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ABSTRACT This article presents a method to produce a highly directive circularly polarized radiation beam
(gain>35 dBi) from an all-metal circularly polarized radial-line slot array (RLSA) antenna. The antenna
comprises a single-layer radial TEM waveguide, fully filled with air, formed between a metal ground plate
and a parallel metal slotted sheet, leading to simple, low-cost fabrication. A prototype of the new antenna
having a diameter of 0.4 m or 27X, where X¢ is the free-space wavelength at the operating frequency
of 20 GHz, was fabricated and tested. Its measured peak broadside directivity and measured peak realized
gain are 36.3 dBic and 35.9 dBic, respectively. The total thickness of the antenna is only 6.5 mm or 0.43.
The aperture efficiency of the prototype is 56%, total efficiency is 95.4%, and measured 3-dB axial ratio
bandwidth is 4.9 GHz (22.9%). The antenna has excellent cross-polar rejection, with a measured cross-polar
level of —24.4 dB in the broadside direction. This antenna has been targeted for low-cost SATCOM terminals
and wireless backhauls but due to the lack of dielectrics, it may also be useful for space and high-power
microwave applications.

INDEX TERMS Circularly polarized, CP, RLSA, metal, low cost, high gain, pattern quality, LHCP, RHCP,

slot array, SATCOM, WTM, SOTM, COTM, 5G, 6G, slot array.

I. INTRODUCTION

As a result of existing and upcoming data-hungry devices
and services, there is a growing interest among satellite oper-
ators to provide broadband internet connectivity to moving
platforms anywhere anytime, such as airplanes, trains, emer-
gency and rescue vehicles, defense vehicles and long-distance
buses. A vital component of a mobile satellite communica-
tion terminal, also known as satellite-on-the-move (SOTM),
is a low-profile high-gain antenna with beam steering capa-
bility [1]. A recently invented Near-Field Meta-Steering
method [1] requires a low-profile, high-gain antenna with
a fixed beam as the base antenna. In order to cater to a
wide range of mass markets, the antenna design should be
amenable to low-cost manufacturing in large quantities.

The associate editor coordinating the review of this manuscript and
approving it for publication was Nagendra Prasad Pathak.
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Radial line slot array (RLSA) antennas introduced by
Kelly in early 1960s [2] are known for their highly direc-
tive radiation characteristics. This naturally low-profile
antenna concept was later extended by Ando and Goto in
the 1980s [3]-[9]. An RLSA comprises a radial thin TEM
waveguide formed between two parallel metal plates and can
be designed to radiate either linear or circular polarization.
Linearly polarized RLSAs have slots arranged in concentric
circles, whereas circularly polarized (CP) RLSAs have slots
arranged in a spiral [10]-[18]. The top plate has radiating slots
while the bottom plate is the ground plane. At the centre of the
cavity, there is a feeding probe to excite an outward travelling
TEM wave.

In a typical RLSA antenna, the radiating slots form-
ing the top plate are printed on a low-loss commercially
available dielectric laminate [10], [19]-[28]. The use of
low-loss commercial dielectric laminates, particularly for
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a SATCOM antenna that can have lateral dimensions as
large as twenty-five free-space wavelengths, increases the
antenna material cost and make them unattractive for low-cost
systems.

The aim of this research is to develop a low-cost cir-
cularly polarized RLSA antenna with a fixed broadside
beam. Conventional CP RLSAs used a dielectric layer or
a slow-wave structure to avoid grating lobes. We present
here a CP-RLSA antenna that is made with all-metal and
does not require dielectrics or any other slow-wave structure,
significantly reducing the manufacturing complexity, cost
and weight of the antenna. The typical design principle in
previous CP-RLSAs is to allow one guided wavelength gap
between unit radiators along the radial direction at the centre
frequency [3], [4], [10]. The rationale to insert a dielectric
layer or other wave-slowing devices to the waveguide is that
without them the guided-wavelength within the waveguide
(Ag) is equal to the free space wavelength (1¢) and one Ag
gap between unit radiators produces grating lobes. In the pro-
posed RLSA we choose a radically different design principle
to make the antenna all-metal, that means the waveguide is
totally air-filled with no dielectric whatsoever, and the unit
radiators are arrayed along the radial and spiral directions by
a certain distance. This prevents the onset of grating lobes
within the operating frequency range without having to insert
dielectrics or other wave-slowing structures, significantly
reducing the manufacturing complexity, cost and weight of
the antenna.

In contrast to previously reported printed RLSAs, the pro-
posed design can be mass-produced using standard sheets
of metal. As this design does not require dielectrics,
a phase tuning structure, a mode converter, reflection can-
celling slots or absorbers its configuration is much sim-
pler than the double-layered dielectric-less RLSAs [26],
[29], [30]. In this design, RF losses are extremely low,
which greatly enhance the total antenna efficiency. Since
there is no dielectric material in the waveguide, the antenna
can also be used for high power microwave applica-
tions and in space where dielectric ionization can be
problematic.

The article is arranged such that the antenna design
methodology and related theory are given in Section II.
Section III describes how antenna parameters affect their
performance. Predicted and measured results are presented
in Section IV.

Il. DESIGN

A perspective view of the new antenna is shown in Fig. 1.
The two parallel metal plates form a radial waveguide,
which is filled with air. The upper plate has radiating slots.
The lower plate is the ground plane. The radial waveguide
is excited at the centre by an SMA connector. The top
end of the connector has a disk-ended feed probe which
generates a radially outward travelling TEM wave in the
waveguide.
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FIGURE 1. Configuration of the new all-metal CP-RLSA antenna
(a) A perspective view of the RLSA, (b) Cross-section of the RLSA.

A. WAVEGUIDE CAVITY OPERATION AND FEED
STRUCTURE

To explain the mechanism of the radial waveguide, a close-up
view of it, with the radiating slots on the top surface, is shown
in Fig. 2. The waveguide is filled with air and supports a sym-
metrical transverse electromagnetic wave mode. A modified
dielectric-coated 502 SMA connector is inserted from the
ground plane to feed the waveguide. The connector end has a
disk-head, which converts the power from the outward travel-
ling transverse electromagnetic (TEM) coaxial mode into the
TEM waveguide mode. The disk-head is made of aluminium
and entirely resides inside the air-filled waveguide. The slots

Radiating slots

Feeding structure

-

u“! A
fis

Outward travelling wave === Feed

FIGURE 2. Wave propagation inside the waveguide cavity.
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on the top plate intercept the radial currents travelling out-
wardly within the waveguide. As the height of the waveguide
(d) is less than half of the wavelength (d < Ag/2) where A is
the free-space wavelength at the operating frequency, then the
only possible symmetrical mode travelling within the cavity
is the TEM mode whose magnetic field is given by [3]:

2
H® (k pnax)

_g® 1)
Hy(p) = H, <kp>—rH1(1)(k Hkp) (1)

Pmax

where p = Radial position

H fl)(k p) = Hankel function of the first kind of order one

H 1(2)(k p) = Hankel function of the second kind of order one
k = 2m /A, is the wave number in the radial waveguide

T = Reflection coefficient at the end of the radial waveguide

In equation (1), the first term represents the outward travel-
ling wave produced by the SMA connector and the second
term represents the inward travelling waves created due to the
reflections at the end of the TEM waveguide. For a large aper-
ture, the power reaching the end is considerably small, so the
waveguide end can be left open. Also, the inward travelling
waves (second term) only contribute to cross-polarization
and have no impact on co-polar radiation. Therefore, for
large antennas, the reflection coefficient is presumed to be
negligible (t — 0) and the second term in equation (1) can
be neglected to give:

Hy(p) ~ H (kp) (@)

If kp > 1, we can simplify the equation as

2 ko
Hy(p) ~ || e MY 3)

Slot excitation (equivalent magnetic current) F' is propor-
tional to the field inside the waveguide, and its variation with
radial distance can be approximated by [10]

F(p) o e /P 4

where k, is the wave number in the radial waveguide. Since
the waveguide magnetic field has only ¢-component, the only
existing surface current is the radial current, proportional
to Hy. For a given slot, the field coupled to that slot is
proportional to the inner field and to the sine of the slot
orientation angle.

F = e %P . sing, (5)

where 6 represents the angle of the respective slot makes
with the current flow line as shown in Fig. 4.

In this antenna design, the height (d) of the waveguide is
selected to be 5 mm, which is less than half of the free space
wavelength (Ao/2 ~ 7.5 mm). Therefore, only TEM mode
propagates through the waveguide. To ensure optimal power
transfer, a feed structure was designed and optimised through
parametric analysis in CST Microwave Studio. Fig. 3 shows
the configuration of the feed structure. The main requirement
of the feed design was to achieve a return loss greater than or
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FIGURE 3. Configuration of the feed.
equal to 10 dB. The coaxial pin was made with copper, and the

coaxial line was filled with Teflon (PTFE-lossy; epsilon 2.1).
Table 1 summarises the feed structure design parameter.

TABLE 1. Feed structure design parameter.

Parameter Value (mm)
Thickness of the disk-head | 2
Radius of the disk-head 1.4

Air gap below disk-head 1.6
Radius of the coaxial pin 0.65
Width of the coaxial insula- | 1.4
tor

B. A UNIT RADIATOR DESIGN

The next step is to design the fundamental radiating unit
consisting of two orthogonal slots. One such unit radiator, at a
hypothetical location on the aperture, is shown in Fig. 4. The
two slots (Slotl and Slot2) of the unit radiator are spatially
orthogonal. The distance from the origin O (centre of the
antenna aperture) to the centre of Slot1 and Slot2 is p; and p7,
respectively. The point O on RLSA radiating plate is also
the location of the feed probe and the point of origin of the
outward travelling TEM wave. A straight line from O to the
centre of slot indicates the ideal current-flow line. The two
slots in the slot pair are oriented such that they make an angle
of 61 and 6, with their respective current flow lines. The
length and width of each slot are represented by L and W,
respectively, which are same for the two slots in a unit radiator
but may be different for slots in different unit radiators. 0 is
45° and 6; is 45° + 6.

It is well known that circular polarization can be achieved
when the magnitudes of two spatially orthogonal field com-
ponents are identical, but their phases differ by an odd mul-
tiple of m/2. Since the two slots in the pair are spatially
orthogonal, they generate two orthogonal field components.
Furthermore, the two slots in the pair are physically separated
such that the electric fields radiated by the two slots have a
phase difference of 7/2. The Slot1 and Slot2 produce electric
field vectors E; and E», respectively.
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Current-flow
line of Slot1

FIGURE 4. Orthogonal slot pair that acts as the unit radiator of a CP-RLSA
antenna.

The actual phase difference between the two slots in the
unit radiator depends on p; - p1, which is the path difference
in current-flow lines of the two slots. The phase difference
between the two orthogonal slots (A¢) is given by

A = 277(;0§L p1) ©)
g
where A, is the guided wavelength of the TEM wave.
To obtain right-hand circular polarization the phase differ-
ence must be equal to 7/2 + nw (wheren =0, 1,2...). For
n = 0, this leads to
rg

oy = 8 7
p2=pL=" @)

Thus the minimum path difference between the two orthog-
onal slots must be one-fourth of the guided wavelength.
To excite both slots with the same magnitude let us make
01 = 45° and 6, = 45° 4+ 6.

If the second slot in a unit radiator is placed on the
same radial line leaving the required 1¢/4 spacing between
them, they will overlap. The second slot is shifted slightly in
¢-direction to a different current-flow line (OB in Fig. 4)
to avoid overlapping, and placed at the required distance pa
from the origin. The position of the second slot in the pair has
been calculated using the following approximate equations to
a reasonable degree of accuracy:

Ao
_ 4./2
6 =tan~! —2 @®)
o1+ iz
Ao
/2
= 9
02 Sin(9) 9

C. SLOT ARRAY DESIGN

The next step is to appropriately fill the top plate with unit
radiators. These unit radiators are arranged along a spiral,
as shown in Fig. 5 so that the fields radiated by all unit radia-
tors add constructively in the antenna boresight direction [3].
The spacing between two adjacent unit radiators in the radial
direction (S, in Fig. 5) is one of the design parameters. The
spacing between two adjacent unit radiators along the spiral
denoted by Sy is another design parameter.
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FIGURE 5. Arranging the unit radiators on the top surface of the RLSA.

In this design, the widths and depths of all the slots were
kept constant while their lengths were increased gradually
with the radial distance away from the centre. Because the
field strength inside the waveguide decreases from the centre
towards the edge, the lengths of the slots need to increase
gradually to make illumination more uniform over the aper-
ture. The direction of the spiral ring on the plate determines
whether the radiated circularly-polarized field is left-hand or
right-hand. As the TEM mode is not fully established in the
centre where the feed is, an area with a radius of P,,;, in the
centre is left devoid of slots. As the two orthogonal slots in a
unit radiator are spaced Ag/4 apart, weak reflections from the
two slots in the waveguide are out of phase and cancel each
other.

1ll. EFFECTS OF PHYSICAL PARAMETERS
To investigate radiation characteristics, we have done a few
parametric analyses, which are discussed below.

A. ANALYSIS 1

The key to the low-cost dielectric-free and slow-wave free
design is the reduction of the spacing between adjacent unit
radiators in the radial direction from traditional A, to a
lesser value in order to avoid grating lobes. However, a large
reduction would make radiation from adjacent unit radiators
significantly incoherent, leading to a reduction in directivity
and gain. Hence in this section, we have investigated radiation
patterns when the spacing is reduced to 0.95)¢. For compari-
son and simulation simplicity, instead of actual unit radiators,
for this initial analysis, we use dipole arrays with Hertzian
dipoles replacing all unit radiators.

For this purpose, two dipole arrays were investigated
with two different radial spacings, Ao (15 mm) and 0.95X¢
(14.2 mm), keeping other design parameters constant. The
two corresponding arrays had 3224 and 3060 dipoles, respec-
tively, in the locations of radiating slots of the corresponding
RLSA and each dipole is directly excited with the correct
phase. Both arrays have 14 rings of radiator pairs making
a spiral geometry, as shown in Fig. 6. Fig. 7 and Fig. 8
show the computed radiation patterns of the dipole arrays
at ¢ = 0° and ¢ = 90° plane, respectively, at 20 GHz.
As it can be seen, 11 radial spacing provides a directivity
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position of a unit radiator

FIGURE 6. Dipoles arranged spirally, in a pattern similar to the radiating
slots of the RLSA, replacing all the slots of the RLSA.
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FIGURE 7. Radiation patterns of the dipole arrays on ¢ = 0° plane
at 20 GHz.
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FIGURE 8. Radiation patterns of the dipole arrays on ¢ = 90° plane
at 20 GHz.

of 29.7 dBic at 20 GHz, which is 5.8 dBic lower than the
directivity (35.5 dBic) achieved with 0.95)¢ radial spacing.
The dipole array with 0.951¢ spacing also makes the highly
significant lobe from 8 = 70° to 110° weaker by about 5 dB,
compared to 1Ag spacing.

B. ANALYSIS 11
In the second investigation, an RLSA was designed where
radial separation S, was kept constant at the design frequency
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while the angular separation Sy is varied to change the density
of unit radiators on the aperture of the RLSA. For the sake
of comparison (with later design), dimensions of slots (slot
length and width) were also kept constant. Lower Sy effec-
tively increases slot density and radiated power density. For
this investigation, a physical aperture that is 27 A¢ in diameter
having 14 spiral turns of radiating slots were used. The value
of Sy was varied between A¢/3 (5 mm) to Ag (15 mm) in steps
of 1 mm. Itis to mention here that S; cannot be reduced below
a particular value of X¢/3 to ensure that the unit radiators do
not overlap. For each value of Sy, the peak directivity and
gain in the broadside direction, axial ratio and total efficiency
within the operating frequency band are listed in Table 2.

TABLE 2. Antenna performance for different values of S, at 20 GHz.

Se | Se | L S11 Directjv{tpin | Axial | Efficiency,
ratio
mm | mm | mm| dB dBic | dBic| dB %
5 14215 -11.9 | 285 | 28.1 | 2.2 90
6 14215 -114 | 274 | 27 2.2 90
7 14215 -11.1 | 265 | 26.1 | 2.3 89
8 14215 -10.8 | 25.8 | 253 | 2.3 89
9 14215 -106 | 25.1 | 246 | 2.4 89
10 14215 -10.6 | 244 | 239 | 24 89
11 14215 -10.6 | 23.8 | 233 | 2.5 89
12 14215 -10.6 | 233 | 22.8 | 2.6 89
13 14215 -10.7 | 23 2251 2.6 89
14 14215 -10.7 | 22.8 | 223 | 2.6 89
15 142 5 -10 218 | 214 2.6 89

From Table 2 it can be seen that the antenna aperture with
the lowest value of Sy has the highest directivity, gain and
total efficiency. As Sy increases, the peak gain drops and the
impedance matching slowly deteriorates.

C. ANALYSIS Il

The coupling of energy from the travelling wave into the
radiated wave through radiating slots is the most critical
aspect that controls aperture illumination and hence radiation
pattern of the antenna. The radial outward travelling wave
within the RLSA waveguide generates surface currents on
the top plate and thus excites radiating slots. The amount
of energy that is coupled by the radiating slots depends on
several parameters, including the total number of slots and
slot density in the top plate. If all the unit radiators are arrayed
on the CP-RLSA aperture with equal lengths and widths, then
each slot couples almost a constant proportion of the radial
current. As the power is fed at the centre of the CP-RLSA,
more energy will radiate from the centre, and less energy will
radiate from the edges. This will diminish the power intensity
of the wave travelling outward within the waveguide by a
factor of Lp through the coupling of the radiating slots, which
is not favourable in terms of boresight gain. Hence a proper
slot coupling analysis is necessary to control illumination
over the CP-RLSA antenna aperture. One possible method is
to keep the slot density constant (S, x Sg = constant) on the
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aperture and control the energy coupled by the unit radiators
from the inner waveguide field to the radiating field.

In this investigation, the density of slot (S, x Sg) on the
aperture was kept constant while the slots’ lengths were var-
ied to investigate the effect of various energy coupling from
travelling wave into the space wave. For an RLSA with fixed
slot density, the two parameters that control energy coupling
are slot length (L) and slot inclination angles (61, 87) to the
current flow line. Since the slot inclination angles were fixed
in this case, the slot length was varied on the antenna aperture.
The slot length (L) of this RLSA can be represented as

L=54(p xa) (10)

where § is a constant, p is the radial distance, and « is the cou-
pling coefficient. The product (p x «) is the coupling factor
and controls how much energy is coupled from the waveg-
uide field to the radiated field. For a particular distribution,
the coupling coefficient & needs to optimize. As the radial
distance (p) increases, it is necessary to increase the coupling
factor, which requires increasing slot length. By varying the
slot length, we can control the proportion of energy coupled
from the inner field to the radiating field.

Fig. 9 shows antenna performances for varying the fixed
6 component of the slot length (L) at 20 GHz. To reduce
the taper in the aperture amplitude distribution, o was fixed
at 0.008. S, and Sy were set at 0.954 and 0.4, respectively,
and the total number of slot pairs for this design is 1530. From
Fig. 9 it can be seen that § with a value of 5.2 provides the
maximum gain with an axial ratio below 3 dB.

w» w w » w (£
- N w ~ (3] (-]
] | | | | J

J
(5,
Axial Ratio (dB)

Broadside Realized Gain (dBic)
8
|

N
©

46 438 5 52 54 56 538 6
5 (mm)

FIGURE 9. Variation of antenna performance with § at 20 GHz. Note: slot
length, L = § + (o x 0.008).

IV. RESULTS

To verify the design strategy, an antenna was designed, and
the parameters of the final design are given in Table 3. The
slot layout on the surface, shown in Fig. 5, was created using
a custom made Visual Basic interface with CST Microwave
Studio.
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TABLE 3. Parameters of the fabricated antenna.

Main parameter Symbol Value (mm)
Free-space wavelength Ao 15

Slot length range L 5.24-5.56
Slot width w 1

Slot depth D 0.5
Number of rings N 14

Air waveguide height d 5

Initial radius Pmin 5

Slot pair spacing in angular di- | Sg 6

rection

Slot pair spacing between two | S, 14.2

spiral rings

Aperture diameter 27 )Xo 405

A. ANTENNA PROTOTYPE

The performance of the antenna was predicted by simulat-
ing it using the Transient Solver of CST Microwave Studio
and both near-field, and far-field results were analyzed. The
predicted results were later verified with measurements of a
prototype. A picture of the prototype is shown in Fig. 10. The
slot pattern on the top plate was made using laser cutting slots
in a 0.5 mm thick sheet of stainless steel. Laser cutting was
used because it was less expensive for prototyping compared
to some other techniques such as water jet cutting. The draw-
back of laser cutting was the slotted plate was deformed at
a few places due to intense heat dissipated by the laser beam
when etching a fairly large number of slots in the metal sheet.
To reduce the effects of deformation, a thicker bottom plate
was used as the ground plane of the antenna, and the top
plate was fixed above the thick bottom plate using twenty
four-equally spaced 5 mm nylon spacers along the periphery
of the two plates.

B. INPUT REFLECTION COEFFICIENT

The feeding probe was realized using a standard SMA con-
nector glued to a customized disk head. The impedance
matching of the antenna was verified using PNA-X vec-
tor network analyzer. Measured and predicted |S;| of the
antenna, compared in Fig. 11, is well matched within the
operating band from 19 GHz to 21 GHz. The difference
in |S11| between the predicted and measured results can be
attributed to the non-uniform waveguide height caused by the
deformation of the top plate and accuracy of laser cutting
used in manufacturing. The measured antenna has a very
wide 10-dB return loss bandwidth of 45.4% from 16.7 GHz
to 26.5 GHz. This is because of the Ag/4 inter-element
spacing between two orthogonal slots in a unit radiator
of the CP-RLSA antenna. The reflected waves from suc-
cessive slots arriving back at the input port are out of
phase and cancel each other. Since all the slot pairs are
arranged spirally, the total sum of reflections is almost
zero at the antenna feed point. Therefore, the antenna
demonstrates excellent matching over the frequency band of
interest.
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FIGURE 10. (a) Fabricated prototype, (b) Modified SMA connector with
the disk-head.

C. DIRECTIVITY, GAIN AND EFFICIENCY

The peak directivity and gain of the antenna both in the broad-
side direction are shown in Fig. 12. The predicted antenna has
a peak directivity of 36.8 dBic with a peak gain of 36.6 dBic
at 20 GHz. The variation of peak gain and directivity with
frequency is almost identical. The predicted 3-dB directivity
bandwidth and 3-dB gain bandwidth are 6%, from 19.3 GHz
to 20.5 GHz. The anechoic range did not allow accurate gain
measurements beyond 20 GHz, and hence measured results
are shown only up to that frequency. The antenna has a
measured peak directivity of 36.3 dBic and a measured peak
gain of 35.9 dBic at 19.7 GHz. The aperture efficiency of
the antenna is 56%, and the total antenna efficiency is 95.4%
at 19.7 GHz. Its radiation efficiency is excellent and varies
between 96.9% and 97.4% in the operating frequency band,
but gain measurement had to be limited to 20 GHz due to
range limitations.
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FIGURE 11. Reflection coefficient magnitude |S;;| of the antenna
prototype.
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FIGURE 12. Broadside directivity and gain.

D. FAR-FIELD RADIATION

Fig. 13 shows the predicted radiation patterns at 20 GHz.
In this figure, the cross-polar level in ¢ = 0° plane is
12.3 dBi in the broadside direction, which is 24.5 dB lower
than the co-polar level. The antenna has stable far-field radia-
tion patterns in the operating frequency band. To demonstrate
this, predicted and measured far-field elevation pattern cuts
taken at two azimuth angels ¢ = 0° and ¢ = 90° at six
frequencies within the 3-dB directivity bandwidth are shown
in Figures 14 to 19.

The predicted and measured patterns agree reasonably well
with no significant side or grating lobe, but a minor shoulder
lobe was captured in both predicted and measured results
around the main peak. The antenna has shown a shoulder lobe
of —16.8 dB in ¢ = 0° plane and —21.8 dB in ¢ = 90°
plane at the operating frequency of 20 GHz. The measured
antenna has shown cross-polar level 24.36 dB lower than
the co-polar level at 20 GHz. The 3-dB beamwidth is 2.1°
in ¢ = 0° plane and 2.2° in ¢ = 90° plane. Further,
the antenna patterns in the operating band comply with ETSI
(European Telecommunications Standards Institute) Class-1
radiation pattern envelope (RPE). All pattern cuts in
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FIGURE 13. Predicted radiation pattern (a) 3D view of the far-field
radiation pattern at 20 GHz, (b) 2D radiation pattern at ¢ = 0° plane
at 20 GHz.
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FIGURE 14. Far-field radiation patterns at 19.4 GHz.

¢ = 0° and ¢ = 90° planes are compared with ETSI RPE
in Figures 14 to 19.

E. AXIAL RATIO

The quality of circular polarization radiated by the antenna
is quantified through broadside axial ratio shown in Fig. 20.
The axial ratio predicted from simulation and obtained from
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FIGURE 17. Far-field radiation patterns at 20 GHz.

measurements match closely and are lower than 3-dB over
the operating frequency range. The predicted 3-dB axial ratio
bandwidth of the antenna in boresight direction is 22.9% from
18.9 GHz to 23.8 GHz.

F. DISCUSSION

Table 4 summarizes the electrical and physical characteristics
of the proposed all-metal single-layered CP-RLSA antenna
comparing with some of the published conventional all-metal
RLSA papers. Conventional all-metal double-layered RLSA
antennas suffer from narrow radiation bandwidth, efficiency
losses in the absorber and design complexity [26], [29], [30].
As it can be seen from the Table 4, our proposed RLSA
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TABLE 4. Comparison of the new all-metal CP-RLSA antenna with key

previous works.
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has shown a good aperture efficiency, a wider impedance
bandwidth, higher total efficiency and lowest side lobe lev-
els (SLL) compared to the previously reported all-metal
RLSAs. The proposed RLSA does not require any dielectrics,
slow-wave structure, absorber, reflection cancelling struc-
ture, phase tuning structure and mode converter, which
greatly reduces the design complexity, cost and weight of
the antenna. Due to the lack of absorber, the total antenna
efficiency has increased. The losses of the proposed RLSA
are very low and zero chances for radio frequency (RF)
breakdown. Single-layered waveguide was used to design the
proposed CP RLSA, which made the antenna compact and
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This Ref. Ref. Ref. Ref.
work | [26] [29] [30] [9]
Waveguide Single-| Double{ Double{ Double4 Single-
layered| layered| layered| layered| layered
Directivity (dB) 36.3 31 32 31.5 335
Electrical height | 0.43 4.7 32 3.1 0.5
(Ao)
Impedance band- | 45.4 1 2.5 23 16
width (%)
Total efficiency | 96.6 44.8 62.7 54 61
(%)
Aperture 56 28 <55 55 61
efficiency (%)
SLL at operating | -21.8 | -7 -11 -13.5 -17

frequency (¢ =
90°) (dB)
Requires absorber | No Yes Yes Yes Yes

Requires  slow- | No Yes Yes Yes No

wave structure

Requires No Yes Yes Yes No

reflection

cancelling

structure

Requires  phase | No Yes Yes Yes No

tuning structure

Requires mode | No No Yes No Yes

converter

Design and fabri- | Simple| Highly | Highly | Comp- | Comp-

cation complexity Comp- | Comp- | lex lex
lex lex

Cost Low High High High Mediunj

robust. Compared to previously reported RLSAs, the electri-
cal height of the new antenna is very low (less than 0.5A¢),
provides the flexibility to be easily mounted on roof-top or
wall which is suitable for satellite communication in moving
platform.

V. CONCLUSION

We presented and demonstrated a design methodology for
all-metal dielectric-less circularly polarized radial-line slot
array (RLSA) antennas. An RLSA antenna made of a metal
sheet with a slotted pattern is a low-cost solution for receiv-
ing satellite services and wireless backhauls. Experimental
results prove the excellent performance of the antenna, which
has a maximum measured gain of 35.9 dBic, aperture effi-
ciency of 56% and low side lobe levels. The thickness of
the antenna is only 0.43)1¢ (6.5 mm) and it can be easily
mounted on a roof-top of even a moving platform such as
a long-distance bus or train. The antenna does not need any
dielectric material whatsoever, so by replacing the insulator
in the feed line with air, it can be made also useful for space
systems where radiation hardness is required and high-power
microwave systems where dielectrics can break down.
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