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Abstract—This paper proposes a new concept for the genera-
tion of millimeter-wave coplanar waveguide (CPW) shunt stubs
printed within the center conductor, as opposed to those printed
in the ground plane. Several new designs are presented for CPW
open- and short-end shunt stubs patterned inside the center
conductor. Unlike conventional stubs, which are patterned inside
the ground plane, several advantages are derived from the use
of the proposed framework: additional degrees of freedom, lower
radiation loss, high compactness, and a reduction of the number
of air bridges that are potentially expensive to build. The way to
achieve high-quality circuits is detailed and confirmed by exper-
imental results over the large frequency band from 1 to 50 GHz.
Good agreement between experimental and theoretical results,
obtained using two different full-wave techniques, validates the
design procedure. In an effort to explore the advantages offered
by the proposed CPW shunt stubs, in terms of their flexibility and
potential for innovation, a possibility of the usage of such stubs
in the area of filters is investigated. Thus, three novel variants
of miniature filters are designed and measured, demonstrating
that the proposed shunt stubs are entirely responsible for major
reduction of size and better performance. The designs presented
here show a new powerful way of achieving size, weight, and cost
reduction. They are suitable to be used as building blocks for the
growing commercial radio-frequency/millimeter-waves wireless
communications circuits and systems.

I. INTRODUCTION

RESONATORS form the basic design elements in
many microwave components. Advances in microwave

and millimeter-wave integrated circuits mandate that high-
performance planar resonators be used as building blocks for
low-cost and highly sophisticated communication systems.
Today, while the subject of resonators is mature, there is
relatively little literature on coplanar waveguide (CPW)
resonators [1]–[3].
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Brest, France.
Publisher Item Identifier S 0018-9480(99)08429-X.

Using uniplanar technology, sophisticated circuit elements
can be designed, which are mostly not realizable using con-
ventional microstrip technology [4], [5]. In the early days of
CPW technology, some basic CPW elements were proposed
by Houdart [6] and Holder [7] which are basically short-
and open-ended 90transmission-line resonators connected
in series or parallel. In uniplanar technology, series resonator
elements can be either implemented in the “inner” or “outer”
conductor of the CPW [8], [9]. On the other hand, until
now, the CPW shunt stubs are mainly printed in the “outer”
conductor of the CPW [10], [11].

To show the wide range of flexibility and scope of innova-
tion that CPW uniplanar technology offers, and to improve the
performance of the existing CPW elements, the first part of this
paper demonstrates several new designs of millimeter-wave
CPW shunt stubs patterned inside the center conductor. The
capability to generate shunt stubs within the center conductor
relaxes the limitations inherent in the realization of low- and
high-impedance levels. Different variations of these stubs are
fabricated, and accurate on-wafer measurements are performed
over a large frequency band (1–50 GHz). The realization of
these shunt stubs is detailed and confirmed with theoretical
and experimental results.

While the field of filters is now very mature, there is rela-
tively little literature on CPW filters [12]–[19]. To fill this void,
Section II of this paper presents a viable way to implement
three different filters (low-pass and bandpass) involving the
proposed shunt stubs. A fifth-order semilumped uniplanar low-
pass Chebyshev filter is designed, fabricated, and measured.
It is found that such a filter has the following advantages
compared to the ladder-type filter: very wide stopband with
a lower number of elements (no spurious responses up to 20
GHz), higher cutoff rate, lower insertion and radiation losses,
and higher compactness (a significant 30% reduction of the
circuit area when compared to the ladder type).

Moreover, a compact bandpass filter configuration, with
multiple poles of attenuation at the quarter-wave frequency
and dc blocking, is designed and measured. This filter takes
advantage of the harmonious coexistence between the pro-
posed CPW shunt stubs and the standard CPW series stub.
This possibility greatly expands the freedom in design and
gives a new powerful technique, which opens the ways to a
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Fig. 1. New class of CPW shunt stubs patterned in the center conductor, including their standard analogous stub printed in the ground plane.

Fig. 2. Difference between the CPW series stub and the new CPW shunt stub.

large number of new possibilities for hybrid and monolithic
millimetric integrated circuits with good integration density.

II. NEW CLASS OF MINIATURE CPW SHUNT STUBS

PATTERNED IN THE CENTER CONDUCTOR

Until now, only the CPW series stubs could be either
implemented in the “inner” or “outer” conductor of the CPW
[8], [9]. On the other hand, CPW shunt stubs have been
typically printed in the outer conductor of the CPW [10].

Fig. 1 shows a new class of CPW shunt stubs printed in the
center conductor along with their analogous stubs printed in
the ground plane. Basically, a portion of the ground plane in
the form of a thin strip is introduced across the CPW, and the
inner conductor is jumped across this using air-bridges. Stubs
to ground are then formed within the center conductor using
the new local ground point. For comparison purposes, Fig. 2
shows the difference between the series CPW stubs and shunt
stubs printed in the center conductor.
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Fig. 3. Top views of the tested CPW shunt stubs patterned inside the center conductor.

In comparison with the conventional CPW shunt stubs,
the following advantages are obtained from the use of the
proposed new shunt stubs.

1) One of the most promising aspects of the new CPW
shunt stubs is their compactness, which provides both
low-loss and longitudinal symmetry. It is also noted
that the location of the stubs within the center conduc-
tor leads to greater field confinement and, thus, lower
radiation loss.

2) The lateral extent of the circuits is minimized by utiliz-
ing the center conductor for the stub pattern, allowing
the use of smaller shielding cavities without affecting
the stub performance.

3) Reduction of the number of air bridges in case of
asymmetric CPW shunt stub (shown at the top of Fig. 1),
which are potentially expensive to build, is another
advantage.

4) One attractive feature is that all of the new CPW shunt
stubs exhibit transverse symmetry around the center con-
ductor. Thus, theoretically, the parasitic coupled slotline

mode should not be excited in these structures. On the
other hand, in the case of the conventional asymmetric
shunt stub, two transverse air bridges have to be used,
besides the longitudinal air-bridge, so that the coupled
slotline mode is not excited in the feeding lines.

In order to show the potential of the new proposed class
of CPW shunt stubs, several CPW shunt stubs have been
fabricated. Fig. 3 shows the schematic of the tested CPW
shunt stubs patterned in the center conductor. These circuits
are designed near GHz and implemented on high
dielectric constant substrate and mm.
This is close to the dielectric constant of GaAs, which demon-
strates the feasibility of integrating this new class of CPW
shunt stub into monolithic circuits. Fig. 4 shows the measured

-parameters of the tested CPW shunt stubs along with
theoretical results obtained using two different techniques: the
integral equation technique solved with the moment method
and complex images [20], and the finite-difference time-
domain (FDTD) method [21]. The theoretical approaches are
explained in [20] and [21] and, hence, will not be repeated
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Fig. 4. Experimental and theoretical results for the different new CPW shunt stubs.

here. The very good agreement between experimental and
theoretical results proves that the stubs work well in the
millimeter-wave region. It should also be mentioned that
dielectric and conductor losses are neglected in the theoretical
analyses, which explains the differences between theoretical
and experimental resonance frequencies in Fig. 4. Moreover,
ideal infinitesimally thin bond wires are assumed in the FDTD
analysis in place of air bridges.

III. CONFIGURATION FOR LOW IMPEDANCE LEVELS

USING THE MULTISTUBS CONCEPT

The conventional CPW shunt stubs covers an impedance
range from approximately 30–80. Values outside this range
cannot be fabricated reliably and could cause excessive losses.
For several applications, however, it is desirable to use either
very large or very small characteristic impedance levels. For
example, the difficulty in realizing low- or high-impedance
levels using conventional shunt stub constitutes a serious

limitation in filter design, particularly at high frequencies.
While the upper limit of realizable characteristic impedance
is set by manufacturing tolerances, the lower limit depends
on the onset of higher order modes, which occur when the
transverse dimension becomes comparable to the wavelength
or longitudinal dimension. This, in effect, leads to substan-
tial discrepancies between predicted and actual performances
when lower and higher values are realized. To overcome this
difficulty, it is advantageous to adopt the concept of parallel
connection of many single CPW resonators, as illustrated in
Fig. 5. In this way, the total line impedance can drastically
decrease and the above disadvantages can be removed.

IV. I MPACT OF THE NEW CPW SHUNT STUBS ON

FILTER IMPLEMETATIONS

A. New Variant of Miniature Low-Pass Filters

Due to the versatility of the uniplanar technology, the
proposed CPW shunt-stub topologies are adopted to extend the



2344 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 47, NO. 12, DECEMBER 1999

Fig. 5. Possible topology for low-impedance levels using the multistubs concept and its measured scattering parameters.

(a)

(b)

(c)

Fig. 6. New class of uniplanar low-pass filters including the standard struc-
ture (unit : millimeters). (a) Layout of classical configuration. (b) Layout of
compact configuration. (c) Layout of ultracompact configuration.

stopband bandwidth of low-pass filters and remove a number
of limitations inherent to the conventional design approach
[see Fig. 6(a)]. Two alternative topologies are shown in Fig. 6
along with the classical configuration. The utilization of series
CPW stubs patterned in the center conductor combined with
high-impedance line sections, and the use of the proposed

CPW shunt stubs combined with low-impedance line sections,
allow to realize configurations of uniplanar low-pass filter in
compact form. As illustrated in Fig. 6(b) and (c), capacitors are
realized by the joint utilization of low-impedance line sections
with a very small electrical length and CPW shunt stub in
balanced form, while the inductors are realized from series
stubs integrated in the low-impedance line sections combined
with high-impedance line section with a very small length.

B. Alternative Design of Compact Bandpass Filters

In order to compare the performance of the classical and
new low-pass filter topologies, three experimental circuits were
designed and fabricated on EPSILAM substrate ( ,

mm). The fifth-order Chebyshev filter investigated
consists of three inductive line and two
capacitive lines . Its cutoff frequency is 3 GHz
with 0.1-dB ripple. The elements of the filter are calculated
using a standard design procedure [22]. The experimental
results of the classical and compact low-pass filters are shown
in Fig. 7. It can be observed that both compact filters do not
present any significant degradation in terms of bandwidth. In
comparison with the classical structure, the advantages that
may be derived are: 1) very sharp rejection slope; 2) high
compactness; 3) lower insertion loss in passband; 4) lower
radiation loss; and 5) very wide stopband with a low number
of elements [the spurious responses are rejected at higher
frequencies up to 20 GHz for the configuration shown in
Fig. 6(c)].

A typical topology of a CPW bandpass filter is shown in
Fig. 8(a), which consists of a cascade of alternate quarter-
wavelength CPW shunt stubs and quarter-wavelength CPW
connecting lines. Due to the versatility of the proposed CPW
shunt stubs, a possible way of fabricating a millimeter-wave
bandpass filter with shunt stubs in an inner conductor form
is shown in Fig. 8(b), in which the Kuroda identity is used.
A three-section short-end shunt-stub bandpass filter was fab-
ricated using the proposed CPW shunt stubs patterned in
the center conductor. The filter is centered at 30 GHz with
50% bandwidth. It has a Chebyshev response with 0.01-dB
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Fig. 7. Experimental results of classical and compact low-pass filters.

ripple where the synthesis procedure of this filter type is
described in [22]. The total dimensions of the new compact
filter are long at 30 GHz (4.45 mm) and 0.65-mm wide.
This circuit have been fabricated on Alumina substrate (

mm, ). The measured response is presented
in Fig. 9, which indicates that, in the whole bandwidth, the
reflection coefficient is lower than23 dB with a flat insertion
response with a maximum attenuation of 2 dB (including
radiation, dielectric, and conductor losses). It is worth noting
that the theoretical results in Fig. 9 are generated by using
the scattering parameters found from the full-wave analysis
of a shielded lossless single stub and treating the filter as
three uncoupled elements in parallel. This explains the zero
insertion loss in the passband seen in the moment-method
results. The agreement between the measured and calculated
performance is quite good and indicates that there is very little
electromagnetic coupling between the stubs, even though the
stub separation is only 100m.

C. Ultraminiature Multistub Bandpass Filter

Previously, different CPW bandpass filters have been pub-
lished, but most of them are based upon the use of lumped or
distributed CPW elements [23]–[26]. The bandpass filter con-
sists of a ladder of lumped series and parallelLC resonators.
For most of the integrated technologies, such as microstrip,
a direct synthesis with distributed elements is difficult due to

(a)

(b)

Fig. 8. Novel way to implement multisection bandpass filter within the
center conductor. (a) Standard configuration. (b) New compact configuration.

the series resonators. Thus, the filter implementation requires
series inverters, which result in relatively large circuit
dimensions and a high level of insertion loss. To overcome
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Fig. 9. Experimental and theoretical results of the new compact bandpass filter.

(a)

(b)

Fig. 10. Novel implementation of multistub configurations at one junction.
(a) Short-end shunt and open-end series CPW stubs implemented in the outer
and inner conductor of the CPW, respectively. (b) Short-end CPW stub inside
open-end CPW stub printed within the center conductor.

this problem, this section aims to show that the harmonious
coexistence of multistubs at one junction creates a great design
flexibility, which leads to the realization of new kinds of very
compact bandpass filters.

1) Multistubs Configuration Realized at One Junction:To
realize the required cluster of stubs at a single junction is usu-
ally not convenient in microstrip technology. It is often more
convenient to separate the stubs, one at a junction, which can
be accomplished by means of the Kuroda identities. However,
in uniplanar technology, the required cluster of stubs could be
realized at a single junction. An original illustration of the co-
habitation of different CPW stubs is shown in Fig. 10(a). This
junction structure can be easily constructed as a combination
of shunt and series CPW stubs. However, miniaturizing such
a device with broad-band characteristics is a key technology.
Therefore, a CPW shunt stub printed inside a series CPW
stub (both printed within the center conductor) offer attractive
features [see Fig. 10(b)]. This possibility greatly expands
the freedom in design and gives a powerful technique for
designing original structures with good integration densities

Thereby, novel configurations of multistubs bandpass filters
have been realized to demonstrate the efficiency of the design
method and the pertinence of the joint utilization of the multi-
stubs configuration at one junction to get better performance.
However, a precise study is necessary to understand the elec-
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Fig. 11. Experimental and theoretical results of CPW shunt stub integrated inside the center of the CPW series stub.

tromagnetic behavior of such configurations to be able to use
them in bandpass filter design. Therefore, the development of
more accurate uniplanar models, based on full-wave analysis,
is key to improvement of microwave and millimeter-wave cir-
cuit simulations and reducing lengthy design cycle costs. It has
been shown that the relative flexibility of the complex image
and FDTD methods makes them attractive tools for the anal-
ysis and design of these complex circuits [20], [21]. This step
is illustrated via the circuit presented in Fig. 11. This circuit
is implemented on high dielectric constant substrate
and mm. Good agreement between the full-wave
analysis and measurement is observed. The differences could
be attributed to the fact that dielectric and conductor losses are
neglected in both the FDTD and moment-method analyses.

2) Filter Experiments:Two multistub bandpass filter con-
figurations seem appropriate, as illustrated in Fig. 12(a) and
(b). The ultraminiature configuration, i.e., Fig. 12(b), which
appears to have some merit, would involve the new CPW
shunt stub printed within the standard CPW series stubs.
The structure have been designed at center frequency of 20
GHz with bandwidth of 100% following guidelines given
in [22]. The experimental results of this filter are plotted
in Fig. 13 along with simulated results. This bandpass filter
configuration, with multiple poles of attenuation at the quarter-
wave frequencies and dc blocking, allows a high degree
of compactness with good skirt selectivity for very wide
bandwidth. In general, in the whole bandwidth, the measured
return loss is lower than 18 dB with the insertion loss
not exceeding 1.5 dB (including radiation, dielectric, and
conductor losses). These losses can be reduced by widening
the dimensions of the central conductor of the coplanar line
so as to minimize metallic loss. Besides, the filter provides a
very high rejection outside the passband.

V. CONCLUSIONS

Microwave and millimeter-wave integrated circuits using
uniplanar technology yield innovative and high-performance
components and subsystems. This study has focused on several
new designs of CPW shunt stubs patterned in the center con-
ductor. The experimental results indicate that these new CPW
shunt stubs have a major part to play in the miniaturization

(a)

(b)

Fig. 12. Configurations of multistub bandpass filter built at one junction.
(a) Compact topology (CPW shunt subs printed in the ground plane).
(b) Ultraminiature configuration (CPW shunt stubs printed in the center
conductor).

of monolithic microwave integrated circuits (MMIC’s) in the
future. Compared to the existing CPW shunt stubs printed
in the ground plane, the advantages that may be derived
from the new stubs are: 1) additional degrees of freedom; 2)
lower radiation loss; 3) high compactness; 4) smaller shielding
cavities to be used without affecting the performance; and 5)
reduction of the number of air bridges that are potentially
expensive to build.

It has been shown that the relative flexibility of the FDTD
method, and the accuracy and computational efficiency of the
integral equation technique, along with the complex image
Green’s functions, make them attractive tools for the analy-
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Fig. 13. Experimental and theoretical results for the ultraminiature multiple poles and dc blocking bandpass filter.

sis and design of these complex circuits. Experimental and
theoretical results have been presented to verify the validity
of the design, and very good agreement between theory and
experiment was obtained.

Due to the versatility of the uniplanar technology, the pro-
posed CPW shunt-stub topologies were adopted to build new
filter topologies that remove a number of limitations inherent
to the conventional design approach. Uniplanar technology,
contrary to the microstrip technology, allows the realization of
very compact bandpass filters with good performance. These
performances are achieved with the utilization of multistubs
at one junction. Both shunt and series stubs patterned at one
junction have found a fruitful application in the multistub
bandpass filter synthesis by providing additional degrees of
freedom and resulting in extremely compact configuration
that are attractive for passive and active monolithic integrated
circuits.

Finally, the results of this study on the new shunt stubs in-
dicate several potential applications as building blocks for the
emerging wireless communications industry, in general, and
in the design of low-cost uniplanar microwave and millimeter-
wave circuits such as filters, mixers, and antennas in particular.

ACKNOWLEDGMENT

The authors thank the reviewers for their valuable com-
ments. The authors also thank this TRANSACTIONS guest editor,
Prof. Rutledge, for providing the opportunity to improve and
publish this paper in this Special Issue.

REFERENCES

[1] K. Hettak, G. Delisle, and M. Boulmalf, “Simultaneous realization of
millimeter-wave uniplanar shunt stubs and DC block,” inIEEE MTT-S
Int. Microwave Symp. Dig., 1998, pp. 809–812.

[2] A. K. Sharma and H. Wang, “Experimental models of series and shunt
elements in coplanar MMIC’s,” inIEEE MTT-S Int. Microwave Symp.
Dig., 1992, pp. 1349–1352.

[3] K. C. Gupta, R. Garg, and I. Bahl,Microstrip Lines and Slotlines.
Norwood, MA: Artech House, 1979.

[4] T. Hirota and H. Ogawa, “Uniplanar MMIC hybrids—A proposed new
mmic structure,”IEEE Trans. Microwave Theory Tech., vol. MTT-35,
pp. 576–581, June 1987.

[5] M. Muraguchi, T. Hirota, A. Minakawa, K. Ohwada, and T. Sugeta,
“Uniplanar MMIC’s and their applications,”IEEE Trans. Microwave
Theory Tech., vol. 36, pp. 1896–1901, Dec. 1988.

[6] M. Houdart, “Coplanar lines: Application to broadband microwave
integrated circuits,” inProc. 7th European Microwave Conf., 1976, pp.
49–53.

[7] P. Holder, “X-band microwave integrated circuits using slotlines
and coplanar waveguide,”Radio Electron. Eng., vol. 48, pp. 38–42,
1978.

[8] T. M. Weller and L. P. B. Katehi, “Miniature stub and filter designs
using the microshield transmission line,” inIEEE MTT-S Int. Microwave
Symp. Dig., 1995, pp. 675–678.

[9] N. Dib, L. P. B. Katehi, G. E. Ponchak, and R. N. Simons, “ Theoretical
and experimental characterization of coplanar waveguide discontinuities
for filter applications,”IEEE Trans. Microwave Theory Tech., vol. 39,
pp. 873–882, May 1991.

[10] N. Dib, G. Ponchak, and L. P. B. Katehi, “A theoretical and experimental
study of coplanar waveguide shunt stubs,”IEEE Trans. Microwave
Theory Tech., voo. 41, pp. 38–44, Jan. 1993.

[11] N. Dib, M. Gupta, G. E. Ponchak, and L. P. B. Katehi, “Characteri-
zation of asymmetric coplanar waveguide discontinuities,”IEEE Trans.
Microwave Theory Tech., vol. 41, pp. 1549–1558, Sept. 1993.

[12] A. Sheta, K. Hettak, J. P. Coupez, C. Person, S. Toutain, and J. P.
Blot, “A new semi-lumped microwave filter structure,” inIEEE MTT-S
Microwave Symp. Dig., 1995, pp. 383–386.



HETTAK et al.: USEFUL NEW CLASS OF CPW SHUNT STUBS 2349

[13] M. Naghed, B. Hopf, and I. Wolff, “Field theoretical broadband mod-
eling of coplanar lumped elements and their application in (M)MIC
bandpass filters,” in26th EuMC, 1996, pp. 991–995.

[14] T. M. Weller, L. P. B. Katehi, and G. M. Rebeiz, “High performance
microshield line components,”IEEE Trans. Microwave Theory Tech.,
vol. 43, pp. 534–543, Mar. 1995.

[15] K. Hettak, T. Le Gouguec, J. P. Coupez, S. Toutain, S. Meyer,
and E. Penard, “Very compact low-pass and bandpass filters using
uniplanar structures,” inProc. 23rd European Microwave Conf., 1993,
pp. 238–239.

[16] Y. Qian and E. Yamashita, “A 60-GHz imaging array using CPW-fed
twin-slots on multilayered substrates,” inIEEE MTT-S Int. Microwave
Symp. Dig., 1996, pp. 1007–1010.

[17] S. Kanamaluru and K. Chang, “Coplanar waveguide lowpass filter using
open circuit stubs,”Microwave Opt. Technol. Lett., vol. 6, pp. 715–717,
Sept. 1993.

[18] S. V. Robertson and L. P. B. Katehi, “W -band microshield low pass
filters,” in IEEE MTT-S Int. Microwave Symp. Dig., 1994, pp. 625–628.

[19] W. Menzel, H. Schumacher, and W. Schwab, “Compact multilayer filter
structures for coplanar MMIC’s,”IEEE Microwave Guided Lett., vol. 2,
pp. 497–498, Dec. 1992.

[20] A. Omar and Y. Chow, “A Solution of coplanar waveguide with
airbridges complex images,”IEEE Trans. Microwave Theory Tech., vol.
40, pp. 2070–2077, Nov. 1992.

[21] J. Yook, N. Dib, and L. P. B. Katehi, “Characterization of high-frequency
interconnects using finite difference time domain and finite element
methods,”IEEE Trans Microwave Theory Tech., vol. 42, pp. 1727–1736,
Sept. 1994.

[22] G. Matthaei, L. Young, and E. Jones,Microwave Filters, Impedance-
Matching Networks, and Coupling Structures. Norwood, MA: Artech
House, 1980.

[23] D. F. Williams and S. E. Schwarz, “Design and performance of coplanar
waveguide bandpass filters,”IEEE Trans. Microwave Theory Tech., vol
31, pp. 558–566, July 1983.

[24] K. Wada, I. Awai, and Y. Yamashita, “ Characteristics of�g=4 CPW
resonators with TAP-excitation and their application to bandpass filters,”
in IEEE MTT-S Int. Microwave Symp. Dig., 1997, pp. 717–720.

[25] F. Mernyei, I. Aoki, and H. Matsuura, “MMIC bandpass filter using
parallel-coupled CPW lines,”Electron. Lett., vol. 30, pp. 1862–1863,
1994.

[26] T. M. Weller, K. Herrick, and L. P. B. Katehi, “Quasi-static design
technique for mm-wave micromachined filters with lumped elements
and series stubs,”IEEE Trans. Microwave Theory Tech., vol. 45, pp.
931–938, June 1997.

Khelifa Hettak was born in Tizi Ouzou, Algeria, in
1966. He received the Dipl.-Ing. (with distinction)
in telecommunications from the University of Al-
giers, Algeria, in 1990, the D.E.A. degree in signal
processing and telecommunications from University
of Rennes 1, France, in 1992, and the Ph.D. degree
in signal processing and telecommunications (with
the highest distinction) from the Ecole Nationale
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Supérieure des T´elécommunications (ENST), Brest, France, where he was
Head of the Microwave and Optic Department from 1980 to 1996. Since June
1993, he has also been the Director of the Electronics and Telecommunica-
tions Systems Laboratory (LEST). His research interests include MMIC’s
for wireless communications, quasi-optical techniques, nonlinear analysis
of microwave circuits, development and characterization of microwave and
millimeter printed circuits, hybrid fiber-optic wireless communication systems,
and smart antennas.


