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antennas design

AHMED NABIH ZAKI RASHED", HAMDY A. SHARSHAR

Electronics and Electrical Communications Engineering Department Faculty of Electronic Engineering, Menouf 32951,

Menoufia University, Egypt

This paper has presented transparent conductor oxide materials (TCOMs) based microstrip patch antennas with glass
substrate and copper ground plane which have been deeply analyzed in the visible spectrum region in comparison with
practical patch antenna model of indium tin oxide patch with glass substrate and different TCOMs based ground plane. As
well as the study will analyze the effect of transparent oxide materials on patch antenna design instead of perfect conductor
materials such as copper to be low cost and weight. The tradeoff between optical transparency and electrical conductivity
will be evaluated for a range of visible regions. Microstrip transmission line feed method is used to predict the skin effects
on a patch antenna and their impact on antenna efficiency, resonance frequency and optical transmission are also
described. The assessment of these tradeoffs and effect of TCOMs parameters for antenna design.
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1. Introduction

Microstrip antennas are attractive due to their light
weight, conformability and low cost. These antennas can
be integrated with printed strip line feed networks and
active devices [1]. This is a relatively new area of antenna
engineering. Rectangular and circular micro strip resonant
patches have been used extensively in a variety of array
configurations. A major contributing factor for recent
advances of microstrip antennas is the current revolution
in electronic circuit miniaturization brought about by
developments in large scale integration. As conventional
antennas are often bulky and costly part of an electronic
system, micro strip antennas based on photolithographic
technology are seen as an engineering breakthrough [2]. A
microstrip antenna consists of conducting patch on a
ground plane separated by dielectric substrate. After that
many authors have described the radiation from the ground
plane by a dielectric substrate for different configurations
[3]. The micro strip antennas are the present day antenna
designer’s choice. Low dielectric constant substrates are
generally preferred for maximum radiation. The
conducting patch can take any shape but rectangular and
circular configurations are the most commonly used
configuration. Other configurations are complex to
analyze and require heavy numerical computations. A
microstrip antenna is characterized by its length, width,
input impedance, and gain and radiation patterns [4].
Various parameters of the microstrip antenna and its
design considerations will be discussed in the subsequent
sections. The length of the antenna is nearly half
wavelength in the dielectric; it is a very critical parameter,
which governs the resonant frequency of the antenna.

There are no hard and fast rules to find the width of the
patch [5].

Transparent conductive materials have been prepared
with oxides of tin, indium, zinc and cadmium [6]. These
transparent conducting oxides (TCOs) are employed in a
wide spectrum of applications such as solar cells,
electromagnetic shielding and touch-panel controls [7].
Notably, there has been little commercial application of
TCOs in antenna design. Attempts have been made to
create transparent patch antennas for automobile
windshields and solar cells. Many researchers on this
subject express the inability to achieve high gains (> 2 dB)
[8] and reduced efficiencies of microstrip antennas
compared to antennas that are not near a ground plane,
such as a dipole in free space. Previous transparent
antenna research offers little insight into the use and
limitations of TCO antennas in general, and what range of
conductivity and transparency can be expected from
today's materials and how that impacts antenna
performance for different frequency bands [9]. This study
have deeply investigated the effect of antenna dimensions
such as patch length (L), width (W), patch thickness (t)
and substrate parameters relative to dielectric substrate
constant (g;) and substrate height (h) on the radiation
parameters of bandwidth radiation efficiency, radiation
resistance and optical transmission coefficient.

2. Microstrip patch antenna basic structure
In its most fundamental form, a microstrip patch

antenna consists of a radiating patch on one side of a
dielectric substrate which has a ground plane on the other
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side as shown in Fig. 1. The patch is generally made of
transparent conducting oxide materials (TCOMSs) such as
indium tin oxide (ITO), antimony tin oxide (ATO),
titanium indium oxide (TI1O), and gallium zinc oxide
(GZO) and can take any possible shape. The radiating
patch and the feed lines are usually photo etched on the
dielectric substrate [9].

Patch

T Dielectric Substrate

e — -
— Ground Plane

Fig. 1. Schematic view of microstrip patch antenna.

In order to simplify analysis and performance
prediction, the patch is generally square, rectangular,
circular, triangular, and elliptical or some other common
shapes. For a rectangular patch configuration, the length of
the patch L, patch thickness t and the height of the
dielectric substrate h. The dielectric constant of the glass
substrate (&(lassy=6) and the ground plane is copper and is
considered to be a perfect electric conductor (PEC) with
ercuy=1.002, Ne(c,y=846x10%° m™, and pie(cyy=440 cm*V''s™.
Microstrip patch antennas radiate primarily because of the
fringing fields between the patch edge and the ground
plane, thus (e=etcm™ &rclasstercyy)[10]. For good antenna
performance, a thick dielectric substrate having a low
dielectric constant is desirable since this provides better
efficiency, larger bandwidth and better radiation.
However, such a configuration leads to a larger antenna
size. In order to design a compact Microstrip patch
antenna, substrates with higher dielectric constants must
be used which are less efficient and result in narrower
bandwidth. Hence a trade off must be realized between the
antenna dimensions and antenna performance [11].

3. Transmission line method analysis

This model represents the microstrip antenna by two
slots of width W and height h, separated by a transmission
line of length L. The microstrip is essentially a non
homogeneous line of two dielectrics, typically the
substrate and air. Consider Fig. 2 below, which shows a
rectangular microstrip patch antenna of length L, width W
resting on a substrate of height h. The co-ordinate axis is
selected such that the length is along the x direction, width
is along the y direction and the height is along the z
direction [12].
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Fig. 2. Rectangular microstrip patch antenna.

Ground Plane

In order to operate in the fundamental TM, mode, the
length of the patch must be slightly less than A/2 where A
is the wavelength in the dielectric medium and is equal to
Mvisioie/ (Erefr)™>,  Where Avisipie S the free space visible
wavelength. The TM;, mode implies that the field varies
one M2 cycle along the length, and there is no variation
along the width of the patch.

Ground

Radiating Slots Plane

Patch

Fig. 3. Top and side views of the antenna.

In the Fig. 3 shown above, the microstrip patch
antenna is represented by two slots, separated by a
transmission line of length L and open circuited at both the
ends. Along the width of the patch, the voltage is
maximum and current is minimum due to the open ends.
The fields at the edges can be resolved into normal and
tangential components with respect to the ground plane
[13]. It is seen from Fig. 3 that the normal components of
the electric field at the two edges along the width are in
opposite directions and thus out of phase since the patch is
M2 long and hence they cancel each other in the broadside
direction. The tangential components (seen in Fig. 3),
which are in phase, means that the resulting fields combine
to give maximum radiated field normal to the surface of
the structure. Hence the edges along the width can be
represented as two radiating slots, which are A/2 apart and
excited in phase and radiating in the half space above the
ground plane [14].

4. Antenna model analysis
An effective dielectric constant (g.5) must be obtained

in order to account for the fringing and the wave
propagation in the line. The value of g is slightly less
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then ¢, because the fringing fields around the periphery of
the patch are not confined in the dielectric substrate but are
also spread in the air. The expression for g IS given by
[15]:

0.5
1 & -1
Ereit = g*; +ng[1+12w£j , (1)

Where W is the patch width, ¢, is the dielectric substrate
constant, and h is the substrate height. The fringing fields
along the width can be modeled as radiating slots and
electrically the patch of the microstrip antenna looks
greater than its physical dimensions. The dimensions of
the patch along its length have now been extended on each
end by a distance AL, which is given empirically by [16]
as:

(erefr +O.3)(WF+O.264)

AL=0.412h = ,
(eref —0.258)(F—0.8j

)

The effective length of the microstrip patch antenna
Less NOW becomes:

Lot = L+2AL @)

For a rectangular microstrip patch antenna, the
resonance frequency for the fundamental TM,, mode is
given by [17]:

c

fo (4)

2Lett o/ Ereft
for efficient radiation, the effective width of the microstrip
patch antenna Wes can be expressed as [18]:

c
Wit = —— =" Q)
28, [ +

2

Where ¢ is the speed of light (3x10® m/sec). The electron
mobility, density and permittivity, of various are listed as
shown in Table 1. Where m, is the electron mass (9.1x
107 kg).

Table 1. Electron mobility, permittivity, effective electron
mass and density of various TCOMs.

Transparent | Mobility Densit%/ Effective | Permittivity
conductor e Ne (M™) electron £TcM
material (cm?V° mass

(TCM) ) m’

ITO [13] 45 4x10%° 035m. | 4

ATO [10] 9.7 1.26x10° | 011m, | 1.26

TIO [22] 80 8x10%° 07m. |8

GZO [20] 13 1x10®° | 0.0875m, | 1.1

The conductivity of TCOMs as a function of effective
visible wavelength can be expressed as [19]:

N +N + .
|a|:( e(rem) + Neccuy) d (Lecremy ﬂe(CU))’imsume’ ©)

2 2.2 2
\/ﬂVisible +4rctr

Where Ngrowmy is the electron density for transparent
conductor material, Ne(cy) is the electron density for copper
conductor perfect material, g is the electron charge, pecrem)
is the electron mobility for transparent conductor material,
Le(cy) IS the electron mobility for copper perfect conductor
material and t is the electronic relaxation time which is
defined by the following formula:

m” +
o (te(remy + He(cu)) | @
q

Where m” is the effective electron mass. The transmission
of light through a TCOMs are well approximated by [20]:

T ~exp [ ;—5] : (8)

Where t is the microstrip patch antenna thickness, and 6 is
the skin depth which is given by [21]:

82 2 2
7°m ¢ (Uerem) + He(cuy)

Zrem 0° Misible (Nerem) + Neccwy)

9)

Where Zrcw=377/(ercm)”® in Q. According to the
assumption W/h >>1, in this case, the surface resistance
can be defined as [22-24]:

2L
Rs A (10)

lo|swW |1-e o

The rectangular microstrip patch antennas were designed
with input impedance R,=50. Therefore the radiation
efficiency in this case is calculated as [25]:

Ra

= , 11
RA+RS ( )

Ty

5. Simulation results and performance
evaluation

Optical antennas have been deeply investigated for
microstrip patch antennas in the visible spectrum region to
enhance it performance operation characteristics such as
antenna gain, optical transmission, skin depth losses and
antenna efficiency over wide range of the affecting
operating parameters as shown in Table 2.
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Table 2. Operating parameters for optical microstrip patch antennas [13, 15, 20, 22, 25].

Operating parameter Symbol Value
Operating optical signal wavelength (Visible region) | Avisibie 400 < Avisiple: NM < 700
Patch length L 50 pm

Patch width w 30 um

Patch thickness t 0.1 um-2.5 um

Glass substrate dielectric constant Er(Glass) 6

Dielectric subtract height h 5 um-20 um

Electron charge q 1.6x10% C

Based on the modeling equations analysis over wide

range of the operating parameters, and the series of the
Figs. (4-12), the following features are assured:

i)

Figs. (4-6) have assured that optical transmission
coefficient decreases with increasing both operating
optical signal wavelength in the visible region and
antenna patch thickness for different antenna patch
structures. It is theoretically found that TIO based
patch antenna has presented the highest optical

transmission  coefficient compared to other
materials under the same operating conditions.

ii)As shown in Figs. (7-9) have indicated that antenna

radiation efficiency increases with increasing patch
thickness and decreasing operating optical signal
wavelength in the visible region. It is observed that
TIO based patch antenna has presented the highest
radiation efficiency compared to other materials
under the same operating considerations.
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Fig. 4. Optical transmission coefficient in relation to patch antenna thickness and visible wavelength for various
transparent conductor oxide materials based patch antenna at the assumed set of the operating parameters.
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Fig. 5. Optical transmission coefficient in relation to patch antenna thickness and visible wavelength for various
Transparent conductor oxide materials based patch antenna at the assumed set of the operating parameters.
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Fig. 6. Optical transmission coefficient in relation to patch antenna thickness and visible wavelength for various
transparent conductor oxide materials based patch antenna at the assumed set of the operating parameters.
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Fig. 7. Antenna radiation efficiency in relation to visible optical wavelength and patch antenna thickness for various
transparent conductor oxide materials based patch antenna at the assumed set of the operating parameters.
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Fig. 8. Antenna radiation efficiency in relation to visible optical wavelength and patch antenna thickness for various
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transparent conductor oxide materials based patch antenna at the assumed set of the operating parameters.
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Fig. 9. Antenna radiation efficiency in relation to visible optical wavelength and patch antenna thickness for various
transparent conductor oxide materials based patch antenna at the assumed set of the operating parameters.
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Fig. 10. Effective patch length in relation to dielectric substrate height for various transparent conductor oxide
materials based patch antenna at the assumed set of the operating parameters.
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Fig. 11. Antenna resonance frequency in relation to dielectric substrate height for various transparent conductor oxide
materials based patch antenna at the assumed set of the operating parameters.
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Fig. 12. Effective patch width in relation to dielectric substrate height for various transparent conductor oxide materials
based patch antenna at the assumed set of the operating parameters.

iii) Figs. (10-12) have demonstrated that effective
antenna length and width increase with increasing
antenna dielectric substrate height, while antenna
resonance frequency decreases with increasing its
dielectric substrate height. As well as TIO based
patch antenna has presented the highest effective
length and width and the lowest resonance
frequency compared to other materials under the
same operating conditions.

6. Conclusions

These transparent antennas have very poor radiation
efficiencies at wavelengths at 700 nm. Fair efficiencies
(more than 40%) are achieved for wavelength at 400 nm
with thick thickness. It is theoretically found that electron
mobility above p = 100 cm?V’s™ is very hard to achieve
and further materials development should be done to

improve the electron mobility of TCOMSs, novel materials
such as titanium doped indium oxide could provide higher
than pe= 50 cm?V's™ mobility. It is indicated that if the
ground plane is fabricated of copper material, the radiation
efficiency is improved to reach 44.5 % at Ayisipe=400 nm,
and patch thickness t=2.5 um because the ground and skin
depth effects are minimal for these transparent antennas
due to copper's high free electron density (N, = 846x10%
m?) and electron mobility of (ne = 440 cm?V's™).
Theoretical results has presented high both optical
transmission coefficient and radiation efficiency if these
transparent material is coupled with ground plane made of
copper material. While it is observed that if the ground
plane is also transparent, the radiation efficiency n, would
drop substantially due to ground surface resistance Rs, so
mobility would become even more critical according to
our theoretical results in comparison with practical results
as summarized in Table 3.
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Table 3. Comparison our theoretical design parameters of optical microstrip patch antennas with practical results.

Our theoretical results

Practical results [22, 24, 26, 27]

Our Antenna structures

Their Antenna structures

Design Parameters

Antenna structure consists of both fixed glass
substrate, and copper ground plane with different
antenna patches at the same operating conditions:
h=5 pm, t =2.5 um, and Avisine=400 nm.

Antenna structure consists of fixed both
glass substrate and ITO patch antenna
with different ground planes at the same
operating conditions: h=5 um, t =2.5 um,
and }Vvisible=400 nm.

Patch (1) | Patch (2) | Patch (3) Patch (4) Plane (1) Plane (2) Plane (3)
ITO ATO TIO GzO ATO TIO Gz0O
Optical transmission (T) 0.475 0.325 0.55 0.31 0.258 0.432 0.277
Radiation efficiency (1) 43% 40% 44.5% 38% 28.5% 33.7% 21.32%
Resonance frequency (f,), GHz 1425 1545 1325 1575 80 54 100
Effective length (Leg), mm 0.0525 0.051 0.0535 0.0505 10.25 18.75 9.35
Effective width (Weg), mm 0.0324 0.03 0.0332 0.0304 7.3 12.65 6.75
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