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Abstract—As an indispensable supplement to the terrestrial
Internet of Vehicles (IoV), satellites provide a promising
alternative for broad IoV coverage. To improve the broadband
connection in satellite IoV service, this paper presents a novel
broadband 2-bit circularly polarized (CP) reflectarray (RA). By
analyzing the phasing characteristic of dual-loop unit cell, a -180°
phase difference is achieved through a novel method of arranging
resonances of the single loop and dual-loop. Owing to the wider
phasing bandwidth of the dual-loop unit cell, -90° and -270° phase
delays are obtained by changing the parameters of the dual-loop
unit cell. The phase bandwidth of 70.5° < |¢p| < 109.5° is
first-time introduced to characterize the AR bandwidth for the
developed 2-bit unit cells. Therefore, compared to the traditional
method focusing solely on the scaled size for reflective phase
response, broadband AR and gain performances are obtained.
Finally, as a performance demonstration, a planar RA composed
of the developed 2-bit unit cells was fabricated and measured.
Measured results confirm that broad 3dB gain bandwidth of 32%
and 3dB AR bandwidth of 53% are achieved with high gain
radiation, which show a good candidate for low-cost broadband
and wide area coverage for satellite [oV service.

Index Terms—Broadband, circular polarization, Internet of
Vehicles (IoV), satellite, reflectarray.

I. INTRODUCTION

THE emerging Internet of Vehicles (IoV) is a revolutionized
technology that can not only enable us exchanging
real-time information between users and fast-moving vehicles,
but also provide high speed communication for users on
vehicles [1]. As shown in the typical vehicle communication
scenarios in Fig. 1, there are different types of vehicles,

typically ships, planes, cars, requiring massive loV connections.

One we might notice that different from cars utilizing
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terrestrial-based communication networks, currently one
feasible solution for voyaging ships and flying planes is
utilizing the space-borne satellite communication networks.
Therefore, satellite-based oV networks provide an effective
and alternative supplement to the terrestrial communications,
pursuing ubiquitous connections for these underpopulated
remote rural area, desert, ocean, and high altitude flying [2].
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Fig. 1. Typical application scenarios of the satellite-based vehicle

communications.

Recently, many cutting-edge antenna techniques [3]-[9] have
been proposed and applied in IoV to achieve broadband,
low-latency, and high throughput connection for vehicles. First
to obtain broad bandwidth for vehicle communications, dipole
antenna [3], dielectric antenna [4], are slot antenna [5]-[6] are
developed and mounted on top of the cars for low-latency
between vehicles. However, due to the effect of relatively large
profile, these antennas have either the tilted radiation patterns
or instable gains. To achieve stable connection between
vehicles, antennas with stable and high gain unidirectional
radiation are much favorable [7]-[9]. By using H-plane
substrate integrated waveguide horn in [7], improved gain of
1.1 dB is obtained for mmWave vehicle communications. With
the introduction of right-hand and left-hand phase shifters,
unidirectional and orthogonal polarizations are achieved in [9]
with stable and symmetrical radiation patterns. However, it is
found that in these designs, most antennas are designed for the
terrestrial IoV communication systems, which could not be
directly used in satellite oV systems.

To better accommodate satellite communication in IoV
service, first antennas are normally designed in circular
polarized (CP) radiation, owing to the advantage of its innate
polarization immunity to the polarization angle between the
transmitting antenna and the receiving antenna [10]. In addition,
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to realize high gain CP radiation for satellite IoV
communications, multi-layered printed patches [11]-[12],
magnetoelectric dipole [13], aperture [14], and slot [15] are
utilized as radiation elements. These designs have the features
of high integration and high gain CP radiation. However,
because of the multi-layered PCB technology, complex
structures, narrow bandwidths, complicated feed design, and
increased fabrication cost are the main challenges in these
designs. For satellite IoV applications, in addition to the
commonly required broadband bandwidths in impedance and
CP radiation, arrays are always required with low cost, light
weight, and easy integration.

Owing to such advantages in planar array aperture, low
fabrication cost, simple spatial feed, and same high gain and
broadband radiation, CP reflectarray (RA) antenna is another
promising alternative for satellite IoV applications. The
commonly used methods can be techniques of using phase
delay line [16]-[18] and element rotation methods [19]-[21]. In
[19], by using elliptic S-shaped patches, a very broad 2:1 CP
bandwidth is achieved for the developed elements. However in
this method, achieving a compact broadband CP antenna with
stable radiation performance as the feed source is not as easy as
the linearly polarized (LP) antenna. Therefore, different types
of LP-CP RAs are designed for CP radiation [22]-[28]. The
basic principle is that the elements in the surface aperture work
as phase changeable LP-CP polarizers, so that an LP incident
wave will be transformed into a CP reflective wave, and further
be phased for high gain CP radiation, which can significantly
simplify the design of feed antenna.

In this work, to achieve broadband satellite connection in
IoV service and also to simplify array and feed design, a
low-cost planar broadband CP reflectarray is proposed based
on a new combination of novel 2-bit LP-CP unit cells. A -180°
phase delay is firstly introduced from the phase difference
between the dual-loop unit cell and single loop unit cell.
Equivalent circuits of the single loop and dual-loop unit cells
are analyzed to illustrate the inner phasing principle. In addition,
-90° and -270° phase delays are obtained by elaborately
changing the parameters of the dual-loop unit cell. Furthermore,
phase bandwidth of 70.5° < |¢| < 109.5° is firstly introduced
to characterize CP bandwidth of LP-CP unit cells for planar
array design. Therefore, broadband gain and AR performances
are obtained for the developed CP RA. Both simulated and
measured results demonstrate an excellent broadband
performance of the developed RA, which is a good candidate
for broadband and wide-area satellite IoV applications.

II. PRINCIPLE OF 2-BIT PHASING

In this section, a novel method of using single loop and dual
loop structures is presented to realize broadband 2-bit reflection
phases. Then, a new method to characterize the CP bandwidth
by utilizing the reflection phase range of [70.5°, 109.5°] is
proposed to underpin the design of broadband satellite RA,
which will be used for non-reconfigurable 2-bit phasing in a
broadband fixed beam CP RA design later.

A. Phasing Scheme

Fig. 2 shows the structures of the single-loop and coupled
dual-loop in a square unit cell. Here, the single-loop shown in
Fig. 2 (a) will be utilized to realize 0 reflection phase, while the
dual-loop in Fig. 2 (b) will be utilized to realize -90, -180, and
-270 reflection phases. Fig. 2 (c) shows the side view of the unit
cell. The conductor etched on the top layer of the substrate is
shown in pink colour, while the conductor etched on the bottom
layer is shown in blue colour. Note that Rogers 4003C substrate
with the relative permittivity of 3.55 and thickness of 0.508 mm
is used in the unit cell design.
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Fig. 2. Structures of (a) single square-loop and (b) coupled dual-loop in the unit
cell. (c) Side view of the structures. (Parameters of the structure in simulation:
p=10 mm, L1=5.2 mm, W1=W2=W3=0.6 mm, L2=4.9 mm, D1=0.7 mm.
H1=0.508 mm, H2=3 mm.)
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Fig. 3. Equivalent circuits of the (a) single loop and (b) dual-loop in the unit cell.

(Component values in the circuits: Ly=0.47 nH, C¢=0.54 pF, L,=0.2 nH,
C,=0.97 pF, L,=0.45 nH, C,=0.87 pF.)

To theoretically illustrate the magnitude and phase response
of the two unit cells, the equivalent circuits are given and
shown in Fig. 3. Because of the single loop in the unit cell, it
can be equivalent as a simple shunt-circuit, and shown in Fig. 3
(a). Its input impedance then can be calculated as

. 1
Zt = jolo | (1)

and the resonant frequency in this unit cell is
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The equivalent circuit of the dual-loop unit cell is shown in
Fig. 3 (b). The input impedance is
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There as two resonances in the unit cell.
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Based on the above equations, the reflection coefficients of
the two unit cells can be calculated. First, the reflection
coefficients of the two unit cells are obtained and shown in Fig.
4. The simulated results are also included in the figure for
comparison. For the single loop unit cell shown in Fig. 4 (a) at
the resonant frequency of 10 GHz, the reflection phase is 0
degree. For the dual-loop unit cell, two resonant frequencies
can be expected, one is at 8 GHz, and the other is at around 11.5
GHz. The phases of both two resonant frequencies are 0 degree.
In the figure, it is found that a reasonable agreement can be
achieved between the calculated phase responses and the
simulated phase responses, even though the equivalent circuits
are simple.
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Fig. 4. (a) Reflection phases of the single loop and dual-loop. (b) Unwrapped
form of the phases.

To facilitate observing the phase response within the
bandwidth, the reflection phase of the unit cell is always shown
in an unwrapped form just as shown in Fig. 4 (b). In this figure,
we can see clearly the reflection phase range of the dual-loop is
much larger than the single loop. For the single loop unit cell,
the phase range is within [-180, 180], whereas the phase range
for the dual-loop unit cell is within [-540, 180]. By elaborately
locating two resonant frequencies of the dual-loop, an
out-of-phase (180°) delay can be achieved between these two
unit cells. One can also see the differences between the
calculated and the simulated phase responses, especially for the
frequencies in the upper frequency band. This is due to the
overlook of the losses and the complex distributed coupling
between the loops in the unit cells. Nonetheless, the simplified
equivalent circuits are enough to illustrate the reflection
characteristic of the unit cells.
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Fig. 5. Calculated reflection phases of the dual-loop unit cell by slightly
changing the resonant frequencies.
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Fig. 6. Reflection magnitudes of the single loop and dual-loop unit cells.

Because there are two resonances in the dual-loop unit cell,
this normally features wide reflection bandwidth compared to
the single loop unit cell. Therefore, reflection phases of -90°
and -270° can be achieved by slightly moving the resonances
(or reflection bandwidth) of the dual-loop unit cell. Fig. 5
shows the calculated phase responses of the dual-loop unit cell
under three types of different resonances. For -90° reflection
phase at 10 GHz, the lumped element values in the equivalent
circuit are L;=0.2 nH, C,=1 pF, L,=0.45 nH, C,=1 pF. For -270°
reflection phase at 10 GHz, the lumped element values are
L;=0.2 nH, C=0.8 pF, L,=0.45 nH, C,=0.73 pF. As can be seen



in the figure, -90° and -270° reflection phases are achieved by
using this method.

The reflection magnitudes of the two unit cells are also
investigated and shown in Fig. 6. It can be seen that for the
calculated results of the equivalent circuits, the reflection
coefficients are ideal and close to 0. Because of the inclusion of
the substrate loss and conductor loss in EM simulation, the
obtained reflection magnitudes are lower than the calculated
results, especially for the simulated result of the dual-loop unit
cell. Because of the influence of the substrate and conductor
losses in the unit cell, the simulated minimum reflection
magnitude of -0.6 dB is observed within the bandwidth. Overall,
the reflection is very strong and can be utilized for the design of
the reflective unit cells.
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Fig. 7. Excitation method of the unit cell for CP radiation.

B.  Phase Characterization for Circular Polarization

In this work, we will use a 45°-inclined line-incident planar
wave to excite the LP-CP unit cells, this method can simplify
the design of the array and feed for satellite IoV application. A
phase bandwidth will be derived as the baseline for developing
broadband LP-CP unit cells, so that frequency domain response
of the unit cells can be characterized in pursuit of broadband CP
radiation.

Fig. 7 shows the excitation method of the unit cell for CP
radiation. It is known that for a 45°-inclined line-polarized
incident E-field E;, it can be resolved into two orthogonal
directions.

E;=E X+ E;,y (5)
where E; , = E; .

The reflected E-field E,. by a reflective unit cell can also be
resolved into two orthogonal components,

E. = E‘r,xf + E‘r,yy (6)

If we can achieve the below relations from the reflected field,
|Er| = |Ery| =1 (7a)
and ZE,, — £E,, = 190° (7b)

then right-hand (+90°) or left-hand (-90°) CP radiation can be
obtained for the reflected E-field.

The challenge here is how to evaluate the bandwidth of a unit
cell for CP radiation based on the reflected magnitude and
phase in (7). We know that the AR of a radiated wave is defined
as [28]

®)

AR — 1+ M2+ ./1+ M*+ 2MZ2cos (2¢)
1+ M2 —/1+ M*+ 2MZ2cos (2¢)

where

M= |Er,x|/|Er,y| (9a)

and ¢ = LE,, — LE,, (9b)

Because the strong-reflected E-field can always have the
condition of|Er,x| - |Er.y| (that also means M — 1), we can
calculate that, to meet the requirement of AR < 3 for the
reflected wave, the reflected phase difference should be within
the following relation.

70.5° < || < 109.5° (10)

In this work, we will follow the relation in (10) to ensure that a
good CP radiation (AR<3) can be obtained within the interested
frequency bandwidth, when designing LP-CP unit cells for
broadband CP array.
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Fig. 8. Configurations of the 2-bit LP-CP unit cells. (a) Unit cell 0. (Detailed
structure parameters: L1=4.85 mm, L2=7.6 mm, W1=1.5 mm). (b) Unit cell 2.
(Detailed structure parameters: L3=5.85 mm, L4=7.65 mm, L5=4.0 mm,
L6=6.0 mm, W2=1.0 mm, W3=1.0 mm, D1=0.9 mm.) (c) Unit cell 1. (Detailed
structure parameters: L3=6.4 mm, L4=7.3 mm, L5=4.6 mm, L6=6.2 mm,
W2=0.3 mm, W3=1.0 mm, D1=1.6 mm.) (d) Unit cell 3. (Detailed structure
parameters: L3=5.5 mm, L4=7.5 mm, L5=3.5 mm, L6=5.7 mm, W2=1.0 mm,
W3=1.0 mm, D1=0.9 mm.)

III. UNIT CELLS REALIZATION

Based on the above theoretical illustrations, broadband
LP-CP unit cells composed of single-loop and dual-loop are
designed to achieve 2-bit phase delay in this section.

A. Configuration

Fig. 8 shows the detailed structures of the 2-bit unit cells.
These unit cells are designed in a square lattice with the same
period length (p=10 mm) working at the center frequency of 10
GHz. The layer configuration is the same as the previously
discussed unit cells in Section II, including the substrates and



thickness. Detailed design parameters are listed in the caption
of the figure. Note that unit cells U1 and U3 are originated from
U2, so they share the same design parameter variables with U2.
To achieve the desired phase shift of 70.5-109.5° between two
orthogonal polarizations for CP radiation, the square loops have
different lengths along x-axis and y-axis directions. Detailed
design parameters are listed in the figure caption for designers’
reference. In the figure, unit cell U0 is designed for the
reference phase 0 at 10GHz, U1 is designed for reflective phase
of -90°, U2 is designed for reflective phase of -180°, U3 is
designed for reflective phase of -270°.
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Fig. 9. (a) Magnitudes and (b) phase differences of the proposed 2-bit LP-CP
unit cells.

B. Performance Investigation

The performances of the S-parameters for the proposed 2-bit
LP-CP unit cells are shown in Fig. 9. First as shown in Fig. 9 (a),
the reflection coefficients of four unit cells are very close to 0
dB for both x-axis and y-axis line-polarized waves. Eight
curves of reflection coefficients are almost coincident to each
other with the minimum value of around -0.6 dB. This proves
that the condition of |Er_x| - |Er,y| is met in the whole
interested band, so that we can use the phase relation in (10) to
evaluate its CP bandwidth under the common requirement of
AR<3 dB. In addition, it can be seen the transmission
coefficients for the x-axis polarized wave into y-axis polarized
wave are very low. This indicates that a high isolation or a low
coupling is obtained for the incident waves illuminate the

proposed 2-bit unit cells. It can be seen that the isolation is
higher than 30 dB over the entire band.
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Fig. 10. (a) Phases of the reflection coefficients of 2-bit unit cells and (b) phase
differences between different unit cells.
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The phase differences between the x-axis polarized wave and
the y-axis polarized wave are shown in Fig. 9 (b). It can be seen
that unit cell U0 has the narrowest phase bandwidth covering
7.67-12.18 GHz with only one phase peak. Unit cell U2 has the
phase bandwidth covering 7.53-12.9 GHz, which is much wider
than U0 because of the dual-loop structure. Two phase peaks
are observed on the curve of unit cell U2. As discussed in
Section II, by elaborately adjusting the structure parameters in
U2, two different unit cells of Ul and U3 can be obtained for



190° phase shift. So unit cells Ul and U3 have slight
bandwidth shifts either to the left or right. The overlapped
phase bandwidth of 70.5-109.5° of the four LP-CP unit cells is
from 7.95 GHz to 12.18 GHz, which is aimed to evaluate the
minimum CP bandwidth under the worst case when they are
designed into RA aperture.

Fig. 10 shows the phase responses of the reflected phases of
2-bit unit cells for the x-axis polarized impinged wave. As
shown in Fig. 10 (a), same as the illustration in Section II, the
phase response of U0 is within [-180°, 180°], the phase
responses of Ul, U2, and U3 have a larger variance range
within [-450°, 180°]. At the designed center frequency of 10
GHz, unit cells of U0, Ul, U2, and U3 have the reflection
phases of 0°, -90°, -180°, -270°, respectively. Therefore, a
sequential phase difference of -90° is achieved in these four
unit cells. Fig. 10 (b) shows the phase difference of unit cells
Ul, U2, and U3 relative to the first unit cell UO. It can be seen
that the phase difference is changed in a negative gradient as the
increase of the working frequency. The phase difference is -90°
between Ul and UO, -180° between U2 and U0, and -270°
between U3 and UO at the designed center frequency. Owing to
the similar dual-loop structure, the phase changing tendencies
of these three unit cells are very similar, except with an
elaborate bandwidth shift for different reflection phases.
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Fig. 12. Phasing bandwidth of the unit cell U2 varying with different
parameters. (a) Width of outer loop (L3). (b) Length of the outer loop (L4).

The reflection phases of the unit cells under different
incident angles are analyzed and shown in Fig. 11. Two

representative results of single loop U0 and dual-loop U2 are
given in the figure for a good comparison. It can be seen that
both two unit cells show good consistence under different
incident angles for the impinged wave. As the impinged wave
changes from the normal direction to -30° direction, the
reflection phase has a relatively large deviation as compared to
reflection phase under normal incidence. The maximum phase
variance is within 20° for unit cell U0, and the maximum phase
variance is within 25° for unit cell U1. This denotes that a stable
reflection phase can be achieved under different incidence for
the proposed unit cells.

C. Parametrical Studies

When designing the proposed 2-bit unit cells, the phasing
bandwidth is vital important to ensure the CP bandwidth of the
RA. As dual-loop unit cell U2 has a wider phasing bandwidth
and more complicated coupling structure, and unit cells U1 and
U2 are developed based on this dual-loop structure, the key
parameters in this structure are studied to provide the guidance
for the design of broadband 2-bit LP-CP unit cells.
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Fig. 13. Phasing bandwidth of the unit cell U2 varying with different
parameters. (a) Width of inner loop (LS5). (b) Length of the inner loop (L6).

Fig. 12 shows the phasing bandwidth (¢) of the unit cell U2
changing with the different widths (L3) and lengths (L4) of the
outer loop. As shown in Fig. 12 (a), when the width is increased
from 5.8 mm to 5.9 mm, only the band-edge at the upper
frequency is shifted, and the bandwidth is therefore increased
or narrowed. This can be utilized to adjust the phasing
bandwidth in the upper frequency band. It can also be noticed



that as the width becomes narrower, more phase difference can
be achieved between the x-axis and y-axis polarized waves, due

to the increased difference in the structure of the outer loop. Fig.

12 (b) shows that the length (L4) of the outer loop has a great
influence on the lower band-edge. As the length increases from
7.6 mm to 7.7 mm, the lower band-edge shifts to the lower
frequency. The phase difference between two orthogonal
polarizations is reduced accordingly. When the length reduces,
the lower band-edge shifts to the upper frequency with the
phase difference increased. It can also be found that the upper
band-edge is nearly unaffected by this parameter. The width
(L3) and length (L5) have their respective influences either on
the upper or lower band-edges.
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Fig. 14. 3D view of the proposed LP-CP RA.
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Fig. 15. Discretized phase distributions of unit cells in the developed 2-bit
LP-CP RA.

The effects of the parameters of the inner loop in unit cell U2
are shown in Fig. 13. First as shown in Fig. 13 (a), the width of
the inner loop (L5) has a very similar changing tendency as the
width of the outer loop (L3). When L5 increases, less phase
difference is obtained between the two orthogonal polarizations
due to the reduced structure difference in two orthogonal
directions. In addition, if more phase difference is wanted, L5
should be reduced accordingly. Fig. 13 (b) shows the effect of
the length of the inner loop (L6) on the performance of the
phasing bandwidth. It can be seen that the variance of L6 also

has an important influence on the upper band-edge of the
phasing bandwidth. As L6 increases from 5.5 mm to 6.5 mm,
the upper band-edge moves to lower frequency slightly. This
causes more phase difference is achieved due to the increase
structure difference in two orthogonal directions. It is also
noticed that both the width and length of the inner loop can
have large influences on the upper band-edge, while have little
influences on the lower band-edge. According to the above
clear and effective parametrical studies and the bandwidth shift
effects, it will not be difficult to develop the remaining 2-bit
LP-CP unit cells by elaborately adjusting the widths and
lengths of the outer and inner loops.

Fig. 16. Photographs of the fabricated 2-bit LP-CP RA.
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Fig. 18. Measured and simulated AR of the developed LP-CP RA.

IV. CP REFLECTARRAY DESIGN

Based on the above design of the 2-bit unit cells, a broadband
LP-CP RA in a square aperture with the total elements of 364



elements is developed, fabricated, and measured for high gain
satellite IoV in this section.

A. Array Configuration
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Fig. 19. Measured and simulated peak realized gains and aperture efficiencies
of the developed LP-CP RA.
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Fig. 20. Normalized radiation patterns of the proposed 2-bit LP-CP RA in
¢@=-45° plane at (a) 8 GHz, (b) 10 GHz, and (c) 12 GHz.

Fig. 14 shows the 3D view of the designed broadband LP-CP
RA. As can be seen, to realize high gain CP radiation, a LP horn
antenna as the feed source is located above the LP-CP reflector
with the focal length of 180 mm. A focal to diameter ratio (f/D)
of 0.9 is selected, which aims to maintain a high aperture
efficiency (AE) balance for both high illumination and low
spillover within the operation bandwidth. To avoid the possible
blockage of the feed, the horn is designed with 20° offset, while
the beam direction is designed with an opposite symmetrical
-20° offset. It should be noticed that both the feed and the beam
direction are arranged in the ¢=-45° plane for the convenience
of the installation of the horn antenna above the square reflector
surface. The length and width directions of the unit cells are in
x-axis and y-axis, and the polarization direction of the horn
antenna is in the ¢=-45° plane for right-hand CP radiation, or in
the ¢=45° plane for left-hand CP radiation.

To realize high gain CP radiation in the desired beam
direction of (8, ¢) = (-20°, -45°) as shown in the figure, we
need to calculate the required phase delay for each unit cell (¢)
based on the below equation [21],

¢r = ko(d; — (x;co50), + y;sing,)sind,) + ¢, (11)

where k, is the propagation constant in vacuum, d; is the
distance of the phase center of the feed to the unit cell i, (x;, ;)
is the coordinate of unit cell i, and (6, ¢,,) is the array beam
direction, ¢, is a compensated constant phase for all the unit
cells. Because the designed LP-CP unit cells are not in a
continuous phase change, the calculated phase needs to be
discretized into 2-bit form with a stepped 90° phase difference.
In this design, the discretized 2-bit phase distribution working
at 10 GHz is calculated and shown in Fig. 15 for the design of
the developed LP-CP RA.

B. Results

The designed 2-bit LP-CP RA was then fabricated and
measured at Brunel University London and the University of
Kent. Fig. 16 shows the photographs of the fabricated CP RA
prototype. The measured and simulated impedance bandwidths
and gain of the feed horn are shown in Fig. 17. Aa can be seen,
the measured S;; agrees well with the simulated result with a
slight frequency shift. The measured impedance bandwidth for
S$11<10 dB covers 7.28-13 GHz. The simulated peak realized
gain varies almost linearly from 12 dBi to 15.5 dBi. The broad
impedance bandwidth and linear radiation performance can
ensure a uniform and efficient illumination to the RA aperture.

The measured AR in the beam direction is shown in Fig. 18,
and the simulated result is added for comparison. It can be seen
that a good agreement is achieved between the simulated and
measured results, and the AR bandwidth also has a reasonable
agreement with the phasing bandwidth of the overlapped
phasing bandwidth of the 2-bit unit cells. The CP bandwidth for
AR<3 dB is from 7.3 GHz to 12.5 GHz (52.5%), which has a
slight frequency shift to the upper frequency. The measured
result confirms that a broad AR bandwidth can be utilized for
satellite X-band oV coverage.

The measured peak realized gain is shown in Fig. 19, and the
measured aperture efficient is also added in this figure, which is
calculated based on the measured peak realized gain. As can be
seen the measured peak realized gain and aperture efficiency
have a good accordance with the tendency of the simulated gain



and efficiency curves. The measured maximum peak realized
gain is 24.1 dBic at 10.2 GHz. Its measured 3 dB gain
bandwidth covers from 8.4 GHz to 11.6 GHz (32%). By using
the measured peak realized gain, the calculated maximum AE
is 48% at 10 GHz. The measured AE>30% bandwidth covers
8.3 GHz to 11.1 GHz. The high gain and AE within the
bandwidth can ensure the high sensitivity and low latency
communication for IoV vehicles.
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Fig. 21. Normalized radiation patterns of the proposed 2-bit LP-CP RA in the
other orthogonal plane to ¢=-45° (in beam direction) at (a) 8 GHz, (b) 10 GHz,
and (c) 12 GHz.

The measured normalized radiation patterns in two
orthogonal planes in the beam direction are shown in Fig. 20
and Fig. 21. Fig. 20 gives the ¢=-45° plane radiation patterns at
8 GHz, 10 GHz, and 12 GHz. Note that in the figure, the
co-polarized radiation patterns are in right-hand CP radiation,
and the cross-polarized radiation patterns are in left-hand CP
radiation. It can be seen that the measured radiation patterns are
in good accordance with the simulated results. Beams with -20°
incline are achieved just as predicted by the simulated results.
The half-power beamwidth changes from 15° to 10° within the

bandwidth, and the sidelobe levels are around 14.6 dB lower
than the main lobe.

The measured radiation patterns in the orthogonal plane to
@=45° at 8 GHz, 10 GHz, and 12 GHz are shown in Fig. 21. It
can be seen that nearly symmetrical co-polarized radiation
patterns are achieved in this plane. Maximum radiation is
realized in the center of the observing range. The measured
sidelobe levels are around 14.9 dB lower than the main beam.
In addition, the half-power beamwidth is around 12° to 8°
within bandwidth. Overall, relatively a good accordance is
achieved between the measured and the simulated radiation
patterns. The main discrepancies between the measured and
simulated results are from the manufacture errors and assembly
errors in the antenna fabrication, and the position errors in the
radiation patterns measurement.

C. Comparison

The advantages of the performances of our developed CP RA
are compared and listed in Table I. Note that to be a fair
performance comparison considering different types of array
antennas, only recently developed LP-CP RAs are compared in
the table. In the table, A, is the free-space wavelength at the
center frequency. Compared to [22]-[25], it is obvious that our
developed RA has a much wider gain and AR bandwidth even
with a thinner thickness of the relative reflective surface. It is
worth pointing that, [27] has a very thick overall due to the idea
of using 3D printed dielectric slab for reflective phasing control.
Owing to the use of low permittivity and thin substrate, high-Q
RA is achieved in [23] with a high peak AE but a narrow
bandwidth. In a good comparison, [25] have much closer
thicknesses as our design. Owing to the introduction of the
novel wideband LP-CP unit cells, our designed RA has an
obviously wider gain bandwidth of 32% and AR bandwidth of
53%, with thin aperture thickness of 0.11A, and high peak AE
of 48%. Such a planar broadband high gain RA can provide
high throughput and low latency communications for different
vehicles in satellite IoV service.

TABLEI
COMPARISON OF THE RECENTLY DEVELOPED LP-CP RAS
Ref gai?gw AR BW Thi(c}\l;l;ess A)I::Szre F/D Pczzl]; igca)in P/i;i;k
[22] 4% 3.3% 0.26 53x53 0.6 21.6 41%
[23] 11% 10% 0.05 nx14x14  0.62 36.7  66.5%
[24] 26.5%  39% 0.2 7x7 0.71 23.5 42%
[25] 12.8% 12.5% 0.11 54x54 12 20.38  30%
[27] 28.3% 40.2% 2.19  10.6x10.6 1.55 27.9 38%
\ZVFE;IS( 32% 53% 0.11 6.4x64 09 24.1 48%

V. CONCLUSION

This paper proposes a novel method of realizing broadband
CP RA for satellite IoV applications. In detail, single loop and
dual-loop structured LP-CP unit cells are utilized for stepped 0,
-90°, -180°, and -270° reflective phase delays. The inner
working principle is illustrated by equivalent circuits, related
derivation, and both theoretical and simulated results. In



addition, a phase bandwidth to ensure CP radiation bandwidth
is proposed as the baseline for designing LP-CP unit cells.
Therefore, broadband CP radiation can be guaranteed for the
designed CP RA. Finally, the proposed unit cells are utilized in
designing RA for high gain CP radiation. Both the simulated
and measured results show that the developed CP RA can have
a broad 3dB gain bandwidth of 32% and 3dB AR bandwidth of
53%. In addition, high peak AE of 48% is achieved with a low
aperture thickness of 0.11A,. The low fabrication cost, simple
structure, thin thickness aperture, and broad bandwidths in
impedance and CP radiation demonstrate the feasibility of the
developed CP RA in providing broadband connection in
satellite IoV application.
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