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Solving Sub-wavelength Lattice Reduction
in Full-metal Front-ends for
Dual-polarized Active Antennas

Lucas Polo-Loépez, Esteban Menargues, Santiago Capdevila, Giovanni Toso, Senior Member, IEEE
and Maria Garcia-Vigueras, Member, IEEE,

Abstract—This paper proposes an original structure of evanes-
cent quad-ridge antenna to conceive dual-polarized full-metal
front-ends that can be used in active antennas with wide field-of-
view. An original design methodology is here proposed that allows
to induce radiation from sub-wavelength squared apertures
based on the use of evanescent and quad-ridge waveguides. The
proposal is illustrated by means of a design with 4.5% bandwidth
providing dual-circular polarization with good performance up
to 50°-scanning even in the diagonal plane. For comparison
purposes, a metallic benchmark is also proposed, which is based
on the use of classical quad-ridge horns. Such comparative
analysis allows to understand the superior performance of the
proposed concept and its main advantage: it allows to avoid the
excitation of the first high order mode in the squared quad-
ridge aperture. The excitation of such spurious mode in the
antenna is explained in terms of simple equivalent circuit models
characterizing the aperture periodic discontinuity.

Index Terms—Active antennas, phased arrays, sub-wavelength
radiating apertures, satellite antennas, periodic discontinuity
circuit modelling.

I. INTRODUCTION

LEXIBILITY enhancement in space-borne payloads is a

requirement becoming more and more important recently
[1]. In the near future it is expected that new payloads can
evolve and re-adapt to new market needs during satellite
lifetime. The use of active antennas (AAs) allows to at-
tain such reconfigurability, since they can change the shape,
position and power level of their beams [2]. Additionally,
when implemented as Direct Radiating Arrays (DRA), AAs
have the potential for avoiding cumbersome mechanical and/or
deploying mechanisms [3].

One of the most demanded reconfiguration capabilities is
the possibility of steering the radiation pattern. Low Earth
Orbit (LEO) satellite applications typically require a £50°
field of view (FoV) [4]. The steering requirements for ground
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terminals are also similar. The maximum scanning angle that
can be achieved by any antenna array is limited by the well-
known theoretical limit associated to the appearance of grating
lobes (GL) [5]. Among other disadvantages, such undesired
radiated lobes may reduce the antenna efficiency, create in-
terference and violate ITU (International Telecommunications
Union) regulations. Hence, a current trend in the area of AAs
is the design of miniaturized radiating elements that can be
grouped into sub-wavelength lattices.

The following formula allows to predict the direction of
maximum radiation from the GL in a linear array (similar
formulas can be obtained for two-dimensional arrays) [35,
Ch. 1]:

Oy = sin ! <sin90 + i’g) m=1,2,3,... (1)
where 6 is the direction of the main lobe and P is the array
periodicity. Thus, the avoidance of the GL within the FoV can
be achieved by adjusting appropriately the periodicity of the
array lattice. For example, a squared lattice with P = 0.54\
allows to steer up to £50° all azimuth, while keeping the
main beam and the first side-lobe of the GL outside of the
FoV. Such an scenario is illustrated in Fig. 1.

Concurrently, during the last years, the interest in designing
satellite antennas at higher frequencies has increased, both to
produce more compact antennas and to obtain wider band-
widths that allow to achieve higher throughput [1]. Addition-
ally, novel antennas must also be able to operate in dual linear
or dual circular polarization (CP).

So far, the most consolidated solution for AAs is based
on phased arrays with sub-wavelength radiating patches or
apertures embedded in a dielectric medium [6]-[10]. Commer-
cial solutions proposed for LEO [11], [12] or Geostationary
Earth Orbit (GEO) [13] AAs are based on this principle.
The scanning capabilities of patch-based phased arrays can
be further improved thanks to the use of an external radome
[14]. Other sub-wavelength antennas, in this case based on
dielectric-filled apertures, can be found in [15]-[17].

All previous solutions confirm the classical trend to employ
dielectric materials in the conception of electrically small
radiating elements. At the same time, avoidance of such
materials is also usually preferred in antenna design for
space applications and operation in other harsh environments.
Multiple factors influence this choice, being limited power
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handling and high insertion losses (which eventually translates
into increased power dissipation) the most critical ones. Such
limitations have greater impact as the frequency of operation
increases. Additionally, their avoidance is even more justified
in the context of AAs, due to the DC-to-RF efficiency of solid-
state amplifiers in the Ku-band and above, which is still below
50% [18], [19].

Relevant examples of AAs prove the possibility to avoid
dielectric materials in front-ends by using all-metal radiating
elements. For instance, the DRA on board Eutelsat’s Quantum
satellite uses full-metal radiating chains of about 3\ periodicity
[20], [21]. Other DRA designs with lower periodicity (1.2))
have been proposed for Medium Earth Orbit (MEO) constel-
lations [22]. Yet, the FoV considered in these proposals is
not sufficient to address LEO applications. No sub-wavelength
full-metal solution for dual-polarized AAs has been proposed
so far in the open literature.

In this context, we propose two original solutions to solve
the sub-wavelength lattice reduction in full-metal arrays. The
first one is named as mini-horn, it is inspired by [23] and [24],
and it is based on a stepped quad-ridge waveguide. Though
this design seems the most intuitive way of addressing the
problem, it presents some spurious phenomena that degrades
its performance.

A second solution that allows to overcome this spurious
effect is proposed which is based on evanescent squared aper-
tures (operating below their cutoff frequency). Such elements
induce high transmission from quad-ridge waveguides to free
space thanks to the use of evanescent mode filters. These
Evanescent Quad-ridge Antennas (EQA) enable the design of
full-metal AA front-ends with dual polarization capabilities
and wide FoV. Here a design methodology for the EQA is
presented, as well as a circuit model to explain its performance
when operating in a scanning scenario.

Both the innovative EQA and the mini-horn are designed
considering the scenario illustrated in Fig. 1, so that their
performance can be compared. Due to the theoretical content
of this contribution, and the full-metal nature of the antennas,
the results are normalized with respect to the central frequency
of operation fy. Nevertheless, the manuscript also includes
breadboards in Ku-band to validate experimentally the new
concept.

This paper is organised as follows. Section II presents
the benchmark and a discussion of its performance. Sec-
tion III introduces the innovative evanescent antenna and a
methodology to synthesize a given bandwidth requirement,
while Section IV provides theoretical insight into the modal
behaviour of dual-polarized arrays (based on quad-ridge or
evanescent apertures) and shows why the proposed approach
based on evanescent waveguides provides better performance
than alternative designs based on propagating waveguides.

Finally, the performance of a specific EQA design is
analysed in Section V, proving the feasibility to scan the
main lobe within a FoV of £50° while maintaining a good
performance in terms of return loss and cross polarization
levels. Additionally, this section also covers the experimental
demonstration of the EQA concept. Three prototypes have
been built using metallic Additive Manufacturing (AM, based

90°

270°

Fig. 1: Array-factor pattern considering a squared lattice of
0.54\ periodicity. The yellow circle corresponds to a FoV of
£50°. This plot illustrates the scanning of the array main beam
at the edge of the FoV, while the first GL remains outside (for
an array of 16x16 elements).

on Selective Laser Melting). The experimental results are
discussed together with a tolerance study of the device di-
mensions, which highlights the robustness of the concept.

II. ARRAY OF QUAD-RIDGE MINI-HORNS

The most intuitive solution to reduce the size of the periodic
lattice in full-metal arrays is to use mini-horns loaded with
ridges. Single and dual-ridge designs with reduced footprint
have been proposed in [25]-[27]. The idea of quad-ridge
loading to attain sub-wavelength lattice and dual-polarization
seems to arise naturally [23], [24]. However, to the authors’
best knowledge, it has never been studied before in the open
literature.

The proposed quad-ridge mini-horn is represented in Fig. 2.
Its input port is sketched in Fig. 2 (c), the dimensions of the
four ridges are chosen so that the two degenerate fundamental
modes propagate well above the cutoff at the desired operation
band. As shown in Fig. 2 (b), this design consists of a
stepped transition that expands from the feeding waveguide
till an aperture of 0.5A. Such element can be grouped in
an array with a periodicity P = 0.54\ (considering a metal
thickness between mini-horns of 0.04\, which corresponds to
about 0.5mm in Ka-band). This simple design provides an
operational bandwidth of 4.5% and dual-linear polarization.
Dual-CP can be achieved by adding a polarizer component at
its input. The performance of such radiator is analysed next
considering the parameters defined in the Appendix.

The performance of the mini-horn is detailed from Fig. 3 to
6, which present respectively the parameters: S{}°**"¢ defined
in (7), Sﬂcme defined in (8), Co-pol defined in (9), and
XPD defined in (11). Results are shown for different scanning
directions (# ranging from 0° to 50°) in two significant planes:
¢ = 0° and ¢ = 45° (these two planes represent the
most advantageous scanning scenario, ¢ = 0°, and the less
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(@

Fig. 2: Structure of proposed mini-horn used as benchmark.
(a) Illustration of 3x3 array of elements. (b) Longitudinal inner
view of a single element. (c) Quad-ridge input port. P =
0.54)\0, Qg = bwg = 0.41)\07 Wy = 0.14)\0, hr = 0.10)\0.
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Fig. 3: S{""*¢ of the mini-horn when scanning in different
elevation angles 6. Plane (a) ¢ = 0° and (b) ¢ = 45°. For
60 = 0° the values are below —40dB; hence, the curves are
not shown.

advantageous scanning scenario, ¢ = 45°, further explained
in Section IV). Note that the results for the plane ¢ = 90° are
omitted because they are the same as those of ¢ = 0°. The
simulated performance is obtained by simulating the mini-horn
in a unit-cell environment (using CST Microwave Studio).
As these figures show, the performance of the mini-horn
is very good when pointing at bore-sight (i.e., § = 0°,
¢ = 0°). However, as soon as the antenna is scanned, a
singular point appears exactly at the frequency f = 0.997 fy,
which can be observed in all graphs and for all considered
parameters. This frequency value corresponds exactly to the
cutoff of the first high order mode of the aperture, which is

¢=0°
0 —

o

Z

[

=

<=

%)

—0=0° —9=10° —=20° —0=30° — 0=40° = ¢=50°
40 i i i 7 i i i

(@)
$=45°

Or

-10
-20

ngftive (d B)

-30

40 . . . . . . . .
0.96 097 0.98 0.99 1 1.01 1.02 1.03 1.04

Frequency (Normalized to fo)
(b)

Fig. 4: S3i¢*"v¢ of the mini-horn when scanning in different
elevation angles 6. Plane (a) ¢ = 0° and (b) ¢ = 45°.
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Fig. 5: Co-pol (LHCP) of the mini-horn when scanning in
different elevation angles . Plane (a) ¢ = 0° and (b) ¢ = 45°.

excited when the dual-symmetry of the mini-horn is broken.
This singularity is preceded by a resonance occurring within
the frequency band of operation. This spurious resonance
spoils the initial good behaviour of the antenna, and the most
remarkable consequence is the drastic decrease of the Co-
pol levels in Fig. 5, which is associated to the increase of
S{etive and Saietve (see Fig.3 and 4). Additionally, the XPD
deteriorates significantly in the vicinity of such resonance.
The detailed physical explanation for the behaviour of such
spurious resonance phenomenon is provided in Section IV.
For the sake of completeness, it should be noted that the
design of the mini-horn does not provide freedom to shift the
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Fig. 6: XPD of the mini-horn when scanning in different
elevation angles 6. Plane (a) ¢ = 0° and (b) ¢ = 45°. For
0 = 0° the values are below —40dB; hence, the curves are
not shown.
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appearance of the spurious resonance away from the operation
band [23]. On the one hand, the antenna design imposes
that the ridges should be sufficiently large so that the cutoff
frequency of the fundamental degenerate modes is below the
operation band. Once this dimension is chosen to operate at a
given frequency, the cutoff frequency of the high order mode
is also determined and therefore it cannot be modified by
optimizing the geometry of the waveguide. The mono-modal
frequency band of quad-ridge waveguides is inherently very
narrow [23]. Moreover, as it has been seen in the graphs above,
the spurious resonance associated to the first high order mode
appears below its cutoff frequency.

On the other hand, operating above the launching of the
high order mode (e.g. choosing as operation band the range
from fy to 1.04fp) and accepting its excitation is not an
interesting option because this high order mode drains power
from the fundamental mode, which produces an increment of
the scan loss, reducing therefore the antenna efficiency. In
fact, the mini-horn presents relatively high scan losses (almost
3 dB when scanning to the FoV) even at these frequencies. In
addition, regardless of the scan loss, the maximum operation
frequency is limited by the appearance of GLs. As illustrated
in Fig. 1, the array periodicity has been chosen so that the GL
remains outside of the FoV when the main beam is scanned
to its edge. By operating at higher frequencies the periodicity
would be increased (in electrical terms) and therefore the GL
would get into the FoV.

In conclusion, according to these results, the mini-horn
presents important limitations when used in a steering sce-
nario. Depending on the application requirements, these lim-
itations might be acceptable and the mini-horn would then
constitute an adequate solution. Nevertheless, in order to also

one in Fig. 2 (c), the aperture size is 0.41\g and P = 0.54 .

i leva,l lres leva,z
Ref Ref
(@)
SRES e=>
o —
Yo1 = Ywe 1 DE‘; J2 Yoz = Ywe
I —

(d)

Fig. 8: (a) Schematic representation (lateral view) of a quad-
ridge resonator with two adjacent evanescent waveguide sec-
tions that act as admittance inverters. The reference planes for
the S-parameters calculation are marked by dashed red lines.
(b) Circuit equivalent of this structure.

give response to application cases where a higher performance
is required, the next section presents a more sophisticated
quadridge aperture concept that overcomes the limitations seen
in the mini-horn design.

III. EVANESCENT QUAD-RIDGE ANTENNA
A. Antenna description and design process

In this section we present the evanescent quad-ridge antenna
(EQA) as a successful alternative to induce radiation from sub-
wavelength apertures. The possibility to induce high transmis-
sion through evanescent apertures has been demonstrated in
the context of periodic metal screens [28], and for interleaved
and overlapped GEO subarrays [29]. In this last reference, the
antenna is not used for scanning purposes, and the case of
single-ridge, single-polarized waveguides is considered.

The proposed EQA is represented in Fig. 7. As in the
case of the mini-horn, a quad-ridge waveguide is used at the
feeding port to enable dual-mode excitation and dual-polarized
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radiation from the antenna. However, in this concept, instead
of gradually opening the waveguide to induce transmission, the
EQA uses cascaded sections of evanescent squared waveguide
and propagating quad-ridge waveguide (of respective length
leva,; and Iy, ;) with constant dimensions along the longitu-
dinal axis (z in Fig. 7). These waveguide sections allow to
couple the energy from the input port to the free-space.

The proposed EQA design methodology is based on the
slope-parameter filter technique presented in [29], [30]. The
evanescent waveguides are regarded as inverters, and the quad-
ridge sections as resonators. In the present case, for the itera-
tive refinement of the resonators’ susceptance, the equivalent
circuit in Fig. 8 applies, and it results in the following equation
[31]:

§Res _ J3Y5) — JiYos + JBYg1 Y02

J3Yo1 + J2Yo2 + jBY01 Yoo

where J; and J> are the admittance inverter values of the two
evanescent waveguide sections adjacent to a certain quad-ridge
resonator, and Yy, = Yo = Yy is the wave admittance of
the quad-ridge waveguide fundamental mode. By means of a
full-wave simulation the value of Sf¥** can be obtained, which
allows to determine the new estimated value of the resonator
susceptance (B).

It should be noted that the EQA can be modelled by
adopting conventional theory of evanescent filters [32, Ch. 4].
Although it is out of the scope of the present contribution,
it is expected that the design of EQAs can also consider
selectivity criteria, extended harmonic rejection, enhancement
of the power handling, etc.

2

B. Bandwidth control

Similarly to conventional filters, the bandwidth of EQA
can be determined by the number of resonators used in its
design. In general, increasing the number of resonators (i.e.,
the order, V) permits to obtain a design with wider bandwidth.
To illustrate this, Fig. 9 presents three different designs with
N = 2,4 and 6. It should be clarified that there is a practical
limitation in the maximum bandwidth achievable by the EQA.
It has been found that the limiting factor is the length of the
last evanescent section (i.e. the one that interfaces between
guiding media and free space). When increasing the bandwidth
of EQA, the value of the admittance inverters associated to
each evanescent section increases. Nevertheless, the required
admittance inverter value of the last evanescent section in-
creases faster than those corresponding to internal sections.
Since greater inverter values are synthesized by means of
shorter evanescent sections, there is a manufacturing limitation
related to the greatest inverter value that can be synthesized.

Table I lists the admittance inverter value of the last
evanescent section, Jj,s; (such values are normalized to the
wave admittance of the quad-ridge waveguide fundamental
mode), for the three examples in Fig. 9. These three values
remain below the value 0.984, which has been chosen as a
limit corresponding to 30 pm (+10um due to tolerances) at
a typical operation frequency of fy = 24 GHz. These figures
correspond to the smallest feature that could be manufactured
using classical machining or metal 3D printing. Please note

=0°
0 ¢

o -10
RS
g 2
g —N=2
<(/)N 30 |===N=4

N=6

40 & I I L) I
0.94 0.96 0.98 1 1.02 1.04 1.06

Fig. 9: S5i¢t"ve for three EQA with different order.

TABLE I: Bandwidth and J;,,; for three EQA with different
order.

] [IN=2[N=4[N=6]
ABW | 45% | 57% | 7.5%
Jiast/ Yo | 0.940 [ 0.913 | 0.983

that this choice of fj is completely arbitrary and just follows
an illustrative purpose. The same reasoning could be followed
for any other frequency value.

Additionally, it should be noted that for the adequate
functioning of the filter it is necessary that the operation
bandwidth is above the cutoff frequency of the ridge sections
and below the cutoff frequency of the evanescent sections. This
same limitation appears in conventional filters where several
resonating cavities are coupled through irises.

Consequently, following the previous design methodology,
the widest fractional bandwidth that has been attained with the
EQA is 7.5%. Further increase could be achieved by adopting
full-wave optimizations and using this design as starting point.
It should be noted that such constraint does not fully limit
the antenna applicability, since these fractional bandwidths are
typically sufficient for multiple use cases of AAs with wide
FoV (e.g., military Ka-band in downlink and uplink is 5% and
3.5% respectively, while commercial Ku-band uplink is less
than 6%).

IV. DUAL-POLARIZED DISCONTINUITIES AND SPURIOUS
MODE EXCITATION

The dual-polarized discontinuities considered in the mini-
horn and the EQA are here analysed from a physical insightful
perspective. This allows to understand ans justify the eventual
appearance of spurious phenomena.

A. Modal solutions in radiating apertures

The antenna radiating aperture is a square quad-ridge dis-
continuity in the case of the mini-horn, and an empty squared
discontinuity in the case of the EQA. The first three modal
solutions of both of these apertures are analysed with CST, and
their field profile and cutoff frequencies (f?) are depicted in
Fig. 10. The first two modes (M1 and M2) are the fundamental
ones, and they are degenerate (i.e. they have the same cutoff
frequency, and their field distribution is equal with a 90°
rotation). In the case of the quad-ridge aperture, all modes
start propagating earlier than for the evanescent one, due to
the influence of the ridges. As it can be seen in Fig. 10, the
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Fig. 10: Three first modal solutions in quad-ridge and evanes-
cent apertures. The electric field patterns are represented, and
the electric (E) and magnetic (M) symmetries appearing in
vertical (V) or horizontal (H) axes are highlighted.

field distributions of these three modes are somehow similar in
both apertures. They correspond to the TE;g, TEy; and TEq;
modes of the squared waveguide, and they are perturbed by
the ridges in the case of the quad-ridge discontinuity.

The aperture of the array can be regarded as a periodic dis-
continuity between the guided medium and free-space (which
implies the consideration of an array of infinite elements).
At this interface there is an exchange of power between
the waveguide modes and the free space modal solutions,
which are TE- and TM-polarized plane waves. This coupling
between the different modes is carried out through different
aperture field profiles, which present the same transverse
field distribution as the aforementioned waveguide modes. For
example, below the appearance of GLs, and when scanning
in the ¢ = 90°-plane, M1 couples to a TM-polarized plane-
wave radiating in free space (the fundamental TMy harmonic)
through the Profile 1. In the same circumstances, the guided
M2 couples to the fundamental TEyy harmonic through the
Profile 2, and M3 to the TMq( harmonic through the Profile 3.
Note that each Floquet harmonic is denoted with its variation
order mn, as it is done in [28]. Therefore, the fundamental
ones are referred to as 00.

The considered dual-polarized apertures are symmetric with
respect to the horizontal (y = 0) and vertical (x = 0)
planes, as it can be seen in Fig. 10. In particular, Ml
presents electric-horizontal and magnetic-vertical symmetries,
while the ones presented by M2 are magnetic-horizontal and
electric-vertical. Finally, M3 presents magnetic-horizontal and
magnetic-vertical symmetries. These symmetry conditions im-
ply that, when all the elements of the array are excited in phase
(i.e. when pointing at bore-sight), the modes orthogonality is
respected and there is no transfer of energy between them.
However, when the symmetry of the structure is broken or as
soon as the beam is steered, coupling between modes may
occur. For example, M1 and M3 will couple when scanning

(2),T™M
Yoo
T
(1),TE
YM3
- Tz
(1), TE (2), ™
Vi1 Yoo
=} SlDlL'SC |

(b)

Fig. 11: Circuits to model the discontinuity between the
antenna aperture and the free space under M1 excitation.
(a) Circuit 1: Simplest circuit assuming no coupling between
waveguide modes. (b) Circuit 2: Extension to consider even-
tual coupling of M3.

in the ¢ = 90°-plane, and M2 with M3 in the ¢ = 0°-plane.
When steering the beam out of the main planes, M1 and M2
will also couple (specially when ¢ = 45°).

B. Circuit modelling of the aperture

The circuits depicted in Fig. 11 model the periodic dis-
continuity between the last waveguide section of the antenna
array and free-space. For the sake of simplicity, the structure is
considered to be fed by the M1 (vertical excitation). The case
of M2 excitation can be considered analogously. The modal-
expansion approach proposed in [28], [33]-[35] is adopted.
The medium to the left of the discontinuity is guided whereas
the medium to the right is free-space, and they are respectively
denoted by the superscripts (1) and (2).

On the one hand, the simple circuit of Fig. 11 (a) charac-
terizes the active S parameters assuming no coupling between
waveguide modes [33]. The transmission line with character-
istic admittance Y]\(}f’TE represents the propagation of M1 in
the last waveguide section of the antenna. As it is justified
above, this mode couples to the fundamental TM-harmonic
in free-space, which is modeled by the transmission line with
admittance YO(O2 )™ The degree of excitation of such wave is
accounted for by the transformer of ratio ;. Finally, the terms
C1, Ly account for the quasi-static excitation of all high order
modal solutions that are compatible with M1 at both sides of
the discontinuity. In particular, C; and L represent modes of
TM and TE nature, respectively. Since the periodicity of the
array is sub-wavelength, no GL is expected to propagate at the
frequency of operation, and such quasi-static approximation is
valid [33].

On the other hand, the extended version of the circuit
presented in Fig. 11 (b) captures the possible excitation of
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Fig. 12: Active reflection coefficient of a periodic discontinuity
of quad-ridge square apertures. Comparison between full-wave
simulations (CST) and the circuit models in Fig. 11.

M3. Such scenario implies a considerable increase of the
circuit complexity. As it is discussed in [28], [34], [35],
this extension is typically needed when characterizing dual-
polarized apertures illuminated under oblique incidence, and it
involves the consideration of two different field profiles in the
discontinuity (profile 1 and profile 3). As explained in those
references, the energy coupling is characterized explicitly
through the transformers 7; and 75. Though analytical models
could be derived based on previous references, the circuit in
Fig. 11 (b) is a simplified version of the ones proposed in
[28], [34], [35], with the difference that the mutual couplings
between high order modes are not characterized to simplify
the numeric fitting. Such simplification implies a decrease of
the accuracy, which in our case can be accepted since the
purpose of the circuit is to capture the main singular effects
and provide physical explanations to them.

The value of the admittances in the circuits of Fig. 11 can
be computed from:

YT = ik i/ (wpo), 3)
Y™ = jweo k.00, )

Fig. 13: Active reflection coefficient of a periodic discontinuity
of square evanescent apertures. Comparison between full-wave
simulations (CST) and the circuit model in Fig. 11 (a).

where:

b Buri = koy/1 — fM1, if f> fM )
= —janr = —jko/fME 1, if f < fM

is the propagation constant of the mode Mi, k, oo = kosin(0)
is the propagation constant of the TM fundamental harmonic
and kg = 27 f/c is the free-space wave-number. The value of
the unknowns in the circuits (namely, the inductors, capacitors
and transformer ratios) can be obtained by numerical fitting
with full-wave simulations.

The two considered discontinuities are next analysed, com-
paring full-wave simulations and circuit responses. As it
will be shown, the circuital results allow to have a better
comprehension of the phenomena observed in the full-wave
simulations. In Fig. 12 the quad-ridge aperture (associated to
the mini-horn design) is considered, and the evanescent one
(EQA design) is studied in Fig. 13. It can be observed that
Circuit 1 performs well for the quad-ridge aperture only when
the beam is not scanned. In this scenario (Fig. 12 (a)) the
circuit predictions match with accuracy the full-wave response.
The first peak of SH*¢ = 1, appearing below fo, is well
captured by Circuit 1 in all cases depicted in Fig. 12. This
peak is associated to the transition evanescent-to-propagating
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of M1, since YJ\%’TE = 0at fM! Nevertheless, even for small $=0°

elevation angles, an additional resonance appears below fo or —0-10° — 0-20° — 6-30° — 6-20° — g=50°

which is not grasped by Circuit 1. This peak is related to the o -10f

ex01t.at10n of M'3 in the quad-ndge'wavegulde, and it is well f 20 ; —

predicted by Circuit 2. The coupling to M3 results in two 5 _

remarkable phenomena: a singular point of minimum reflec- %" 30|

tion appears at fM3 (where YI\(/};TE = 0), that is preceded /

by a peak of full reflection (which is related to the fact that 40

Z](\}IQTE =1/ YJ\(};TE tends to infinity, meeting somewhere an (@

inductive value that causes a resonance in series, and thus, a

short-circuit). In Figs. 3 to 6, such dual-behaviour can also o- ¢=45°

be clearly identified, since the singular point appears always o 0L

at fM3, and it is preceded by a resonance. Therefore, the = —

proposed circuit provides a theoretical basis that explains the ;2: . 20

glitch observed in these figures. This behaviour was firstly G5 307 —

explained in terms of equivalent circuits in [33]. -40 : : : : : : : :
0.96 097 0.98 0.99 1 1.01 1.02 1.03 1.04

Finally, it should be noted that a third resonance appears
above fy in Fig. 12, which shifts down in frequency while
the scanning angle increases. Such peak is related to the
launching of the first GL (the TMy,_; Floquet harmonic).
Neither of the circuits grasp the effect of this mode, since
its contribution is not explicitly considered and it has been
modelled along with the other harmonics in the LC resonators.
When the beam is steered, the cutoff of the harmonic féo’fl)
approaches fp, and therefore the quasi-static approximation
becomes less accurate. However, it can be appreciated that for
all the scanning directions this peak is above the operation
band (marked by the dashed blue line in the figures). This
confirms the accurate choice of P made in Fig. 1.

For the case of the evanescent squared aperture considered
in Fig. 13, it can be observed that Circuit 1 matches the full-
wave response with great accuracy for all scanning angles,
since this aperture does not present a high order mode that is
being excited in the operation frequency band. In analogy to
the previous case, the peak of S5*¢ = 1 appearing at fM! =
1.23 f corresponds to the transition evanescent-to-propagating
of M1, which appears above f in this case since the aperture
is evanescent. Additionally, the effect of the Floquet harmonic
TMp,—1 is also observed at the same frequencies as before;
which is again not reproduced by the circuit for the same
reasons.

Lastly, thanks to the proposed circuit models it can be
concluded that the spurious resonance appearing in the per-
formance of the mini-horn is produced by the first high order
mode of the quad-ridge waveguide (mode 3). The EQA design
is free from this effect since, thanks to the use of an evanescent
discontinuity that already operates below the cutoff of the
fundamental mode, keeps the first high order mode very far
from the operation band.

V. EQA PERFORMANCE VALIDATION
A. Simulated performance

An illustrative example of EQA with N = 2 is analysed in
this section to illustrate the AA performance. The periodicity
and the operational bandwidth are 0.54\ and 4.5% respec-
tively, as in the mini-horn benchmark. Other dimensions of
the EQA are: leyq,;/ 0 = (0.11,0.20,0.02) and l,es:/ Ao =

Frequency (Normalized to fo)
(V)]

Fig. 14: S{"v¢ of the EQA when scanning in different
elevation angles 6. Plane (a) ¢ = 0° and (b) ¢ = 45°. For
6@ = 0° the values are below —40dB; hence, the curves are
not shown.
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Fig. 15: Sﬁdi”e of the EQA when scanning in different
elevation angles 6. Plane (a) ¢ = 0° and (b) ¢ = 45°.

1.03

(0.45,0.30). The simulations are again performed in periodic
environment, and the performance parameters are those that
have been used before and described in the Appendix.

The performance of the EQA is detailed in Fig. 14 to 17,
which consider respectively the parameters: S{\¢t*ve, Sgictive,
Co-pol, and XPD. Results are also shown for different scan-
ning directions (¢ ranging from 0° to 50°) in two significant
planes: ¢ = 0° and ¢ = 45°. As before, the results for the
plane ¢ = 90° are omitted.

The performance of the EQA is very good when scanning
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@ challenging scanning scenario (see Section IV). Moreover,
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or ¢= any spurious resonance within its operational bandwidth. This
= -10 / advantage is justified in Section IV. Additionally, since the
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Fig. 17: XPD of the EQA when scanning in different elevation
angles 6. Plane (a) ¢ = 0° and (b) ¢ = 45°. For 6 = 0° the
values are below —40 dB; hence, the curves are not shown.

1.03 1.04

anywhere within the FoV. Both S{}!"¢ and S3°*"" remain
below —20dB in the bore-sight direction and gradually dete-
riorate up to around —10dB as the elevation angle increases
(which is considered as an industry standard for active reflec-
tion coefficient). In terms of Co-pol, the levels of insertion
loss stay below 2dB in all the bandwidth and the FoV, as
shown in Fig. 16. Finally, the XPD in the plane ¢ = 0°
is excellent, remaining always better than 20 dB. Results are
slightly worse in the plane ¢ = 45°, decreasing from 35dB
to 10dB as the elevation angle increases. Nevertheless, this
is still a remarkable result, since this is typically the most

The EQA embedded radiation pattern for fy is shown in
Fig. 18 (a). The simulated bore-sight directivity is 5.6 dBi.
The plane ¢ = 0° exhibits scan loss following cos!-3° §, while
the plane ¢ = 45° exhibits scan loss following cos!6° 6.
In addition, Fig. 18 (b) compares the embedded radiation
pattern of the EQA with that of the mini-horn. The green
line corresponds to a scan loss of cos 6, which is the minimum
attainable scan loss. As it can be seen, the EQA is significantly
closer to this ideal bound, whereas the mini-horn presents a
scan loss following cos?'0¢. This is explained by the fact
that the EQA array does not excite the high order mode of the
quad-ridge waveguide when the radiation pattern is steered;
hence, no power is deviated to other spatial directions as it
occurs with the mini-horn. Alternatively, both designs can be
compared more clearly by directly studying how their scan
losses or aperture efficiencies vary with the scanning direction.
These two parameters are represented in Fig. 19. Again, it can
be observed that the EQA outperforms the mini-horn under
oblique incidence.

For the sake of completeness, a case considering an array
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Fig. 19: Scan loss and aperture efficiency of the EQA and
mini-horn (MH) at f for different scanning directions in the
plane ¢ = 0°.
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Fig. 20: Normalized radiation pattern produced by an array of
16x16 EQAs for different scanning angles in elevation along
the plane ¢ = 0°. All the patterns are normalized to the peak
in bore-sight (realized gain: 24.08 dBi). (a) Co-pol. (b) X-pol.

of 16x16-elements is also included in the article. These results
have been obtained by combining the performance of the
unit-cell with the corresponding array factor, and this permits
generalizing and validating the results. The choice of the array
size is arbitrary, and the radiation pattern results could have
been obtained for different array configurations by using the
corresponding array factor. Fig. 20 shows Co-pol and X-pol
when scanning in elevation along the plane ¢ = 0°.

Despite the previous example has been discussed assuming
a normalized frequency and perfect electric conductor, it
is worth evaluating the insertion loss of the antenna and
its dependency with frequency. Three examples at 12 GHz,
24 GHz and 48 GHz have been considered (lower frequencies
are not evaluated, since the EQA would be physically too
large, thus being less interesting for flat arrays). The study
assumes a conductivity of 3.56 x 107 Sm™! (conductivity of
the Aluminium). The obtained loss values for each of these
cases are 0.08dB, 0.10dB and 0.14 dB, respectively. These
values correspond to a radiation efficiency of 98.3%, 97.7%

(@) (b)

Fig. 21: Photographs of the experimental demonstrators
(a) EQA#1 and (b) EQA#2.

TABLE II: Dimensions (in mm) of the experimental demon-
strator.

‘ Awg ‘ hrid ‘ Werid ‘ lres,l ‘ l’!‘ES,2 ‘ leva,l ‘ le'ua,2 ‘ leva,3 ‘

1856200295 [ 924 [ 594 | 252 | 424 | 1.32 |

and 96.8%, respectively. Further comparison with other state-
of-the-art devices is provided in Section V-C.

B. Experimental Demonstrator

In order to demonstrate the feasibility of the new compo-
nent, three demonstrators have been manufactured and charac-
terized experimentally. The prototypes are shown in Fig. 21.
The order of the EQAs is N = 2 and the bandwidth of
operation is approximately 14-14.5 GHz (3.5% with a central
frequency of 14.25 GHz, corresponding to the uplink in Ku-
band). Despite the lack of neighbouring apertures the followed
design procedure is the same described in Section III-A. The
dimensions of this device are summarized in Table II.

The three prototypes correspond to two different versions of
the previous EQA. The fabrication technique used in all cases
is metallic AM. The first version (EQA#I, see Fig. 21 (a) and
Fig. 22 (a)) is divided in three blocks, each one containing
a resonator and a coupling iris. The second version (EQA#2,
see Fig. 21 (b) and Fig. 22 (b)) has been built following a
monolithic approach (i.e. in a single part). This requires to
make certain modifications to the ridges in order to enable
vertical 3D printing [36]. For this second design, two identical
prototypes have been manufactured to assess their repeatabil-
ity.

Both EQA#1 and EQA#2 are excited by means of a rect-
angular to quad-ridge transition. The internal air volume of
this device is depicted in Fig. 22 (c). Since the width of the
transition is greater than that of the quadridge waveguide, it
may arise the question on whether a 0.54 )\ periodicity could
be achieved for a complete array. Nevertheless, this can be
perfectly addressed by using meandered waveguides as an
interface between the transitions and the EQAs [37].
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Fig. 22: Internal air volumes (perspective and lateral view)
of the experimental demonstrators: (a) EQA#1, (b) EQA#2,
(c) rectangular to quad-ridge transition.

The transition has been fabricated as a separated part so
it can be rotated 90° in order to excite both the vertical and
the horizontal polarizations. In a real application, the device
would typically be excited through a ridged polarizer [38],
a miniaturized OMT or coaxial launchers fed in sequential
rotation.

The measured and simulated return losses are shown in
Fig. 23 (a)-(b). A value better than 20dB is obtained in
the operation bandwidth, which is an excellent result for a
sub-wavelength aperture. Moreover, it should be highlighted
that this return loss level is achieved simultaneously for both
polarizations. In fact, the response for the two polarizations
is almost identical, showing that the manufacturing process
respects the symmetry of the design. Additionally, the high
degree of agreement for the measurements of both EQA#2
prototypes demonstrates the repeatability achievable using
metallic AM.

Figure 23 (c) illustrates the measured realized gain for
both prototypes compared with the simulated values. The
excellent agreement between both sets of results demonstrates
the feasibility of the EQA as a viable radiating element.

The measured XPD is represented in Fig. 23 (d). It should
be noted that the simulated XPD is not depicted since, due
to the symmetries of the structure, its value is infinite. As it
can be observed the measured XPD is better than 20 dB for
both EQA#1 and EQA#2, which can be considered as a good
result, specially taking into account the experimental character
of the employed manufacturing technique.

Finally, Fig. 24 shows the measured radiation pattern for
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Fig. 23: Measured return loss for (a) EQA#1 and (b) EQA#2
(A and B make reference to each of the manufactured copies).
Measured (c) realized gain and (d) XPD for both demonstra-
tors.

both prototypes. As it can be seen there is an excellent
agreement with the simulations not only on the copolar but
also on the cross-polarized component in the diagonal plane.
Moreover, the XPD in the main planes (¢ = 0°,¢ = 90°) is
better than 25 dB for all the elevation angles.

As it can be appreciated in Fig. 23 (a)-(b), there is a small
shift of the measurements towards higher frequencies with
respect to the simulations which corresponds with a 30 pm
deviation of h,. This deviation is in the range of tolerances
inherent to the manufacturing process. A study has been
made to check how do these tolerances affect to each design
parameter. As it can be seen in Fig. 25, the EQA is very
robust except for alterations of h,.. However, since this error
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Fig. 24: Measured radiation pattern at 14.25 GHz for (a)
EQA#1 and (b) EQA#2.

is systematic (the three prototypes exhibit exactly the same
shift), it could be calibrated out by adjusting the design prior
to manufacturing.

As a final word, it is important to emphasize that the
monolithic manufacturing approach followed for EQA#2 re-
ports important advantages, especially when considering larger
arrays. First of all, monolithic manufacturing eliminates per-
formance issues due to misalignment or poor contact between
the parts composing the device. Additionally, as it can be
clearly appreciated in Fig. 21 (b), the volume of the device is
significantly reduced, which has a drastic positive impact on
the weight, cost and fabrication time of the device.

C. Comparison with other works in the state of the art

In order to put the performance of the EQA in perspective,
the obtained results are now compared with other AAs in
the state of the art. The following four references (some of
them based on dielectric patches, since there are not many
waveguide-based AAs with wide FoV in the literature) are
selected [27], [39]-[41].

The main performance indicators of these antennas are
collected in Table III. It must be emphasized that the results for
the EQA relative to the scanning performance are simulated
values, since no prototype of the complete array has been
manufactured. However, the presented EQA efficiency does
correspond to the measured efficiency of the prototype pre-
sented in section V-B. As it can be observed, the EQA reports

] Parameter | BQA [ 1391 | o1 [ 71 | 141 |
fo (GHz) 1425 | 11.70 | 14.25 | 100.00 | 34.00
Apw (%) 6.7 17.5 7.0 20.0 26.3

Periodicity (Ao) 0.54 0.60° | 0.51 0.60 >0.83"
Scanning range (°) | £50 | 20-60 | £75 +50 0
Dual polarization Yes No Yes No Yes
Full metal Yes No No Yes Yes
Efficiency (%) 93 72 87 89 90

* Estimated from the information in the paper.

larger efficiency (93% versus 72-89%) and a comparable FoV
in relation to other solutions with beam steering capabilities
in the state of the art. Moreover, the efficiency difference is
specially pronounced when comparing with planar solutions.

In addition, no other solution achieves at the same time
beam scanning, dual polarization and a full-metal implementa-
tion. Even very recent and innovative works in the field of full-
metal sub-wavelength steerable arrays like [27] are limited to
single-polarization operation. On the contrary, other full-metal
designs like [41] present dual-polarization but their radiation
pattern cannot be steered. In fact, if steering capabilities were
to be implemented in the array proposed in [41], the GL-free
FoV would be very limited due to its high periodicity.

VI. CONCLUSION

This work has addressed the problem of obtaining sub-
wavelength array elements with dual polarization for active
antennas (AAs) completely avoiding the use of dielectrics.
Two waveguide radiators have been proposed. The first of
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them is a miniaturized quad-ridge horn which is used as a
benchmark since it seems to be the most evident solution to
obtain dual-polarization operation. However, although valid for
normal incidence, this design has not permitted to obtain an
AA with a steerable radiation pattern due to the excitation of
the first high order mode of the quad-ridge waveguide.

A new antenna concept based on the use of evanescent
waveguide sections is proposed, the Evanescent Quad-ridge
Antenna (EQA). The performance of the EQA is proven to be
very good for AA applications, and its superiority is shown
when compared with the mini-horn due to the avoidance of any
spurious resonance in the operation band. Moreover, outside
this band the EQA presents high rejection, which potentially
allows to suppress the initial filter of the receiving chain in
the feed. A complete design methodology for this new type
of antenna has been developed.

Additionally, the spurious resonance affecting the mini-horn
is explained from a circuit perspective. Such a phenomenon is
inherent to dual-polarized radiation from quad-ridge apertures,
and it is related to the excitation of the first high order mode.
In the case of the EQA, the spurious phenomena is avoided
since the cutoff frequency of such mode is kept away from
the operation frequency band.

Finally, the EQA concept is validated experimentally by
means of a demonstrator in Ku-band (for which three proto-
types have been built and characterized) and the performance
of this new antenna concept is compared with other works in
the state of the art.

APPENDIX

Instead of simply observing the S-parameters of the antenna,
it is decided to define some parameters that allow to show
its performance when both vertical and horizontal modes are
excited simultaneously and in quadrature (attaining CP). This
way, the complete performance of the antenna can be fully
described by analyzing less data (basically, the cuts from ¢ =
0° to 45°). For this purpose, the antenna is considered to be
connected to an ideal polarizer, as shown in Fig. 26. The S-
parameters matrix of this polarizer is [42]:

0 0 1 —j
L 1o 0 —j 1
V2 |1 =i 0 0

-5 1 0 0

SPol _

(6)

It should be noted that the electrical ports 3 and 4 of
this polarizer correspond with the same physical port, which
interfaces with the input port of the antenna.

The antenna is defined by a scattering matrix of active S-
parameters that are computed considering a perfect periodical
environment. In this situation, it is possible to define the power
reflected at the excited port as:

Sﬁctwe — 5 (Sﬁnt _ Sé%nt —j- (Sg t + 5541 t)) , (7)
and the power reflected to the X-polarized port of the polarizer:

ctive 1 n n . n n
st = D (s s sitrsyh). ®

Additionally, the power radiated by the antenna aperture in
Co- and X-polarizations (LHCP and RHCP, respectively) can
be expressed as:

N |

CO-pOl (Sflnt _ jsfgnt _ jsgﬁnt _ ?1:4271,16) , (9)

N —

X-pol =

Finally, the X-polarization discrimination (XPD) can be de-
fined as

Co-pol

XPD = PO (11)
X-pol
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Fig. 26: Circuital representation of the proposed antenna (right block) cascaded with an ideal polarizer (left block). The incident
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