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ABSTRACT This study presents a compact broadband wide-slot antenna with broadband left-hand circular
polarization compatible with both LTE 42 and LTE 43 standards of 5G mid-band applications. The proposed
antenna is fabricated on an FR4 dielectric substrate with overall dimensions of 0.411, x 0.361, x 0.02A,,
where 1, is the free space wavelength at the resonant frequency of the antenna. The antenna ground plane
is etched to form a square radiating slot with a pair of rectangular ground stubs that are diagonally placed
inside the slot. On the other side of the antenna, the feed line is loaded by horizontal and vertical stubs
to improve the coupling between the feed line and the square slot. To generate a circular polarization, the
feeding stubs cooperate with the pair of rectangular ground stubs to excite the radiating slot of the antenna
at two different feeding points whose currents have approximately equal amplitude and 90° phase shift. The
measured impedance bandwidth (BW) of the proposed wide-slot antenna is 16.2% (580 MHz along the band
3.3-3.88 GHz), while the observed axial ratio bandwidth (ARBW) is 12.2% (440 MHz in the 3.4-3.84 GHz
band). The measured gain values are found to be larger than 2.5 dB along both standards of the 5G mid-band
applications.

INDEX TERMS Axial ratio, circular polarization, wide-slot antenna, reflection coefficient, broadband.

I. INTRODUCTION These outstanding features make the CP antennas to be a good

The demand for antennas with Circular Polarization (CP)
increases day by day due to their unique capability in mit-
igating multipath fading and polarization mismatch [1], [2].

The associate editor coordinating the review of this manuscript and

approving it for publication was Tutku Karacolak
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candidate for many wireless applications such as WLAN,
WiMAX, 5G, satellite, and so on. In CP antennas, it is
essential to present CP that perfectly covers the intended
frequency range with stable and acceptable gain value.
In other words, the broadside 3dB Axial Ratio Bandwidth
(ARBW), which represents the metric of the CP, should
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extend along the specified frequency range of the application
of interest with as small return losses as possible and as high
gain as possible.

The CP antenna can be designed as a multiband
antenna [3], [4], [5], in which the 3dB ARBW partially
covers the intended bands. On the other hand, there is
the choice of providing a wideband (or ultra-wideband)
CP [6], [7], [8], [9] with —10dB impedance bandwidth (BW)
and 3dB ARBW that are not specified for certain applications.
The broadband CP antennas deal with providing ARBW that
occupies a certain application and impedance BW that has a
minimized residual effect on the adjacent frequency bands.
The broadband CP antennas is the main theme of this work.
In [10], a CP patch antenna is combined with a linearly
polarized slot antenna to provide polarization diversity in the
5.8 GHz WLAN applications. The same band is covered with
CP using 2 x 2 antenna array to present a directive CP [11].
An ARBW within the frequency range (5.53-5.63) GHz
is acquired with the aid of a truncated rectangular patch
and defected ground plane [12]. The design in [13] is a
dielectric resonator whose ARBW extends along the range
(5.2-5.58) GHz. The frequency range of the X-band satellite
is covered by a CP using a dielectric resonator antenna that
is fed by dual ports [14] and a leaky-wave antenna [15].
A CP frequency range of (5.4-5.7) GHz is attained with
the aid of a dual patch microstrip antenna with coaxial
feeding [16]. In [17], the slotted microstrip antenna with
proximity-coupled feeding is utilized to generate CP for 5G
mid-band applications that are used the LTE 43 standard
(3.6-3.8) GHz. Unfortunately, most of the aforementioned
broadband CP antennas has 3dB ARBW that partially
covered the desired band, so the antenna in this work is
intended to have a small size, acceptable realized gain, and
perfect CP coverage for the entire band of interest.

In this paper, a compact wide-slot antenna is presented
as a CP antenna whose 3dB ARBW perfectly covers the
two standards of the 5G mid-band applications namely LTE
42 (3.4-3.6) GHz and LTE 43 (3.6-3.8) GHz. Although the
antenna has a single feed, the shape of its slot and the feeding
structure is modified to inject currents to the radiating slot
at two different points with equal amplitude and 90° phase
shift to generate CP at the intended bands. The simulation and
measured results verify that the impedance BW of the antenna
and the ARBW perfectly encompasses both standards of the
5G mid-band applications with gain values exceeding 2.5 dBi
along the operational band. The rest of the paper is organized
as follows. Section II presents the structure and the overall
dimensions of the proposed design, whereas Section III
reveals the steps that were followed to reach the final design.
In Section IV, the mechanism that leads to generate CP in the
broadside direction is discussed in detail. A parametric study
is introduced in Section V to investigate the effect of some
important parameters on the performance of the antenna.
Section VI demonstrates a comparison between the simulated
and measured results, while Section VII summarizes the
paper with brief conclusion.
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FIGURE 1. Structure of the proposed wide slot antenna (a) front view and
(b) back view (all dimensions are in mm).

Il. ANTENNA STRUCTURE

Since the radiation of the wide-slot antenna mainly comes
from the slot that is etched on the ground plane of the
antenna [18], [19], it is reasonable to illustrate the ground
plane side of the antenna as a front view and the feed line side
as a back view as shown in Figure 1(a) and (b), respectively.
The dielectric substrate of the proposed wide-slot antenna
is FR4 with a dielectric constant of &, = 4.3, height of
h = 1.6 mm, and loss tangent of 0.025. It is clear from
the figure that the overall dimensions of the antenna are
30 x 35 x 1.6mm>. As will be discussed in Section IV, the
horizontal feeding stub whose width is equal to w; is used
to electromagnetically feed the square slot of the antenna
at its lower angle. To provide another feeding point to the
rectangular slot at its upper angle, the vertical feeding stub
that is terminated with a circle with radius R is coupled
electromagnetically with the square slot via two rectangular
stubs at the ground plane both with a width of wy separated
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FIGURE 2. Design steps of the proposed wide-slot antenna.

by a distance d. The feeding currents at both feeding points
are intended to be with equal amplitude and 90° phase shift
to generate radiation with CP.

Ill. DESIGN STEPS

The design procedure that was followed to reach the final
scheme of the proposed antenna can be concluded in
four steps (Ant.1-4) as exhibited in Figure 2, whereas the
simulated reflection coefficient (S1;) and the broadside axial
ratio (AR) corresponding to each structure are illustrated
in Figure 3. It is worth to mention that the simulation
results are acquired with the aid of CST microwave studio
suite [20].

Ant.1 is a conventional wide-slot antenna with a rectan-
gular radiating slot. The reflection coefficient of this step
shows that the antenna resonates at 6 GHz, and the antenna
broadside AR shows that the antenna is linearly polarized
since there is no AR value less than 3 dB. The presence of
the two rectangular stubs in Ant.2 increases the length of
the electrical path of the current passing through the edge of
the rectangular slot. Therefore, another resonant frequency
appears at 4.6 GHz in the reflection coefficient corresponding
to Ant.2. The detailed explanation of the outcomes of Ant.2
is given in [1] and [2]. The resonant wavelength that is
corresponding to the antenna resonant frequency (A = c/f)
is directly proportional to the length of the current path.
Therefore, the insertion of the two rectangular ground stubs
provides another longer current path, which results in longer
resonant wavelength whose resonant frequency is equal to
4.6 GHz in addition to the original resonant frequency of the
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FIGURE 3. Simulation results of Ant. 1-4: (a) reflection coefficient and
(b) axial ratio.

antenna at 6 GHz. However, this variation does not contribute
to presenting a CP within the matched bands since the values
of the AR still larger than 3 dB within these bands. The third
step (Ant.3) can be considered as a trial to provide another
feeding at the upper angle of the square radiating slot by
providing another electromagnetic coupling via the vertical
feeding stub and the pair of rectangular ground stubs. In this
step, the 3dB ARBW is improved to 200 MHz along the range
(3.12-3.32) GHz.

In the final step (Ant.4), the coupling between the feed line
and the square slot at the second feeding point is enhanced
by terminating the vertical stub by a circular patch. This
patch results in a resonant frequency equal to 3.55 GHz
with broadband 3dB ARBW. The —10dB impedance BW of
Ant.4 is equal to 590 MHz (16.7%) and extends along the
frequency range (3.23-3.82) GHz, while the 3dB ARBW is
equal to 490 MHz (13.5%) along the range (3.38-3.87) GHz.
In terms of impedance BW and ARBW, it is clear that the
proposed design perfectly covers the LTE 42 (3.4-3.6) GHz
and LTE 43 (3.6-3.8) GHz which are utilized as two different
standards for 5G mid-band applications. As a result, the
proposed antenna can be used for devices that can be
utilized for both standards without the need for an additional
antenna.
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FIGURE 4. Current distributions of the proposed wide-slot antenna at
(a) ot = 0° and (b) wt = 90° to reveal the feeding point at different
instants at 3.55 GHz.

IV. MECHANISM OF THE GENERATION OF CP
As mentioned earlier, the criterion followed by this work
in generating the CP is accomplished by feeding the square
radiating slot of the antenna at two different locations. The
structure of the feed line and the radiating slot are modified to
force the currents at each point to be approximately of equal
amplitudes and 90° phase shift at the resonant frequency
of 3.55 GHz. Figure 4 illustrates the current distribution
of the antenna at 3.55 GHz to verify the aforementioned
claim. Figure 4(a) shows the current distribution at wt = 0°.
At this time instant, the current flowing around the square slot
approximately enters at the lower angle of the right side of
the slot. In other words, the current starts to enter the square
ring that holds the radiating slot at the highlighted region in
Figure 4(a). On the other hand, Figure 4(b) shows the current
entrance at the upper angle of the right side of the square
slot when wt = 90°. This means that the current starts to
enter the square ring enclosing the radiating slot at the region
indicated in Figure 4(b). This demonstration gives an initial
indication for the 90° phase shift between the two feeding
currents, which is necessary to create CP.

To give deep insight into understanding the generation of
the CP, Figure 5 depicts a schematic diagram of the current
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FIGURE 5. Analysis of the current path for both feeding points (C and F)
of the proposed wide-slot antenna.

paths that feed the square radiating slot. As in [21] and [22],
the two feeding points are 90° separated from each other with
respect to the center of the radiating element. From Figure 5,
the current is passing the lower edge of the square slot at
point (A). The line segments are chosen to be compatible with
the dimensions given in Figure 1. The current path of the first
feeding point is passed through (AB) then to (BC), where BC
is a hypotenuse of the triangle (ABC). Therefore, length of
the first current path (Path 1) can be estimated starting from

point (A):
— =2 —2
Pathl = AB++\AB™ + AC €))

The second current path is passed through the line segments
(AB), (BD), (DE), and (EF), so the length of the second
current path (Path2) is given as:

Path2 = AB + BD + DE + EF )

The length of each line segment can be found from the
geometry given in Figure 1 as: AB = 2.5 mm, AC =
10 mm, BD = 10 mm, DE = 3.15 mm, and EF =
10 mm. Consequently, equations (1) and (2) resultin Pathl =
12.81 mm and Path2 = 25.65 mm. The difference between
the lengths of the paths is equal to 12.84 mm, which is
approximately equal to the quarter wavelength at the resonant
frequency 3.55 GHz as given below:

C

oy 15

where A represents the guided wavelength, f; is the resonant
frequency of the antenna, ¢ denotes the speed of light in
freespace, and ¢, is the dielectric constant of the antenna
substrate. By substituting the value of the resonant frequency
of the proposed antenna (f, = 3.55 GHz), the quarter
wavelength is found as (% = 12.9 mm), which is very
close to the difference between the lengths of the two current
paths. The result of equation (3) mathematically verifies the
90° phase shift between the currents of each feeding point.
However, it is important to notify that the amplitudes of both
currents cannot exactly be equal since the length of the paths

~ Mg
Path2 — Path 1 = 7= 3)
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are unequal in length, so the current of each path undergoes
a different amount of losses. Therefore, the lowest value for
the AR is found to be equal to 1.27.

The wide coverage of the 3dB ARBW can be explained
with the aid of the 3D axial ratio patterns shown in Figure 6.
It is found that the antenna has two CP regions that are
not in the broadside direction as shown in Figure 6(a).
At f=3.38 GHz which is the lower frequency margin of
the 3dB ARBW, the two CP regions meet each other
in the broad side direction (see Figure 6(b)). Within the
3dB ARBW, the two regions overlap each other in the
broadside direction as illustrated in Figures 6(c) and (d).
The two CP regions start to detach from each other at
f=3.87 GHz which represents the higher frequency margin
of the 3dB ARBW (see Figure 6(e)). Finally, Figure 6(f)
shows that the two CP regions are separated from each other
outside the 3dB ARBW. The ARBW has broadband coverage
because it results from the overlapping of two CP regions,
so losing CP in the broadside direction requires a wide range
of frequencies until detaching the two regions from each
other.

The direction of the rotation of the proposed antenna
can be exposed using the simulated radiation pattern at
3.55 GHz shown in Figure 7. In the broadside direc-
tion (8 = 0°), the left-hand circular polarization
(LHCP) is dominating. To obtain right-hand CP (RHCP),
the location of the rectangular ground stubs should be
changed to the other diagonal of the square radiating
slot.

V. PARAMETRIC STUDY

In this section, the effect of the main four parameters that
contribute to generating the CP is investigated. Two of them
are in the feed line side of the antenna namely the width of
the horizontal feeding stub (w;) and the radius of the circular
patch (R) that terminates the vertical feeding stub. On the
ground plane side, the other two investigated parameters
are the separation distance between the two rectangular
ground stubs (d) and the width of each rectangular ground
stub (wy).

Figure 8 shows the reflection coefficient and axial ratio
of the proposed wide-slot antenna at different values of w;
keeping R = 1.5mm, wy = 2mm, and d = 6.3mm. This
parameter has no effect on the —10dB impedance BW of
the antenna because it just tunes the coupling between the
feed line and the square radiating stub, so it only modifies
the matching at the resonant frequency. However, it has a
direct influence on the location of the 3dB ARBW because it
controls the location of the first current entrance to the square
radiating slot as explained in the previous section. The value
w; = 12 mm gives the best location for the feeding point
so that the 3dB ARBW perfectly covers LTE 42 and LTE
43 standards.

As demonstrated in Section III, the vertical feeding stub
which is ended with a circular patch provides a coupling with
the rectangular ground stubs, and it slightly modifies their
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FIGURE 6. The 3D axial ratio pattern of the wide-slot antenna at

(a) f=3.36 GHz, (b) f=3.38 GHz, (c) f=3.55 GHz, (d) f=3.75 GHz,
(e) f=3.87 GHz, and (f) f=3.95 GHz.
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FIGURE 7. Simulated left hand and right hand circular polarization
radiation patterns at f=3.55 GHz (a) yz-plane and (b) xz-plane. MEASURED
RESULTS.

electrical length. Therefore, varying the radius R results in
controlling the position of the antenna resonant frequency
and the 3dB ARBW of the antenna because this parameter
affects the second path of the current that feeds the square
radiating slot as shown in Figure 9. A radius R = 1.5 mm
represents the best value that provides —10dB impedance BW
and 3dB ARBW that extend along the intended 5G mid-band
standards.
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FIGURE 8. Simulation results of the proposed wide-slot antenna
(a) reflection coefficient and (b) axial ratio at R = 1.5mm, ws = 2mm,
d = 6.3mm, and different values of w;.

The same interpretation can be recalled when varying
the separation between the rectangular ground stubs (d).
As illustrated in Figure 10, the current path of the upper
feeding point is modified by this separation as well as
the coupling between the feed line and the radiating slot.
These modifications result in manipulating the position of
the resonant frequency and the 3dB ARBW. Decreasing d
leads to a lower resonant frequency since it results in a longer
electrical current path. The separation value d = 6.3 mm
generates —10dB BW and ARBW compatible with 5G mid-
band applications.

The effect of the width of the rectangular ground stubs
wy on the reflection coefficient and the broad side AR of
the proposed wide-slot antenna is illustrated in Figure 11.
With respect to the upper feeding point, controlling this
parameter is equivalent to controlling the width of a feed
line of an antenna which directly manipulates the value
of the characteristic impedance. Therefore, the effect of
wg appears as an improvement in the matching at the
resonant frequency as well as a fine-tuning for the 3dB
ARBW which is located at the range 3.38-3.87 GHz when
ws = 2 mm.
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FIGURE 9. Simulation results of the proposed wide-slot antenna
(a) reflection coefficient and (b) axial ratio at w; = 12mm, ws = 2mm,
d = 6.3mm, and different values of R.

VI. MEASURED RESULTS

The front and back views of the fabricated version of the
proposed wide-slot antenna are shown in Figure 12. The
measured reflection coefficient is acquired with the aid
of Amitec VNA40, and the setup of the measurement is
exhibited in Figure 13(a). On the other hand, the gain,
radiation pattern, and broadside axial ratio measurement
setup are revealed in Figure 13(b).

Figure 14(a) illustrates the simulated and measured reflec-
tion coefficients, while Figure 14(b) shows the simulated and
measured broad side axial ratio. It is clear that the simulated
—10 dB impedance BW is equal to 590 MHz (16.7%)
extending along the frequency range (3.23-3.82) GHz,
whereas the measured impedance BW is equal to 580 MHz
(16.2%) covering the frequency range (3.3-3.88) GHz. The
simulated 3dB ARBW is equal to 490 MHz (13.5%) along
the range (3.38-3.87) GHz, while the measured 3dB ARBW
is found to be 440 MHz (12.2%) over the frequency range
(3.4-3.84) GHz. The measured and simulated impedance BW
and ARBW values perfectly cover the LTE 42 and LTE
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FIGURE 10. Simulation results of the proposed wide-slot antenna
(a) reflection coefficient and (b) axial ratio at w; = 12mm, ws = 2mm,
R = 1.5mm, and different values of d.

43 standards of the 5G mid-band applications. The deviation
between the simulated and measured results may be attributed
to many factors such as the imperfect solder of the SMA
connector, the imperfection of the fabrication process, and
irregular variation of the dielectric constant of the substrate
along the operational frequency band.

The simulated and measured gains are illustrated in
Figure 15. The simulated and measured gain values are
larger than 2.5 dBi along the frequency range of the LTE
42 and LTE 43. The measured gain has values less than
the simulated gain because of the losses of the imperfect
soldering of the SMA connector as well as the reflections
that come from the equipment inside the anechoic chamber.
However, at frequencies larger than 3.6 GHz, the measured
gain values are higher than the simulated ones. The reason
behind this is given previously in Figure 14(a). The measured
reflection coefficient has values less than the simulated one
for frequencies above 3.6 GHz, so the measured realized
gain appears with higher values than the simulated realized
gain.

Finally, to experimentally verify the presence of the CP
in the broad side direction, the simulated co-polarized and
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FIGURE 11. Simulation results of the proposed wide-slot antenna
(a) reflection coefficient and (b) axial ratio at w; = 12mm, d = 6.3mm,
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FIGURE 12. The fabricated wide-slot antenna (a) front view and (b) back
view.

cross-polarized radiation patterns at 3.55 GHz are shown in
Figure 16. The co- and cross-polarized patterns are close
to each other (with a difference of less than 3dB) in the
broadside direction (¢ = 0°), and this is good evidence for
the presence of the CP in that direction.

In general, the 5G antenna designers propose antennas
for 5G mid-band either in the LTE 43 standard [23], [24]
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(®)

FIGURE 13. The measurements set up (a) S;; measurements and
(b) radiation pattern, axial ration, and gain measurements.

TABLE 1. Comparison between the proposed antenna and other designs.

Ant. 3dB .
Ref. Dimensions ;&({,}3 ARBW (i;;;n

in ° %
[10] 0.48 x 0.58 X 0.03 13.8 4.5 3
[11] 0.54 X 0.94 x 0.03 7 1.5 5.34
[12] 0.55 x 0.91 X 0.03 4.2 2.14 2.85
[13] 0.54 x 0.94 x 0.03 15.6 7.05 39
[16] 0.44 x 0.97 X 0.03 12.4 6.25 6
[17] 0.36 X 0.36 X 0.04 10.9 4.12 3.1
[27] 2.72 X 3.06 X 0.917 5.6 5 1.6
[28] 0.85 x 0.85 X 0.16 19.15 12.6 6
[29] 1.04 X 0.74 x 0.07 19.6 9.2 8.25
[30] 0.334 x 0.334 x 0.019 13.8 4.65 3

Proposed 0.41 x 0.36 X 0.02 16.2 12.2 3.1

or in the LTE 42 standard [25], [26]. Unfortunately, these
designs cannot be used in devices that works on the two
standards because this requires using two different antennas
for each standard. This drawback is solved in this work
by proposing antenna that works on these two standards.
Table 1 gives a comparison between the proposed design and
some other important CP antennas. Since the listed antennas
are operating at different frequency bands, the dimensions of
them are given in terms of their resonant wavelengths rather
than in (mm). This is necessary to present a fair comparison
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FIGURE 14. Simulated and measured results of the proposed wide-slot
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FIGURE 15. Simulated and measured realized gains of the proposed
wide-slot antenna.

between them, where 1, represents the freespace wavelength
corresponding to the first resonant frequency of the antenna.
The table shows that in spite of the antenna compact size,
it makes good balance between the BW, ARBW, and gain as
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FIGURE 16. The co-polarized and cross-polarized radiation patterns of
the proposed antenna at f=3.55 GHz (a) yz-plane and (b) xz-plane.

well as its perfect coverage for the 5G mid-band standards.
Additional single element CP antennas [27], [28], [29], [30]
are also listed in the below table.

It is worth to mention that some of the references used
in the comparison are MIMO antennas. However, the table
compares the size and the performance of the proposed
antenna with a single element of the MIMO structure because
the CP is generated by a single element. The MIMO structure
is either used for spatial diversity or beamforming purposes
only, and it does not contribute in the generation of the
CP.

VIl. CONCLUSION

A compact wide-slot antenna with broadband LHCP cover-
age suitable for 5G mid-band applications has been proposed
in this work. The mechanism that led to obtain the CP in
the broadside direction of the antenna has been demonstrated
in detail. In spite of the antenna compact size (0.41A, x
0.36A, x 0.021,), the antenna has measured impedance BW
equal to 16.2% (3.38-3.87) GHz and ARBW equal to 12.2%
(3.4-3.84) GHz that perfectly encompasses the two widely

2020

used standards (LTE 42 and LTE 43) of the 5G mid-band.
The antenna also has very acceptable gain values that exceed
2.5 dB over the entire operational band. As a future work,
a MIMO version of the proposed wide-slot antenna will be
designed to be more compatible with the handsets of mobile
communication systems.
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