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Essential parameter in the formation of photonic band gaps
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It is generally believed that the spatial periodic variation of a dielectric constantefractive index/ue
can give rise to photonic band gaps. However, through microwave experiments of microstrip lines with a
periodic array of holes, we demonstrate that the wave impedance, which deper@s @nis an essential
parameter, giving photonic band gaps rather than the refractive index. We explain physically the effect of the
magnetic permeabilityx on photonic band gaps, already reporte®fl 063-651X%99)08904-7

PACS numbeps): 42.70.Qs, 42.25.Bs, 78.96t

Periodic dielectric structure@hotonic crystalsthat ex- A schematic of a PBG single mode microwave wave-
hibit electromagnetic stop bandphotonic band gaps, i.e., guide, employed in this study, is shown in Fig. 1. The start-
PBG'’s) have attracted much attention because of their abilityng material was a microstrip line composed of RT/duroid
to control the propagation of electromagnetic wite3]. It 6010 with dielectric constant of 10.2- and 0.635-mm thick-
has been known that a strong periodic variation in the dielechesses, and 3am-thick copper layers coated on both sides
tric constant or refractive index gives rise to photonic bandPf dielectric. A periodic array of square holes, not a periodic
gaps[3]. The concept of a photonic crystal has been rapidiyarray of circular holes, was introduced into the strip line, for
extended to other materigé,5]. Recently, there has been an the convenience of method of momeritdoM) simulation

increasing interest in microwave and millimeter-wave appli-[lz]- The defect was created by increasing the distathce
cations of PBG structures using microstris-g|. A micros- between the centers of the fourth and fifth holes. The holes in

trip line has been used as a waveguide or a transmission li %? strip rl]'.ne W?Le detchedl by using trllte cqr}V('[aT.tl?]Tal photo-
in microwave integrated circuits. It consists of a low-loss |+ 1odraphic method, employing an uftraviolet ignt source,

insulating substrate sandwiched between a metal groun'(:)‘ZCI etchant, and photore5|st.AHP_8753 Network Analyzer
was used to measure the transmitted spectra through the

plane gnd a metal strip line, as shown in Fig. .1' .Microan?%aveguide. Two 53 microstrip lines at both ends was in-
are guided through the substrate along the strip line reﬂeCt'ngorporated in order to contact with the input and the output
between two metal walls. In contrast with a parallel metaltip of the network analyzer

plate waveguide, the boundary condition§ of microstrip line Figures 2a) and Zb) show the measured spectra of trans-
do not allow pure TEM modes, but quasi-TEM modes; thepjtted microwaves when the microstrip lines have a periodic
longitudinal components of electric and magnetic fields argyray of square holes and a defectdef 7.0 mm, as shown
significantly small, but not vanishingly so. The introduction jn the insets of the figure. The strip line with the periodic
of a periodic array of holes in the strip line can affect thearray exhibited a PBG between 9.85 and 13.54 GHz. The
modes of a guided microwave, because the geometry of th@troduction of the defect created a single transmission mode
waveguide periodically changes along the strip line. Becaus@ the PBG. We have observed, as the defect lemgth-

of the translational symmetry along the strip line, the guidectreases, that the frequency of the defect mode shifted to a
mode can be characterized by wave vector limited to a valuwer frequency from the upper band edge, and that the
between— 7/a and w/a, wherea is the spatial period of the width of the PBG became wider. When the defect length was
array of holed9]. Coupling between the modes ata and 6.5 mm, the frequency of the defect mode was located near
— mr/a due to the periodic perturbation can create a splittinghe center of the gap. The transmission spectrum through the
of the lowest-order quasi-TEM modes at the Brillouin zonewaveguide ofd=7.0 mm was simulated with a commercial
edge, and the splitting is called the PBG. A wave cannot
propagate along the modulated strip line when its frequency d
lies within the gap, because there are no such allowed propa- L/7.
gating states. The concept of a defect in semiconductors,
which gives rise to an isolated energy level within its energy
band gap, is also applicable to the artificial periodic struc-
ture. A defect state in the PBG can be created by locally
breaking the periodicity of the structuf&0]. Since the de-

fect state is strongly localized about the local defect, a point 4 -
defect can act like a microcavif@]. Furthermore, it is pos-

sible to optimize the performance of a single mode wave- FIG. 1. Schematic of photonic band gap single mode microwave
guide by choosing an appropriate defect size, since the fravaveguidea is the hole periodd the defect lengthl, the width of
guency of defect state depends on the defect[dizg square holew the waveguide width, ant the substrate thickness.

a=4mm
w=5mm
=3 mm
t=2mm

h =0.635 mm
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defect.(b) The measured and simulated spectra of transmitted mi- 5 6 7 8 9 10 11 12 13 14 15
crowaves when the defect lengtk=7.0 mm. The insets denote the Frequency (GHz)

corresponding schematics of the strip lines.

MoM simulator of ENSEMBLE Version 4.0, and the result is mez;Gu'rjd g‘:}gzi?;ﬁ;?ggsf;hf ex;??rr]lmtental a_rtrtar;ge_mén)tThe h
shown along with the experimental measurement in Fig pectra ot the fransmitied microwave when

2(b). The results are in excellent agreement, and their dist-he substrate is the air.

crepancy is within 1%. . . ._wheree; and e, are the relative permittivities of the sub-
When a voltage wave of microwave frequency is app“edstrate and surrounding medium, respectively, with 1 the
to one end of the microstrip line, it propagates through the ’ ;

strip line toward the other end. Whenever it encounters in_relatlve permeability. The holes in the substrate periodically

terfaces between holes and metals perpendicular to th(éhange the value °§1. along the strip line, gnd so does th?
propagation direction, there will be both reflected and trans'Vavelength of the microwave. The holes in the metal strip
mitted waves. They interfere with each other, formingW'” also periodically vary the effective dielectric constant by
PBG's. Meanwhile, the electric field wave associated witheans of the metal widtiv. We have experimentally ob-
the voltage wave travels through the dielectric substrate i§€rved a PBG in a periodic array of holes both in the dielec-
the same manner as the voltage wave does. That is, the eldfic substrate and in the metal strip. However, the variation
tric field should be reflecte@ransmitted at the same mo- Of the effective dielectric constant cannot be achieved by any
ment when the voltage wave is reflect@chnsmitted, even  means where;=e€,=1, i.e., the substrate is the air, so that
though there are no holes in the substrate. Thus a PBG 130 PBG’s should be expected in this case. The experimental
created, as shown above. Let us consider the case of holegrangement with holes in the metal strip is shown in the
drilled in the substrate instead of the strip line. The electrigohotograph of Fig. @&). For the strip line, we used 18-
field wave should be reflected and transmitted at the intersm-thick commercial aluminum foil cut with a razor blade.
faces between holes and dielectric substrate, and the voltagée lateral dimensions of the metal strip are four times
wave in the strip line should follow the electric field wave larger, while the longitudinal ones along the propagation di-
even though there are no holes in the strip line. We thugection are fixed, compared with those shown in Fig. 1. The
anticipate exactly the same phenomena for both cases: holdistance between the metal strip and the ground plane was
in the strip line and in the substrate. Each case was corg&bout 1 mm. Itis very surprising that this structure exhibits a
firmed from the results of our experiment and that of Ref.PBG, as shown in Fig.(B). Again, the measured and simu-
[7], respectively. lated spectra of the transmitted wave are in excellent agree-

The detailed analysis shows that the wavelength of anent in the gap range. This experimental result cannot be
guided microwave through a microstrip line depends on thexplained in terms of the periodic arrangement of effective
effective dielectric constant of the substratg.;, €, being  dielectric constants alone. As the lateral dimensions de-
the vacuum permittivity.epe. for w/h=1 (see Fig. 1is  crease, the stop band shifts to a higher frequency. All these
given by[13] results imply that the geometry of the metal strip is inti-
mately related to the occurrence of a PBG. The PBG's for
microwaves can be simply and inexpensively made with
commercial aluminum foil and a razor blade.

€e1te, €€
2 2
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metal strip increases, the variation in the characteristic im-

~ 0 o pedance due to the geometrical factaw,h, may become
g 10 /\MJJ/\’\\ N AN ; olcn larger than that due to the dielectric constapt Then the
5 NNV VR 8 holes in the metal strip or in the ground plane can cause a
2 20 v o stronger modulation in the characteristic impedance than the
: | | .
Z -30 holes in the substrate. Previous wofks8| reported that, as
= 40 \ /«/ the hole radius increases, the PBG'’s created by holes in the

e ground plane are wider and deeper than those created by

s & 7 8 9 10 11 12 13 14 15 holes in the substrate. This shows that strong periodic varia-
Frequency (GHz) tion of the ch'aracteristic impeda}nce results in wider PBG'’s.
The PBG in our experiment is also larger than that gen-
FIG. 4. Measured spectra of a transmitted microwave travelingsrated by the holes in the substrate, and is nearly equal to the
through a region of the air between the metal strip and the groungne generated by holes of diameter 2.54 mm in the ground
plane. plane[8]. When the substrate is the air, E¢B. and(3) show
that there is a periodic variation in the characteristic imped-

|i:getohzvifc?giﬂeﬁﬂeca\f\/e; r\:\:)r:/srgois\i/ggra%e#gy:w:vzghce by means of the holes in the metal strip, although there
P P : is no periodic variation in the effective dielectric constant.

traveling through a region of the ar bgtween the metal Strlpl’his periodic change in the characteristic impedance was the
and the ground plane. The electric field of the microwave ason for the PBG's shown in Figs(bd and 4. It can be

oscillates perpendicularly to the ground plane, so that therE® . ) .
will be a voltage wave traveling through a metal strip with Seen more clearly in magnetic mat_en_al,a;(l) that the
holes. Whenever this voltage wave meets interfaces betwedlV€ impedance or the characteristic impedance should be
the metal and hole in the longitudinal direction, it should be@" important factor in PBG's. A study of the effect of mag-
reflected and transmitted. Accordingly, the electric fieldnetic permeability on PBG'’s showed that PBG's tend to dis-
wave would be reflected and transmitted, even though ther@ppear in the case where batlandu have maximum values
is not any interface to do so. We thus expect to see a PBG iift the same materials, and become wider in the opposite case
this case, too, and it is clearly seen in the experimental resuWwhere bothe and . have maximum values in different ma-
shown in Fig. 4. This experiment manifests that a PBG carterials[15]. This result cannot be understood in terms of the
be caused by a periodic change in metal width. periodic variation in the dielectric constant or refractive in-
Now we can safely say that the reflections and transmisdex. They are, however, easily explained by the wave imped-
sions of a microwave at a periodic array of interfaces giveance. Although there is a strong periodic variation in the
rise to a PBG, so that the bOUndary conditions at interface%fractive index\/ﬁ, there is a weak variation in the wave
must be one of the direct reasons for PBG’s. For ”Ormalmpedance [ule, in the former case, so that the PBG'’s tend

incidence, the reflected wave is given by to disappear. Meanwhile, the PBG’s become wider in the

— latter case, since there is a strong periodic variation in the
Vue'lu' e—1 . . T

rof= e Ejpc, (2) Wwave impedance, even though there is no variation in refrac-

Vue'lu' e+l tive index. We thus understand that the wave impedance

Jule must be an essential parameter, rather than the refrac-
tive index /e, in the formation of PBG’s. When Maxwell's
'é'quations are numerically solved, the dielectric constant af-
Tects the PBG’s by means afl/e, and the two effects are
the same whemu=1. We should note here that the wave

of wave impedancé d(_afined as/H, should be the impor- . iImpedance plays the essential role by means of the boundary
tant factor to be considered here, rather than the refractivVeyyitions at interfaces. but not through Maxwell's equa-

index yue. We also know that the geometry of the metal tions, in which the refractive index is important.
strip affects the PBG. The quantity, which is related to both | conclusion, we now understand the correct roles of the
Vule and the geometry of the metal strip, is the characterispoth dielectric constant and magnetic permeability in the for-
tic impedanceZ.=E/H or V/I of the microstrip line, well  mation of PBG’s by means of the characteristic impedance
known in microwave society. Whea=1, Z; forw/h=1is  of the microstrip line. In particular, this opens the possibility
given by[13] to use magnetic materials in various PBG structures, and
_ 1 leads to new microwave devices: filters, high quality resona-
Ze= ol €oer W/h+1.393+0.667 InNw/h+1.444] %, tors, frequency selective surfaces, efficient power amplifiers,
3 and antennas. These structures can provide a new method to

where V- Tee— is the effective wave impedance of the control Fhe transmiss_ion of micrqwaves in electric _cir_cuitg

: ol €o€eft P : and be incorporated into the design of novel monolithic mi-
dielectric substrate, andu/ €, the free space wave imped- crowave intearated circuits
ance, i.e., 377). €. is given by Eq.(1). Both holes in the 9 '
strip line and holes in the substrate make a periodic variation We thank W. J. Byun for helpful discussions. This work
in the characteristic impedance by meansapfand e;, re-  was supported in part by the Korea Science and Engineering
spectively. Also, holes in the ground plane can give the samEoundation through the Semiconductor Physics Research
effect on a guided microwavg8]. As the hole size in the Center at Jeonbuk National University.

whereE;, is the incident electric fielfill4]. Thee's andu’s
are the relative dielectric constants and relative magnetic pe
meabilities of the two materials, respectively. We thus be
lieve that the combination of u/ e, which has the dimension
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