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Graphical abstract

Circularly  polarized (CP)
microstrip antenna limitation
in gain, impedance and axial-
ratio bandwidths

[

Consideration about
application  targets  and
specifications, materials to be
used, and methods to choose
the type of antenna software

1l

The design of CP and large-
bandwidth microstrip antenna
is done gradually, by firstly
truncating one tip, then
truncating the whole three
tips, and finally modifying it
into a pentagonal patch
structure and adding an air-
gap to obtain larger
bandwidths of impedance,
gain and axial ratio

Abstract

The circularly polarized (CP) microstrip antennas, both of singly- and doubly-fed types,
possess inherent limitation in gain, impedance and axial-ratio bandwidths. These limitations
are caused mainly by the natural resonance of the pafch antenna which has a high
unloaded Q-factor and the frequency-dependent excitation of two degenerative modes
(TMO1 and TM10) when using a single feed. Many applications which require circular
polarization, large bandwidth, and good performance, especially in the field of wireless
communication, are still difficult to be designed by using antenna software. Some
consideration to take will include the application target and design specification, the
materials to be used, and the method to choose (formula, numerical analysis, etc). This
paper explains and analyzes the singly-fed microstrip antenna with circular polarization
and large bandwidth. This singly-fed type of microstrip antenna provides certain
advantage of requiring no external circular polarizer, e.g. the 90° hybrid, as it only needs to
apply some perturbation or modification to a patch radiator with a standard geometry.
The design of CP and large-bandwidth microstrip antenna is done gradually, by firstly
fruncating one ftip, then fruncating the whole three fips, and finally modifying it info a
pentagonal patch structure and adding an air-gap fo obtain larger bandwidths of
impedance, gain and axial rafio. The last one antenna sfructure results in a novelty
because it is a rare design of antenna which includes all types of bandwidth (impedance,
gain, and axial ratio) being simultaneously larger than the origin antenna. The resulted
characteristic performance of the 1-tip (one-tip) antenna shows respectively 1.9% of
impedance bandwidth, 3.1% of gain bandwidth, and 0.45% of axial-ratio bandwidth. For
the 3-tip (three-tip) step, the resulted bandwidths of respectively impedance, gain, and
axial ratio are 1.7%, 3.3% and 0.5%. The pentagonal structure resulted in the bandwith
values of 15.67%, 52.16% and 4.11% respectively forimpedance, gain, and axial ratio.
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1.0 INTRODUCTION

The circularly polarized (CP) microstrip antennas,
both of singly- and doubly-fed types, possess inherent
limitation in gain, impedance and axial-rafio
bandwidths. These limitations are caused mainly by
the natural resonance of the patch antenna which
has a high unloaded Q-factor and the frequency-
dependent excitation of two degenerative modes

(TMO1 and TM10) when using a single feed [1]. In
order to achieve enhanced gain, impedance and
CP bandwidths, several singly-fed single-element
patch antenna designs use air-layer or foam
substrate for minimizing the unloaded Q-factor [1],[2].
Another way to increase the antenna bandwidth is
performed by using stacked patches and
electromagnetically coupled patch configurations,
as presented in [3],[4].
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One of the most common techniques for calculating
the unknown current of the pafch antenna is the
Method of Moments. This method discretizes the
infegral intfo a matrix equation which can then be
solved. This discrefization can be considered as
dividing the antenna surface info a number of small
elements. From the current distribution, the S-
parameters, radiation paftern and any other
parameters of inferest can be obtained.

The accuracy of the simulations using such this kind
of software package is very high. Since the
calculations are performed over discretized space,
the accuracy of the solution is dependent on the grid
size. As the grid size is decreased, the accuracy will
be increased, although reaching the solution will
become more computationally expensive [5].

A generdlized formula to express the electrical
current potential at the surface of a conductor can

be written as [6]:
L(q)=¢ ()

where L is a linear operator, g an unknown variable,
and @ is a known function such as forced term or
source term. g can be discretized intfo gn and can
be approximated as follows:

q=>_ f.q,
7 2)

where fn is the expansion functions. By substituting it
info (1), the following expression is obtained:

> a,L(f,)=¢
g 3)

Then, in order to create the equation at the
node i, weighting functions wm are placed on both
sides of the equation and by integration on the
surface of the conductor, it leads to the following
equation:

>0, [J L(f w,dS = [[ ¢ w,ds (4

By applying the previous equation to the whole
unknown discretized nodes with m =1, 2,..., a system
of equation is obtained as follows :

[Cla} =@} 5)

Here, each Cmn and ®m terms, respectively factor
of [C] and {#}. is equal fo:

Cpp = [[ L(f, Jw,dS (6)
Sc
@, =[[4w,ds (7)
Sc

In equations (6) and (7), the particular choice of
wn=fn is known as the Galerkin's method. In addifion,
the method which consists in applying the Dirac
delta function § at the node m of wm is called the
point-matching method.

There are several ways fo choose the expansion
functions and the weighting functions, leading to a
change in the accuracy of the calculation. However,
the method of integral equation is largely used
because the point-matching method is the easiest

one to freat. As equations (6) and (7) are isomorphic
fo the calculation of moments, this technique is
called the Method of Moments.

The antenna analysis using the Method of Moments
is based on the calculation of the magnetic vector
potential A and the electric scalar potential <,
assuming the electric current on the antenna, or the
density of current, to be an unknown variable. Let
assume from here that the dependence in time is
sinusoidal. A and @ can be calculated from the
following equations by assuming that current flows on
the antenna and the sources are electric charges:

A=pul[ Ipdv (8)
\Y

= % IVI ppdV (5)

where u is the magnetfic permeability, € the
permittivity, @ the elementary solution, and V the
region of the antenna. In three dimensional
problems, the elementary solution is given by:

1 .
@ =——exp(~ jkr) (10)
Arr
Considering J and p not being independent, from
the Gauss's Law we have:

V-D=p (11)
and from the time differential of the density of
magnetic flux B, i.e. from the equation that expresses
the divergence of Ampere’s Law and ignoring the
current charges :

V‘J+V-8—D=O (12)
ot

tfo which p is connected. From the equation of the
electric continuity, the following equation can be
obtained:

p=——" (13)

When J and p conform to the upper equation, the
obtained expressions of A and ¢ satisfy Lorenz's
gauge.

The strength of electric field E is derived from A and
P:
E=—joA-Vg (14)

Finally, at the surface of the antenna, ie. the
surface of a perfect conductor where the tangential
component of E tends to zero, the following equation
needs to be used in order to create the system of
equations:

—-nxE=nxE, (15)

where n is the normal direction, Eo the outer electric

field. By substituting (14) into (15), the next equation is
obtained:

JoA+Vg=nxE, (16)

Depending on the number of feed points

necessary to excite the CP waves, the circularly
polarized (CP) antennas are classified into singly-fed
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and doubly-fed types. The singly-fed type is
especially useful because it requires no external
circular polarizer such as the 900 hybrid, as it only
needs to apply some perturbation or modification to
a patch radiator with a standard geometry [7]. For
example, the CP radiation of an equilateral tfriangular
antenna with a fruncated tip [8] is achieved by
cutting the correctly-sized section from the tip of an
equilateral-triangular patch (Fig.1). In this case, for
left-hand circularly polarized (LHCP) the probe-fed is
located in the left-half of the triangular patch.

In this paper, an antenna will be designed by
embedding the cutting of each tip of an equilateral-
friangular patch and also the pentagonal antenna
using air-gap for circular polarization and enhancing
bandwidth of antenna with a simple configuration
(Fig.1.a, Fig.1.b, Fig.2.a, Fig.2.b). Hence, the new
phenomena occur, in the case Is > Ip (Fig.1.b and
Fig.2.a), probe-fed LHCP and right-hand circularly
polarized (RHCP) are located on the right- and left-
half of the triangular patch, respectively. In the case
Is <lp, the RHCP and LHCP can be obtained suitably
with the previous rule [3], but in the case Is = Ip, both
RHCP and LHCP could not operate, as only linear
polarization can be obtained. In this case, the
function of two-truncated tips with length Is is as a
switfch to move variation of polarization, if the probe
feed exists on the same place. In addition, the
function of Is or two of friple fruncated fips can also
affect the bandwidth of axial ratio. It makes the axial
ratio bandwidth become wider and smoother than
without it (Fig.3).

Moreover, a new model is also to be designed
(Fig.2.b). Another shape of pentagonal like a kite has
been proposed by Weinschel [?] with the
characteristic of antenna parameter similar to a new
model of pentagonal antenna. The new model of
pentagonal antenna owns technical depth design
with analysis of the method of numerical analysis
based on method of moment as explained
previously. This is a novelty because its rare that a
design of antenna includes all types of bandwidths
(impedance, gain, and axial rafio) being
simultaneously larger than the previous antenna.

2.0 ANTENNA CONFIGURATION

2.1 Comparison of Circularly Polarized (CP)
Techniques

Fig. 1.a and Fig. 1.b show the configuration of
anfenna design, for 1-fip truncatfion and 3-fip
fruncation, respectively. The triangular patch has a
side length of a = b and uses a conventional
substrate with relative permittivity 2.17 and loss
tangent 0.0009. In Fig.1.a, the antenna is fed using a
single probe which is located on the left side of LHCP.
In the LHCP of Fig.1.b the fed is located on the right
side. In addition, there are three small friangular tips,
two of which are of the same side length Is. It is used

fo excite more magnitude current path around this
area which is moving to y-direction and x-direcftion,
hence increasing the bandwidth of axial ratio. The
other friangular fip has a side length of Ip that if it
combines with loci of feeding in the right side of
friangular patch owing to perturbation, so that the
effective excited patch surface current path in the y-
direction is slightly longer than that in the x-direction,
which gives the y-directed resonant mode a
resonant frequency slightly smaller than that of the x-
directed resonant mode [10]. That is, the dominant
mode (TM10 mode) of the triangular patch could be
separated into two near-degenerate orthogonal
resonant modes of equal amplitudes and 909 of
phase difference for LHCP operafion. In the same
manner, for the case in Fig.1.b, owing to the
tfruncated-tip perturbation and fed located in the left
side of triangular patch, the effective excited patch
surface current path in the y-direction is slightly
shorter than that in the x-direction. It gives in the y-
directed resonant mode a resonant frequency which
is slightly larger than that in the x-directed resonant
mode that are equal amplitudes and 90° of phase
difference for RHCP operation [11].

(top view) 4z
-
substrate p
® a=b=5305mm
o =4 mm
o| E/ X If Aa =693 mn?
o / p=6.4 mm
LHopPY |, P RHC =16 mm
|
P b
patch probe_fed
(side view) z,
substrate £/ groundT hI x
= »

Aluminium plate

Figure 1(a) Configuration of 1-tip tfruncation antenna (c1) -
Comparison of circularly polarized technique

(top view) 4

substrate
a=b=5575mm

Ip =5mm
Is =7 mm
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Ab =21.21 mn?
p= 6.4 mm
h=1.6 mm
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probe_fed
(side view) z
’ substrate o Fl groundT /71 ‘ x
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Figure 1(b) Configuration of 3-tip truncation antenna (c3) -
Comparison of circularly polarized technique
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2.2 Comparison of Larger Bandwidth Techniques

Fig. 2.0 and Fig. 2.b show the configuration of
antenna design, for triangular of 3-tip truncation and
pentagonal antenna, respectively. Both antennas
are using a conventional substrate (relatfive
permittivity 2.17 and loss tangent 0.0009) and fed by
a coaxial probe to avoid the elliptic degradation by
unwanted radiation from the feed network. Fig.2.a
shows the last antenna design with poor bandwidth
of antenna, which has a side length of a = b and a
fed is located on the right side relatively to central
coordinate (null potential) for LHCP.

Fig.2.b shows the new model design of pentagonal
antenna using air-gap whose angle 46 is 459, The
shape of such pentagonal can be prescribed
completely using two parameters c/a and b/a. The
pentagon becomes a rectangle when c/a = 0, an
isosceles triangle when c/a = 1. It is important to
enhance the bandwidth, its position of c/ais 0 < c/a
< 1 or in the others word the patch shape should
combine two or more shapes in becoming one
(pentagon = triangle + rectangle). In this case, by
only combining two shapes for gefting wide
bandwidth of antenna is not enough, to match
impedance 50Q and to be smooth impedance, axial
ratio and gain bandwidth, so the antenna are
added the dimensions of antenna, air gap and
feeding location which must be chosen correctly
(Fig.2.b). They are used to excite more than one
mode where each of mode degenerates ftwo
frequencies closed, hence much of the magnitude
currents paths around this area move to y-direction
and x-direction which are perpendicular to each
other, hence increasing the bandwidth of axial ratio
[12].

For LHCP, the feeding is located on the left side
from null potential. In this case, there are occur 3
modes at the frequency operation of 2.4925, 4.5 and
6.8 GHz, but only a good radiation characteristic
obtains in the first mode of 2.4925 GHz. This mode is
dominant modes (TMO1 and TMI10), owing fo the
shape perturbation (pentagonal) using air-gap and
feeding locatfion at the left side of pentagonal,
hence the effective excited patch surface current
path in the y-direction is slightly shorter than that in
the x-direction. It gives at the y-directed resonant
mode a resonant frequency which is slightly larger
than that at the x-directed resonant mode that are
equal amplitudes and 90° of phase difference for
LHCP operation [13].

In this paper, the method of moment (Ensemble
version 8 software) is employed to simulate the
model with an infinite ground plane. Consideration of
the efficient thickness of the antenna (see Fig. 1.a)
allowed either the substrate thickness for triangular
patch to be defined with the single substrate or single
layer (h = 1.6 mm). The 3-tip fruncation antenna result
(c3) is compared to the 1-tip truncation (c1) to know
the improvement of performance of each other.
Moreover, consideration of the efficient thickness of
the antenna (Fig.2.b) allowed either the substrate

thickness for pentagonal patch to be defined with
the single substrate or single layer using air-gap (h1 =
1.6 mm and h2 = 7.4 mm). The pentagonal antenna
result (antenna 2) is compared to the 3-tip fruncation
(antenna 1) also to know the improvement of
performance of each others.

(top view)

substrate
a=b=5575mm

Ip=5mm
Is =7 mm
If Aa =10.83 mn?

on Ab =21.21 mn?
f p=64 mm
s $h=1.6 mm
A . i

I
| probe_fed

(side view) ‘ z

‘ substrate 0] ground—‘ hI ‘ x

Aluminium pIateJ

Figure 2(a) Configuration of the 3-fip truncation antenna
(c3 or 1) - Comparison of larger bandwidth techniques

(top view)

a=49.97 mm
b =62.93 mm

O =45 mm
¢ =31.47 mm
r =50 mm
p = 2384 mm
h;=1.6 mm
hy= 7.4 mm
7probe,fed ’
patch |
\/
(side view) z
substrate hy
air gap g hs
o Vb\ groun ] x

Aluminium plate —

Figure 2(b) Configuration of the pentagonal antenna (2) -
Comparison of larger bandwidth techniques

3.0 RESULTS AND DISCUSSIONS

3.1 Comparison Results of Circularly Polarized (CP)
Techniques

Figure 3 fo Figure 6b indicate the results of simulation
of the truncated antenna c3, and cl, in the case of
frequency  characteristic,  S-parameter,  input
impedance and elevation plane. Fig. 3 shows the
value of gain and axial ratio (Ar) for simulation of 3-tip
fruncation antenna (c3) and the 1-tip fruncation (c1)
at the resonant frequency of 2.5025 GHz. The results
of antenna c3 are 6.8 dBic and 0.42 dB, while
antenna c1 are 6.7 dBic and 2.4 dB, respectively. In
addition, the bandwidth of axial rafio antenna c3 is
wider than that of antenna c1 by about 30.07% (AW
c3 = 0.0143 GHz being compared to AW c1 = 0.01
GHz).
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Fig. 4 shows the relationship between the reflection
coefficient (S-parameter) and frequency for the
simulation of Rx antenna. From this figure, it can be
seen that the S-parameter of the new model
anfenna c3 at the resonant frequency is better than
the previous antenna cl of -17.9 dB and -11.84 dB,

respectively. Buft,

the bandwidth of S-parameter

essentfially follows that of the cavity field. For the
lowest mode, it is usually large when the feed is near
the edge of the patch and decreases as the feed
moves inside the patch. Its magnitude can vary from
fens to hundreds of ohms. By choosing the feed
position properly, an effective match between the
antenna and the transmission line can be obtained.

antenna c3 is narrower than that of antenna c1. It is
caused by loci of feeding antenna ¢3 which is not
optimized yet on the place of patch antenna bieng
compared to that of the antenna c1. Moreover, it is
also the effect of perturbation area on both of the
below patches of antenna (Is) and upper patches of
antenna (Ip) which can reduce the bandwidth of S-
parameter.

—Gain_, ----Ar_, ——--Gain__----Ar
c3 cl [
T — —

8 c3
——— T

6o
) =
@ 9
S 48
= -
© <
O] \ =
2 <
0 P " Ji‘ Ly 0
24 2.45 2.5 2.55 2.6
Frequency [GHz]

Figure 3 Gain and axial ratfio vs. frequency

Fig. 5 depicts the input impedance characteristic
of Rx. This figure shows that the real part of simulation
is different from each other, but in the case of
anfenna c3 the real impedance is approaching 50Q
at the operation frequency. Moreover, the
reactance part of the antenna c3 is better than
anfenna c1 that closed to 0 Q at the resonant
frequency.

0

[N
o

|~ —— S-parameter c
| -~~~ S-parameter c;

230 | 4

S-parameter [dB]
)
o

2.4 2.45 2.5 2.55 2.6
Frequency [GHz]

A
o

Figure 4 S-parameter

For coaxial-fed antennas, the input impedance is
dependent on the feed position. The variation of
input resistance at resonance with feed position

100 ————

———r
—Reg~-ooIm

s 1

— T

==Im

— 100

cl

n

X [Q]

50 Lot NI )
24 2.45 2.5 2.55 2.6
Frequency [GHz]

Figure 5 Input impedance

Figure 6a and éb depict the relationship between
gain-axial ratio and elevation angle at Az=0° and 90°.
At the elevation of 90° the maximum gain of c1 and
c3 are about 6.68 dBic in both of azimuth angles,
respectively. But, it different for axial ratio, especially
in x-z plane are about 2.8 dB for c1 and 0.29 dB for
c3, respectively. The effect of using truncated tip in
both 1-tip and 3-tip models result mostly difference of
azimuth angles, especially for axial rafio.

3 8
6 46 =
) g
= 2
=4 4 £
2
Q0 w
b 42
0 1 1 ‘I_ 1 0

0 30 60 20 60 30 0
Az=00"<+—E[-Elevation angle [deg]—m 4z=0°

Figure 6(a) x-z plane

8 " 8
—— Gain
6 16 =
2 =
23] .8
= 1472
0 e L. 0

1 1 1 1 1
0 30 60 90 60 30 0
4z=270°=—F[-Elevation angle [deg] —=47=50°

Figure 6(b) y-z plane
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3.2 Comparison Results of Larger Bandwidth
Technique

Figure 7 to 11 show the results of simulation between
the pentagonal antenna 2 and the 3-fip truncation
antenna 1, in terms of frequency characteristic, S-
parameter, input impedance and elevation plane.
Fig. 7 shows the value of gain and axial ratio (Ar) from
the simulation of the new model antenna or
pentagonal antenna (2) at the resonant frequency
24925 GHz and of the previous antenna or
hexagonal (1) at the resonant frequency 2.5025 GHz.
The results of antenna 2 are 8.74 dBic and 0.06 dB,
whereas those of the antenna 1 are 6.8 dBic and 0.42
dB, respectively. In addition, the bandwidth of axial
ratio antenna 2 is wider than antenna 1 by about 8.2
times (AW 2 = 4.11% being compared to aAW 1 =0.5
%).

7Gain1~~Ar ----Gain_ ——-— Ar,

10 : S 2 10
8 8
I 1l m
- =]
(&} e
@ 6 6 o
=) =
£4 4 3
e 2

N

o

Frequency [GHZz]

Figure 7 Gain and axial ratfio vs. frequency

Figure 8 shows the relationship between the
reflection coefficient (S-parameter) and frequency
for the simulation of Rx antenna. From this figure, it
can be seen that the bandwidth of S-parameter of a
new model antenna 2 is wider than the previous
antenna 1 by 15.67% and 1.7%, respectively. It is
caused by the new shape of perturbation on
antenna like a pentagonal where the area square is
larger than the previous antenna of about 2154.3
mm?2 and 1292.58 mm?Z, respectively. In addition, it is
also the effect of air-gap and locatfion of feeding
which is matched with the configuration of antenna
to yield the target’s fulfilment. Moreover, the value of
S-parameter at the resonant frequency of antenna 1
is slightly better than that of antenna 2, which is -17.9
being compared to -15.03 dB.

Figure 9 depicts the input impedance
characteristic of Rx. This figure shows that the real
and reactance part of simulation are similar of each
other, but in the case of antenna 2 where its covered
frequencies for real and reactance impedance are
not closed to 50 Q and 0 Q, they are located wider
over the frequency operation range than compared
with antenna 1.

0

—
m
=-10 —
S
9]
@
S
o — S-parameter
‘5_—20 - —***S-parameteri 7]
2]

_30 PR | | | P P

22 23 24 25 26 27 28
Frequency [GHz]

Figure 8 S-parameter

For coaxial-fed antennas, it can slightly effect
foward the resonant frequency, axial ratfio, S-
parameter and input impedance which s
dependent on the feed position. By choosing the
feed position properly, an effective match between
the antenna and the transmission line can be
obtained.

100 ey 100

50 F 7 f 150

. . Ll L L, Ll ] -100
22 23 24 25 26 27 28
Frequency [GHz]

Figure 9 Input impedance

Figure 10 and 11 depict the relationship between
gain-axial ratio and elevation angle at Az=0° and 90°.
At the elevation 90° the maximum gain-axial ratio of
1 and 2 are about 6.68 dBic - 0.29 dB and 8.87 dBic -
0.07dB in both of azimuth angles, respectively. The
effect of fruncating 3-tip, pentagonal antenna shape
and air-gap of both azimuth angles and elevation
angle are strong difference in terms of both gain and
axial ratio values.

4.0 CONCLUSIONS

In order to obtain a circular polarization, compact,
small, and simple configuration, the fruncated-tip
antenna and pentagonal antenna have been
studied. Comparison of the resulted characteristic
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performances, especially in terms of bandwidth of
the axial ratio, the pentagonal antenna excels the
fruncated-fip antenna. The better performance is
obtained owing to the new-shape of pentagonal
anfenna using air-gap and the good choice of

feeding position.
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Figure 10 Elevation in x-z plane
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Figure 11 Elevation in y-z plane

Acknowledgement

The authors would like to thank the Laboratory of
University, Japan for the

Antenna, Chiba

measurement of data used in this paper and to the
Power System Engineering and Energy Management
Research Group (PSeeMRG) of Brawijaya University
for having financed this publication.

References

(1

(2]

(3]

(4]

(3]

(]

(7]

8]

(91

(1]

(1]

(2]

(13]

Chang, F. S., Wong, K .L. and Chiou, T. W. 2003. Low-Cost
Broadband Circularly Polarized Patch Antenna. [EEE
Transactions on Antennas and Propagation. 51(10): 3006-
3009.

Wang, C. and Chang, K. 2000. Single-Layer Wideband
Probe-Fed Circularly Polarized Microstrip Antenna. IEEE
International Symposium on Digital Antennas Propagation
Society. 1000-1003.

Richard, Q.L. and Kai-Fong, L. 1990. Experimental Study Of
The Two-Layer Electromagnetically Coupled Rectangular
Patch Antenna. IEEE Transactfions on Antennas and
Propagation. 38(8): 1298-1302.

Karmakar, N. C. and Bialkowski, M. E. 1999. Circularly
Polarized Aperture Coupled Circular Microstrip Patch
Antenna for L-Band Applications. IEEE Transactions on
Antennas Propagation. 47: 933-940.

Ansoft Corporation. 2001. ANSOFT Ensemble User Guide
Manual (ver. 8).

Wu, D. and Chang, D. 1991. A Review Of Electromagnetic
Properties and the Ful-Wave Analysis of the Guiding
Structures In MMIC. Proceedings of the IEEE. 79(10): 1529-
1537.

Suzuki, Y., Miyano, N. and Chiba, T. 1987. Circularly
Polarized Radiation From Singly Fed Equilateral-Triangular
Microstrip Antenna. IEE Proceeding. 34: 194-197.

Tang, C.L., Lu, JH. and Wong, K.L. 1998. Circularly
Polarized Equilateral-Triangular Microstrip  Antenna  with
Truncated Tip. Electronics Letters. 34: 1227-1228.
Weinschel, H.D. 1975. A Cylindrical Array of Circularly
Polarized Microstrip Antenna. International Symposium on
Digital Antennas Propagation Society. 177-180.

Purnomo, M.F.E. and Sari, S.N. 2012. Singly-fed Circularly
Polarized Triangular Microstrip Antenna with Truncated Tip
Using Annular Sector Slot for Mobile Satellite
Communications. Proceedings EECCIS 2012. 172-EEC-35.
Purnomo, M.F.E., Sumantyo, J.T.S. and Kusumasari, V. 2014.
The Influence of Hole-Truncated fo Characteristic
Performance of The Equilateral Triangular Antenna for
Mobile Satellite. Proceedings of the IEEE. C3: 68-71.
Purnomo, M.F.E., Supriana, E. and Kusumasari, V. 2013.
Circularly Polarized Array Pentagonal Microstrip Antenna
for Mobile Satellite Applications. Proceedings of the IEEE.
Quality in Research 2013: 244-247

Purnomo, M.F.E., Basari. and Sumantyo, J.T.S. 2014.
Circularly Polarized Stack-Patch Microstrip Array Antenna
for Mobile Satellite Communications. Proceedings 1JJSS
2014. Theme Antenna and Microwave: 269-275.



