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Abstract—This paper presents a novel photonic bandgap (PBG)
structure for microwave integrated circuits. This new PBG struc-
ture is a two-dimensional square lattice with each element consist-
ing of a metal pad and four connecting branches. Experimental
results of a microstrip on a substrate with the PBG ground
plane displays a broad stopband, as predicted by finite-difference
time-domain simulations. Due to the slow-wave effect generated
by this unique structure, the period of the PBG lattice is only
0:1�0 at the cutoff frequency, resulting in the most compact
PBG lattice ever achieved. In the passband, the measured slow-
wave factor (�=k0) is 1.2–2.4 times higher and insertion loss is
at the same level compared to a conventional 50-
 line. This
uniplanar compact PBG (UC-PBG) structure can be built using
standard planar fabrication techniques without any modification.
Several application examples have also been demonstrated, in-
cluding a nonleaky conductor-backed coplanar waveguide and a
compact spurious-free bandpass filter. This UC-PBG structure
should find wide applications for high-performance and compact
circuit components in microwave and millimeter-wave integrated
circuits.

Index Terms— Bandpass filter, conductor-backed coplanar
waveguide, photonic bandgap, slow-wave factor.

I. INTRODUCTION

RECENTLY, there has been much interest in the field of
photonic bandgap (PBG) engineering [1], [2]. Extensive

studies have been conducted in applying the PBG phenomena
for practical uses both in the optical regime and microwave
and millimeter-wave domains [3]–[5]. Applications of PBG
materials at microwave frequencies have been proposed, such
as microstrip antennas [6]–[8], resonant cavities, and filters [9].
Microstrip lines with periodic elements etched in the ground
plane have been found to behave like a PBG structure with
forbidden bands for electromagnetic transmission [10]. This
type of PBG structure has been employed for harmonic tuning
in a broad-band power amplifier [11].

Practical application of a PBG structure usually has diffi-
culty in accommodating its physical size since the period of
a PBG lattice has to be a half-wavelength at the stopband
frequency. Recently, a compact PBG structure consisting of
small metal pads with grounding vias has been demonstrated
to improve the performance of a patch antenna [12]. In this
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paper, we present another new concept of the PBG struc-
ture for planar microwave circuits. This uniplanar compact
PBG (UC-PBG) structure is realized with metal pads etched
in the ground plane connected by narrow lines to form a
distributed LC network. Vias holes or multilayer substrates
are not required in this novel PBG structure. A distinctive
stopband over a wide range of frequency is observed and the
measurement results agree with finite-difference time-domain
(FDTD) simulations.

Another unique feature of this new PBG structure is the
realization of a slow-wave microstrip line with low insertion
loss. Slow-wave-mode propagation is of great interest for
its use in reducing the dimension of distributed compo-
nents in integrated circuits. Slow-wave transmission lines
such as a metal–insulator–semiconductor (MIS) structure have
been extensively investigated [13], [14]. However, MIS struc-
tures have disadvantages including large ohmic loss and low
impedance, which cause difficulties in high-frequency ap-
plications [15]–[17]. In this paper, the slow-wave effect is
verified when investigating the propagation characteristics of
a UC-PBG structure in the passband. The advantages of low
loss, moderate impedance, and uniplanar features make the
UC-PBG structure a very promising candidate as a slow-wave
transmission line.

This paper presents both basic characteristics and applica-
tions of this new uniplanar compact PBG structure. Design of
the UC-PBG structure is introduced in Section II, where the
geometry of the PBG lattice is illustrated. A numerical method
(FDTD) is applied to characterize the proposed structure, and
simulation results are shown in Section III. Experimental data
including stopband and slow-wave properties are discussed
in Section IV. Two application examples are demonstrated in
Section V, followed by conclusions in Section VI.

II. DESIGN

Fig. 1(a) shows the schematic of the proposed PBG structure
patterned in the ground plane of a microstrip line. Each
element of this PBG lattice consists of a square metal pad
with four connecting branches, as shown in Fig. 1(b). These
narrow branches, together with insets at connections, introduce
additional inductance seen by the microstrip, and the gaps
between neighboring pads enlarge capacitance. The series
reactive elements combined with the shunt capacitances de-
termine the propagation constant, which is much larger than
that of a conventional microstrip line. When the stopband
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(a)

(b)

Fig. 1. (a) Schematics of microstrip line on the UC-PBG ground plane. (b)
Details of one unit of the two-dimensional PBG lattice.

condition ( , is the propagation constant andis the
lattice period) is satisfied, the propagation of the quasi-TEM
mode along the microstrip line will be prohibited, resulting
in a deep stopband in its transmission coefficient (). Since
the propagation constant () is increased significantly in this
structure, as will be shown later, we expect that it will be an
ideal candidate for designing very compact PBG structures.
It can also be predicted that the conductor loss will not
be increased by the PBG structure because the lattice is
constructed in the ground plane where the current density is
not highly concentrated.

III. N UMERICAL SIMULATION

The FDTD method is applied to simulate the proposed
structure shown in Fig. 1. The simulation model consists of
a microstrip line with a 3 6 lattice of the UC-PBG as
its ground plane. The substrate used is RT/Duroid 6010 with
a dielectric constant of 10.2 and thickness of 25 mil. The
microstrip width is 24 mil, corresponding to a 50-line on
a conventional, unperturbed ground plane. The metal pad and
inductive branch have the following dimensions:

1) mil;
2) mil;
3) mil;
4) mil.

Another parameter is the alignment offset between the mi-
crostrip and PBG lattice, which ranges from 0 to , and
periodically repeats anywhere else.

(a)

(b)

Fig. 2. (a) FDTD simulation results ofS-parameters of the microstrip on
the PBG ground plane. (b) Dependence ofS21 on the alignment offset.

Fig. 2(a) shows the simulation results of the-parameters.
A distinctive stopband has been observed at frequencies above
10 GHz, where the transmission coefficient () is lower than
20 dB, except for a small passband at 15–16 GHz. No ripples
of have been found in the passband, which is favorable
to filter applications. The return loss ( ) is close to 0 dB
in the stopband, indicating little radiation loss, thus verifying
the PBG property. It is also important to see sensitivity of the
stopband behavior to the alignment offset (). Fig. 2(b) shows
simulation results of the dependence of for three cases
where , , and , respectively. Although the depth
and width of the stopband varies with, a distinctive stopband
always exists. The band edge is around 10 GHz for all three
cases, showing that the PBG effect is relatively insensitive to
the alignment offset between the microstrip and PBG lattice
in the ground plane.

IV. EXPERIMENTAL RESULTS

A 24-mil-wide 1-in-long microstrip on the UC-PBG ground
plane has been fabricated and tested. The PBG section is
720-mil long, which corresponds to six periods. A short
length (140 mil) of solid ground plane has been included at
each end of the microstrip line to facilitate the connection
with subminiature A (SMA) connectors. The effect of these
two short pieces of normal 50- microstrip lines has been
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(a)

(b)

Fig. 3. Photographs of the fabricated microstrip line on the UC-PBG ground
plane. (a) Top view. (b) Bottom view.

included in the FDTD simulation. Figs. 3 and 4 show the
photographs and measurement results of the proposed PBG
structure, respectively. Fig. 4(a) displays the return loss of the
microstrip line on the UC-PBG ground plane. The measured
insertion loss of a conventional microstrip line with the same
length (1 in) has been plotted for comparison in Fig. 4(b). As
can be seen, excellent agreement between the measurement
and FDTD prediction has been obtained. The slight difference
might be due to overetching and the effect of SMA connectors.
As shown in Fig. 4(b), the insertion loss of the proposed PBG
line is low and comparable to that of a conventional microstrip
line, indicating that the line impedance is close to 50.

Fig. 5 displays the slow-wave factor of this UC-PBG
structure in conjunction with that of a conventional microstrip
line. It can be observed that the slow-wave effect is significant
even at very low frequencies and the slow-wave factor
has been found to be 1.2–2.4 times higher than that of an
ordinary 50- line. It is believed that the slow-wave factor
can be further enlarged by controlling each element in the
PBG structure. It was also found that the variation of the slow-
wave factor is less than 5% for different alignment offsets
between the microstrip and PBG lattice, which is advantageous
for practical applications.

Additionally, the fact that the UC-PBG structure is well
matched over a wide range of frequency can be explained by
the relatively constant characteristic impedance. At frequencies
lower than the stopband, inductance and capacitance seen by
the microstrip increase simultaneously and keep the impedance
at a constant level. Unlike the case of other slow-wave
structure, such as MIS transmission lines, the problem of

(a)

(b)

Fig. 4. Comparison of simulation and measurement results of: (a)S11 and
(b) S21 of the microstrip line on the UC-PBG ground plane.

Fig. 5. Slow-wave factor of a microstrip line on the UC-PBG ground plane
in comparison with a conventional microstrip line.

low characteristic impedance does not exist here. The UC-
PBG structure exhibits the same slow-wave effect as for a
conventional microstrip line with a higher dielectric constant,
but without major consequential increase in conductor loss. For
example, the conductor loss of a 50-line on the UC-PBG
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Fig. 6. The structure view of a conventional CB-CPW.

ground is 0.17 dB/in at 6 GHz. On the other hand, the
conductor loss of a conventional microstrip line with the same
impedance and propagation constant would be 0.46 dB/in,
since the microstrip width has to be reduced substantially
to keep the line impedance at 50 due to an increase of
the dielectric constant of the substrate. The MIS structures
with low characteristic impedances also face the necessity of
using accurate photolithography for very fine features [17].
The microstrip integrated with the UC-PBG ground plane
demonstrates the advantages of low loss, moderate impedance
level and simple fabrication process, which can be exploited
to build a new type of slow-wave structure.

V. APPLICATIONS

A. Nonleaky CB-CPW

Coplanar waveguide (CPW) has been investigated com-
prehensively for applications both in microwave integrated
circuits (MIC’s) and monolithic-microwave integrated circuits
(MMIC’s) since its first introduction [18], [19]. The conven-
tional CPW is often backed with another ground plane to
increase mechanical strength, realize mixed CPW microstrip
circuits, or provide a heat sink [20]. The conductor-backed
CPW (CB-CPW), however, will excite the parallel-plate mode
and deteriorate CPW performance. Several approaches have
been presented to overcome the leakage problem, such as using
posts to short the unwanted mode or using multilayered sub-
strates to shift the dispersion curve of the parallel-plate mode
[21]. However, a planar circuit is preferable for the fabrication
process of integrated circuits. The proposed UC-PBG structure
with a wide stopband can be easily etched in the top ground
planes of a CB-CPW circuit without using any extra masks
or via holes and, therefore, is very promising for stopping the
power leakage due to the parallel-plate mode.

Fig. 6 shows the schematic of a conventional CB-CPW,
where an additional ground plane is added to the back of a
conventional CPW. A parallel-plate waveguide will be formed
between top and bottom ground planes. The energy will leak
along a particular angle once the wave is launched. This
leakage is significant even at low frequencies, which will cause
a severe effect, such as crosstalk, with neighboring circuits.
The wide stopband of a UC-PBG structure can be used to
suppress the propagation of this parallel-plate mode. Fig. 7(a)

(a)

(b)

Fig. 7. (a) Schematic of the proposed nonleaky CB-CPW with the UC-PBG
structure in the ground planes. (b) Photograph of the fabricated nonleaky
CB-CPW.

Fig. 8. MeasuredS21 of the fabricated nonleaky CB-CPW. The insertion
losses of the conventional CPW and CB-CPW are also shown for comparison.

and (b) shows the schematic and photograph of the nonleaky
CB-CPW, where the UC-PBG lattice is constructed into the top
ground planes. The measured transmission coefficient ()
of the proposed nonleaky CB-CPW is displayed in Fig. 8,
together with the measured of a conventional CPW as well
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as a CB-CPW. It is found that for a conventional CB-CPW,
the leakage is significant at all frequency ranges. Meanwhile,
the insertion loss of a conventional CPW is relatively low
as expected at frequencies below 13 GHz, and starts rippling
at higher frequencies due to the reflections caused by SMA
connectors.

As shown by the solid curve in Fig. 8, for the proposed CB-
CPW with a UC-PBG lattice, power leakage is still present in
the range between dc and 9 GHz, which is the passband of the
PBG structure. However, the insertion loss has been improved
significantly and is comparable to that of a conventional CPW
between 9–14 GHz, indicating that the leakage loss has been
suppressed almost completely at that frequency range that
corresponds to the stopband of the UC-PBG structure. This
novel CB-CPW structure shows great potential for applications
in various types of CPW-based circuits, such as CPW-fed slot
antennas.

B. Compact Microstrip Bandpass Filters (BPF’s) with
Intrinsic Spurious Suppression

Microstrip BPF’s are widely used in microwave integrated
circuits [22]. Conventional parallel-coupled BPF’s, however,
present spurious passbands at harmonic frequencies, which
tend to degrade the performance of the overall RF system.
Extra filters are usually required to suppress spurious trans-
missions and, as a consequence, the insertion loss will be
increased. The advantages of the UC-PBG can be applied to
construct a compact microstrip BPF with intrinsic spurious
rejection. First of all, the well-matched microstrip on the
UC-PBG ground plane is appropriate for the use as a low-
loss transmission line. Second, the wide and deep stopband
of the UC-PBG structure can be employed to suppress the
spurious passbands at higher harmonics. Since the stopband is
intrinsic, extra filters are not required. Furthermore, the slow-
wave effect reduces the physical length of the filter circuit
integrated with the UC-PBG structure.

Fig. 9 shows the schematic and pictures of a parallel-
coupled BPF using the UC-PBG structure in the ground plane.
The design of the parallel-coupled BPF follows the standard
procedures in the literature [23]. The BPF is designed with four
coupling sections, a 0.5-dB equal-ripple response, and a center
frequency of 6 GHz. The dimensions of the coupled-lines are

mil, mil, mil, and mil.
The width of microstrip feed lines is 24 mil, corresponding
to a 50- microstrip line on a conventional ground plane.
The normalized propagation constant is measured to
be 3.97 at 6 GHz, and the physical length of the coupled-lines
section ( and ) is 145 mil, which is 20% shorter than that
of a conventional quarter-wavelength line.

Fig. 10 shows the results of the proposed PBG BPF. For
comparison, the insertion loss of a conventional edge-coupled
BPF is also plotted. As can be seen, the measured transmission
coefficients of a conventional BPF are10 dB and 5
dB at 12 and 17 GHz, respectively. On the other hand,
the experimental result of the BPF on a UC-PBG ground
shows a 30–40-dB suppression of the spurious response. It
should be mentioned here that in designing the PBG BPF

(a)

(b) (c)

Fig. 9. Microstrip BPF on the UC-PBG ground (a) Schematic. (b) Top view.
(c) Bottom view.

Fig. 10. MeasuredS-parameters of the fabricated PBG BPF. TheS21 of a
conventional BPF is also plotted for comparison (indicated by BPF/REF).

at center frequency of 6 GHz, the lengths of the microstrip
resonators have been scaled appropriately according to the
slow-wave factor. On the other hand, the coupling gaps
were kept unchanged. This explains the increased fractional
bandwidth (21.6%) of the PBG filter and a slower rolloff.
The bandpass characteristics can be improved by optimizing
the coupling coefficients between the resonators in a similar
manner to conventional BPF design. The minimum insertion
loss of the PBG filter is 1.9 dB at 6.39 GHz, which includes
the effect of two SMA connectors. The passband loss is
comparable to that of a conventional BPF, as can be observed
in Fig. 10.
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VI. CONCLUSION

A new type of two-dimensional PBG structure is presented
for applications in microwave circuits. This novel structure
has a wide stopband and compact size, as well as a uniplanar
configuration, which can be easily incorporated into the ground
planes of microstrips or any other planar structures. The broad
stopband and the slow-wave effect of the UC-PBG structure
have been employed to design a nonleaky CB-CPW and
a compact BPF with spurious-free response. This UC-PBG
structure will find many other applications in various areas,
such as compact antennas, surface wave suppression, and
harmonic tuning for microwave power amplifiers.

REFERENCES

[1] E. Yablonovitch, “Photonic band-gap structures,”J. Opt. Soc. Amer. B,
Opt. Phys., vol. 10, pp. 283–295, Feb. 1993.

[2] J. D. Joannopoulos, R. D. Meade, and J. N. Winn,Photonic Crystals.
Princeton, NJ: Princeton Univ. Press, 1995.

[3] D. F. Sievenpiper, M. E. Sickmiller, and E. Yablonovitch, “3D wire
mesh photonic crystals,”Phys. Rev. Lett. B, Condens. Matter, vol. 76,
pp. 2480–2483, Apr. 1996.

[4] J. Shumpert, T. Ellis, G. Rebeiz, and L. Katehi, “Microwave and
millimeter-wave propagation in photonic bandgap structures,” inIEEE
AP-S/URSI Symp. Dig., 1997, p. 678.

[5] Y. Qian, V. Radisic, and T. Itoh, “Simulation and experiment of photonic
bandgap structures for microstrip circuits,” inIEEE APMC. Symp. Dig.,
Hong Kong, Dec. 2–5, 1997, pp. 585–588.

[6] E. R. Brown, C. D. Parker, and E. Yablonovitch, “Radiation properties
of a planar antenna on a photonic-crystal substrate,”J. Opt. Soc. Amer.
B, Opt. Phys., vol. 10, pp. 404–407, Feb. 1993.

[7] M. M. Sigalas, R. Biswas, and K. M. Ho, “Theoretical study of dipole
antennas on photonic band-gap materials,”Microwave Opt. Technol.
Lett., vol. 13, pp. 205–209, Nov. 1996.

[8] H. Y. D. Yang, N. G. Alexopoulos, and E. Yablonovitch, “Photonic
bandgap materials for high-gain printed circuit antennas,”IEEE Trans.
Antenna Propagat., vol. 45, pp. 185–187, Jan. 1997.

[9] R. D. Meade, K. D. Brommer, A. M. Rappe, and J. D. Joannopoulos,
“Photonic bound states in periodic dielectric materials,”Phys. Rev. B,
Condens. Matter, vol. 44, pp. 13772–13774, Dec. 1991.

[10] V. Radisic, Y. Qian, R. Coccioli, and T. Itoh, “Novel 2-D photonic
bandgap structure for microstrip lines,”IEEE Microwave Guided Wave
Lett., vol. 8, pp. 69–71, Feb. 1998.

[11] V. Radisic, Y. Qian, and T. Itoh, “Broad-band power amplifier integrated
with slot antenna and novel harmonic tuning structure,” inIEEE MTT-S.
Symp. Dig., Baltimore, MD, June 7–12, 1998, pp. 1895–1898.

[12] Y. Qian, D. Sievenpiper, V. Radisic, E. Yablonovitch, and T. Itoh, “A
novel approach for gain and bandwidth enhancement of patch antennas,”
in IEEE RAWCON Symp. Dig., Colorado Springs, CO, Aug. 9–12, 1998,
pp. 221–224.

[13] H. Hasegawa, M. Furukawa, and H. Yanai, “Properties of microstrip
line on Si-SiO2 system,”IEEE Trans. Microwave Theory Tech., vol.
MTT-19, pp. 869–881, Nov. 1971.

[14] T. C. Mu, H. Ogawa, and T. Itoh, “Characteristics of multiconduc-
tor, asymmetric, slow-wave microstrip transmission line,”IEEE Trans.
Microwave Theory Tech., vol. MTT-34, pp. 1471–1477, Dec. 1986.

[15] Y. R. Kwon, V. M. Hietala, and K. S. Champlin, “Quasi-TEM analysis
of “slow-wave” mode propagation on coplanar microstructure MIS
transmission lines,”IEEE Trans. Microwave Theory Tech., vol. MTT-35,
pp. 545–551, June 1987.

[16] H. Ogawa and T. Itoh, “Slow-wave characteristics of ferromagnetic
semiconductor microstrip line,”IEEE Trans. Microwave Theory Tech.,
vol. MTT-34, pp. 1478–1482, Dec. 1986.

[17] F. Huang, “Novel slow-wave structure for narrow-band quasitransversal
filters,” Proc. Inst. Elect. Eng., vol. 142, pp. 389–393, Oct. 1995.

[18] C. P. Wen, “Coplanar waveguide, a surface strip transmission line
suitable for nonreciprocal gyromagnetic device applications,” inIEEE
G-MTT Symp. Dig., Dallas, TX, May 5–7, 1969, pp. 110–115.

[19] K. C. Gupta, R. Garg, I. Bahl, and P. Bhartia,Microstrip Lines and
Slotlines. Norwood, MA: Artech House, 1996.

[20] H. Shigesawa, M. Tsuji, and A. A. Oliner, “Conductor-backed slot line
and coplanar waveguide: Dangers and full-wave analyzes,” inIEEE
MTT-S Int. Microwave Symp. Dig., New York, May 25–27, 1988, pp.
199–202.

[21] Y. Liu, K. Cha, and T. Itoh, “Nonleaky coplanar (NLC) waveguides
with conductor backing,”IEEE Trans. Microwave Theory Tech., vol.
43, pp. 1067–1072, May 1995.

[22] T. Edwards,Foundations for Microstrip Circuit Design. New York:
Wiley, 1992.

[23] D. M. Pozar,Microwave Engineering. Reading, MA: Addison-Wesley,
1990.

Fei-Ran Yang (S’96) was born in Taichung,
Taiwan, R.O.C., in 1972. He received the B.S.
degree in communication engineering from the
National Chiao Tung University, Hsinchu, Taiwan,
R.O.C., in 1993, the M.S. degree from The
University of Michigan at Ann Arbor, in 1996,
and is currently working toward the Ph.D. degree in
electrical engineering at the University of California
at Los Angeles.

His research interests include microwave/
millimeter-wave integrated circuits and devices.

Mr. Yang was the recipient of the 1998 Japan Microwave Prize presented
at the Asia–Pacific Microwave Conference.

Kuang-Ping Ma was born in Miao-Li, Taiwan,
R.O.C., in 1967. He received the B.S. degree in
aeronautics and aerospace engineering from the
National Chen Kung University, Taiwan, R.O.C.,
in 1989, the M.S degree in mechanical engineer-
ing from the National Taiwan University, Taiwan,
R.O.C., in 1991, the M.S. degree in electrical engi-
neering from the University of Missouri, Rolla, in
1995, and the Ph.D degree in electrical engineering
from the University of California at Los Angeles in
1999.

His current interest is in wireless technology.

Yongxi Qian (S’91–M’93), for photograph and biography, see this issue, p.
1424.

Tatsuo Itoh (S’69–M’69–SM’74–F’82–LF’94), for photograph and biogra-
phy, see this issue, p. 1425.


