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Abstract—This letter proposes a wideband unidirectional cir-
cularly polarized (CP) slot array with a truly planar structure,
which integrates the feeding network on a single substrate. The
height of the array is reduced by half compared to traditional
arrays with a reflector. Four parasitic slots are etched at the edges
of the ground plane to improve the gain performance when the
height is reduced. The measured results show that the bandwidths
(BWs) for impedance, axial ratio (AR), and gain are all more than
23%, and these three bandwidths almost cover the same frequency
band. The proposed array has a good unidirectional pattern and
can be used in base-station applications.
Index Terms—Circularly polarized, planar array, reduced

height, slot antenna, wideband axial ratio.

I. INTRODUCTION

C IRCULARLY polarized (CP) antennas with wideband
axia-ratio (AR) bandwidth have become desirable in

recent years because they can be used by two or more com-
munication systems. When used in base-station applications,
antennas with unidirectional patterns and sufficient gain are
required.
With the advancement of printed circuit technology, enor-

mous planar CP antenna arrays have been reported in the lit-
erature. Corner-truncated patch arrays are the most common
forms due to their simple structure. However, AR bandwidth
improvement [1]–[3] in these arrays is limited due to the in-
trinsic narrow bandwidth of the traditional patch. Modified CP
patches [4], [5] can achieve wideband AR bandwidth, but they
need either nonplanar feedingmethod or a stack structure, which
makes the antenna complex. Besides patch arrays, other forms
such as loops [6] or dipoles [7] can be used for wideband CP
arrays. These could be fabricated on a single printed circuit
board (PCB). However, an additional PCB is necessary for the
feeding network, which is separated from the antenna.
In comparison, slot arrays are favorable for a planar and

integrated design. Because of the inherent ground, the feeding
network could be printed on the same substrate as the an-
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tenna [8], [9]. However, most slot arrays are bidirectional and
suffer from low gain and poor front-to-back ratio, which makes
them unusable for base stations. To obtain a unidirectional pat-
tern, a metal plate is usually placed at the back as a reflector [10].
However, the reflector may change the performance of the array
such as the AR bandwidth and gain performance. To overcome
the deficiency, a stack structure is used in [10], which cannot take
advantage of the integrated features of a slot array. In addition,
neither the effect of the height of the reflector on the antenna per-
formance nor the gain BW have been considered enough in the
literature. The height is always set to ( is the wavelength
of the center frequency) [7], [11], and there is no discussion
about the gain BW [7], [10].
In our previous work [11], a wideband CP slot array was

studied. It was fabricated on a single substrate and had unidi-
rectional patterns, and the distance between antenna substrate
and reflector was still . However, there are always some
design constraints in the actual scenario, such that the height
of the antenna may have to be reduced to make it more com-
pact and meet the application requirements. It is the intent of
this letter to show how the height can be reduced from to

while still retaining the key feature of integrated feeding
network and the wide bandwidth.

II. ANTENNA DESIGN

Fig. 1 shows the geometry of the proposed array antenna from
the top and side views. The basic structure is based on [11] with
an FR4-epoxy substrate ( , ). Four ring slot
elements are arranged in a rotational symmetric structure and
excited by applying a well-known sequentially rotated feeding
network [12]. Different from that in [11], four additional narrow
slots are etched on the ground plane. They are arranged in a
rotational symmetric structure according to the antenna center,
which could minimize negative effects on the CP characteristic.
These slots play an important role in retaining the antenna per-
formance. They act like four open-ended radiating slots and
could compensate gain drop when the antenna height is reduced.
Detailed discussion will be given in Section III. With such a
structure, the whole array still needs only one PCB, in which all
the elements and feeding network are integrated together.

III. PARAMETER STUDY

A. Effect of the Antenna Height
We first modeled the structure of the antenna, shown in the

inset in Fig. 2, with the use of High Frequency Structure Sim-
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Fig. 1. Geometry of the proposed antenna: (a) top view; (b) side view. Param-
eters are the same as [11] except: , , , ,

, , others are , , , ,
, , , , , , ,
, all in millimeters, .

Fig. 2. Effect of the height on axial ratio and peak realized gain.

ulator (HFSS ver. 14). This model is the initial design of the
proposed antenna in Fig. 1; the antenna is first set to 30 mm,
which is about a quarter-wavelength of the center frequency of
2.45 GHz. The four narrow slots are not yet etched on the ground
plane, and the sequentially rotated feeding network is left out
for simplicity. Four lumped ports are used to excite the antenna;
these have the same magnitude, but a progressive phase of
for the circular polarization.
Then, we investigated the effect of . As shown in Fig. 2,

when decreases from 30 to 15 mm, the axial ratio changes
slightly but the 3-dB gain bandwidth shifts to a higher fre-
quency, which means that the gain at lower frequency drops
but that at higher frequency rises. For the center frequency of
2.45 GHz, for example, the peak gain drops nearly 3 dB when
the height is reduced by half. Worse still, the gain at a frequency
lower than 2.45 GHz drops even more.
Fig. 3 shows the effect of on the impedance bandwidth.

Because there are four ports excited simultaneously, the active
should be used to consider the impedance bandwidth. Here,

the normalized impedance of the ports is set to 30 , and the
antenna can be matched to 50 by using the feeding network
later. The results show that reducing also shifts the impedance
bandwidth to a higher frequency. However, the change is not as
significant as that in the gain bandwidth.

Fig. 3. Effect of the height on active .

Fig. 4. Effect of the etched slot length on axial ratio and peak realized gain.

B. Effect of the Etched Slot
To compensate for the decreases in gain at lower frequency

after the height is reduced, four slots are etched at the edge of
the ground plane. These slots need no additional space andmake
the antenna still on a single substrate. As the simulated results
show that deterioration on active caused by these four slots
is acceptable, we just investigate their effect on axial ratio and
peak realized gain. Here, the antenna height is set to 16 mm,
which is the suggested value for practical applications.
Fig. 4 shows the axial ratio and peak gain versus the slot

length for the slot width of 12.5 mm. The axial ratio still
has little effect due to the rotational symmetry and progressive
feeding phase of . For the peak gain, however, the improve-
ment is significant. With the increase in , the gain at lower
frequency can be pulled up to a certain level before the height is
reduced and to even higher levels at some frequencies. In addi-
tion, the gain at higher frequency does not change much when
increases to 20 mm. This means that such structure can ex-

pand the gain bandwidth compared to that in Fig. 2: The reduced
height is responsible for higher frequency, whereas the etched
slot accounts for the lower frequency. For the slot width , re-
sults show that it has little effect on both AR and gain, thus for
concision, we do not show the details.
We can treat these slots as four open-ended parasitic slots.

When the length is approximately a quarter-wavelength of a
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Fig. 5. Field distribution on etched slots in a period at 2.25 GHz. (a) .
(b) . (c) . (d) .

Fig. 6. -plane patterns at 2.25 GHz.

certain frequency, the slots can be excited to compensate for the
gain at this frequency. To further explain the CP compensation,
Fig. 5 depicts the electrical field ( ) distribution over a certain
period at a lower frequency of 2.25 GHz. As shown in Fig. 5(a),

reaches maximum in the top and bottom slots, whereas the
minimum is achieved in the left and right slots. The total
of these four slots point right at . After a quarter of the
period, as shown in Fig. 5(b), the maximum and minimum
become interchanged between the top/bottom and the left/right
slots, thus making the total rotate clockwise. Fig. 5(c) and
(d) further shows the clockwise rotation of the total with the
time varying. Therefore, the four slots as a whole form the left-
hand circularly polarized (LHCP) radiation.
To investigate the compensation ability, a comparison of the

patterns at 2.25 GHz with and without etched slots was done, as
shown in Fig. 6. Due to the rotational symmetry, the patterns at
the - and -planes have the same shape. Thus, for simplicity,
we only show the results at -plane. These indicate that 7 dB
compensation is achieved in the LHCP pattern and that cross-
polarization level [right-hand circularly polarized (RHCP)] is
also improved.

Fig. 7. Photographs of the fabricated antenna: (a) front view of the substrate;
(b) back view of the substrate; (c) with reflector.

Fig. 8. Simulated and measured .

Fig. 9. Simulated andmeasured axial ratio and antenna gain.

IV. MEASURED RESULTS
To verify the design of the proposed antenna, a prototype with

the parameters listed in Table I is fabricated, as shown in Fig. 7.
The prototype consists of a array with an element space
of 87.5 mm and an overall size of mm . The

height of the antenna is only about a one-eighth wavelength of
the center frequency of 2.5 GHz. A semi-flexible coaxial cable
is used to excite the array at the center.
Fig. 8 shows the comparison of the simulated and measured
. The measured impedance bandwidth ranges from 2.12 to

2.82 GHz (28.4%), whereas the simulated result starts below
2 GHz. The disparity mainly occurs at lower frequency and may
be caused by the semi-flexible coaxial cable.Nonetheless, it does
not have any serious impact on the practical use of the antenna.
We measured the prototype in our anechoic chamber, and

Fig. 9 shows the measured and simulated axial ratios and an-
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Fig. 10. Simulated and measured patterns at (left) - and (right) -planes:
(a) 2.25 GHz; (b) 2.45 GHz; (c) 2.65 GHz.

tenna gains. The simulated AR and gain are obtained with the
sequentially rotated feeding network. Due to the deterioration
of the output phase relation and the mismatched characteristic
impedance away from the center frequency, the ARs at lower
and higher frequencies are worse before the application of the
feeding network. In addition, we could find the AR curve pro-
trusive around 2.3 GHz, which is caused by the characteristics
of the feeding network. This phenomenon is also exhibited in
cases applying a sequentially rotated feeding network [7], [12].
However, the measured and simulated ARs have reasonable
agreement, with only a small shift at lower frequency. The final
measured 3-dB AR bandwidth is about 23.6% (2.24–2.84 GHz).
In terms of gain performance, as discussed in Section III,
there is an obvious improvement between 2.15 and 2.35 GHz.
Similar trends in the measured and simulated results are also
observed. The measured 3-dB gain bandwidth ranges from 2.14
to 2.78 GHz (26.0%).
Fig. 10 shows the measured and simulated patterns at three

frequencies, representing a lower, a center, and a higher fre-
quency. The front-to-back ratios at these three frequencies are

all above 20 dB, indicating the practicability of the proposed
array. Fig. 10(b) shows that the spinning radiation patterns in
the - and -planes are symmetric at the center frequency.
This is a reasonable result because the structure of the array is
rotational symmetric and the parameters of the design are opti-
mized at this frequency. However, asymmetric and tilt patterns
can be seen at a lower or higher frequency, due to the deteri-
oration of the output phase relation of the feeding network, as
previously mentioned.

V. CONCLUSION

In this letter, we propose a CP array that is wideband
and unidirectional. The measured results show that the proposed
array achieves an impedance BW of 28.4%, a 3-dB AR BW of
23.6%, and a 3-dB gain BW of 26%. The array integrates the
feeding network on the same substrate as the element antennas,
thus making it easy and low-cost to manufacture. A reflector
is placed at the back at a distance of , which is
only an eighth of the wavelength. Four parasitic narrow slots are
etched on the ground plane to expand the gain bandwidth. There
is good agreement between the measured and simulated results.
The high front-to-back ratio of the antenna makes it applicable
for base stations.

REFERENCES
[1] A. Chen, Y. Zhang, Z. Chen, and S. Cao, “A Ka-band high-gain cir-

cularly polarized microstrip antenna array,” IEEE Antennas Wireless
Propag. Lett., vol. 9, pp. 1115–1118, 2010.

[2] Y. Li, Z. Zhang, and Z. Feng, “A sequential-phase feed using a circu-
larly polarized shorted loop structure,” IEEE Trans. Antennas Propag.,
vol. 61, no. 3, pp. 1443–1446, Mar. 2013.

[3] C.Min and C. E. Free, “Dual-ring circularly-polarized microstrip patch
array using hybrid feed,” IEEE Trans. Antennas Propag., vol. 57, no.
6, pp. 1825–1828, Jun. 2009.

[4] L. Bian, Y.-X. Guo, L. C. Ong, and X.-Q. Shi, “Wideband circularly-
polarized patch antenna,” IEEE Trans. Antennas Propag., vol. 54, no.
9, pp. 2682–2686, Sep. 2006.

[5] T. Sudha, T. S. Vedavathy, and N. Bhat, “Wideband single-fed cir-
cularly polarised patch antenna,” Electron. Lett., vol. 40, no. 11, pp.
648–649, May 2004.

[6] R. Lin, A. Traille, J. Laskar, and M. M. Tentzeris, “Bandwidth and gain
improvement of a circularly polarized dual-rhombic loop antenna,”
IEEE Antennas Wireless Propag. Lett., vol. 5, pp. 84–87, 2006.

[7] J.-W. Baik et al., “Broadband circularly polarized crossed dipole
with parasitic loop resonators and its arrays,” IEEE Trans. Antennas
Propag., vol. 59, no. 1, pp. 80–88, Jan. 2011.

[8] J. Pourahmadazar and V. Rafii, “Broadband circularly polarised slot
antenna array for L- and S-band applications,” Electron. Lett., vol. 48,
no. 10, pp. 542–543, May 2012.

[9] J.-S. Row, C. Y. D. Sim, and K.-W. Lin, “Broadband printed ring-slot
array with circular polarization,” Electron. Lett., vol. 41, no. 3, pp.
110–112, Feb. 2005.

[10] Y.-T. Chen, S.-W.Wu, and J.-S. Row, “Broadband circularly-polarised
slot antenna array,” Electron. Lett., vol. 43, no. 24, pp. 1323–1324,
Nov. 2007.

[11] X. Jiang, Z. Zhang, Y. Li, and Z. Feng, “Wideband unidirection circu-
larly polarized slot array with integrated feeding network,” Electron.
Lett., vol. 50, no. 15, pp. 1039–2040, Jul. 2014.

[12] H. Evans et al., “Application of simulated annealing to design of serial
feed sequentially rotated antenna array,” Electron. Lett., vol. 36,
no. 24, pp. 1987–1988, Nov. 2000.


