the information aboqt the spurious couplings, optimizing t. idth [13]. The resonators of the filter are realized usligyo,
rest Of. the parameters in the presence of the spurious COUpl.'@ le-mode rectangular cavities and the couplings between the
could improve the response. In this case, the spurious COUpIIrngonators are realized through irises. Fig. 10 shows the filter

and_ all the el_em_ent_s with zero entries will remain unchang gructure and theoretical response calculated using the following
during the optimization process. In our specific design examp Reoretical coupling matrix:

optimization is performed and the optimized coupling matrix is
as shown in the second equation at bottom of this page. FinaR., =R, = 1.014288

adjustments according to the above coupling matrix is made 0 0.84135 0 —0.22423
and the EM simulated response is shown in Fig. 9, where much 0.84135 0 0.787212 0
better in-band return loss with reasonable out-of-band rejection’5 — 0 0.787212 0 0.84135
are observed in the presence of the spurious couplings. —0.22423 0 0.84135 0
R;p = Rout = 1.2056
fo =2.9993 GHz
r 0.039 0.937 0 0 0 0 —0.001 0 1
0.937 0.04 0.632 0 0 —0.004 -0.018 —-0.001
0 0.632 0.041 0.578 0.056 0.066 —0.004 0
M, = 0 0 0.578 0.036 0.516 0.056 0 0
0 0 0.056 0.516 0.036 0.578 0 0
0 —0.004 0.066 0.056 0.578 0.041 0.632 0
—0.001 -0.018 —-0.004 0 0 0.632 0.04 0.937
L 0 —0.001 0 0 0 0 0.937 0.039
R, =Rout = 1.1363
r 0.073 0.918 0 0 0 0 —0.001 0 7
0.918 0.062 0.637 0 0 —0.004 -0.03 —-0.001
0 0.637 0.104 0.599 0.056 0.076  —0.004 0
M, = 0 0 0.599 —0.044 0.55 0.056 0 0
0 0 0.056 0.55 —0.044  0.599 0 0
0 —0.004 0.076 0.056 0.599 0.104 0.637 0
—0.001 -0.03 —-0.004 0 0 0.637 0.062 0.918
L O —0.001 0 0 0 0 0.918 0.073
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1/0 1 2 malized coupling matrix is then extracted to be
Riy, = Rowt = 1.159
f, =4.001 GHz
—0.0157 0.8950 0 —0.2346
M = 0.8950 0.010 0.8080 0
N 6= 0 0.8080 0.010  0.8950
I/0 4 —0.2346 0 0.8950 —0.0157
@ The measured response together with the response calculated
0 using the above extracted parameters are plotted in Fig. 11. The
W Y good agreement shows the powerfulness of the proposed proce-
-10 dure as a tool for the diagnosis of filter measurement.
/ \ V. CONCLUSION

A new and powerful parameter-extraction procedure has
been presented. Closed-form recursive formulas have been

S11 & S21 (dB)
& X
o o
|
_<<

—<<
[
\

\\{ V given for the synthesis of all filter parameters through the

40 knowledge of the pole and zero positions of corresponding
u bisected networks. The spurious unwanted couplings caused

50 v by the compact-sized structure of the filter can be accurately

predicted through simple calculations using this procedure.

3.9 3.95 4 4.05 41 This procedure has been proven feasible through design and
Frequency (GHz) measurement examples. The good agreement observed shows
(b) the powerfulness of the proposed procedure.

Fig. 10. (a) Configuration and (b) theoretical response of the four-pole APPENDIX

elliptic-function filter for measurement in the second example. Derivation of (10) starts from the input reflection coefficients

of the even- and odd-mode bisected networks (7)

( .
‘ 7 Zin e,m) R 7 X e.m) — R 1
—— Extracted 321X Si1¢e,my = 1( ;m) = J (e;m) =elem  (AL)
| | —— Extracted S11 78 4R jXem +R

L
o

Measured S21 .‘ : in(e,m)

o I Measured S1IY 4 : where the definition ofX /., is

m - R N

2 // i \ n—itl (y _ @)

3 5 e VS t=1 2(e,m)t

£ = ; W X(e,m)()‘): i ) ) t=1...,n

g [I;=1 (>‘ - A )

= 40 9= pe,m)q

(A2)
The following relations hold from (A1):
-50
X(e,m) 0 (e,m)
3.9 3.95 4 4.05 4.1 . , L )
Frequency (GHz) Since the_ input/output coupling is the same, equating (A3) as
follows gives (10):

Fig. 11. Measured and extracted response of the four-pole elliptic-function 0. O
rectangular waveguide filter for the second example. —R=Xc.cot | — | =Xmcot | — (A4)

It is impossible to physically impose the PEC and PMC at REFERENCES
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