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bstract

A method in terms of bandwidth and gain enhancement is presented for optically transparent coplanar waveguide fed (CPW-
ed) antenna, which supports unlicensed 60 GHz band (57–66 GHz) applications. The original antenna and mesh antenna in [8]
ere designed on a transparent material that is made of a 0.2-mm-thick fused silica 7980 Corning substrate (εr: 3.8 and tan

: 0.0001). However, the peak gains of −5.3 and −5.4 dBi at 60 GHz of those antennas can be further improved. Thus, in this
aper, a novel bidirectional symmetric I-shaped slot uniplanar compact electromagnetic band-gap (BSIS-UC-EBG) structure with

 reflection phase band of 58.0–62.1 GHz is proposed to improve antenna performance. Based on this BSIS-UC-EBG structure,
oth transparent BSIS-UC-EBG antenna and transparent mesh BSIS-UC-EBG antenna with enhanced properties are presented

nd discussed. The analysis results show that the impedance bandwidth (the peak gain) of transparent BSIS-UC-EBG antenna and
ransparent mesh BSIS-UC-EBG antenna are enhanced to 36.6% (4.7 dBi) and 44.7% (5.8 dBi), respectively. In addition, we also
iscuss the comparison of radiation patterns at 60 GHz, and the results illustrate that the radiation patterns are basically identical.

 2014 Published by Elsevier B.V.
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.  Introduction

As wireless communications have been generally
tudied and dramatically promoted in the past few
ecades, applications involving Wireless Personal Area
etwork (WPAN), vehicular and navigation communi-
Please cite this article in press as: N. Wang, et al. Band
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ations make new demands for conformal and optically
ransparent antennas. These antennas can be installed
n building windows, light panels, monitors of mobile
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ideband

devices, windshields of vehicles or vessels, to realize
enhanced performance, security and esthetics purposes.
The first feasibility study of optically transparent antenna
was conducted by National Aeronautics and Space
Administration (NASA) Lewis Research Center Nyma
Group [1]. They proposed two antennas with AgHT-
8 optically transparent conductive coating deposited
on sheets of clear polyester which operate at 2.3 and
19.5 GHz, respectively. Radiation patterns were studied
and had good match with conventional opaque anten-
width and gain enhancement of optically transparent
ucture, Photon Nanostruct: Fundam Appl (2014),

nas. In Ref. [2], optically transparent antennas made
from five different kinds of materials were fabricated and
measured. Conventional copper-based antennas were
also used as references. The author demonstrated that
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transparent coating like gold (Au) and silver (Ag) could
be good candidates for transparent antennas. Beyond
that, Colombel et al. [3] investigated multilayer tech-
nology for UHF band transparent antennas, drawing
the conclusion that ITO/Cu/ITO could be the trade-
off between transparency and radio-electrical properties.
Most of previously proposed transparent monopole
antennas could be built from conductive and transpar-
ent coating deposited on see-through substrates [4–8] by
radio frequency sputtering (RF sputtering is the technol-
ogy that uses positive ion in radio frequency discharge
plasma to bombard the target, sputter target atoms, and
deposit them on the grounding surface of the substrate).
Radio-electrical performances and transparency of all
mentioned antennas were discussed, validating the fea-
sibility of the proposed designs.

Recent researches adopt Ag/Ti bilayer with mesh
structures printed on it by standard photolithographic
wet etching process [6,7], and attain properties close to
analogous non-transparent antennas. Nevertheless, most
of the above transparent antennas operated at low fre-
quencies. For instance, antennas working at 800 MHz
[2,3,6], 2.4 GHz [4], 19.5 GHz [1], and 1–6 GHz [5] were
reported, respectively. As a hotspot in modern commu-
nication technologies, the unlicensed 60 GHz band bears
9 GHz bandwidth and gigabits data rates. Consequently,
millimeter-wave antenna featuring good bandwidth and
gain performance is in demand for current wireless
communication. Hautcoeur et al. [8] conducted a study
on optically transparent monopole antenna operating at
60 GHz.

With current tendency for wideband and high gain
antennas [9], periodic electromagnetic structures, which
have the same characteristics with frequency selec-
tive surface (FSS) and high-impedance surface (HIS),
have been a good candidate to optimize the antenna
performance. They are usually viewed as artificial mag-
netic conductor (AMC) or electromagnetic band-gap
(EBG) structure. Extensive researches on improving
antenna performance by introducing periodic structures
have been done in recent past [10]. In Ref. [11], the
Spiral-arms-shaped metallo-electronic band-gap struc-
ture (MEBG) was embedded in a ultra-wide bandwidth
(UWB) monopole antenna for achieving an impedance
bandwidth of 33 GHz, with a 60% reduction in antenna
size. Beyond that, the stop band property of mushroom-
like EBG structures could also be used to design the trap
UWB antenna [12], broaden bandwidth of microstrip
Please cite this article in press as: N. Wang, et al. Band
60-GHz CPW-fed antenna by using BSIS-UC-EBG str
http://dx.doi.org/10.1016/j.photonics.2014.11.002

antenna [13] and improve antenna’s gain and directivity
performance [14]. Using the presented aperture-coupled
microstrip patch antenna (ACMPA) in [15] as a ref-
erence, a 16-element array of uniplanar-compact EBG

143

144
 PRESS
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structure was designed and loaded around the radiat-
ing patch, with a 4.5 dBi gain increase. It was also
proved that UC-EBG surface could reduce the E-plane
coupling in the 16 element patch array by 11 dB [16].
Mushroom-like EBG could reduce mutual coupling of
surface waves in aperture coupled microstrip antenna
[17] and waveguide-slot-array antennas [18]. In addi-
tion to that, the HIS which is organized by quasi-periodic
structures had been proposed, with the ability to control
the phase of radiated field or scattered field [19]. Design
methodology of compact miniaturized EBG structures
was studied and applied to achieve reduction in antenna
electrical size [20].

The periodic electromagnetic structures can have dif-
ferent functions corresponding to different locations in
antennas. The Sievenpiper EBG, which locates on the top
three layers of LTCC tape, can realize a 6 dB enhance-
ment in antenna’s broadside directivity performance by
preventing the main beam been degraded into two lobes
[21]. Superstrate consisted of EBG could be reflective
surface and form a resonant cavity with metallic ground
plane, resulting in antenna gain enhancement [22]. In
Ref. [23], a dual-layer FSS, which is placed under the
antenna, achieved an ultra-wide in phase reflection band,
and dramatically improved the antenna gain. The FSS
could not only play the role of shield between antenna
and conducting surfaces, but also prevent impedance
mismatch in antenna [24]. Thus, the thought of pre-
senting a 60 GHz transparent periodic electromagnetic
structure to improve the performance of transparent
antenna and transparent mesh antenna, which have not
been studied before, naturally came to the authors’
mind.

The aim of this paper is to deliver the feasibil-
ity for promoting properties of optically transparent
antennas with BSIS-UC-EBG (Bidirectional symmet-
rical I-shaped slot uniplanar-compact Electromagnetic
Band-gap), and to present potentially an ideal trans-
parency components which can be used for wireless
communications.

This paper is structured as follows. In Section 2, two
structures of EBGs and optically transparent antennas
loaded with EBG are thoroughly elaborated. And the
design philosophy of transparent antennas is also intro-
duced in this section. Then, in Section 3, we discuss the
analysis results of former structures presented in Section
2. The detailed optimization process and reflection phase
curves of EBG have been shown to justify the rational-
ity of the BSIS-UC-EBG. Antennas’ performances on
width and gain enhancement of optically transparent
ucture, Photon Nanostruct: Fundam Appl (2014),

impedance bandwidth, gain and radiation pattern have
also been discussed. Finally, Section 4 draws the con-
clusion.
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Recent researches on optically transparent antennas
employed the design philosophies that mesh conductor
acted as radiator and that optical or electrical signals
travel through the mesh openings [8]. The material

Table 1
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Fig. 1. A sketch of frequency selective surface consists of (

.  Geometry  and  designs

.1.  Configurations  of  EBGs

The configuration of BSIS-UC-EBG is shown in
ig. 1(a), which is designed for millimeter-wave appli-
ation on a fused silica 7980 Corning substrate with
hickness of 0.2 mm, εr = 3.8 and tan δ  = 0.0001. There
re four half-I slots on each side of EBG cell, and four
quares slots on corners. The period of the BSIS-UC-
BG cell is denoted by l. A uniformly distributed pattern
f periodical EBG cells forms frequency selective sur-
ace (FSS), and the equivalent impedance of the grid is
onstituted by multiple inductors and capacitors [11],
hich can be expressed as:

 = η2

4
× jωC

1 −  ω2LC
(1)

here η  denotes the effective wave impedance (η0 is
ree-space impedance) and can be calculated by formula

 = 2η0/(εr + 1), εr is the dielectric constant of dielec-
ric sheet [11]. Periodic BSIS-UC-EBG distribution can
e equivalent to LC  resonant circuit, with inductance
ormed at the joints of adjacent cells and conductance
ormed by gaps between cells. Since C  = εS/4πkd, the
ain capacitors are constructed by the gaps whose

 = 2 ×  n, which is shown in Fig. 1(a). According to

r =  1/(2π
√

LC), resonant frequency of the EBG struc-
ure is tuned to 60 GHz, with corresponding detailed
izes listed in Table 1. Theoretically, the BSIS-UC-EBG,
Please cite this article in press as: N. Wang, et al. Band
60-GHz CPW-fed antenna by using BSIS-UC-EBG str
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hich is frequency-dependent, has great influence on
ntenna radiating at resonant frequency. A small effect
rom EBG to the radiating patch can be made when fre-
uency is below the resonance. However, as resonant
parent BSIS-UC-EBG cells and (b) mesh BSIS-UC-EBGs.

frequency dominants the operation, the BSIS-UC-EBG
becomes radiating structure itself with large currents
induced, resulting in gain improvement. TM surface
wave will be blocked by EBG when frequency is above
resonance. Thus, EBG can be used to obtain a higher
antenna gain when properly designed.

To improve the antenna performance with higher
transparency level of the whole structure, mesh BSIS-
UC-EBG with the identical overall dimensions of
1.6 mm ×  1.6 mm is designed. Considering availabil-
ity of the mesh design for 60 GHz antenna, physical
dimensions are optimized using the simulation soft-
ware High Frequency Structure Simulator (HFSS). As
is depicted by Fig. 1(b), the width of strips form-
ing inductance equals to the original size (0.02 mm),
while other strips have the width of 0.01 mm, which
has been adjusted to form the same resonant frequency
with transparent ones. The pitch of the grid (q1) equals
to 0.2 mm, and the half-grid has a height (q2) of
0.15 mm.

2.2.  Structures  of  optically  transparent  antennas
with EBGs
width and gain enhancement of optically transparent
ucture, Photon Nanostruct: Fundam Appl (2014),

The dimensions of BSIS-UC-EBG.

Parameters l w a n m q1 q2

Unit (mm) 1.6 0.02 1.2 0.04 0.48 0.2 0.15
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Fig. 2. (a) Transparent antenna and (b) transparent mesh antenna on fused silica 7980 Corning substrates.
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Fig. 3. The layout of (a) transparent BSIS-UC-EBG

usually used to form conductive film is silver grid layer
(AgGL) in [6] (with a 6-�m thick silver film and a
5 nm titanium (Ti) layer printed on a 1737 Corning
glass), AgHT in [5], and gold grid layer (AuGL) in
[8]. Ohmic loss and skin depth loss from conductive
material are two main influence factors which need to
be concerned. Theoretically, the material with lower
sheet resistance Rs and higher thickness can have best
Please cite this article in press as: N. Wang, et al. Band
60-GHz CPW-fed antenna by using BSIS-UC-EBG str
http://dx.doi.org/10.1016/j.photonics.2014.11.002

radiation efficiency, because ohmic loss decreases
with sheet resistance going down and skin depth loss
increases when metal thickness decreases. According

Table 2
The dimensions of transparent antenna.

Parameters L1 L2 b c d e g

Unit (mm) 7 9 2.32 1.27 2.11 0.18 0.045

220

221
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223

224
a and (b) transparent mesh BSIS-UC-EBG antenna.

to Ref. [3], a formula between sheet resistance and
thickness can be expressed as follows:

Rs = ρ

d
(2)

where ρ  represents the resistivity of selected material.
Skin depth δ  is expressed as

δ  =
√

2

μ0ωσ
(3)

where μ0 represents the permeability of free space, ω  is
angular frequency and σ  is the conductivity of the con-
ductive layer. With the design principle that skin depth
loss can be limited by a metallic layer 2 times thicker
width and gain enhancement of optically transparent
ucture, Photon Nanostruct: Fundam Appl (2014),

than the skin depth, a 0.93-�m-thick gold (Au) layer is
used as a replacement for silver (Ag) layer, and the first
optically transparent antenna for 60 GHz applications is
proposed by Hautcoeur et al. [8]. A 10 nm-thick titanium

225

226

227

228



ARTICLE IN PRESS+Model
PNFA 484 1–10

N. Wang et al. / Photonics and Nanostructures – Fundamentals and Applications xxx (2014) xxx–xxx 5

F e geom
(

(
a
o
m
i
a
c
m
o
r
T
0
f

l
s
f
f
H
t
s
E
p
t

3

E
i

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280
ig. 4. The HFSS simulation model for a BSIS-UC-EBG cell. (a) Th
c) Perfect-H symmetry planes.

Ti) layer and the gold metallization are deposited on
 fused silica 7980 Corning substrate with thickness
f 0.2 mm, εr = 3.8 and tan δ  = 0.0001. A transparent
onopole lozenge antenna was designed in [8], which

s also the design prototype of our research, is studied
s a reference to the mesh antenna. Fig. 2 shows the
onfigurations of transparent antenna and transparent
esh antenna. Sizes of transparent antenna have been

ptimized in this article to get better performances,
esulting in the definite dimensions illustrated in Table 2.
he grid inner side width of transparent mesh antenna is
.2 mm, with a gold strip width of 10 �m. The pitch of
eeding line is set as 100 �m to lower sheet resistance.

A period of BSIS-UC-EBG cells is placed around the
ozenge radiating patch on top side of the Corning sub-
trate, as shown in Fig. 3. To make patch radiation avoid
rom being distorted by loaded structure, the distances
rom BSIS-UC-EBGs to patch edges are optimized using
FSS and result in d1 = 0.32 mm and d2 = 0.76 mm. The

ransparent mesh BSIS-UC-EBG antenna, which has the
ame layout and material with transparent BSIS-UC-
BG antenna, can be manufactured by sputtering and
hotolithographic. Square apertures periodically dis-
ributed can be obtained by the stripping of photoresist.

.  Results  and  discussion
Please cite this article in press as: N. Wang, et al. Band
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To attain the optimal performances of the BSIS-UC-
BG and antenna loaded with EBG, the HFSS software

s applied to conduct the optimization design. Firstly,
etry and the Floquet-port excitation; (b) Perfect-E symmetry planes;

a parametric analysis process is performed to confirm
accurate dimensions of EBG. Both the reflection phase
curves of the transparent BSIS-UC-EBG and transpar-
ent mesh BSIS-UC-EBG are graphed and analyzed.
Then impedance bandwidth and gain properties of four
mentioned antennas are depicted and discussed. Finally,
radiation patterns of two antennas are demonstrated.

3.1.  Parametric  study  of  BSIS-UC-EBG

As the simulation model depicted in Fig. 4, the
BSIS-UC-EBG unit cell is deposited on the top side of a
1.6 ×  1.6 ×  0.2 mm3 fused silica 7980 Corning substrate
(εr = 3.8, tan δ  = 0.0001), with symmetrical perfect-E
and perfect-H  planes imitating infinite distribution of
periodic BSIS-UC-EBG. A Floquet  port  is placed on
the position of 1.2 mm above the EBG surface and
de-embedded the same distance into the simulation
model. Fig. 5 illustrates the parametric analysis of
BSIS-UC-EBG in terms of reflection phase. Fig. 5(a)
shows the results of simulated reflection phases as
the consequence of l ranging from 1.5 to 1.8 mm (l
denotes the period of EBG). As seen, when the period of
EBG cell gets larger, resonant frequency moves toward
lower bands. According to Eqs. (2) and (3) in [11]:
L = (μ D/2π)ln(2D/πt), C  = ((d(ε + 1)ε )/π)ln(2D/πδ).
width and gain enhancement of optically transparent
ucture, Photon Nanostruct: Fundam Appl (2014),

0 r 0
Where D  indicates the grid size of UC-EBG, δ  indicates
the strip width, ε0 indicates vacuum dielectric constant,
t and d indicate part widths of UC-EBG, respectively.
Some equivalent relations exist between UC-EBG in
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Fig. 5. Simulated reflection phase as

[11] and BSIS-UC-EBG in this paper, which is shown as
follows: l = D, w  =  δ, a  = D  −  t. Where grid inductance
L and conductance C  increase as the grid periodical size l
increases, so resonant frequency, which can be calculated
by f =  1/(2π

√
LC), will decrease correspondingly.
Please cite this article in press as: N. Wang, et al. Band
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r

Apparently, the most applicable reflection phase char-
acteristic can be acquired when l = 1.6 mm. In a similar
way, the width (w) of strip which forms electrical
inductance can have a reverse effect on C, thus resonant
ion of (a) l, (b) a, (c) w, (d) m, (e) n.

frequency will be higher along with larger width, as
shown in Fig. 5(c). The red curved line of w  = 0.02 mm
is selected to be the accurate size of the strip. Due to
formulas mentioned above, the process that a  affects
the resonant frequency can be elaborated as follows:
width and gain enhancement of optically transparent
ucture, Photon Nanostruct: Fundam Appl (2014),

when a varies from 1.1 to 1.4 mm (other parameters are
fixed at the same time), t becomes smaller. Therefore L
gets smaller, which make the phase curve shifts to right
(Fig. 5(b)).
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ig. 6. Comparison of reflection phase curves for BSIS-UC-EBG and
esh BSIS-UC-EBG.

Curve movements over different m and n  can be ana-
yzed in a different manner (Fig. 5(d) and (e)). Equivalent
elations like C  = εε0S/n, C  = εS/4πkd, m  = D  −  2 ×  t −  d
re used for our analysis. When m  gets larger (D  and t
re fixed), d  gets smaller, which leads to a larger C  and a
maller fr. Just as shown in Fig. 5(d), resonant frequency
ets lower along with a larger m. The m  = 0.48 mm, which
btains resonant frequency at 60 GHz, is chosen to be the
nal size. Similarly, an increase of n will lead smaller C,

herefore resonant frequency has the same tendency with
. And n = 0.04 mm is selected. Sizes shown in Table 1
re chosen to obtain the best performance for 60 GHz
SIS-UC-EBG and mesh BSIS-UC-EBG.

Based on the BSIS-UC-EBG, the mesh BSIS-UC-
Please cite this article in press as: N. Wang, et al. Band
60-GHz CPW-fed antenna by using BSIS-UC-EBG str
http://dx.doi.org/10.1016/j.photonics.2014.11.002

BG is also simulated in the same way as shown in
ig. 4. The mesh structure induces self-inductors and
ther capacitances. The self-inductor of half grid can be

ig. 7. Comparisons of reflection coefficients among (a) transparent antenna a
nd transparent mesh BSIS-UC-EBG antenna.
 PRESS
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calculated by series–parallel formulas of inductance and
capacitance:

Ls ≈ 17L0

6
(4)

L0 is the inductance of the 0.01 mm width, 0.2 mm long
trip, and be calculated by [25]

L0 = μ0li

2π

[
log

2li

w
+ 1

2

]
(5)

where li = 0.2 mm, w  = 0.01 mm. Thus the equivalent
inductance of the mesh grid has increased. According
to C  = ((d(εr + 1)ε0)/π)ln(2D/πδ), the capacitance of the
grid has decreased because of the decrease of permittiv-
ity, which offsets the influence of inductance on resonant
frequency. The reflection phase curve is plotted in Fig. 6.
Property comparisons of two EBGs have been displayed.
It is obvious that center frequencies of both structures are
around 60 GHz. Frequency band-gap, defined as reflec-
tion phase between ±90◦, lies at 58.7–61.7 GHz for
mesh BSIS-UC-EBG, which is slightly narrower than
the 58.0–62.1 GHz band of transparent BSIS-UC-EBG.

3.2.  Results  comparisons  of  the  two  kinds  of
optically transparent  antennas

Comparisons on reflection coefficients of anten-
nas have been shown in Fig. 7. As seen, impedance
bandwidth of transparent antenna lies between 55.5
and −68 GHz (20.2%) with its center frequency at
61.75 GHz. When the BSIS-UC-EBG periodic structure
width and gain enhancement of optically transparent
ucture, Photon Nanostruct: Fundam Appl (2014),

width of 36.6% centered at 60.35 GHz (49.3–71.4 GHz)
is obtained (depicted by the curve of transparent BSIS-
UC-EBG antenna), which is shown in Fig. 7(a). By that

nd transparent BSIS-UC-EBG antenna; (b) transparent mesh antenna
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Fig. 8. Comparisons of gains among (a) transparent antenna and trans
mesh BSIS-UC-EBG antenna.

analogy, transparent mesh BSIS-UC-EBG antenna has a
bandwidth of 46–72.5 GHz (44.7%), which is 8.3 GHz
wider than transparent mesh antenna (Fig. 7(b)). It can
be concluded from Fig. 7 that two advantages have
been introduced by BSIS-UC-EBG: one is that a larger
impedance bandwidth can be obtained, and the other is
that the resonant frequency can be closer to 60 GHz.
Please cite this article in press as: N. Wang, et al. Band
60-GHz CPW-fed antenna by using BSIS-UC-EBG str
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Meanwhile, compared the two curves of antennas with
different EBGs, a conclusion can be drawn that transpar-
ent mesh BSIS-UC-EBG antenna has a wider bandwidth
than transparent BSIS-UC-EBG antenna.

Fig. 9. Comparison of radiation pattern
SIS-UC-EBG antenna; (b) transparent mesh antenna and transparent

Fig. 8 illustrates gain performances for four anten-
nas. Fig. 8(a) shows that transparent BSIS-UC-EBG
antenna has a gain of 4.7 dBi (10 dBi higher than trans-
parent antenna at 60 GHz), which is stable at around
5 dBi during the unlicensed band. Antenna gain has been
dramatically improved by EBG structure. In Fig. 8(b),
remarkable gain enhancement of 11.23 dBi is also
width and gain enhancement of optically transparent
ucture, Photon Nanostruct: Fundam Appl (2014),

obtained by transparent mesh BSIS-UC-EBG antenna
compared with transparent mesh antenna. Thus, it is
worth mentioning that the third advantage brought by
BSIS-UC-EBG is prominent gain enhancement, which

s between antennas at 60 GHz.
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as great significance for design of high gain and wide-
and antennas. As an optically transparent antenna
eatures good performances over impedance bandwidth
nd gain, transparent mesh BSIS-UC-EBG antenna is
uitable for many millimeter wave applications which
ave special requirements for transparency, security or
sthetics. Besides, a higher average gain is obtained
y mesh BSIS-UC-EBG antenna than BSIS-UC-EBG
ntenna. It can prove that better transparency has no bad
ffect on antenna performances.

As antennas are printed on the xy-plane and each
onopole is in the y-direction, the E-plane and H-

lane for the antennas are the yz-plane and xz-plane,
espectively. The radiation patterns of four antennas
t 60 GHz are depicted in Fig. 9. It can be seen that
adiation patterns in E-plane and H-plane are basi-
ally the same. Little effect has been caused by the
esh-introduced process and the BSIS-UC-EBG. The

haracteristic depicted by Fig. 9 is similar to that of the
alf wave dipole antenna, whose H-plane radiation is
mni-directional.

.  Conclusions

In summary, we presented a novel bidirectional sym-
etric I-shaped slot uniplanar compact electromagnetic

and-gap (BSIS-UC-EBG) structure. The reflection
hase band of 58.0–62.1 GHz of this new EBG was
btained. Both transparent BSIS-UC-EBG antenna and
ransparent mesh BSIS-UC-EBG antenna based on
he BSIS-UC-EBG were proposed to achieve proper-
ies of wideband, high gain and transparency. Those
wo high performance antennas were designed on a
.2 mm-thick 7980 Corning substrate. The analysis
esults display that: (1) Compared with transparent
ntenna without BSIS-UC-EBG, 9.6 GHz bandwidth
nhancement and 10 dBi gain improvement of the
ransparent BSIS-UC-EBG antenna can be achieved.
2) Compared with transparent mesh antenna with-
ut BSIS-UC-EBG, 8.3 GHz bandwidth enhancement
nd 11.23 dBi gain improvement of the transparent
esh BSIS-UC-EBG antenna can be achieved. Partic-

larly, compared with the transparent BSIS-UC-EBG
ntenna, the transparent mesh BSIS-UC-EBG antenna
an effectively enhance the antenna transparency without
ecreasing the antenna property. Thus, the compari-
on results confirm that the designed BSIS-UC-EBG
Please cite this article in press as: N. Wang, et al. Band
60-GHz CPW-fed antenna by using BSIS-UC-EBG str
http://dx.doi.org/10.1016/j.photonics.2014.11.002

nd mesh BSIS-UC-EBG can dramatically improve the
ntenna’s properties of gain and bandwidth. It is poten-
ially an ideal transparency components used for wireless
ommunications.
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