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Coplanar Stripline Resonators Modeling
and Applications to Filters
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Abstract—This paper presents coplanar stripline (CPS) Extensive work has been reported in CPW resonators and fil-
resonators and their practical implementations to filters. Five ters. Dibet al. investigated CPW discontinuities based on the
types of CPS resonator are built using open- and short-ended gq|ytion of an appropriate surface integral equation in space do-

strips. Lumped-element equivalent circuits are presented for each . . A )
resonator. Their performances are investigated and compared main in 1991 [15]. In [16], various types of CPW series res

in terms of @ factor or bandwidth. Two types of bandpass filter ©ONators and their applications _to filters were presented. In 1999,
are developed with the resonators. The bandpass filters have CPW shunt stubs printed within the center conductor were pre-
low-passband insertion losses and wide-stopband suppressionsented and miniature filters were implemented with the shunt
bandwidths. Lumped-element equivalent circuits are presented stybs [17].

for the bandpass filters. A wide-band CPS-to-microstrip transition However, CPW shunt-stub resonator requires additional air

is developed for the measurements. The back-to-back transition ,_ . . . . L
has an insertion loss of less than 3 dB and a return loss of better bridges, which might increase the fabrication cost and com-

than 10 dB for the frequency range from 1.3 to 13.3 GHz (1:10.2). Plexity. CPW series resonators require large conductor area. The
structure of CPW bandpass filter using CPW series resonators
bandpass filter, coplanar-stripline resonator, CPS-to-microstrip is comparably complex. Applications such as rectenna circuits

transition, equivalent circuit, Q factor, uniplanar bandpass filter, requwe a unlplanar transmission line _W'th h_'gh characteristic
uniplanar resonator. impedance for high RF-to-dc conversion efficiency of the de-

tector diode [2]-[4]. CPS is the most proper transmission line

for the rectenna application among other uniplanar transmission
I. INTRODUCTION lines.

OPLANAR stripline (CPS) is an attractive uniplanar In this paper, five types of a CPS resonator are modeled
transmission line for solid-state device integration. [t8nd their performances are analyzed in termsofactor or
balanced structure is useful in applications such as print@@ndwidth. This paper also proposes two new classes of a CPS
dipole antenna feeding [1], rectennas [2]-[4], uniplanar mixepgndpass filter using the resonat(_)rs. QPS r_esonator§ are r_eallzed
[5], and opto-electric devices [6]. CPS characteristics are go$ifh open- and short-ended strips in various configurations,
propagation, small dispersion, small discontinuity parasiticad lumped-element equivalent circuits for the resonators

comparably insensitive to substrate thickness, and simﬂ@d CPS bandpass filters are presented. The proposed CPS

implementation of open- or short-ended strips Howevé?andpass filters have low insertion losses at passband and wide
' [ippression bandwidths at stopbands.

relatively little research has been done on CPS, as com ar . X . L
y P wide-band CPS-to-microstrip transition is presented and

with coplanar waveguide (CPW). In 1993, characteristics of ed for the measurements. With the aid of the transition, con-

symmetric and asymmetric CPSs were investigated and a\%/{ghientCPS measurements can be accomplished with a conven-

lytic closed-form formulas were obtained using the conform F . - P o .

y g ey ]

mapping for the quasi-TEM parameters [7]. More CPS studi |8nal microstrip line. The back-to-back transition has an inser
pping d P ) ﬁon loss of less than 3 dB and a return loss of better than 10 dB

regarding CPS on multilayer substrate [8] and computer—aid%q the frequency range from 1.3 to 13.3 GHz (1: 10.2).

design (CAD) models for various CPS configurations [9] were Most of the modeling is based on electromagnetic approach.

conducted. In 1996, CPS discontinuities such as open and Sbﬁ{é circuit simulations were performed with the aid of IE3D

circuits, series gap, spur slot, and spur strip were investiga@&twarel’ which uses the method-of-moment algorithm for

[10]. In 1997, CPS discontinuities and their applications o, \vave electromagnetic simulation. The measured results
bandstop [11] and bandpass [12] filters were studied by u3|agree very well with simulated data.

the spur—strip and the spur—slot resonators. A lumped-element
CPS low-pass filter was designed in 1998 [13], and a CPS

low-pass filter using a transverse slit and a parallel-coupled gap
of CPS discontinuities was presented in 1999 [14].

Index Terms—Balun, coplanar stripline, coplanar-stripline

Il. CPS (HARACTERISTICS ANALYSIS FOR THE
DESIGN CONSIDERATION

The structure of CPS on the finite substrate is illustrated in
Fig. 1. Strip width(W') and separation between the str{$
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Analytical techniques for calculating the characteristic ® ]
impedance, effective dielectric constant, and dielectric ant -so

conductor losses of the CPS are well described in [7]-[9]
Closed-form quasi-TEM parameters for the symmetric CPS & — Tt 1 T T Tt T T
on the finite substrate thickness are necessary for the practic 00 15 30 45 €0 75 90 105 120 135 150 165 180 195
purpose, which is extensively discussed in [18]. Frequency (GHz)

Loss mechanisms considered in this paper are condletdr rig 4. Measured return and insertion loss of the back-to-back transition.
and dielectrid «y) losses. Total attenuation including dielectric
anq cqnductor losses at 10 GHz is plott_ed in Fig. 2 with a fi>'<ed|||. M ICROSTRIPTO-CPSTO-MICROSTRIPBACK-TO-BACK
strip width W = 1.5 mm) and sepa_lratlon between the str_lps TRANSITIONS DEVELOPED FORCPS
(s) changeo_l from 0.1 to 20 mm. It is observegl that the wider COMPONENTSMEASUREMENTS
the separatioris), the lower the total attenuatiofav, + o) _ _ _ _ _ o
and the higher the characteristic impedanZg) achieved. In A Wide-band microstrip-to-CPS-to-microstrip transition is
other words, the higher the characteristic impedance of CFgVveloped, which operates from 1.3 to 13.3 GHz (1:10.2)
the lower the transmission-line attenuation achieved. The refth an insertion loss of less than 3 dB and a return loss of
tionship between the dielectric constant of the substrate and &iter than 10 dB for the back-to-back transition. The structure
total attenuation is the higher the dielectric constant, the hig#frback-to-back CPS-to-microstrip transitions is illustrated in
the total attenuation. For a practical design, moderate charkég. 3 and the performance of developed transition is shown in
teristic impedance with a proper dielectric constant substrateHig. 4.
used for low attenuation. Hence, Fig. 2 is useful for selecting This kind of CPS-to-microstrip transition, using a coupling
design parameters. method, was proposed by Simoes al. [19] in 1995 with




SUH AND CHANG: CPS RESONATORS MODELING AND APPLICATIONS TO FILTERS 1291

0.5 mm (gap,)
l l 25.4 mm 0.5 mm (gap.) 25.4 mm
R}

£
't T

0.5 mm (gap,)

A

§ ; f ;_(IIID . __(T0)
ST : : ? S :
C, —— GoI= N Ol LG =
T i T
Resonator Type A Resonator Type B
@ (b)
4.625 mm
I
0.5 mm (gap,) 6.1 mm

Oy N |
—E-T I3 — T

»u«—“

‘ L, L,
m‘f» i ' <u'*:‘o> L o) T
CI m— C: - C' — L" c" Cx T

Resonator Type C Resonator Type D

(© (d)
0.5 mm (gap,) 23.3 mm

C ——= Do o T
Resonator Type E
(e)

Fig. 5. Five basic types of CPS resonator with their lumped-element equivalent circuits.

an insertion loss of 2.4 dB over a bandwidth from 5.1 téormed to the microstrip line’s 5Q by a smooth insertion of the
6.1 GHz (1:1.2) for a CPS-to-microstrip-to-CPS back-to-baakound plane toward the microstrip line. The width of microstrip
transition. line is optimized as 1.3 mm for the 3@matching. Length of the
The radial stub’s radius is designed as 5.5 mm for broad-bamdicrostrip line is chosen as 40 mm. Since it does not employ any
operation. As shown in Fig. 1, electric-field lines of the CPS auarter-wavelength transformers, which would limit the band-
distributed across the two strip lines and, on the contrary, elegidth, wide-band performance is achieved. All the following
tric-field lines of microstrip are directed normal to the substrateneasurements are performed using this broad-band transition.
Hence, the radial stub is rotated with an angl® change elec- Though resonators and filters proposed in this paper require
tric-field orientation from parallel to vertical to the substrateadditional microstrip-to-CPS transitions for measurements, the
The rotation angle is optimized as 30for good coupling. The transition affects comparably little to the frequency responses,
high characteristic impedance of CPS, i.e., $184¢an be trans- and the insertion losses are deembedded by taking off the in-
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TABLE | 0
LOADED Q (Q ) AND UNLOADED @ (Q..) OF THE RESONATORTYPE A
-5 v
1
rd
gap, (mm) s (mm) or Q s / \‘,
\ u B .10 /\ ¢ ‘ [} NG -
o [ [] -
0.6 113.6 114.7 g /" \' 2
o e® H > o
@ 15 = ~
0.25 13 1141 1156 2 L \;
- ]
0.6 1019 102.05 a 2077
measured
25 —
0.5 12 104.7 1052 -~ y - - - simulsted
0.6 62.6 72.8 -30 T T T T T T T T T
2.0 2.5 3.0 34 3.9 4.4 4.9 54 5.8 6.3
1 1.2 76.3 79.1

Frequency (GHz)

Fig. 6. Simulated and measured frequency responses for resonator type A.

sertion losses of the transition and SMA connectors. In many

applications, such as feeds to printed dipoles [1] and filters for TABLE I

rectennas [2]-[4], the CPS resonators and filters are integrated oabep @ (Q)1.) AND UNLOADED @ (Q.,) OF THE RESONATORTYPE B
directly into the CPS circuit without using any transition.

gap, (mm) gap, (mm) or Ou
IV. CPS RESONATORSDESIGN AND ANALYSIS 0.5 1272 129.1
Fig. 5 illustrates five basic CPS resonators that use ope 025 1.0 129.7 130.6

and short-ended strips with their lumped-element equivalent ci
cuits. Combinations of these resonators can be used as vai
tions. Types A—C use open-ended strips, and typesD and E e 05 121.25 12127
ploy short-ended strips.

Resonator type A consists of open-ended T-strips witl
0.5- mm width and around,/2 (0.422,) or 25.4-mm length 30 1343 1349
placed outside the strips designed to operate at the cen
frequency of near 4.28 GHz. As shown in Fig. 5, the CPS

transmission line is represented as the lumped-elerhett _ )
circuits. The T-strips become inductor and e, induces Measured and simulated frequency responses of this type of

coupling capacitance due to the coupling with CPS strip&sonator with 0.6 mm of and 0.5 mm of theap, are shown
Hence, T-strips can be represented as a shunt series resorl@{o}d- 6- Measured), of 97.27 is achieved with the resonance
(L'—C" circuit), which acts as bandstop behavior. Narggys, frequency of 4.28 GHz ywth thg 3-dB insertion loss pandedth
creates high loade® (Q;,) values due to the strong couplingOf 44 MHz.(),, of 97.44 is obtained from (1) with the insertion
and the low loss at theap, . As shown in Fig. 2, CPS transmis-10SS (L) of —27.53 dB at the center frequency. Measurgd
sion-line attenuation is reduced when the CPS strips separalfgif'eS agree with simulated resuftg,, = 101.9 andQ, =

(s) becomes wider. Correspondingly, narrower the, and 102:05) displayed in Table I. _ _
wider thes will increase the loade® (Q;). Loaded(Q,) and . Resonator type B consists of ppen-ended T-strips placed in-
unloadedq (Q,,) values, simulated with IE3D, are displayecd® Of the CPS transmission line. Thep,, the gap;, and

in Table | with variousgap, ands values. Table | shows thatth€ open-ended T-strip’s width are all 0.5 mm. To place the
the narrowgap, and the wides configuration provides high open-ended T-strips between the narrowly spaced CPS strips,
Q1. value, and?, are almost identical to every configuration. the transmission line is widened from 0.6 to 2.5 mm, which cor-

Q.. calculation of the bandstop resonator is described in [26SPonds to the impedance value changed from 184 td 250

2.0 136.1 1374

0.5 1.0 1243 125.2

as follows: Though the impedance changed, little insertion loss deteriora-
tion occurs and the return-loss response is better than 10 dB.

O = QL @ The open-ended T-strip’s length is aroukg/2 (0.39 \,) or
C V1 -2x10-L/10 25.4 mm at the center frequency of near 4.02 GHz. This type

of resonator, similar to type A, has also coupling capacitance
at thegap,, and additional capacitance takes place agths.
Table Il describes the simulatéglvalues of the resonator type B
Qp = Jo ) @) w?th variousgap, an_ds valugs. The narrower theap, and the
Afsan wider thes accomplishes highep;, values due to the stronger
coupling capacitance and the lower transmission-line attenua-
fo,» Afszap, and L represents the center frequency, 3-dB insetion, as shown in Fig. 2. It can be said that the higher charac-
tion loss bandwidth, and insertion loss at the center frequentggistic impedance corresponds to the highervalues for CPS
respectively. resonators, as shown in Tables |, II, and Fig. 2.

where@,, is the loaded) expressed as
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Fig. 7. Simulated and measured frequency responses for resonator type Brig. 9.
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Fig. 8. Simulated and measured frequency responses for resonator type ¢-i9- 10.  Simulated and measured frequency responses for resonator type E.

Simulated and measured frequency responses of the typwih 0.5-mm width at the center frequency of near 8 GHz. The
resonator are shown in Fig. 7. Measurgg and(?,, values of transmission line is widened (the same as the resonator type
the resonator type B, with 0.5 mm gfip, andgap; are 98.04 B) to place the short-ended strip between the CPS strips, but
and 98.09, respectively. The 3-dB insertion loss bandwidthlitle insertion-loss deterioration occurs and return loss is better
41 MHz and the insertion logd.) is —32.22 dB at the center than 10 dB. The short-ended strip becomes the inductor and
frequency. The simulate@; and @, values are 121.25 andthegap, induces coupling capacitance due to the coupling with
121.27, respectively, given in Table II. CPS strips. This short-ended strip agih, consist of a shunt

Resonator type C has two open-ended strips located outsideallel resonatori{"-C" circuit), which act as bandpass be-
of the strips, which is similar to type A. These open-ended stripavior. Measured and simulated frequency responses of this res-
are bent to have square forms. The length of the open-endethtor are well described in Fig. 9. Measured insertion loss of
strip is approximately 0.32, (15.52 mm) at the center fre-0.12 dB is achieved at the center frequency of 8.12 GHz. This
quency of near 5.08 GHz. This resonator has a shorter couplkigd of resonator can be utilized for bandpass filter applications.
arm (4.625 mm) than that of types A and B. Therefore, tHdeasured bandwidth of less than 3-dB insertion loss and better
open-ended strips have loose coupling and induce high losgban 10-dB return loss is around 3 GHz (36.94%) with the res-
Two open-ended strips are purposely located asymmetricadliyator type D.
to prevent any possible radiation as the dipole antenna doed-or the resonator type E, two short-ended strips are attached
The asymmetric structure induces spurious response arotogether with a shape of a closed polygon. Similar to the type
6.1 GHz. Measured and simulated return and insertion losg@sesonator, coupling capacitance at ga@; and short-ended
of this resonator are described in Fig. 8. Measupedand(,,  strip’s inductance consist of a shunt parallel resonaté+("
of this resonator are 23.51 and 23.87, respectively. The 3-dBcuit), which has bandstop behavior. The total length of the
insertion loss bandwidth is 216 MHz and the insertion [dSs short-ended strip is approximately 1X, (48.1 mm) at the
is —18.3 dB at the center frequency. Simulated and@,, are center frequency of near 5.4 GHz. The transmission line is
38.1 and 38.51, respectively. widened the same as resonators types B and D. Frequency

Resonator type D utilizes a short-ended strip, in contrast tesponses of this resonator are illustrated in Fig. 10. Measured
resonators types A—C. One of the merits of a uniplanar trarisndwidth of less than 3-dB insertion loss and better than 10-dB
mission line is convenient implementation of the short-endedturn loss is approximately 0.84 GHz (15.67%). Measured
strips without any via-holes. The total length of the short-endéakertion loss of 0.5 dB was achieved at the center frequency
strip is approximately 0.44, (13.7 mm), which is aroundl, /2, of 5.36 GHz. Compared to resonator type D, bandwidth of
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resonator type E is almost one-half of that of resonator type C,

which is due to the cascading of two identical resonators. 0 -

Five different types of resonators are presented and theirp 0 S / i
formances are analyzed. As discussed, resonator type B | ,," \
the highest};, among the three different open-ended strip res 20 v S /'/\V/_
onators, and resonator type D has the widest bandwidth betweg % / \‘l A
the two different short-ended strip resonators. g V v\..___/'

From Tables |, II, and Fig. 2, CPS resonators can have hi® o /[
@1, when high characteristic impedance and strong coupling ¢ - = = simulated
pacitance takes place. Itis possible to have many variations ¢ .50 R
combinations of these five resonators. Therefore, they would
very useful for designing CPS components such as filters. -60 y g y y T T y y

20 33 46 59 7.2 8.5 9.8 111 12.4
V. CPS BANDPASS FILTERS REALIZATION WITH Frequency (GHz)
PRESENTEDRESONATORS (b)

This section describes two new classes of CPS bandpassHig- 12. Simulated and measured frequency responses of the bandpass filter
ters, which utilize combinations of the presented resonatoy§n9 multiple short-ended strips. (a) Return loss. (b) Insertion loss.
These bandpass filters have good passband insertion loss and
wide-stopband suppressions. All the measurements were g@fucture [21]. As shown in Fig. 11, CPS transmission-line sec-

formed with the CPS-to-microstrip transition circuit presenteéPns are represented as the lumped-elendedt circuits. The
in Section lII. short-ended strip consists of a shunt parallel resondter{”

circuits), discussed in Section 1V, for resonator type D. The
A. Bandpass Filter Realization Using Multiple Short-Ended transmission line is widened the same as the resonator types
Strips B, D, and E. For designing CPS components, the transmission

This type of bandpass filter uses the type D resonators p}i@_e’s inductance and ca_lpacitance values play important fgc—
sented in Section IV. The structure and lumped-element equi¢S and should be considered for CPS components modeling.
alent circuit of this filter are shown in Fig. 11. A transmissioryalues of the capacitance and inductance of CPS strips can be
line with periodically loaded reactive cells has the charactei¢curately extracted by employing IE3D’s lumped-element ex-
istic of filters [21]. One reactive cell can be formed with thdraction method. Simulated and measured frequency responses
resonator type D, which has the bandstop behavior. The tg@fthis filter are illustrated in Fig. 12. Measured insertion loss
length of the unit cell is around,/2 (0.41 A,) or 12.5 mm of 0.48 dB is_ achieved at the center frequgncy of 8.24 GHz. A
at the center frequency of 8 GHz. The spacing between téde bandwidth of 4.16 GHz (52%) is achieved with less than
neighboring cell is one of the important factors for bandpassdB insertion loss and better than 10-dB return loss, and the
filter design in periodic structure. Due to the structural dimerd-dB insertion-loss bandwidth is from 6.9 to 9.8 GHz. Stop-
sion of the unit cell, it is impossible to have even spacing b8ands range from 2 to 5.38 GHz at lower band area and from
tween unit cells. Hence, two neighboring cells are grouped ad%1 to 13.31 GHz at higher band area.
sub-cell. Correspondingly, this bandpass filter has two sub-cells. ) ) . .

Within a sub-cell, the spacing between the unit cells is opf?: Bandpass Filter Using Short-Ended Strips With T-Strips
mized as 2 mm. The spacing shorter than 2 mm between unifFig. 13 illustrates the bandpass filter structure using
cells has loose band rejection at stopbands. The spacing lorgjesrt-ended strips with T-strips and shows its lumped-element
than 2 mm between unit cells has sharper band rejection, leguivalent circuit. This type of filter consists of type A, E res-
has unsatisfactory return loss at passband. A distance betwerators and interdigital capacitors. Short-ended strips (type E
sub-cells is approximately,/2 (0.46 \,) or 14 mm to have a resonators) are represented as shunt parallel resonate«s'(

good rejection at stopbands similar to a conventional periodigcuits) and T-strips (type A resonators) are represented as a
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shunt series resonatat'C" circuit). An interdigital capacitor & / i \\.-
. . . . . 1]
(C) is placed inside each type E resonator to give a bigge 40 v _
capacitance. The interdigital capacitor is widely used as tt / y T s'mu'at': \
microwave circuit’s lumped-element component possessir 50 measun
tight coupling. Analysis of the interdigital capacitor is well 0
descn_bec? in [22]. The number and length of _the interdigita 36 39 42 45 48 51 54 57 60
capacitor’s fingers ar& = 3 and2 mm, respectively. All the
Frequency (GHz)

gap distances of interdigital capacitors are uniformly 0.5-mn
apart, which has the capacitar(@) of approximately 0.31 pF.
Most of the capacitance takes place at the edges of the fingers. ()

Hence, the gap distance between fingers together with t'ﬁ@ 14. Simulated a_md n”_leasure_d frequency responses of the_ bandpass filter
number of fingers is an important factor to determine thuesmg short-ended strips with T-strips. (a) Return loss. (b) Insertion loss.
capacitance value.

The width of the short-ended strip is 0.5 mm with the lengtat lower band and from 5.48 to 6.08 GHz (0.6 GHz) at higher
of 0.79 A\, or 41.5 mm. The capacitanc&’() and induc- band. Low insertion loss of 0.61 dB was measured at the center
tance (") values of the short-ended strip are approximatefyequency of 4.94 GHz. Measured and simulated frequency re-
0.00563 pF/mm and 0.0763 nH/mm at 5 GHz, which casponses are given in Fig. 14, which shows good agreement be-
be found by IE3D software. The inductanc") and total tween the measured and simulated data.

capacitance including interdigital capacitan¢g-(= C + C")

can be found by the following equations: VI. CONCLUSIONS
. Five types of CPS resonators have been presented and their
L" =0.0463 x I nH (3) performances analyzed. CPS characteristics are analyzed for the
Cr =0.31 4 0.00563 x [ pF (4) circuit design consideration. For the demonstrations of these

resonators’ applications, two new classes of bandpass filters
] S are designed and tested. Measurement results show low-pass-
wherel is the total length of the short-ended strip in millimetersy ;14 insertion losses and good stopband suppressions. For con-
With (3) and (4), the approximate dimension of the short-endggcting the measurements, a wide-band microstrip-to-CPS-to-
strip can be found at the desired frequency. microstrip back-to-back transition is developed and used. Less
Two unit cells are cascaded with the distance of aroud  than 3-dB insertion loss and better than 10-dB return-loss band-
(0.28A,) or 13.6 mm. The type A resonatak’t-C" circuit) is  igth is achieved from 1.3 to 13.3 GHz for the back-to-back
combined with this filter to enhance the suppression at the lowginsition. Simulated and measured data have good agreements.
stopband with the length of 29.1 mm (0.4g) at the center fre-  The resonators and bandpass filters should find wide applica-
quency of near 4 GHz. This is a good example of the uniplanggns for uniplanar circuit implementation.
transmission-line’s benefit that can have open- and short-ended
strips together without any via holes. Measured bandwidth of
less than 1-dB insertion loss and better than 10-dB return loss
ranges from 4.82 to 5 GHz (3.64%). Stopbands with the suppresThe authors would like to thank C. Wang, Texas A&M Uni-
sion of less than 20-dB range from 3.56 to 3.98 GHz (0.42 GHugrsity, College Station, for technical assistance.
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