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Abstract—This paper describes a new family of all-metallic
radiators based on below-cutoff apertures fed by evanescent-
mode ridge waveguide filters. The pass band of the filters and
the polarization of the apertures are configured to radiate or-
thogonal signals at different center frequencies. The simultaneous
operation of these radiators in an array configuration results in
interleaved apertures producing overlapped fields. This strategy
reduces the volume and weight of the antenna system, which is
a specially appealing characteristic in satellite antennas. Each
isolated evanescent-mode filter ends in a small-size aperture
and is designed following a novel synthesis procedure. Next,
the radiating elements are combined, and the resulting array
is analyzed as a multiplexer from the input ports to the free-
space region thus accounting for all mutual couplings between
different apertures. To validate the theoretical formulations, a
prototype has also been manufactured. The results obtained show
very good agreement between simulation and measurements in
terms of reflection coefficient, side-lobe level and realized gain,
thereby fully validating the new family of radiating arrays.

Index Terms—Below cutoff apertures, Evanescent-mode ridge-
waveguide filters, Multiple spot-beam antennas, Overlapped ar-
rays, Satellite communications.

I. INTRODUCTION

IGH throughput satellite (HTS) systems allow broad-

band two-way communications for fixed or mobile users,
such as aircraft, high-speed trains or emergency vehicles. The
implementation of these systems in the Ka band [1], [2] can
provide a capacity of several hundreds of Gbits/s by means of
Multi-Beam Antennas (MBA) with frequency and polarization
reuse. Typically, two frequencies and two polarizations are
used (4 colors).

The most mature MBA architecture is based on 3-4 main
reflectors in a Single-Feed-per-Beam (SFPB) configuration.
This solution permits to minimize spillover and to generate a
continuous coverage of high-gain spotbeams with the required
beam-to-beam isolation [3], [4]. The total efficiency of the
system is maximized by using large-aperture high-efficiency
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feeds [5]. Main drawback is related to the number of main
reflectors, difficult to accommodate onboard a satellite.

Solutions based on Multiple Feed per Beam (MFPB) ar-
chitectures have been proposed with the objective of reducing
the number of main reflectors [6]. These solutions overlap the
footprints of the beams on the focal plane of the reflector
to generate all the beams with only one main reflector (pos-
sibly two for uplink and downlink). In [7]-[9], for instance,
overlapped beams are generated by arrays of circular apertures
operating simultaneously for two different colors. In [10], [11]
the beams are produced by adding a Fabry-Perot cavity in
front of an array of feeds. These solutions, however, are rather
complex and have been implemented only for a limited number
of beams.

Alternatively, Direct Radiating Arrays (DRAs) have been
proposed as a flexible solution for multiple spot-beam ap-
plications [12]. These arrays, where all the elements partic-
ipate to the generation of all the beams, must be fed by
sophisticated Beam-Forming Networks (BFNs) which tend to
be expensive and lossy. A strategy to minimize complexity
and losses consists of using overlapped sub-arrays with all-
metallic BFN and a plurality of amplifiers inserted at optimal
locations [13]. Furthermore, the use of aperiodic arrays has
also been proposed to reduce the number of elements and the
cost of the antenna, while producing, at the same time, low
grating lobe levels [14]-[16].

DRAs have become a promising solution, not only for
satellite communications but also for radar applications. The
specific choice of the radiating elements, however, is still an
area of open research. In multi-frequency/dual-polarization an-
tennas, the radiating element should be capable of covering all
the required bands/polarizations. In alternative, if radiating el-
ements operating individually at single frequency/polarization
are used, they must be interleaved in a small periodic cell.
Recently, fully-overlapped sub-arrays working in several bands
(X, Ku and Ka) have been proposed in [17], [18]. However,
the use of several dielectric layers restricts their range of
applicability.

In this paper, we propose a new all-metallic radiating
element formed by four apertures radiating two different fre-
quencies and two different polarizations (four colors) [19]. The
radiating elements are four square apertures (0.34\g x 0.34)\g)
in a 2x2 arrangement.

Other implementations of this type of radiating elements
have been proposed in the past using Substrate Integrated
Waveguide (SIW) [20], [21], Low-Temperature Cofired Ce-



ramic (LTCC) [22], microstrip [23], [24], and metallic wa-
veguide [25] technologies with quite good results. However,
the major problem in using conventional waveguide technol-
ogy is the restriction to use apertures with a cross section
that is greater or equal to the cross section of the feeding
(above cutoff) waveguide. In [25], for instance, the lateral
size of the housing and the apertures are 0.7)\y. This choice
avoids grating lobes, but makes it impossible to implement
interleaved apertures with different frequencies/polarizations.
A size reduction leads to the use of below-cutoff apertures,
which cannot be directly fed by waveguide sections of the
same or smaller dimensions due to the high attenuation that
guided waves suffer below cutoff.

The novelty of the solution proposed in this work is the
use of waveguide apertures with a side of about 0.35)\, so
that apertures of the same color can be separated less than
0.8\ in the interleaved sub-arrays. As a result, DRAs in
hollow waveguide technology with four different colors, and
without grating lobes, become possible. Although the resulting
square apertures are below-cutoff, their proper feeding is
achieved with the integration of the radiating aperture with
an evanescent-mode filter. This solution provides, in addition,
the filtering functionality required to isolate the signals cor-
responding to different frequency bands, and minimizes the
effects of passive intermodulation (PIM) in the system.

The use of small aperture antennas based on evanescent-
mode filters was already proposed in [26], where an aperture
of size 0.46)\y x 0.23)\q integrated in a ridge waveguide
band-pass filter was described. Only a single antenna was
considered in [26], which was designed to provide the highest
bandwidth (at the expense of selectivity and band-pass return
loss performance). In this work, however, a more complex cell
composed of 2x2 below-cutoff apertures has been conceived.
Moreover, the evanescent-mode band-pass filters have been
designed to fit the bandwidth of each frequency band, thus
separating in an optimal way the different colors used in the
cell. In this context, a novel procedure for general filtering
aperture antennas has been developed. The novel procedure
is able to implement the prescribed transfer function reducing
(or possibly avoiding) the final electromagnetic (EM) opti-
mization.

After the individual design, each small size evanescent-
mode aperture antenna is combined in a novel radiator. The
design of the radiator has been carried out considering the
structure as a four-channel multiplexer, where the free-space
plays the equivalent role of the manifold in a filter multi-
plexer [27]. The full-wave EM analysis is based on a rigorous
multimode equivalent network representation for both the
feeding filters [28], and the radiating apertures [29], thereby
rigorously accounting for all mutual coupling effects.

The paper is organized as follows: first, we evaluate in
Section II the performance of an array of interleaved below-
cutoff apertures. Next, in Section III, we describe a novel
design method for separate evanescent-mode ridge-waveguide
filters with one end radiating into the free-space. The results
of this design are then used as a starting point in Section IV
for the design of the complete four-color radiator. To continue,
we show in Section V comparisons between the simulated and
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Figure 1. Interleaved subarrays of square apertures: (a) radiating element
composed of four square apertures, and (b) four 3 x3 interleaved subarrays.
The shadowed apertures form a subarray for a single color.

measured performance of a radiator prototype manufactured
in aluminum. The paper is concluded in Section VI with a
summary of the results obtained.

II. INTERLEAVED SUBARRAYS OF BELOW-CUTOFF
APERTURES

The proposed all-metallic radiating element is shown in
Fig. 1 (a). The structure is composed of four square apertures
radiating four different colors (F1V, F2V, F1H, and F2H). Two
bands centered at frequencies F1 and F2, and two orthogonal
polarization, namely, vertical (V) and horizontal (H). The size
of the apertures and their separation are w and s, respectively.

The combination of several radiators of the same type forms
an array of apertures composed of four interleaved subarrays
with the phase center slightly shifted by the aperture width.
Fig. 1 (b) shows an example of four 3x3 interleaved subarrays
(the shadowed apertures highlight one of the subarrays). This
configuration allows for the overlapping of orthogonal beams
in the radiating plane, as required by multiple spot-beam
systems.

The design of the radiating element starts with the definition
of the size of the apertures. This size must be chosen so that
p, namely, the period of the apertures in the subarrays, is kept
below 0.8\ to avoid the appearance of higher order grating
lobes in the radiation pattern. Considering a separation s of
about 0.05)\, namely, 1 mm at 10 GHz, a w smaller than
0.35) is needed. Consequently, the apertures of the proposed
all-metallic radiating element must be below cutoff. Observe
that 0.8\ is an upper limit. Apertures can be smaller at the
expense of increasing the number of elements to keep the same
gain level.

A key issue in using below-cutoff apertures is how to
properly feed them. Fig. 2 shows the total efficiency (including
radiation and reflection losses) of several square apertures as
a function of the length of the feeding waveguide. As can be
observed, above cutoff apertures (w = 0.56\) produce 100%
efficiency for any length, however below-cutoff apertures
suffer a remarkable degradation of the efficiency for large
feeding lengths (specially for w = 0.34)).

The degradation shown in Fig. 2 can be completely avoided,
however, if the length of the below-cutoff waveguide and the
step to the free-space are used to implement the impedance
inverter that is needed at the output port of a waveguide filter.
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Figure 2. Total efficiency of a square aperture at 10 GHz.

In this context, therefore, we propose to use evanescent-mode
ridge waveguide filters to feed the radiating apertures. The
filters are formed by lengths of ridge waveguides, acting as
resonators, and lengths of below-cutoff waveguides, acting as
inverters. The below-cutoff aperture and the step between the
aperture and the free-space is in fact part of the last inverter
of the filter, thereby obtaining an efficient feeding, and, at the
same time, a more compact structure.

The different frequency bands (F1 and F2) will, therefore,
be separated by the transfer function of the filters attached
to each below-cutoff aperture. The optimal trade-off between
selectivity and filter order results in important benefits in terms
of losses, size, weight, cost and tolerance to manufacturing
errors. It is important to note that the evanescent-mode filters
corresponding to horizontal polarization apertures will be the
same used for vertical polarization after performing a 90
degree rotation (to orientate the TEjy electric field at the
below-cutoff aperture in the horizontal axis). As a result, only
two different filters must be designed. In the next section we
describe a novel procedure for the design of the filters, with
optimal (equiripple) transfer functions.

III. DESIGN OF BELOW-CUTOFF APERTURES FED BY AN
EVANESCENT-MODE RIDGE WAVEGUIDE FILTER

The design of small-aperture evanescent-mode waveguide
filtering antennas has been recently considered in the litera-
ture [26]. The proposed technique relies on the classic synthe-
sis procedure of evanescent-mode filters [30], that has been
extended to include the effect of the complex load provided
by a radiating aperture. This method has been conceived to
obtain the largest bandwidth, as both the input and output
inverters (the ones that are more relevant to control the filter
bandwidth) are essentially removed. This fact is illustrated
in Fig. 6 of [26], showing how the last ridge is located at
the aperture plane. As a result, a wideband and compact
filtering antenna is obtained. The method in [26], however,
cannot properly control the input/output coupling levels, and
therefore does not produce the optimal filter transfer function
to the free-space (normally equiripple) which provides the
highest selectivity for the specified maximum passband return
loss [31].
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Figure 3.  Configuration of a 4-pole evanescent-mode filter ended in a
below-cutoff aperture: (a) lateral view and (b) upper view. Resonators are
implemented by single-ridge waveguides. The housing and the aperture have
square-section of side w.

For the particular application discussed in this paper, this
procedure is clearly unsuitable. This is because the filtering
antenna bandwidth must fit the given frequency band, the
return loss must be kept low (to avoid reflections reducing the
power delivered to the apertures), and a transfer function with
optimal selectivity must be sought. All the requirements can be
met at the same time only if all degrees of freedom provided by
the basic filter structure are exploited, including also input and
output couplings. The topology under consideration is shown
in Fig. 3, where the lengths of the ridge resonators and the
below-cutoff waveguide sections between them are used to
control the response. In contrast to [26], there is a distance
between the last ridge resonator and the aperture to adjust the
output coupling. The input port can be a ridge waveguide (as
shown in Fig. 3) or can be based on a coaxial excitation. The
distance between the input port and the first ridge resonator
will be used to adjust the input coupling.

To design the individual filters, we propose in this paper a
more modern approach based on the slope parameter, replacing
the classic iterative synthesis procedure of evanescent-mode
filters detailed in [32]. This novel procedure is general, and can
be applied to almost any in-line filter topology. The procedure
starts with the basic synthesis equations of the lumped-element
bandpass prototype in admittance form for a filter of order n:

[ Yinp Ab
Jog = —e
gogi

bibit1

9igi+1
Abn}/outp
Indn+1

where A = (fs — f1)/fo is the fractional bandwidth of the
filter, Yinp and Y,y are the admittances of the input and output
ports at the center frequency fy = +/f2 f1, respectively, g; are
the normalized coefficients of the chosen transfer function,
and b; denotes the slope parameter of each resonator of the
evanescent-mode filter.

The expressions in (1) represent a generalized form of the
normalized expressions reported in section II of [25], which

(1a)

Jiiy1 = A i=1,2,...,n—1 (1b)

(Io)

Jn,n+1 -
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Figure 4. Topology considered for extracting the susceptance of a central res-
onator of the evanescent-mode filter: (a) Physical structure, and (b) equivalent
lumped-element model.

now allows different slope parameters b; for each resonator.
For an ideal half-wavelength waveguide resonator operating
with a TE mode, the slope parameter is theoretically given
by:

s A 0 2
bideal = §Y0 (/\i) )

where Yy, Ay and )o denote, respectively, the characteristic
admittance, guided wavelength and free-space wavelength of
the waveguide mode at the filter center frequency fj.

For a given transfer function shape (i.e., coefficients g;),
these expressions can be used to perform an initial synthesis
of the filter. The length of the evanescent mode sections
performing the coupling between resonators and input/output
ports are first determined in order to obtain the corresponding
admittance inverter parameter J computed by (1). Next, the
length of each ridge waveguide section is adjusted to obtain
the resonance at the center frequency fy taking into account
the loading effect of its input and output evanescent mode
sections. As a result, an initial value of all the filter dimensions
is obtained. The simulated response of the resulting filter will
be more or less close to the desired one (depending on the
particular filter topology), and a full-wave optimization must
be carried out to obtain a compliant transfer function. This
procedure is the one followed in [25].

The main inaccuracy of this method is that the slope
parameter used in (1) is the one of an ideal resonator, and
thus, all the resonators with the same cross-section will have
the same value. This is, indeed, a rough approximation of
the reality, where each ridge resonator has different length
and loading conditions. A technique has been proposed to
take into account the slope parameter in a more accurate
way [33]. In that work, the frequency dependence of each
isolated coupling element is extracted and assigned to the slope
parameter of its adjacent resonators. In this paper, we move a
step further by extracting the slope parameter from the full-
wave simulation of the real resonator loaded with its input and
output coupling elements as a whole. This approach has the
benefits of including also the higher-order mode interactions
between all elements, and the effective frequency behavior
of the real waveguide resonator. For a central resonator of
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Figure 5. S1 parameter of the 4-pole filter designed with the proposed tech-
nique for the first four iterations. Shadowed region shows the specifications
of the filter.

an evanescent-mode filter, the structure to be simulated is
shown in Fig. 4(a). An equivalence between such structure
and its corresponding part of a lumped-element prototype (see
Fig. 4(b)) is carried out. Then, the simulated input reflection
coefficient is equated to the one of the equivalent circuit,
obtaining:

a0 JaYin — J2You + jBYouYin

Sii=e -
H J(?utY;n + J]%Y;)ul + .]BY;)ut}/in

3)

where 6 takes into account the different position of the
reference planes in both circuits (related to l,o). Taking the
magnitude of the simulated Sq; parameter in (3), the value of
the susceptance B in terms of frequency can be derived. From
such term, the slope parameter of the resonator is evaluated
according to the classic definition:

wo dB (w)

b= 2 dw

@)
w=wo

which, now, has the real variation with frequency of the
susceptance of the resonator including also the loading effect
of the input and output admittance inverters. Note that the
slope parameter will be different for each resonator, thus
justifying the use of the generalized expressions compiled
in (1) instead of the normalized ones usually employed in
filter synthesis procedures [25].

Introducing the new slope parameters into (1), the values of
the admittance inverters are updated and a new synthesis of the
filter dimensions is carried out. An iterative procedure is then
followed, so that, after a very few iterations, excellent filter
dimensions are obtained (which, at most, will only require a
minor refinement).

The synthesis procedure just described is general, and can
therefore be applied for any filtering antenna fed by an in-line
direct-coupled cavity filter. In addition, it is also suitable to be
included into a Computer-Aided Design (CAD) framework.

In order to illustrate this procedure, the proposed technique
has been applied for the design of a small-size aperture fed by
a fourth-order evanescent-mode filter with ridge input port (see
Fig. 3) and equiripple response. The housing (and aperture)
side is w = 10.16 mm (about 0.34)), the height and width of
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Table T
DIMENSIONS (in mm) OF THE FILTER OPTIMIZED WITH THE PROPOSED
TECHNIQUE FOR THE FIRST 4 ITERATIONS

Parameter Iter 0 Tter 1 Iter 2 Iter 3
lo1 4.5243 6.1251 6.1189 6.1198
lry 7.4067 6.7709 6.7726 6.7723
li2 9.9077 12.8890  12.8822  12.8871
lry 6.3521 6.2443 6.2444 6.2443
log 11.1428  14.0870  14.0851  14.0903
lry 6.3521 6.2388 6.2439 6.2423
l3q 9.9077 13.4875 13.0330  13.0899
lry 3.6050 5.2213 4.9902 5.0207
las 2.1200 4.2776 3.8219 3.8768

the ridges are h, = 4.75 mm and w, = 3.5 mm, respectively.
A return loss better than 20 dB is requested in the filter
passband, extending from f; =9.925 GHz to f, =10.075 GHz.
The admittance of the output port (i.e, free-space) is taken to
be 1/n, where 7 is the free-space impedance. The response
obtained after the initial dimensional synthesis (i.e, the one
carried out using the slope parameter (2) for all the ridge
resonators) is the one labelled as Iter O in Fig. 5, showing
a huge bandwidth (more than 70% higher than the specified
one) and a somewhat degraded return loss in the bandpass.
This is the response that can be obtained with the procedure
detailed in [25], which would require substantial optimization
to obtain a final filter fulfilling all specifications.

Following the novel procedure described in this paper, the
real slope parameter of each resonator taking into account its
loading condition can be computed, and the prototype parame-
ters can be readjusted accordingly. As a result, the response is
improved iteration after iteration and reaches convergence with
only three iterations (see Fig. 5). The evolution of the filter
dimensions at each iteration is compiled in Table I. The final
response is excellent and does not require a final full-wave EM
optimization. The design procedure is therefore concluded.

It is now important to point out the differences between the
final response in Fig. 5 and the one obtained in [26] to achieve
the widest bandwidth. As it can be seen, an optimal equiripple
response with all the reflections zeros of the response placed
in the imaginary axis is obtained. It is well known that this
response (for in-line topologies without transmission zeros) is
the one providing the maximum selectivity for a prescribed
filter order, and a given return loss in the passband [31].
For this particular type of applications, involving different
frequency bands in the same radiator, it is essential to obtain
a good isolation between the different frequency bands to pro-
vide the purest signal to each below-cutoff aperture. This will
avoid unwanted interference that could reduce the measured
performance of the final antenna.

IV. MULTIPLEXER OF BELOW-CUTOFF APERTURES

The technique proposed in the previous section can be
used to design evanescent-mode ridge-waveguide filters ra-
diating into free-space. Although the technique is described
for a single filter opened to a single aperture in an infinite
ground plane, the extension to an arbitrary number of filters
and apertures is straightforward. The only additional point
consists in taking into account the relative position of the

different apertures in the ground plane, as described in [29].
The resulting structure can indeed be seen as a multiplexer
from N feeding filters to the free-space region (which acts
as the manifold combining the signals in a common port).
In addition, since the various radiating apertures radiate in
orthogonal polarization, the array implements also the function
of an orthomode transducer (OMT).

The interleaved subarray of below-cutoff apertures proposed
(see Fig. 1) is a particular multiplexer case in which each
aperture is fed by an evanescent-mode ridge-waveguide filter.
The passband of each aperture is given by the passband of
the feeding filter, whereas the polarization of the apertures is
given by the orientation of the ridges in the filter.

A total of two filters must be designed to form the unit cell,
as described in Section II. As a design example, we use in
this paper two bands centered at 9.625 GHz and 10.375 GHz,
with a bandwidth of 250 MHz and a minimum return loss
level of 15 dB in the passband (the design goal will be 20
dB to provide margin against manufacturing tolerances). The
designed rejection of each filter over the central frequency of
the adjacent channel must be above 15 dB. These specifica-
tions, a down-scaled frequency version of the two channels
considered in Ka-band multiple-beam applications, either for
downlink (around 20 GHz) or uplink (around 30 GHz), can
be satisfied (as a simplified proof-of-concept) with an in-
line filter of order 2 with optimal equiripple response. In
an up-scaled final application, channels would be closer. In
particular, only 500 MHz are dedicated for users either for
downlink or uplink [2] and, therefore, channels of no more
than 200 MHz separated 50 MHz should be implemented.
In this scenario, higher-order filter should be designed to
increase the selectivity, thereby permitting a smaller separation
between channels. It is worth mentioning that this separation
is independent of the generation of grating lobes, which only
depends on the electrical spacing (p/)) between apertures.

Figure 6 shows the longitudinal configuration of the
evanescent-mode ridge-waveguide filter. As can be observed,
the resonators are conventional single-ridge waveguides con-
nected through square waveguides working as inverters. A
last waveguide section (with length L3) is used to couple the
energy from the last resonator to the free-space region. The
length of the last section of below-cutoff waveguide (the last
inverter) determines the coupling to the free-space region.

In this case, the filters are fed by a coaxial waveguide
located at a height h, from the bottom wall of the square wave-
guide housing. The inner conductor of the coaxial waveguide
is introduced into the filter to excite the first resonator. The
dimensions and materials of the feeding coaxial waveguide
section are: h, = 6.05 mm, L, = 5.00 mm, d, = 1.27 mm,
dg = 4.10 mm, and &, = 2.10. The relative position of
the coaxial waveguide with respect to the waveguide walls
must be always preserved, regardless of the orientation of the
filter. Figure 7 illustrates the rotation of each filer to have
two different polarization for each passband. Labels F9 and
F10 refer to filters centered at 9.625 GHz and 10.375 GHz,
respectively, and V/H to the polarization of the aperture.

The filters have been designed using the technique described
in Section III (note that this technique is also valid for a
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Table 1T
DIMENSIONS (in mm) OF THE OPTIMIZED FILTERS
Parameter  Filter at 9.625 GHz  Filter at 10.375 GHz
Ly 1.65 1.95
Ly 5.86 5.45
Lo 791 8.71
Lyo 3.72 3.66
L3 1.78 2.46
hy 5.00 4.50
Wy 3.50 3.50

coaxial feeding). Table II shows the final parameters for the
two filters. It is important to note that, in order to facilitate the
manufacturing process, the same height has been considered
for all ridge resonators within each filter. As a result, only
the lengths of the different resonators and inverters have been
adjusted to achieve the desired response. This choice facilitates
also the full wave EM analysis of the structure, since only one
discontinuity needs to be analyzed to simulate rigorously all
resonators.

Once the isolated filters are successfully designed, the unit
cell of the multiplexer can be constructed according to the
configuration shown in Fig. 7 by properly rotating the filters.
Figs. 8 and 9 show the response of the filters centered at
9.625 GHz and 10.375 GHz, respectively, for two cases. The
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Figure 8. Sy; parameter of the filter centered at 9.625 GHz optimized
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Figure 9. S1; parameter of the filter centered at 10.375 GHz optimized
individually.
Table 111
DIMENSIONS (in mm) OF THE OPTIMIZED FILTERS IN THE UNIT CELL
Parameter F9V F9H F10V F10H
Ly 1.65  1.65 1.95 1.95
Ly 585 5.86 5.45 5.45
Lo 791 792 8.74 8.73
Lo 3.67  3.68 3.71 3.71
L3 1.78  1.80 2.59 2.59

first case shows the response of each isolated filter. The second
case shows the filters assembled to form the unit cell that is
simulated as a whole (for simplicity, only the response for the
vertically-polarized filters is shown). As can be observed, the
lower-band filter is barely affected by the presence of the other
filters, however, the filters centered at 10.375 GHz are affected
by the other filters, even though the configuration shown in
Fig. 7 minimizes the mutual coupling between apertures. To
solve this problem, the filters of the unit cell must be optimized
all together using the previous design as starting point and
following the classic design procedure for multiplexers [34],
namely, acting on a filter by filter basis and modifying first the
filter dimensions closer to the manifold (in this case, the free-
space). The final resulting dimensions are given in Table III.

The optimized unit cell can be replicated to form four inter-
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Figure 10. Si1 parameter of the central unit cell of a 3x3 array of apertures
with a period p =22.16 mm (0.8)).
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Figure 11. Radiation pattern of two arrays (3x3 and 6x6) of apertures at

10.375 GHz with a period p =22.16 mm (0.8)).

leaved subarrays of below-cutoff apertures. Fig. 10 shows the
S11 parameter of the central unit cell of the 3x3 configuration
that is shown in Fig. 1 (b). As it can be observed, the filters
are correctly centered within the desired passbands. Only the
return loss level is affected by the presence of the surrounding
cells, but it is still above the desired 15 dB level.

Fig. 11 shows the radiation pattern of the subarray with
vertical polarization, and a passband centered at 10.375 GHz
(F10V in Fig. 7). Two different configurations are considered
in this case, namely a 3x3 array and a 6x6 array. These
results illustrate the absence of higher-order grating lobes
in the radiation pattern due to the small separation between
apertures (p=0.8)). The aperture efficiency in both cases is
above 94%.

Alternative configurations to the one shown in Fig. 1 (b)
can be envisaged. For instance, the array may be split into
two arrays operating in two different bands, e.g. one centered
at 9.625 GHz and the other one at 10.375 GHz. This con-
figuration would reduce the periodicity in one direction half,
and would also reduce the complexity of the BFN. However,
the same periodicity as in Fig. 1 (b) should be kept in the
orthogonal direction to interleave apertures with orthogonal
polarizations (see unit cell for separate arrays in Table IV),
which would produce a non-symmetric radiation pattern. In

Table IV
COMPARATIVE OF ALTERNATIVE CONFIGURATIONS

Interleaved Separate arrays Wideband
opitcelll
T L A N R
Unit cell Uniteel2 A% H
F1V | | F2H
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, F2H | | F2V
Number of | ) '
arrays
Feeding .
network Medium Easy Very complex

addition, the advantage of having interleaved sub-arrays to
generate all downlink or uplink colors with a single structure
would be lost. For instance, a precise alignment between the
two arrays would be necessary to produce contiguous spot
beams on Earth. Also, note that, in case of using the proposed
interleaved subarrays to illuminate a reflector, as in a classical
MBA solution, the interleaving would permit the overlapping
of beam’s footprints at the focus of a single reflector to produce
contiguous spot beams on Earth. By having two separated
structures, two different reflectors and two different feeding
mechanisms would be necessary, thereby increasing the vol-
ume of the system with respect to the proposed interleaved
solution.

To keep all the array in a single structure, dual-band filters or
wideband filters (allowing the pass of both frequencies) could
be used. Under this configuration, the interleaving property is
not lost, and all four downlink or uplink colors can be gener-
ated by a single structure. An advantage of this configuration
is that a wider area of the array can be illuminated for each
color, thus improving the aperture efficiency. The main draw-
back of this configuration lies in the feeding network, which
must have a wider bandwidth of operation, and must include
several diplexers to assign to each aperture the appropriate
combination of signals. The complexity and cost of the feeding
network is thus highly increased, compared to the proposed
interleaved solution. This type of configuration is feasible,
but, due to the complexity of the feeding network, only for a
limited number of spots. Table IV shows a comparative of the
alternative configurations.

V. PROTOTYPE AND MEASUREMENTS

The four-aperture radiator described in previous section has
been fabricated in aluminum using CNC machining in order
to validate our design procedure. Fig. 12 (a) shows a picture
of the prototype ending in the radiating apertures. As we can
see, the ridges are placed according to the configuration shown
in Fig. 7. In order to minimize the manufacturing errors in
the height of the ridges, the breadboard has been divided
into three parts: two for the filter resonators, and one for the
feeding connectors, as shown in Fig. 12 (b). These connectors
are rotated 90° with respect to each other to guarantee the
spacing between apertures in this breadboard. Note that this
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Figure 12.  Fabricated breadboard formed by four apertures fed by four
evanescent-mode single ridge-waveguide filters: (a) Front view of the com-
plete structure (apertures on the ground plane), and (b) parts in which the
breadboard has been cut to simplify manufacturing.
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Figure 13. Measured (M) and simulated (S) Si1 parameter of the

horizontally-polarized elements of the fabricated breadboard.

breadboard represents the unit cell of the four interleaved
subarrays shown in Fig. 1. Each subarray would be fed by
an independent feeding network, with a single connector per
subarray. Therefore, the connectors in the final structure would
be placed further away and, thereby, a rotation of connectors
would not be necessary, no matter the operational frequency
band.

Figures 13 and 14 show the simulated and measured Sy
parameter at the input port of each filter. In all cases, the
measured response is centered around the pass band of each
filter (indicated by shadowed regions) with a return loss level
better than 15 dB. The discrepancies between measured and
simulated results can be attributed to manufacturing tolerances.
Alternatively, additive manufacturing techniques can be con-
sidered to avoid assembling problems [35].

The mutual coupling between the different elements of the
breadboard, plotted in Figs. 15 and 16, indicates that the
interaction between filters centered at different frequencies is
quite low, below —32 dB within the two bands under study.
However, the coupling between orthogonal elements operating
at the same frequency is around —20 dB within the pass band
of the filter. In order to decrease this coupling, alternative filter
configurations can be considered.

The radiation pattern of the different elements has been
measured at the central frequency in each band. Figs. 17
and 18 show the directivity of elements FOH and F10V [see
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Figure 15. Measured (M) and simulated (S) mutual coupling (S2; parameter)
between orthogonal elements centered at the same frequency.
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Figure 16. Measured (M) and simulated (S) mutual coupling (S21 parameter)
between elements centered at the different frequencies.

Fig. 7] on the main planes. As can be observed, in both cases,
the measured and simulated patterns are quite similar for both
copolar and crosspolar components. Note that the shape of the
patterns follows that of a small aperture since, in each case,
only one aperture is being fed. The discrepancies between
measured and simulated results around § =90° are caused by
the assumption of an infinite ground plane in the simulations.

Feeding the radiating apertures through an evanescent-mode
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Figure 17. Measured (solid lines) and simulated (dashed lines) directivity

on main planes of the element FOH at 9.625 GHz.
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Figure 18. Measured (solid lines) and simulated (dashed lines) directivity
on main planes of the element F10V at 10.375 GHz.

ridge-waveguide filter makes the operating bandwidth of the
apertures equal to the pass-band of the filter. To prove this
behavior, Figs. 19 and 20 compare the simulated and measured
realized gain and directivity at broadside for each element
as a function of frequency. As we can see, the realized gain
only approaches the directivity within the pass band of each
filter, indicated by shadowed regions. Outside of these regions,
the realized gain decays considerably and the filter no longer
radiates. A more abrupt drop (or selectivity) of the realized
gain outside the pass bands can be obtained using higher-order
filters.

Finally, the use of evanescent-mode filters instead of larger
above-cutoff rectangular waveguide filters (in order to reduce
the size of the unit cell and avoid harmful grating lobes) will
have an impact in terms of insertion losses and power-handling
capabilities. The design reported in this paper has been carried
out to obtain the larger dimensions for the apertures, and
therefore for the filter housing (working essentially at the limit
of 0.8 of separation between apertures of the same color). As
a result, the gap of the filters below the ridges is kept high for
the frequency band of operation (> 5 mm at 10 GHz), thus
limiting the performance degradation. The measured insertion
losses are below 0.4 dB in the passband (obtaining a radiation
efficiency above 92%, including connectors), which is a good
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Figure 19. Measured (M) and simulated (S) directivity and realized gain at
broadside of horizontally-polarized elements.
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Figure 20. Measured (M) and simulated (S) directivity and realized gain

(RG) at broadside of vertically-polarized elements.

figure for filters manufactured in bare aluminum with coaxial
excitation. Regarding power-handling capability, simulations
performed with SPARK3D (from Aurorasat, now with Das-
sault Systemes) of both isolated evanescent-mode filters sug-
gests a multipactor continuous wave (CW) breakdown above
10 kW for the worst filter at the worst edge of the passband
(and about 20 kW CW at the center frequency). Therefore, the
critical point will be the coaxial connector used for exciting
the filter (a standard SMA connector withstands around 50 W
at 10 GHz). To increase the power-handling capability, high-
power TNC or N coaxial connectors are required, whereas for
higher power levels (i.e., > 300 W CW), the filters must be
excited by an above-cutoff ridge waveguide coming from an
all-metallic BFN.

VI. CONCLUSION

In this paper we describe a new family of radiators consist-
ing of four interleaved subarrays of square apertures. The unit
cell of the radiator is formed by four apertures arranged in a
2x2 configuration. In order to avoid the appearance of grating
lobes in the radiation pattern of each subarray, the lateral size
of the unit cell is kept smaller than 0.8\, and, therefore, the
apertures are below cutoff.

The feeding of the below cutoff radiating apertures is
achieved through evanescent-mode ridge-waveguide filters,



which also define the operating frequency band and polar-
ization. A new design technique for in-line filters has been
proposed, which is also suitable for filtering antennas. The
new design technique provides an excellent structure without
optimization. The individual filters are then assembled to form
the complete radiator. The final dimensions are easily obtained
with a fast global refinement of all radiating apertures so that
all mutual coupling effects are taken into account.

In addition to theory, a prototype has also been fabricated
and measured. Measured results show very good agreement
with simulations. In particular, a return loss level better than
15 dB within the desired bands, and a mutual coupling
between the different elements better than —20 dB have been
achieved in all cases. The realized gain for each element
confirms that the apertures only radiate within the pass band
of each filter, with a realized gain around 5 dBi at broadside,
and a total efficiency near 100% within the pass band of the
radiating elements.

Although the family of radiators proposed in this paper is
specifically intended for space applications, their use can be
envisaged in all applications requiring multiple beam antennas.
Furthermore, the input feeding can also be effectively imple-
mented with ridge waveguides thereby further extending the
range of possible applications.

For DRA applications, a phase shifter can be inserted at the
input port of each filter, or at the input port of the feeding
network of a group of elements, to provide the desired beam
pointing. The insertion of these devices is independent of
the design of the evanescent-mode ridge-waveguide filters.
Additionally, a circularly-polarized radiation pattern can be
obtained by using a polarizer in front of the apertures, e.g.
a quad-ridge waveguide with 90°-phase-shifted fundamental
modes, a fully metallic 3-D polarizer built from a below cutoff
rectangular waveguide [36], or a feeding network providing the
proper relative phases to each individual radiator.

Finally, the same basic concept can also be implemented
using stacked PCB technology. In conclusion, we do believe
that the new family of radiators that we describe in this paper
can indeed become an enabling technology for both space and
ground multiple beam antenna systems.
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