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Article

Open-Ended Ridged Waveguide Elements for LEO
Direct Radiating Arrays in Ka-Band

Carlos Vazquez-Sogorb * , Roger Montoya-Roca * , Giuseppe Addamo * , Oscar Peverini *
and Giuseppe Virone *

IEIIT, National Research Council of Italy - CNR, Turin, Italy, carlos.vazquezsogorb@ieiit.cnr.it (C.V.-S.);
roger.montoyaroca@ieiit.cnr.it (R.M.R.); giuseppe.addamo@ieiit.cnr.it (G.A.); oscar.peverini@ieiit.cnr.it (O.P.);
giuseppe.virone@cnr.it (G.V.)

Abstract: This paper presents an extensive performance analysis of open-ended waveguide elements for direct

radiating arrays with high scan angle (± 50◦/60◦). The evaluated designs are based on square and hexagonal

apertures loaded with ridges. Both square and triangular lattices are considered in the framework of Ka-

band downlink design requirements for future LEO mega-constellations. The parameter space defined by the

monomodal condition has been explored to find an optimum value for each structure. The analyses are validated

with both infinite and finite full-wave models in terms of active reflection coefficient, scan loss and cross-polar

discrimination.

Keywords: open-ended waveguide; direct radiating array; LEO satellite; satellite communication; non-terrestrial

networks; ka-band; phased array antenna

1. Introduction

The new generation 6G paradigm is expected to offer uninterrupted connectivity and coverage
everywhere through non-terrestrial networks (NTN). The key aspect is the usage of satellite communi-
cations (SatCom) to complement the terrestrial networks in both fixed and mobile scenarios (SatCom
on the move). To this end, low Earth orbit (LEO) satellites are the most promising solution in terms of
lower attenuation and smaller latency [1] compared to medium Earth orbit or geostationary orbit.

Nowadays, SatCom user link generally operates at Ku- and Ka-bands. Multibeam antennas are
required to send the information to different spots on the Earth, maximizing spatial diversity and
covering wide areas [1,2]. At LEO orbits, direct radiating array (DRA) antennas are a suitable candidate
for flexible multibeam operation. However, a significant scan range of ±50◦/60◦ is required [3,4]
which is a challenging aspect in the antenna design in terms of impedance matching and polarization
purity. Other important figures-of-merit are radiation efficiency, cost and weight.

In this framework, few radiating elements have been presented in the literature such as waveg-
uide apertures (open-ended waveguides) [5–7], Vivaldi [8,9], microstrip patch [10,11] and substrated
integrated waveguide (SIW) antennas [12]. Among the different solutions, all-metal ones are promis-
ing thanks to their good power handling capabilities and higher radiation efficiency. An all-metal
evanescent quadridge antenna (EQA, square waveguide loaded with four ridges [13,14]), operating in
the Ku-band has been proposed in [5]. The antenna works in a 4.5% bandwidth with good performance
up to ±50◦ scanning angle. Unfortunately, such design does not cover the full downlink Ka-band
(17.7 - 20.2 GHz) where the bandwidth is instead 13.2%. A waveguide-based aperture and all-metal
Vivaldi radiating element covering the full Ka-band are presented in [15,16]. The first one provides low
performance at the E-plane, where a ±60◦ scan blindness appears at 20 GHz. Concerning the all-metal
Vivaldi radiating element, both E- and H-planes provides good performance when it scans up to ±40◦

with an active reflection coefficient (ARC) lower than -10 dB. Circular polarization is instead difficult
to achieve with such Vivaldi arrays.

In this paper, we provide an extensive study of open-ended ridged waveguides to assess their
performance as array elements. We present results for square and hexagonal waveguides in square
[14] and triangular lattices [17,18], respectively (such geometries are sketched in Figure 1). Differently
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from [5], we only consider the element at aperture level i.e. without the matching section in order to
find intrinsic peculiarities and limitations of each configuration. In this way, this study offers a starting
point to design more complex elements integrating the aperture itself and cascaded discontinuities for
matching improvement and polarization conversion.

(a) Square lattice (b) Triangular lattice

Figure 1. Open-ended ridged waveguide elements in square and triangular lattices.

The novelty aspect of this paper is the study of such square and hexagonal ridged waveguide
apertures in array environment to cover a bandwidth of 13.2% i.e. the downlink Ka-band in terms
of ARC, scan loss and cross-polar discrimination (XPD). For all configurations, we provide cut-off,
parametric and the complete performance analyses for the optimum parameter sets in both linear
and circular polarization. Even if the system operates in circular polarization, the linear one provides
additional physical insight.

To the best of the author’s knowledge, this is the first paper analyzing the quadridge element
design in the 13.2% bandwidth. This is also the first paper providing results on the hexagonal ridged
waveguide in triangular lattice.

The paper is organized as follows: Section 2 describes the main parameters for a LEO array design
such as periodicity and configuration. Section 3 presents the cut-off analyses for both quadridge and
hexagonal waveguides. Section 4 discusses and compares the performance of the proposed radiating
elements in terms of S-Parameters, scan loss and XPD. Section 5 validates the results using both infinite
and finite array approaches. Conclusion is reported in Section 6.

2. Array Design for LEO

As far as antennas for LEO satellites are concerned, typical requirements for array gain are in the
order of 35 dBi. Considering an element gain of 6 dBi with a scan loss of 3 dB at maximum scan angle,
the resulting number of elements is in the order of 48x48 elements.

The inter-element spacing providing grating-lobe-free condition is defined in Equation (1) [19,20].

p
λ
≤ 1

sinθL

1 − 1
N

1 + sinθS
(1)

where θL defines the lattice angle (i.e, see Figure 2, 90◦ for square lattice and 60◦ for triangular
lattice), θS is the maximum scan angle and N is the number of elements in a row/column.

According to Equation (1) and considering both the highest frequency of the band (20.2 GHz) and
a scan limit of 60◦, the period is equal to 7.8 mm (0.52λ) and 9 mm (0.61λ) for square (Figure 2(a)) and
triangular lattice (Figure 2(b)), respectively. Both arrangements are studied in this paper.
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(a) Square lattice (b) Triangular lattice

Figure 2. Lattice geometry.

The inter-element spacings reported above have been computed considering a finite array ap-
proach, which is suitable for a future prototype. Nevertheless, the large number of elements, i.e. 48x48,
justifies an infinite array approach for the element design.

3. Cut-Off analysis

The inter-element spacing was computed in the previous section to satisfy the grating-lobe-free
condition. With reference to Figure 1, waveguide apertures should be smaller than the inter-element
spacing to provide a minimum metal thickness of 1 mm for manufacturability [21]. Therefore, the
maximum waveguide sizes are 6.8 mm and 8 mm for square and triangular lattices, respectively. Such
sizes does not allow fundamental degenerate modes propagation in the operative band if square or
circular/hexagonal waveguides are considered. Dielectric filling has been proposed in [7] to lower
the cut-off frequencies of such waveguides. Similarly to [5], in this work we instead propose the use
of ridges to achieve fundamental mode propagation in the frequency band together with low losses
(all-metal solutions) and easier manufacturing. All-metal antennas are also generally preferred for
space applications.

The design of the ridged waveguides in terms of cut-off frequencies are reported in the next
subsections.

3.1. Quadridge Waveguide

The geometry of the quadridge waveguide [13,14] and its parameters can be seen in Figure 3. As
written above, the waveguide side a is 6.8 mm. The iso-level curves of the cut-off frequencies for the
two fundamental degenerate modes fc1,2 and the higher-order one fc3 are shown in Figures 4(a) and
4(b), respectively, as a function on the width wR and the height hR of the ridges. Even if the waveguide
supports two degenerate modes (one for each polarization) the interval fc1,2 and fc3 can be referred to
as monomodal bandwidth.
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hR

wR

a

P

Figure 3. Proposed quadridge waveguide aperture for square lattice array.
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Figure 4. Cut-off frequency map for the quadridge waveguide. OV indicates the optimum value.

The dashed line corresponds to the lower limit of the operative bandwidth (Fmin = 17.7 GHz).
Therefore, the useful ridge parameter combinations lay on the right-hand side of Figure 4(a) ( fc1,2 <

Fmin). On the other hand, the dash-dotted line in Figure 4(b) shows the upper limit of the operative
bandwidth (Fmax = 20.2 GHz). The dashed curve is reported again in Figure 4(b) to obtain the
parameter region where only the two fundamental degenerate modes are propagating within the
frequency band (17.7 - 20.2 GHz). It can be seen that low values of wR provide a larger available range
of ridge height, hR. However, such region should be further reduced considering a manufacturing
constraint of 1 mm for the minimum ridge width. An optimal value (OV) has been chosen to be almost
equally spaced from both cut-off frequency limits. The resulting dimensions are hR equal to 1.5 mm
and wR equal to 1 mm, providing cut-off frequencies of 17.6 GHz (see Figure 4(a)) for the fundamental
degenerate modes fc1,2 and 20.5 GHz (see Figure 4(b)) for the third mode fc3 . The performance of this
waveguide as a radiating element will be shown in Section 4.1.

From the previous analysis, it is apparent that the quadridge configuration does not provide large
margins between the operative band and the corresponding cut-off frequencies. This is consistent to
the significant bandwidth limitations for this type of element shown in Section 4.1. For this reason, the
hexagonal waveguide with three and six ridges is studied in the next subsection.

3.2. Hexagonal Ridged Waveguides

Hexagonal designs are presented to overcome the limitation found in the quadridge structure.
Although in triangular lattice the inter-element spacing and the dimensions of the waveguide are
larger than in the previous case, it is still necessary to load with ridges. Two configurations have been
considered with three [22] and six ridges [18] (Figure 5). The former (three-ridges) leads to a simple
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manufacturing whereas better polarization performance is expected from the latter (six-ridges) due to
the two-fold symmetry.

wR1

hR1

a
P

(a) Three ridges

wR2

hR2

a
P

(b) Six ridges

Figure 5. Proposed hexagonal ridged waveguide elements for triangular lattice array.

As reported in Section 2, the waveguide size a is 8 mm. The iso-level curves of the cut-off
frequencies for the two fundamental degenerate modes fc1,2 and the higher-order one fc3 are shown in
Figure 6, as a function on the width wR and the height hR of the ridges.

As far as three-ridged waveguide is concerned (Figures 6(a) and 6(c)), it can be seen that with a
parameter combination of wR = 2.5 mm and hR = 3 mm (close to upper right corner) the maximum
bandwidth approaches 3:1. Therefore, in principle this waveguide can cover both Ka-band downlink
(17.7 - 20.2 GHz) and Ku-band downlink (10.7 - 12.75 GHz).

The dashed line corresponds to the lower limit of the operative bandwidth (Fmin = 17.7 GHz).
Therefore, the useful ridge parameter combinations lay on the right-hand side of Figure 6 ( fc1,2 <

Fmin).The dash-dotted line showing the upper limit (Fmax = 20.2 GHz) is only visible in Figure 6(d)
for the six ridges configuration. As mentioned above, the three ridges does not provide limitations
related to the higher order mode ( fc3 > Fmax for all the considered parameters values). The benefits of
the triangular symmetry (60◦ rotational symmetry) in terms of very high cut-off frequency/resonance
of the higher-order mode have been also used in [23,24].

It is apparent that both solutions in Figure 5 allow a larger range of parameters wR and hR with
respect to the quadridge (see Figure 4). In this case, the optimal value (OV) has been determined using
full-wave simulations presented in Section 4.2.
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17

18

18

18

19

19

19

19

20

20

20

20

20

20

20

21

21

21

21

21

21

22

22

22

22

22

22

23

23

23

23

23

24

F
m

in Fmax

OV

1.5 1.6 1.7 1.8 1.9 2
h

R
 (mm)

0.5

0.75

1

1.25

1.5

1.75

2

w
R

 (
m

m
)

(d) Hexagon with six ridges (mode 3)

Figure 6. Cut-off frequency map for the hexagonal waveguide. OV indicates the optimum value.

4. Parametric Analyses and Performance Evaluation

The results shown in this section have been obtained with unit cell boundary conditions using
CST software [25], considering a waveguide excitation with the two fundamental degenerate modes
and Floquet port with 18 modes at 4.40 mm from the aperture (0.25λ0 at 17 GHz). Scan angles of 0◦,
30◦ and 60◦ are presented to investigate the limits of the structure. For brevity, 50◦ is only reported in
the final comparison table in Section 4.3.

4.1. Quadridge Radiating Elements

The ARC of the open-ended quadridge waveguide reported in Section 3.1, whose parameters are
summarized in Table 1, is reported in Figure 7(a) for linear polarization. The solid, dashed and dotted
lines refer to the E- (ϕ = 0◦), D- (ϕ = 45◦) and the H-plane (ϕ = 90◦), respectively. The line colours
identify the scanning angles. The vertical black dash-dotted lines indicate the cut-off frequencies of the
waveguide, and the green box highlights the operative bandwidth. The ARC for only one of the two
fundamental degenerate modes is shown due to the 90◦ rotational symmetry along the propagation
axis.

It can be seen that the open-ended quadridge waveguide does not provide satisfactory matching
level even at broadside (green solid line). This is related to the proximity of the lower cut-off frequency
(vertical black dash-dotted line). In addition, when scanning up to 60◦ in the E-plane (red solid line), a
scan blindness is observed at 20 GHz i.e. the signal is completed reflected at this frequency, reducing
the bandwidth even further. The other principal plane (dotted red line) instead shows reflection level
of about -5 dB in the overall band.

Two sharp features on the S11 curves are visible above the upper limit of the frequency band. The
first one, located at 20.47 GHz (vertical black dash-dotted line), is due to the higher-order mode of
the waveguide. It is related to the waveguide geometry, therefore it is independent of the scan angle.
However, it does not appear at ϕ = 90◦ (dotted line) because of the symmetry of the structure i.e the
fundamental mode is not coupled to the third one along such a plane (H-plane). The second sharp
feature is at 20.61 GHz (black arrow), this is instead due to the appearance of the grating lobes at this
frequency (see Equation (1)).
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Concerning the coupling in linear polarization, it is only significant in the D-plane where it reaches
-6.5 dB when the scan angle goes up to 60◦. These curves are not shown for brevity. However, their
effect is included in the circular polarization behaviour discussed hereafter.

As far as the ARC in circular polarization is concerned, this scan blindness decreases by almost
3 dB (red solid line in Figure 7(c)) because, as stated above, only one of the two linear components
is completely reflected. The results shown in circular polarization have been calculated taking into
account an ideal polarizer (the parameters simulated in linear polarization have been combined
according to Equations (2) and (3)).

SCirc
11 =

1
2
[S11 − S22 − j(S12 + S21)] (2)

SCirc
21 =

1
2
[S21 − S12 − j(S11 + S22)] (3)

To overcome this scan blindness, a square waveguide section can be placed between the end of
the ridges and the aperture (see Figure 8). Its effect on the E-plane response is shown in Figure 9 as a
function of the length lE. The same phenomenon, also called spurious resonance, has been studied in
[5] considering circular polarization. Here, the impact is even more apparent in linear polarization
(Figure 9), where the scan blindness is shifted to higher frequencies and then out of the band increasing
the length lE. An optimal value of lE, 1 mm, has been chosen to achieve the same reflection coefficient
value at the two ends of the band (around -5 dB).

The whole phenomenon of the scan blindness reduction is complex because it involves multimodal
interaction between the end of the ridges and the aperture. In the quadridge-to-free space discontinuity
(Figure 3), the higher-order mode of the quadridge is strongly excited on the aperture because its
cut-off frequency fc3 = 20.4 GHz is close to the upper limit of the frequency band. On the contrary,
when the square waveguide section is added (Figure 8), both fundamental degenerate (TE10, TE01)
and higher-order modes (TE11, TM11) are excited at the end of the ridges. However, the TE11 and TM11

are significantly attenuated (4.3 dB/mm at 20.2 GHz) because their cut-off frequency (31.1 GHz) is far
from the operative bandwidth. In this way, the contribution of such higher-order modes to radiation
is reduced with respect to the abrupt quadridge-free space interface. It should be mentioned that
the TE10 is also below cut-off (about 22 GHz). Nevertheless, as shown in Figure 7(b), such slightly
evanescent mode (1.6 dB/mm) does not prevent radiation. However, the overall ARC is higher (at
broadside and 30◦) with respect to the quadridge element (see Figure 7(a)). The S11 levels are quite
acceptable in circular polarization (see Figure 7(d)) because (due to the polarizer) such reflection
coefficient basically depends on the difference between ARCs for the two linear polarizations which is
related to the difference response in the two orthogonal planes (see Equation (2)).

A further increment in lE will result in a lower and flatter S11 in circular polarization, but the
S21 will increase in proximity of the lower end of the bandwidth. For this reason, lE = 1 mm can be
considered as an optimum value also for circular polarization.

As far as circular polarization is concerned, the evanescent quadridge provides an improvement
of about 2-3 dB and overall bandwidth enlargement (Figure 7(d)) with respect to the nominal one
(Figure 7(c)). The coupling S21 shows values equals to -5 dB at the lower end of the band due to the
proximity of the cut-off frequency in both designs (Figures 7(e) and 7(f)). The impact of the increased
ARC of the evanescent quadridge at low scanning angles is visible on S21 (about -6 dB) through all the
band.

In conclusion, the quadridge with evanescent section, which does not show the blindness at the
expense of a higher reflection coefficient in linear polarization (and higher S21 in circular), can be
suitable for single-pol DRAs, where the port of the unexcited polarization is closed on a matched load
(with reduction of the overall efficiency).

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 July 2024                   doi:10.20944/preprints202407.0258.v1

https://doi.org/10.20944/preprints202407.0258.v1


8 of 22

17 17.5 18 18.5 19 19.5 20 20.5 21
Frequency [GHz]

-20

-15

-10

-5

0

S
11

 [d
B

]

Grating lobe
at 3=60°

fc
1,

2

fc
3

?=all (3=0°) ?=0° (3=30°) ?=45° (3=30°) ?=90° (3=30°)
?=0° (3=60°) ?=45° (3=60°) ?=90° (3=60°)

(a) Quadridge in linear polarization

17 17.5 18 18.5 19 19.5 20 20.5 21
Frequency [GHz]

-20

-15

-10

-5

0

S
11

 [d
B

] fc
1,

2

fc
3

?=all (3=0°) ?=0° (3=30°) ?=45° (3=30°) ?=90° (3=30°)
?=0° (3=60°) ?=45° (3=60°) ?=90° (3=60°)

(b) Evanescent quadridge in linear polarization

17 17.5 18 18.5 19 19.5 20 20.5 21
Frequency [GHz]

-20

-15

-10

-5

0

S
11

 [d
B

] fc
1,

2

fc
3

?=0° (3=30°) ?=45° (3=30°) ?=90° (3=30°)
?=0° (3=60°) ?=45° (3=60°) ?=90° (3=60°)

(c) Quadridge in circular polarization. S11 for (θ = 0◦) is
below -20 dB

17 17.5 18 18.5 19 19.5 20 20.5 21
Frequency [GHz]

-20

-15

-10

-5

0

S
11

 [d
B

] fc
1,

2

fc
3

?=45° (3=30°) ?=0° (3=60°)
?=45° (3=60°) ?=90° (3=60°)

(d) Evanescent quadridge in circular polarization. S11 for
(ϕ = 0◦/90◦, θ = 30◦) and (θ = 0◦) is below -20 dB

17 17.5 18 18.5 19 19.5 20 20.5 21
Frequency [GHz]

-20

-15

-10

-5

0

S
21

 [d
B

] fc
1,

2

fc
3

?=all (3=0°) ?=0° (3=30°) ?=45° (3=30°) ?=90° (3=30°)
?=0° (3=60°) ?=45° (3=60°) ?=90° (3=60°)

(e) Quadridge in circular polarization

17 17.5 18 18.5 19 19.5 20 20.5 21
Frequency [GHz]

-20

-15

-10

-5

0

S
21

 [d
B

] fc
1,

2

fc
3

?=all (3=0°) ?=0° (3=30°) ?=45° (3=30°) ?=90° (3=30°)
?=0° (3=60°) ?=45° (3=60°) ?=90° (3=60°)

(f) Evanescent quadridge in circular polarization

Figure 7. S-Parameters for both quadridge designs. The dashed lines indicate the cut-off frequencies
and the green box the operative frequency band.
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Figure 8. Evanescent quadridge waveguide geometry.
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Table 1. Quadridge element dimensions.

Parameter Description Value (mm)

P Period 7.8
a Aperture side 6.8

hR Ridge height 1.5
wR Ridge width 1

lE Evanescent section length 1
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Figure 9. Scan blindness effect on the ARC depending on the evanescent length at ϕ = 0◦ and θ = 60◦.

Figure 10 shows the scan loss at the band limits and center frequency when scanning from −60◦

to 60◦ for both quadridge designs in both linear and circular polarization. The circular polarization
data have been computed according to Equations (4) and (6) as a function of the radiated field in linear
polarization.

Eco,LH =
1
2
[
(Eθ,1 + jEθ,2)− j

(
Eϕ,1 + jEϕ,2

)]
(4)

Ecross,LH =
1
2
[
(Eθ,1 + jEθ,2) + j

(
Eϕ,1 + jEϕ,2

)]
(5)

Eco,RH =
1
2
[
(Eθ,1 − jEθ,2) + j

(
Eϕ,1 − jEϕ,2

)]
(6)

Ecross,RH =
1
2
[
(Eθ,1 − jEθ,2)− j

(
Eϕ,1 − jEϕ,2

)]
(7)

From Figure 10(a), a maximum difference of 2 dB is observed between planes at 17.7 GHz (blue
lines) and 19 GHz (red lines). At 20.2 GHz (yellow lines) the scan loss drops more than 6 dB due to
the scan blindness discussed above. The same consideration applies for circular polarization (Figure
10(c)). When the evanescent section is added (Figure 10(b)), the drop due to scan blindness at the
upper frequency of the band disappears, obtaining values between -2 and -4 dB for all the planes and
frequencies. Similar values are visible in circular polarization.
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Figure 10. Scan loss for both quadridge designs.

The XPD performance in D-plane (Ludwig 3) is shown in Figure 11. The E- and H-planes are not
reported due to the two-fold symmetry (the simulated values are above 40 dB). Circular polarization
data have been computed as the ratio between the Equations (4) and (5), and Equations (6) and (7). The
quadridge in linear polarization (Figure 11(a)) provides values around 10 dB at 17.7 and 19 GHz, and a
value of about 7 dB at the upper frequency. The presence of the blindness is clearly visible in circular
polarization (Figure 11(c)), where XPD approaches 0 dB. This happens because one of the two linear
components is completely reflected and hence the radiated field is linearly polarized. The values at the
scan limits improve for the evanescent quadridge, being higher than 14 dB for the three frequencies in
linear polarization (Figure 11(b)). In terms of circular polarization (Figure 11(d)), there is a decrease at
20.2 GHz in the planes ϕ = 0◦/90◦. This is due to the different radiation patterns for the two principal
polarizations at high scan angles, as it can be seen comparing solid and dotted lines in Figure 10(b)
(see Equations (4)–(7)).
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Figure 11. XPD for both quadridge designs.

4.2. Hexagonal Ridged Radiating Elements

Differently from the quadridge, where the optimum value (OV) of the ridge dimensions was
selected on the basis on the cut-off analysis only, the hexagonal structures allow a larger range of
parameters (see Section 3.2). For this reason, full-wave analyses have been carried out to determine the
OVs for the three and six ridges configurations. Figure 12 shows the contour plots of ARC averaged
on scan range as a function of the ridge parameters. For both configurations, where the optimal region
is apparent, the selected OVs are shown in Table 2. The manufacturing constraint of 1 mm for the
ridge width has been also considered. The optimum values for the hexagon with three ridges (Figure
12(a)) are 1 mm and 1.75 mm for width and height, respectively. The resultant cut-off frequencies are
17.4 GHz and 30.7 GHz for the fundamental and higher-order modes. In the case of six ridges (Figure
12(b)), optimum values are 1 mm and 1.7 mm for width and height, respectively. In this case, cut-off
frequencies are 17.4 GHz and 21.7 GHz for the fundamental and higher-order modes.
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(a) Hexagon with three ridges
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(b) Hexagon with six ridges

Figure 12. ARC averaged on scan range as a function of the ridge parameters. OV indicates the
optimum value.
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Table 2. Hexagon element dimensions.

Parameter Description Value (mm)

P Period 9
a Aperture side 8

hR1 Ridge height (three ridges) 1.75
wR1 Ridge width (three ridges) 1

hR2 Ridge height (six ridges) 1.7
wR2 Ridge width (six ridges) 1

The S-Parameters of both hexagonal designs in the E-, D- and H-planes at different scan angles
are reported in Figure 13(a) and 13(b). No scan blindness is visible due to the high cut-off frequency
of the third mode. The worst value is around -4 dB in the H-plane when scanning to the 60◦ limit
(dotted red line). For smaller scan angles (green and yellow lines), the six-ridges solution provides an
improvement of about 2 dB in E- and D-planes above 18.5 GHz. Scattering parameters for the other
fundamental mode (S22, i.e. other polarization) are similar to S11, therefore they are not reported for
brevity. S21 in linear polarization (not shown) is in the order of -10 dB and its effect is accounted in the
circular polarization data.

As far as the circular polarization is concerned, both hexagonal designs (Figures 13(c) and 13(d))
have similar behaviour. The three-ridges solution has a flatter behaviour due to the higher cut-off
frequency of the third mode. The overall levels are similar to the evanescent quadridge one 7(d). The
coupling in circular polarization for the hexagon with three ridges is shown in Figure 13(e). The values
are below of -10 dB for scanning angles up to 30◦ for each principal plane. A value of about -5 dB is
obtained at the scanning angle limit for ϕ = 90◦ (dotted red line). Comparing Figures 13(c) and 13(d),
it can be observed that the six-ridges solution exhibits worse performance at the upper frequency
limit of the band (i.e. some bandwidth reduction). Again, this is due to lower cut-off frequency of the
higher-order mode (21.7 GHz) with respect to the three-ridges counterpart (30.7 GHz). Similar values
are obtained for the coupling in circular polarization of the six ridges configuration (Figure 13(f)). In
this case, there is less variations between planes. The worst value is obtained at 60◦ for ϕ = 90◦ (dotted
red line), being -5 dB at higher frequencies.

Concerning the scan loss, Figure 14 shows the results of both hexagonal designs within the scan
range of -60◦ to 60◦ in both linear and circular polarization. In terms of linear polarization, both
hexagonal apertures (Figures 14(a) and 14(b)) show a decay between 2.5 and 3.5 dB at ±60◦ in the
E-plane for the three considered frequencies (solid lines). These values increase up to 5 dB for the
hexagonal aperture with three ridges and up to 6 dB for the hexagonal aperture with six ridges, in
both D- and H-planes (dashed and dotted lines).

Differently from the quadridge structure, the hexagonal waveguide apertures do not have 90◦

rotational symmetry. Therefore, a full set of scan loss and XPD data is provided for both left hand
(LH) and right hand (RH) circular polarization. For both solutions, the scan loss ranges from 3 to 6 dB
(Figures 14(c) and 14(e)). Minor differences are visible between the two circular polarizations.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 July 2024                   doi:10.20944/preprints202407.0258.v1

https://doi.org/10.20944/preprints202407.0258.v1


13 of 22

17 17.5 18 18.5 19 19.5 20 20.5 21
Frequency [GHz]

-20

-15

-10

-5

0

S
11

 [d
B

] fc
1,

2

?=all (3=0°) ?=0° (3=30°) ?=45° (3=30°) ?=90° (3=30°)
?=0° (3=60°) ?=45° (3=60°) ?=90° (3=60°)

(a) Hexagon with three ridges in linear polarization

17 17.5 18 18.5 19 19.5 20 20.5 21
Frequency [GHz]

-20

-15

-10

-5

0

S
11

 [d
B

] fc
1,

2

?=all (3=0°) ?=0° (3=30°) ?=45° (3=30°) ?=90° (3=30°)
?=0° (3=60°) ?=45° (3=60°) ?=90° (3=60°)

(b) Hexagon with six ridges in linear polarization

17 17.5 18 18.5 19 19.5 20 20.5 21
Frequency [GHz]

-20

-15

-10

-5

0

S
11

 [d
B

]

fc
1,

2

?=0° (3=60°) ?=45° (3=60°) ?=90° (3=60°)

(c) Hexagon with three ridges in circular polarization. S11 for
(θ = 0◦/30◦) is below -20 dB

17 17.5 18 18.5 19 19.5 20 20.5 21
Frequency [GHz]

-20

-15

-10

-5

0

S
11

 [d
B

]

fc
1,

2

?=0° (3=60°) ?=45° (3=60°) ?=90° (3=60°)

(d) Hexagon with six ridges in circular polarization. S11 for
(θ = 0◦/30◦) is below -20 dB

17 17.5 18 18.5 19 19.5 20 20.5 21
Frequency [GHz]

-20

-15

-10

-5

0

S
21

 [d
B

] fc
1,

2

?=all (3=0°) ?=0° (3=30°) ?=45° (3=30°) ?=90° (3=30°)
?=0° (3=60°) ?=45° (3=60°) ?=90° (3=60°)

(e) Hexagon with three ridges in circular polarization

17 17.5 18 18.5 19 19.5 20 20.5 21
Frequency [GHz]

-20

-15

-10

-5

0

S
21

 [d
B

] fc
1,

2

?=all (3=0°) ?=0° (3=30°) ?=45° (3=30°) ?=90° (3=30°)
?=0° (3=60°) ?=45° (3=60°) ?=90° (3=60°)

(f) Hexagon with six ridges in circular polarization

Figure 13. S-Parameters for both hexagonal designs. The dashed lines indicate the cut-off frequencies
and the green box the operative frequency band.
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Figure 14. Scan loss for both hexagonal designs.

The XPD is reported in Figure 15. The curves for the three-ridged aperture are not symmetrical
along the scan range (Figures 15(a), 15(c) and 15(e)) due to the one-fold symmetry of the geometry.
Symmetrical curves are instead observed for the six ridges solution thanks its two-fold symmetry.
XPD values ranging from 8 to 10 dB are observed at the scan limits. As already discussed for the
quadridge, these values are related to the different behaviour of the structure for the two principal
polarizations along the scan planes. It should be noted that the complete scan loss and polarization
analyses reported in Figures 14 and 15 are required to appreciate the performance variation along the
various planes for both polarizations and asses the worst cases.
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Figure 15. XPD for both hexagonal designs.

4.3. Performance Comparison

The performance of the proposed designs is listed in Table 3. The scan angle of 50◦ is also reported
to provide direct comparison to the literature data. All the data refer to circular polarization.

Reference [5] reports an EQA with a matching section providing acceptable reflection and coupling
up to ±50◦ within a bandwidth of 4.5%. The worst case XPD level is only 8 dB.

For the radiated elements presented in this work, no matching section is included. In this way, the
reported data show the intrinsic performance of such radiating apertures (open-ended waveguides) i.e.
the performance that can be achieved with minimum complexity. The reported data can be used as a
reference for the future design of more complex elements including matching discontinuities.

The quadridge without evanescent section has been reported for completeness. However, it is
apparent that the scan blindness impairs the overall performance in terms of both reflection (-4 dB)
and XPD (0 dB) for high scan angles.

The evanescent quadridge instead provides good performance in terms of matching (-11 dB), scan
loss (2 dB) and XPD (14 dB) within 13.2% bandwidth up to 50◦ scan angle. The coupling S21 is -3 dB at
the lower limit of the band. Such level is actually -8 dB above 18.5 GHz (see Figure 7(f)).

The hexagon with three ridges reports an improvement on the coupling S21 (-6 dB) with respect
to the evanescent quadridge up to 50◦ scan angle. Moreover, acceptable values have been obtained for
scan loss (3 dB) and XPD (11 dB).

The hexagon with six ridges shows the best performance in terms of coupling S21 (-8 dB). The XPD
(12 dB), scan loss (3 dB) and matching S11 (-10 dB) are comparable to the three ridges. The quadridge
provides better performance in terms of XPD.
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The performance for scan angles of 60◦ is not satisfactory for all the elements. The coupling is
above -10 dB even at 50◦ scan angles. From these considerations, we can conclude that such elements
can be suitable for single polarized DRAs (which, to the best of the author’s knowledge are the
currently adopted configuration nowadays in LEO satellites) operating up to 50◦ scan angles, when the
unexcited port is closed on a matched load. This will reduce the element radiation efficiency. However,
it will provide a smooth frequency response (without spurious resonances/spikes).

Table 3. Performance comparison between proposed designs. All the data refer to circular polarization.

Radiating element Lattice BW (%)
Scan

angle, θ
(◦)

S11
(dB)

S21
(dB)

Scan
loss
(dB)

XPD
(dB)

Evanescent
quadridge [5] Square 4.5

0 -32 -12 - 32
30 -15 -13 1 15
50 -10 -6 2 8
60 NA NA NA NA

Square 13.2

0 -53 -4 - 40
30 -11 -6 2 12
50 -4 -6 9 0
60 -3 -7 7 6

Square 13.2

0 -41 -3 - 40
30 -18 -4 1 23
50 -11 -4 2 14
60 -6 -4 5 6

Triangular 13.2

0 -35 -8 - 40
30 -21 -9 1 18
50 -11 -6 3 11
60 -8 -4 6 8

Triangular 13.2

0 -31 -8 - 40
30 -21 -9 1 25
50 -10 -8 3 12
60 -6 -6 6 6

5. Validation

This section provides a validation of the results presented in the paper. Two relevant configura-
tions have been selected i.e. quadridge in square lattice and the hexagon with three ridges in triangular
lattice. The quadridge is significant because of its scan blindness. The hexagon with three ridges is
interesting because of its one-fold symmetry and the triangular lattice arrangement. The validation
has been carried out comparing three sets of results: infinite approach (unit cell) in both CST and HFSS
software, and finite array simulation in CST.

For the hexagonal structure, a simple transition with two steps from a smaller waveguide to the
aperture has been introduced to avoid overlapping of waveguide ports in the finite array configuration.
The same transition has also been included in the infinite simulation for consistency. Therefore, the
presented results are slightly different from the ones presented in Section 4.2.

In the infinite approach, a Floquet port has been used instead of the perfect matched layer (PML)
due to its better absorption for higher scan angles [26]. Up to 18 Floquet modes have been considered
in both lattices for CST. The number of modes in HFSS has been instead increased to 30 and 42 for the
square and triangular lattice, respectively, to achieve an attenuation of 50 dB for the last considered
mode [27]. In both infinite models, the distance between the Floquet port and the aperture has been
set to 0.25λ0 at 17 GHz. Both the S-Parameters for ARC and the active element pattern (AEP) for the
scan loss and XPD were computed with both simulators.

The unit cell has been replicated in both directions to obtain a finite array model. PML boundary
conditions have been applied at a certain distance from the model in all directions including the back.
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Both the number of elements and the PML distance will be discussed in the convergence analysis
reported hereafter. Regarding the S-Parameters, the calculation of the ARC has been performed
summing the self contribution of the central element and the coupling from all the other ones with the
required weight for beam scanning [28]. The excitation of the central element has been considered to
compute the embedded element pattern (EEP). This approach has been preferred over the scan of the
whole finite array due to the limited number of elements in a row/column.

Figures 16(a) and 16(b) show the convergence analysis of the finite array model and its comparison
to the infinite CST one. The most critical condition is θ = 60◦ where the scan blindness is present
at about 20 GHz for the quadridge in square lattice. This phenomenon is difficult to model with a
small finite array simulation where the contribution of the farther elements is missing. Nevertheless,
both the red and cyan dashed curves (11x11 and 13x13, respectively) approach the purple curve
(infinite) quite well. The convergence analysis stopped at 13x13 elements due to peak memory (150 GB)
and time consumptions (9 hours in a Intel Xeon with two processors at 3 GHz). It can be observed
that it is not only necessary to increase the number of elements, but also the PML distance (see
yellow and red dashed curves where the PML distance is 0.25λ and 1.5λ, respectively, at 17 GHz) to
achieve convergence between finite and infinite simulations. Such distance is required to attenuate the
evanescent wave interaction occurring at high scan angles.

Figure 17 shows the ARC for the E-plane (ϕ = 0◦) for both considered designs using the three
simulation methods described above. For the quadridge (Figure 17(a)), the infinite models are in very
good agreement at all scan angles. The finite array simulation (11x11) follows the same trend but
with the expected discrepancy at 20 GHz. As for the hexagonal waveguide (Figure 17(b)), the larger
differences occurs when the reflection level of the infinite array is below -15 dB. An overall agreement
is achieved between curves confirming good consistency of the results. This analysis is also useful to
asses the minimum number of elements that should be considered for array prototyping. This number
is smaller than 48x48 discussed in Section 2.

Figure 18 shows the scan loss across D-plane at three frequencies ranging from 17.7 GHz to
20.2 GHz within ±60◦ scan angle. The three different methods are presented with solid, dashed and
dotted curves (see legend). A remarkable agreement is visible for both designs.

A similar comparison is provided for the XPD in Figure 19. Good agreement between the three
methods has been achieved for the quadridge. As far as the hexagonal structure is concerned, the
infinite methods are in perfect agreement. The finite one shows a consistent trend. However, a
significant ripple is visible on such EEP. Additional simulation effort should be carried out to achieve a
higher degree of convergence.
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(a) ARC convergence at ϕ = 0◦ and θ = 0◦ in linear polarization
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Figure 16. Effect of the number of radiating elements and PML distance for the converge of finite array
against infinite approach.
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Figure 17. ARC convergence analysis between infinite approaches in CST and HFSS, and finite array
simulation in CST. The green box indicates the operative frequency band.
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Figure 18. Scan loss convergence analysis between infinite approaches in CST and HFSS, and finite
array simulation in CST.
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Figure 19. XPD convergence analysis between infinite approaches in CST and HFSS, and finite array
simulation in CST.

6. Conclusions

This work studied open-ended ridged waveguide solutions as array radiating elements for Ka-
band downlink (relative bandwidth 13.2%). Both cut-off and full-wave parametrical analyses have
been carried out to find optimal design parameters for each structure. ARC, coupling, scan loss
and XPD have been determined for both linear and circular polarizations. The impact of cut-off
frequencies on the achievable element bandwidth, the presence of blindness and the effect of the

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 July 2024                   doi:10.20944/preprints202407.0258.v1

https://doi.org/10.20944/preprints202407.0258.v1


20 of 22

structure symmetry on the radiation pattern have been discussed. The validity of the results has been
verified by comparing finite and infinite approaches in both CST and HFSS.

Good performance has been achieved in both square and triangular lattices with the evanescent
quadridge and three/six-ridges hexagonal waveguide, respectively. All elements show limitations in
terms of coupling at high scan angles. Therefore, they will be more suitable for single-polarized DRAs
operating up to 50◦ scan angles, with a consequent slight reduction of the radiation efficiency due to
the power dissipated on the matched load at the unexcited port. In this configuration, they will still
provide a smooth frequency response (without spurious resonances/spikes).

Future research on this topic includes the design of suitable transitions/discontinuities for a better
matching across the full scan angle. Moreover, modifications of the radiating aperture to improve both
XPD and coupling should be investigated to achieve high-performance dual-polarized DRAs.
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Abbreviations

The following abbreviations are used in this manuscript:

LEO Low Earth Orbit
LoS Line of Sight
SatCom Satellite Communications
DRA Direct Radiating Array
EQA Evanescent Quadridge Antenna
ARC Active Reflection Coefficient
XPD Cross-Polar Discrimination
TE Transverse Electric
TM Transverse Magnetic
RH Right Hand
LH Left Hand
PML Perfect Matched Layer
AEP Active Element Pattern
EEP Embedded Element Pattern
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