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Background and Objectives: Microstrip patch antennas are widely used due to
their advantages of compact size and easy fabrication compared to other types.
However, they have low-performance parameters. As a result, several techniques
are used to improve performance parameters in newly designed microstrip
antennas. In this study, a novel miniaturized microstrip antenna with circular
polarization (CP) is proposed for GNSS applications.

Methods: In the design process, the semi-fractal structure is used to reduce the
antenna size. Circular polarization is generated using a three-feed configuration
with 120° phase shift. The CP value is increased by use of perturbing slots and also
removing the corners. The novel design of the feeding network and also
considering the ground size same as the patch layer, keep the antenna size small.
The co-axial probe is used in the feeding network and it is printed on Taconic RF-
43 substrate with a low loss tangent of 0.0033. Numerical simulation is applied via
CST commercial software to evaluate the antenna performance. The simulations
are repeated in two other software, HFSS and FEKO, to validate the study.
Results: The proposed antenna has a compact size of 17.56 cm?. The single-layer
structure of the designed antenna leads to easy fabrication feature. The proposed
antenna has a bandwidth of 55 MHz (1.558-1.614 GHz). It can operate at GPS L1
(1575 MHz), GLONASS G1 (1602 MHz), Galileo E1 (1589 MHz), and E2 (1561 MHz)
bands. Results show a high front-to-back ratio (FBR) of 40 dB, RHCP gain of 3.45
dB, and pure CP with axial ratio (AR) beamwidth of 108°. Furthermore, the phase
center variation (PCV) is less than 0.16 mm.

Conclusion: Key features of the proposed antenna are its novel fractal structure
that leads to compact size, high front-to-back ratio, wide RHCP beamwidth with

This work is distributed under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

desirable bandwidth, and axial ratio beamwidth.

Introduction

Microstrip antennas with circular polarization are widely
used in satellite applications [1]-[8], such as global
positioning systems (GPS) and global navigation satellite
systems (GLONASS) to reduce multipath reflection
effects. A circularly polarized radiated field is generally
generated by the excitation of two orthogonal modes

Doi: 10.22061/jecei.2023.9352.609

with a 90° phase difference[9], [10]. In the single feed
configuration, the feed should be located at a convenient
position to excite orthogonal modes and produce CP [5],
[11], [20], [21], [12]-[19].

Orthogonal modes are generated by perturbing
antenna structure, such as creating narrow slits near the
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edges of the patch [22], arc-shaped or orthogonality-
located slots [14], [23], and also truncated corners of the
patch [1]. Multiple feed patch antennas provide a larger
CP purity and higher performance [1], but they generally
have a larger size for feeding networks [24]. In most
satellite applications, the size of the antenna is important
[21], [25].

Fractal geometry is a low-cost method for
miniaturizing the microstrip patch antenna which is used
in several studies [26], [27]. Fractals are geometric shapes
composed of multiple iterations of a single shape [6],
which allows for a reduction in metallization and resonant
frequency [28].

In this study, a novel design of a microstrip antenna
with semi-fractal geometry is presented. The proposed
antenna operates at GPS L1 (1575 MHz), GLONASS G1
(1602 MHz), Galileo E1 (1589 MHz), and E2 (1561 MHz)
bands. The antenna is compact, low-profile, and planar.
Details of the design process and simulation results are
presented and discussed in the following sections.

Antenna Design

The proposed microstrip antenna consists of a patch
layer, a Taconic RF-43 substrate, a ground plane, a feeding
substrate, and a feeding network. To miniaturize the
antenna with a low-cost method, a semi-fractal structure
is employed. Then optimization is done to obtain the best
geometry with the best performance.

The fractal structure, design process, and feeding
techniques used in this study, are described as follows.

A. Fractal Structure

In the first step of producing the patch geometry, an
equilateral triangle, as the first polygon, is selected. The
main triangle size is obtained by optimization. The
smallest triangle is selected which satisfies design
constraints containing operating frequency and desirable
bandwidth. The main triangle has a side length of 57 mm.
In general, patch antenna has low bandwidth. It is proved
that by removing the corners of the patch geometry, the
bandwidth will be increased [29]. As a result, in the next
step, the corners of the main triangle are removed.

Fig. 1 shows the current distribution on the surface of
arced vertex triangle at f=1.52 GHz, the resonant
frequency of the first step geometry. As is clear, more
current is concentrated on the patch boundaries. So, by
increasing the boundaries of the antenna geometry, the
current will be increased and as a result, more radiation is
achieved. For this reason, a semi-fractal structure is
selected to develop the patch geometry.

The fractal part size at each step is chosen via
optimization with the aim of the smallest patch satisfying
the constraints, the same as the main triangle.

The fractal generation is started by removing the
scaled, reversed shape triangle from the center of the
patch as illustrated in Fig. 2-a. In the next step, again a

scaled, reversed triangle is truncated from the center of
the patch as shown in Fig. 2-b. By repeating the previous
steps with a scaled triangle, the geometry will be as Fig.
2-c. The final shape is obtained by removing two triangles
from the external edges of the central triangle, which is
illustrated in Fig. 2-d.

[(w/y)gp] Juain) 2epang

(a) (b)

Fig. 1: Current distribution on the patch geometry (a) Before
fractal generation, (b) After fractal generation.

The effects of each step geometry generation are
evaluated in terms of return loss (S11). As shown in Fig. 3,
by each iteration, the resonant frequency is decreased,
hence compression occurs. The compression ratio at the
end of fractal structure generation is 12%.

As illustrated in Fig. 4, the edges of the designed patch
structure, are removed by contraction of the reversed
main triangle from the patch geometry. Converting the
triangle shape to the hexagon, increases the antenna
bandwidth, as shown in Fig. 5. In general, it can be
concluded that tending the patch geometry to a circle
shape will increase the antenna bandwidth.

[ substrate

] Copperl !
(a) (b)
(c) (d)

Fig. 2: The fractal structure generation steps from (a) to

(d).

374 J. Electr. Comput. Eng. Innovations, 11(2): 373-382, 2023



Design of Miniaturized Microstrip Antenna with Semi-Fractal Structure For GPS/GLONASS/Galileo Applications

0p - =
q —a
| - - -b
sfo e oo .
= | d
!
=10
@ [
s I
= I
S.5f
@ [
x |
20 F
25 [ N N N 1 N N N N 1 N N N N I
1.4 15 16 17

Frequency (GHz)

Fig. 3: Effects of fractal iterations.

B. Design Process
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Fig. 4. Truncating edges of the designed antenna.
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Fig. 5: Effect of converting the triangle to the hexagon.

The final geometry of the proposed microstrip antenna
is shown in Fig. 6. The geometric parameters of the
designed antenna and their optimum values are
presented in Table 1.

As is clear, a hexagon slot and three circular slots are
printed on the patch, which improve the antenna
resonant frequency adjustment as illustrated in Fig. 7.

Table 1: The geometric parameters

Geometric Optimum Geometric Optimum
parameters value (mm) parameters value (mm)

Ly 39.55 Ry 14.14

Lo 26 Rz 1.24

Ls 22 R3 1.8

Ls 10.2 Re 3

Ls 6.79 t1 0.16

Le 3.99 t 0.2

Ly 3.38 b1 1.12

Lh 12.8 h 3

[ substrate
[ Copper

(a)

L

(b)
Fig. 6: The final geometry of the designed antenna; (a)
Front view, (b) Side view.
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Fig. 7: The effect of adding slots.

The total compression ratio at the end of geometry
design (hexagon shape with slots) is 30% with an increase
of bandwidth. The hexagon patch layer is etched onto the
upper side of the Taconic RF-43 substrate with relative
permittivity of 4.3 and a loss tangent of 0.0033, and the
feeding structure is printed on the other side. The
substrate dimensions are 50mmx50mmx2mm, and the
patch has a compact size of 40mmx40mm.
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C. Parametric Study

The effects of key geometric parameters on the
proposed antenna performance are analyzed and
discussed. The parameters consist of the main triangle
lateral length (L1), the fractal triangle vertex arc radius
(R2), and the hexagon slot length (Ln). Sensitivity to the
material has been checked by evaluating the variable
relative permittivity (&), between 4.1 and 4.5. The
thickness of the substrate (tsub) is also studied. Except for
the studied parameter, other parameters have been
constant.

The effect of the main triangle lateral length (L1) on the
proposed antenna bandwidth is depicted in Fig. 8.

As clearly shown, the optimum value of L1=39.55 mm
will result in operating at desirable frequency bands. The
reduced L1 does not satisfy below -10 dB return loss and
increased Li shifts the operating
frequencies.
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Fig. 8: The effect of the main triangle lateral length.
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Fig. 9: The impact of the vertex arc radius.

Fig. 9 shows the impact of the vertex arc radius (R2).
The effect of R2 parameter is the same as L1, and it has the
optimum value of R2 =1.24 mm.

The hexagon slot length (L) effect on the performance
of the proposed antenna is illustrated in Fig. 10. It is
shown that by increasing Ln, the -10 dB return loss

bandwidth is improved and the operation bands will shift
to high frequencies. The desirable performance is
achieved at Lh= 12.8 mm.
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Fig. 10: The effect of hexagon slot length.

The substrate material sensitivity is studied by
evaluating the effect of relative permittivity on return
loss. Fig. 11 shows that an increase or decrease of &,
considerably changes the operating frequency range.

0r

Return loss (dB)

ol .
14 15 16 17

Frequency (GHz)
Fig. 11: The effect of substrate relative permittivity.
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Fig. 12: The effect of substrate thickness.
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Fig. 12 demonstrates the effect of substrate thickness.
Decreasing tsub shifts the resonant frequency to a lower
value and an increase in it shifts to the higher value of
resonant frequency. The optimum value of tsuw= 2 mm
leads to operating at the desired frequency range.

D. Feeding Techniques

In this study, a three-feed configuration is designed as
shown in Fig. 13. The feeding network is designed with a
coaxial probe to be single layer and low-profile.
Theoretical analysis is done to find the required temporal
phase shift for CP. The electric field created by feeding
port 1 on the Z-axis is called Ex1:

er

E1: eOy (1)

eOz

The field created by the second feeding port is called
E>. Considering the symmetric feeding configuration, the
electric field resulting from Ez is similar to Ei, with the

difference in spatial phase shift g = 2_7[:
3

€

£, — e {T (%”ﬂ e, )

eOz

The T matrix represents the rotation of # around the Z-
axis. Also, the time delay between the excitation of the
second port and the first port is considered as ¢.

cosfd -—singd 0
[T®)]=|sind cos® 0 (3)
0 0 1

Similarly, the electric field caused by the third feeding
port is calculated as equation (4).

er
E, = {T (%ﬂ €0y (4)

eOz

Hence:
E

total

er
[1+ g lv {T (Z—HJ}H‘Z”’ {T (4_7TJD €, ()
3 3 o y

Etotar is simplified to equation (6).

ue,, —Veoy e,
Etotal = E V€, + ueOy = eY (6)
1_e—3i<ﬂ e,

1-glo

where u and v are defined as (7) and (8).
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u=1+e +e?*)+(1+e” +e*’) (7)
v=—jl+e +e2*) 1+ j(l+el +e%P) (8)
Also, S is implied as (9).
2
p=-p-"7 ©)
And « is defined as (10).
a:—(p+2?” (10)

Therefore, the right-handed electric field is calculated
from (11).

e, — jey

IR|= (11)

= |(1+ e’ +ez"ﬁ)||(eOX — j&, )|

Similarly, the left-handed electric field is obtained from
(12).
e +je,

e =|@+e* +e*i)|

(eOX+ jeOy)| (12)

As shown in equation (11), =0 leads to maximum R
and thus pure right-handed circular polarization (RHCP).
So according to equation (9) pure CP is achieved by setting
the temporal and spatial phase shifts with the same value
and negative sign. In this study the temporal phase shift

for symmetric three-feed configuration is—z?n. By

settinggp = —2?” anda = %ﬂ the left-handed electric field

shown in (12) will be zero.

The feeding network consists of transmission lines and
a 3-way power divider. A Schematic of the feeding
network elements is shown in Fig. 14. The length
difference of the transmission lines, leads to the 120°
phase difference between the ports. The power divider
used in this study has a novel design. It consists of two
lumped resistors of 75Q for isolation and also some open-
circuited lines for matching. The final design of the
feeding network is simulated in ADS. The designed
feeding network is fabricated on a Taconic RF-43
substrate with 0.508 mm thickness and a dielectric
constant of 4.3.

[ 1 substrate | —
[ Copper | s

Fig. 13: The designed feeding network.
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Fig. 14: Schematic of the feeding network elements.
Results and Discussion

The performance of the proposed antenna is evaluated
via numerical simulation at CST Studio Suite software. To
validate the results, the simulation is repeated in two
other software, HFSS and FEKO. The results of the three
simulations are depicted in terms of return loss, RHCP,
and LHCP radiation pattern in Fig. 15 and Fig. 16,
respectively. It is clear that all simulations are in good
agreement and this validates the current study.

Fig. 15 shows the Si1 versus frequency for the
proposed antenna. As clearly shown, the simulated
antenna is capable to operate at desirable frequency
bands, (GPS L1, GLONASS G2, GALILEO E1, and E2), with a
bandwidth of 56 MHz (1.558-1.614 GHz).

o -
=2
12}
8
S-
c
E .
x 30 - - - HFSS
N - --=-FEKO
40 1 1 1 I
1.4 15 1.6 1.7 1.8
Frequency (GHz)

Fig. 15: Return loss.

The RHCP and LHCP radiation patterns of the designed
antenna are illustrated in Fig. 16. Results show the RHCP
beamwidth of 103°. It is also clear that the FBR of the
proposed antenna is 40 dB. Furthermore, on the upper
half plane, low LHCP gain is observed. The RHCP gain is
3.45 dB.

0
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210 + + RHCP Gain - Feko

10° 180 |+ LHCP Gain - Feko

Fig. 16: RHCP and LHCP radiation pattern.

Fig. 17 demonstrates the AR beamwidth and the ratio
of right-to-left radiation (R/L). It is clear that below 3 dB
AR beamwidth is 108°. Also, in the range of 134, R/L ratio
has a value above 10,

40 750
140
130
30 -
120

5%
Right/Left (dB)

Axial Ratio (dB)
3
T

=
o
T

—— Axial Ratio
Right/Left

0 cal R B I P B B -50
-180 -135 90 -45 0 45 90 135 180
0(°)
Fig. 17. Axial Ratio and R/L ratio versus theta at the resonant
frequency.

The current distribution on the patch layer at the
resonant frequency is shown in Fig. 18. Currents are
depicted in three consecutive phases of 60°, 120°, and
180°. The current travels in a counter-clockwise direction
with successive phase changes. This proves the circular
polarization radiation of the proposed antenna.

dB(A/m)
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dB(A/m)

Fig. 18: Current distribution at different phase shifts; (a) 0°
(b) 60° (c) 120°.

Phase

stability is considered

an

important

performance parameter for GPS antennas. To achieve
phase stability, the antenna phase center variation (PCV)
should tend to zero in an ideal case. In Fig. 19, coordinates
of the phase center and also PCV for the proposed
antenna are displayed towards frequency. As clearly
depicted, at the whole antenna operation frequency
(1.558-1.614 GHz), the PCV is less than 0.16mm.

0.2

0.0

-0.2

-0.4

-0.6

Phase center coordinate (mm)

-0.8

0.24

o
N
N

Phase center variation (mm)

0.20

0.16

-1.0
13

14 15 1.6

17

Frequency (GHz)

1.8

10.14

1.9

Fig. 19: Phase center coordinate and variation versus

Table 2: Comparison between the proposed antenna and previous studies.

operating frequency.

Resonant ~ Antenna  Antenna FBR RHCP Phatse AR
Reference  Substrate  frequency area height beamwidth ce.n ?r beamwidth
(GHz) 2 (dB) (deg) variation (deg)
(mm?2) (mm) g (mm) g
[1] FR4 1.575 18496 24.2 25 85 1.2 134
[3] FR4, . 1.575 900 4.8 20 83 NS* 153
Ceramic
organic
[27] magnetic 1.575 3600 4 35 90 NS NS
substrate
Rogers
[30] RT/Duroid 1.575 19600 1.6 12 62 NS NS
5880
Taconic
[31] ORCER 1.575 10000 3.2 26.22 100 NS 100
Cer—10
[32] FR4 1.575 3969 1.6 2.7 97 NS 101
[33] RO3003C 1.575,2.45 5320 3.1 NS 98 NS 121
Proposed  Taconic 1.575 1756 2 40 103 0.365 108
antenna RF-43
* Not Stated
:l: Best item
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Conclusion

A novel miniaturized, low-cost, multiple-feed,
circularly polarized microstrip antenna has been designed
for GPS/GLONASS applications. The antenna can operate
at GPS L1 (1575 MHz), GLONASS G1 (1602 MHz), Galileo
E1 (1589 MHz), and E2 (1561 MHz) bands. For CP
radiation, multiple feeds with the coupled technique are
used. To miniaturize the antenna, semi-fractal geometry
and also novel design of a feeding network are employed.
Key features of the proposed antenna are its compact
size, high FBR, wide RHCP beamwidth, desirable
bandwidth, and AR beamwidth.

The designed antenna size is below 18 cm?. Numerical
simulation results show the proposed antenna has
favorable AR of below 3 dB and back-ward radiation
below -50 dB with FBR over 40 dB. Additionally, the
proposed antenna has bandwidth of 56 MHz (1558-1614
MHz) and a wide RHCP beamwidth of 103°. Furthermore,
the PCV is less than 0.16 mm.
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CP Circular Polarization

RHCP Right Hand Circular Polarization
LHCP Left Hand Circular Polarization
AR Axial Ratio

FBR Front to Back Ratio

PCv Phase Center Variation
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