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Abstract—In this paper, coplanar stripline (CPS) disconti- — Electric
nuities such as a narrow transverse slit, a symmetric step, a // field lines
right-angle bend, and a T-junction are characterized and their Metal /
performance is parameterized with respect to frequency and ) . stip — | WH S/ B w
geometry. In addition, filter design using coplanar stripline dis- Dielectric m |
continuities has been investigated. Lumped equivalent circuits are substrate — Y ] \
presented for some of the discontinuities. The element values are o
obtained from the measured discontinuity scattering parameters. X
The experimental results are compared with theoretical data ob- I i

y

tained using the finite-difference time-domain (FDTD) technique
for validation and show very good agreement.

Index Terms—Band-stop filters, coplanar stripline, discontinu-
ities, FDTD technique, scattering parameters, TRL calibration, Fig. 1. Cross section of CPS.
uniplanar circuits.

discontinuities, such as a narrow transverse slit, symmetric
step, right-angle bend, and a T-junction. The equivalent-
circuit model-element values for these discontinuities are de-
S WITH A coplanar waveguide (CPW), the coplanatermined from the scattering parametefsparameters) which
stripline (CPS) [1] was introduced in the mid-1970’s as are de-embedded from the measurggarameters using a
transmission medium with the capability to provide uniplanahru-reflect-line (TRL) algorithm. The circuits are fabricated
designs. Due to its balanced configuration, it has found wid@& a 762um-thick RT-Duroid 6010 substrate:,( = 10.2)
applicability in feed networks for printed antennas [2], [3lhaving 0.5-0z copper cladding. The experimental results are
As the application moves to higher frequencies and the sigempared to data obtained using the finite-difference time-
of the substrate becomes critical in triggering parasitic modgsmain (FDTD) method for validation. The results of the CPS
and uncontrolled radiation, lines which show less dependentigcontinuities studied above indicate potential applications in
on wafer thickness become better candidates. Among theése emerging wireless communications industry in general,
lines, the CPW has attracted much more attention despite &1l in the design of low-cost uniplanar microwave circuits
limitations imposed by its large ground planes and the exguch as filters, mixers, and antennas in particular. This has
tation of parallel-plate parasitic modes. The use of many viaeen demonstrated by fabricating bandstop filters using CPS
to suppress these parasitic modes introduces many difficultiiscontinuities. The performances of a few of these filters are
in the design and fabrication resulting in poor performanggesented. Here too, the measured filter response is compared
and high cost. In view of the above disadvantages, coplangth the results obtained by modeling the filter using the
lines with finite-size grounds such as the CPS require magr®TD technique.
attention. The CPS has the capability to provide excellent
propagation [4]. When appropriately designed, it has smalll: THEORETICAL AND EXPERIMENTAL CHARACTERIZATION
discontinuity parasitics, makes efficient use of the wafer area,in a CPS [1], the electric-field lines from the strip conductors
and can sustain back metallization without exciting parasitigf width W extend across the slot of widtf. The CPS is
modes within the range of the operating frequency. Lastlgupported on a thin dielectric substrate of relative permittivity
heat sinking and packaging in high-power applications (CRSand thicknes®, as shown in Fig. 1. This paper presents the
power amplifiers) is simplified. study of several CPS discontinuities (see Figs. 2, 7, 9, 11, and
Some CPS discontinuities such as an open circuit, she®) which find use in monolithic microwave integrated circuits
circuit, series gap, spur-slot, and spur-strip have been ext@iMIC’s). The study is performed both theoretically as well
sively studied and characterized in the past [5]. This papas experimentally and the two sets of results are compared for
presents an extensive characterization of some additional GR$idation purposes.

I. INTRODUCTION
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Fig. 2. Symmetric transverse slit and a step in the CPS strip conductors._ .
Fig. 4. Experimental and FDTD modeled phaseSafi and S2; for CPS
slit. A = 531.9 um, B = 180.3 pm.
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Fig. 3. Experimental and FDTD modeled magnitudeSfi and So; for Slit depth, A (mils)

CPS slit. A = 531.9 gm, B = 180.3 pm. . .
° " a Fig. 5. Inductance determined from the de-embeddedarameters and

FDTD model as a function of slit depth at 9 GHz.
of a CPS thru, a CPS short circuit, and a CPS delay line.
The network analyzer is calibrated using National Institute of IIl. RESULTS AND DISCUSSION
Standards and Technology (NIST) de-embedding software.

. ' o In the following section, results for a narrow transverse slit
The reference impedance i setby the characieristc MPeCaREe, Cosine, a symmeirc CPS step (Fig. 2), @ CPS right

angle bend (Fig. 7), a CPS T-junction (Fig. 9), a CPS spur-slot

bandstop filter (Fig. 11), and a CPS spur-strip bandstop filter

(Fig. 13) are presented. For all the discontinuities considered
As mentioned above, the modeling was performed usilgre the slot width is 101.6m and the strip width is 762m,

the FDTD method, [6]-[9], which is based on expressingnless otherwise specified.

Maxwell’s curl equations in discretized space and time do-

ma@ns. In order t_o_ ch_aracterize any plana_r di§cor_1tinuity, PrOPR- Narrow Transverse Slit and a Symmetric

gation of a spemﬂc time-dependent fl_m_ctlon is supulate_d u_S_I@ep in the CPS Strip Conductor

the FDTD technique. In characterizing the discontinuities . ) ) .

mentioned above, a Gaussian pulse was used. The space stefisSymmetric narrow slit of widthB and depthA in the

Az, Ay, and Az are carefully chosen such that integraf: S strip (_:onductor is shown in Fig. 2. The slit is modeled as

numbers of them can approximate the dimensions of tRelumped inductor located between the plang§—Ff and

structure. The Courant stability criterion is used to select tfg—!" in series with the line. The inductance is determined

time step to ensure numerical stability. It is important to note §Pm the discontinuityS-parameters of the circuit, which are

this point that the circuit dimensions indicated in the followin§€-eémbedded from the measurgeparameters of the circuit.

figures are the actual dimensions after fabrication. Howevé&igS- 3 and 4 show plots of the de-embedded and FDTD

while performing the FDTD analysis, the exact fabricateH‘Od_e|ed scattering parameters as a_funct|0n of frequency for

dimensions could not be incorporated due to limitations & Slit of depthA = 531.9 ym and width B = 180.3 pym.

the uniform discretization adopted in the modeling. Fig. 5 shows the series inductance as a function of the slit

depth A when the widthB is held constant at 180.3m.

INIST de-embedding software, program DEEMBED, Rev. 4.04, 1994. As expected, the inductance increases with the slit depth.

B. Theoretical Modeling
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Fig. 6. Lumped fringing capacitance and series inductance determined from

the de-embedded measurgeparameters as a function of step width at 6 GHzFig. 8. Experimental and FDTD modeled magnitudeSef and S»; as a
function of frequency for CPS bend. = 101.6 um.
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It would be noteworthy at this point that for small values

of the slit width, the discontinuity can be modeled purel3'7
as an inductance to a very close degree of accuracy. The
slight difference between the measured and FDTD resultsi&0 ;:m (4.33 mil) to 230m (9.06 mil) and the strip width
Figs. 3-5 can be attributed to the difference in dimensiofiged at 762 xm (30 mil). In all cases, it was seen that
between the fabricated structure and FDTD model. de-embedded measuregtiparameters as well as the FDTD
However, if the slit depth is kept constant and the slinethod show the reflection to be of the order -e20 dB
width B is varied, the discontinuity can no longer be modelear lower. Fig. 8 presents the results for a typical right-angle
purely as an inductive element. For larger slit widths, theend. Hence, it was concluded that compensation of the bend
discontinuity which is now a CPS step, needs to be modelt improve VSWR is not required. This fact is used in the
as aw-equivalentLC circuit where the capacitance?, is design of a CPS T-junction which follows next where the
the fringing capacitance and the inductanteis the series CPS line is bent at a few places without resulting in any
inductance. Fig. 6 plots the lumped fringing capacitaficend noticeable parasitics due to the bend. Although Fig. 8 indicates
the series inductanck for a CPS step as a function of the stefow reflection losses for measured as well as modeled cases, it
width at a frequency of 6 GHz for a fixed depthof 533.4:m. can be seen that the return loss in the case of FDTD modeling
As expected, the capacitance is initially small, increases withlower. It is also seen that the measured magnitudg.ef
step width, and eventually saturates. The measured scatteithglightly lower than theS,; obtained by FDTD modeling.
parameters for a typical slit step has been validated using fheese differences can be attributed to the calibration accuracy
FDTD technigue and are presented in Figs. 3 and 4. Henoéthe measured results and to the fact that the FDTD scheme
the FDTD modeling was not repeated for the remaining steylopted here does not take losses into account.
widths. Consequently, Fig. 6 excludes the FDTD modeled
equivalent lumped-circuit element values. C. CPS T-Junction

ig. 9. CPS T-junction.

. A CPS in-phase T-junction is shown in Fig. 9. The mea-
B. CPS Right-Angle Bend sured and FDTD modeled magnitude $f;,, So1, and S5, as

A CPS right-angle bend is shown in Fig. 7. Several CP& function of frequency is shown in Fig. 10. As seen from
bends have been fabricated with slot width ranging fromhe figure, power is almost equally divided between the output
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Fig. 10. Experimental and FDTD modeled magnitud&eof, 521, andSs3; . . .
for a T-junction. Fig. 12. Experimental and FDTD modeled magnitudeSof and Sz for a

spur-slot bandstop filtertd = 762 um, By = 254 pym, andL; = 16.256
mm.
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Fig. 11. CPS spur-slot bandstop filter.

(b)
ports 2 and 3. It was also observed _that th_e_phasﬁg,pfand Fig. 13. (a) CPS spur-strip bandstop filter used in the measurement. (b) CPS
So1 was equal as expected. From Fig. 10 it is seen that thepar-strip bandstop filter used in modeling.

is a very good agreement between the measured and FDTD _
modeled power coupled to the two output ports. the measurement to accommodate a ground-signal RF probe

of 2544m (10-mil) pitch. However, while simulating the
, results using the FDTD method, the tapers were eliminated
D. CPS Bandstop Filters due to memory constraints. Fig. 14 shows the magnitude of
The configuration of a CPS spur-slot bandstop filter imeasured and modelegtparameters for the spur-strip filter.
shown in Fig. 11. The spur-slot is convenient to use whdfrom Figs. 12 and 14, we see that there is a good agreement
W is large andS is small. It can be modeled as a shortin the measured and modeled resonance frequency for both the
circuit stub of lengthL = A;,)/4 in series with the main filters. However, Fig. 14 shows a slight difference between the
line. At resonance, the stub prevents the flow of RF powereasured and modeled; for the spur-strip filter. This can be
to the load. The measured and modeked and S,; for the attributed to the tapers being excluded in the FDTD modeling.
geometry is shown in Fig. 12. On the other hand, the sput-is interesting to note that the spur-strip filter has a narrower
strip is convenient to use whaiy is small ands is large and bandwidth compared to the spur-slot filter indicating that the
can be modeled as two open circuit stubs each of lehgth:  strip filter has a higher quality factoi)) compared to the
Ag(eps)/4 In parallel with the main line. Fig. 13(a) shows theslot filter. As a point of interest, it is worthwhile mentioning
configuration of a CPS spur-strip bandstop filter with a taper dnat a spur-slot with four slots (with the two extra slots being
either end. This was the configuration for which measurememtmirror image of the previous two) has the same resonance
was performed. Fig. 13(b) shows the configuration that was the spur-slot structure in Fig. 11, but a broader bandwidth
used to perform the FDTD modeling. Tapers were included {fower Q).
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Fig.

a spur-strip bandstop filterd; = 254 pgm, By = 254 pm, L1 = 16.129
mm,

The CPS as a transmission medium holds a great deal
potential because of several advantages, such as exce
propagation, small discontinuity parasitics, and efficient us
of the wafer area. In view of these advantages, modelil
of some CPS discontinuities which have several technicfgrl

10 — Kavita Goverdhanam (S’95-M'97) received the
— = — Sy, experiment S11, FDTD B.E. degree in electronics and communication en-
—————— Soq, experiment —— - Sy, FDTD gineering from Osmania University, India, in 1991,
the M.S. degree in electrical engineering from Vil-
o ——————— = lanova University, Villanova, PA, in 1993, and is
% R — . :-;; currently working toward the Ph.D. degree at the
= / S ‘\ yd L University of Michigan at Ann Arbor, where she
& 10 V- Sa ~ Pt is researching time-domain characterization of mi-
= N \ / el crowave circuits including time-domain multiresolu-
@ N ot L] tion analysis and development of novel microwave
g ‘\ ' f ! devices for high-frequency applications.
2 -20 |— *\ \ /,’ From 1991 to 1993, she was a Graduate Research Assistant at the Center
S \ ,:' for Advanced Communications, Villanova University. Since 1993, she has
g \t ',' been with the Radiation Laboratory, University of Michigan at Ann Arbor,
‘\\ i as a Graduate Student Researcher.
-30 \ Ms. Goverdhanam was the recipient of the 1985 National Talent Search
i Scholarship sponsored by the National Council for Education Research
V and Training (NCERT), India, and was awarded the Outstanding Graduate
_40 | | I | | | Student Instructional Assistant Award in 1997 by the American Society for
1.2 14 1.6 1.8 2.0 22 2.4 Engineering Education (ASEE), University of Michigan Chapter.

Frequency, GHz

14. Experimental and FDTD modeled magnitudeSef and.S2; for

Rainee N. Simons(S'76—M'89-SM’89) received
the B.S. degree in electronics and communications
engineering from Mysore University, India, in 1972,
the M.Tech. degree in electronics and communi-
cations engineering from the Indian Institute of
Technology, Kharagpur, India, in 1974, and the
Ph.D. degree in electrical engineering from the
Indian Institute of Technology (IIT), New Delhi,
India, in 1983.
F In 1979, he joined IIT as a Senior Scientific
= Officer, where he worked on finline components
millimeter-wave applications and also on thé&-band toroidal latching

andS = 762 um.

IV. CONCLUSION

and commercial applications, was performed as a function @fiite phase shifters for phased arrays. Since 1985, he has been with the
frequency and geometry. Good agreement was found betwe&pace Electronics/Communications Division, NASA Lewis Research Center,
the experimental and theoretical results. Cleveland, OH, as a National Research Council Research Associate, and a

Senior Engineer with both Sverdrup Technology, Inc., and Nyma, Inc. He is
co-author of “Tapered Slot Antennas,” a chapterAidvances in Microstrip
ACKNOWLEDGMENT and Printed AntennagNew York: Wiley, 1997).
Dr. Simons has received the Distinguished Alumni Award from his alma

The authors would like to thank Dr. N. Dib for his suggesmater and several NASA Certificate of Recognition and Group Achievement
tions and advise. awards.

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

REFERENCES

Linda P. B. Katehi (S'81-M'84—-SM’'89—F'95) re-
ceived the B.S.E.E. degree from the National Tech-
nical University of Athens, Athens, Greece, in 1977,
and the M.S.E.E. and Ph.D. degrees from the Uni-
versity of California at Los Angeles, in 1981 and
1984, respectively.

In 1984, she joined the faculty of the EECS
Department, University of Michigan at Ann Ar-

J. B. Knorr and K. D. Kuchler, “Analysis of coupled slots and coplana
strips on dielectric substratd EEE Trans. Microwave Theory Teckgl.
MTT-23, pp. 541-548, July 1975.

R. N. Simons, G. E. Ponchak, R. Q. Lee, and N. S. Fernandez, “Coplat
waveguide fed phased array antenna,1BfEE Antennas Propagat. Int.
Symp. Dig.yvol. 4, Dallas, TX, May 1990, pp. 1778-1781.

R. N. Simons, N. I. Dib, R. Q. Lee, and L. P. B. Katehi, “Integratec
uniplanar transition for linearly tapered slot antenn¥fEE Trans. ; - .
Antennas Propagatyol. 43, pp. 998-1002, Sept. 1995. bor. Since then, she has _bee_n |nteresteq in the
M. Y. Frankel, J. F. Whitaker, and G. A. Mourou, “Optoelectronic tran development and characterization (theoretical and

sient characterization of ultrafast devicelEEE J. Quantum Electron., . * _experimental) of microwave, millimeter printed cir-
vol. 28, pp. 2313-2324, Oct. 1992. cuits, the computer-aided design of VLSI interconnects, the development

R. N. Simons, N. I. Dib, and L. P. B. Katehi, “Modeling of coplanar@d characterization of micromachined circuits for millimeter-wave and
stripline discontinuities,IEEE Trans. Microwave Theory Techgl. 44, Submillimeter-wave applications, and the development of low-loss lines for
pp. 711-716, May 1996. Terahertz-frequency applications. She has also been theoretically and ex-
X. Zhang and K. K. Mei, “Time-domain finite difference approach toPerimentally studying various types of uniplanar radiating structures for
the calculation of the frequency-dependent characteristics of microstfgPrid-monolithic and monolithic oscillator and mixer designs.
discontinuities,” IEEE Trans. Microwave Theory Techvpl. 36, pp. Dr. Katehi is a member of the IEEE Antennas and Propagation Society,
1775-1787, Dec. 1988. Microwave Theory and Techniques Society, Sigma XI, Hybrid Microelectron-
K. K. Mei and J. Fang, “Superabsorption—A method to improvdcs, URSI Commission D, and a member of IEEE Antennas and Propagation
absorbing boundary conditionslEEE Trans. Antennas Propagatiol.  Society ADCOM from 1992 to 1995. She also serves as an Associate Editor
40, pp. 1001-1010, Sept. 1992. for the IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES She

T. Shibata and H. Kimura, “Computer-aided engineering for microwaveas been awarded the IEEE Antennas and Propagation Society W. P. King
and millimeter-wave circuits using the FDTD technique of field simula¢Best Paper Award for a Young Engineer) in 1984, the IEEE Antennas
tions,” Int. J. Microwave Millimeter-Wave Comput.-Aided Engol. 3, and Propagation Society S. A. Schelkunoff Award (Best Paper Award) in
no. 3, pp. 238-250, May 1993. 1985, the NSF Presidential Young Investigator Award, an URSI Young
N. I. Dib, R. N. Simons, and L. P. B. Katehi, “New uniplanar transitionsScientist Fellowship in 1987, the Humboldt Research Award, the University
for circuit and antenna applicationslEEE Trans. Microwave Theory of Michigan Faculty Recognition Award in 1994, and the |IEEE Microwave
Tech.,vol. 43, pp. 2868-2873, Dec. 1995. Theory and Techniques Society Microwave Prize in 1996.




