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Theory and Experiment of Novel Microstrip
Slow-Wave Open-Loop Resonator Filters

Jia-Sheng HongMember, IEEE and Michael J. Lancastekjember, IEEE

Abstract—This paper presents the theory and experiment of are able to control spurious response, but they can only be
a new class of microstrip slow-wave open-loop resonator filters. jmplemented in few filtering configurations.
A comprehensive treatment of capacitively loaded transmission | this paper, we introduce a new class of microstrip band-
line resonator is described, which leads to the invention of filt based led s| | t
microstrip slow-wave open-loop resonator. The utilization of pass Tiiters based on coupied slow-wave open-loop resonators.
microstrip slow-wave open-loop resonators allows various fiter WWe show that the use of slow-wave open-loop resonators
configurations including those of elliptic or quasi-elliptic function enable various filters including those of elliptic or quasi-elliptic
response to be realized. The filters are not only compact size duefunction response to be designed, that are not only compact
to the slow-wave effect, but also have a wider upper stopband gj;¢ 1yt that also have a wide upper stopband. In Section I,
resulting from the dispersion effect. These attractive features ¢ h . ircuit th f itivel
make the microstrip slow-wave open-loop resonator filters hold we presen a_Co_mpr_e ensive circui . ?ory Ol capaciuively
promise for mobile communications, superconducting and other l0aded transmission line resonator. This is necessary because

applications. Two filter designs of this type are described in detail. it leads to the invention of microstrip slow-wave open-loop

The experimental results are demonstrated and discussed. resonator which is described in Section Ill, where the full-
Index TermS_Microstrip fi|ters’ slow-wave 0pen-|oop res- wave electl’omagnetic (EM) Simu|ati0n Conﬁrms the CirCUit
onators. theory. The designs of a five-pole direct-coupling filter and

a four-pole cross-coupled filter using microstrip slow-wave
open-loop resonators are described in detail in Sections IV
and V, respectively, including the characterization of coupling
N MANY APPLICATIONS, keeping filter structures to coefficients. The experimental results of the filters are also

a minimum size and weight is very important. It woultjemonstrated and discussed. Conclusions are followed in
seem that planar filter structures which can be fabricated usiggction VI.

printed-circuit technologies would be preferred whenever they
are available and are suitable because of smaller sizes &H]dCAPACITIVELY L OADED TRANSMISSION LINE RESONATOR
lighter weight. Recent advance in high-temperature supercon- ) . o
ducting (HTS) circuits and microwave monolithic integrated FOr our purpose, let us consider at first a capacitively loaded
circuits (MMIC) has additionally stimulated the developmerPSSless transmission line resonator of Fig. 1(a), witérds
of various planar filters, especially narrow-band bandpalt loaded capacitances,, 3,, and d are the characteristic
filters which play an important role in modern communication§'Pedance, the propagation constant, and the length of the
systems [1], [2]. In order to reduce interference by keeping odtbloaded line, respectively. Thus, the electric lerfgth= j.d.
of-band signals from reaching a sensitive receiver, a wid&pe circuit response of Fig. 1(a) may be described by
upper stopband, including fg, where f, is the midband Vi A B Va
frequency of a bandpass filter, may also be required. However, = L (1)
. . . Il C D IQ

many planar bandpass filters which are comprised of half-
wavelength resonators have inherently a spurious passbanwith
2fo. A cascaded low-pass filter or bandstop filter may be used =~ 1 .
to suppress the spurious passband at the cost of extra inser n_p - ?OS Oo — 3 wCLZa sin ba (2a)
loss and size. Although quarter-wavelength resonator filtef8 =JjZa sin fq (2b)
have the first spurious passband g},3they require short- . P 1. P 1, 27 G g >
circuit (grounding) connections with via holes, which is notC =Wl cos Oo + Z, R CLZa sin ba ) (20)
quite compatible with planar fabrication techniques. Lumped _ .
element filters ideally do not have any spurious passban'erew = 2rf is the angular freque_ncya, B, C and_D
at all, but they suffer from higher loss and poorer pow e the network parameters of transmission matrix, which also
handling capability. Bandpass filters using stepped impedar?@%‘zfgutzg :E;Itp;OZ?;rf(;)iggltﬁ?vg ;afs} C;)(a:(anllexcite d subject to

t SIR) [3 d- led slow- t 4 " :
resonators (SIR) [3] or end-coupled slow-wave resonators [[ e boundary conditions, = I> = 0. For no vanished; and

V>, it is required that

I. INTRODUCTION
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Fig. 2. Calculated fundamental and first spurious resonant frequencies of a
capacitively loaded transmission line resonator, as well as their ratio against
loading capacitance, obtained using a circuit mode.

frequencies, however, the ratio of the first spurious resonant
frequency to the fundamental one is increased. To understand
the physical mechanism that underlines this phenomenon,

®) which is important for our applications, we may consider

Fig. 1. (a) Capacitively loaded transmission line resonator and (b) a mhe circuit of Fig. 1(a) as a unit cell of a periodically loaded
crostrip slow-wave open-loop resonator on substrate (not shown). transmission line. This is plausible as we may mathematically
expand a function defined in a bounded region into a periodic

Because function. Lets be the propagation constant of the capacitively

Ao A loaded lossless periodic transmission line. Applying Floquet's
A o theorem [5], i.e.,
2= .
_ [ =1, for the fundamental resonance @) Va =77
1, for the first spurious resonance —I, =904, (8)
we have from (2a) that to (1) results in
cos O, — %woCLZa sin 0,0 =—1 (5a) A — eifd B } [ ‘/2:| _ [0} )
€08 By — 3 w1CLZ sin gy =1 (5b) ¢ D — /% -I| [0

where the subscripts 0 and 1 indicate the parameters assfcitontrivial solution forVs, I, exists only if the determinant
ated with the fundamental and the first spurious resonant@nishes. Hence,

respectively. Substituting (5a) and (5b) into (2c), and letting (A= &P (D - % — BC =0. (10)
¢ = 0 according to (3), yield Since A = D for the symmetry andiD — BC = 1 for the
woCL, (1 —cos O,0) = = sin Oqo (6a) reciprocity, the dispersion equation of (10) becomes
2 a cos (Bd) = cos 0, — %wCLZa sin @, (11)
wch 1 .
(1+cos fa1) = = sin ;. (6b) according to (2a)—(2c).

a

Because the dispersion equation governs the wave propaga-

These two eigenequations can further be expressed as . D . .
geneq P tion characteristics of the loaded line, we can substitute (7a)

0,0 =2 tan"! <;> (7a) and (7b) into (11) for those particular frequencies. It turns out
7 foZaCr that cos (8pd) = —1 for the fundamental resonant frequency
o1 =27 — 2 tan™! (7 f1 Z,CL) (7b) andcos(f1d) = 1 for the first spurious resonant frequency.

from which the fundamental resonant frequengyand the AS fo = wo/upo @ndfy = wy /vp1, Wherevy anduy, are the
first spurious resonant frequengy can be determined. Now phase velocities of the loaded line at the fundamental and the
it can clearly be seen from (7a) and (7b) thap = = first spurious resonant frequencies, respectively, we obtain

and 8,1 = 27 when C;., = 0. This is the case for the ﬁ — 9 (12)
unloaded half-wavelength resonator. FO6f, # 0O, it can Jo Upo

be shown that the resonant frequencies are shifted dotfrthere were no dispersion the phase velocity would be a
as the loading capacitance is increased, indicating the slaygnstant. This is only true for the unloaded line. However, for
wave effect. For the demonstration Fig. 2 plots the calculatéte periodically loaded line the phase velocity is frequency
resonant frequencies according to (7a) and (7b), as well gspendant. It would seem that, in our case , the increase in ratio
their ratio for different capacitance loading whg&p = 522, of the first spurious resonant frequency to the fundamental one
d = 16 mm and the associated phase veloejfy = 1.1162 when the capacitive loading is increased would attribute to
x 10°® m/s. As can be seen when the loading capacitanttee increase of the dispersion. This may clearer be seen from
is increased, in addition to the decrease of both reson&im¢ dispersion curves plotted in Fig. 3, which are obtained
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iy | 1 L=1L;for L <55 mmandL =5.5+L, for L > 5.5 mm
Y <R T P D R as referring to Fig. 1(b). One can see that the results obtained
0.007

0.00m 025t 0.50m 075 1.00m 125t 150n L7z 200x by the full-wave EM simulation bear the similarity to those
Bd obtained by the circuit theory shown in Fig. 2. This is what
) ) ) . _ . would be expected because in this case the unloaded microstrip
Fig. 3. Dispersion curves of a capacitively loaded lossless transmission |Iﬂ?].e’ which has a Iength of = 16 mm and a width ofy, =
1.0 mm on a substrate with a relative dielectric constant of
from (11). Notice that the vertical axis is normalized with g g and a thickness of 1.27 mm, exhibits about the same
respect touy,, the phase velocity of the unloaded line. Thugyarameters o, andv,, as those assumed in Fig. 2, while the
the normalized phase velocity for any point on the dispersigfyen-stub could approximate to the lumped capacitor. At this
curves is given by the slope of the line joining the point tgiage, it may be worthwhile pointing out that to approximate
the origin. The diagonal broken line has a constant slope ofid, the lumped capacitor, it is essential that the open-stub
representing the nondispersion characteristic of the unloadgg,id have a wider line or lower characteristic impedance.
line (C. = 0). However, for anyCy > O the slope dose |, this case, by referring to Fig. 1(b), we have = 2.0
not keep constant anymore, indicating the dispersion. As thgn andw, = 3.0 mm for the folded open-stub. It should be
loading capacitanc€’, is increased, the slope or the phasgentioned that the slow-wave open-loop resonator differs from
velocity is decreased, which is also applicable for both thge miniaturized hairpin-resonator [6] primarily in that they
fundamental and the first spurious resonance occurring b developed from rather different concepts and purposes.
pd = pod = = and fd = fpid = 2, respectively. This is Tne [atter is developed from conventional hairpin resonator by
what would be expected for the slow-wave effect. On thgcreasing capacitance between both ends to reduce the size of
other hand, one can also easily find from Fig. 3 that for @e conventional hairpin resonator [6]. The main advantage of
givenCy, the slope or the phase velocity of the first spurioygicrostrip slow-wave open-loop resonator of Fig. 1(b) over the
resonance is larger than that of the fundamental resonanggyious ones is that various filter structures (see Fig. 5) can be
and the difference between these two increases Whems  geveloped, including canonical filter in Fig. 5(d) and cascaded

increased. This, together with (12), would confirm that thgyadruplet (CQ) filter in Fig. 5(e) which exhibit elliptic or
dispersion effect indeed accounts for the increase in ratio @iasi-elliptic function response.

the first spurious resonant frequency to the fundamental one.
Therefore, this property can be used to design the bandpass

filter with a wider upper stopband. IV. FIVE-POLE DIRECT COUPLING FILTER

For our demonstration we will focus on two examples of
lll. SLow-WAVE OPEN-LOOP RESONATOR narrow-band microstrip slow-wave open-loop resonator filters.
'5’he first one is a five-pole direct-coupling filter with over-

It is obvious that based on the circuit model of Fig. 1( q led sl | ¢ Fig 5
different resonator configurations may be realized. Herein, ped coupled slow-wave open-loop resonators as ™ig. ©
ows. This filter was originally developed to meet the fol-

propose a so-called microstrip slow-wave open-loop resonator, . L . . T
which is composed of a microstrip line with both ends load gwing specifications for an instrumentation application: As

with folded open-stubs as Fig. 1(b) shows. The folded arms of Center frequency 1335 MHz
open-stubs are not only for increasing the loading capacitance 3-dB bandwidth 30 MHz

to ground as referred to Fig. 1(a), but also for the purpose  Passband loss 3 dB Max

of interstage or cross couplings. Shown in Fig. 4 are theMin stopband rejection dc to 1253 MHz, 60 dB
fundamental and first spurious resonant frequencies as well 1457-2650 MHz, 60 dB
as their ratio against the length of folded open-stub, obtained 2650-3100 MHz, 30 dB

using a full-wave electromagnetic (EM) simulator [7]. Note___60-dB bandwidth 200 MHz Max
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Fig. 5. Some filter structures realized using microstrip slow-wave open-loop resonators: (a), (b), and (c) directive coupling filters; (d) Géegnical
and (e) cascaded quadruplet (CQ) filter.
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Fig. 6. (a) An equivalent circuit of the five-pole directive coupling bandpass filter and (b) an associated low-pass prototype filter.

ol

can be seen a wide upper stopband includirig i2 required narrower the bandwidth, the higher is the insertion loss, which

and at least 30-dB rejection ajfRis needed. is even higher at the passband edges because the group delay
The bandpass filter may be represented by an equivalenhtisually longer at the passband edges, we designed the filter

circuit shown in Fig. 6(a), where/\/ﬁ = wp is the center with a slightly wider FBW, trying to meet the 3-dB bandwidth

angular frequency of the filtetd/,o, Mos, ---, My are the of 30 MHz as specified, and found

coupling coefficients between adjacent resonators, @ad My = Mys = 0.0339

is the_ external qua_llty facto_r _denotlng the input an_d output Mas = May = 0.0235

coupling. The coupling coefficients and external quality factor

may be synthesized from a low-pass prototype filter shown Qe =22.4382. (15)

in Fig. 6(b), where the rectangular boxes represent frequencylhe next step of the filter design was to characterize

invariant immittance inverters defined through a transmissitite couplings between adjacent microstrip slow-wave open-

matrix of the form [8] loop resonators as well as the external quality factor of the
0 j/J input or output microstrip slow-wave open-loop resonator.
L»J 0 } (13) The coupling);,; of any pair of adjacent resonators may be
in which J is the characteristic admittance of the inverterc,haraCtenzed by [9] ) )
and in our case/ = 1. The other elements,, g2, -+, g5 M., = 222" J/pl (16)
of the prototype filter could be determined by synthesizing YR+ TA
a standard Chebyshev filter. The external quality factor anghere f,; and f,» are the lower and higher split resonant
coupling coefficients can then be found by frequencies of a pair of coupled resonators when they are de-
Q. = gog1 coupled from the remainder. The external quality factor may
" FBW e be characterized by
Mo =My = __Jo
V12 O = -
Moz = Msy = FBW (14) where fy and é f3 4g are the resonant frequency and the 3-
V9293 dB bandwidth of the input or output resonator when it alone

where FBW denotes the fractional bandwidth of bandpaissexternally excited. Because the split resonant frequencies
filter. Considering the effect of conductor loss that is thef coupled resonators and the 3-dB bandwidth of the input
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Fig. 7. (a) Typical frequency responses simulated for extracting the coupling
coefficient. (b) Typical frequency responses simulated for extracting the
external quality factor.

or output resonator are quite easily identified in full-wave
EM simulation, we used the full-wave EM simulator [7] to
model the coupling coefficients and exterr@l Shown in
Fig. 7(a) and (b) are the typical frequency responses obtaine
from the EM simulation for extracting coupling coefficient
and external@, respectively. Fig. 8(a) depicts the extracted
coupling coefficient against different overlapped length d for &
fixed coupling gaps, where the size of the resonator is 16 mm
by 6.5 mm on a substrate with a relative dielectric constant ©8- 9. A photograph of the fabricated five-pole bandpass filter using mi-
10.8 and a thickness of 1.27 mm. One can see that the coupfiff§"P Slow-wave open-loop resonators.

almost increases linearly with the overlapped length. It can also . o ) ) )
be shown that for a fixed reducing or increasing couplingWh'Ch represent the first design iteration. Fig. 10(a) gives the

gap s increases or decreases the coupling. From the filfd¢tails of the passband while Fig. 10(b) shows the wide-band
configuration of Fig. 5(c), one might expect the cross couplif§SPonse. Except for a slight deviation in the center frequency
between nonadjacent resonators. We investigated this issue &g Pandwidth, the filter had a midband loss less than 3 dB
found that the cross coupling between nonadjacent resona@ré exhibited the excellent stopband rejection. It can be seen
is quite small when the separation between them is larger tHiAt more than 50-dB rejection af2has been achieved.

2 mm as Fig. 8(b) shows. This, however, suggests that the filter
configuration of Fig. 5(b) would be more suitable for very
narrow-band realization which requires very weak coupling The second trial microstrip slow-wave open-loop resonator
between resonators. Having characterized the couplings filer is that of four-pole cross-coupled filter that is a basic
designed the filter with the aid of the EM simulator. Thenit of CQ [10] filter of Fig. 5(e). It should be noticed that in
filter was then fabricated on a RT/Duroid substrate. Fig.this case the CQ filter structure is the same as the canonical
shows a photograph of the fabricated filter. The size of thime of Fig. 5(d). Shown in Fig. 11(a) is an equivalent circuit
five-pole filter is about 0.70\,, by 0.15 A,,, where )\, is of the filter, whered/;, denotes the cross coupling between
the guided wavelength of a H@-line on the substrate atthe input and output resonators. This bandpass filter could
the midband frequency. Fig. 10 shows experimental resultg synthesized with the aid of a low-pass prototype filter of

V. FouRr-PoLE CROSSCOUPLED FILTER
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257 Bt
NG | MARIER 2 ) o . )
c i \ e o Next, the coupling c_oeff|c_:|en_ts of three basic com_JpImg
L structures encountered in this filter were modeled using the
H i ‘ s o similar approach as described in the last section. The results
| 4838 are depicted in Fig. 12. Notice that the mixed and magnetic
\ wRaR 4 | couplings are used to realize;> = M3, and M3, respec-
. l \ /"“"‘v— =3.6:3 8 tjvely. While the electric coupling is used to achieve the cross
~ ) coupling M14. The tapped line input or output was used in
v this case and the associated extexpalould be characterized
by the method mentioned before. The filter was designed
i u and fabricated on a RT/Duroid 6010 substrate with a relative
dielectric constant of 10.8 and a thickness of 1.27 mm. Fig. 13
B, Ao Gz 3. Le0000ns G shows a photograph of the fabricated four-pole cross-coupled
(b) filter. In this case, the size of the filter amounts only to 0.18

. . , Ao DY 0.36),,. The measured filter performance is illustrated
Fig. 10. Measured filter performance for the five-pole slow-wave open-logp>°_; g . .
resonator filter. (a) The details of passband response and (b) the wide-bihd=ig. 14. The measured 3 dB bandwidth is about 4% at 1.3
response. GHz. The minimum passband loss was approximately 2.7 dB.
The filter exhibited a wide upper stopband with a rejection

Fig. 11(b), whose element values may be obtained USmgbedtter than 40 dB up tc_) abouF 3..4 GHz: The two transmission
method described in [11]. Once the element values are fou§'0S that are the typical elliptic function response can also

the external quality factof). and the coupling coefficients of clearly be observeq. However, the Iocat|olns' of tr'ansmlssmn
the filter can be calculated by zeros are asymmetric. It would seem that this is mainly resulted

from a frequency-dependent cross coupling.

Qe = gog1 To investigate this issue, we have simulated the field dis-
FBW tributions of resonators 1 and 4 against frequencies using

My =My = FBW the full-wave EM simulation. It turns out that the charge
V9192 or the electric field density at the upper rejection frequency

Mays = FBW - J, is higher than that at the lower rejection frequency. This
g2 would mean that the electric coupling is stronger at the
My, = FBW . Jl' (18) upper rejection frequency than that at the lower one. As the
a1 cross coupling is resulted from the electric coupling between

resonators 1 and 4, the stronger the cross coupling, the closer
8 the transmission zero approaching to the passband edge.
This could account for the asymmetric frequency response
Q. =26.975 of Fig. 14. .We .have .the.n assumed a fr_equency-depe_ndent
cross coupling in a circuit mode of the filter, and obtained
M5 = M3, = 0.0297 ) o . )
a theoretical prediction in Fig. 15, showing an asymmetric
Mps =0.0241 frequency response being consistent with the experimental
M4 =—0.003. (19) one. Having found the possible cause for the asymmetry

The calculated design parameters of the four-pole cro
coupled bandpass filter are listed below
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Fig. 12. Modeled coupling coefficients of coupled microstrip slow-wave open-loop resonators. (a) Magnetic coupling, (b) mixed coupling, and (c)
electric coupling.
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of transmission zeros, we have experimentally attempted to Vil WAN
compensate for the frequency-dependent cross coupling. Thig
was done by inserting a tuning element between the coupling
gap of resonators 1 and 4. This approach was justifiable
on a fact that the charge distributions of coupled resonatorg = ~L 1 1 1 /
are different at the upper and lower rejection frequencies as
observed from the full-wave EM simulation. Hence, depending
on the tuning element position, the coupling at the upper and
lower rejection frequencies could somewhat be balanced. The
feasibility of this approach was confirmed by the experiment $¥%8 @ @« 5. DTS
and the final experimental result is shown in Fig. 16, where a (b)

significant improvement in symmetric response is evident.

[—=r<lnu

Fig. 14. Measured filter performance for the four-pole slow-wave open-loop
resonator filter exhibiting elliptic function response. (a) The details of pass-
VI. CONCLUSION band response and (b) the spurious response.

We have presented both the theory and experiment of a new
class of planar microwave bandpass filters using microstfg¥ simulation to confirm the circuit theory. It has been
slow-wave open-loop resonators. The theoretical treatmél@monstrated that the use of the microstrip slow-wave open-
of capacitively loaded transmission line resonator has rleop resonators allows various filter configurations including
only led to the invention of microstrip slow-wave open-looghose of elliptic or quasi-elliptic function response to be
resonators, but also given an insight into the properties #falized that are not only compact size due to the slow-wave
this type of resonators. We have performed the full-wawedfect, but that also have a wider upper stopband resulted from
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