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Abstract 

A new technique to achieve a circularly polarized probe-fed single-layer microstrip-patch antenna with a wideband axial ratio 
is proposed. The antenna is a modified form of the conventional E-shaped patch, used to broaden the impedance bandwidth 
of a basic patch antenna. 8y letting the two parallel slots of the E patch be unequal, asymmetry is introduced. This leads to 
two orthogonal currents on the patch and, hence, circularly polarized fields are excited. The proposed technique exhibits the 
advantage of the simplicity of the E-shaped patch design, which requires only the slot lengths, widths, and position 
parameters to be determined. Investigations of the effect of various dimensions of the antenna have been carried out via 
parametric analysis. Based on these investigations, a design procedure for a circularly polarized E-shaped patch was 
developed. A prototype has been designed, following the suggested procedure for the IEEE 802.11 bIg WLAN band. The 
performance of the fabricated antenna was measured and compared with simulation results. Various examples with different 
substrate thicknesses and material types are presented and compared with the recently proposed circularly polarized U-slot 
patch antennas. 

Keywords: Circular polarization; axial ratio; E-shaped patch; microstrip antennas; wideband; wireless communication; local 
area networks 

1. Introduction 

C ircularly polarized (CP) microstrip antennas are attractive for 
wireless applications because they combine advantages of 

both microstrip antennas and circular-polarization characteristics. 
Microstrip antennas have a planar profile, low cost, and mechani
cal robustness, while circular polarization can reduce the transmis
sion loss caused by the misalignment between antennas of station
ary and mobile terminals. Circular polarization can thus provide 
better mobility, weather penetration, and system-performance 
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enhancement than linear polarization. Circularly polarized micro
strip antennas have been widely used in different wireless applica
tions, such as GPS and RFID systems. 

Many studies and research efforts have been reported in the 
literature directed toward obtaining circularly polarized microstrip 
antennas. These antennas can be classified according to the number 
of feeds and the number of layers used. In general, single-feed sin
gle-layer structures yield the smallest axial-ratio CAR) bandwidth, 
defined at the 3 dB level. However, these structures are attractive 
because of their simplicity. They do not need external circuitry or 
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larger space compared to configurations consisting of multi-feed, 
multi-layer, or sequential-feed configurations [ I]. Techniques used 
to obtain circular polarization in single-feed, single-layer micro
strip-antenna configurations include trimming opposite comers, 
cutting a narrow slot at 45° to a square patch, or adding tabs to an 
elliptical patch [2]. However, the axial-ratio bandwidth obtainable 
using these techniques is usually less than I %, which limits their 
practical applications. 

For the case of linear polarization, a number of impedance
broadening techniques have been extensively investigated and 
developed in the past. In particular, the V-slot [3, 4], L-probe [5], 
and E-shaped patches [6] have gained a lot of popularity. This is 
because compared to other methods, they do not require a complex 
matching network or stacked configuration. More recently, the V
slot and L-probe techniques have been applied to single-layer sin
gle-feed circularly polarized antennas [7-10]. These techniques 
enable the use of thick substrates, and yield axial-ratio bandwidths 
as large as 13%. 

In this paper, the well-known technique of an E-shaped patch 
used for a broad impedance bandwidth [6] is modified to generate 
circularly polarized radiation. This leads to a new alternative 
method of acquiring circular polarization, using a single-layer 
probe-fed patch antenna with a relatively wideband axial ratio, 
without the necessity of it being square or comer-trimmed. A sys
tematic design procedure is also demonstrated by various design 
examples. Finally, a comparison with the V-slot technique recently 
published in [7, 8] for circularly polarized single-layer microstrip 
antennas is given. 
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Figure 1. The antenna geometry. 
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Figure 2. The current flow across the patch: (top) linearly 
polarized E-patch, (bottom) circularly polarized E-patch. 

2. Antenna Configuration and 
Circularly Polarized Mechanism 

2.1 Geometry 

The antenna geometry is shown in Figure I. It consists of a 
modified E-shaped patch antenna with unequal parallel slots. Both 
slots have the same width (Ws). The patch, with dimensions Wand 
L, is placed at a height h from the ground plane. The medium 
between the patch and the ground plane is air. The antenna is fed 
with a coaxial probe at position F from the middle of the right edge 
of the patch, as shown in Figure I. 

2.2 The Circularly Polarized Design 

The conventional E-shaped patch is shown in Figure 2a. Its 
radiation is linearly polarized and symmetric in the xz plane. To 
make this antenna circularly polarized, the x-directed current needs 
to be equal in magnitude to the y-directed current, with a 90° phase 
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Figure 3. The current-vector distribution on the circularly 
polarized E-shaped patch, and zoomed portions of it for four 
different phase states. 
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Figure 4. The current-vector distribution on the linearly 
polarized E-shaped patch and zoomed portions of it for four 
different phase states. 

difference. This is accomplished by making one of the slots in the 
E-patch shorter than the other. This introduces an asymmetric cur
rent around the yz plane, which increases the x-directed current 
such that its magnitude is almost equal to the y-directed current, as 
shown in Figure 2b. The antenna dimensions are then adjusted 
such that these two orthogonal currents are in phase quadrature. 

It is instructive to present the current-vector distribution on 
both optimized linearly polarized and circularly polarized E-
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shaped patches as a function of the source-phase variation. Fig
ures 3 and 4 show the current-vector distribution on the circularly 
polarized and linearly polarized E-shaped patch at 2.45 GHz, 
respectively. The zoomed parts at the 0°, 90°, 180°, and 270° 
phase states mimic current animations. From Figure 3, at 0° cur
rent flows in the x direction, while at 90°, current flows in the y 

direction. Similarly, at 180° and 270°, both currents are in opposite 
directions. This implies quadrature phase between the x- and y
directed currents. It is also clear that the tips of the current vectors 
rotate in a circular path with a phase progression, which depicts 
circular polarization. It is therefore expected that Land W, together 
with the two slot lengths, control the resonant length of the x- and 
y-directed currents. That is why there is no need for the patch to be 
nearly square or comer-trimmed. Instead, circular polarization is 
achieved by incorporating unequal parallel slots into the patch, and 
adjusting their length, width, and position so that the phase differ
ence between the orthogonal currents is 90°. 

On the other hand, from Figure 4, at 0°, current flows in the y 
direction, while at 90° and 270°, current is almost zero (due to the 
existence of cross polarization). At 180° it then flows in the oppo
site direction to the flow at 0°. The tip of the current vector there
fore alternates between the "+" and "-" y directions during one 
cycle. This implies linear polarization. The next section shows how 
to adjust the antenna's dimensions to obtain these circularly polar
ized characteristics, and demonstrates the physical effect of various 
parameters. 

3. Parametric Analysis and 
Design Procedure 

3. 1 Parametric Study 

Basically, W and L control the resonant lengths of the x and y 
orthogonal currents excited across the edges of the patch. The 
incorporated parallel slots change the electrical length of both cur
rents, and hence they have significant effects on the resonant 
lengths. We start with the conventional linearly polarized E-shaped 
patch to cover the 2.45 GHz WLAN band. The dimensions of such 
an antenna are tabulated in Table I. Details of the E-shaped patch 
antenna design were discussed in [6]. 

When the slot LsI gets shorter, it is expected that the axial 
ratio will decrease. Figures 5 and 6 show the effect of LsI on the 

return loss represented by SII' and on the axial ratio, respectively, 

based on simulation results obtained using Ansoft's HFSS [ I I]. As 
expected, the shorter is LsI, the higher is the resonant frequency. 
Making Ls I shorter also drastically improves the axial ratio. It 

drops from 40 dB at LsI = 40 mm (the case of linear polarization) 

to around 7 dB at LsI = 20 mm (elliptical polarization). A further 
decrease in the length of LsI won't improve the axial ratio; rather, 
it again begins to increase. These are consistent results, because 
LsI changes the electrical path length of the x-directed current. At 
a certain length of LsI, the phase difference between the orthogo
nal currents therefore approaches 90°. Beyond this critical value, 
the phase difference between the orthogonal currents retreats from 
90°. It was found that the optimum value of LsI for the current 

antenna configuration was 17 mm, which gives the minimum 
axial-ratio level. 

The goal after this step is (a) to improve the axial-ratio level 
so it is above the 3 dB level across the desired band of operation, 
and (b) to align the impedance and axial-ratio bandwidths together. 
The probe position is expected to play a critical role for impedance 
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Table 1. The dimensions of the linear polarized 
E-shaped patch in mm. 
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Figure 5. Sll at different values of lsI while the other parame

ters in Table t were fixed. 
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Figure 6. The axial ratio at different values of LsI while the 
other parameters in Table I were fixed. 

-5 

'" ... :-� .... , . .... , 
.. ... c ........ 
. .. . 

, :. 
\" 
:''i iiJ-10 .. ·· .. ·, , ·  /\ 

� , :\ 
(i) -15 . 

-F=10 
-20 . ---F=16 

.... · .... F=26 

\ . 
.... Lc. 

\ ' 
" I 
\..' 

• . .. , .. , .. � ... , II 01 . .. '·" ,,·,,"',,···,·· .. .. ••• 

-25����������������� 
2 2.1 2 .2 2.3 2.4 2 .5 2.6 2.7 3 

Frequency( GHz) 

Figure 7. SJ I at different values of F and Lsi = 17 mm while the 

other parameters in Table 1 were fixed. 
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Figure 8. The axial ratio at different values of F 1 and 
LsI = 17 mm while the other parameters in Table 1 were fixed. 

-5 

iiJ-10 ......... , . . 
� 
(i) -15 . 

-20 ---Ls2=35 
.......... ·Ls2=44 

-25 L-�--�������--������ 
2 2.1 2.2 2.3 2.4 2.5 2.6 2. 7 2.8 2 .9 3 

Frequency(GHz) 

Figure 9. S) J at different values of Ls2 while LsI = 17 mm, 

F = 16 mm, and the other parameters in Table 1 were fixed. 
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Figure 10. The axial ratio at different values of Ls2 while 
LsI", 17 mm, F '" 16 mm, and the other parameters in Table I 
were fixed. 
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matching as well as for improving the axial-ratio level. Because its 
position changes the impedance seen by the source, it can improve 
the matching to 50 Q. The effect of probe position on S,' and 

axial ratio are shown in Figures 7 and 8, respectively. As expected, 
at some position good matching an improved axial-ratio level 
could be obtained and aligned together within the band of interest. 

According to the above discussion, it is expected that Ls2 can 
be as effective as Ls 1, because it changes the x-directed current's 
electrical path length, and hence affects both S,' and the axial

ratio level in a similar fashion. Figure 9 shows the effect of Ls2 on 
S,', which demonstrated that as Ls2 increases, the frequency at 

which S,' is a minimum decreases, and the -10 dB band moves 

toward a lower frequency range. Figure 10 shows that the effect of 
Ls2 on axial ratio is similar to that of lsI, but it is observed that 
Ls2 is less sensitive, which could be useful for fine tuning the S,' 
and axial ratio. 

3.2 Design Procedure 

Based on the above parametric study and discussion, the fol
lowing systematic design procedure is proposed: 

Step 1. Start with a linearly polarized E-shaped patch at the 
band of interest, as given in [6]. It is not necessary to 
optimize the design for maximum-obtainable imped
ance bandwidth, because this will be distorted later 
by changing one of the slot's dimensions. 

Step 2. For left-hand circular polarization, begin with mak
ing the length of lsI shorter (while Ls2 is fixed) 
until a minimum axial-ratio level is obtained. The 
opposite procedure should be followed if right-hand 
circular polarization is required. 

Step 3. Change the probe position along the axis of symme
try in the yz plane to improve the axial-ratio level, as 
well as aligning the S,' band with the axial-ratio 

band. 

Step 4. As a last step, Ls2 could be changed for a fine 
enhancement of the axial-ratio level, as well as 
alignment with the S,' band. 

Figure II shows a flowchart of the suggested design and tun
ing procedure. The previous procedure could be repeated if the 
goal is not satisfied after the first time. However, in the following 
loop, Lsi could be changed up and down, rather than only down, 
as in the first loop. The same procedure is valid for the other 
parameters. 

4. Design Examples and Comparisons 
with Circularly Polarized U-Slot Patches 

In this section, a circularly polarized E-shaped patch is 
designed using the above-suggested procedure on two different 
substrate materials with different thicknesses. The antenna per
formance is compared with the two recently published circularly 
polarized V-slot patches in [9, 10]. 
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Figure 11. A flowchart for the design and tuning procedure. 

4.1 Design 1 

The geometry of the antenna was the same as in Figure 1, 
while the geometrical parameters of the circularly polarized V-slot 
antennas are shown in Figures 12 and 13. An air substrate with a 
10 mm ( 0.08Ao) thickness was used. The tuned dimensions of the 

designs to work in the IEEE 802.llb/g band (2.4-2.5 GHz) are 
tabulated in Tables 2 to 4. Figure 14 shows the S'l of the three 

antennas. From the results, the impedance bandwidth defined by 
the -10 dB level of S,' was 10.1 % for the E-patch (2.35-2.6 GHz). 

For the unequal-arms V-slot, it was 9.25% (2.37-2.6 GHz), and for 
the truncated-comer V-slot, it was 9.64% (2.27-2.5 GHz). The 
axial ratio as a function of frequency for the three antennas is 
shown in Figure 15. It was clear that all axial-ratio bandwidths 
were aligned with the corresponding S,' bandwidth. The axial

ratio bandwidth of this E-patch antenna was 6.5% (2.38-
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Figure 13. The geometry of the circularly polarized truncated
corners U-slot antenna. 

Figure 12. The ge0ltletry of the circularly polarized unequal
arms U-slot antenna. 
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Figure 14. SII of Design 1 for the E-shaped unequal-arms U

slot and truncated-corners U-slot patch antennas. 

Table 3. The dimensions of the circularly polarized U-slot patch 151 in mm. 

Cr H Lp Wp LuI Lur Lub Wu Ws Lf 
I 10 43.7 43.7 27.3 19.8 10.3 16.9 2.3 12.5 

2.2 6.7 32.7 32.7 20 13.5 8.9 11.4 1.5 12 

Table 4. The dimensions of the circularly polarized U-slot patch [6] in mm. 

Cr H L W a d Ua Ud Ux Uy 
1 10 48.2 48.2 12.2 10 2.1 19.8 23 19 

2.2 6.7 36 36 7.7 6.5 1.2 19.6 15.5 11.5 
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2.54 GHz), which was pretty wide for a single-layer single-feed 
microstrip-patch antenna. 

The 4% (2.39-2.49 GHz) axial-ratio bandwidth obtained from 
the unequal-arms V-slot was comparable to 4.5% (2.39-2.2.5 GHz) 
for the truncated-corner V-slot. 

4.2 Design 2 

To show that the proposed design also worked for a material 
substrate, we used a substrate with 8r = 2.2 and a thickness of 

6.7 mm (O.08A.g). The optimized dimensions are tabulated in 

Tables 2 to 4. The results are shown in Figures 16 and 17. The 
modified E-shaped patch provided a 10.6% (2.39-2.66 GHz) 
impedance bandwidth and a 3.6% (2.41-2.5 GHz) axial-ratio 
bandwidth, which was pretty wide for such permittivity. On the 
other hand, the unequal-arms V-slot gave a 6.9% (2.38-2.55 GHz) 
impedance bandwidth and a 2.8% (2.4 15-2.465 GHz) axial-ratio 
bandwidth, while the truncated-corners V-slot gave a 13.1% (2.4 I-
2.75 GHz) impedance bandwidth and a 3.3% (2.41-2.49 GHz) 
axial-ratio bandwidth. 

5. Experimental Work 

Design 1 was chosen for fabrication and measurements. A 
photo of the prototype is shown in Figure 18. The metallic patch 
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Figure 15. The axial ratio of Design 1 for the E-shaped 
unequal-arms V-slot and truncated-corners V-slot patch 
antennas. 
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Figure 16. SII of Design 2 for the E-shaped, unequal-arms V
slot and truncated-corners V-slot antennas. 
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Figure 17. The axial ratio of Design 2 for the E-shaped 
unequal-arms V-slot and truncated-corners V-slot antennas. 

Figure 18a. A plane view of the prototype of the circularly 
polarizedE-shaped patch antenna. 

Figure 18b. A side view of the prototype of the circularly 
polarized E-sbaped patch antenna. 

Table 5. The dimensions of the circularly polarized 
E-sbaped patch prototype in mm. 

w L 
76 45 

Ws LsI Ls2 
7 40 40 

p F h 

14 10 10 
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Figure 19. A comparison of the simulated and measured SII 
value for the circularly polarized E- shaped patch antenna. 

co 
"0 
'0 
� 0::: 
(ii 
� 

10 

9 

8 

7 ..... i .... . . .. ! 
6 ..... � .. . .,. 

5 . ,. 
4 
3 

2 .... 
: 

O
2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3 

F(GHz) 

Figure 20. A comparison of the simulated and measured axial
ratio values for the circularly polarized E-shaped patch 
antenna. 
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Figure 21a. The radiation patterns of for left-hand circular 
polarization (blue) and right-hand circular polarization (green) 
in the yz plane. The simulated pattern is the solid line, while 
the measured pattern is the dashed or dotted line. 
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Figure 22. A comparison of the simulated and measured 
broadside gain as a function of frequency. 

was fabricated via milling a thin copper-clad substrate. This 
enabled etching the E-shaped patch dimensions with higher accu
racy. The substrate's relative dielectric constant was 2.2, and its 
thickness was 0.787 mm. It was mounted above a ground plane 
with dimensions of 200 mm x 95 mm by using a via of 0.75 mm 
radius, which was soldered to the center pin of a 50 Q SMA con
necter, as shown in Figure 18 (bottom view). The tuned dimen
sions are tabulated in Table 5, and a comparison of the simulation 
and measured results for SII is shown in Figure 19. Good agree

ment between the simulation and measurement was observed. The 
measured antenna impedance bandwidth was 9.27% (2.34-
2.57 GHz), while 10.27% (2.31-2.57 GHz) was obtained from the 
simulation. The simulated and measured axial-ratio results are 
shown in Figure 20. The axial-ratio bandwidth based on simulation 
was 8.1 % (2.28-2.45 GHz), and the measured axial-ratio band
width was 16% (2.3-2.7 GHz). The bandwidth overlapped by SII 
and the axial ratio was 2.34-2.57 GHz, which was 9.27%. Com-
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pari sons of the left-hand circular polarization and right-hand cir
cular polarization patterns in the yz and xz planes at 2.45 GHz are 
shown in Figure 21. The gain as a function of frequency in the 
broadside direction is shown in Figure 22. The maximum meas
ured gain obtained was 8.3 dBi with a 15.5% 3 dB bandwidth 
(2.27-2.65 GHz). The maximum simulated gain was 8.7 dBi with a 
19.5% 3 dB bandwidth (2.18-2.65 GHz). The overlapped band

width among impedance, axial ratio, and gain was 9.27%, which 
was the effective bandwidth of the antenna. This was considered 
very wideband for a single-feed single-layer microstrip-patch 
antenna. 

6. Conclusion 

A new technique to achieve circularly polarized radiating 
fields from a single-feed single-layer microstrip antenna using an 
E-shaped patch has been proposed. The technique is simple, and 
achieves a wideband axial ratio compared to other techniques 
applied to comparably sized patches. The circularly polarized E
shaped patch has been designed, fabricated, and measured for the 
802.11 big WLAN band. An effective bandwidth of 9% was 

obtained (2.34-2.57 GHz). Wireless devices that require circular
polarization characteristics are considered one of the potential 
applications for this antenna. 

The proposed design is also attractive for the implementation 
of a reconfigurable antenna with switchable left-hand circularly 
polarized/right-hand circularly polarized operation. This future 
implementation would be useful for diversity in establishing radio 
links. A .current investigation is exploring this concept with the E
shaped patch antenna of equal parallel slots. Two R F  switches 
(PIN diodes) were inserted in appropriate locations across each 

slot. If one of the switches is ON and the other is OFF, the two slot 
lengths become effectively unequal, and circular polarization is 
obtained. If the states of the two switches are reversed, circular 
polarization with the opposite orientation will be obtained at the 
same frequency. The results of this investigation will be reported 
in a future article. 
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