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High-Efficiency Ka-band Circularly-Polarized
Radial-Line Slot Array Antenna on a Bed of Nails

Jose I. Herranz-Herruzo, Member, IEEE, Alejandro Valero-Nogueira, Senior Member, IEEE, Miguel
Ferrando-Rocher, Member, IEEE, and Bernardo Bernardo-Clemente

Abstract—Radial-line slot-array antennas (RLSA) provide
a extremely simple solution to achieve high-gain circularly-
polarized radiation patterns without the need for complicated
feeding networks or polarizers. The dielectric-filled radial waveg-
uide, however, drastically reduces the efficiency that is potentially
achievable by RLSA antennas at millimeter-wave band. In this
paper, a novel architecture for an all-metal RLSA is proposed by
replacing the dielectric material with a regular bed of metallic
nails, thus maintaining the required slow-wave characteristic
within the radial waveguide. The slot array is efficiently opti-
mized by using an adhoc method-of-moments solver, based on the
definition of an equivalent problem in the waveguide region. This
accurate optimization process, along with the all-metal nature of
the antenna, allows to reach a measured peak total efficiency
above 80% at 30 GHz. The fabricated prototype consists of
two pieces, the bottom waveguide with the bed of nails, and
the top slotted plate, which are easily assembled by means of a
few screws. Experimental results report a peak gain of 35.0 dBi
for a radiation efficiency of 94%, and a wideband matching
performance with a very pure axial ratio, below 0.6 dB.

Index Terms—Antenna arrays, circular polarization, slotted
waveguide arrays, RLSA, SATCOM, Ka-band, bed of nails.

I. INTRODUCTION

M ILLIMETER-wave communication systems promise to
provide globally-available broadband services by con-

verging mobile and satellite networks. High data-rate wireless
links supporting such systems call for high-gain antennas
to compensate for the severe propagation losses at these
frequency bands. The use of circular polarization (CP) is also
a common specification to avoid an undesirable polarization
mismatch in on-the-move communications.

A large variety of mm-wave circularly-polarized arrays have
been proposed in the last decade with the aim of replacing the
bulky parabolic dishes. These low-profile antennas facilitate
their installation and enable an easier satellite tracking on
moving platforms. Such arrays usually make use of intricate
multilayer corporate-feed networks for a wideband operation,
either using metallic hollow waveguides [1]–[3] or printed
technologies [4]–[6].

Conversely, an extremely simple approach to achieve a CP
high-directive beam without resorting to complicated feeding
networks is proposed by the kind of antennas known as radial-
line slot arrays (RLSA) [7]. In its more convenient single-
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Fig. 1. Exploded view of the all-metal RLSA with a bed of nails.

layer version [8], the cylindrical TEM mode launched by a
simple coaxial probe within a parallel-plate waveguide (PPW)
excites a large number of rectangular slots, properly arranged
for an in-phase broadside CP radiation. These antennas were
successfully developed for Ku-band broadcast services, being
very attractive due to their structural simplicity, low profile,
very good axial ratio and high efficiency when compared to
conventional printed arrays. The main drawback of RLSA
antennas, however, lies in the well-known trade-off of series-
fed arrays between radiation bandwidth and antenna size.
In recent years, RLSA antennas have again attracted the
attention of researchers, who have proposed new designs for
performance improvement [9], [10] or their extension to new
applications [11]–[13].

As in other series arrays, the feeding PPW waveguide in
an RLSA must be filled with a dielectric material to avoid
grating lobes. Despite this fact, RLSA antennas were able to
attain a remarkable total efficiency up to 85% in Ku-band [8],
[14], supported by a proper slot design. In millimeter-wave
band, however, the original RLSA conception barely reaches
an efficiency of 50% due to the severe dielectric losses [15].

In this context, several all-metal RLSA realizations have
been proposed to improve the radiation efficiency. The ab-
sence of dielectric brings additional benefits like an enhanced
structural robustness or its potential use in space and high-
power applications. In addition, the permittivity uncertainty of
dielectric materials often leads to a frequency shift, being an
all-metal antenna more reliable at the expense of a generally
higher fabrication cost.
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In order to keep grating lobes out of the RLSA radiation
patterns, the dielectric material must be replaced by an alterna-
tive metallic slow-wave structure within the PPW. Concentric
circular corrugations were used in [16], [17] to properly
shorten the guided wavelength. In this case, a more complex
double-layer architecture was adopted, placing corrugations at
the upper level. Grating lobes were suppressed satisfactorily in
these works, targeting X-band high-power microwave (HPM)
applications. Recently, an all-metal K-band single-layer RLSA
without slow-wave structure was proposed in [18]. In this
work, grating lobes were avoided by reducing slot spacing
slightly below the free-space wavelength. Despite being a
very simple all-metal low-loss antenna, the in-phase radiation
condition is not completely met, and the aperture efficiency
decreases with respect to original dielectric-filled RLSAs.

In this paper, a novel all-metal Ka-band single-layer RLSA
is proposed, designed and experimentally tested. As can be
seen in Fig. 1, a regular pattern of rectangular pins on the lower
PPW plate plays the role of the slow-wave structure. This kind
of metasurface in a PPW environment has already been used
to control the propagation constant in lens design [19], [20].
Here, a bed of identical nails, sufficiently dense to emulate the
homogeneous dielectric-filled PPW, has been adopted. As it
will be demonstrated in this work, those metallic nails sacrifice
some of the RLSA fabrication simplicity in exchange for an
enhanced aperture efficiency at mm-wave band.

As it has been repeatedly demonstrated in the past, achiev-
ing a highly directive RLSA requires a fine optimization of
the theoretical slot arrangement, supported by an accurate
characterization of waveguide slot coupling [8], [13], [21]–
[23]. Here, an inhouse full-wave method-of-moments (MoM)
code has been used to optimize the antenna layout with the aim
of maximizing the aperture efficiency. An equivalent model of
the PPW with the bed of nails has been defined and validated,
thus enabling a fast and accurate optimization process. The
all-metal property of the antenna, together with an optimized
illumination of array elements, yields a remarkable total effi-
ciency compared to previous mm-wave RLSA.

The rest of the paper is organized as follows. Section II
describes the conventional RLSA architecture and gives an
overview of its optimization process. In Section III the field
propagation along the all-metal PPW with the bed of nails
is studied and an equivalent MoM problem is defined and
assessed. The developed MoM analysis tool is used in Sec-
tion IV to design the all-metal RLSA, and the experimental
results of a fabricated prototype are reported in Section V.
Finally, Section VI draws the main conclusions of this work.

II. RLSA WITH A HOMOGENEOUS PPW
A. Antenna description

As an evolution of the former concept of a double-layer
RLSA [7], the single-layer CP-RLSA [8] embraces a very
simple structure, depicted in Fig. 2. A homogeneous dielectric-
filled PPW, fed at its center by a coaxial probe, constitutes the
radial line through which a cylindrical TEM mode propagates
outwardly. In order to avoid the propagation of higher-order
modes and to ensure a proper array operation, the waveguide
height h must be less than half wavelength [7].

Coaxial port

TEM mode

Fig. 2. Schematic of a CP-RLSA and zoomed view of slot pairs.

The basic cell for a broadside CP radiation is formed by
two rectangular slots excited in quadrature, for which they
must be spaced λg/4 along the radial direction, being λg the
PPW guided wavelength. Both slots must be equally excited
by the TEM mode, so their orientations with respect to the
radial direction are defined as θ1 = π/4 and θ2 = 3π/4 (see
Fig. 2). The complete RLSA is then formed by repetitions of
such slot pair along a counterclockwise spiral for a coherent
boresight RHCP radiation. This latter condition also forces the
spiral arrangement to be centered at the probe location with a
period Sρ equal to λg , whereas the angular array spacing Sφ
can be freely chosen.

The whole array thus described, often comprising hundreds
or thousands of slots, operates as a traveling-wave array.
Hence, the TEM wave launched by the probe is progressively
radiated through the slots until a small fraction of power
reaches the end of the array. For that reason, the edge of
the radial guide can be left open, filled with an absorber or
ended by a shortcircuit. This latter option is preferable to max-
imize the radiation efficiency. Note that the described RLSA
corresponds to the conventional version, where a spiral slot
arrangement is fed by a cylindrical TEM mode. A concentric-
array RLSA [14], conversely, arranges slots in circular rings
and illuminates them by a spiral mode. Despite attaining
an enhanced field uniformity, this version requires a more
complex feeding network to generate the rotating mode. In this
work, the former spiral RLSA is chosen due to its fabrication
simplicity, and an accurate optimization process is carried out
to restore a uniform slot excitation.

B. Antenna design and optimization

The RLSA design and optimization followed in this work re-
lies on an inhouse full-wave MoM analysis code, developed by
the authors and used in previous works [21], [22]. The MoM
analysis makes use of entire-domain sinusoidal basis functions
on each slot, which provide a rigorous and fast characterization
of the entire RLSA without a huge computational burden. It
is worth noting that the fine optimization process here applied
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Fig. 3. Schematic of the efficiency design in a RLSA.
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Fig. 4. (a) Radiation efficiency of one RLSA slot turn versus slot length, and
(b) designed slot lengths for a 10-turn RLSA targeting uniform illumination
and 5% residual power.

would be very cumbersome if a general-purpose simulation
software were used. In previous works, this numerical code
demonstrated its accuracy when dealing with RLSA antennas
formed by thousands of slots [21], [22].

In this section, a RLSA filled with a homogeneous dielec-
tric will be considered. The described optimization process,
though, will remain unaltered when applied to the all-metal
antenna proposed below. Once the structural RLSA parameters
are chosen, i.e. guide height, h, and permittivity, εr, slots’
width, w, and thickness, t, angular spacing, Sφ, and number
of spiral turns, N , slots are arranged following the layout
shown in Fig. 2. Slots’ lengths are established with the goal
of achieving a uniform excitation by applying a classical
traveling-wave design, depicted in Fig. 3. Given the residual
power Wout/Win and the desired amplitude distribution, in this
case uniform, the radiation efficiency, ηi, of each slot turn is
easily computed, which in turn yields the slot length profile
across the whole aperture.

For the sake of illustration, a 10-turn RLSA at 30 GHz is
considered, with parameters: h = 4 mm, εr = 1.2, w = 0.8 mm,
t = 1 mm, and Sφ = 0.5λ0. Fig. 4(a) plots the fundamental de-
sign curve relating the radiation efficiency and the slot length.
More details about the computation of this correspondence
will be given in Section III. A uniform aperture with a residual
power of 5% is designed, resulting in 1376 slots whose lengths
are plotted in Fig. 4(b), sorted by radial distance. As it is
known, increasingly longer slots are required to compensate
for the natural decay of the cylindrical TEM mode and the
gradual slot radiation. As seen in Fig. 4(b), the discrete design
results in a step in slot length when a new spiral turn begins.
In order to improve the field uniformity, a smoothed length
profile has been chosen in this work, also plotted in Fig. 4(b).

As it has been pointed out in previous works [8], [13], [21]–
[23], the presence of slots markedly perturbs the propagation
constant of the TEM mode within the PPW, spoiling the phase
uniformity of the excitation of the slots themselves, and hence
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Fig. 5. Iterative optimization procedure of a 10-turn RLSA: (a) phase of the
copolar radiated field and (b) radial shift of each slot pair.

considerably reducing the directivity. Keeping in mind the
working principle of the RLSA antenna, the desired in-phase
array excitation can be easily restored by shifting the position
of each slot pair in the radial direction [21], [22]. Theoretically,
the shift of the i-th pair should follow the expression:

∆ρi =
2π

λg
∆αi (1)

where ∆αi is the phase error of the i-th slot pair to be
corrected. In this case, such error is computed taking the first
slot pair as the common reference, i.e. ∆αi = αi − α1. This
choice allows to keep the initial position of the RLSA spiral
fixed. The value αi corresponds to the phase of the copolar
RHCP field radiated by the i-th slot pair in the broadside
direction. Note that this magnitude can be easily computed
by the dedicated MoM model of the RLSA problem, unlike
the finite-element method widely used by general-purpose
simulation software.

The correction given by (1) is performed iteratively until
convergence is reached, giving as a result the optimized RLSA
aperture. The convergence and effectiveness of this procedure
is demonstrated in Fig. 5(a) by plotting the phase of the
broadside copolar field radiated by each slot pair for the
case under study. With the original slot layout, the excitation
phase decreases steadily as the wave propagates within the
radial guide. Such phase error is largely corrected by the
first iteration, except for a small phase ripple and a slight
decay at the outer slots. Then, the second iteration almost
completely restores the desired uniform phase profile, reaching
convergence with a third iteration.

The radial shift of each slot pair is represented in Fig. 5(b)
for the three iterations performed. As expected, the displace-
ment given by the third iteration is negligible and, therefore,
the optimization procedure is terminated. This graph reveals
that the outermost slots are shifted around 6 mm, beyond
half wavelength, due to the fact that the original slot layout
shows a maximum phase error above 200º. Hence, originally,
the innermost and the outermost slots are radiating an out-of-
phase copolar component, reducing dramatically the antenna
directivity.

A helpful visualization of the optimized slot excitation is
shown in Fig. 6, where the aperture field is represented. The bi-
dimensional graphs (Figs. 6(a) and 6(b)) provide an immediate
overview of the array illumination, while the one-dimensional
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Fig. 6. Copolar component of the electric field across the 10-turn RLSA
aperture: 2D representation (above) and 1D cuts along x = 0 and y = 0
planes (below). The phase is represented in degrees (left) while the normalized
magnitude is plotted in dB (right).

cuts shown in Figs. 6(c) and 6(d) allow a more precise read-
ing. Neglecting the central slot-free area, a satisfactory field
uniformity is achieved across the entire aperture, particularly
good for the optimized phase component, as expected.

In this regard, Figs. 6(b) and 6(d) reveal that innermost
slots present a slightly smaller excitation due to the finite array
effect. Because of this same reason, the outermost slots exhibit
a stronger excitation. Such differences, however, have a minor
impact on the overall radiation performance and an optimum
aperture efficiency is achieved, as shown below. Note that
the correction procedure could also have optimized the slots’
lengths to pursue a completely uniform amplitude distribution.
However, it has been found that such slot length tuning has a
minor impact on the radiation pattern and often compromises
the process convergence. For these reasons, the phase-only
correction procedure described above was adopted here.

The radiation patterns at the design frequency for the
original and the corrected antenna are shown in Fig. 7. It is
evident how the low-directive pattern provided by the original
RLSA arrangement, shown in Fig. 7(a), is drastically enhanced
after the optimization process, leading to a narrow well-
shaped broadside main beam in Fig. 7(b). Note that radiation
patterns are nearly identical along both planes despite the
intrinsic asymmetry of the spiral slot arrangement. The most
relevant antenna parameters at 30 GHz are reported in Table I,
comparing the original and the optimized RLSAs. As it can
be noted, the optimization routine is capable of improving the
aperture efficiency from a poor value of 24% to a remarkable
91%. Conversely, axial ratio in both cases is below 0.1 dB,
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Fig. 7. Copolar radiation pattern of a 10-turn RLSA at 30 GHz: (a) before
and (b) after optimization.

TABLE I
10-TURN RLSA ANTENNA PARAMETERS

AR
(dB)

SLL
(dB)

Dmax
(dBi)

ηrad
(%)

ηap
(%)

ηtot
(%)

HPBW
(º)

Original 0.04 -10.5 29.92 96.2 24.4 23.5 3.38

Optimization 0.06 -14.6 35.15 97.4 91.1 88.7 2.99

Shortcircuit 0.32 -14.7 35.07 100 89.4 89.4 2.99

Antenna parameters of a 10-turn RLSA for the first theoretical design, the
optimized arrangement, and the latter with a final shortcircuit.

confirming the good polarization properties of RLSA antennas,
and radiation efficiency is quite close to the design goal of
95%. Lastly, Table I also includes the optimized RLSA when
a final circular shortcircuit is added. The position of such
metallic cylinder is shown in dashed white line in Fig. 6(b).
Among other practical advantages, the shortcircuit enables to
radiate the whole input power (ohmic losses are not considered
in MoM analysis), at the expense of a worse axial ratio. This
latter fact will be addressed in Section IV.

One additional aspect in RLSA design, particularly relevant
in this work, is the antenna performance for low-permittivity
radial waveguides. As it will be seen in next section, the slow-
wave property of the dielectric material will be implemented
by an all-metal bed of nails, whose behavior improves for
lower synthesized permittivities. In this regard, the aperture
efficiency of the 10-turn RLSA is represented versus the
chosen εr in Fig. 8(a). As expected, when the PPW is filled
with air, the presence of grating lobes leads to a lower antenna
directivity. Note that the optimized RLSA tends to bring slots
closer, thus reducing the endfire radiation, as seen in Fig. 8(b).
Beyond a certain value of PPW permittivity, the aperture
efficiency reaches an optimum value thanks to the absence of
grating lobes. By inspecting the curves in Fig. 8, a permittivity
value of 1.15 seems enough to guarantee a good radiation
performance within a wide frequency band.

III. PPW WITH A BED OF NAILS

The all-metal RLSA antenna proposed here replaces the
dielectric within the radial guide by a periodic bed of metallic
pins (see Fig. 1). As seen above, a simple air-filled PPW is not
capable to support a highly directive RLSA, needing to resort
to a slow-wave medium within the waveguide. In this section,
the properties of an all-metal PPW with a bed of nails are first
studied, leaving the RLSA design for the next section.
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Fig. 8. Study of the PPW permittivity variation in a 10-turn RLSA: (a)
aperture efficiency, and (b) magnitude of the endfire radiation.
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Fig. 9. Effective relative permittivity of a PPW with a bed of nails:
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Firstly, the propagation constant of the fundamental mode
within the PPW with the bed of square-section nails is
evaluated. The periodic cell under study is depicted in Fig. 9
with all its relevant dimensions. Pin periodicity, p, and width,
wp, are 2 mm and 1 mm respectively, and the total guide
height, h, is 4 mm. The curves in Fig. 9 represent the effective
relative permittivity versus frequency for different pin heights
hp, computed as:

√
εr,ef =

λ0
2π
β (2)

where β is the propagation constant of the fundamental mode
given by the eigenmode solver in CST Studio suite [24]. Pre-
dictably, higher pins introduce a more noticeable perturbation
of wave propagation, leading to a higher effective permittivity.
Likewise, shorter pins provide a more stable permittivity in
terms of frequency. This coherent behavior makes it advisable
to choose pins as short as possible to maximize the structure
bandwidth. In this case, a pin height hp = 0.87 mm is adopted
hereinafter to synthesize the value εr,ef = 1.15 chosen in
previous section.

For the sake of design simplicity and fabrication ease,
pins are arranged along a square grid on the PPW bottom
plate. Such arrangement breaks the rotational symmetry of
the waveguide and will therefore have an impact on the
angular uniformity of the guided wave. To assess this impact,
such waveguide is excited by a discrete current source and
the instantaneous electric field is represented in Fig. 10(b),
sampled on the inner face of the top plate. It can be seen

(a) (b)

(c)

Fig. 10. Instantaneous Ez component within a PPW with a bed of nails: (a)
pins layout and source position (in red); (b) top view; (c) side view.
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Fig. 11. Hφ component on the top plate of a PPW with a bed of nails, along
circumferences of growing radii: (a) magnitude and (b) phase.

that the guided wave exhibits quasi-cylindrical wavefronts with
a reasonably small ripple. In the side cross-section view of
Fig. 10(c), it can be seen how the field slightly penetrates the
gaps between pins, but it is mostly confined within the air
region above them.

A more precise field visualization is shown in Fig. 11, where
the azimuthal component of the magnetic field is sampled
at integer multiples of the guided wavelength nλ0/

√
εr,ef

from the source, along the circumferences shown in blue in
Fig. 10(a). Despite the field variation strongly depends on the
sampled radial distance, the magnitude ripple remains below
±1 dB and the phase ripple is mostly below ±7◦. As it will be
demonstrated later, this behavior is good enough to achieve a
highly uniform illumination of the slot array. Note that a more
homogeneous field would be achieved for smaller pin periods,
but at the cost of increasing the fabrication complexity.

As it was demonstrated above, achieving a highly directive
RLSA requires an optimization process supported on an accu-
rate antenna analysis. However, the proposed all-metal PPW
with the bed of nails is not well-suited to be analyzed by a
dedicated MoM code, and the general-purpose electromagnetic
simulators are not efficient enough for an iterative optimization
routine. In this work, an equivalent problem has been defined
for the waveguide region, more appropriate for a MoM model.
This new problem must provide an accurate characterization of
the field propagation and the slot coupling within the all-metal
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Fig. 12. Slot coupling model: (a) with pins, (b) homogeneous, and (c)
partially-filled PPW. (d) Radiation efficiency and (e) phase of the S21

transmission coefficient versus slot length.

PPW. In order to assess such equivalence, a representative
structure in RLSA performance has been taken as reference.
For the latter, a periodic cell modeling a slot turn, depicted
in Fig. 12(a), is simulated with the CST finite-element solver,
excited by one TEM port at each side. This periodic structure
is used as the reference model to compute the efficiency curve
used in RLSA design, described in Section II.

The simplest equivalent problem consists of removing the
bed of nails and filling the PPW with an homogeneous dielec-
tric with εr = εr,ef , as shown in Fig. 12(b). Two important
magnitudes in RLSA design have been evaluated to compare
these models: the radiation efficiency (Fig. 12(d)) and the
phase of S21-parameter (Fig. 12(e)) versus slot length. It can
be seen that the homogeneous PPW model (in dashed red) do
not emulate properly the PPW with the bed of nails (in solid
black), exhibiting a noticeable shift to shorter slot lengths. This
behavior is somewhat expected since in the latter model slots
see an air medium beneath them, in contrast to the dielectric-
filled PPW.

A more suitable equivalent model is defined in Fig. 12(c).
A dielectric sheet is placed on top of the bottom PPW plate,
leaving the rest of the PPW filled with air. In this two-
dielectric model, the constitutive parameters are adjusted to
match the propagation constant of the fundamental mode given
by εr,ef = 1.15. As a natural choice, in first place, the total
PPW height is fixed to that of the PPW with pins, h = 4 mm,
whereas the thickness of the dielectric sheet is set equal to
the pins height, d = 0.87 mm. Then, by solving the known
transcendental equation of a partially-filled PPW [25], the
permittivity of the dielectric sheet is found to be εr = 1.98.

This two-dielectric model with d = hp yields a much better
approximation to the pinned PPW, as shown in Fig. 12,
though a slight curve shift is still observed. After several
trials among the degrees of freedom available, it has been
concluded that a very good characterization can be achieved
by setting d = 0.7hp, and matching the air thickness h− d to
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Fig. 13. Antenna parameters of a 10-turn RLSA with a bed of nails, compared
to equivalent models: (a) antenna view, (b) maximum directivity, (c) broadside
axial ratio, and (d) radiation pattern at 30 GHz along φ = 0◦ plane.

the distance between pins and the top PPW plate h−hp in the
reference model. In this case, the dielectric sheet permittivity is
εr = 2.85. This modified two-dielectric model now accurately
matches the curves given by the pinned PPW, as demonstrated
in Fig. 12. Note that this equivalent problem is now well-suited
to be analyzed by a dedicated MoM code using the well-known
Green’s functions of a multilayered PPW.

IV. ALL-METAL RLSA DESIGN

An analysis MoM code has been developed to accurately
analyze the entire all-metal RLSA proposed in this work. The
tuned two-dielectric equivalent model of previous section has
been adopted in the waveguide region. Such tool enables an
efficient optimization of the whole slot array by following
the same procedure described in Section II for a conventional
dielectric-filled RLSA.

The slot layout of the designed 10-turn RLSA is shown in
Fig. 13(a), being 19.8 cm in diameter and comprising 1406
slots. The antenna structure keeps the same parameters used
in previous sections, namely, h = 4 mm, hp = 0.87 mm,
wp = 1 mm, p = 2 mm, w = 0.8 mm, t = 1 mm, and
Sφ = 0.5λ0. The maximum directivity and the axial ratio are
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Fig. 14. Different shortcircuit implementations: (a) circular short and (b) spiral
short. Detail of the short without the slotted cover: (c) circular short, (d) spiral
short, and (e) spiral short implemented by pins. Impact of the shortcircuit
on antenna performance: (f) maximum directivity and (g) axial ratio versus
frequency.

plotted in Figs. 13(b) and 13(c), respectively. For the sake of
illustration, the CST simulation results of the all-metal antenna
are compared to those obtained with the homogeneous and
two-dielectric PPW models, along with the MoM code.

The directivity curve reveals the good performance of the
optimization process, with a peak value of 34.9 dBi at the
design frequency. This fact reinforces the estimable accuracy
of the two-dielectric model, as shown in Fig. 13(b), in contrast
to the unacceptable approximation of the homogeneous PPW
model. As for the axial ratio, a very good polarization purity
is revealed in the whole frequency band. Lastly, the radiation
pattern at the design frequency, plotted in Fig. 13(d), confirms
again the precision of the MoM code resulting in an accurate
design of a uniform antenna aperture.

Once the slot layout is optimized considering an infinite
waveguide, a shortcircuit is added along its outer contour
with the aim of radiating the residual power. Its position must
be tuned to maximize the directivity and axial ratio, being
the optimum distance from the short to the outermost slots
around 0.5λg . Two different short realizations are considered,
circular and spiral-shaped, which are depicted in thick black
line in Figs. 14(a) and 14(b) respectively. Note that the spiral
shortcircuit keeps a constant distance from the outermost slot
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Fig. 15. Reflection coefficient at the coaxial port for an infinite PPW with
a bed of nails. The physical connector is shown in the graph inset and the
dimensions in the left drawing.

turn, which will be more appropriate to control the phase of
the reflected wave. Shortcircuit condition is attained by a wall
of a given thickness at the end of the bed of nails, in contact
with the top slotted plate. A zoomed view of the practical
realization is shown in Figs. 14(c) and 14(d).

Directivity and axial ratio for both short realizations are
shown in Figs. 14(f) and 14(g) respectively. It can be observed
on the one hand that either option provides a proper directivity
curve with a maximum value at the design frequency. Axial
ratio, on the other hand, confirms that the spiral-shape short
preserves the optimum polarization purity provided by the
infinite waveguide design, in contrast to the circular short
case. Note that the backward wave reflected from the short
is responsible for a crosspolar component.

One critical issue of this all-metal RLSA is how to assure
a perfect electrical contact between the short rim and the top
slotted plate. Applying a soldering paste or placing a large
number of screws could be effective solutions, but any air
gap between pieces would lead to field leakage, especially at
mm-wave band. In this work, the contactless property of gap
waveguide technology [26] has been exploited by replacing
the shortcircuit with three rows of nails, as seen in Fig. 14(e).
Directivity and axial ratio curves for the designed RLSA with
such short pins are also plotted in Figs. 14(f) and 14(g), respec-
tively, revealing a practically identical performance compared
to that of the continuous spiral short.

Lastly, once the slot layout and the shortcircuit are defined,
the antenna feeding is considered. Note that an ideal current
source has been used so far. Here, a coaxial probe is introduced
into the all-metal PPW through a circular hole drilled in an
square area free of pins. As seen in Fig. 15, three rows and
columns of pins are wiped out to leave room for the probe
and help matching. Specifically, the coaxial K probe Southwest
1012-24SF, with inner and outer diameters ap = 0.635 mm and
bp = 1.435 mm, respectively, is used. By tuning the length of
the probe introduced into the PPW, lp = 2.27 mm, a good
matching is achieved in a wide bandwidth without requiring
a disk-loaded probe, as seen in Fig. 15.

V. EXPERIMENTAL RESULTS

The all-metal RLSA described above is fabricated and
validated experimentally. The antenna is constructed in two
separate pieces, assembled with screws. As shown schemati-
cally in Fig. 16, the bottom piece includes the hole through
which the feeding probe is introduced, the bed of nails, and
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Fig. 16. Side-view schematic of the RLSA showing the different height
parameters.

(a)

(b)

Fig. 17. Pictures of the fabricated prototype: (a) top view of the assembled
antenna, and (b) view of both parts disassembled.

a final spiral-shaped pedestal along which the short pins are
arranged. Such pedestal has the same height hp = 0.87 mm as
the bed of nails, whereas the height of the shortcircuit pins is
hps = 2.5 mm to avoid field leakage. The top piece is merely
a plate of thickness t = 1 mm, where slots are drilled. Both
pieces are assembled leaving an air gap g = 0.63 mm between
the top of the short pins and the slotted plate.

The antenna is fabricated entirely in aluminum by a CNC
milling machine. A top view of the constructed antenna
and both pieces disassembled are shown in Fig. 17. Twelve
screws and four alignment pins are arranged along the outer
antenna contour in order to assure a proper assembly of the
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Fig. 18. Measured and simulated reflection coefficient at coaxial input port.
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Fig. 19. Measured and simulated boresight axial ratio versus frequency.

pieces. Besides that, with the aim of improving the structural
robustness of the slotted plate, a thicker spiral rim is added
along the edge of this piece. It should be noted that two slots
belonging to the outermost spiral turn have been drilled thicker
than required due to a CNC manufacturing error, albeit with
negligible impact on antenna performance.

The reflection coefficient at the input coaxial port is mea-
sured with a vector network analyzer, and plotted in Fig. 18
compared to simulation. An S11-parameter better than −15 dB
is measured in a wide frequency band, despite it does not
reach the optimum level predicted by simulation. Note that,
due to the fact that the slot array is inherently well matched,
the antenna matching performance is mainly governed by
the coaxial probe height. In practice, such height is difficult
to adjust and, in most cases, the probe is not completely
vertical, which impairs the reflection coefficient. Alternative
feeding mechanisms, such as a disk-loaded probe, might be
considered to enhance robustness against fabrication inaccu-
racies. Notwithstanding the above, the RLSA matching is
quite satisfactory considering the extremely simple feeding
mechanism, far below the usual −10 dB threshold.

The radiation performance of the RLSA prototype has
been measured in an anechoic chamber by sampling the field
across a complete sphere and applying near-to-far field trans-
formation. Firstly, the measured boresight axial ratio versus
frequency is plotted in Fig. 19. Despite the experimental values
are not as low as those given by simulation, the axial ratio
remains below 0.6 dB within a wide frequency band. Such
good performance confirms the excellent polarization purity
of circularly-polarized RLSA antennas.

Normalized radiation patterns at the design frequency are
represented in Fig. 20 along both main planes. A very good
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Fig. 20. Measured and simulated radiation pattern at 30 GHz: (a) φ = 0◦,
and (b) φ = 90◦.

match is observed between measurement and simulation for
the directive copolar pattern, being very similar to that radiated
by an ideal uniform circular aperture. Regarding crosspolar
pattern, it exhibits a expected minimum at broadside direction,
though not as deep as that predicted by simulation. The
maximum crosspolar radiation, however, keeps below −20 dB
within the whole visible range. Lastly, measured copolar
radiation patterns for five equispaced frequencies within the
antenna bandwidth are plotted in Fig. 21. A good frequency
stability in pattern shape is evidenced, suffering the common
effects of sidelobe raise and null filling as the frequency
deviates from the design value.

The maximum directivity has been evaluated by integrat-
ing the measured radiation patterns over the entire sampling
sphere. These values are plotted in black dots in Fig. 22
together with the simulated curve. The aperture efficiency
thresholds are also shown in dashed gray to assess the illumi-
nation property. As can be seen, a very slight frequency shift
can be noticed between simulation and measurement, due to
fabrication tolerances. Such shift is estimated to be around
100 MHz, i.e. a small deviation of 0.3%. The measured peak
directivity is 35.3 dBi, which corresponds to a remarkable
value of aperture efficiency of 87% (89% in simulation).
Lastly, the 1-dB-drop directivity bandwidth is 1.05 GHz, quite
reasonable considering the antenna size and the series feeding
of this kind of antennas.

To conclude the experimental validation, the antenna gain
is evaluated by comparison with a standard LP horn in
both polarizations. The measured total gain is represented in
Fig. 23, where the thresholds now indicate the total efficiency.
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Fig. 21. Measured copolar radiation patterns at equispaced frequencies: (a)
φ = 0◦, and (b) φ = 90◦.
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Fig. 22. Measured and simulated maximum directivity versus frequency.
Aperture efficiency thresholds are indicated in dashed gray.

The maximum gain is 35.0 dBi at 30 GHz, for a peak
total efficiency of 82%, outperforming the previous RLSA
realizations at this frequency band. In this regard, the all-metal
nature of the proposed antenna allows achieving a measured
radiation efficiency of 94% at 30 GHz.

In order to assess the relevance of the proposed antenna, the
main characteristics of previous CP-RLSA arrays are summa-
rized in Table II and compared to this work. In the classical
design of a dielectric-filled RLSA, a total efficiency as high as
84% was reached at 12 GHz band [14]. When such architecture
is employed at higher frequencies, however, the total efficiency
drops to 55% due to higher dielectric losses [15]. All-metal
RLSA realizations potentially enhance the radiation efficiency
as well as the power handling capability. In works [16],
[17], all-metal double-layered RLSAs with corrugations are
proposed for HPM applications. In these cases, however, the
slot layout is not optimized, thus limiting the total efficiency
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TABLE II
CP-RLSA PERFORMANCE COMPARISON

Ref. Topology Slow-wave mechanism Frequency Diameter Gain ηap* ηrad* ηtot*

[14] Single-Layer Homogeneous dielectric 12 GHz 24 cm 28.6 dBi n.a. n.a. 84%

[15] Single-Layer Homogeneous dielectric 60 GHz 10 cm 33.4 dBi n.a. n.a. 55%

[16] Double-Layer Corrugations (all-metal) 9.5 GHz 54 cm 29.0 dBi 45%** 62% 28%

[17] Double-Layer Corrugations (all-metal) 12 GHz 40 cm 32.0 dBi 63%** n.a. 63%**

[18] Single-Layer – 20 GHz 40.5 cm 35.9 dBi 56% 96% 54%

This work Single-Layer Bed of nails (all-metal) 30 GHz 20 cm 35.0 dBi 87% 94% 82%

* The aperture efficiency is measured as ηap = D/Dstd, being D the antenna maximum directivity and Dstd the standard directivity, defined as the directivity
of an ideal uniform aperture of the same area. The radiation efficiency, ηrad, is the ratio of the total radiated power to the net power accepted by the antenna.
The total efficiency, ηtot, is the product ηap × ηrad, also computed as ηtot = G/Dstd, being G the antenna maximum gain.
** Simulated result (measurement not available).
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Fig. 23. Measured and simulated gain versus frequency. Total efficiency
thresholds are indicated in dashed gray.

up to 63% (in simulation) at 12 GHz. Finally, a simpler all-
metal single-layer RLSA without slow-wave structure [18] is
not able to reach high aperture efficiencies, remaining at 54%
total efficiency at 20 GHz. In this work, an outstanding 82%
of total efficiency is achieved at 30 GHz by combining an
all-metal slow-wave structure and an accurate optimization
process, clearly improving preceding high-frequency RLSA
antennas.

VI. CONCLUSIONS

This paper presents a single-layer RLSA antenna with an
all-metal slow-wave structure with the aim of maximizing
the radiation efficiency in Ka band. An equivalent model for
the waveguide region permits to formulate an accurate MoM
analysis and optimization routine, capable of efficiently design
the entire slot layout. As a consequence, aperture efficiencies
above 85% can be reached, which, together with a high
radiation efficiency granted by its all-metal nature, leads to
a total efficiency above 80%, unprecedented for an RLSA
in the millimeter-wave band. RLSA main drawback remains
being its limited radiation bandwidth, inherent to the series-
feed topology.

The all-metal RLSA here proposed can be considered as an
appealing alternative to high-gain slot arrays fed by intricate
waveguide networks in the millimeter-wave band. This antenna
provides a very pure circular polarization without the need for
additional polarizers, and the feeding network is extremely

simple, alleviating the required fabrication tolerances and
improving the radiation efficiency. Such simplicity makes this
antenna well suited to be fabricated by additive manufac-
turing or plastic-injection molding techniques, even more so
considering the contactless assembly used in the proposed
implementation.
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