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Abstract—The advantage of using a &feed structure in filter de-
signis that two extra transmission zeros are created in the stopband
while the passband response remains unchanged. This feed struc-
ture is analyzed by using transmission matrices. A new lumped-
circuit model for a coupled resonator filter is then proposed to
take into account the effects of this feed structure. Finally, the feed
structure is applied to the design of a cross-coupled filter. All the
theoretical analysis and design procedures have been successfully
verified by experiment results.

Index Terms—Coupled transmission lines, distributed
parameter filters, microwave circuits, transmission-line
resonators.

|I. INTRODUCTION

T IS WELL known that there are two suitable feed points
on a half-wavelength open transmission-line resonator for a
given loaded [1]. For a direct-coupled hairpin filter, these feed (b)
points are shown in Fig. 1(a). Similarly they are also found in@g. 1. Possible feed points of: (a) a direct-coupled hairpin filter and (b) a
cross-coupled miniaturized hairpin filter, as shown in Fig. 1(bgross-coupled miniaturized hairpin filter.
Usually feed points (i) and (ii) are used because the others are
not accessible or they are close to other resonators and may re-
sult in the increase of unwanted coupling.

However, it is interesting to find that filters designed with dif-
ferent tapped-line feed points could be significantly different in
their frequency responses. For example, a ntie€d structure,
as shown in Fig. 2(a), is usually used in the design of a four-pole
cross-coupled filter [2]. However, it has been found recently that L2 (2
by using a 0 feed structure, as shown in Fig. 2(b), two trans- 2,0, 2,0,
mission zeros near the passband are created and the stopband
rejection is significantly increased [3]. In this paper, the charac-
teristics of a O feed structure are further explored by a theoret-
ical analysis. Based on this work, the applications of this feed
structure are also extended to the other types of filters such as
cross-coupled filters.

At the beginning of this paper, d €eed structure is analyzed
by using transmission matrices. The equations for the zero po-
sitions are derived. The lumped-circuit model for a coupled res-
onator filter is then modified to take into account the effects of
different feed points. Two filters with different feed structures ®)
were designed to verify the theoretical analysis and to pres&ig 2- (&) Non-0 feed structure. (b) Ofeed structure.
one of the applications.
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Also, the circuit model for four-pole cross-coupled filters is
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at the bottom of this page. From (1) and (2), it is clear that
A, +4A = D, + D, B, = B, andC,, = (. The trans-
mission matrix of a Ofeed structure can then be simplified as

A, + A B,

A B| 2 2 @)
C D|— (Au + A1)2 -4 A, + A4 )
2B, 2
Fig. 3. Equivalent circuit and its parameters for’déed structure. By using network-parameter conversion, the transmission coef-
ficient can be found as
[I. ANALYSIS OF DIFFERENT FEED STRUCTURE
. i 4B, Z

Coupled resonators are building blocks of a filter. There arg,; = L (5)

. . . . 2 2 _ 2
several types of coupling structures, including electric (capac- B} +2(Au + A)BuZp + [(Au + A)? — 4] 27
|t|ye) coupling, mggneuc (inductive) coupling, _and m|>§ed Couwhere the parametef;, is the system impedance (usuallys3p
pling structures. Fig. 2 shows one type of electric coupling struc- . o - "
AR . SinceB, is finite, the necessary and sufficient condition for

tures. Two half-wavelength transmission-line resonators are gr-~_ T X

. ) NN o e existence of the transmission zero®js = 0 and the de-
ranged as a ring with two gaps. This circuit and similar ones are” . L

. . nominator ofS,; is not equal to zero. IB,, = 0, itis found that
usually used in four-pole cross-coupled filters, such as shown in

Fig. 1(b). Two possible feed structures are shown in Fig. 2. The
electrical delays of the upper and lower paths of the coupling
structure in Fig. 2(a) are not the same at its fundamental resonf_mt

- . . or a general filter design (i.e., 2% fractional bandwidth<
frequency. This kind of symmetric feed structure is common YS%) in a lower microwave frequency rang is usually at or
used and, in this paper, is referred to as a nbfeéd structure. '

The other possible feed structure, as shown in Fig. 2(b), wasgfna"er than the order of 0.1 pF, afd and6, are generally

. . . ; esigned ad.26; < 6, < 1.86; for the desired loaded).
cently proposed in [3]. It is skew symmetric and is caIIeo_"a herefore, (6) can be further reduced to either
feed structure because the difference between the electrical de-

lays of the upper path and the lower pathis 0

tanféy + tan by = 1/ ZowCs. (6)

In Fig. 3, the coupling gaps between the two resonators in tan 61 &1/ ZowC; (7)
Fig. 2(b) are modeled asnetworks, where the values6f and  ©f
Cs could be found from [4]. For a lower microwave frequency tanfy = 1/ZowCs. (8)
range, the value abC; is usually small ¢; < 0.01 pF) and
will be neglected in the following analysis. SinceCs is small, it also means that the transmission zeros will

The transmission matrices of the lower and upper signal pathe at the frequencies wheéh ~ «/2 or 6, = = /2. Under
in a @ feed structure are found in (1) and (2), shown at thtbe conditionB, = 0, (A, + A;)* — 4 = (cos,/cos by +
bottom of this page. With the aid of circuit theory, the transmisos 62/ cos #1)? — 4 cannot be zero. Therefore, transmission
sion matrix of the whole circuit can be written as (3), showreros are created becadgag, .o S21 = 0.

cos(fy +62) + 20 s 1sinfy  jZosin(6) +62) — jw

A B ) . wCy wCs (1)
Co Di] | . YE . Yo .
- JYosin(fy +62) + 4 sinf sinfly  cos(fy + 62) + —— sinfy cos b,
L wC'Q wC'Q 9 9 .
- v, -
A, B.] cos(f1 + 62) + wCO'Q sin 81 cos 65 JZosin(61 + 62) — j% ,
C. D.| | RN . Yy . (2)
- _on sin(f; + 62) +‘7wC’2 sinf sinfy  cos(fy + 62) + oG, cos @ sin 65 ]
AuBl + AlBu BuBl
A B| B, + By B, + B 3)
¢ D B [A'U,Bl + AIB'U,][B'U,DI + BID'U,] - (B'u, + Bl)2 B'u,Dl + BID'U,

(Bu + Bi)B.By B, + B
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In the passband, i.e., wheh + 62 = =, the transmission clllz
matrix can be calculated from (4) as © 1l ©
A B 1 4 cos” f z o L
|:C D:| = / 2(4)02 . (9) C+Cp
0 -1
o o)
The transmission coefficient can then be found as (@
—1 z I L I
So1 ~ . 10 - : _ z ;
i
The analysis of a Ofeed structure is now complete. Similar I—, [—|
analysis could be applied to a noff@ed structure. The trans- = € €% . & ¢
mission matrices for the lower and upper signal paths of a fion- c-c,
feed structure are
o ‘o)
A By (b)
Cr Dy ) o o
2¢ Fig. 4. Lumped-circuit models for coupled resonator circuit with: (a) a rfon-0
. COS
cos 20, + sin 0y cos 6, 70 5in 205 —j 2 feed structure and (b) & @eed structure.
_ 02 wCh
Y$ Yy
7Ypsin26s4j—— sin 205 cos20a+—— sin B, cos b 0.04
wCs wCs
(11)
£ 0.03
and £
A, B S 0.02
C. D, £
v 29 g 0.01
cos 261 + —9% gin 01 cos 61 JZgsin 26, — COS L ©
. UJCQ UJCQ
. . . Y02 -2 YO . 0
7Yo sin 260, +]E sin® 6; cos 291+E sin 61 cos 6, 60 S0 100 120 140 160 180 200
2 2
(12) L (mil)
where, from (11) and (12), it is clear thdt = D; and A, = Fig.5. Design curve for the coupling coefficient.
D,,. The transmission matrix of a nori-f&ed structure can then
be simplified as
A B
C D
A’u, Bl + Al B'u, B'u,B i
By + By By + By
[AuBi + AiBu> — (Bu+ B))?> A.Bi+ AB
(B + Bi)B. By B, + B
(13)
The transmission coefficient can be found in (14), shown at the @

bottom of the following page.

SinceB,, andB; are finite, the transmission zero may be cre-
ated if either one of the conditions: B, = 0; 2) B; = 0; or
3) B, = B; = 0is satisfied. However, 3) meads = 6, and
is not possible for a general filter design. If 1) or 2) is fulfilled,
the following equations can be derived, respectively:

tanfy = 1/2Z0wC’2 (15)

or

tan 92 = 1/2Z0w02. (16)

(b)
Unfortunately, under each circumstance, the valugtfB; + Fig. 6. Second-order filters with: (a) a nofif@ed structure and (b) & Geed
A;B,)? — (B, + By)? is equal to zero. It can be shown thattructure.
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Fig. 7. Passband responses of filters with: (a) the rfofe€d structure and (b) the @eed structure. (c) Comparison of the stopband responses of these filters.
(d) The difference o5;, phase response of these filters.

limp, .0 S21 orlimpg, . S21 in (14) in each case has a finite0® feed structure is proposed and shown in Fig. 4(b). Two parallel

value and the transmission zero cannot be created. resonators in a series arm are added to each side of the model for
In the passband, the transmission matrix of the nbfe@d thetransmission zeros and to keep the model symmetric. Oneres-
structure is onator is resonant at the frequency wifgpproaches /2 and
cos? 6, the other is resonant at the frequency wHeis approximately
[A B} |1 = 2wl 7 /2. These two zeros are close to and on the opposite sides of the
C D 0 1 passband and, hence, significantly increase the stopband rejec-
tion. Moreover, the sign of the coupling coefficient between the
The transmission coefficient is found as resonators is changed. This model could be applied to other sim-
1 ilar coupling structures with miniaturized hairpin resonators or

So1 & y (18) stepped-impedance hairpin resonatorsin[3].
2= jeos® b1 [2wCr 2, The transmission zeros can also be explained by field anal-
which is negative of the one of & €eed structure. ysis. In Fig. 2(a), the transmission-line section (1) of resonator
Therefore, it can be concluded that two extra transmissidrforms a resonant tank when its length is about a quarter-wave-
zeros can be created if &f@ed structure is used. The passbaniéngth. The transmission-line section (1) of resonator B is res-
transmission responses of filters with different feed structuregant at the same frequency. The field coupling between these
have only a 180phase difference. two resonant tanks is strong. Therefore, no transmission zeros
The model usually used for a coupled resonator circuit withagpear. A similar thing happens when transmission-line sec-
non-C feed structure is shown in Fig. 4(a). Based upon the prgen (2) resonates. On the other hand, for’de&d structure in
vious discussions, the modelfora coupled resonator circuit witliréy. 2(b), the two resonant tanks are not directly coupled to each

2B, B; (Bu + BI)ZL

- 14
BEBIQ + 2(A'11,Bl + AIB'U,)B'U,BIZL + [(A'U,Bl + AIB'U,)Q - (B'u, + Bl)Q] Z% ( )

Sa1
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Fig. 8. Lumped-circuit models for four-pole cross-coupled filters with: (a) a rfoied€d structure and (b) & @eed structure.
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other. The signal coupled from resonators A to B is minimized
and, therefore, transmission zeros could be found.

I1l. BUTTERWORTH FILTERS WITH DIFFERENT
FEED STRUCTURES

Two second-order Butterworth filters with different feed
structures were designed to verify the discussions in Section .
Each filter was designed to have the center frequency I_ﬁt
2.45 GHz and 3% bandwidth. The normalized loadg¢@nd
the coupling coefficient for this type of filter can be found from 0 o
[5]asq: = g2 = 1.414 andky, = 0.707. The actual loaded -
@ and the coupling coefficienk(;> can be calculated from -10 ,
Q1 = Q2 = q1/BW and K3 = BW - ki3, whereBW is 21 sim | [
the percentage bandwidth. For this example,and K, were 207 ’
found to be 47.1 and 0.021.

These two filters were fabricated on Rogers RO3003 sub-
strates, with a relative dielectric constant of 3.00, a loss tan-
gent of 0.0013, and a thickness of 20 mil. In order to increase
the coupling coefficient, coupled-line structures were used. The
coupling coefficient as a function of the coupled-line length is 60
calculated using Agilent Momentum and is shown in Fig. 5. The 1.80 1.90 2.00 2.10 220
design of the feed points to yield the desired loadedan be Frequency (GHz)
found in [1], [6] asf; = 100.5° andfd, = 79.5° at the center @
frequency 2.45 GHz. From Section Il, the two zeros should be at
2.19 and 2.77 GHz, whe or 6, approaches /2, respectively.

The photographs of these two filters are shown in Fig. 6(a) -10 |
and (b). The simulation results and measured data are given 20}
in Fig. 7. Fig. 7(a) and (b) shows the passband responses.
The center frequencies of both circuits are slightly shifted
to 2.46 GHz. The passband insertion loss is approximately
1.6 dB, and the return loss is greater than 15 dB for both filters.
The comparison of stopband responses is shown in Fig. 7(c).
It is clear that the filter with a Ofeed structure has two extra 60 F
transmission zeros. From the measured data, one zero is at
2.18 GHz and the other is at 2.83 GHz, which are in agreement
with the simulations. This is also well predicated by the above Frequency (GHz)
theoretical analysis with an error less than 2%. These zeros are
close to the passband and make the stopband rejection much ®)
better than the filter with a non2@eed structure. The differenceFig. 10. (a) Passband response of the cross-coupled filter with faed
of S, phase response of filters with different feed structures igﬁ_c&uggéébgtﬁ}g&?:hd responses of the filters witfi &8d structure and a
shown in Fig. 7(d). It shows that the transmission responses of
these two filters have a 18@hase difference in the passban
which agrees with the discussion in Section Il

.9. Cross-coupled filter with a°Geed structure.
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d[‘8]. This is because they have finite-frequency zeros near the
passband and, therefore, the response skirts are steeper. How-
ever, this type of filters has some disadvantages. One of them
is the possible degradation of stopband rejection, especially for

Cross-coupled filters, which can realize an elliptic or #our-pole cross-coupled planar filters, as shown in Fig. 1(b). To
guasi-elliptic response, are good for increasing selectivity [Achieve the passband response, their input and output sections

IV. CROSSCOUPLED FILTER WITH A 0° FEED STRUCTURE
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are close. Therefore, the stopband rejection degrades due to the T. EdwardsFoundations for Microstrip Circuit Desigrend ed.  New
direct coupling from the input resonator to the output resonator. _ York: Wiley, 1092, ch. S. - ,

. 3 ) led filter with miniatur- [5] A.B. Williams and F. J. TaylorElectronic Filter Design Handbogldrd
) Ina preY'ous paper [3], gCFOSS coupledn Wi ni _u ) ed. New York: McGraw-Hill, 1995, ch. 5.
ized hairpin resonators, which has an extra tunable transmissiofe] C.-M. Tsai, S.-Y. Lee, and C.-C. Tsai, “Hairpin filters with tunable trans-
zero in the stopband, was proposed to reduce this effect. Based Mission zeros,”iNEEE MTT-S Int. Microwave Symp. Digol. 3, May
on the discussion in Section I, it is clear that’déed structure 2001, pp. 217572178.

_ ' [7] S. Darlington, “Synthesis of reactance four poles which produce
can also be used for solving this problem. The two extra trans-  prescribed insertion loss characteristics,"Math. Phys.vol. 18, pp.
mission zeros near the passband can be helpful in increasing3 257-353, Sept. 1939. . . .
he stopband reiection. A lumped-circuit model for an ordinar ] R.LevyandS.B. Cohn, “A history of microwave filter research, design,
the stop jection. i ump ircul - ) Inary and development[EEE Trans. Microwave Theory Teckol. MTT-32,
four-pole cross-coupled filter was proposed in [9] and is shown  pp. 1055-1067, Sept. 1984.
in Fig. 8(a). If the feed structure is Changed from a némite [9] A. E. Williams, “A four-cavity elliptic waveguide filter,”IJEEE Trans.

. . . . . Microwave Theory Techvol. MTT-18, pp. 1109-1114, Dec. 1970.

to a O alternative, all the signs of coupling coefficients must
be changed and two parallel resonators must be added in series,
both to the input and output for symmetry, as shown in Fig. 8(b).

The four-pole cross-coupled filter designed by using the
miniaturized hairpin resonators in [3] was modified. The fee
structure was replaced by a @lternative. A photograph of the
new filter is shown in Fig. 9. Fig. 10(a) shows the passbar
experiment results. The insertion loss is compared with tl
one of the original design with a nori-6eed structure in [3],
and both are shown in Fig. 10(b). It is clear that the passba
response is not changed, but the stopband rejection is sig
cantly increased because of the two zeros created Byfeed
structure.
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V. CONCLUSIONS

A lumped-circuit model for electric coupling structures with
a 0 feed structure has been proposed. It has been shown that this
type of circuit and other circuits using an ordinary ndrféed
structure have the same passband response, except i@
difference. The advantage of using‘d€ed structure is that two
extra transmission zeros are created at the frequencies clos
and on the opposites of the passband. The selectivity and st
band rejection of this type of filters are, therefore, significantl
increased. Two second-order filters with different feed stru
tures have been designed to verify these discussions. Besid “' ‘
circuit model for cross-coupled filters has also been propose(h“ -
take into account the effects of afeéed structure. The increasemeasurements.
of selectivity has been proven by experiments. The tuning of
these transmission zeros can be achieved by using impedance
transformers and it has been reported in [6].
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