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Abstract—Mushroom-like electromagnetic band-gap (EBG) face-wave suppression [12]-[15]. They have also been used as

structures exhibit unique electromagnetic properties that have led ground planes of spiral and curl antennas to achieve low profile
to a wide range of electromagnetic device applications. This paper designs [16], [17].

focuses on the reflection phase feature of EBG surfaces: when - . . .
plane waves normally illuminate an EBG structure, the phase Of all the interesting properties of metamaterials, the reflec-

of the reflected field changes continuously from 180 to -180° tion phase feature is of special interest. The reflection phase
versus frequency. One important application of this feature is that is defined as the phase of the reflected electric field at the re-
one can replace a conventional perfect electric conductor (PEC) flecting surface. It is normalized to the phase of the incident

ground plane with an EBG ground plane for a low profile wire e . .
antenna design. For this design, the operational frequency band electric field at the reflecting surface. It is known that the per-

of an EBG structure is defined as the frequency region within fect electric conductor (PEC) has a t&eflection phase for a
which a low profile wire antenna radiates efficiently, namely, normally incident plane wave, while the perfect magnetic con-
having a good return loss and radiation patterns. The operational dyctor (PMC), which does not exist in nature, has a reflection

frequency band is the overlap of the input-match frequency band - )0 £ 9. Much effort has been devoted to realize a PMC-like
and the surface-wave frequency bandgap. It is revealed that the )

reflection phase curve can be used to identify the input-match fre- Surface, and some progress has b(_aen achieved using hard and
quency band inside of which a low profile wire antenna exhibits a Soft surfaces [18], [19]. Recent studies on EBG structures have

good return loss. The surface-wave frequency bandgap of the EBG revealed that they can satisfy the PMC-like condition in a cer-
surface that helps improve radiation patterns is very close to its 4in frequency band [9], [10].

input-match frequency band, resulting in an effective operational
frequency band. In contrast, a thin grounded slab cannot work However, EBG structures are more than a PMC surface, as

efficiently as a ground plane for low profile wire antennas because €mphasized in this paper. The reflection phase of an EBG sur-
its surface-wave frequency bandgap and input-match frequency face varies continuously from 18@o —180° versus frequency,
band do not overlap. Parametric studies have been performed ¢ only 180 for a PEC surface or0for a PMC surface. This

to obtain design guidelines for EBG ground planes. Two novel . .
EBG ground planes with interesting electromagnetic features are reflection phase feature makes EBG surfaces unique. One po-

a|so presented_ The rectangu|ar patch EBG ground p|ane has ten“a”y ImpOI’tant app|lcat|0n Of thIS Surface |S |tS Usage as the
a polarization dependent reflection phase and the slotted patch ground plane of a wire antenna for a low profile design, which

EBG ground plane shows a compact size. is desirable in many wireless communication systems.
Index Terms—Electromagnetic band-gap (EBG) structures, low A question arises: what is the suitable frequency band of an
profile, reflection phase, wire antenna. EBG ground plane for low profile wire antenna applications?

This question is addressed by investigating a mushroom-like
EBG surface, as shownin Fig. 1. The mushroom-like structure is

_ o ~ known to have an effective bandgap for surface-wave propaga-
I N recent years, there has been increasing interest in afjn which can be useful to improve antenna radiation patterns.

ficial eIectroma_gnetic materials, such as photonic Crys""’]lﬁ)wever, the surface wave band gap cannot guarantee the ef-
[1], electromagnetic band-gap (EBG) structures [2], [3], andl¢tive radiation of a low profile wire antenna. This is because
double negative (DNG) materials [4]-[8]. These structures afgmpjicated interactions occur between the wire antenna and
broadly classified as metamaterials, and are typically realizgg, pg surface, and electromagnetic waves are not restricted

by periodic dielectric substrates and various metallization PRL surface waves that propagate in the horizontal plane. In light
terns [9]-[11]. Metamaterials exhibit novel electromagnetic fe§

I. INTRODUCTION

, . 1 this, a dipole antenna is horizontally positioned near the EBG
tr::]es W?'Ch Tay pot o.ccuhr In nature, anccij they havg Iedf.tolglm Srface, and its radiation performance is accurately character-
ge of applications in the antenna an propagaﬂqn ielas. F2L4 using the FDTD method. By observing both the return
example, EBG structures have been integrated with patch G5ses and radiation patterns of dipoles operating at different
tennas for enhanced performance due to the bandgap of

ur- : X .
?requenmes, one can find the useful operational frequency band
of the EBG surface. Since the surface-wave frequency bandgap
Manuscript received September 30, 2002; revised April 23, 2003. that improves radiation patterns has been thoroughly addressed
The authors are with the Department of Electrical Engineering, Universify [10] and [15], this paper focuses more on the frequency band
of California at Los Angeles, Los Angeles, CA 90095-1594 USA (e-mail; id f which t btai d ret | This i
ygfn@ee.ucla.edu; rahmat@ee.ucla.edu). inside of which an antenna obtains a good return loss. This is

Digital Object Identifier 10.1109/TAP.2003.817559 defined as the input-match frequency band. Obviously, the op-
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Moreover, some design guidelines for EBG surfaces are ob-
tained by performing parametric studies. The EBG patch width,
gap width, substrate permittivity, and substrate thickness are
each evaluated. In addition, two novel EBG surfaces are pre-
sented: one with a rectangular patch unit and the other with a
slotted patch element. The former shows a polarization depen-
dent reflection phase, while the latter has a compact size. Both
structures exhibit a good potential for future EBG applications.

Il. FREQUENCYBAND SELECTION FORLOW PROFILE WIRE
ANTENNA DESIGNS

A. Comparison of the PEC, PMC, and EBG Ground Planes

In wireless communications, it is desirable for antennas to
i be low profile. The low profile design usually refers to the an-

Top view >1gn |
tenna structures whose overall height is less than one tenth of the
patches Substrate (€) wavelength at the operating frequency. To this end, a dipole an-

=

L

tenna is horizontally positioned near a ground plane. The PEC,
vias e T R EhT) T B 5 -ﬁ[.

PMC, and EBG surfaces are each used as the ground plane to

Side view compare their capabilities for low profile antenna designs.
Ground Plane Fig. 2(a) shows a dipole antenna over a PEC or PMC ground
plane, and Fig. 2(b) shows a dipole antenna over the EBG
Fig. 1. Geometry of a mushroom-like EBG structure. ground plane. The dipole length is 0.49, ¢n, and its radius

is 0.005)\15 gH,, While \15 gu,, the free space wavelength at
erational frequency band is the overlap of the surface-wave fi¢ GHZ, is used as a reference length to define the physical
quency bandgap and the input-match frequency band. dimensions of various EBG and antenna structures studied in

Yet another question arises: can the reflection phase featf}is Paper- A finite ground plane with d;» grr, x 1 A2 Gra
9 b H} e is used in the analysis. The EBG structure has the following

be used to identify the input-match frequency band? The reason
) o i . - (g)arameters:
for this question is that it is computationally more efficient t
calculate the reflection phase of an EBG surface than to eval-
L - =0.12 2, g = 0.02 2, h=0.04 75
uate the radiation performance of several dipole antennas near 0 3‘12 Gy 9 =002 Aogry, b= 0.04 Az Grgy
the EBG surface. In this paper, the procedure to compute the re- " =0.005 A1z GHz, € = 2.20 1)
flection phase using the FDTD method is detailed. It is revealed

that the frequency region where the EBG surface has a reflectf$iereVv’ is the patch widthy is the gap widthi is the substrate
phase in the rang@0° + 45° is very close to the input-matchthmknessr is the radius of the vias, and is the substrate per-

frequency band. This isotthe frequency region where the EBGmittivity. These dimensions have been chosen as starting design

surface behaves like the PMC or PEC surface. The quadratic rameters. The height of the dipole over the top surface of the
flection phase allows a low profile wire antenna to obtain a go G ground plane is 0.021> an,. Thus, the overall height of

. . the dipole antenna from the bottom ground plane of the EBG
return loss. Thus, one can use the reflection phase curve to iden- . . .
. . structure is 0.06\,> g, The dipole height on the PEC and
tify the input-match frequency band of the EBG surface. .

. PMC ground plane is then set to 0.86, gy, SO that all three
It is observed that the surface-wave frequency bandgap

_ es have the same overall height.
the input-match frequency band are close to each other for g 3 compares the FDTD simulated return loss of a dipole

mushroom-like EBG surface so that an effective operational fr&ﬁtenna over a PEC, PMC, and EBG ground plane. The input
quency band can be obtained. However, it is not necessary g jance is matched to a 8Gransmission line. With the PEC
these two frequency bands are similar to each other for a g&fjtface as the ground plane, the return loss of the dipole is only
eral surface. To further appreciate this point, the performance s 45. This is because the PEC surface has & T8fection

of a low profile wire antenna on a thin grounded slab is evghase, so that the direction of the image current is opposite to
uated. In this case a high dielectric constant substrate has{gt of the original dipole. The reverse image current impedes
be used to achieve a quadratic reflection phase. Although the efficiency of the radiation of the dipole, resulting in a very
wire antenna shows a good return loss, the radiation pattefor return loss.

exhibit bifurcation in the broadside direction and the directivity \When the PMC surface, which has a reflection phasé ais0

is decreased due to strong surface waves. Thus, the input-maiséd as the ground plane the dipole has a return los$.afdB.
frequency band does not overlap the surface-wave frequenmyis is because a strong mutual coupling occurs between the
bandgap in the thin grounded slab case. As a result, there isim@age current and the dipole due to their close proximity, and
effective operational frequency band so that the thin groundg input impedance of the dipole is changed. Therefore, the
slab cannot work efficiently as the ground plane for low profilantenna cannot directly match well to aGQ@ransmission line.
wire antennas. It is realized that one can use a proper impedance transformer



YANG AND RAHMAT-SAMII: REFLECTION PHASE CHARACTERIZATIONS OF EBG GROUND PLANE 2693

Vo oy L Loy o o

T

@ (b)
Fig. 2. Dipole antenna over (a) the PEC or PMC ground plane or (b) the EBG ground plane.

Fig. 4(a). The parameters of the EBG surface are fixed and the
length of the dipole is changed. If the dipole length is changed,
it will resonate at different frequencies. Because the reflection
phase of the EBG surface changes with frequency, the return
loss of the dipole will change also. The dipole can achieve a
good return loss only when the EBG surface has a suitable re-
flection phase. In addition, the radiation patterns of the dipole
are calculated to evaluate the radiation efficiency. Therefore, by
observing the return loss and radiation patterns of the dipole at
different frequencies, one can find the useful operational fre-
quency band of the mushroom-like surface for low profile wire
antenna designs.

It should be emphasized that above operational frequency
band of the mushroom-like surface is the overlap of the sur-

S11 (dB)

10 12 {4 16 18 face-wave frequency bandgap and the input-match frequency
Freq (GHz) band. Since the surface-wave frequency bandgap that improves
radiation patterns has been investigated previously in [10] and
Fig.3. FDTD simulated return loss results of the dipole antenna over the PE&5]' this paper focuses more on the input-match frequency band

_30 I

PMC, and EBG ground planes. The dipole length is Q.40 1, and the overall

antenna height is 0.08,5 G- of the mushroom-like surface.

From the computational efficiency viewpoint, it is interesting
. . to know if one could directly use the reflection phase feature of
to Ob‘a”_‘ a gqod return loss of the dipole. “_"Ofeo"e“ the PMﬁge EBG structure to identify the input-match frequency band.
surface is an ideal surface that do_es not_ existin nature: To this end, a plane wave model is established in the FDTD
The best return loss 027 dB is achieved by the dipole m?thod to evaluate the reflection phase of the EBG surface, as
antenna over the EBG ground plane. The reflection phases own in Fig. 4(b). The total field/scattered field formulation
the EBG surface varies with frequency from 186 —180'. In is used to incorporate the plane wave excitation into the FDTD
a certain frequency band, the EB(.; su_rface successfully SENE&thod [20]. The plane wave is launched to normally illuminate
as the ground plane of a low profile dipole, so that the dipo fie EBG structure. The FDTD domain is divided into the total

antenna can radiate efficiently. From this comparison it can Eld region and the scattered field region separated by a virtual

seen that the EBG surface is a good ground plane candidatecf(g)lrmecting surface 0.4, c1, above the EBG bottom sur-

a low profile wire antenna design. face. A single unit of the EBG structure with periodic boundary
) _ ) conditions (PBC) on four sides is simulated to model an infinite

B. Frequency Band Selection and FDTD Simulation Models yeriggic structure. The perfectly matched layers (PML) are po-

For a mushroom-like surface, a frequency bandgap is defingitioned 0.55\;> ¢, above the EBG bottom surface.
in [10] using the dispersion diagram. However, this definition Since the EBG structure is embedded in the total field region,
only refers to surface waves that propagate in the horizonthe reflection phase cannot be directly computed from the re-
plane. In low profile wire antenna applications, such bandgélpcted field at the EBG top surface. To determine the reflection
definition is not applicable because complicated interactiopsase, an observational plane is set at O\b0gn, above the
occur between the antenna and the EBG surface, and elecBBG bottom surface so that it is in the scattered field region,
magnetic waves are not restricted to propagate in the horizordat the scattered fields at this plane are recorded. The scattered
plane. fields are integrated over the observational plane to determine

Therefore, to ensure that resulting EBG designs will meet thige reflected field in the far field region in the normal direction.
criteria of low profile antenna applications, an operational frés a reference, the scattered field from a PEC surface are also
quency band of an EBG surface is defined as the frequency calculated. The PEC surface is located at the same height of the
gion inside of which a low profile wire antenna radiates effiEBG top surface while the observational plane stays the same.
ciently with a good return loss and radiation patterns. In ordar the same manner, the reflected field from the PEC surface is
to find this operational frequency band, a horizontal dipole anemputed. Then, the reflected field from the EBG structure is
tenna is positioned very close to the EBG surface, as showrdimided by the reflected field from the PEC surface. A factor of
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Fig. 4. FDTD models for input-match frequency band selection of a mushroom-like EBG surface. (a) Low profile dipole antenna over a finite EBGageound pl
(b) Plane wave normally incident upon the EBG surface. In model (b), periodic boundary conditions (PBC) are put around the EBG cell to modelEBGnfinite
surface and perfect matched layers (PML) are positionedX,.5%:;, above the bottom surface of the EBG structure. A virtual surface is putQ 4@y, above

the EBG bottom surface to connect the total field region and the scattered field region. The reflected fields at an observational plang.860ove the EBG
bottom surface are recorded.
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Fig. 5. Comparison of two FDTD model results of the EBG surface described in (1). (a) Return loss of the dipole with its length varying fAam{i260

0.60\,> ¢u.. (b) Reflection phase of the EBG surface. The frequency band of the dipole model is 11.5-16.6 GHz accerdindBoreturn loss criterion. The
frequency band of the plane wave model is 11.3-16 GH266r+ 45° reflection phase region.

« is added to the phase to account for the reference of the PEGet to 0.02\5 ¢u,, Which is only one cell above the EBG
surface, which is known to have a reflection phase cddians. ground plane in the FDTD simulation. A finite EBG ground
The EBG reflection phase characterization obtained from thé&ane of 1\ 15 gu. X 1 A12 gu, iS used in the analysis, and the
above procedure follows the same methodology applied in [1d]pole is positioned in the center of the ground plane for sym-
[21], [22]. This model only depends on the EBG surface itselmetrical patterns. The dipole shows a return loss better than
The simulation results of the low profile dipole model and-10 dB from 11.5 to 16.6 GHz. Thus, the input-match fre-
plane wave illumination model are compared to each otherguency band is from 11.5 to 16.6 GHz.
order to establish a methodology as how to use the reflectionFig. 5(b) shows the reflection phase results of the plane wave

phase curve to identify the input-match frequency band. model. In contrast to the 180eflection phase of the PEC sur-
face and O reflection phase of the PMC surface, if one chooses
C. Frequency Band Results the 90° + 45° reflection phases as criterion for the EBG sur-

The EBG surface analyzed here has the same parameterfes, a frequency region from 11.3 to 16 GHz can be obtained,
(1). Fig. 5(a) shows the return loss results of a dipole with itghich is nearly the same frequency region as the input-match
length varying from 0.2815 gu, t0 0.60\1> ¢, The radius of frequency band.
the dipole remains 0.005,5 gy,. In order to locate the dipole  From these calculations, itis revealed that the reflection phase
very close to the EBG ground plane, the height of the dipofeature of an EBG surface can be used to identify the input-
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Fig. 6. Radiation patterns of three dipoles at their resonant frequenciés-plane pattern. (bj-plane pattern. The 0.48,> ¢u. dipole resonates at 12 GHz,
the 0.36A12 ¢u. dipole resonates at 13.6 GHz, and the 0\32 ¢ dipole resonates at 15.3 GHz. The radiation patterns show that dipoles radiate efficiently
throughout the frequency band in Fig. 5.
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Fig. 7. Positional effect of the dipole on the input-match frequency band selection of the EBG surface. (a) Various dipole positions (“+" réyeresemnés t
of the dipole). (b) Return loss of the dipole located at position C with its length varying fromXd=26y, to 0.60\12 gu.. The dipole can match well from
11.5-16.5 GHz that is very close to the result in Fig. 5(a) when the dipole is located at position A. Similar observations were made at the position B and D

match frequency band for low profile wire antenna applicationthe similar frequency region. It is important to point out that
The input-match frequency band is the frequency region whete input-match frequency band and the surface-wave frequency
the EBG surface shows areflection phase inthe range 45°.  bandgap are not necessarily to be close to each other for a gen-
The quadratic phase is necessary for a low profile wire antengial surface, which will be clarified in the Section I1.D.
to obtain a good return loss. The return loss results shown in Fig. 5(a) are for dipoles
The radiation patterns of dipole antennas on the EBG surfagbose centers are located between EBG patches at position A, as
are also calculated using the FDTD method. Fig. 6 displays bathown in Fig. 7(a). Dipoles with different center locations have
theE- andH-plane patterns of three dipole antennas at their raseen simulated to test the positional effect of the dipole model.
onant frequencies: 1) a 0.48; gu., dipole, which resonates atFig. 7(b) shows the return loss results of dipoles whose centers
12 GHz; 2) a 0.36\1> gu. dipole, which resonates at 13.6 GHzare located at position C. Although the return loss may change a
and 3) a 0.32\15 ¢, dipole, which resonates at 15.3 GHz. Ibitforeach dipole, it still exhibits a return loss better that0 dB
is observed that all dipoles have directivities around 8 dB. Tleside the input-match frequency band obtained in Fig. 5. Sim-
good radiation patterns benefit from the surface-wave frequendgtions of dipoles at positions B and D were performed, and
bandgap. As revealed in [15], the mushroom-like surface ethe same input-match frequency band results were observed. In
hibits a surface-wave frequency bandgap that has a similar paldition, it is worthwhile to point out that the ground plane size
sition as the input-match frequency band identified in Fig. 5(agffect was also considered. A2: gu. X 2 A12 ¢, EBG ground
Therefore, the operational frequency band of the mushroom-liglane was used in the dipole model, and the simulation results
surface, as the overlap of these two frequency bands, also pesvided the same input-match frequency band.
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Fig. 8. Comparison of two FDTD model results of the EBG surface described in (2). (a) Return loss of the dipole with its length varying fA\om 9,26
0.60 ¢ qu.. (b) Reflection phase of the EBG surface. The frequency band of the dipole model is 5.8-8.3 GHz accordifigli® return loss criterion. The
frequency band of the plane wave model is 5.7-8.0 GHa@dr+ 45° reflection phase region.
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Fig. 9. Comparison of two FDTD model results of the EBG surface with a high permittivity substrate: (a) return loss of the dipole with its lengtfrearying
0.48A12 gu, 10 0.68M12 g, and (b) reflection phase of the EBG surface. The frequency band of the dipole model is 7.2-8.3 GHz accerdingBoreturn
loss criterion. The frequency band of the plane wave model is 7.2—-8.6 GH8 fat- 45° reflection phase region.

To further verify the observation on the input-match frewhich low profile dipoles exhibit good return loss results. It is
guency band selection, two more cases are investigated. Tioiced that the bandwidth becomes narrower because the di-
first EBG case has the same dielectric constant as (1), but nelectric constant is increased.
the other parameters such as patch width, height, and gap widtMoreover, the input-match frequency band selection criteria
are doubled. They are listed below has been verified by experimental results of a low profile curl

W =0.12 X GHys § = 0.02 A6 GHg, b = 0.04 A6 GHys antenna over the EBG ground plane. A detailed description of
the curl antenna and the EBG ground plane design is published
7 =0.005 As ahz, € = 2.20. @ by the authors in [17]. The EBG structure has the same param-
X6 gH. IS the free space wavelength at 6 GHz. Fig. 8 shovesers as (2), and the frequency region where the EBG surface
the reflection phase results of the EBG surface and the retwhibits a reflection phase around®d6 used to achieve a good
loss results of dipoles with varying lengths from 0.26cr, return loss of the curl antenna. The satisfactory performance of
to 0.60\¢ cuz, and a fixed height of 0.02¢ ¢,. The dipole this antenna design demonstrates the usefulness of the selection
shows a good return loss from 5.8 to 8.3 GHz, which is close toiteria discussed earlier.
the frequency region (5.7-8.0 GHz, 33.5%) where the reflection
phase of the EBG surface is in the rafgé+45°. The radiation D. Thin Grounded High Dielectric Constant Slab
patterns are calculated and the results are similar to Fig. 6. ThiSft is instructive to compare the EBG surface with a thin

simulation also demonstrates that the EBG structure is Scalalﬁlﬁ)unded high dielectric constant slab. The reflection coef-

The second_ EBG.case has t.he. same parameters as (%)'ﬁ‘é?é'nt R of the grounded slab for a normally incident plane
cept that the dielectric constant is increased to 10.2. The dipgl&, .« can be calculated from the following equation:
length varies from 0.4815 g, t0 0.68)\ 15 gu., and the results '

are shown in Fig. 9. The frequency region of the reflection phase _ ercos(kih) — jsin (kih)

in the range0° + 45° is from 7.2 to 8.6 GHz (17.7%), inside — Jercos (kih) + jsin (k1h) ®)
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Fig. 10. Thin grounded high dielectric constant slab. (a) Reflection phase results. (b) Return loss results of the dipole near the slab withaitgitenidm
0.22A12 gz t0 0.34) 15 ¢u.. The dielectric constant of the substrate has to be increased to 20 in order to get a similar reflection phase as the EBG surface. The
dipole can obtain a good return loss in the frequency region where the slab has a reflection phase around 90
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Fig. 11. Radiation pattern comparison of dipoles near the thin grounded high dielectric constant slab and the EBG siEfatanég)attern. (bH-plane
pattern. The patterns are calculated at the resonant frequency of 13.6 GHz. Since the high dielectric constant substrate is used in the gradrstezhglab a
surface waves are excited, the dipole on the slab shows a lower gain and higher back lobe.

wheree,. is the dielectric constant of the substrdtés the thick- light of this, the radiation patterns of a dipole on the grounded
ness of the substrate, ahdis the wave number in the substrateslab are calculated and compared to a dipole on the EBG
Fig. 10(a) shows the reflection phase results of grounded slasface. Fig. 11 shows th& andH-plane pattern comparisons
compared to the EBG surface analyzed in Fig. 5. The thicknesfstwo dipoles: one is a 0.28;5 gu, dipole on the grounded
of the slab is 0.04\15 gu,, Which is the same as the EBG surslab withe, = 20, and the other is a 0.38,5 g, dipole on
face. When the slab has the same dielectric constant of 2.20res EBG surface. Both antennas resonate at 13.6 GHz with
the EBG surface, it shows a larger reflection phase than the EB&urn losses better than20 dB. The ground plane size is
surface. In order to obtain a similar reflection phase as the EBG\15 gu.x 1 A12 gu,. for both cases. The radiation patterns
surface, the dielectric constant must be increased to 20. Itis atdahe dipole on the slab exhibit bifurcation in the broadside
observed that the FDTD results agree very well with the analytilirection. This is because the high dielectric constant substrate
results, which proves the accuracy of the FDTD codes deva-used in the slab case, and the 094 ¢, thickness is equal
oped at the UCLA antenna lab. to 0.20 )\, at 13.6 GHz.), is the guided wavelength in the
The return loss results of dipoles on the grounded slab aebstrate. Therefore, most of the energy from the dipole is
plotted in Fig. 10(b). The height of the dipole is 0.82 ¢u., converted to surface waves, and the edge diffractions of the
the same as the EBG case, and its length varies fraurface waves form the interference patterns. In this case the
0.22 \15 guz 10 0.34 X152 gHz. It is noticed that although the dipole becomes an effective surface-wave transducer rather
length becomes shorter, it can still obtain a good return lossthan a radiating element. In contrast, since the EBG surface
the frequency region where the reflection phase of the slabcan prevent surface-wave propagation, the dipole on the EBG
around 90. This result further demonstrates the usefulness sifirface shows a higher gain and lower back lobe.
the quadratic reflection phase. In summary, the EBG surface whose surface-wave frequency
However, the return loss is only one aspect of the antenbandgap and input-match frequency band have similar fre-
performance: the radiation pattern should also be consideredglrency regions is a good ground plane for low profile wire
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Fig. 12. EBG parameters analysis: patch width effect. (a) Reflection phases of plane waves. (b) Frequency band of the EBG structure versus\iteh width
the patch widtHV is increased from 0.04;> ¢, t0 0.20A 2 ¢, the frequency band position and bandwidth decrease.

antennas, whereas the thin grounded slab is not because its TABLE |

surface-wave frequency bandgap at the low frequency regiOHDARAMETER ANALYSIS OF THE EBG STRUCTURE PATCH WIDTH EFFECT
does not overlap its input-match frequency band. Patch width (\ioc2) | fam1ase (CHZ) [ g—aze (GH2) [Band width (GHZ) | BW (%)
0.04 15.49 27.72 12.23 56.6%

lIl. PARAMETRIC STUDY OF THE EBG SURFACE 0.06 14.14 23.16 9.02 48.4%

0.08 13.04 20.03 6.99 42.3%

It has been revealed that the input-match frequency band 0.10 12.12 17.74 5.62 37.6%
an EBG surface for low profile wire antenna applications i s o = i e
the frequency region where the EBG surface has a reflectic 016 10.07 340 333 284
phase in the rang#° 4+ 45°. The reflection phase of the mush- 0.18 9.54 1243 2.89 26.3%
room-like EBG surface is mainly determined by four parametet 0.20 9.07 11.61 2.54 24.6%,

(see Fig. 1): patch widthi¥'), gap width §), substrate permit-

tivity (e,), and substrate thickneds)(In this section, the effects patch width is increased to 0.205 gu,, the frequency band

of these parameters are discussed one by one in order to obtiioreases and ranges from 9.07 to 11.61 GHz. The bandwidth

some engineering design guidelines for EBG surfaces. Since #tso becomes narrower, lowering to 24.6%.

FDTD method takes into account complete electrodynamics in

the EBG structures, it is more accurate than other lumped efe- Gap Width Effect

ment models. In addition, the FDTD method can deal with gen-The gap width is the distance between adjacent patches. It

eral topologies such as a complex slot loaded EBG structure dgntrols the coupling of EBG patch units. Variation of the gap

scribed in the next section. The frequency band discussed in fhigth affects the frequency band of the EBG surface. During

section refers to the input-match frequency band. In conjunctigiis investigation, the patch width, substrate permittivity, and

with the surface-wave bandgap, it can provide a useful opegubstrate thickness are kept the same as in (1). The gap width

tional frequency band for low profile wire antenna designs. s increased from 0.0415 ¢u, t0 0.12)\15 ¢n,. When the gap
width is increased to 0.12;5 gu,, the gap width becomes the

A. Patch Width Effect same as the patch width.

Patch width plays an important role in determining the fre- Fig. 13(a) displays the reflection phases with different gap
quency band. To study the effect of the EBG patch width, othaidths, and Fig. 13(b) presents the frequency band versus the
parameters such as the gap width, substrate permittivity, ag@p width. Table Il lists the frequency band data at different
substrate thickness are kept the same as in (1). The patch wigiip widths. When the gap width is only 0.0%, ¢y, the fre-
is changed from 0.0415 Gz t0 0.20\ 15 GHz- guency band of the EBG surface is from 10.08 to 13.45 GHz and

Fig. 12(a) shows the reflection phases of plane wav#¥e bandwidth is 28.6%. The frequency band increases to cover
illuminating the EBG surfaces with different patch widths14.64—22.85 GHz with a 43.8% bandwidth when the gap width
In addition, Fig. 12(b) presents the frequency band versiggncreased to 0.12;5 qu,. Therefore, the variation in the gap
the patch width, and Table | lists the frequency band data width has the opposite effect to the variation in the patch width:
different patch widths90° + 45° reflection phases are used a&s the gap width increases, both the frequency band position and
the criterion to determine the frequency band. It is observ#ae bandwidth increase.
that when the patch width is increased, the frequency band o
position and its bandwidth decrease. For example, when fhe Substrate Permittivity Effect
patch width is 0.04\15 gu,, the frequency band ranges from Relative permittivity €,.), also called the dielectric constant
15.49 to 27.72 GHz, resulting in a 56.6% bandwidth. When thod a substrate, is another effective parameter used to control the
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Fig. 13. EBG parameters analysis: gap width effect. (a) Reflection phases of plane waves. (b) Frequency band of the EBG structure versus gap thith. Whe
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Fig. 14. EBG parameters analysis: permittivity effect. (a) Reflection phases of plane waves. (b) Frequency band of the EBG structure veespssuitthiibt
When the substrate permittivity. is increased, the frequency band position and bandwidth decreases.

TABLE 1 TABLE Il
PARAMETER ANALYSIS OF THEEBG STRUCTURE GAP WIDTH EFFECT PARAMETER ANALYSIS OF THEEBG STRUCTURE PERMITTIVITY EFFECT
Gap width (A\2gH,) || fo=135° (GHz) | f4=45°(GHz) | Band width (GHz) | BW (%) material || € | fp=1350 (GHz) | f¢=45°(GHz) |Band width (GHz) | BW (%)

0.01 10.08 1345 3.37 28.6% Air 1.0 13.06 20.14 7.08 42.7%
0.02 11.34 15.97 4.63 33.9% R/D 58801[2.20 11.34 15.97 4.63 33.9%
0.03 12.07 17.52 545 36.8% TMM 3 |[3.27 10.31 13.85 3.54 29.3%
004 | 12.58 18.65 6.07 38.9% TMM 4 |[4.50 943 12.23 28 25.9%
0.05 ggg ;ggj 2;2 j‘l’io//" TMMG6 [6.10 8.64 10.87 223 22.9%
0.06 ' : : A% R/D 6006]6.15| 857 10.75 2.18 22.6%

0.08 13.86 21.40 7.54 42.8% 5
010 1429 573 704 B TMM 10 || 9.2 7.47 9.03 1.56 18.9%

. . . . . - .
012 464 2285 3o 13.8% TMM 10i || 9.8 7.31 8.78 1.47 18.3%
R/D 60101/ 10.2 7.20 8.63 1.43 18.1%

frequency band. Some commonly used commercial materials .
such as RT/duroid substrates and TMM substrates are inve8@nd decreases, as does the bandwidth. Therefore, when the

gated, as well as air. The EBG structure analyzed here has fHgPuroid 6010 substrate;,( = 10.2) is used, the frequency

same parameters as (1), except that the permittivity is change@d lowers to 7.20-8.63 GHz, and the bandwidth decreases
The reflection phases and frequency band positions 165 18.1%.

various permittivities are plotted in Fig. 14, and some repre- )

sentative data are listed in Table IIl. It is observed that whéfy Substrate Thickness and Vias Effect

air is used as the substrate, the EBG surface has the highedthe substrate thickness is always kept small because a thin

frequency band (13.06-20.14 GHz) and largest bandwidHBG surface is desired. In the following simulations the patch

(42.7%). When the permittivity is increased, the frequenayidth, gap width, and substrate permittivity are the same as in
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Fig. 15. EBG parameters analysis: substrate thickness effect. (a) Reflection phases of plane waves. (b) Frequency band of the EBG struchstatersus su
thickness. When the substrate thicknkss increased from 0.03> ¢u, to 0.08X1> ¢ u., the frequency band position decreases while its bandwidth increases.

TABLE IV ER T
PARAMETER ANALYSIS OF THE EBG STRUCTURE SUBSTRATE Periodic boundary
THICKNESS EFFECT T T T T T T T T T T s T T s s s s |
|
Thickness (/\12(;[1;) f¢:135o (GHZ) f¢=450 (GHZ) Band width (GHZ) BW (%) ] L :
0.01 23.21 26.30 3.09 12.5% ! 1
0.02 17.44 21.86 4.42 22.5% ! W ® 1
0.03 13.76 18.46 4.7 29.2% : !
0.04 11.34 15.97 433 33.9% ; !
0.05 9.66 14.12 4.46 37.5% y :
0.06 8.42 12.69 4.27 40.5% /i - - \
0.07 7.47 11.57 4.10 43.1%
0.08 6.72 10.64 3.92 45.2% X
0.09 6.12 9.88 3.76 47.0%

Fig. 16. Polarization dependent EBG surface using rectangular patches with
central vias. The lengtti of the patch is 0.2Q\;> ¢u, and the widthiV is
0.08 12 grz- The gap width is 0.02 . gu,. The substrate thickness is 0.04

(1). The substrate thickness is changed from Q\Qilgy, to s crrs and its permittivity is 2.20.

0.09\12 GHz-

The reflection phases with different substrate thicknesses
are shown in Fig. 15(a), and the frequency band positi¢tirfaces with square patch units. If the EBG patch unit is mod-
versus substrate thickness is shown in Fig. 15(b). It is obsenrifield, different functionalities can be realized. This section ana-
that if the substrate thickness is increased, the frequerlgges two novel EBG structures. One is a rectangular patch EBG
band will decrease. For instance, the frequency band of therface whose reflection phase is dependent on the polarization
h = 0.01 A\12 gu, case is from 23.21 to 26.30 GHz. When thef the incident plane wave. The other is a slotted patch EBG
substrate thickness is increased to Q\Q9¢n., the frequency structure that has a compact unit size.
band decreases to 6.12-9.88 GHz. This is similar to the
effect of patch width and permittivity. However, in contrast t@\, Rectangular Patch EBG Surface

those parameters, the bandwidth increases with the substratgince the normal EBG structure uses a square batch as its
thickness. As listed in Table 1V, the bandwidth is only 12.5% q P

G element, it is symmetric in the andy direction, as shown in
for the h = 0.01 X , case, while it is 47.0% for the _. ' . L ’
h = 0.09 Aps it caéé G ° Fig. 16. Thus, the reflection phase is independent of the po-

When the substrate thickness is increased, the length of l[ﬂré'zation direction of th? normally inci.dent plane wave. When
vias also increases. According to the LC model [10], the frégctangular patches are implemented in the EBG surface, the re-

quency band will decrease. This is consistent with the FDTi##Ction phase feature changes. Fig. 16 plots a rectangular patch

simulation results. In addition, the radius effect of the vias w&iement of the EBG surface. Along thexis, the patch length is

considered. EBG cases with vias' radius varying from 0.00% @nd along thg axis, the patch width i/, such thatV” < L.
M2 g, 10 0.009)\5 o, were simulated, and it was noticed! herefore, the reflection phase of the plane wave is different de-

that the radius has little effect on the frequency band due to @nding on the:- or y-polarization direction.
thin vias used. The rectangular patch EBG structure has the following pa-

rameters:
IV. NovEL EBG SURFACE DESIGNS

Having obtained design guidelines, one can create novel EB@ =0-20 A12 Gz, W = 0.08 A1z gz, 9 = 0.02 A1z hz,
configurations. For example, previous research focuses on EBG =0.04 A15 gz, 7 = 0.005 A12 gHz, € = 2.20. (4)
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Fig. 17. Reflection phase of the polarization dependent EBG surface. The
EBG surface shows two different frequency bands corresponding to the

x-polarized andy-polarized plane waves. Fig. 18. Compact EBG surface using slotted patches with central vias. Four
0.09 A2 ¢, long slots are cut onto a square patch. The slot width is 0.01
A12 auz, and the distance between slot and patch edge isX0.04 1.

Fig. 17 shows the reflection phasesiefandy-polarized plane
waves. When the incident plane waveripolarized, the patch
length () has a dominant effect. Sindeis large, the frequency 200
band is low according to the previous parametric study on the 150
patch width. The frequency band for anpolarized wave is
9.14-11.7 GHz. When the incident plane wave-golarized,
the patch width ¥) plays an important role. The frequency
frequency band becomes higher due to the smaller width. Thi
frequency band for g-polarized wave ranges from 12.93 to
19.82 GHz. Therefore, this EBG structure can obtain two dif-
ferent frequency bands corresponding to two different polarizec
plane waves. B
This EBG structure can be implemented to various antenn — Slots
designs. One potential application is to use this EBG surface t - No Slots | : ‘ :
change antenna polarizations. Such a design can be utilized i -200 i : i ‘ ‘
g 0 5 10 15 20 25 30
space and personal communication systems. Freq (GHz)

100

_100_”.”

Reflection phase (Degree)
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B. Slotted Patch EBG Surface Fig.19. Reflection phase of the compact slotted patch EBG surface. When the
. ) . . slots are cut onto the patch, the frequency band position decreases. A second
Compactness is always of importance in wireless commuifriequency band is also observed at around 25 GHz.

cations. There are various methods to reduce the EBG size, such
as multilayer EBG structures. Inthis section a novel compactde-The reflection phase of this EBG structure is depicted in
sign is suggested, called slotted patch EBG design. Itis knowy 19, and it is compared to a normal EBG surface without
that slots on microstrip patch antennas help reduce the anteffigfour slots. In the latter case, the frequency frequency ranges
size because they change the current distribution on the pagelin 11.34-15.97 GHz. When the slots are incorporated, the
[23]. This idea is also applied in the EBG design. frequency band decreases to 10.75-13.56 GHz. The similar
A slotted patch element is displayed in Fig. 18, with a squafgquency band position can be obtained using a normal EBG
patch being used in this design. The parameters of the EBfpycture without slots, which has the same gap width and

structure are substrate properties, but a larger patch size of O\AqHs,.
Thus, a 14% size reduction is achieved using this slotted patch
W =0.12 M2 GHas g = 0.02 M2 GHgs b = 0.04 Ao GHy, ?es:]gn. This design cadn be combined with other approaches for
EB i .
r =0.005 Az Gy, € = 2.20. (5) urther compact EBG designs

Another interesting observation of the slotted patch EBG sur-
face is that a second frequency band is noted. When using a
Four identical slots are cut on the patch for miniaturizatiomormal EBG structure, only one band can be observed below
The slot length is 0.0915 gu., and its width is 0.0\1> gu,. 30 GHz. Once the slots are cut, they reduce the reflection phase
The distance between the slot and patch edge is B.0&n,. frequency. Not only does the basic frequency band decrease,
These dimensions are selected from many FDTD simulationghe frequency band of the higher mode is also reduced. Thus,
achieve the optimum miniaturization effect. a second band appears around 25 GHz.
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V. CONCLUSION [12] R. Coccioli, F. R. Yang, K. P. Ma, and T. ltoh, “Aperture-coupled patch
) . ) antenna on UC-PBG substrat¢EEE Trans. Microwave Theory Tegh.
This paper presents a detailed study on the reflection phase vol. 47, pp. 2123-2130, Nov. 1999.

feature of a mushroom-like EBG surface. It is revealed that thé3] R. Gonzalo, P. Maaget, and M. Sorolla, “Enhanced patch-antenna per-

. . . formance by suppressing surface waves using photonic-bangdap sub-
EBG ground plane requires a reflection phase in the range of strates, 1EEE Trans. Microwave Theory Techol. 47, pp. 2131-2138,

90° + 45° for a low profile wire antenna to obtain a good return Nov. 1999.
loss. Thus, one could use the reflection phase curve to identiﬂ}l“] J. S. Colburn and Y. Rahmat-Samii, “Patch antennas on externally perfo-

. . . _rated high dielectric constant substratd&EE Trans. Antennas Prop-
the input-match frequency band. It is also observed that the sur agat, vol. 47, pp. 1785-1794, Dec. 1999.

face-wave frequency bandgap of the mushroom-like surface i85) F.Yangand Y. Rahmat-Samii, “Microstrip antennas integrated with elec-
very close to its input-match frequency band, resulting in an ef-  tromagnetic band-gap (EBG) structures: A low mutual coupling design

; : ; ; . for array applications,IEEE Trans. Antennas Propagatol. 51, pp.
fective operational frequency band. Thus, a low profile wire an 2039-2049 Oct. 2003,

tenna radiates efficiently near the EBG surface with a good rg16] 1. H. Liu, W. X. Zhang, M. Zhang, and K. F. Tsang, “Low profile spiral
turn loss and radiation patterns. In contrast, a thin grounded slab  antennawith PBG substratéTectron. Lett, vol. 36, no. 9, pp. 779-780,
whose surface-wave frequency bandgap and input-match frgl-n Apr. 2000.

. . F. Yang and Y. Rahmat-Samii, “A low profile circularly polarized curl
quency band do not overlap cannot work efficiently as a groun antenna over electromagnetic band-gap (EBG) surfaligtowave

plane for low profile wire antennas. Opt. Technol. Lettvol. 31, no. 3, pp. 165-168, 2001.
The EBG parameters name|y patch width gap width SubLlS] P.-S. Kildal, “Definition of artificially soft and hard surfaces for electro-

s . magnetic waves,Electron. Lett, vol. 24, pp. 168-170, Feb. 1988.
strate permittivity, and substrate thickness, are evaluated respggg; . “Artificially soft and hard surfaces in electromagnetictZEE

tively, and some design guidelines have been developed for an Trans. Antennas Propagatol. 38, pp. 1537-1544, Oct. 1990.
EBG Surface TWO EBG Surfaces W|th novel electromagnetldzo] H. Mosallaei and Y. Rahmat-Samll, “Broadband characterization of

feat | d:th larization d dent reflecti complex periodic EBG structures: An FDTD/prony technique based
eaiures are also proposed. the polarization dependentrefiection on the split-field approach Electromagn.vol. 23, no. 2, pp. 135-151,

phase is realized using rectangular patch units, and the compact Feb. 2003.

unit size is achieved by cutting slots on the EBG patches.  [21] F. R. Yang, K. P. Ma, Y. Qian, and T. Itoh, “A novel TEM wave-
guide using uniplanar compact photonic-bandgap (UC-PBG) struc-
ture,” IEEE Trans. Microwave Theory Techvol. 47, pp. 2092-2098,
Nov. 1999.

[22] M. Rahman and M. A. Stuchly, “Transmission line-periodic circuit

The authors would like to thank the reviewers for their careful ~ representation of planar microwave photonic bandgap structures,”
Microwave Opt. Technol. Lettvol. 30, no. 1, pp. 15-19, 2001.
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