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New Cross-Coupled Filter Design Using Improved
Hairpin Resonators
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Abstract—Stepped-impedance resonators have been thoroughly nant modes. Two design equations are then derived based on this
studied in this paper. Two equations for odd- and even-mode res- model. One of them is for the odd resonant modes and the other

onance are derived from a new network model. The size and res- is o1 the even resonant modes. With some modification, these
onant frequencies of the resonator could then be designed based

on these two equations. A new resonator-embedded cross-coupleotWO equqtions can also be applied to similar re_sonators, such a§
filter, constructed by stepped-impedance hairpin resonators and Stepped-impedance resonators and stepped-impedance hairpin
miniaturized hairpin resonators, is presented. This new filter is resonators. A cross-coupled filter based on miniaturized hairpin
very compact and has lower spurious response. A%feed struc-  resonators has been designed, fabricated, and measured to verify
ture, which adds two transmission zeros to the filter response, is 1hage equations. It is interesting to note that this new filter has
also studied. The two zeros are so close to the passband that the . . .
selectivity and out-of-band rejection of the filter are significantly gn gxtra tr_ansmlssmn zgro, Wh'_Ch can be gdjgsted for better re-
increased. The design has been verified by experiment results.  jection of interference signal without sacrificing the passhand

Index Terms—Coupled transmission lines, transmission-line res- reSp0hse. . .
onators, elliptic filters, microwave circuits. Besides selecting resonator types, filter topology must also
be considered carefully. Traditionally, parallel-coupled-line
filters and hairpin filters are widely used in microwave circuits
[1], [2]. They are constructed by identical resonators cascaded

N MICROWAVE communication systems, small-size anéh series. With this topology, only Chebyshev and Butterworth
high-performance filters are always needed to reduce ttgsponses can be realized. In order to enhance filter perfor-

cost and enhance the system performance. They can be rdance, cross-coupled filters, which can realize elliptic or
signed in many different ways and by using different materialguasi-elliptic response, were proposed in [3], [7], and [8]. In
Among them, planar filters are particularly attractive becaudgeis paper, a new cross-coupled filter using resonator-embedded
they are compact and easy to manufacture. Therefore, thereiogology is presented. There are two types of resonators in this
been much research conducted on planar filters and their cditier topology: the stepped-impedance hairpin and miniaturized
ponents, i.e., planar resonators [1]-[9]. For example, hairgiairpin resonators. They are specially arranged and designed
resonators, stepped-impedance resonators, and miniaturitetgeduce the circuit size, create the cross-coupled effect, and
hairpin resonators are used to make filters more compact, dower the spurious response.
elliptic filters can be realized by introducing cross-coupled Finally, a O feed structure of a four-pole cross-coupled filter
effects. is studied. Compared with those filters designed with & 18&d

Since resonators are the basic components of a planar filgructure [7], [9], a filter with this new feed topology has two
it is necessary to select proper resonator types used in filter é&tra zeros near its passband. This makes the filter have steeper
sign. A conventional half-wavelength open-line resonator is akjection. The new design has been verified by experiment re-
ways too large [1]. To reduce the circuit size, Cristal and Frankgllts.
[2] folded the open-line resonator to form a hairpin resonator.
In 1989, the miniaturized hairpin resonator was developed by
Sagaweet al. [5]. The coupled lines at the ends of this struc-
ture are used as a capacitor in order to reduce the resonator size.
Therefore, this miniaturized hairpin resonator is much smallerFig. 1(a) shows a typical miniaturized hairpin resonator and
than the hairpin resonator. Actually, this type of resonators its parameters. The coupled-line section of this resonator can be
a variation of stepped-impedance resonators [4]. To begin thi®deled by an ideal transformer and two open stubs, as shown
paper, many undiscovered important characteristics of this r@sfig. 1(b) [10]. The turn ratio of the ideal transformerig :
onator will be discussed. 1. The characteristic impedance of open stub 1 is half of the

First of all, a new network model for miniaturized hairpinrodd-mode impedance of the coupled lines, and the impedance
resonators is proposed. This new model accounts for all reedopen stub 2 is half of the even-mode impedance of the coupled

lines.
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whereY,., = 1/Z,.1 = 2j/Z,, cot,. The equation for all
odd-mode resonance, including the fundamental mode, can then
be derived by using the conditions at paiitand the result is

6 Zoo
tan é = Z, cot f,. )

On the other hand, when the circuit is excited at its even
modes, the fields are symmetrical. The circuit is open at point
A. By similar reasoning, the even-mode circuit model can be de-
rived, and is shown in Fig. 1(d) with the conditiohg = 1. =
0 andV,; = V.s. The circuit is described by
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whereY,eo = 1/Zyc2 = 2§/Z,. cot 8. The equation for all
even-mode resonance, including the first spurious mode, can
then be derived, and the result is

" et _ Zoe
CO 2 = Zt

cot 0. (6)

It should be noted that the equation for “even”-mode res-
onance given by Sagawa [5] is not correct because it is de-
rived based on the fundamental “odd”-mode condition of the
stepped-impedance resonator given by Makimoto [4].

It is found that similar equations can also be applied to
stepped-impedance resonators and stepped-impedance hairpin

Fig. 1. (a) Miniaturized hairpin resonator. (b) Network model. (¢) Odd-modgagponators. Fig. 2 shows the circuits and parameters of a typical

model. (d) Even-mode model.

conditionsl,; = 1,2 andV,; = V,3 = 0, as shown in Fig. 1(c).

The circuit can then be described by

‘/01 _ Ao Bo ‘/02
Iol B C(o Do 102

stepped-impedance resonator and a stepped-impedance hairpin
resonator. These two resonators can be treated as variations of
the miniaturized hairpin resonators with an infinite or large
space between the two conductors of the coupled lines. The
coupled lines become two independent transmission lines and
the center transmission-line section is unaffected. This makes
Iy = Z1, 60, =201, Z,0 = Z,e = Zg,andf, = 6, = 6> in
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(3) and (6). The equations for these two resonators can then t 51 ol g1

written as (/0)2.6
Z
tan 6 = =2 cot b (7) 2.4
A
and 55
Z .
cot @) = — 22 ot (o (8)
A

where (7) is for the odd modes and (8) is for the even modes
Equation (7) is the same as the fundamental resonant equatic
given by [4], but (8) is different from the first higher order reso-
nant equation in that paper. It is more general than Makimoto's 1.6
equation, which is under the assumptiorfpf= 6.

1.8

Normalized Frequency
~

[ll. CHARACTERISTICS OFMINIATURIZED HAIRPIN 0 0.1 0.2 0.3 0.4 05
RESONATORS Length Ratio 9,/0,)

For miniaturized hairpin resonators, the fundamental mode
is the first odd mode and the lowest spurious mode is the fifsy. 4. Effects of impedance ratio &,. to Z, and length ratio of.. to 6, on
even mode. Since they are very important in the design of file first spurious-mode resonant frequency.
ters, it is necessary to analyze the characteristics of these two
modes. This analysis can also be applied to stepped-impedainegquency. On the other hand, for the impedance ratio great than
resonators and stepped-impedance hairpin resonators, withdhe, it shows that the larger the length ratio, the higher the fun-
circuit parameters given in the previous section. damental resonant frequency. When the length ratio is equal

According to (3), Fig. 3 is plotted to illustrate the variation ofo zero, a miniaturized hairpin resonator becomes a half-wave-
the fundamental mode frequency due to the differentimpedareagth open-line resonator and the resonant frequency is fixed
ratio of Z,,, to Z, and the different length ratio &, to ;. The at f,. Therefore, the impedance ratio should be as small as pos-
total electrical lengtl¥, + 26, of these resonators are selectedible and the length ratio should be as large as possible when the
to ber at fy. This makes the circuit resonate &t when the size of the resonator has to be minimized.
impedance ratio is equal to one. It is clear that the smaller theSimilarly, Fig. 4 is plotted according to (6) for the first spu-
impedance ratio of,, to Z,, the lower the fundamental reso-rious response of miniaturized hairpin resonators. The total elec-
nant frequency. The resonant frequency is below or higher thiical lengthd, 426, of these resonators are also selected to be
fo when the impedance ratio is smaller or larger than one, @&-f;. This makes the first spurious mode resonatzfatwhen
spectively. For the impedance ratio less than one, it shows thia impedance ratio of,. to Z; is equal to one. This figure
the larger the length ratio, the lower the fundamental resonaiows the variation of the first spurious-mode frequency due
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Fig. 5. Coupling structures and design curves for: (a) electric coupling, (b) magnetic coupling, and (c) mixed coupling.

to the different impedance ratio &f,. to Z, and the different quencyf, at 2.0 GHz and 3.5% bandwidth was designed. The

length ratio off. to 8,. It is clear that the larger the impedanceircuit was fabricated on the Rogers RO4003 substrate with a
ratio, the higher the first spurious-mode frequency. The resonaelative dielectric constant of 3.38, a loss tangent of 0.0027, and
frequency is lower or higher thay, when the impedance ratio a thickness of 20 mil. In order to design a compact filter with a

is smaller or larger than one. For any impedance ratio small@gher first spurious-mode frequency, the selected miniaturized
than one, the spurious frequency is lowest when the length ratiairpin resonator has the circuit parameters as

of a miniaturized hairpin resonator is about 0.14. On the other

hand, for any impedance ratio larger than one, the spurious fre- Zr =654
quency is highest when the length ratio of a miniaturized hairpin Zoo =25Q
resonator is about 0.21. 7 —310

Therefore, properly selecting the values &f, Z,,, Z,.,
8, 8,, and 8. is very important in the design of this type
of resonators. The size can be greatly reduced and the first L. =203.5mil. 9)
spurious-mode frequency could be properly designed.

Ly = 1076 mil

The resonator has the fundamental mode at 2.0 GHz and the
first spurious mode at 4.7 GHz, which are calculated by using
IV. FOUR-POLE CROSSCOUPLED FILTER DESIGN (3) and (6). Fig. 5 shows the three basic coupling structures
To demonstrate the applications of the studies in the previcarsd the design curves for this filter. The coupling structure in
section, a four-pole cross-coupled filter [3], [7] with center freFig. 5(a) is for electric coupling because the electric fringe fields
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Fig. 6. (a) Four-pole cross-coupled filter. (b) Measured passband response. (c) Measured passband and spurious response.

are stronger near the open ends of the resonators. By similar @4pling of the slots in the filter layout. This should be useful
soning, the structure in Fig. 5(b) provides a magnetic couplimg the rejection of strong interference in the stopband and can
because the magnetic fringe fields are stronger near the ceiiefine tuned by changing the slot length without sacrificing the
of the resonators. The coupling structure in Fig. 5(c) providgsmssband response.

both electric and magnetic coupling. The design curves in these

figures are the results of electromagnetic analysis. V. RESONATOREMBEDDED FOUR-POLE CROSSCOUPLED
For the given specifications, the coupling coefficients and the FILTER DESIGN

loaded@ex: of this filter can be found as Traditionally, a planar bandpass filter is designed with several
identical resonators. The circuit size is large and the spurious

0 0.023 0 —0.0026 response is usually fixed at the double of the fundamental-mode

K = 0.023 0 0.019 0 (10) frequency. Several types of resonators have been designed

0 0.019 0 0.023 to overcome these problems such as stepped-impedance

—0.0026 0 0.023 0 resonators, miniaturized hairpin resonators, and slow-wave

Qext = 32.7. open-loop resonators [4], [5], [9]. These resonators are used

for reducing the filter size, but the spurious response of them
Fig. 6(a) shows the photograph of the filter. The size of this filtere still large. Another method is to modify the filter structure
amounts only td.167A¢ by 0.214)q, where)q is the guided to reduce the circuit size, such as the pseudointerdigital filter
wavelength on this substrate at the center frequency. proposed by Hong and Lancaster [6]. However, the spurious

The filter was fabricated and measured using an HP 87198sponse of this filter is fixed at the double of the funda-

network analyzer. Fig. 6(b) and (c) show the measured data. Thental-mode frequency. In this section, a new filter structure
passband insertion loss is about 2.8 dB. This is mainly due to tvéth embedded resonators is proposed. The circuit size is
conductor and dielectric losses of the substrate. The passbestliced, the spurious-mode frequency is controllable, and the
return loss is no less than 15 dB. The out-of-band rejectionlevel of the spurious response is lower.
better than 27 dB at the lower stopband and 23 dB at the uppeFig. 7(a) shows the topology of this new resonator-embedded
stopband. The filter has the center frequelfigat 2.0 GHz and four-pole cross-coupled filter. It is constructed by two types of
the first spurious response at about 4.8 GHz. These justify ttesonators. One is the miniaturized hairpin resonator and the
resonator design equations. It is interesting to notice that thetber is the stepped-impedance hairpin resonator. In order to re-
is a 65-dB attenuation at 3.4 GHz. This is mainly due to thauce the filter size, the miniaturized hairpin resonators are em-
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section of the resonatot is too close to the resonatét. For-
tunately, this can be overcome by using tiefdékd structure,
which will be discussed in the following section. Fig. 7(b)—(d)
shows the three coupling structures encountered in this new
filter. The coupling structure in Fig. 7(b) leads to an electric
coupling and Fig. 7(c) leads to a magnetic coupling. Fig. 7(d) is
similar to the mixed coupling structure in Fig. 5(c), except it is
a dual-arm coupling structure. The coupling coefficient must be

) found by electromagnetic simulations.
A cross-coupled filter with this new resonator-embedded
structure was designed with a center frequency at 2 GHz and
5% bandwidth. It was designed and fabricated on the Rogers
RO4003 substrates. The parameters of the miniaturized hairpin
resonators used in these structures are the same as those used
in Section IV. The coupling coefficients and the loadgd, of
this filter is found as
0 0.033 0 —0.0037
0.033 0 0.028 0
K= 0 0.028 0 0.033 (11)
—0.0037 0 0.033 0

Qexe = 22.8.

Fig. 8(a) shows the photograph of this filter. The size of this filter
amounts only t@.207)q by 0.182),, where )\ is the guided
wavelength on this substrate at the center frequency.

The measured data is shown in Fig. 8(b) and (c). The pass-
band insertion loss is about 2.4 dB and the passband return loss
is greater than 15 dB. The out-of-band rejection is better than
30 dB. The filter has the center frequengyat 2.01 GHz and
the first spurious response at about 4.8 GHz. Its first spurious
response is about 10 dB lower than the filter designed in Sec-
tion IV.

V1. 0° FEED STRUCTURE

The input and output of a planar filter are usually achieved
by tapped feed lines because they are simple and easy to de-
sign [11]. For a half-wavelength planer resonator, there are two

a
proper feed points at the opposite locations about the center of

(d)
the resonator. Fig. 9 shows two electric coupling structures con-

Fig. 7. (a) New resonator-embedded cross-coupled filter. (b) Electric couplisgructed by hairpin resonators with different output feed points.
structure. (c) Magnetic coupling structure. (d) Mixed coupling structure. In Fig. 9(3_), the signals at the input and output feed points are
in phase when the circuit is resonant at its fundamental-mode
bedded in the stepped-impedance hairpin resonators. This Aggguency, while in Fig. 9(b), they are out-of-phase. Both of
filter has a fourth-order frequency response, but it is smalltese arrangements work, but the feed structure in Fig. 9(a) will
than a hairpin-resonator filter with a second-order frequency [@€ate two more transmission zeros in the stopband. The first
sponse. Moreover, this special arrangement of resonators #@t0 occurs at the frequency when the length of arm (2) of the
vides an additional signal path from the input resonator to tigPut resonator approaches a quarter-wavelength and the other
output resonator. This helps to create the cross-coupled eff@&curs at the frequency when the length of arm (1) is near a
The frequency response of this filter could be elliptic or quasi-ejtarter-wavelength. To prove this, the equation for the insertion
||pt|C if proper|y designed_ The first Spurious-mode frequend?SS atthese two frequenCieS are derived. When the Iength ofarm
can be predicted by using the equation derived in Section (L) is a quarter-wavelength, theBC'D matrices for the upper
Since the miniaturized hairpin resonators are on the main sig@@d lower signal path of the coupling structure in Fig. 9(a) can
path, the spurious-mode frequency will be dominated by tie derived as
characteristics of these resonators. Another advantage of this [Au B,
new filter is that the level of the first spurious response is lower. C, D,
This is because the first spurious-mode frequencies of these rasd
onators are not the same. It is important to note that unwanted A B
coupling effects in the stopband will increase when the center [Ol D,

:| :MI*MQ*Mg (12)

:| :Mg*MQ*Ml (13)
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Fig. 8. (a)Resonator-embedded cross-coupled filter. (b) Measured passband response. (c) Measured passband and spurious response.
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where

wherei = u or! for the upper or lower signal paths. The admit-
. . 1
M, = [ cos By JZosm92} My = [1 Jw—C’

tance matrix for the whole coupling structure is given by
7Yy sinfs cos 6y

|:Y11 Y12:| — |:Y11u Yi?u:| + |:Yill Y121:| (15)
and Yor Yo Yoru Yaou| ' [You You ]
e ]
Ms=| . . . .
JjYo 0 The insertion loss can then be derived as
are theABC D matrices of the transmission-line arm (2), the
mutual capacitor, and the transmission-line arm (1) in this cou- —2¥n Yo

S =
pling structure. The admittance matrix for each signal path is T (Vi 4 Y0) (Yo + Y0) — YioYay

|:Y11i sz} . {Di/Bi (B;C; — A;D;)/B; jdcos s

= . (16)
Yéli Yégi —]./.BZ ./‘lz/.BZ :| (14) (:/E COSs 92 — sin 92) 2 —4
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For an examplef = 2 GHz, C = 0.01 pF, Y, > 0.01 S, and A resonator-embedded cross-coupled filter with féed

6> = 1.561 = 1.57 /2, this equation gives structure was designed to verify the studies. This filter is the
. same as the filter design in Section V, except the feed structure.

Sy J‘é < j( — 893 x 10—4>_ (17) Fig. 10(a) shows the photograph of this filter. The measured

Y, data is given in Fig. 10(b) and (c). The passband insertion loss
<E> cos 0 is about 2.4 dB and the passband return loss is greater than 15

dB. The out-of-band rejection is better than 35 dB. It is clear

Therefore, there is a deep attenuation (more than 60 dB) in that the out-of-band rejection is increased. Compared to the

frequency response Whﬂﬂ approachegr/Q_ This frequency filter deSign with a 180feed structure, this filter has two extra

is higher, but near the resonant frequency of the hairpin ré@.nsmiSSion zeros at the Stopband: one is at 1.72 GHz and the

onator because the length of arm (1) is a little bit shorter th@her is at 2.53 GHz. These two deeps are close to the passband

the half-length of the hairpin resonator. With similar derivatior?nd make the out-of-band rejection much better than the filter

it can be shown that there is another deep attenuation in fisigned in Section V. The level of the first spurious response

frequency response Wh@@ approaches/Q_ The frequency is is also lower than the filter deSigned in Section IV.

lower, but also near the resonant frequency of the hairpin res-

qnator. These two zeros are very helpful for_out-_of-band rejec- VII. CONCLUSION

tion because they are close to and on opposite sides of the pass-

band. By similar reasoning, the electric coupling structures inTwo simple equations derived from a new network model

miniaturized hairpin resonators or stepped-impedance hairfam miniaturized hairpin resonator have been presented in this

resonators will also have similar response wherfe@d struc- paper. These equations can also be applied to other types of

ture is used. stepped-impedance resonators. The resonant frequencies can be
As mentioned previously, for a good out-of-band rejectiomccurately predicted by using these equations. The impedance

the resonatod in the new resonator-embedded filter should na@nd length of the transmission lines and the coupled lines should

be arranged too close to the resonaoHowever, by using the be properly selected to minimize the circuit size and control

0° feed structure, these two resonators can now be placed cldbker spurious response. A new resonator-embedded cross-cou-

without degrading the signal rejection level because the creatddd filter structure, constructed by stepped-impedance hairpin

two zeros can help to increase the rejection in the stopband.resonators and miniaturized hairpin resonators, has also been
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presented. The circuit size of this new filter is smaller than the[6] J.S. Hong and M. J. Lancaster, “Development of new microstrip pseudo-

half-size of the same order direct-coupled planar filter. The level
of the first spurious response is also lower than filters designedm

by using only one type of resonators. Finally, ‘af@ed struc-

ture for four-pole cross-coupled filters has also been proposed
Filters with this type of feed structures can create two extra

interdigital bandpass filtersJEEE Microwave Guided Wave Lettol.

5, pp. 261-263, Aug. 1995.

——, “Couplings of microstrip square open-loop resonators for
cross-coupled planar microwave filters|EEE Trans. Microwave
Theory Tech.vol. 44, pp. 2099-2109, Dec. 1996.

M. Korber, “New microstrip bandpass filter topologie$icrowave J,

vol. 40, pp. 138-144, July 1997.

transmission zeros on opposite sides of the passband. The s@ J. S. Hong and M. J. Lancaster, “Theory and experiment of novel mi-

lectivity and out-of-band rejection of these filters are increased
without any side effect on the passband response. Several filte[rl%]
using miniaturized hairpin resonators and stepped-impedance
hairpin resonators has been designed, fabricated, and measured
to verify the studies and demonstrate the applications. Amon
them, a traditional four-pole cross-coupled filter was designed.
The results prove that the design equations for the miniaturized
hairpin resonators are correct. Moreover, an adjustable trans-
mission zero is found in the stopband. Itis due to the coupling of
the slots in the filter layout and could be useful for the rejectic
of interference signal in a communication system. Two oth
filters with different feed structures were designed by using tl
new resonator-embedded topology. The measured results as
verify the design equations for the miniaturized hairpin re:
onators. The signal level of the first spurious response is a

lower than common planar filters. These filters also indicate t

the O feed structure can make a typical four-pole cross-couple

filter have higher selectivity and larger stopband rejection.
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