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ABSTRACT This paper presents a new design for a wideband circularly polarized (CP) spiral antenna array
fed by a differential aperture coupling. The differential excitation is realized by two vias located at the lateral
sides of a transverse slot etched on the lower substrate. The proposed two-arm spiral antenna has a smaller
size compared to conventional spiral antennas with several turns. The presented single radiating element
provides the impedance bandwidth of (|S11| < —10 dB) 40.4% and 3-dB axial ratio (AR) of 23.2% with a
peak RHCP gain of 7.2 dBic over the operating frequency band. To further enhance the AR bandwidth and the
maximum gain, the presented CP spiral element is employed in a 2 x2 sequential feeding arrangement. The
sequential feeding network is implemented using the low-loss printed gap waveguide (PGW) line, which is
compatible with low-cost printed circuit board (PCB) technology. A prototype of the proposed 2 x?2 antenna
array is fabricated and measured experimentally. Measured results reveal that the designed antenna array
has a wide impedance bandwidth of over 48.5%, the 3-dB AR bandwidth of 34.2%, and the 3-dB gain
bandwidth of 32.4% with a maximum gain of 11.74 dBic and excellent radiation efficiency of 85% over the
entire operating frequency band.

INDEX TERMS Spiral antenna, broadband antennas, circular polarization (CP), printed gap waveguide

(PGW), sequential rotation feeding, printed circuit board (PCB), millimeter-wave (mm-wave).

I. INTRODUCTION
Circularly polarized (CP) antennas have attracted significant
attention in millimeter-wave (mm-wave) wireless communi-
cation systems due to their distinct advantages of reducing
polarization mismatch and suppression of multipath interfer-
ence [1]. On the other hand, in order to keep up with the
ever-increasing demand for the high data-rate transmission,
antennas as vital components of every communication sys-
tems are needed to be broadband [2], [3]. Therefore, the wide-
band CP antenna is a promising candidate at mm-wave bands.
Various types of mm-wave CP antennas were designed in
the literature, such as patch antenna [4], [5], slot antenna [6],
magneto electric (ME) dipole antenna [7], [8], aperture
antenna [9] and helix and spiral antennas [10], [11]. Among
these antennas, traveling wave antennas are one of the desir-
able candidates that are able to provide stable radiation
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performance over wide frequency bandwidth. Traveling wave
antennas refer to those antennas whose lengths are long
enough to have the minimum reflected waves [12]. Spiral
and helical antennas are classified into this category. Due
to the 3D geometry of helical antennas, their fabrication in
the mm-wave frequency band is quite challenging. The pro-
posed helical antenna in [11], is fabricated by multilayer low-
temperature co-fired ceramic (LTCC) technology. Despite
the advantages of LTCC technology like compactness and
lightweight, it is costly and complicated. Spiral antennas
possess a planar structure and can be implemented using low-
cost printed circuit board (PCB) technology. Therefore, spiral
antennas are preferred to helical antennas in terms of the
fabrication simplicity. However, there are two main problems
in the realization of a spiral antenna at high frequencies,
where compactness is a crucial requirement. The main prob-
lem with spiral antennas is that they need balun circuits to
be excited in a balanced mode [13]. This problem becomes
more severe in an antenna array configuration, in which
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balun circuits add more complexity to the whole structure.
Another problem with the spiral antennas is that to fulfill
the traveling wave requirements, the currents on spiral arms
should have decaying current distribution [12]. This situation
happens if the spiral is electrically large enough; otherwise,
the reflected currents from the arms ends causing the total cur-
rents distribution to be standing waves, which in turn deteri-
orates the wideband characteristics of the AR and impedance
matching [14]. Considering fabrication constraints and the
size of spiral antenna with multiple turns, it is hard to keep
element spacing in array configuration less than Ao (where
Ao is the free space wavelength) at mm-wave frequencies
and avoid the presence of grating lobes. Moreover, conven-
tional approaches such as coating the arm ending with chip
resistors [15] or terminating the spiral arms with zigzag sec-
tions [16] are not appropriate at mm-Wave frequency bands
due to the severe loss at high frequencies and difficulties in
fabrication, respectively. These problems hinder the usage of
spiral antennas at high frequencies, despite their desirable
wideband radiation performance.

Zhu et al. in [11] addressed these problems. To make the
spiral antenna independent of balun circuits, spiral arms are
differentially fed using two opposing vias located at the two
sides of the coupling slot. Besides, to have the CP wave gen-
eration from the shorter spiral arms, their lengths are differed
by A/4 to create a 90° phase difference between the surface
currents on both arms. However, perturbing the symmetry
of the spiral antenna causes beam tilting in the radiation
pattern. In this paper, we tried to tackle the problem of the
large dimension of the spiral antenna without perturbing the
spirals’ symmetry.

To broaden the array AR bandwidth and improve the
array CP purity, the sequential-rotation (SR) feed technique
has extensively been used in literature. The SR feeding
scheme has been implemented with different feeding tech-
nologies for mm-wave applications, including microstrip line
(MSL) [17], [18], LTCC [19], and SIW [6], [20]. MSL was
most popular at low frequencies due to such advantages as
compactness, design flexibility, and low cost of fabrication.
However, they usually suffer from radiation loss, which is
more severe at high frequencies [21]. In addition, the parasitic
radiation from microstrip feed networks has an adverse effect
on the total radiation pattern of the antenna array. Radiation
leakage and undesirable spurious radiation of the feed net-
work is minimized in SIW since it is a self-package structure.
However, they have some issues. Apart from a high dielectric
loss at mm-wave frequencies, which makes the SIW less
efficient compared to air traveling structures, it is not suitable
for the realization of the SR feed network due to the large
size of 3dB quadrature hybrid couplers and phase shifters.
Recently, a multilayer aperture coupled approach is utilized
to alleviate this problem [22]. However, the multilayer design
adds more losses and difficulties in fabrication, particularly
for large arrays. Printed gap waveguide (PGW) technology
is a promising alternative for microstrip lines at high fre-
quencies [23]-[25]. It’s a compromise between the microstrip
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FIGURE 1. Geometry of the proposed antenna element. (a) Perspective
view. (b) Top view.

line and SIW as it is a package structure and suppresses the
radiation loss and also has design flexibility, which is highly
desirable for the implementation of the SR feeding networks.
In this paper, we propose a wideband and compact CP spi-
ral antenna array fed by the PGW SR feeding structure. The
proposed spiral antenna is relatively small and has less than
one turn. The designed antenna array has been fabricated, and
its performance is validated by measurement. The rest of this
paper is organized as follows; Section II discusses the design
principles of the proposed antenna structure and the PGW
line. Section III presents the implementation of the antenna
array, followed by the design of the PGW sequential feeding
network. The experimental prototyping results and compar-
ison with other similar works are illustrated in Section IV.
Finally, Section V presents the conclusion of this paper.

Il. REALIZATION OF THE PROPOSED

CP SPIRAL ANTENNA

A. SINGLE RADIATING ELEMENT DESIGN

Fig. 1 illustrates the configuration of the proposed structure.
It consists of a two-arm symmetrical spiral antenna on top
of substrate 1 and two planar patches printed on substrate
2, which form a half-wavelength dipole. Both substrates are
Rogers RO6002 with €, = 2.92, tand = 0.0012 and
thicknesses of 0.762 mm and 0.528 mm from top to bottom,
respectively. Therefore, the spiral antenna is located above a
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TABLE 1. Dimension of the proposed single element (mm).

Parameter W; Ly W, D; ds L. W,
Value 05 49 03 1.13 074 25 022

Parameter Wy, L;, d, D, R, a* o
Value 2.1 125 03 0.6 089 0.276 4.51

* The unit is rad/mm.

** The unit is rad.
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FIGURE 2. Cross section view of the proposed element with sketch of
electric field, electric and magnetic currents.

conducting ground plane with a height of approximately A /4
(is the guided wavelength in substrate 2 and 3) to ensure the
unidirectional radiation pattern. The spiral arms constructed
by the Archimedean spiral function of » = a6 + b in the polar
coordinate system, where a is spiral constant, # represents
the winding angle, and b is the initial radius. Here b can
be obtained by 0.5(Ds — w,), where w, is the width of the
coupling slot, and Dj is center to center via distance on the top
layer and is determined by fabrication constraints. The second
arm of the spiral antenna is composed by rotation of the first
arm by m rad. The winding angle of the spiral is increasing
from O to 4.51 rad, and the spiral number of turns is N=0.83.

The spiral arms are fed differentially by two opposing vias
located at both sides of a transverse slot, which is etched on a
lower substrate. The length of the coupling slot is %g where A,
is the guided wavelength at the center frequency of 34 GHz.
It is noted that two circular patches surround two vias on
the bottom of substrate 1 to ensure good electrical contact
between two vias and the patch dipoles on substrate 2.

The PGW feeding line is employed for the slot coupling.
The shape of the slot is chosen to enhance the electromag-
netic energy coupling between the slot and the PGW line.
Detailed geometrical dimensions of the proposed structure
are summarized in Table 1. The presented antenna generates
RHCP (Right-hand Circular Polarization) due to the direction
of spiral windings and differential phase excitation.

B. SINGLE ELEMENT OPERATING PRINCIPLES

To excite a two-arm spiral antenna in the fundamental mode,
spiral arms must be excited with the same amplitude and 180°
phase difference [13]. In our design, two vias located at the
lateral sides of the slots etched on the top layer serves as a
balun for the spiral arms. Fig. 2 illustrates the sketch of the
electric field and electric currents on the cross section of the
proposed structure. As it is shown, the electric currents on
two vias of the top substrate are out of phase, which provides
a differential feed for the spiral arms. The proposed spiral
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FIGURE 3. Magnitude and phase of Ey and E; in the y-z plane at 34 GHz.
(a) With patch dipole. (b) Without patch dipole.

antenna has a relatively small dimension with XQ = 0.41.
The polarization of an electrically small spiral antenna is
highly elliptical due to the unequal magnitude of orthogonal
electric currents at time intervals of t=T/4 (T is one period of
time) on the spiral arms. The y-oriented patch dipole is placed
under the spiral to reinforce the electric current along the y-
direction. To better reveal the effect of the patch dipole on the
CP performance, the magnitude and phase of far-field com-
ponents of Ey and Ey in the y-z plane are plotted in Fig. 3. To
provide a fair comparison, the distance of the spiral antenna
from the ground plane is kept unchanged. As can be seen, for
the case of without patch dipole Ey > Ey, which results in the
elliptically polarized wave. However, adding the y-oriented
patch dipole improves the Ey components while the phase
difference between Ey and Ey has remained almost constant
at 90°.

To clarify the CP generation of the proposed structure,
the simulated electric field distribution on a plane just
above the top layer at t=0, T/4, T/2 and 3T/4 are plotted
in Fig. 4. The black arrow represents the dominant direction
of electric field components. Based on the orientation of the
electric field, the co-polar vector is Ec, = E, — jEy, which
confirms RHCP generation according to [26, eq.(2.21)].

C. PRINTED GAP WAVEGUIDE

The feedline is implemented using PGW technology. The
PGW supports the propagation of the quasi-TEM wave in
the air gap between the upper plate of the PGW structure
and the microstrip line, which is placed above the artificial
magnetic conductor (AMC). The AMC surface is realized by
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FIGURE 4. E-field distributions on the plane just above the top layer in a
period of time at 34 GHz (a) t = 0. (b) t = T/4. (c) t = T/2. (d) t = 3T/4.

2D periodic EBG unit cells. However, the EBG structure can
create the AMC boundary conditions over a limited frequency
range, called stopband. Within the stopband, the electro-
magnetic wave follows the microstrip line, and propagation
of any PEC-AMC parallel-plate modes is suppressed if the
height of the air gap is less than a quarter of a free space
wavelength [23]. The simulated dispersion diagram and the
geometry of the unit cell are indicated in Fig. 5. The dis-
persion diagram, which shows the unit cell’s stopband, is
simulated through the Eigenmode solver of CST. The mush-
room EBG unit cell is designed to cover the bandgap of
22.5-50 GHz based on the design guidelines of gap waveg-
uides discussed in [24], [25]. RO6002 substrate with a loss
tangent of 0.0009 and dielectric constant of 2.94 and thick-
ness of 0.76 mm and 0.25 mm are used to print mushroom unit
cell and metallic microstrip line. Fig. 6 (a) depicted the PGW
section geometry, which consists of 3 rows of the unit cell on
lateral sides of the printed microstrip line. By introducing a
metallic microstrip between the PEC-AMC plates, a quasi-
TEM mode can propagate within the bandgap frequency
band, as shown in Fig. 6 (b). As can be seen from this figure,
the bandgap of the PGW structure is from 22.9-46.3 GHz. It is
noted that the PGW bandgap frequency range must cover the
operational bandwidth of the designed antenna with margins.

Generally, the PGW line’s width is larger than the
microstrip line, which leads to a smaller conductive loss.
Here, the width of PGW is chosen to provide characteristic
impedance of 752 to provide a better matching for the high
input impedance of the spiral antenna.

D. PERFORMANCE

The simulated reflection coefficient, AR, and gain of the
proposed antenna are shown in Fig. 7 and Fig. 8, respec-
tively. The presented single element has —15 dB impedance
bandwidth of 37.2% ranging from 28.13 GHz to 41 GHz,
3-dB AR bandwidth of 23.2% ranging from 30.6 GHz to

VOLUME 9, 2021

o)
=

! \ [ Mode!
* Mode2
< Mode3 H
— Light line

-
=

N W =N
S S S
K4

Frequency(GHz)
1
1
1
1
1
L]
b
4

w2
f=—3

53
=

10p, # o

FIGURE 5. Dispersion diagram of the designed unitcell (with L = 1.6mm,
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FIGURE 6. (a) PGW section. (b) Dispersion diagram of PGW section.

38.62 GHz and maximum RHCP gain of 7.2 dBic in the
broadside direction. Fig. 9 presents the simulated normalized
radiation pattern of the proposed structure in principal planes
at 34 GHz. It can be observed from Fig. 9 that the proposed
CP element exhibits low cross-polarization of —18.5 dB in
broadside direction.

Ill. CIRCULARLY POLARIZED ANTENNA ARRAY

A. 2x2 ARRAY

The geometry of the 2x2 CP spiral antenna array is shown
in Fig. 10. It consists of 3 main parts: (1) sequential feeding
network on the bottom layer, (2) patch dipoles on the middle
layer (3) spiral antenna on the top layer. The spacing between
antenna elements is 0.85 Ap (1o corresponds to the highest
frequency in the operating band) to avoid the generation
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FIGURE 7. Simulated reflection coefficient of the proposed single
antenna.

e

Gain(dBic)
AR(AB)

w
/
/
(9%

27 29 31 33 35 37 39 4
Frequency(GHz)

FIGURE 8. Simulated AR and RHCP Gain of the proposed single antenna.
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FIGURE 9. Simulated normalized radiation pattern of proposed single
antenna at 34 GHz in the principal planes (xoz and yoz).

of grating lobes. The sequential feeding network is realized
using PGW and will be further explained in the next part.
A transition from the PGW line to the MS line is designed
for the sake of measurement.

B. FEEDING NETWORK

The SR feed technique is a well-known method to broaden
the AR bandwidth in which antenna elements undergo
both progressive phase difference and physical rotation.
This method can be applied to both LP and CP radiating
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FIGURE 11. Sequential feeding network implemented by PGW.

TABLE 2. Dimension of the proposed sequential feeding Network (mm).

Parameter W3 Wy W3 Wy 11 lo I3
Value 03 048 02 048 1.56 046 0.85

Parameter Iy ls lg 7 lg lg l1o
Value 085 089 204 14 052 07 255

elements [17], [27], [28]. However, CP radiating element fed
by the SR feed technique exhibits higher CP purity and wider
AR bandwidth. It is worth mentioning that the employment of
a corporate feed network that applies an equal phase to each
antenna element in an array configuration usually deteriorates
the CP performance of the whole antenna. In [7], the designed
magneto electric antenna achieved the 3-dB AR bandwidth
of 25.9%. But, for an 8 x8 full-corporate substrate integrated
waveguide (SIW) fed antenna array based on the proposed
magneto electric (ME) dipole antenna element, the 3-dB
AR bandwidth was reduced to 16.5%. The schematic of the
designed sequential feeding network is plotted in Fig. 11, and
its corresponding detailed dimensions are listed in Table 2.
Since the single radiating element generates RHCP, the rota-
tion and phase increment of the designed sequentially rotated
feeding is in an anticlockwise direction. The required 90°
phase difference is realized using a quarter length of PGW
lines. It should be noted that the phase and amplitude error
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FIGURE 13. Simulated phase error between the subsequent ports of the
designed sequential feeding network.

resulting from delay PGW lines, limit the operating band-
width of the designed antenna array. To alleviate this problem,
a metamaterial-based sequential feeding network is intro-
duced in [29]. However, the lumped elements adopted in the
metamaterial line can cause strong parasitic effects at high
frequencies.

The simulated results of power dividing and phase error of
the sequential feed network are shown in Fig.12 and Fig.13,
respectively. The phase error (phase deviation from 90°) of
the designed sequential feeding is less than 30° with the
operating frequency band, and the maximum insertion loss
is —7.4 dB.

IV. MEASURED AND SIMULATED ARRAY PERFORMANCE
A. FABRICATION AND MEASUREMENT

The proposed CP antenna array is fabricated and measured for
performance verification. The photograph of the fabricated
antenna prototype is plotted in Fig.14. First, each layer is
fabricated using low-cost PCB manufacturing technology;
then, all layers are stacked on top of each other using adhesive
epoxy glue. It should be noted that the existence of the glue
with material properties of €, = 3.5, loss tangent=0.03, and
thickness of Sum is considered during the simulation process.
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(b)

FIGURE 14. Photographs of fabricated proposed antenna arrays. (a) Top
view. (b) Bottom view.

FIGURE 15. Radiation pattern measurement setup.

A 2.4 mm Southwest end launch connector is connected to
the input port of the antenna for the sake of measurement.
The overall dimension of the prototype antenna is 27.8 mm X
23.8 mm x 2.5 mm or 3.154g x 2.7X9 x 0.28)¢, where 1q
is the wavelength in free space.

The radiation performance of the designed antenna array
is measured using the far-field measurement setup shown
in Fig. 15. As can be seen, an LP standard horn antenna is
employed as a transmitting antenna. The gain of the designed
CP array is obtained in two steps: first measuring the LP
gain using the conventional gain comparing method and then
applying the gain correction factor to get the CP gain as
follows [30]:

Gaur(dBic) = G + 3+ G, (D

where Gy is the LP gain obtained from measurement and G,
is the gain correction factor calculated by:

G (dB) = 20log10(0.5(1 + 10

—AR(dB)
(—ARdD)
20 ) (2)

For the pure CP antenna (with AR(dB)=0), G, = 0
therefore, the 3 dB gain increase is required to convert the
LP gain to the CP gain.
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FIGURE 17. Simulated and measured RHCP gain and AR of the proposed
antenna array.

B. EXPERIMENTAL RESULTS

The reflection coefficient of the fabricated antenna array
was measured by the mm-wave phase network analyzer
(N5227A). Fig. 16 compares the simulated and measured
reflection coefficient of the proposed antenna array. Mea-
sured and simulated results indicate that the designed antenna
has a wide impedance bandwidth. Measured and simulated
matching impedance (i.e., |S11| < —10dB) cover the
bandwidths of greater than 48.5% (25.03 GHz-41 GHz)
and 48.6% (24.6 GHz- 40.4 GHz), respectively. The dis-
crepancy between simulated and measured results for the
impedance matching can be caused by the following fac-
tors: 1) smaller height of the air gap, which results in a
wider matched bandwidth for the proposed antenna array;
2) the thickness of the glue, which changes the resonance
frequency; 3) fabrication error in positioning vias on the
top layer that leads to the resonance frequency shift, and
4) measurement errors. The simulated and measured AR
and gain are plotted in Fig. 17. The measured AR has the
3-dB bandwidth of 34.2% (28.6 GHz — 40.4 GHz) and sim-
ulated 3-dB bandwidth of 38.9 % (27.1 GHz — 40.2 GHz).
The maximum measurement gain is 11.74 dBic at 34 GHz.
The maximum measured gain is slightly lower than the
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simulated gain, which could be due to the loss introduced
by the connector and glue used to stack the fabricated
layers.

The simulated and measured normalized radiation pat-
terns in two principal planes for three different frequencies
of 31 GHz, 34 GHz, and 37 GHz are shown in Fig. 18. As can
be seen from this figure, the measurement results agree well
with the simulated results. The maximum measured cross-
polarization level (i.e., LHCP) at 34 GHz is around —21.3 dB
at both XOZ and YOZ planes. Fig. 19 indicates the simulated
radiation efficiency for both proposed single antenna element
and 2 x2 antenna array. As shown in this figure, the simulated
radiation efficiency of the proposed antenna array exceeds
85% over the entire frequency bandwidth due to the imple-
mentation of the feeding network with a low-loss and self-
package technology of PGW.

The proposed 2x2 antenna array is suitable to be used as
a subarray for building larger antenna array structures. It is
expected that broader AR bandwidth is obtained with a larger
SR antenna array. Each round of SR suppresses the cross-
polarization level further, and as a result, the AR bandwidth
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TABLE 3. Comparison between the proposed mm wave CP antenna array and some related works in the references.

Ref. Element | Fab. |Freq.|Element Feeding Size ()\8) Imp. AR Gain |Peak Gain| Radiation
Tech. Num. Network BW % |BW % |BW % | (dBic) |Efficiency %
[10] Helical |LTCC| 60 4x4 | Full corporate | 2.4x2.0x0.40 22 20 15.1 15.2 54.9
(Strip line)

[11] Spiral PCB | 60 4x4 Sequential 4.9%4.9%0.49 14.1 21.1 16.4 19.5 >77
(SIW)

[6] Slot PCB | 28 2x2 Sequential |3.46x3.46x0.09| 23.3 7.7 7 10.78 NG*
(SIW)

[31] Patch PCB | 26 2x2 Sequential 3.9x3.5x0.24 | 25.6 19 25 11.53 NG*
(SIGW)

[32] Aperture | PCB | 30 2x2 Differential | 6.1x4.9x0.16 15.6 10 14 13.5 >84
(PGW)

[33] Slot spiral | PCB | 38 2x2 Sequential 4.4%4.4x0.25 237 | 225 21 12.3 >82
(PGW)

[34] ME-dipole | PCB | 27 4x4 Sequential 7.0x5.0x0.42 | 277 | 27.8 | 253 20.2 78
(SIW)

This work | Spiral PCB | 34 2x2 Sequential | 3.15x2.7x0.28 | > 48.5| 34.2 | 324 11.74 >85

(PGW)

*The numerical data is not given in the referenced paper.
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FIGURE 19. Simulated radiation efficiency of the proposed single
element and antenna array.

is enhanced [26]:

1|22
AR(dB) = 20log | ——~ A3)
1=z

where Ey, and E,, represent cross- and co-polar electric field
components, respectively. The effect of each round of SR on
co- and cross-polar components of the electric field is given
in the appendix.

C. COMPARISON AND DISCUSSION

Table 3 compares the measured results of the proposed
mm-wave CP antenna array with some previously reported
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works in literature in terms of the size, impedance bandwidth,
CP performance, gain, and total efficiency. The total sizes
of the antenna arrays are considered for comparison. Except
for the reported antenna array in [10], all the antennas listed
in Table 3 are fabricated using low-cost PCB technology.
The presented antenna array in [11] has a wide AR band-
width. However, the impedance bandwidth is limited due
to the usage of the asymmetrical spiral antenna as a radiat-
ing element. Despite having a broad impedance bandwidth
of 23.3%, the proposed design in [6] suffers from a narrow
AR bandwidth. Compared to antenna arrays fed by SIW
and MS lines, PGW-fed antennas exhibit higher radiation
efficiency [32], [33]. Therefore, PGW technology is a good
alternative for the implementation of feeding networks at
mm-wave frequencies. Since the differential feed network
in [32] is realized using two layers of PGW, including two
thin air gaps, it has more difficult fabrication compared to
our work. Overall, as can be seen from Table 3, the proposed
CP antenna array archives better reflection coefficient, AR,
and gain bandwidth with high radiation efficiency compared
to the other CP antenna arrays listed in this table.

V. CONCLUSION

We presented a wideband compact CP spiral antenna array for
mm-wave applications. The patch dipole beneath the spiral
arms helps the spiral to shrink but at the expense of adding one
layer. Also, the connecting vias to the patch dipole provide a
180° phase difference for the spiral arms to be excited with
its fundamental mode. To further increase the AR bandwidth,
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the proposed single element is employed in a SR feeding
network. The sequential feeding is implemented using PGW
technology, which benefits from the design flexibility of
MS lines and, at the same time, having low dispersion. The
prototype of the planar CP antenna array has been designed,
fabricated and measured. The measured results are in good
agreement with the simulated results. Based on the measured
results, the fabricated antenna array has a wide impedance
bandwidth of more than 48.5%, 3-dB AR of 34.2% and 3-dB
gain bandwidth of 32.4% with a maximum gain of 11.74 dBic
over the operating frequency bandwidth. In addition, the pro-
posed antenna array exhibits high radiation efficiency.

APPENDIX. ELECTRIC FIELD OF N-ELEMENT
SEQUENTIALLY ROTATED ANTENNA ARRAY

The electric field can be expressed in terms of co- and cross-
polar components [26]:

E = (Ecplco + Expéxp)e Ik “4)

where e, and ey, are co-polar and cross-polar unit vectors,
respectively. Co- and cross-polar unit vectors for RHCP, are
defined as:

s
boy = ﬁ” (5)
_ iR ©)

exp =
P \/5
To find the rotated electric field components at the broad-
side direction, we can use 2-D Rodrigues’ rotation formula:

' = cosPF + sinB(i x F) 7

where 7’ is the rotated position vector, 7 is the position
vector, B is the angle of rotation and 7 is the axis of rotation.
Therefore, the electric field of ny, antenna element rotated
around the z-axis by angle of nf can be obtained as:

. - ) -

E, = cos(nB)E + sin(nB)(z x E)

-

E, = (/"PEcoéco + e P Epeyy)e ™R (8)

n

After applying the phase shift of na to each antenna ele-
ment, the electric field can be written as:

E’/l/ _ ejnaér/l )
E! = ("PTOE b + e MB-OE 5 ek (10)

Finally, the total electric field in the boresight direction
produced by N sequentially rotated antenna elements is cal-
culated as:

N—1
ot _ ot ot _ I
E'=El, +El,=)E,

n=0

N-1 N-1
= (Q_ "Bt + ) e Ely)e T (1)
n=0 n=0

For N sequentially rotated antenna elements generating
RHCP radiation, geometrical phase rotation is in an anti-
clockwise direction (8 > 0), considering « = —f, the total
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co- and cross-polar components of the electric field become
as follows:

EZ»(, = NEcoéco (12)
El, =0 (13)
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