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Abstract

The design of a hexagonal six-ridged waveguide (HSRWG) phased array antenna (PAA) ele-
ment featuring a wide scan angle matched slotted horn aperture is presented for Ka-band
satellite downlink in low Earth orbit non-terrestrial network applications. The proposed PAA
element is evaluated against an open-ended waveguide (OEWG) PAA element and achieves
a very low active reflection coefficient (ARC) of less than -18 dB and a total antenna effi-
ciency greater than 84% over a wide bandwidth from 17.3 to 20.2 GHz with a 4 50° scan range.
Specifically, the aperture of the HORWG was designed to limit the variations in ARC during
scanning, thereby minimizing load pulling of integrated active devices, as demonstrated with a
power amplifier (PA) in a co-simulation. As a result, the power-added efficiency, output power,
and linearity of the PA remained stable over the bandwidth and scan range. Compared to the
OEWG PAA, the co-polarized system efficiency and equivalent isotropic radiated power are
improved for most scan angles within the bandwidth, especially at high scan angles.

Introduction

Our society demands a steady increase in connectivity. Everything must be connected anytime,
anywhere. Within 6G, coverage everywhere will be realized by incorporating non-terrestrial
networks (NTNs) into classical terrestrial networks [1, 2]. Satellite-based NTNs can cost-
effectively exploit underserved areas. Low Earth orbit (LEO) satellite constellations are of
particular interest due to lower latencies, path losses, and production and launching costs com-
pared to higher orbits [3]. Two access schemes are considered: direct access and indirect access.
While direct access will provide a direct user-to-satellite link using sub-6 GHz bands, indirect
access will enhance user connectivity through base stations or very small aperture terminals
(VSATSs) using centimeter wave (cmW) and millimeter wave (mmW) bands [4]. However, there
are also challenges. For example, high signal path losses require high equivalent isotropic radi-
ated powers (EIRPs), while the high relative speed of the satellite with respect to Earth requires
mobility management, such as user tracking and cell handovers [5].

Phased array antennas (PAAs) are a promising solution, providing multiple electronically
steerable beams with high gain, enabling high EIRP, and allowing user tracking. When scanned,
PA As can exhibit significant variations in the active reflection coefficient (ARC) and thus in the
antenna input impedance, causing load pull of the power amplifier (PA), which leads to degra-
dation of efficiency, output power, and linearity [6-8]. Maintaining all three aspects is critical to
the overall system, especially for a satellite with limited on-board resources. Efficiency degra-
dation leads to increased thermal management challenges, while degradation in output power
and linearity results in lower link budgets, thereby reducing capacity and coverage. Therefore,
improving the resilience of PAs against active load pull and designing antennas with reduced
input impedance variations are essential.

Waveguide antennas are often used in satellite communication applications due to their low
losses and high power handling capabilities [9]. Recently, ridged waveguide PAAs have attracted
significant attention [10-15]. As expected for flat panel antennas, degradation in ARC and
polarization purity was observed when scanning far from broadside [16]. To address these lim-
itations, [11] introduced a circular three-ridged choked horn aperture with spline-shaped ridge
transitions, while [15] presented a similar aperture, fed by evanescent waveguide resonators.
However, neither approach addressed the limitations of the ARC specifically.
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This paper proposes a hexagonal six-ridged waveguide
(H6RWG) PAA element using a slotted horn aperture designed
to minimize PA load pull at large scan angles for a LEO Ka-band
satellite downlink use case. An earlier version of this paper,
in which the slotted horn PAA element was first introduced,
along with a preliminary evaluation of impedance matching and
polarization characteristics, and a narrow-band co-simulation
with a PA, was presented at EuMW 2024 and published in the
conference proceedings [13]. In this paper, the evaluation of the
proposed PAA element is extended and discussed in more detail.
Furthermore, a broadband co-simulation with a PA is performed,
including a linearity analysis and a system study.

This paper is organized as follows. In Section II, the Ka-band
satellite downlink use case is briefly introduced. Within Section III,
ridged waveguide PAAs are motivated, and the slotted horn PAA
element is presented in detail. Simulation results of the proposed
PAA in an infinite array environment are discussed and com-
pared with an open-ended waveguide (OEWG) PAA in Section IV.
Section V evaluates the impact of the radiating elements on the
PA and the overall system performance through a PA-antenna co-
simulation. Conclusions are drawn in Section VI, along with a
comparison to the state of the art and recommendations for future
work.

Ka-band satellite downlink use case

In today’s satellite communication systems, the Ka-band is already
widely used. For upcoming LEO NTNs, the Ka-band is well-suited
for indirect access. With 3GPP release 18, the frequency bands
n512, n511, and n510 have been added as FR2-NTN for use in
future NTNs [17]. The downlink (17.3-20.2 GHz) and uplink
(27.5-30 GHz) band separation specified in FR2-NTN allows
the use of dual circular polarization for downlink and uplink.
Circular polarization is required in satellite communications to
provide a resilient and orientation-independent communication
link. However, as the realization of dual-polarized PAAs is very
challenging, two separate single-polarized transmit antennas are
typically utilized.

To ensure optimal link performance, a user must maintain
a minimum elevation angle €_;. of, for instance, 30° [18]. The
required maximum scan range for the satellite antennas can then
be calculated as

0 oy = sin~! (R Rj_ o ~cos(emin)> , (1)
E

where Ry is the radius of the Earth (~ 6378 km) and h is the orbital
height, which is typically between 600 km and 1200 km for a LEO
application [19]. This results in maximum scan ranges of about
+50° for the satellite antennas. Figure 1 illustrates the satellite-
Earth geometry. The satellite’s field of view (FoV) and the resulting
user coverage are marked in gray and red, respectively.

In the context of a Ka-band satellite downlink use case, the
antenna design in this paper is fundamentally guided by these
conditions.

Antenna design

Waveguide-based PAAs pose a challenge because of the conflicting
relation between the waveguide cutoff frequency and the optimal
grating lobe-free element spacing. Even if grating lobes outside
the satellite field of view do not interfere with the communication
link, antenna performance is still compromised. For example, the
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Figure 1. Satellite-Earth geometry with the satellite’s FoV in gray and the user
coverage in red.

antenna may suffer from degradation in antenna gain, matching,
and polarization performance.

To address this conflict, it is necessary to reduce the waveguide
cutoff frequency without increasing the waveguide dimensions,
increase the element spacing without inducing grating lobes, or
employ a combination of both approaches. The waveguide cut-
off frequency can be reduced by using dielectric-filled or ridged
waveguides. However, dielectric-filled waveguides increase the
losses and encounter manufacturing challenges associated with
the dielectric filling. Otherwise, recent advances in metal-based
additive manufacturing have mitigated previous manufacturing
challenges faced by ridged waveguides and enabled a cost-effective
realization at cnW and mmW frequencies [20-22]. Consequently,
ridged waveguide-based PAAs are the preferred solution over
dielectric-filled waveguide PA As for low-loss applications. In addi-
tion, employing a triangular lattice and accounting for the maxi-
mum required scan range with a 10% margin relaxes the limitation
on the element spacing to 0.633;, (9.4 mm). In the recent liter-
ature, circular and hexagonal waveguide PAA elements with three
and six ridges have been proposed [11-16]. Circular and hexagonal
waveguides support the propagation of two orthogonal fundamen-
tal modes that are needed to achieve circular polarization.

In this work, a hexagonal waveguide with six ridges is cho-
sen because it provides symmetry in all lattice directions and
maximizes the element aperture in a triangular lattice. The pro-
posed slotted horn PAA element consists of a wide scan angle
matched slotted horn, a septum polarizer, and a launcher. A par-
tially transparent 3D view of the slotted horn PAA element is
depicted in fig. 2, and a front view and cross-sections are shown
in fig. 3, respectively. The ridges are positioned at the center of each
side of the hexagonal waveguide and are dimensioned to reduce
the fundamental mode cutoff frequencies to meet the bandwidth
requirements and the manufacturing constraints. As a result, the

Launcher

Slotted horn

Septum polarizer

Figure 2. Partially transparent 3D view of the slotted horn PAA.
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Figure 3. Front view and cross sections of the slotted horn PAA element.

ridge height and width are chosen as 1.7 mm and 0.5 mm, respec-
tively. The total length between the launcher and the aperture is
76 mm.

Wide scan angle matched slotted horn

A wide scan angle matched slotted horn is added to the HSBRWG
aperture to stabilize the antenna input impedance versus scan
angles. The horn consists of two elements: exponentially tapered
wall openings, or slots, on each side of the HGBRWG and expo-
nentially decayed ridges. In fig. 4, a close-up view of the slotted
horn aperture is depicted. The slots interrupt the surface cur-
rent flow to neighboring elements at the edges of the hexagon,
resulting in reduced mutual coupling compared to an OEWG
PAA element. In addition, the slots also lower the waveguide cut-
off frequencies, resulting in a smaller waveguide impedance that
more closely matches the free space impedance. In the broad-
side direction, the field is primarily confined between the ridges.
Therefore, the slots have a negligible impact. However, for an
oblique incidence angle, the slots result in a significantly better
impedance matching. The exponentially decayed ridges allow for
a uniform impedance matching of the two fundamental waveg-
uide modes at the horn-polarizer interface. The length of the
slots (&~ 0.5\, = 7.4 mm) [23] and the offset of the expo-
nentially decayed ridges (=~ 0.23\,;, = 3.4 mm) are the two
key parameters and the result of optimization. The exponen-
tial tapering of the slots and the ridges improves the broadband
performance.

Septum polarizer

Septum polarizers convert linear polarization to circular polariza-
tion and vice versa. A septum sheet is placed between two opposite
ridges of the HBRWG, dividing it into two half-H6RWGs as shown
in fig. 3. Each half-H6RWG excites either left-hand circular polar-
ization (LHCP) or right-hand circular polarization (RHCP). In
[24], septum polarizers in non-ridged square waveguides were ana-
lyzed with respect to the relative bandwidth and the number of
discrete steps of the septum sheet. For a relative bandwidth of
10 - 20%, a discrete four-step septum sheet is optimal. Simulations
confirmed that for the Ka-band downlink application (relative
bandwidth of 15.5%), a discrete four-step ridged hexagonal waveg-
uide septum polarizer is also optimal. Figure 5(a) shows a close-up
view along the plane of the septum sheet. However, because of the
presence of the ridges, limitations were observed in the maximum
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Chebyshev transformer

achievable reflection coeflicient, coupling to the cross-polarized
input port, and axial ratio (AR) compared to the reported perfor-
mance of non-ridged square waveguide polarizers [24]. The final
dimensions of the four steps are the result of optimization in the
broadside direction in the infinite array environment. For the Ka-
band satellite downlink use case, only one polarization per antenna
is utilized. As a result, only one of the two ports is actively used, and
the second port is terminated with a 50 2 load.

Launcher

Each input port of the septum polarizer is fed through a separate
launcher. The launcher realizes a microstrip to waveguide transi-
tion and consists of three parts, similar to [25]. Figure 5(b) and
(c) shows close-up views of the microstrip to waveguide transi-
tion. First, a two-step microstrip to substrate-integrated waveguide
(SIW) transition is carried out, which matches from 50 2 to
360 Q. A two-layer stack with a copper thickness of 35 pm and
a substrate height of 254 pm is used. Isola Astra MT77 is cho-
sen as the substrate, offering low losses (¢, =3, tan(d) = 0.0017)
and space certification. Second, the SIW is contactlessly trans-
formed into a thick, single-ridged rectangular waveguide via an
open-ended series stub, resulting in a half-H6RWG impedance of
430 . Inductive matching vias partially compensate for the stub

Exponentially

tapered slot ~~

|\ Exponentially
V(" decayed ridge

Figure 4. Close-up view of the wide scan angle matched slotted horn aperture.
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Figure 5. Close-up views of (a) the septum sheet, (b) the Chebyshev transformer, and (c) the SIW to microstrip transition.

capacitance. The microstrip and SIW transitions are kept short
to minimize losses. Third, a three-step Chebyshev transformer
converts a single-ridge rectangular waveguide to a double-ridge
half-hexagonal waveguide with an impedance of 700 Q. The
printed circuit boards (PCBs) are mounted on a lid that closes the
waveguides and connects the PAA inputs with the radio frequency
and digital front end.

Antenna simulation results

The PAA elements presented in this paper were simulated using
CST and validated in HFSS within an infinite array environ-
ment [26, 27]. An infinite array analysis is appropriate, given the
intended use of a very large PAA with hundreds of elements to
achieve the needed EIRP. To evaluate the performance improve-
ment due to the wide scan angle matched slotted horn, an OEWG
PAA element is used for comparison. The OEWG PAA element
uses the identical launcher and septum polarizer, with the aper-
ture cut off at the start of the slots. Using an identical feeding
for the reference element is fair because the slotted horn has a
negligible impact in the broadside direction. Additionally, it
enables an independent evaluation of the impact of the slotted
horn.

Active S-parameters

The PAA elements can be considered as four-port networks with
two input ports, the excited co-polarized input port and the ter-
minated cross-polarized input port, and two output ports, one for
each orthogonal linearly polarized radiated electric field compo-
nent, which together form the circularly polarized radiated field.
With the active S-parameters accounting for the mutual coupling
due to the array environment, fig. 6 shows the ARCs and the cou-
pling coefficients to the terminated cross-polarized input port of
the slotted horn PAA element and the OEWG PAA element at
broadside (¢, =0°,6,=0°) and for a representative selection of
scan angles (¢, =0, 60, 90° and §, = 30, 50°).

At broadside, the ARC of the slotted horn PAA element is low
and has two resonances at 17.8 GHz and 19.8 GHz, respectively.
When scanned, the ARC degrades only slightly and remains below
-18 dB for all scan angles. While the OEWG PAA element is also
well-matched at broadside, the ARC significantly increases when
scanning off broadside and peaks at about -7 dB at 20.2 GHz for
¢o=90° and 6, = 50°.

The coupling coefficient of the slotted horn PAA element
degrades by 2 dB compared to the OEWG PAA element at
broadside, peaking at -11 dB and limiting the performance.
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Otherwise, the coupling coefficients are significantly improved at
high scan angles and frequencies, remaining below -14 dB. In con-
trast, the coupling coefficients of the OEWG PAA element increase
up to -7 dB for ¢, =90° and 6, = 50°.

Antenna efficiency

The total antenna efficiency is defined as

MNantenna, total = Tlmatch ncoup * Nrad > (2)

with M.n as the matching efficiency defined as
MNmatch = 1 — (ARC)2 3)

describing miss-matching losses, 1,y as the coupling efficiency
defined as

Neowp = 1 — (Coupling coefficient)? (4)

representing the losses to the terminated cross-polarized port, and
Mrag @s the radiation efficiency accounting for conductivity and
dielectric losses.

In fig. 7, the total antenna efficiency of the slotted horn
PAA element and the OEWG PAA element is shown. The total
antenna efficiency of the slotted horn PAA element exceeds 84%
for all scan angles, with its minimum efficiency in the broad-
side direction and showing mostly improvements for higher scan
angles in all ¢-planes. The limitation is directly related to the
increased coupling coefficient at broadside, see fig. 6(c). Although
the OEWG PAA element has slightly higher broadside efficiency,
with increasing scan angles, the efficiency drops considerably
below 75%.

Specifically, matching losses are less than 1.5% for the slotted
horn PAA element, while matching losses for the OEWG PAA
element reach up to 20% for 6,=50° at 20.2 GHz. The cou-
pling losses are frequency and scan angle dependent as shown in
fig. 6(c) and (d), resulting in a degradation of up to 7% for the
slotted horn PAA and of up to 13% for the OEWG PAA element.
Conductivity losses are mainly caused by the relatively low surface
conductivity of 8 MS/m of the metal-printing process, resulting in
a degradation of about 5%. The conductivity losses and dielectric
losses of the printed circuit board remain below 1.5% and 2.5%,
respectively. Approximately 2% of the losses can be attributed to
the septum polarizer (excluding coupling losses) and around 6%
to the launcher.
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Figure 6. Simulated active S-parameters in an infinite array environment at broadside (¢, =0°, 6, =0°) and for a representative selection of scan angles (¢, =0, 60, 90° and
6, =30, 50°): ARCs for (a) the slotted horn and (b) the OEWG PAA elements, and coupling coefficients for (c) the slotted horn and (d) the OEWG PAA elements.

Axial ratio

The AR is calculated as

J [Eol + [Bgl? + [Ej + B -

O\ [Bol + Bl — [E + E3|

where Eg and E,, are the complex total electric field components in
the far-field in a spherical coordinate system.

In recent literature, AR degradation of OEWG PAAs has been
reported at high scan angles and frequencies [12, 13, 16]. The
OEWG PAA element used as a reference also suffers from a strong
increase in the AR at high scan angles and frequencies, as can
be observed in fig. 8(b). This phenomenon is a consequence of
single-mode scan blindness due to a fundamental Floquet mode
transmission zero just before the onset of the first grating lobe. As
a result, only a linear polarized wave is radiated [16].

In contrast to the OEWG PAA element, the AR of the slot-
ted horn PAA element behaves differently. As can be observed
in fig. 8(a), the AR increases continuously with the scan angle 6.
While the AR remains below 0.7 dB at broadside, it peaks at
7.5 dB at a maximum scan angle of 6,=>50° for ¢, =90°. The
3 dB threshold is exceeded for scan angles greater than 33°. To
explain the underlying effect, a more detailed investigation of the
AR degradation is required.

Figure 9 shows the absolute amplitude errors versus phase
errors of the orthogonal electric far-field components. Small ampli-
tude errors of less than 0.5 dB are observed, indicating equally
well-matched fundamental waveguide modes at the horn-polarizer
interface. However, large phase errors between the two orthogonal
field components are observed, leading to the strong degradation

https://doi.org/10.1017/51759078725102717 Published online by Cambridge University Press

of the AR. For 6, = 30°, the phase errors remain below 15°, result-
ingin AR values below 3 dB, while for 6, = 50° phase errors of up to
42.5° are observed. The deviation with frequency and ¢-angle are
small for a fixed scan angle 6. Nevertheless, depending on the ¢-
angle, either one or both of the two fundamental waveguide modes
are affected by phase shifts, resulting in the observed absolute phase
error. Because the phase error affects the waveguide modes differ-
ently for each scan direction, passive compensation, for instance,
by the septum polarizer, is not possible.

Embedded element pattern

The embedded element patterns were extracted for each scan angle
0, from the realized co-polarized and cross-polarized gains in
each ¢,-plane within the infinite array environment. Figure 10
shows the normalized co-polarized and cross-polarized embed-
ded element patterns of the slotted horn PAA element versus scan
angle 6, at the minimum frequency (17.3 GHz), the center fre-
quency (18.75 GHz), and the maximum frequency (20.2 GHz)
for ¢y =0°, 60°, and 90°. The co-polarized realized gain peaks
between 4.3 and 5.7 dBi along the frequency range at broadside
and decreases between 2 and 2.3 dB at §, = 50°. Due to the increas-
ing phase errors between the orthogonal field components with
scan angle 6, the cross-polarized gain also increases with the scan
angle 6, peaking at about -11 dB below the broadside at 20.2 GHz
for ¢y =0° and 6, =50°. Likewise, the co-polarized embedded
element pattern of the OEWG PAA element behaves almost iden-
tically. Otherwise, the cross-polarized embedded element pattern
of the OEWG PAA element increases less strongly at 17.3 GHz and
18.75 GHz. However, at 20.2 GHz, the degradation is similar to that
of the slotted horn PAA element.
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(a) the slotted horn and (b) the OEWG PAA elements.

Power amplifier and antenna co-simulation

To evaluate the effect of the slotted horn aperture on the PA per-
formance and, hence, on the performance of the active phased
array antenna (APAA) over the entire scan and frequency range,
both PAA elements are co-simulated with a basic PA. The PA is
synthesized using the MATLAB model described in [28], which
combines load-pull contours with the scan-dependent ARCs from
full-wave antenna simulations. The model can generate on- and
off-chip power combining and matching networks and includes
a bondwire model. Since the model is intended to enable rapid
comparisons between technologies and matching strategies of inte-
grated PAs and PAAs and not to generate fully optimized broad-
band designs, the synthesized PA is optimized and co-simulated in
ADS [29].

Based on a 0.15 ;m Gallium Nitride (GaN) process by United
Monolithic Semiconductors (UMS), the PA consists of a single
high-electron-mobility transistor (HEMT) with eight 50 zm-wide
gate fingers, and is biased in class-AB operation (Vge=-3V,
Vdrain =20 V). The optimal input impedance of the transistor is
chosen to maximize the power-added efficiency (PAE) within the
bandwidth, while maintaining a power delivered to the antenna
(Pan) of more than 30 dBm and a carrier over third-order inter-
modulation products (C/I3) of more than 15 dBc at the optimum
load impedance. The PAE is maximized for an input power of
21.5 dBm, resulting in a large signal gain of about 10 dB.

A circuit schematic of the APAA is given in fig. 11. The transis-
tor load is matched to the active input impedance in the broadside
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direction of the slotted horn PAA element and the OEWG PAA
element, which are almost identical, allowing for a fair compari-
son. Thereby, the reactive component is compensated for by the
bias inductor. A two-stage L-C network realizes the impedance
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Figure 10. Simulated co- and cross-polarized embedded element pattern of the slotted horn PAA element in an infinite array environment versus scan angle 6, for ¢, =0°,

60°, and 90° at (a) 17.3 GHz, (b) 18.75 GHz, and (c) 20.2 GHz.

matching by considering the bondwire inductance. The component
values result from an optimization in ADS. For the given bias point
and load, the PA has a DC power consumption of about 2 W at the
center frequency with a 4- 0.1 W variation with frequency.

Power amplifier performance

In fig. 12, the ARCs throughout the scan range are shown alongside
the PA load pull contours for PAE, power delivered to the antenna,
and C/I3 at the PA-antenna interface for both the slotted horn and
the OEWG PAA elements at 17.3 GHz, 18.75 GHz, and 20.2 GHz.
The slotted horn PAA element shows clearly fewer variations in
ARC during scanning than the OEWG PAA element.

Figures 13-15 show the PAE, the power delivered to the
antenna, and the C/I3 in the UV-plane for the slotted horn APAA
element and the OEWG APAA element at 17.3 GHz, 18.75 GHz,
and 20.2 GHz for a two-tone excitation with a 10 kHz spacing. The

PAE is defined as

P

P.
PAE =

n , (6)

ant

Ppc
with Py, the power accepted by the PA and Pp as the DC power
consumption of the PA. Further, the delivered power to the antenna
is defined as

Pant:Pfl +Pf2’ (7)

with P; and Py as the fundamental tone powers delivered to the

While the slotted horn APAA element has almost no degradation
in the scan range, the OEWG element degrades up to 3 dB for the
power delivered to the antenna and varies of up to + 3 dB for the
C/13.

For the slotted horn APAA element, the DC power has no vari-
ation over the scan range. On the contrary, the OEWG APAA
element has a variation of up to £ 0.6 W within the scan range.
Similar observations can be made for the dissipated power. For
both APAA elements, the dissipated power is about 0.9 W at broad-
side with a variation of £ 0.05 W with frequency. While the slotted
horn APAA element has no variation with the scan range, the
dissipated power of the OEWG APAA element increases up to
1.5 W.

System performance

The co-polarized system efficiency and the co- and cross-polarized
EIRP are evaluated to assess the system performance of the APAA
elements. Thereby, the co-polarized system efficiency is defined as

Pant - Neoup * Mrad * Meo-pol — Pin

, (11)

rr]system, co-pol —
PDC

with Mo as the polarization efficiency of the radiated co-
polarized electric field. Similarly, the co- and cross-polarized EIRP
can be defined as

EIRP 4 po1 = Pant - D Neoup *Neo- 12
antenna. The C/I3 is defined as co-pol ant Tleoup " Thrad " Tleo-pol (12)
C/I3)yer + C/13
C3 = e 2 ppe > (8) EIRPcross—pol = Pant -D- Necoup * Mrad * Tleross-pol » (13)
while where D is the directivity of the antenna and T pot @s the
P, polarization efficiency of the radiated cross-polarized electric field.
ClBioyer = Por s ) Figure 16 shows the co-polarized system efficiency versus scan
2hh angle ¢, for ¢y =0°, 60°, and 90° at 17.3 GHz, 18.75 GHz, and
p
ClBypper = 5= (10)
f,—f
o Viin Optimized matching network EIRP
with P,¢ ¢ and P,;_; as the power of the third-order inter- PD(¢ 0.52 o 0.19 nH >
ion *deli 2 0.64 nH 0.17Q
modulation products delivered to the antenna. GaN 050 0eq 139pF P
Atbroadside, both APAA elements achieve a PAE peak of about pmHEMT A m_l >
49% at 17.3 GHz, with a degradation of up to 2% with increasing » P iggﬂ" J_ 400 ym >
frequency. The slotted horn APAA element has almost no degrada- > SXSSO wm = I 1S fF bondwire 7 ...
tion in the entire scan range, compared to up to 10% for the OEWG L

APAA element at 20.2 GHz.
The power delivered to the antenna and the C/I3 are about
31 dBm and 15 dBc, respectively, and behave similarly to the PAE.
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Figure 11. Circuit schematic of the APAA with a PA based on a GaN HEMT, a
two-stage L-C network, and a bondwire connection to the antenna.
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20.2 GHz for the slotted horn APAA element and the OEWG
APAA element. While the OEWG APAA element exhibits a strong
decrease of more than 14% in system efficiency for high scan angles
and frequencies, the slotted horn APAA element degrades only
up to 8%. The degradation of the slotted horn APAA element is
mainly due to the increase in AR, which causes the polarization
efficiency to drop to 80% at the maximum scan angles of 6, = 50°.
Otherwise, for the OEWG APAA element, the co-polarized system
efficiency decreases with increasing scan angle in PAE and radia-
tion efficiency. Only at high frequencies and scan angles does the
polarization efficiency also degrade significantly.

Harms et al.

Similarly, fig. 17 and 18 show the co- and cross-polarized
EIRP of the APAA elements, respectively, as a function of the
scan angle 6, for ¢y, =0°, 60°, and 90° at 17.3 GHz, 18.75 GHz,
and 20.2 GHz. The co-polarized EIRP of both APAA elements
is between 35 and 36 dBm at broadside across the frequency
band and decreases with scan angle 6,. The scan losses of the
OEWG APAA element are approximately 3 dB at the maximum
scan angle at most frequencies, but increase up to 7 dB for
¢o=90° and 6, =50° at 20.2 GHz. In contrast, the slotted horn
APAA element shows scan losses of about 2.5 dB at the maxi-
mum scan angle 6, in the entire scan and frequency range. The

+l

— PAE (4% steps)
—— P, (1dB steps)
—— C/I3 (2dB steps)

» ARC OEWG PAA
e ARC slotted horn PAA | ~—j2

=1 -1

(a) (b)

Figure 12. PAE, power delivered to the antenna (P,,), and C/I3 contours at the (a) 17.3 GHz, (b) 18.75 GHz, and (c) 20.2 GHz, based on the matching circuit shown in fig. 11.
The ARCs throughout the scan range (A¢ =7.5°, A9 =2.5°) are shown for the slotted horn PAA and the OEWG PAA.
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Figure 13. PAE versus scan range of the OEWG PAA at (a) 17.3 GHz, (b) 18.75 GHz, and (c) 20.2 GHz and of the slotted horn PAA at (d) 17.3 GHz, (e) 18.75 GHz, and

(f) 20.2 GHz.
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cross-polarized EIRP increases with scan angle 6, for both APAAs.  up to 26 dBm at 20.2 GHz. In contrast, the cross-polarized EIRP
For the OEWG APAA element, the maximum cross-polarized  of the slotted horn APAA element remains constant across the fre-
EIRP increases with frequency from about 15 dBm at 17.3 GHz  quency band and the scan angle ¢, but increases with the scan
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Figure 16. Co-polarized system efficiency versus scan angle 6, for ¢, =0°, 60°, and 90° of the OEWG APAA element at (a) 17.3 GHz, (b) 18.75 GHz, and (c) 20.2 GHz and of
the slotted horn APAA element at (d) 17.3 GHz, (e) 18.75 GHz, and (f) 20.2 GHz. Small UV-plots within the figures provide a rough indication of the entire scan range.
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Figure 18. Cross-polarized EIRP versus scan angle 6, for ¢, =0°, 60°, and 90° of the OEWG APAA element at (a) 17.3 GHz, (b) 18.75 GHz, and (c) 20.2 GHz and of the slotted
horn APAA at (d) 17.3 GHz, (e) 18.75 GHz, and (f) 20.2 GHz. Small UV-plots within the figures provide a rough indication of the entire scan range.

angle 6, peaking at around 25 dBm at the maximum scan angle  full-metal Vivaldi PAA elements in [30] and [31] exhibit wideband

of 0y =50°. performance, they typically suffer from poor cross-polarization in
the diagonal plane and support only linear polarization. While the
Conclusion rectangular dielectric-filled waveguide PAA element presented in

[23] shows good performance over a wide bandwidth and scan
This paper introduced an HORWG PAA element featuring a wide range, it also supports only linear polarization. An extension to cir-
scan angle matched slotted horn aperture. The proposed aperture  cylar polarization, using a square dielectric-filled waveguide in a
was designed to limit the variation of the ARC during scanning,  rectangular lattice, showed a reduction in bandwidth and degrada-
achieving a very low ARC of less than -18 dB for scan angles up  tjon in ARC at the maximum scan angle in the diagonal plane. The
to +50° from 17.3 GHz to 20.2 GHz. Further, a total antenna  cjrcular 3-ridged choked horn waveguide PAA elements in [11]
efficiency of more than 84% was achieved. and [15] support circular polarization over wide scan ranges, but

In Table 1, the slotted horn PAA element is compared with  are Jimited in terms of ARC and AR bandwidth. In this context, the
other full-metal PAA elements from the literature. Although the

Table 1. Comparison with full-metal PAA elements from the literature

[30] [31] [23] [15] [11] This work
Technology Full-metal Vivaldi Full-metal Vivaldi Rectangular Circular 3-ridged Circular 3-ridged Hexagonal
Dielectric-filled Waveguide Waveguide 6-ridged
Waveguide Waveguide
Lattice Rectangular Rectangular Triangular Triangular Triangular Triangular
Periodicity 0.5Amint 0.5\ mint 0.58 A min’ 0.598 A yin - 0.708\ yin 0.633)\,,
Relative bandwidth 120%* 50%"* 40% 6% 17.1%* 15.5%
Polarization Linear Dual-linear Linear Dual-circular Circular Circular
Scan range 6, +45° +60° +65° +60° +50° +50°
ARC <-6 dB! <-9dB! <-8 dB! <-10 dB <-10 dB? <-18 dB
Coupling coefficient not applicable <-13dB not applicable <-15dB not reported <-11dB
AR not applicable not applicable not applicable <3dB! <7.3dB%? <7.5dB

! Calculated from reported data. > No simulation or measurement results versus frequency or scan angle are reported. > Degradation at low frequencies at the maximum scan angle.
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slotted horn PAA element stands out because of its very low ARC
at high scan angles.

Nevertheless, a broadband degradation of the AR was observed.
The degradation is caused by a large phase error between the two
orthogonal radiated field components. The absolute phase error
increased with the scan angle 6, while showing only a small devi-
ation with ¢-angle and frequency. Since the phase error cannot
be attributed to a specific waveguide mode, passive compensation,
for instance, by the septum polarizer, is not feasible, necessitating
improvement in the future.

Overall, the proposed slotted horn aperture produces a signif-
icant improvement in the antenna input impedance stabilization,
which minimizes the active load pulling on active devices, as
demonstrated with a PA in a co-simulation. As a result, PAE, power
delivered to the antenna, and C/I3 were maintained with negligible
degradation throughout the whole + 50° scan range and band-
width. Although the increased AR resulted in a degradation of the
polarization efficiency with increasing scan angle, the co-polarized
system efficiency and EIRP were improved at most frequencies and
high scan angles compared to an OEWG aperture.
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