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measured gain is 7.7 dB. This maximum gain occurs at 3.46 GHz which
is located inside the 3 dB axial-ratio frequency band.

VI. CONCLUSION

A circularly polarized cylindrical dielectric resonator antenna ex-
cited by an external tape helix has been presented. The helix is fed by a
coaxial line through a hole on a finite size ground plane. The configura-
tion offers a compact and easy to fabricate feeding network providing
a 3 dB axial-ratio bandwidth of 6.4%, while having a single point feed.
The concept was experimentally verified by comparing simulation and
measured results of the return loss, radiation pattern, and axial ratio.
Design guidelines were given in the communication on how to choose
suitable dimensions for the DRA and helix exciter.
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A Sequential-Phase Feed Using a Circularly Polarized
Shorted Loop Structure

Yue Li, Zhijun Zhang, and Zhenghe Feng

Abstract—This communication presents a new 4-port feeding structure
with sequential phase (SP) of 0°, 90°, 180° and 270° using a circularly po-
larized (CP) shorted loop. A 2 X 2 single-fed circularly polarized corner-
truncated patch array is connected to the loop’s four shorting strips, which
serve as 4 feeding ports with stable phase difference. By using the proposed
SP feed, the axial ratio (AR) bandwidth of the array is increased to more
than 7%, wider than the previous design. A prototype of the proposed an-
tenna is built to validate the design experimentally, and a global bandwidth
of 4.86-5.12 GHz is achieved (811 < —10dB, AR < 3 dB, and gain
variation within 3 dB).

Index Terms—Antenna array feeds, circular polarization, loop antennas.

I. INTRODUCTION

With the rapid progress of modern wireless technology, circularly
polarized (CP) antenna arrays have been widely adopted in the appli-
cations of satellite and mobile communication. Polarization alignment
is not necessary between the transmitting and the receiving antennas.
However, the axial ratio (AR) bandwidth is one of the most significant
issues for CP antenna arrays.

The feeding topology of a CP antenna array is an effective solution
to improve the AR bandwidth. One type is the series feed. For example,
the two slots in the coplanar waveguide (CPW) structure are utilized
to feed the patch array [1]. In [2], the corner-chamfered patches were
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Fig. 1. Geometry and dimensions of the proposed feeding structure (a) front
view; (b) back view.

connected directly and operated as a traveling wave array to achieve
circularly polarization. Traveling wave structure is also adopted in the
feed line to excite the slot-coupled patch array [3]. Another type is the
parallel feed, such as the sequential-phase (SP) feed. The benefit in
axial ratio (AR) bandwidth by using SP feed has been theoretically
analyzed in [4] and [5]. Typically, the microstrip lines with different
electric lengths are utilized to achieve the phases of 0°, 90°, 180°, and
270° at four ports. A series of designs [6]-[12] by using the SP method
are simulated and measured to validate the AR bandwidth enhance-
ment. Based on this idea, several new structures are presented. An SP
feed microstrip line with uniform width is proposed in [13] with com-
pact size and simple impedance matching. A series-parallel strip with
curve structure is also proved to feed a 2 x 2 array in [14] and [15].
In the study of Baik et al. [16], another novel SP feeding structure is
achieved by using two crossed dipoles with 90° -phase delay line. An-
other wideband feeding network using a hybrid ring is studied in [17],
and compared with the traditional series and parallel structures.

However, for single-fed corner-truncated patch array, the AR band-
width improvement is limited. For example, the AR bandwidth of2 x 2
patch array is less than 4% using traditional SP microstrip line [5]. For
newly proposed SP feed structure, approximately 4.8% is achieved in
[13] and 5.4% in [14]. In this communication, we propose a new and
feasible SP feed to achieve wider AR bandwidth. The proposed SP feed
is a CP loop antenna with four shorting strips. For similar 2 x 2 patch
array application in [5], [13], [14], more than 7% AR bandwidth is
achieved. The aim of this communication is to present a new array feed
solution to achieve stable phase difference using a loop antenna, which
is able to generate CP radiation itself. The center-symmetrical structure
of the proposed SP feed also makes it flexible to position the element
with suitable distance in the array design. Experiment has been taken
to validate the design strategy, including the results of reflection coef-
ficient, AR bandwidth, radiation patterns, and gain.

1. SEQUENTIAL-PHASE FEEDING STRUCTURE

Fig. 1 shows the geometry of the proposed SP feed, which consists of
a loop with four shorting strips (1 to 4). The loop is formed by cutting
anls X wo rectangle from an !, x !, square, and supported by a 3-mm
thick Teflon substrate with =y = 2.4, tané = 0.002 at 5 GHz. Four
strips are connected to each side of the loop at one end and shorted
to the ground at the other end. The four short ends are with the equal
distance from the center of the loop. The ground is on the back side of
the board with the dimensions of /; x ;. An H-shaped slot is cut from
the ground as the feed of the loop, as shown in Fig. 1(b).

The microstrip loop with four shorting strips is a CP antenna. Due
to the unequal values of /> and w3, two orthogonal fundamental one-
wavelength modes are excited along the loop to generate a left-hand
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Fig. 2. Simulated reflection coefficient and AR of the loop.

TABLE 1
DETAILED DIMENSIONS (UNIT: m)

/ ]1 12 w 13 W3 14 Wy /5
100 | 16.8 9.5 8 8 1 6.4 1 7.8

circularly polarized (LHCP) mode. The operating frequency is deter-
mined by the dimensions of the loop (/1) and the shorting strip (I3).
The shorting strip can be treated as an extension of the loop to tune
the operating frequency. The distance between two short ends is also
dictated by the value of /5. The values of I> and w2 will affect the oper-
ating frequencies of dual modes on the loop, which generate the circu-
larly polarization. The impedance of the loop antenna can be matched
by tuning the dimensions ({4 and {5) of the feeding slot. The values
of each parameter are optimized by using the Ansoft High-Frequency
Structure Simulator (HFSS) software. The detailed values are listed in
Table I. In this design, the overall dimension of this SP feed is only
23 x 23 mm® (0.3}, x 0.5\, at 5 GHz). Fig. 2 shows the simulated
reflection coefficient and the AR bandwidth of the loop antenna. The
bandwidths of the 10-dB reflection coefficient and the 3-dB AR are
4.73-4.91 GHz and 4.805-4.845 GHz.

The current distribution on the loop antenna operating at 4.83 GHz
is shown in Fig. 3. At the phases of 0°, 90°, 180°, and 270°, the cur-
rent appears periodically along the loop at the one-wavelength mode
and flows in a circular direction, which generates circular polarization.
Due to the structure symmetry, the currents on four shorting strips also
appear periodically with stable phase difference. Sequential phases of
0°, 90°, 180°, and 270° appear at the four shorting strips, which can
serve as four feeding ports.

III. APPLICATION IN 2 x 2 CP PATCH ARRAY

The proposed SP feed is utilized to feed a 2 x 2 single-fed CP corner-
truncated patch array. As shown in Fig. 4(a), four patch elements are
connected to four shorting strips with shorting vias (& = 0.6 mm) to
the ground. On the back side of the board, as shown in Fig. 4(b), the
H-shaped slot is fed through a capacitive-coupled feeding patch. The
cross-sectional view of AA’ plane is shown in Fig. 4(c). Between the
H-shaped slot and the copper patch, there is a 0.5-mm-thick FR4 board
with e; = 4.4. Therefore, the overall height of the antenna array is 3.5
mm. A 50-€2 coaxial cable is used to feed the antenna array. The inner
conductor is connected to the feeding patch and the outer conductor to
the ground, as illustrated in Fig. 4(b).

Three key issues are analyzed to achieve good AR and impedance
bandwidths for array design. The first one is the use of four shorting
vias on the feeding strips between the proposed SP feed and the patch
elements. Stable phase difference is provided by the CP loop in the
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Fig. 3. Current distribution on the loop at 4.83 GHz with different phase: (a)
07, (b) 90°, (c) 180°, (d) 270°.
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Fig.4. Geometry and dimensions of the 2 X 2 array using the proposed feeding
structure (a) front view; (b) back view; (c) cross-sectional view of A-A’ plane;
(d) detailed view of capacitive-coupled in red circle of (b).

center. If the patch element is connected directly to the center loop
without the shorting point, the CP performance of the loop will be de-
stroyed and the phase difference between each port is also changed.
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Fig. 5. Input impedance of single edge-fed patch.

The shorting vias operates as a shunt inductance to control the energy
couple to the patch element. When the feeding strip is shorted to the
ground, weak coupling is achieved between the element and the strip
and the phase difference is maintained.

The second one is the impedance matching between the patch
element and the shorting vias. The impedance at the shorting point
is a small value. A microstrip line with the length of {- is used for
impedance matching from the shorting point to the patch element.
However, the input impedance of the edge-fed patch used is a large
value near the resonant frequency (4.5 GHz), as shown in Fig. 5. In
our design, we have matched the patch element at the band higher than
the resonant frequency for wider impedance bandwidth.

The third one is the impedance matching of the overall antenna array.
We used a capacitive-coupled patch above the H-shaped slot on the
back side. The impedance curve using the capacitive-coupled patch
is shown on the Smith chart in Fig. 6. If we feed the antenna array
directly using the inner conductor of the coaxial cable, as shown in
the red dash-dot curve, the impedance curve is far away the circle of
VSWIR = 2 : 1. The capacitive-coupled patch serves as a series
capacitance. By tuning the values of /s and ws, the overall antenna
array can be well matched, as shown in the black solid curve in Fig. 6.
The optimized values of each parameter are listed in Table II. The dis-
tance between two patch elements is 42.2 mm (0.707A; at 5 GHz,
Ao is the wavelength in the free space). The dimension of antenna
array is 100 x 100 x 3 mm®, and the capacitive-coupled feed part is
5x 4% 0.5 mm®.

The simulated results of the 2 x 2 SP-fed CP patch array are shown
in Figs. 7 and 8. Fig. 7 compares the AR bandwidths between the CP
array and a single CP patch. For single elements, the AR bandwidth is
only 5.03-5.12 GHz (2% at 5 GHz). In the band lower than 5.03 GHz,
the advanced phase of +y-component over +x-component is less than
90°. However, for the proposed SP feed in this band, this value is more
than 90°. Therefore, the phase difference between two orthogonal com-
ponents has been complemented. When the four patch elements are fed
by the proposed SP feeding structure, the AR bandwidth is enhanced
by 4.8-5.15 GHz (7% at 5 GHz). In the band lower than 4.9 GHz, the
patch elements operate with linear polarization but the proposed SP
feed operates with circularly polarization.

The simulated radiation patterns at 5 GHz are illustrated in Fig. 8.
The cross-polarization (RHCP) at the broadside (+Z direction) is more
than 20 dB lower than the co-polarization (LHCP). The front-back ratio
is also better than 30 dB in both xz- and yz-planes.

IV. EXPERIMENTAL RESULTS

The proposed 2 x 2-element patch array has been fabricated as
shown in Fig. 9. The feeding cable soldered on the edge can be treated
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Fig. 6. Smith chart of impedance matching using capacitive-coupled patch.
(The simulated frequency band is 4.5-5.5 GHz).
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Fig. 7. Simulated AR of the 2 x 2 array, single patch and feeding loop.
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Fig. 8. Simulated normalized radiation pattern of the 2 x 2 array at 5 GHz in
(a) xz-plane and (b) yz-plane.

as an extension of the ground. As we know, the size of the ground is
sensitive to the CP performance. To maintain the ground size, a series

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 61, NO. 3, MARCH 2013

(@

Fig. 9. Photograph of the 2 x 2 array with the proposed feeding structure (a)
front view, (b) back view.
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Fig. 10. Simulated and measured reflection coefficient of the 2 X 2 array.

of magnetic beads are used to prevent surface current on the feeding
cable.

Fig. 10 shows the measured reflection coefficient of the proposed an-
tenna array, which agreed well with the simulated results. The 10-dB
reflection coefficient bandwidth is from 4.82 GHz to 5.12 GHz. The
measured and the simulated AR bandwidths are illustrated in Fig. 11.
The 3-dB AR bandwidth is from 4.84 GHz to 5.13 GHz. The difference
between simulation and measurement is mainly comes from the fabri-
cation error, also with uncertain permittivity of the substrate and sur-
face roughness. Approximately 1-dB error of AR appears in the mea-
surement. The experimental results have validated the design strategy
of the proposed SP feed. The measured radiation patterns in xz- and
yz-planes at 5 GHz are shown in Fig. 12. The front-back ratio is better
than 16 dB in both two planes. Good AR is achieved at the broadside.

The measured gain at the broadside is shown in Fig. 13 and com-
pared with the simulated results. In the band higher than 4.94 GHz,
the gain is greater than 9 dBic, and the peak gain is 10.5 dBic. How-
ever, for the band lower than 4.94 GHz, the gain decreases and is sim-
ilar to a single CP patch element. In this band, the CP performance is
mainly contributed from the radiation of the SP feeding structure itself.
As aresult, the 2 x 2-element patch array is with little contribution to
the gain of LHCP in the band of 4.8—4.94 GHz. As shown in Fig. 13,
the bandwidth with gain variation less than 3 dB is from 4.86 GHz
to a frequency higher than 5.2 GHz. Considering the measured 10-dB
reflection coefficient bandwidth, 3-dB AR bandwidth and 3-dB gain
variation bandwidth, the global bandwidth of the proposed antenna is
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Simulated and measured axial ratio of the 2 X 2 array.
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Fig. 12. Measured normalized radiation patterns of the 2 X 2 array at 5 GHz.
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Fig. 13. Simulated and measured gains of the 2 X 2 array.

4.86-5.12 GHz. The measured results have proved that the proposed
SP feed is an acceptable candidate for the CP array feeding.

V. CONCLUSION

This communication gives a feasible solution of SP feed using a CP
shorted loop. To the authors’ knowledge, it is the first time to adopt CP
antenna to provide stable phase difference among each feeding port.
The proposed SP feed has the merits of simple structure, compact di-
mensions and easy impedance matching. By adopting the proposed
feeding structure with a 2 x 2 single-fed corner-truncated patch array,
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the AR bandwidth has been improved from 2% of single CP patch to
7% of the CP array, wider than the previous designs. A measured global
bandwidth (S11 < —10 dB, AR < 3 dB and gain variation within 3
dB) of 4.86-5.12 GHz has achieved. The proposed SP feed also has
the advantages of center-symmetry and compact dimension, which are
flexible for the element arrangement in the array design.
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