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Design of Highly Selective Microstrip Bandpass
Filters with a Single Pair of Attenuation Poles at
Finite Frequencies

Jia-Sheng HongMember, IEEEand Michael J. LancasteMember, IEEE

Abstract—This paper presents the design of a class of highly tail the design of highly selective microstrip bandpass filters that
selective microstrip bandpass filters that consist of microstrip consist of microstrip open-loop resonators with a cross coupling
open-loop resonators that exhibit a single pair of attenuation 4t exhibit a single pair of attenuation poles at finite frequen-
poles at finite frequencies. A practical design technique for this cies. A practical design technique for this class of filters, which
class of filters is introduced, including tables and formulas for : p_ 9 q ) e Y
accurate and fast filter synthesis. Two design examples of ais also different from that reported in [10], is introduced, in-
six-pole filter with a fractional bandwidth of 7.331% at 955 MHz  cluding tables and formulas for accurate and fast filter synthesis.
and an eight-pole filter with a fractional bandwidth of 10.359% at The design approach enables one to use advanced full-wave EM
985 MHz are described. Theoretical and experimental results are i iators to complete the filter design, namely, to determine
presenteq. The compact size and the excellent performance of thisthe hvsical dimensions of the filter TV\;O desi r’] examples of
class of filters have been demonstrated. ) phy ’ > : 9 _p

six- and eight-pole filters are demonstrated together with theo-

Index Terms—Microstrip filters, microstrip resonators, mi- . .
retical and experimental results.

crowave bandpass filters.

Il. FILTER CHARACTERISTICS AND CONFIGURATIONS
. INTRODUCTION

. o Let us consider a transfer function
APID development of wireless communications present

extraordinary demand for narrow-band RF/microwave
bandpass filters with high selectivity and low insertion loss.
One filter with these attractive characteristics is that of quasi-el-
liptic function response filters with a pair of attenuation poles athere? is the frequency variable that is normalized to the pass-
finite frequencies [1]-[2]. The capability of placing attenuatiokand cutoff frequency of a low-pass prototype filteis a ripple
poles near the cutoff frequencies of the passband improves ¢oastant related to a given return ldsg in decibels by
selectivity using less resonators. This type of filter is usually re-

1

521D = 7o
1+ e2F3()

)

alized using waveguide cavities or dielectric-resonator-loaded e = ;_ 2)
cavities. However, with the advent of high-temperature super- V10— (Lr/10) _ ]

conducting (HTS) and micromachined circuit technologies o )
there is an increasing interest in microstrip filter structureshe form of Fiy (£2) for the selective filters considered may be
[3]-[10]. Two technical approaches are normally used to realig&Pressed as [11]
this type of filter. The first is to extract poles from both ends 001
of a filter prototype by using shunt resonators [4]. The size qu(Q) = cosh {(N —2) Coshfl(g) +cosh ! <a—>
the microstrip filter resulting from this approach may, however, 2, —
be large. The second approach is to introduce a cross coupling 1 cosh L <QaQ + 1) } 3)
between a pair of nonadjacent resonators [5]—[10]. The filter Qg + 0
employing the cross coupling generally results in a compact .
topology. This is obviously more attractive for those systen$® that2 = +€, (€, > 1) are the frequency locations of a
where size is important. pair of attenuation poles. Note that{, — oo, the function

It has been known that the cross coupling is more difficuffv (§2) degenerates to the familiar Chebyshev function _and the
to be arranged and controlled in a microstrip filter owing to it§€duency response of (1) will be a pure Chebyshev filter re-
semiopen structure. Even a recent paper [10] only reported §RONSe- The transml_ssmn fr_equency response of the bandpass
design of a two-pole microstrip filter with a crossing line for thdllter may be determined using the following frequency map-
cross coupling. Itis obvious, however, that a higher degree is R809
quired for a more selective filter. In this paper, we present in de-

1 w wo
Q=—.[=Z=-=
) . FBW <w0 w ) @
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Fig. 1. Comparison of frequency responses of the Chebyshev filter and the filter with a single pair of attenuation poles at finite frequendigml@j¥ou 4).
(b) Six-pole (V = 6). (c) Eight-pole {\ = 8).

The locations of two finite frequency attenuation poles of the To realize this type of filtering characteristics in microstrip,
bandpass filter, namely,; andw,», are given by we have developed the filter configurations shown in Fig. 2. The
filters are comprised of even numbers of microstrip open-loop

—Q,FBW + \/W resonators. Each of the open-loop resonators has a perimeter
2 about a half-wavelength. Note that the shape of resonators need

not be square; it may be rectangular, circular, or a meander

Q. F'BW + /(Q,FBW)? 4-4 5) open-loop, thus, it can be adapted for different substrate sizes.
2 ' However, for the smaller size of the loop, the unloaded quality

factor of the resonator could be decreased due to higher con-
Fig. 1 shows some typical frequency responses of this typedictor losses. Although only the filters up to deg€e= 8§

filters as compared to that of a Chebyshev filter. Note that tlaee illustrated, the building up of filters with a higher degree
figure does not show the return log€s; that is evaluated at based on the coupled open-loop resonators is feasible. A gen-
—20 dB. As can be seen, the improvement in selectivity overal coupling structure for this class of filters is depicted in
the Chebyshev filter is evident. The closer the attenuation poleig. 3, where each node represents a resonator, the full lines
to the cutoff frequencys¢ = 1), the sharper the filter skirt andindicate the main path couplings, and the broken line denotes
the higher the selectivity. the cross coupling. It is essential that the sign of cross coupling

Wal = Wo

Wa2 = Wo
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Fig. 2. Configurations of microstrip bandpass filters exhibiting a single pair of attenuation poles at finite frequencies.
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Fig. 3. General coupling structure of the bandpass filters with a single pair of attenuation poles at finite frequencies.

My—1 m+2 be opposite to that o/, .+1 in order to realize a tance inverters. The relationships between the bandpass design
pair of attenuation poles at finite frequencies, where- N/2 parameters and the low-pass elements are
with N being the degree of the filter. This simply implies that

My, g1 @aNdM,,, 1 4o are out-of-phase. In Fig. 2, the cross Qei = Qeo

couplingM,,—1_m+2 is the electric coupling while the coupling — C1

M,, m+1 is the magnetic coupling. This is obvious because, FBW

at resonance, the electric fringe field is much stronger near the My, n—1 = MN—n, N—n+1

open gaps of resonatars— 1 andm + 2, whereas the magnetic _ _IBW forn =1to N

fringe field is much stronger opposite to the gaps of resonators VCrnCri1’ 2

m andm + 1. It can be shown by the full-wave electromagnetic FBW - J,, N

(EM) simulation that these two types of couplings are indeed M, mt1 = - c, for m = 9
out-of-phase. It should be remarked that to realize a single pair FBW - J,,_; N

of attenuation poles, the cross coupling need not necessarily be M1, m+2 = T O, form = ) (6)

electric coupling, and itis possible to use the magnetic couplin%1 ) ]
for My,_1_ o With the electric coupling foi,,, .41, aslong WhereFBW denotes the fractional bandwidth of the bandpass

as they are out-of-phase. filter, C is the capacitance of the lumped capacitor drid the
characteristic admittance of the inverter, aids the degree of
the filter.
To find the element values of a low-pass prototype, one
may use an approximate synthesis method described in [2].
The design parameters of bandpass filters, i.e., the couplifigis method is simple, but it suffers from inaccuracy and
coefficients and external quality factor in Fig. 3, can be detecan even fail for highly selective filters that require to move
mined in terms of circuit elements of a low-pass prototype filtdhe attenuation poles closer to the cutoff frequencies of the
of Fig. 4, which consists of lumped capacitors and ideal admpassband. This necessitates the use of an exact synthesis, as

I1l. DESIGN TECHNIQUE
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Fig. 4. Low-pass prototype for the filter synthesis.
TABLE | TABLE I
ELEMENT VALUES OF A FOUR-POLE PROTOTYPE(L g = —20 dB) ELEMENT VALUES OF A SiX-POLE PROTOTYPE(L g = —20 dB)
Q C, C, I, 1, Q C, C, I3
1.80 | 095974 | 1.42192 | -0.21083 | 1.11769 120 | 1.01925 | 1.45186 | 247027 | -0.39224 | 1.95202
1.85 0.95826 1.40972 -0.19685 1.10048 1.25 1.01642 1.44777 2.30923 -0.33665 1.76097
195 1 095565 | 139025 | -0.17297 | 1.07232 135 | 101213 | 144117 | 2.14383 | -0.25976 | 1.55094
2.00 0.95449 1.38235 20.16271 1.06062 1.40 1.01051 1.43853 2.09713 -0.23203 1.487
505 1 095341 | 137543 | -0.15337 | 1.05022 145 | 1.00913 | 143627 | 2.0627 ] -0.20901 | 1.43775
210 | 095242 | 136934 | -0.14487 | 1.04094 1.50 | 1.00795 14343 | 2.03664 | -0.18962 | 1.39876
515 1 005148 | 136391 | ©0.13707 | 1.03256 155 | 1.00695 | 1.43262 | 2.01631 | -0.17308 | 1.36714
220 | 095063 | 1.35908 | -0.12992 | 1.02499 1.60 | 1.00606 | 143112 | 2.00021 | -0.15883 | 1.34103
225 | 094982 | 1.35473 | -0.12333 | 1.0181 TABLE Il
230 | 0.94908 | 135084 | -0.11726 | 1.01187 ELEMENT VALUES OF AN EIGHT-POLE PROTOTYPE(L x = —20 dB)
2.35 | 0.94837 13473 | -0.11163 | 1.00613
240 | 094772 | 1.34408 | -0.10642 | 1.00086
Q, C, C, C, C, 7, 1,
120 | 102947 | 1.46854 | 199638 | 196641 | -0.40786 | 1.4333
. . , 125 | 1.02797 | 146619 | 1.99276 | 1.88177 | -0.35062 | 1.32469
pointed out in [2]. However, the exact synthesis process 135 | Toz6s2 | lacaal | 198975 | 182834 | -0.30655 | 125165
rather complicated and time consuming because there di 135 | 1.02589 | 1.46295 | 1.98742 | 1.79208 | -0.27151 | 1.19902
not exist any closed-form formulas for the element values. / 140 | 102514 | 146179 | 1.98551 | 176631 | -024301 | 1.15939
. ) . 145 | 1.02452 | 1.46079 | 198385 | 174721 | -0.21927 | 1.12829
aIFernatlve synthesis ap.proach recently. reported in [12] WOL 150 1.024 | 1.45995 | 1.98246 | 1.73285 | -0.19928 | 1.10347
still need much effort to implement. To circumvent the difficul- 1.55 | 1.02355 | 1.45925 | 1.98122 | 1.72149 | -0.18209 | 1.08293
ties, we have tabulated a set of design data in Tables |||, T 160 1 102317 | 145862 | 198021 | 171262 | -0.16734 | 1.06597
values of the attenuation pole frequerigy were chosen such
that they cover a wide range of practical designs for selective
microstrip bandpass-filter responses. Referring to Fig. 1, theC;(Q,) =1.70396 — 1.59517 - 2, + 1.40956 - Q2
srlldeIoEe at the stcl)pbang worL]JIdlbe tOOlhIgllﬂlJffllls smallerh_ A — 0.56773 - Q3 +0.08718 - O
than the given values. For the less selective filter, in whic
. 9 : Co(Q,) =1.97927 — 1.04115 - Q, + 0.75297 - Q32
Q, is larger than the given values, the element values of the 5 .
filter may be obtained using the approximate synthesis method —0.245447 - Q0 +0.02984 - Q,
described in [2]. C3(Q,) = 151.54097 — 398.03108 - 2, + 399.30192 - Qg
| An appr<|)_x_|rrflate slyntheﬁ!shmay bg cgrrléag out u5|?g_theffol— — 178.6625 - Q3 + 30.04429 - O
owing explicit formulas, which are obtaine curve fitting for
. 9 2% B y 9100 1(92.) = — 24.36846 + 60.76753 - 2, — 58.32061 - 02
R = — .
+25.23321 - Q2 —4.131- Q2
_ _ 44 . .02
C1(2) =1.22147 — 0.35543 - Q, +0.18337 - J3(Qa) = 160.91445 — 422.57327 - Q2 + 422.48031 - Q2
_ .03 ey
0.0447 - €2, +0.00425 - €2, — 188.6014 - Q2 + 31.66294 - Q2
— = 2
CQ(QG) — 722106 - 948678 M Qa + 089032 M Qa for N — 6 and12 S Qa S 16 (8)

—1.65776 - Q3 +0.17723 - QF
J1(Qg) = — 4.30192 4 6.26745 - Q, — 3.67345 - Q2
+0.9936 - Q3 — 0.10317 - Q2
Jo(Qa) =8.17573 — 11.36315 - Q, + 6.96223 - Q2
—1.94244 - Q3 4 0.20636 - Q,
forN =4and1.8 < Q, <24 @)

C1(,) =1.64578 — 1.55281 - 2, + 1.48177 - Q2
—0.63788 - 22 +0.10396 - Q2
Cy () =2.50544 — 2.64258 - Q, + 2.55107 - Q2
—1.11014 - Q3 +0.18275 - Q}
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Fig. 5. Comparison of specified filter responseg (vith those obtained using the approximate synthesis of this paper (solid line) and the approximate synthesis
[2] (dotted line).

C3(£2,) =3.30522 — 3.25128 - Q, + 3.06494 - Q2 After the finding of element values for a low-pass prototype,
—1.30769 - 3 + 0.21166 - Q* the frequency response can be calculated by
Cy() =175.20324 — 194.70214 - 2, + 194.55809 - Q2 Y, () — Yo ()
3 = = 4 S21(Q2) =
— 86.76247 - Q3 +14.54825 - Q0 21(€2) [ + VD) - (1 4+ Y, @)
J3(Q,) = — 25.42195 + 63.50163 - Q, — 61.03883 - Q2 —Y.(Q) - Y, (D )
3 4 ’ 511(Q) = . (10)
+26.44369 - 2, — 4.3338 - Q2 (1+7Y.(Q) - (1+Y,()
Ju(,) =82.26109 — 213.43564 - Q, + 212.16473 - Q2
— 04.28338 - 23 + 15.76923 - O whereY, andY, are the even- and odd-mode input admittance
“ > of the filter in Fig. 4, which can easily be expressed in terms of
for N =8andl1.2 <, <1.6. 9)

the elements in a ladder structure as follows:

1

These formulas are very easy for programming, finding theY
J(QC2 + J2)

element values in merely a fraction of a second. =J(QC + 1)+



HONG AND LANCASTER: DESIGN OF HIGHLY SELECTIVE MICROSTRIP BANDPASS FILTERS 1103

Y, (Q) = j(QC; — J1) + — 1 for N = 4 the highly selective filters, as the return loss has deteriorated to
J

(Q0y — Jo)’ a great extent, the passband cutoff frequency has increased and
(11) the stopband attenuation has decreased as well.

IV. FuLL-WAVE EM SIMULATIONS

Y.(Q) = jQC + 1 The next step of the filter design is to characterize the cou-
e plings and external quality factor in terms of physical structures
(s + J3) so that the physical dimensions of the filter can be determined
against the design parameters of (6). There are four different
I types of coupling structures encountered in the filter design.
J(QCs = J3) These couplings may be referred to as the magnetic coupling,
for v =6 (12)  electric coupling, mixed coupling, and hybrid coupling, respec-
tively. As far as the coupling between any pair of coupled res-
onators is concerned, it is quite easy to identify in the full-wave
EM simulation the two split resonant frequencigs and f2,
which is related to the coupling coefficient as [7]

j(QCQ + JQ) +

Yo () = jQC +

J(QC; — J2) +

Y;(Q) =jQC] + i
JQC +

1
J(QRCs + J3) + 77—~
) 1 1T 2 + f2 :
Y,(Q) =4QC + 1 ; p2 T JIpl
JC2 + - T The external quality factor can be modeled by
Ji(QCs —J3)+ ———
j(QC4 — J4) fO
for N =8. (13) = oan )

The frequency locations of a pair of attenuation poles can Ggere f, andé f; 4s are the resonant frequency and the 3-dB
determined by imposing the condition [z, (€2)| = 0 upon  pandwidth of the input or output resonator when it alone is ex-
(10). This require$Y,(2) — Ye ()| = 0 0r Y,(€2) = Ye(R) for  ternally excited. Shown in Fig. 6 are the typical simulation re-

2 = £Q,. From (11)—(13), we have sults obtained using a full-wave EM simulator [13]. In order to
. 1 allow readers to more accurately reproduce and use the curves,
J(QaCra +Jmfl)+m a few data points are listed in the figure as pairs of axis values.
N
=j Qacrn— _Jrn— T o~ T for = —. A
J(Q2Cma g 1)+j(QaCm—Jm) m=g V. DESIGN EXAMPLES

(14) A. Six-Pole Filter Design Example
The firstfilter example is designed against the following spec-

This leads to e
ifications:
1 I N Center frequency 955 MHz;
Qq = c Iy — T form = o (15) Fractional bandwidth FBW  7.331%;
40-dB rejection bandwidth 105 MHz;
As an example, from Table Il wheres = 3, we have Passband return loss —20 dB.

Csy = 2.47027, J, = —0.39224, and.J; = 1.95202 for These specifications can be fulfilled by a six-pole filter with a
Q, = 1.20. Substituting these element values into (15) yieldsair of attenuation poles & = +, = +1.5. It might be
Q, = 1.19998, an excellent match. This would prove thenentioned thatthe number of poles dxgcould be obtained by

numerical accuracy of the design data presented. It is also dlirectly optimizing the transfer function of (1). The theoretical
teresting to note from (15) that evenif, andJ,,,_; exchange response of the filter is shown in Fig. 7. From Table Il, we can
signs, the locations of attenuation poles are not changed. Tt the element values fde, = 1.5, namely,C; = 1.00795,

is because the signs of these two characteristic admittan€&s = 1.4343, C3 = 2.03664, J, = —0.18962, andJ; =
decide the signs oM, ,,+1 and M,,_1 .42, as referred to 1.39876. Substituting these element values and the FBW into
(6), respectively. This is the reason why we have pointed o) results in the design parameters for the bandpass filter, i.e.,
in Section Il that the signs fobd,,,, 41 and M,y o are

relative. M > =0.06097
To demonstrate the accuracy of the proposed approximate M, 5 =0.04289
synthesis technique, Fig. 5 shows the comparison of the speci- Ms, 4, =0.05035

fied filter response with those obtained using Levy’s [2] and our
approximate designs. The approximate designs as proposed in
(7)—(9) are so accurate that their responses coincide with the Qei = Qeo

specified ones. On the contrary, the filter responses resulting =13.74928. (18)
from Levy’s approximate designs are not quite satisfactory for

My 5 = — 0.00969
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Fig. 6. Full-wave EM simulations. (a) Magnetic coupling. (b) Electric coupling. (c) Mixed coupling. (d) Hybrid coupling. (e) External quality (@ltto
resonators have a line width of 1.5 mm and a size of 16 a6 mm on the substrate with a relative dielectric constant of 10.8 and a thickness of 1.27 mm.)
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Fig. 8. Fabricated six-pole microstrip bandpass filter with a single pair of . . L .
attenuation poles at finite frequencies (note: the small divisions in the scale 5ig: 9 Measured performance of the six-pole microstrip filter. (a) Insertion
millimeters and the numbers are centimeters). and return losses. (b) Spurious response of the six-pole microstrip filter.

The filter is realized using the configuration of Fig. 2(b) anc

fabricated using a copper microstrip on an RT/Duroid substra 0 0
with a relative dielectric constant of 10.8 and a thickness ¢ 10 - L 10
1.27 mm. The filter dimensions are determined based on ti

full-wave EM simulation results presented in the previous set & -20 L 20 @
tion. M1 is realized with a hybrid coupling in Fig. 6(d)/>, 3 2 a0 4 =
is realized with a mixed coupling in Fig. 6(c)/s, 4 is realized g 30 8
with a magnetic coupling in Fig. 6(a), while the cross coupling g -40 - =
M, 5 is realized with an electric coupling in Fig. 6(b). Fig. 8 é 5 - - 40 &
is a photograph of the fabricated filter. The size of the filter it

about0.55X40 by 0.28),0, where\ 4 is the guided wavelength -60 | - -0

of 5042 line on the substrate at the midband frequency. Th

filter is measured on an HP8510 network analyzer. The me ~ 7° 1 T -60
sured performance is shown in Fig. 9. The midband insertic 800 850 900 950 1000 1050 1100 1150 1200

loss is about-2.0 dB, which is mainly due to the conductor loss Frequency (MHz)

of copper. The two attenuation poles near the cutoff frequencies

of the passband can clearly be identified. The first higher ordag. 10. Theoretical performance of the eight-pole microstrip filter with a
mode spurious response occurs at alayt which is expected single pair of attenuation poles.

for this class of filters because the perimeter of each resonator is

about a half-wavelength. It should be mentioned that, in orderttmappear in the passband. The tuning was done by trimming or
compensate for fabrication errors, tuning is required. The errarsing some tuning elements. It was found that the tuning of the
normally caused the frequency to shift and a large ripple ~ open gap of each open-loop resonator was more effective.
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Fig. 11.

millimeters and the numbers are centimeter).

Ineseeriion Loss (dB)
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Fabricated eight-pole microstrip bandpass filter with a single pair of attenuation poles at finite frequencies (note: the small mithsicesle are

40-dB rejection bandwidth  125.5 MHz;

Passband return loss —20 dB.

The pair of attenuation poles are placedlat +1.2645 in
order to meet the rejection specification. The element values of
the low-pass prototype can be obtained by substituting=
1.2645 into (9). This results ilC; = 1.02761, Cy = 1.46561,

Cs = 1.99184, C;, = 1.86441, J3 = —0.33681, andJ, =
1.3013. The theoretical response of the filter, calculated using
(10) together with the frequency mapping of (5), is shown in
Fig. 10. The design parameters of this bandpass filter are

M; 5 =0.08441
My 3 =0.06063
Ms 4 =0.05375
My 5 =0.0723
Ms ¢ =—0.01752

Qei = Qeo

=9.92027 (19)

according to (6). The filter is realized using the configuration
of Fig. 2(c) and fabricated using a copper microstrip on an
RT/Duroid substrate with a relative dielectric constant of 10.8
and a thickness of 1.27 mm. Fig. 11 is a photograph of the
fabricated filter. The size of the filter amounts @87\,

by 0.29),0. The measured performance is shown in Fig. 12,
obtained from the HP8510 network analyzer. The midband
insertion loss is about 2.1 dB, which, again, is attributed to
the conductor loss of copper. The two attenuation poles near
the cutoff frequencies of the passband are observable, which
improve the selectivity.

VI. CONCLUSION

Fig.12. Measured performance of the eight-pole microstrip filter. (a) Insertion \We have presented the design of a class of selective microstrip
and return losses. (b) Wide-band response.

B. Eight-Pole Filter Design Example

bandpass filters that exhibit a single pair of attenuation poles at

finite frequencies. This class of filters is able to improve the se-

lectivity while maintaining a lower insertion loss. The use of

The second filter example is an eight-pole filter, which isicrostrip open-loop resonators not only allows the cross cou-
aimed to meet the following specifications:

pling to be realized, but also makes the filters compact. We have

Center frequency 985 MHz;

introduced a practical design technique, including the tabulated
Fractional bandwidth FBW  10.359%;

design data and formulas for accurate and fast filter synthesis.
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This design technique is, of course, not limited to the applicafi3] em Users’ ManualSonnet Software Inc., Liverpool, NY, 1996.
tion of microstrip filters and, hence, it can be applied to design

a filter using other transmission-line media. The full-wave EM

simulations have been carried out to determine the filter dimen-

sions. The compact size and the excellent performance of t
type of filter have been demonstrated by the two filter desic
examples with both the theoretical and experimental results.

(1]

(2]

(3]
(4]

(3]

(6]

(71

(8]

(9]

(10]

(11]

(12]
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