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ABSTRACT

This paper introduces a novel compact planar end-fire antenna system featuring circularly polarised (CP) radiation and zero
ground clearance. The system is constructed using a half-wavelength TE, s , mode open waveguide, which inherently generates
vertically polarised electric components. By incorporating a slow-wave (SW) structure in the form of metallised blind via holes
within the waveguide, a significant SW effect is achieved, resulting in a 40% reduction in the waveguide longitudinal size
compared to the conventional counterpart design. Furthermore, by etching an open-ended slot in the top metallic surface of the
waveguide, the edges of its aperture are enabled to generate an electric dipole mode. In this way, the horizontally polarised
electric components can be achieved without increasing the antenna's footprint. With the proper combination, the design can
effectively achieve the required 90°-phase difference in the end-fire direction for these two components. Finally, a 2.5 GHz
antenna was designed and optimised. Aiming to mimic the practical environment of mobile terminal devices, a large metallic
ground was adopted under the antenna in the simulation and experiment. The measured results indicated that an overlapped
impedance |S;;| < —10 and axial ratio (AR < 3) bandwidth of 2.7% from 2.495 to 2.562 GHz is achieved. The proposed antenna
shows great potential in wireless communication applications for mobile terminal devices.

1 | Introduction polarised (LP) systems [2]. For instance, in satellite communi-
cations [3] and mobile terminal device applications [4, 5], etc.

Planar end-fire antennas (the maximum radiation beam is

pointing to the direction that is in parallel with the surface of
the planar antenna) are attractive for wireless communication
applications due to their favourable features such as compact
size, low profile, lightweight and ease of integration, etc. [1]. In
particular, planar end-fire circularly polarised (PECP) antennas
have received much attention recently because of their ability to
avoid polarisation mismatch problems that arise from linearly

Much effort has been made to develop PECP antennas to date
[6-17]. They can be simply summarised into four categories.
The first type is to use the turnstile structure, like a helical
antenna in Chen and Shen [6]. The second one is to use
travelling-wave methods, such as the offset parallel strip struc-
ture [7]. The third way to generate CP radiation is by intro-
ducing a sloping slot as a polariser [8]. Additionally, the most
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popular one is to combine two radiators with orthogonal
polarisations. The phase difference between these two radiators
can be provided by introducing compensation lines [9-13],
etching slots [14, 15], or special compensation structure [16, 17]
and then the CP wave is synthesised. In general, cavities acting
as a magnetic dipole to provide vertical polarisation are
commonly employed. Then, different horizontally polarised
radiator types will be utilised for CP radiation. For instance, the
designs in Lu et al. [9] incorporate a cavity and a loop radiator.
The designs in Ye et al. [13] adopt printed dipole radiator and
cavity. In Guo [14], a design combines the coupled-mode patch
antenna (CMPA) and crossed ground slot radiators to generate
the CP radiation. Although the research works have been pre-
sented with excellent performance, in practical mobile devices,
most designs require a large unobstructed area to be reserved on
the metallic ground to ensure that the antenna works properly,
as shown in Figure 1.

However, it should be emphasised that, as wireless communi-
cation systems continue to evolve, there is an increasing demand
for compact terminal devices. This trend towards miniaturisation
necessitates those antennas should be as compact as possible.
More critically, the clearance area of the antenna should be
further minimised to enable seamless integration with the prin-
ted circuit boards (PCBs) used in these devices. Antennas with
zero ground clearance are particularly promising [18].

However, designing an end-fire circularly polarised (CP) cavity
antenna that achieves both zero ground clearance and a compact
size presents significant challenges due to profile limitations. The
study in Sun and Wang [15] demonstrates a CP antenna with zero
ground clearance that is achieved by etching a slot in the top
surface of an open waveguide. Although this configuration ach-
ieves CP end-fire radiation with zero ground clearance, it ne-
cessitates an auxiliary LC impedance-matching network to
optimise port reflection characteristics. Furthermore, the design
exhibits a limited end-fire gain of 0 dBic and restricted 3 dB axial
ratio (AR) beamwidths (< 45° in the yoz-plane).

In this work, we propose a compact planar end-fire CP antenna
that features zero ground clearance and a simple structure. The
approach is to combine the SW-loaded 1/2 TE( s, mode open
waveguide and open-end slot. The open waveguide acts as a
magnetic dipole with vertical polarisation. The horizontally
polarised components are provided by the electric dipole mode,
which is realised by etching an open-ended slot in the top
metallic surface of the waveguide. By properly tuning the length
and position of the slot, the requirement of phase and amplitude
for the CP radiation can be realised. Subsequently, to reduce the
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FIGURE 1 | Conceptual illustration of the typical planar end-fire CP
antenna with a large clearance area.

longitudinal size of the antenna, an effective method involving
the integration of SW structure into the waveguide is employed,
achieving a 40% reduction in size. Finally, to validate the
effectiveness of our design idea, a 2.5 GHz CP end-fire antenna
(covering the S-band of the BeiDou Navigation Satellite System
of 2483.5-2500 MHz) is designed on a 70 mm x 140 mm ground
plane. The ground clearance is defined as the clean area
reserved on the ground plane for the antennas, and in this
design, the clearance is 0 mm. A prototype of the antenna was
fabricated by PCB manufacturing technologies. It is very simple
and easy to integrate with the PCB.

2 | Antenna Design and Operating Principle

In this section, the development of an end-fire CP design is
present, which is derived from a half-mode open waveguide
with an integrated SW structure. Its operating principles are
explored through parameter studies conducted using full-wave
simulation.

21 | Antenna Configuration
The geometry of the proposed compact planar zero-ground-

clearance end-fire CP antenna with integrated SW structure is
shown in Figure 2. The entire design is very concise and is
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FIGURE 2 | Geometry of the proposed compact planar zero-ground-
clearance end-fire CP antenna. (a) Exploded view and (b) top view of the
top copper and top view without top layer.
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constructed by a two-layer stacked PCB: Top Substrate and
Bottom Substrate as shown in Figure 2a. The two substrates are
both F4BM, having a dielectric constant (g;) of 2.2 and a loss
tangent (tand) of 0.001. The thickness of the top and bottom
substrate is h; and h,, respectively. The thickness of printed
copper metal surfaces is 0.50z each. These two layers are closely
bound by metal screws. Besides, there are two kinds of metallic
via holes. Via.1 with diameter d; is a set of metallised via holes,
which are connected between Top Copper and Bottom Copper.
They are used to form the sidewall of the TE,s, mode open
waveguide. Whereas metallised blind via holes (Via.2) with a
small ring at the top have a diameter of d, and centre-to-centre
spacing between two adjacent vias s,, which are connected to
Bottom Copper only to realise the SW structure. In addition, a
fork-like open-ended slot is etched into the top metallic surface
of the waveguide as shown in Figure 2b.

All the corresponding design parameters have been optimised
by Ansys HFSS and are listed as follows:

h, =1mm, h, =2 mm, W; =23 mm, L; = 69 mm, d; = 1.5 mm,
d, =2 mm, d; = 2.6 mm, s; = 3 mm, S, = 9 mm, [; = 20.5 mm,
I, =29 mm, l; = 6.5 mm, [, =4 mm, Is = 2 mm, [y = 6 mm,
ws = 0.5 mm.

2.2 | SW-TE, ;50 Mode Open Waveguide

The proposed design is based on a conventional half-wavelength
TE, 5 o mode open waveguide operating at 2.5 GHz as depicted in
Figure 3a. Since the fundamental design principles have been
thoroughly discussed in previous studies, they are not reiterated
here to avoid redundancy [19]. In many mobile applications,
reducing the transverse dimensions (W;) of antennas is essential
to meet the large screen requirements of current devices. There-
fore, to validate the effectiveness of the SW structure, we devel-
oped a waveguide with a reduced transverse size (W;) as a proof of
concept. This waveguide has a total width of 23 mm (0.191y) and a
length of 109 mm (0.9 A,), resulting in a total area of about
2507 mm? (0.17 A,°). However, due to the reduction in transverse
size, the longitudinal size significantly increases, posing chal-
lenges for integration into compact mobile wireless platforms.

Recently, SW structure has been employed to minimise the
entire size of substrate-integrated waveguide (SIW). It can bring
extra capacitance, increasing the effective permittivity of the
waveguide, and decreasing the phase velocity and guided
wavelength in the waveguide. Hence, the guided wavelength
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FIGURE 3 | Electric magnitude and surface current distributions of
the TE, s, mode open waveguide (a) traditional type and (b) slow-
wave loaded type. (W, = 23 mm, L; = 69 mm, L;’ = 109 mm.)

inside the SW-SIW is considerably shortened according to the
following equations:

Er_eff = & <h1 ;-1 hZ) (1)

Vp = el @)
:urEr,eff(l - fc/f)

g = "7" 3)

where ¢, ¢ represents the effective permittivity of the SW-SIW,
vp denotes the phase velocity, ¢, is the speed of light in free
space, f. refers to the cut-off frequency of the SW-SIW and 4, is
the guided wavelength within the SW-SIW. The detailed theo-
rical analysis and design guidelines of the SW structure were
conducted in Niembro-Martin et al. [20].

Based on this concept, many miniaturised antennas with sig-
nificant size reduction have been reported. Inspired by this, the
SW structure is introduced into the conventional half-
wavelength TE, s, mode open waveguide to minimise the lon-
gitudinal size without disrupting its inherent performance.

The interest of the SW effect obtained with the blind via holes is
shown in Figure 3b. It is clear that the electric field distribution
in the cavity is similar to that of the conventional counterpart
waveguide shown in Figure 3a. As a result, a significant size
reduction was achieved. The longitudinal size is reduced to
69 mm, which is about 40% shorter than the traditional wave-
guide. Apart from length L,, other dimension parameters
remain the same. The geometrical structure, electric magnitude
distributions, and surface current distributions of the traditional
and SW-loaded waveguide are shown in Figure 3 for compari-
son. In addition, longitudinal size miniaturisation is also
extracted for the design guidelines as shown in Figure 4. The
size decreases with the increase of the number of blind vias
since the SW effect is reinforced. Otherwise, it should be aware
that when the total thickness of the cavity is fixed, higher blind
via will also lead to a stronger SW effect, but results in a lower
gain and more difficult impedance matching. Considering the
thickness of the board available for fabrication in practice. In
this paper, the height of the bind via is set to be 2 mm as an
example to prove the design concept and tradeoff between the
slow-wave effect and other performances. Finally, a SW-loaded
TEq s, mode open waveguide with a small transverse size is
designed, achieving a size reduction of 40%.
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FIGURE 4 | Miniaturisation (normalised by traditional normal
TE, 5,0 waveguide dimension) of the developed SW-TE, 5, waveguide.
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2.3 | Operating Principle

It is well known that to achieve CP radiation, it is necessary to
generate a pair of orthogonally polarised electric components. In
this paper, an innovative design method that utilises the edges
of the TE, 5 o mode open waveguide's aperture without extra size
extension to realise an electric dipole working mode is proposed.

The conceptual configuration is shown in Figure 5. It is facili-
tated in practice by etching an open-ended slot in the top surface
of the TE,so mode open cavity. Thus, an equivalent electric
dipole mode can be effectively achieved mainly by utilising the
edges of the waveguide's aperture. The combination of the
opening aperture radiation mode and the equivalent dipole ra-
diation mode can ensure that the pair of orthogonal electric
components has almost equal amplitude. It is worth noting that
the fork-shaped slot is only for fine-tuning the phase difference,
and only a vertical slot can also work.

To further illustrate the CP design concept, a half-wavelength
TE, s, mode open waveguide excited by a coaxial cable is first
designed. When the open waveguide works in TE, s, mode as
shown in Figure 6, it can be equivalent to a magnetic dipole
(Mp) that produces vertically polarised (Eg) omnidirectional
radiation at xoz-plane as shown in Figure 6a.

Obening
aperture

"~ TEpsp
mode E-field

== Magnetic Dipole -= Electric Dipole — E Field
FIGURE 5 | Electric field distributions and its equivalent radiation

mode of the proposed compact planar zero-ground-clearance end-fire
CP antenna with complementary magnetic and electric radiators.
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FIGURE 6 | Configuration and some simulated results of the
proposed Mp. (a) TEyso mode open waveguide with 3-D radiation
pattern. (b) The normalised pattern of the TE,s, mode open
waveguide in yoz-plane (¢ = 0°) at 2.5 GHz. (c) The simulated electric
field distributions on the radiating aperture and inside the waveguide
at 2.5 GHz. (d) The simulated surface current distributions on the top
and bottom surface of the waveguide at 2.5 GHz.

Meanwhile, its normalised pattern in the yoz-plane (¢ = 90°) is
also presented in Figure 6b for clearer understanding. In addi-
tion, Figure 6d illustrates the simulated surface current distri-
butions for the 1/2 TEys, mode open waveguide, it can be
observed that the current distributions are relatively even, with
the largest current amplitude occurring at the upper edge of the
waveguide's aperture and in opposite directions.

On the other hand, as shown in Figure 7a, etching an open-ended
slot in the top metallic surface of the open waveguide causes its
aperture edges to generate a mode like that of a dipole antenna,
providing a horizontally polarised (E,) radiation. This outcome
occurs because, after being etched with a slot, the currents
distributed along the upper and lower edge of the waveguide's
aperture become uneven compared to the current distributions in
Figure 6d as shown in Figure 7b. A similar effect, that is, utilising
an open-ended slot on a finite ground with an end-fire horizon-
tally polarised radiation beam, was also observed in the LP an-
tenna [21].

To clearly demonstrate the contribution of the dipole working
mode. Figure 8 shows the simulated amplitude and phase of the
electric components versus 6 for the TE,s, mode open wave-
guide without and with slot. For the waveguide without a slot,
the Ep is much larger than the E, and the phase difference
between them is larger than 150° at 6 = 90°. Hence, the CP
characteristics cannot be obtained in that case. After the slot in
the top metallic surface of the waveguided was introduced, a
dipole working mode at the edge of the waveguide's aperture is
generated, and thus the amplitude of E, is significantly
increased. In the range of 20° < 6 < 140°, they have almost the
same amplitude. Moreover, it can be observed that the dipole
working mode will also significantly affect the phase of the E,,

Gain Jsurf
(dBi) _, Current Weak (A/m)
P Max direction <= e 4
‘/;&/

E
Bvin o

Dipole mode

(a) (b)

FIGURE 7 | Configuration and some simulated results of the
proposed Ep. (a) Top metallic surface of the TE,s, mode open
waveguide with an open-ended slot and 3-D radiation pattern. (b) The
simulated surface current distributions on the top surface of the
proposed CP antenna at 2.5 GHz.
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FIGURE 8 | Simulated electric components of the proposed antenna
end-fire CP at 2.5 GHz (in ¢ = 0°). (a) Amplitude. (b) Phase.
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achieving the necessary 90° phase difference in the end-fire
direction for CP radiation.

Additionally, it is worth noting that in addition to the electric
dipole mode, the open-end slot will also be activated. This
activation helps to compensate for the Gain_phi nulls in the yoz-
plane at 6 = 90° and 6 = 270° as illustrated in Figures 6b and 9b.
Both My, and Ep, can realise ‘8’-shaped radiation patterns at yoz-
plane (¢ = 90°) as shown in Figures 6b and 9a, which have two
nulls at 8 = 90° and 6 = 270°. Thus, the synthesised radiation
pattern should also exhibit two nulls at the yoz-plane. However,
a conventional slot antenna typically features an omnidirec-
tional horizontally polarised radiation pattern [22]. Conse-
quently, the open-ended slot, which is perpendicular to the Mp
and Ep, may provide the Gain_phi components in the yoz-plane
to compensate for these nulls. Besides, while the open-ended
slot contributes to the overall radiation, it is not dominant due
to its relatively low levels.

Figure 10 shows the simulated electric vector distributions in a
cut-plane in front of the antenna. The electric vector rotates in a
counterclockwise direction as time increases, which indicates
that the antenna radiates RHCP wave in the far-field region
(note the direction of the observation).

The simulated radiation patterns at 2.5 GHz are shown in

Figure 11. An end-fire RHCP radiation is achieved with a 3dB AR
beamwidth of 94° (¢ = 0°) and 60° (6 = 90°). The simulated gains

0
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FIGURE 9 | Simulated normalised patterns at 2.5 GHz in yoz-plane
(the yoz-plane, ¢ = 90° plane, is perpendicular to both the ¢ = 0°
plane [xoz-plane] and the 6 = 90° plane [xoy-plane]). (a) Results of
the conventional dipole located along the y-axis. (b) Results of the
proposed compact planar zero-ground-clearance end-fire CP antenna.

k’: t=24T

FIGURE 10 | Simulated 2.5 GHz surface vector electrical field
distributions of the proposed compact planar zero-ground-clearance

t=3/4T

end-fire CP antenna at four different time phases. (T is the time period).

up to 2.53 dBic at 6 = 60° but drops slightly to 2.2 dBic at 6 = 90°.
This is due to the metal ground at the bottom of the waveguide
that causes the Ep's beam to be tilted slightly upward along the +X
axis.

2.4 | Parametric Study

In this design, the open-ended slot plays an important role in
achieving the electric dipole mode. It can affect the horizontal
electric components (E,) and the required phase difference (PD)
between the two orthogonally electric components. On the other
hand, its length and position will also affect the operating fre-
quency. Hence, the length and position of the slot should be
finely tuned to meet the requirement of operational perfor-
mance characteristics (CP and [S;;l). Furthermore, the an-
tenna's operational frequency can be further optimised by
changing the position of the coaxial cable.

Therefore, the variation of the antenna characteristics with some
key parameters, including the length of the slot I; and position
along the y-axis Lynige (lshite = I> + I3), and the position of the feed (I3
and l), is investigated for guiding the design and optimisation of
our reported antenna. These results were realised by varying one
design parameter while keeping all others fixed.

First, the variation of the amplitude and phase difference be-
tween the two orthogonal electric components (E, and Eg), and
the IS;;1 with the slot length [; is illustrated in Figure 12. The
change of I; greatly influences the PD between the two com-
ponents and the [S;;1. As [; decreases, its amplitude and phase
values will decrease and the [S;;| values will deteriorate and
shift to a higher frequency. It should be mentioned that as the

Normalized Pattern (dBic)
Normalized Pattern (dBic)

FIGURE 11 | Simulated gain radiation pattern of the proposed
compact planar zero-ground-clearance end-fire CP antenna at
2.5 GHz. (a) ¢ = 0° and (b) 6 = 90°.
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FIGURE 12 | Effect of the slot length /; on the performance of the
proposed compact zero-ground-clearance end fire CP antenna.
(a) Amplitude and phase difference of the two electric components.
(b) ISy11.
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decreases, the amplitude difference (AD) values at the radiation
direction are still < 3 dB, but the PD values no longer satisfy the
CP radiation requirement. Furthermore, when the position of
the slot (Iofser) changes, the ISy;1 values and E, components are
also significantly affected, as shown in Figure 13. But only have
a slight influence on the PD.

Additionally, the effect of the position of the coaxial cable on the
performance characteristics is also investigated in Figures 14
and 15. It can be observed that the feeding position has little
impact on the CP radiation performance, but it is the key to
achieving good impedance matching.

2.5 | Design Guideline

From the reported parametric studies and discussions. A gen-
eral design guideline for arbitrary frequency operation was
developed.
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FIGURE 13 | Effect of the slot position lygser (lofrset = I + 13) on the
performance of the proposed compact zero-ground-clearance end fire
CP antenna. (a) Amplitude and phase difference of the two electric
components. (b) ISy,l.
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FIGURE 14 | Effectofthefeeding position /; on the performance of the
proposed compact zero-ground-clearance end-fire CP antenna.
(a) Amplitude and phase difference of the two electric components.
(b) IS1al.
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FIGURE 15 | Effectofthefeeding position l; on the performance of the
proposed compact zero-ground-clearance end-fire CP antenna.
(a) Amplitude and phase difference of the two electric components.
(b) IS1l.

1. Set the operational frequency fo.

2. Construct a conventional half-wavelength TE;, mode
waveguide. It involves three important parameters which
are the width and length of the waveguide and dielectric
constant of the substrate. These parameters are mostly
selected based on the specific size requirement. Detailed
guidelines for the waveguide design can be found in Lin
and Ziolkowski [19].

3. Integrated the slow-wave structure. Incorporate the slow-
wave structure into the designed TE; , mode waveguide.
Then, construct a half wavelength TE,s, mode open
waveguide. The detailed design method for a slow-wave
waveguide has been presented in Niembro-Martin et al.
[20]. Note that a strong slow-wave effect will significantly
reduce the gain and other performance. Therefore, there is
a trade-off between size and performance.

4. Design the open-ended slot. It is the key to obtaining the
CP radiation. Its length and position should be finely tuned
according to the simulated results as illustrated and dis-
cussed in Figures 12 and 13. In addition, the direction of
polarisation is mainly related to the position of the feed,
the antenna can radiate RHCP when the slot is on the right
side of the feed. When it is on the left side, it can radiate
LHCP.

5. Optimise the feeding position. Adjust the position of the
feeding part to ensure the antenna operates at the fre-

quency fo.

By following the abovementioned steps, a planar end-fire CP
antenna with zero ground clearance and compact size is
obtained.

3 | Fabrication and Experimental Results

To verify the design concept described above, a compact planar
end-fire CP antenna with an integrated SW structure was
fabricated, assembled and measured. Figure 16a shows the
fabricated antenna components before assembly. Photographs of

FIGURE 16 | Fabricated prototype of the proposed compact planar
zero-ground-clearance end-fire CP antenna. (a) Top and bottom views
of each substrate before assembly. (b) Side view of the assembled
antenna mounted on a copper ground. (c) Measurement environment.
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the assembled antenna are presented in Figure 16b. The an-
tenna is fed by a 50 Q coaxial line. To suppress the current
leakage on the outer conductor of the long coaxial, a classical
sleeve balun (24 mm) was employed in the measurement and
thus ensure the accuracy of the measurement results of far-field
radiation. Because this prototype is only fabricated to prove the
design concept, instead of using the expensive stack-up pro-
cessing technology, metal screws were used to secure the two
PCB boards. The impact on the antenna performance is also
analysed. Additionally, the metal ground (70 mm x 150 mm)
was used to mimic the mainboard of mobile devices, and the
antenna was mounted on one side of the ground.

The simulated and measured reflection coefficients and realised
gain values as functions of source frequency are reported in
Figure 17a. The measured [S;;| values are slightly wider than
simulated values (0.7%), with the resonant frequency point
shifted towards higher frequencies (20 MHz). However, the
trend of the measured results aligns well with the simulated
results. The main reasons for this phenomenon may be due to
parasitic parameters generated during the soldering of the
feeding cable as well as the assembly stage. The measure 10 dB
impedance bandwidth was 2.8%, covering 2.48-2.55 GHz. The
measure and simulated peak realised gain values at +X-direc-
tion (¢ = 0° and 6 = 90°) are 2.05 and 1.9 dBic, respectively. The
measured and simulated AR values as functions of source fre-
quency at the +X-direction are plotted in Figure 17b. The
measured 3 dB AR bandwidth reaches 2.7% from 2.495 to
2.562 GHz (2.8%, from 2.45 to 2.52 GHz). Therefore, the
measured overlapped bandwidth is 2.8% (IS;;] < —10 dB and
AR < 3 dB). Notably, all the measured results were slightly
shifted to a higher frequency compared with the simulated ones
as shown in Figure 17. To analyse the reason for this phe-
nomenon, the variation of the reflection coefficients and AR
values with the Gap (refers to the gap between two layers of
PCBs) is plotted Figure 18. All other parameters are kept fixed.
It can be observed that when the Gap is slightly increased, both
the reflection coefficients and AR values are shifted towards the
higher frequencies. At the same time, the AR values deteriorate,
but good AR performance can be obtained by slightly tuning the
length of the slot.

Figure 19 shows the measured and simulated normalised real-
ised gain pattern and AR beam width at two vertical planes. The
measured and simulated results coincide well with each other.
The Co-polarisation (RHCP) of the designed antenna is towards
the +X-direction (end-fire direction). The simulated AR

0 5 -
- / 2 s "
=8 [ty i g | P S 5 @
P rE i . 0 & 2
o 40 £ o3b--t-N--i-mpfio i ]
s N P £ 8 3 "
=-10 ==X3 - O«
S 3 B - o 2
@ X # 29 3
s VAY, 8% : .
——Simulated \ A ./ E <4 Sirgulate
s Mdasiied - -4 = Measured
—Zg ]
.40 245 2.50 2.55 2.60 2.40 245 250 2.55 2.60
Frequency (GHz) Frequency (GHz)
(a) (b)

FIGURE 17 | Simulated and measured results as functions of source
frequency for the proposed compact planar zero-ground-clearance end-
fire CP antenna. (a) IS;;| and realised gain. (b) Axial ratio values at
@ = 0°and 6 = 90°.

beamwidths in ¢ = 0° and 6 = 90° planes are 94° and 62°, while
the measured results are 70° and 50°, respectively. Assembly
and test tolerances may be responsible for the differences in
beamwidth and ripple between measured and simulated radia-
tion performance.

A comparison with the reported planar end-fire CP antennas is
summarised in Table 1. It verifies that our developed antenna
achieves zero ground clearance, wider overlapped bandwidth
and small transverse size, especially when taking into account
its longitudinal dimension. More importantly, about 40% of size
miniaturisation is realised by introducing a SW structure. In
fact, the longitudinal size depends strongly on the transverse
size of the half-wavelength TE,s, mode resonant waveguide.
The longitudinal size can be significantly reduced by slightly
increasing the transverse size. In this case, we only illustrate the
design concept of the work. It has the potential to achieve a
small footprint. Of course, it also can be designed according to
the specific requirements. Moreover, compared with the existing
designs, our proposed design also considered the effect of the

0 5
= Ne. I
PN !
-5 ﬁg N\ ! R
- = S I
2 g3 N L
=-10 E Ny 7
& x, \Y I
£ 17
= . S \i <t
15 . <1 Gap=0 7
— =Gap=0.02 7AND — —Gap = 0.0.
—--Gap=0.04mm — -+ Gap = 0.04 "im

-2
240 245 2.50 2.55 2.60 2.40 245 2.50 2.55 2.60
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(2) (b)

FIGURE 18 | Effect of the gap between top and bottom substrate on
the performance characteristics of the compact planar zero-ground-
clearance end-fire CP antenna. (a) IS;l. (b) Axial ratio values.
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FIGURE 19 | Simulated and measured far-field results at two vertical
planes, ¢ = 0° and 6 = 90°, for the proposed compact planar zero-

ground-clearance end-fire CP antenna (2.5 GHz in simulation and
2.53 GHz in experiment). (a) Normalised realised gain pattern.
(b) Axial ratio beam width.
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TABLE 1 | Comparison of the proposed antenna with other works.

Refs. Structure Overlapped bandwidth Ground clearance (4,) Size (/13)
[9] Cavity + loop 2.4% 0.42 0.7 x 0.6*
[10] Cavity + dipole 1.9% 0.49 0.73 x 0.65%
[13] Cavity + dipole 3.5% 0.17 0.6 x 0.32%
[14] CMPA + slot 1.2% 0.25 0.49 x 0.25%
This work SW_SIW + slot 2.7% 0 0.57 x 0.19*

*Transverse size.

large metallic ground of practical devices. Considering these
attractive features, it would be desirable for end-user commu-
nication with a constrained volume.

4 | Conclusion

In this paper, a planar end-fire CP antenna without ground
clearance is successfully implemented by sharing the vertically
and horizontally polarised radiators on a 1/2 TE s o mode open
waveguide. The miniaturised method, design concept and
operating mechanism were presented. The method of designing
an open-ended slot in the top surface of the waveguide to ach-
ieve the horizontal polarisation and the required 90-phase dif-
ference was explained. Parameter studies of the key variables
have been carefully discussed to establish engineering design
guidelines. A prototype was fabricated and measured. The
measured results show a reasonable agreement with the simu-
lated ones. In summary, the developed planar SW-loaded end-
fire CP features zero ground clearance, compact size, and a
simple configuration. It provides a feasible example of the total
integration with the substrate board. Therefore, the antenna can
be a candidate for satellite communications, RFID and many
other wireless scenarios.
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