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ABSTRACT

High-gain antennas play a crucial role in point-to-point and point-to-multipoint
communication systems. In applications such as microwave backhaul, satellite
communication, and radar systems, air-filled hollow waveguide array antennas have
become a mainstream choice due to their low loss and high-gain characteristics. Meanwhile,
dual-polarized antennas, with their ability to provide polarization diversity and enhance
channel capacity in multipath fading environments, are pivotal in point-to-point
communication systems. In satellite communication on-the-move systems, dual-polarized
antennas enable arbitrary linear polarization, allowing for more effective tracking of the
satellite's polarization state. This PhD thesis focuses on the design and performance
optimization of dual-polarized, multiband co-aperture, and ultra-wideband waveguide
array antennas. The primary contributions are as follows: (1) Present a compact corporate-
fed dual-polarized array antenna: By implementing a novel one-to-one excitation method
for individual radiating elements, this design effectively addresses the trade-offs between
bandwidth, grating lobes, isolation, and cross-polarization performance in wideband dual-
polarized arrays, significantly enhancing the overall antenna performance. (2) Present an
innovative dual-mode back cavity design: This design operates in TE120/TE210 and
TE140/TE410 modes and incorporates a diamond-shaped radiation slot, greatly improving
the radiation bandwidth and pattern stability. Using SLA 3D printing technology followed
by copper plating simplifies the manufacturing process, resulting in a compact and high-
performance antenna array. This design achieved a 30.2% impedance bandwidth with high
aperture efficiency and is the first to realize a 3D-printed dual-polarized array antenna with
bandwidth exceeding 30%, fully covering the Ku-band satellite communication range of
10.7-14.5 GHz. (3) Present a unique dual-band, dual-polarized, shared-aperture waveguide
array antenna design method: This method features a flexible frequency ratio design,
catering to diverse application scenarios. An example design covering the K- and Ka-bands
was fabricated and tested, making it the first planar array antenna to meet the Ka-band
satellite communication transceiver bandwidth requirements (Rx: 17.7-21.2 GHz, Tx:
27.5-31 GHz). (4) Address the challenges in ultra-wideband antenna array design: By
introducing an innovative design approach, this work achieves high aperture efficiency and
a low-profile structure while effectively minimizing grating lobes. The ability to cover
multiple frequency bands makes it particularly suitable for modern satellite communication
and point-to-point microwave backhaul systems. This design achieves an unprecedented
105% fractional bandwidth with a profile height of just 0.3A, representing a significant
breakthrough in ultra-wideband antenna array technology. (5) Prevent a sub-terahertz
corrugated horn fabricated using Micro Laser Sintering (MLS) metal 3D printing. A 45°
inclined corrugation enables vertical printing without support, preserving circular
symmetry and achieving >36 dB XPD. The integrated rectangular-to-circular waveguide
transition enhances compactness, while optimized gold plating reduces ohmic loss. This is
the first high-performance 3D-printed metal corrugated horn beyond 100 GHz, offering a
new fabrication approach for millimeter-wave and terahertz applications.
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CHAPTER 1: INTRODUCTION

1.1 Background and Motivation

With the rapid development of multi-band, multi-functional wireless communication
systems, there is an increasing demand for antennas that can support multiple operating
frequency bands. For instance, frequencies such as 6/7/8/11/13/15/18/23/60/70/80 GHz
have been allocated for point-to-point microwave backhaul systems [1], and the Ku (10.7—
14.5 GHz), K (17.7-21.2 GHz) and Ka (27.5-31 GHz) are already widely used in satellite
communications (SATCOM) [2]. In these scenarios, wideband or multi-band shared-
aperture waveguide array antennas with high-gain capabilities are highly desirable.

Furthermore, flexible polarization configurations are widely utilized to enhance
communication quality. For example, dual-linearly polarized antennas are employed in
point-to-point microwave backhaul systems to increase channel capacity and transmission
data rates [3]. Circular polarization (CP) is extensively used in satellite communication and
radar systems due to its insensitivity to antenna orientation, strong signal penetration
capability, and reduced multipath interference. In many transceiver systems, CP in the
transmit and receive bands is orthogonal, which helps to increase isolation between
transmit and receive paths [4].

Polarization-reconfigurable and multi-polarization shared-aperture antennas have found
widespread applications in modern communication systems [5], as they not only improve
spectral efficiency and enhance communication link reliability but also allow efficient
integration of multi-service, multi-band operations. This integration capability is essential
to meet the demands of future communication systems for high data rates, high reliability,
and multifunctional operation.

An effective approach to achieving multi-band and multi-polarization shared-aperture
performance is the use of wideband or multi-band shared-aperture dual-linearly polarized
waveguide array antennas. All forms of polarization can be synthesized through the two
orthogonal polarization channels of a dual-polarized antenna. For instance, in
communication-on-the-move systems, polarization tracking can be achieved using
arbitrary polarization synthesis networks based on dual-polarized antennas [6]. Circular
polarization can also be synthesized by adding a 3 dB coupler to the dual-polarized input
ports, achieving dual circular polarization [7].

Published dual-linearly polarized waveguide array antennas can be categorized into
several types: those based on waveguide orthomode couplers [8], multi-port orthogonal
excitation directly radiating elements [9], CTS (Continuous Transverse Stub) dual-
polarized array antennas [10], [11], and multi-band nested shared-aperture dual-polarized
antennas [7]. The bandwidth of current wideband dual-polarized array antennas is typically
limited either by the feed network or by the fundamental mode bandwidth of the radiating
slots. The widest bandwidth reported for such antennas is about 30% [9], [12]. For dual-
band shared-aperture designs, radiating slots are usually nested for the two frequency bands,
which inherently restricts design flexibility, making it difficult to adapt the frequency ratio
to system requirements [7].

Another approach for designing multi-band, multi-polarization shared-aperture
antennas is to add a multi-band polarizer with an FSS (Frequency Selective Surface)
structure onto an ultra-wideband linearly polarized antenna [13]. However, this approach
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imposes even more stringent bandwidth requirements on the waveguide array antenna. For
example, point-to-point microwave backhaul systems operate across multiple bands from
6 up to 86 GHz, while high-throughput satellites cover the 10.7-31 GHz range. The widest
bandwidth achieved by currently published waveguide array antennas is around 60%,
which still falls short of the requirements for these demanding applications [14].

Therefore, expanding the bandwidth of dual-polarized array antennas, innovating multi-
band shared-aperture topologies, and realizing ultra-wideband linearly polarized antennas
are of great importance for high-capacity communication systems. These advancements
will be critical in meeting the evolving needs of next-generation wireless communication
systems.

As the operating frequency approaches the terahertz range, planar array antennas
become increasingly challenging to manufacture and assemble. The corrugated horn
antenna, known for its ease of integration and flexible beam-shaping capabilities, is widely
employed as a primary feed source for reflector antennas in applications such as radio
astronomy and precision measurement instruments [15]. These antennas require circular
symmetric radiation, low sidelobes, and high cross-polarization discrimination (XPD),
making their fabrication highly demanding. Traditional manufacturing methods, such as
direct machining [16] and electroforming [17], face significant limitations at sub-terahertz
frequencies due to stringent precision requirements, high production costs, and long
fabrication cycles. The complexity of machining fine corrugations with a depth-to-width
ratio of 3—4 or the need for delicate mandrels for electroforming further constrain the
scalability.

The emergence of metal 3D printing offers a promising alternative, but existing laser
powder bed fusion (LPBF) techniques suffer from insufficient precision, poor surface
roughness, and unwanted structural asymmetry caused by tilted printing orientations [18].
These issues degrade radiation performance, especially at higher frequencies.

1.2 Novelty and Contributions of the Thesis

This thesis addresses the current challenges in the bandwidth enhancement for dual-
polarized waveguide array antennas, introduces novel topologies for multi-band shared-
aperture dual-polarized antennas, and develops new design methodologies for ultra-
wideband waveguide array antennas. It also explores the application of high-precision
Micro Laser Sintering (MLS) metal 3D printing by demonstrating a high-performance sub-
terahertz corrugated horn antenna. The specific novelty and contributions of this research
work are summarized as follows:

(1) In Chapter 3, this work overcomes the performance trade-off in wideband dual-
polarized arrays between bandwidth, grating lobe, isolation and cross polarization by using
a number of new design features. The key one is a new topology of two sets of full-
corporate-feed networks implemented using two different transmission structures (square
coaxial line and ridge waveguide, respectively). This topology ensures wideband
impedance matching, facilities signal routing and effectively minimizes the space between
the array elements. It excites the radiation slots in a one-to-one fashion without requiring
backed cavities. This improves the antenna's radiation performance across a wide
frequency band. This demonstration provides a promising wideband dual-pol antenna
solution for high data-rate wireless applications.



(2) In Chapter 4, this work introduces a novel dual-mode back cavity operating in
TE120/TE210 and TE140/TE410 modes, combined with a diamond-shaped radiation slot,
to significantly enhance radiation bandwidth and pattern stability. Utilizing
stereolithography apparatus (SLA) 3D printing technology and subsequent copper plating
simplifies the manufacturing process, resulting in a compact and high-performance antenna
array. This design achieves a 30.2% impedance bandwidth and high aperture efficiency,
outperforming published designs and making it highly suitable for practical applications.

(3) In Chapter 5, this work addresses key challenges in dual-band dual-polarized (DBDP)
antenna array design by introducing several notable innovations. The use of an orthogonal
parallel plate waveguide (PPW) for dual polarization excitation offers an efficient and
compact solution, directly tackling issues of polarization purity and feed network
complexity. To further enhance performance, dual-band band-stop structures are integrated
within the PPW network, effectively suppressing polarization leakage and significantly
improving transmission efficiency—an area where many conventional designs fall short.
Moreover, the design accommodates a wide frequency ratio range from 1 to 2.64 between
the two bands, providing the flexibility needed to support a broad range of practical
applications. The introduction of a novel orthogonal linear signal generator (LSG) enables
ultra-wideband, dual-polarized quasi-TEM excitation, ensuring consistent performance
across an expansive bandwidth.

(4) In Chapter 6, this work addresses the challenges of grating lobes and aperture
efficiency degradation in traditional ultra-wideband waveguide slot arrays, especially at
mm-wave frequencies. This is achieved by a low-profile quasi-TEM radiator that is directly
excited by a corporate feed network constructed from rectangular coaxial waveguides. This
approach enables smooth impedance transitions and maintains a compact feed structure.
As aresult, the design achieves a remarkable 105% fractional bandwidth across the 10 to
32 GHz range, with an aperture efficiency exceeding 90%. This achievement marks the
first instance of a full-metal, air-filled planar waveguide antenna delivering such a broad
bandwidth with a low-profile configuration.

(5) In Chapter 7, this work demonstrates a horn antenna with 45° inclined corrugations,
enabling vertical 3D printing without internal support. This preserves circular symmetry of
the structure and enhances cross-polarization discrimination (XPD). The rectangular-to-
circular waveguide transition is integrated within a monolithic compact structure, avoiding
minimizing assembly-induced losses. The MLS process achieves 10 um precision and 1.8
pum surface roughness, overcoming the limitations of conventional LPBF techniques. The
optimized electroless nickel and gold plating process enhances conductivity and reduces
ohmic loss, allowing the antenna to approach the performance of ideal metals. These
advancements enable the first high-performance 3D-printed metal corrugated horn beyond
100 GHz, achieving >36 dB XPD and 18-22 dBi gain over 145-225 GHz.

1.3 Outline of the Thesis

The thesis is presented as a series of published or under-review papers following the
University’s Alternative Format Thesis guidelines. The thesis comprises eight chapters,
organized as follows:

Chapter 1: This chapter introduces the research background and motivation. It outlines
the primary contributions of the thesis and provides an overview.



Chapter 2: A detailed literature review is presented, covering topics from horn antennas,
series-fed waveguide slots arrays, fully corporate-feed waveguide antenna arrays, dual-
polarized waveguide antenna arrays to muti-band shared-aperture dual-polarized
waveguide antenna arrays.

Chapter 3: A wideband dual-polarized slot array antenna based on hollow-waveguide is
presented in this chapter. Its wide bandwidth and high performance are enabled by two
separate feeding networks, from the side and the bottom, using square coaxial line and
ridge waveguide structures, respectively. The full-corporate-feed networks excite the
radiation slots in a one-to-one fashion without using backed cavities. Tight element spacing
is made possible, suppressing the grating lobe and maintaining high cross polarization
discrimination (XPD) across the wideband. This resolves a usual trade-off between
bandwidth and grating lobe. A double-ridge rectangular waveguide cavity is devised as an
orthogonal mode splitter for isolation enhancement. Several design features are used to
minimize the signal path length and facilitate routing. An 8x8-element prototype in K-band
is designed, fabricated, and measured. Experimental results show that the antenna has a
wide bandwidth of 23.4% (from 17 — 21.5 GHz) free from grating lobes. More than 25.5
dBi peak gain, higher than 51.2 dB isolation and over 43.6 dB XPD are obtained for the
dual polarizations.

Chapter 4: This chapter presents a novel wideband dual-polarized hollow-waveguide
antenna array, designed for manufacturing using stereolithography (SLA) 3D printing
technology and metallized by copper plating. By replacing the conventional single-mode
back cavity with a dual-mode (TE120/TE210 and TE140/TE410 modes) back cavity, a
wider radiation bandwidth is achieved. A diamond-shaped radiation slot was employed to
enhance the stability of the radiation pattern and mitigate gain drop-off at higher
frequencies. Two different types of feeding networks were used for the two polarizations.
For the vertical polarization, a novel, highly compact differential feed network was devised
under severe space constraint while allowing the ease of printing and plating. The
fabricated antenna array prototype achieves an impedance bandwidth of 30.2% (10.7-14.5
GHz), with measurements confirming high aperture efficiency (AE > 72%) and high port
isolation (>48 dB).

Chapter 5: This chapter presents a design approach for dual-band dual-polarized (DBDP)
waveguide antenna array. A novel transmission network using orthogonal parallel plate
waveguide (PPW) is proposed for the excitation of dual polarization. Dual band bandstop
structures are incorporated into the PPW feeding network. They suppress the leakage
between the two polarizations and improve the transmission efficiency of the network.
They also enable a wide range of frequency ratio from 1 to 2.64 between the two bands. A
new orthogonal linear signal generator (LSG) enables ultra-wideband, dual-polarized
quasi-TEM excitation, ensuring consistent and reliable performance across a broad
bandwidth. Fed by four sequentially rotated single-ridge 1-to-4 power dividers, the LSG
effectively generates dual-polarized signals. For demonstration, a K/Ka-band shared-
aperture dual-polarized array antenna has been designed, analyzed and experimentally
verified. The array features a wide impedance bandwidth (17.7 - 21.2 GHz and 27.5 - 31
GHz), high isolation (>50 dB), and excellent cross polarization discrimination (XPD) (>40
dB). The prototype demonstrates high aperture efficiency up to 80% and consistent
radiation patterns at both bands, affirming its potential for SATCOM systems.



Chapter 6: This chapter presents a novel ultra-wideband planar antenna design featuring
a low-profile quasi-TEM radiator directly excited by a corporate feed network constructed
from rectangular coaxial waveguides. The design addresses key challenges, such as grating
lobes and aperture efficiency degradation, ensuring a compact and efficient solution. The
key innovations include quasi-TEM mode radiators, ultra-wideband rectangular coaxial-
to-ridge waveguide transition, and in-phase air-filled corporate feed network based on
rectangular coaxial line. The design achieves an impressive fractional bandwidth (FBW)
of 105% across the 10-32 GHz range, with an aperture efficiency of up to 80% and a low-
profile height of 0.28 wavelengths at the lowest frequency. The antenna structure is fully
metal and manufactured using CNC machining, with laser cutting employed for the coaxial
core layer. Experimental results show excellent agreement with simulations, confirming
the potential for use in SATCOM and other wideband point-to-point communication
systems.

Chapter 7: This chapter presents the design, fabrication, and characterization of a high-
performance sub-terahertz corrugated horn antenna manufactured using Micro Laser
Sintering (MLS) metal 3D printing. A 45° inclined corrugation design enables vertical
printing without internal support, preserving circular symmetry and achieving >36 dB XPD.
The integration of a rectangular-to-circular waveguide transition enhances compactness
and eliminates assembly errors. The MLS process, achieving 10 pm precision and 1.8 pm
surface roughness, overcomes the limitations of conventional LPBF techniques. An
optimized electroless nickel and dual-layer gold plating process improves conductivity and
reduces ohmic loss. Experimental validation confirms a measured gain of 18-22 dBi over
145-225 GHz, marking the first demonstration of a high-performance 3D-printed metal
corrugated horn beyond 100 GHz. This work establishes a new pathway for advanced
millimeter-wave and terahertz antenna fabrication.

Chapter 8: The final chapter concludes the thesis by summarizing the key findings and
contributions. It also discusses the research limitations and suggests potential directions for
future work.
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CHAPTER 2: LITERATURE REVIEW

Hollow waveguide antennas are finding more and more applications in high microwave
and millimeter-wave systems. However, current designs of such antenna systems face
limitations in achieving the wide bandwidth and shared-aperture capabilities, necessary for
advanced communication systems. This review examines recent advancements in various
waveguide antennas, including series-fed, fully corporate-fed, dual-linearly polarized,
dual-circularly-polarized, and multi-band shared-aperture dual-polarized array antennas. It
discusses their strengths and challenges, with a focus on enhancing bandwidth and
developing shared-aperture techniques to meet emerging and more stringent requirements.
These advancements are crucial for pushing the boundaries of waveguide antenna
technology in communication and radar systems. In addition, the relevant literature on
subterahertz corrugated horn antenna will also be reviewed.

2.1 Planar Hollow Waveguide Array Antennas for Millimeter-
Wave Applications

Planar hollow waveguide array antennas are widely used in millimeter-wave
communication systems, radar, and satellite payloads, owing to their low loss, high power
handling capability, and effective beam-shaping characteristics. Unlike dielectric-filled
waveguide arrays, hollow waveguide arrays eliminate dielectric loss, making them highly
suitable for applications where low insertion loss and high radiation efficiency are critical.

2.1.1 Series-Fed and Partially Corporate-Fed Waveguide Slot
Array Antennas

Series-fed waveguide slot array antennas have gained popularity due to their high
efficiency and simplicity in millimeter-wave applications [1]. However, they are inherently
prone to frequency dispersion caused by the long-line effect, which results in beam squint,
meaning the beam direction deviates from the array’s normal as the frequency changes.
This effect becomes increasingly detrimental in point-to-point communication, especially
in high-gain applications where larger apertures narrow the main beam, making any squint
more pronounced. To mitigate these effects, center feeding methods have been employed
to reduce the effective length of the series feed line by half, subsequently enhancing the
operational bandwidth [2], [3]. Another improvement, as shown in Fig. 2.1, comes from
integrating small series-fed arrays with a corporate feed network. This can significantly
extend the bandwidth [4]. Despite these advancements, the reported partially corporate feed
waveguide slot arrays have not yet surpassed a bandwidth of 12%, far from meeting the
demands of modern applications [5]. For instance, in E-band (71-86 GHz) point-to-point
backhaul, it requires a 19.2% bandwidth, while high-throughput satellite terminal antennas
demand even broader bandwidths, such as 30.2% for Ku-band (10.7-14.5 GHz) and 56%
for Ka-band (17.7-31 GHz).
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Fig. 2.1 Partially corporate feed slotted waveguide array antenna. (a) Centre-feed. (b) Partially corporate feed
(divided into 4 units). (c¢) Partially corporate feed (divided into 16 units) [5].
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Fig. 2.2 2x2 subarray of fully corporate feed slotted waveguide array antenna, (a) using a 1-to-4 back cavity
to connect the corporate feed network with the radiating slots; (b) by directly connecting each output of the
corporate feed network to individual radiating slots.

2.1.2 Fully Corporate-Fed Waveguide Slot Array Antennas

Fully corporate-fed waveguide slot array antennas provide a competitive alternative to
address the inherent bandwidth limitations of series-fed designs, as they eliminate beam
squint caused by frequency dispersion [6], [7], [8], [9], [10], [11]. The feed network in fully
corporate-fed arrays typically adopts one of two topologies. The first topology (in Fig.

8



2.2(a)) uses a 1-to-4 back cavity to connect the corporate feed network with the radiating
slots [6]. This approach simplifies the feed network’s complexity but faces challenges in
achieving low sidelobes due to the uniform amplitude and phase distribution of the 2x2
subarray elements, which often results in grating lobes appearing within the 30-50°
elevation range. The second topology (in Fig. 2.2(b)) directly connects each output port of
the corporate feed network to individual radiating slots, offering more precise control over
the amplitude and phase of each radiating element [9], [10], [11]. However, this method
complicates the design, as it requires narrower waveguide channels, making fabrication
more challenging. It requires advanced CNC machining techniques to maintain high
dimensional accuracy.
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Fig. 2.3 Fully corporate feed dual-linear polarized array antenna. (a) Fed by a ‘T’ type OMT with a 1-to-4
back cavity [12]; (b) Fed by a cross slot with a 1-to-4 back cavity [15]; (c) Multi-port excited orthomode
transducers directly exciting radiators [16]; (d) Multi-port excited orthomode transducers directly exciting
radiators [17].

2.1.3 Dual-Linear Polarized Waveguide Slot Array Antennas

Dual-polarized antennas have seen widespread application in point-to-point microwave
backhaul, satellite communication, and radar systems due to their capability to enhance
channel capacity and enable polarization modulation. These antennas can be divided into
those incorporating a 1-to-4 back cavity and those without it, as shown in Fig. 2.3. For



designs utilizing a back cavity [12], [13], [14], [15], cross-slot couplers [15] and T-type
orthomode transducers (OMTs) [13] are commonly employed for generating orthogonally
polarized feed. Arrays based on cross-slot coupling typically face bandwidth limitations
because the slot’s coupling strength restricts operational bandwidth.

The combination of T-type OMTs with multimode back cavities represents a more
advanced solution, allowing for larger bandwidths [18], [19]. For example, a design
proposed by [19] demonstrated a back cavity structure operating in TE320/TE230 and
TE140/TE410 modes, achieving a 22.8% impedance bandwidth, marking the widest
bandwidth achieved for back-cavity-based OMT-excited dual-polarized arrays to date.
However, this is still insufficient for meeting the expansive bandwidth requirements of
high-throughput satellite communication systems. As an alternative, multi-port excited
orthomode transducers directly exciting radiators in a one-to-one configuration have
emerged as a promising solution for achieving wideband performance in dual-polarized
waveguide slot array antennas. This approach provides precise control over the amplitude
and phase of each radiating element, allowing for improved polarization purity and
isolation. By directly coupling the OMT outputs to individual radiating slots, this
configuration can achieve enhanced bandwidth and better impedance matching compared
to traditional feed methods [16], [17], [20]. As a result, it is particularly well-suited for
applications requiring broad bandwidth and high polarization efficiency, such as high-
throughput satellite communication systems [17], where over 30% impedance bandwidth
was achieved. However, extending this bandwidth further remains challenging due to
limitations imposed by the fundamental mode bandwidth of the radiating slots. Future
advancements in this domain may involve hybrid techniques that combine the advantages
of multi-port excitation with novel radiating slot designs to achieve even wider bandwidths.

2.1.4 Dual-Circularly Polarized Waveguide Slot Array
Antennas

Achieving dual circular polarization (CP) in waveguide slot arrays is a critical
requirement for some modern communication systems, such as satellite communication
and advanced radars. There are three widely used approaches shown in Fig. 2.4: (1)
Waveguide circularly polarized radiator fed by a dual linearly polarized array [21], [22],
[23]; (2) Dual linearly polarized array fed by a 90° coupler [24]; and (3) Dual linearly
polarized array covered with a FSS-based polarizer [25], [26], [27].

The first two configurations, although effective, are often complex, bulky, and
necessitate multi-layer CNC machining, leading to manufacturing difficulties and therefore
increased costs. By contrast, cascading a wideband linear polarization planar array with
a linear-to-circular polarization converter (LCPC) is a more flexible solution, allowing for
easier implementation in multi-band and multi-polarization systems [25]. Despite this
advantage, the primary limitation lies in the bandwidth constraint imposed by the feed
network and radiating elements. For instance, a study by [26] utilized a double-step double-
ridged slot element, achieving a broadened bandwidth of 46.8%, but this was still limited
by the radiating element. Another example [27] employed CTS elements with a single-
ridged waveguide feed network, reaching a 60% bandwidth. While CTS radiating slots
theoretically possess infinite bandwidth, practical limitations of the feed network often
restrict their performance.
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Frequency-selective surfaces (FSSs) are widely used in LCPC design, which can be
divided into resonant and non-resonant types. Resonant FSSs, like those based on split slot
rings, cross dipoles, and Jerusalem cross (JC) slots, generally have narrow axial ratio (AR)
bandwidth and high insertion loss due to large element spacing. Non-resonant structures
with sub-wavelength elements offer wider bandwidth [28], [29]. Compared to the single-
band LCPCs, the dual-band LCPCs generally show narrow operation bands and high
insertion loss due to the mutual coupling between the two bands [30], [31], [32], [33].
Using multi-layer non-resonant structures is an effective approach to increasing the
bandwidth of dual-band LCPCs. For instance, [34] presents a K/Ka-band LCPC that
consists
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Fig. 2.4 Fully corporate feed dual-circular polarized array antenna solutions. (a) Waveguide circularly
polarized radiator fed by a dual linearly polarized array [21]; (b) Dual linearly polarized array fed by a 90°
coupler [24]; (c) Dual linearly polarized array covered with an FSS-based polarizer [25].

of two identical metallic layers with connected Jerusalem cross and “I”-type dipoles for
each layer. The measured AR bandwidths reach 29% and 12%, with IL better than 2 dB
and 0.8 dB in the K- and Ka- bands, respectively. Another study [31] proposes a systematic
design of dual-band orthogonal polarization LCPCs, exhibiting an axial ratio (AR) lower
than 3 dB over 18-22.2 GHz (21%) and 28.7-30.4 GHz (6%) bands, with insertion loss
above 1 dB within the same bands.

In summary, the pursuit of dual circular polarization (CP) can be effectively approached
through two main methods. The first involves combining a broadband dual-polarized
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antenna with a 90-degree coupler, yielding dual CP but often at the expense of increased
design complexity and physical size. Future advancements should aim to streamline this
integration, reducing size and simplifying manufacturing without compromising
performance. The second approach, incorporating a dual-band dual circular polarizer using
the frequency-selective surface (FSS) structure on an ultra-wideband linearly polarized
antenna, offers a more flexible solution for achieving wideband CP. Moving forward,
optimizing the FSS design to enhance bandwidth, reduce insertion loss, and improve axial
ratio performance will be crucial, making this method particularly suited for next-
generation satellite and radar communication systems.
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Fig. 2.5 Dual-band dual-polarized array antenna. (a) Dual-band nested dual-polarized shared-aperture
antenna array [37]; (b) OMT-based orthogonal polarization shared-aperture antenna array [38]; (c) Partially
shared-aperture dual-band dual-polarized antenna array [39].

2.1.5 Multi-Band Shared-Aperture Dual-Polarized Waveguide

Array Antennas

Multi-band shared-aperture dual-polarized arrays have gained traction as an effective
solution for integrating radiating elements across multiple frequency bands into a single
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aperture [35], [36]. Based on the type of shared-aperture configuration of the radiating
elements, there are three main forms as shown in Fig. 2.5:

(1) Dual-band nested dual-polarized shared-aperture antenna array: This antenna design
aims to achieve dual-polarization functionality across two different frequency bands by
nesting radiating elements within a shared aperture. It can support both horizontal and
vertical polarizations while maintaining a compact structure, making it suitable for high-
performance communication systems that require multi-band operation.

(2) OMT-based orthogonal polarization shared-aperture antenna array: This design
utilizes an Orthomode Transducer (OMT) to achieve orthogonal polarization, enabling
horizontal and vertical polarizations to operate at different frequencies. The OMT structure
ensures high polarization isolation and efficiency, allowing the antenna to deliver dual-
band orthogonal polarization within a shared aperture, ideal for systems requiring multi-
band and multi-polarization capabilities.

(3) Partially shared-aperture dual-band dual-polarized antenna array: This antenna
structure typically achieves partial sharing of the radiating aperture between two frequency
bands while providing dual-polarization functionality. It supports both horizontal and
vertical polarizations across different frequency bands, allowing for effective signal
transmission. At the higher frequency, radiation occurs through all slots, whereas at the
lower frequency, only alternating elements contribute to radiation. This design enhances
antenna efficiency at higher frequency but degrades efficiency at the lower frequency due
to the reduced effective radiating aperture. However, the partially shared aperture
configuration reduces the overall physical size, making it well-suited for communication
systems with stringent multi-band and dual-polarization requirements.

A significant challenge in dual-band designs is achieving flexible frequency ratios, often
restricted by the inherent topological structure. For instance, in [37], the array combined
Ku-band linearly polarized elements with Ka-band circularly polarized elements, resulting
in a fixed frequency ratio of approximately 2:1 (14.4-17.5 GHz and 32.5-35 GHz), as
shown in Fig. 2.5(a). Addressing this limitation, recent developments have introduced full-
metal dual-band arrays with orthogonal polarization, such as [38] in Fig. 2.5(b), where K-
band operates with horizontal polarization and Ka-band with vertical polarization.
However, this approach lacks the flexibility to generate arbitrary polarization directions,
constraining its use in applications requiring polarization switching and tracking.

CTS antennas in Fig. 2.5(c) stand out as a promising option for wideband, multi-band
shared-aperture designs, and have been widely adopted in high-performance mmWave
systems [39], [40], [41], [42], [43]. A tri-band CTS antenna reported in [40] used frequency
multiplexing within the parallel-plate waveguide (PPW) feed network, achieving broad
operational bandwidths for Ku-/K-/Ka-band SATCOM. Nonetheless, achieving a
genuinely shared-aperture dual-polarized design with CTS antennas is more challenging.
As highlighted in [41] and [42], the bandwidth of dual-polarized CTS arrays is constrained
by the quasi-TEM mode of the dual-mode circular parallel-plate waveguide (CPPW) feed
network, limiting bandwidth to around 11.6%. Achieving broader bandwidths would
require both polarizations to operate in the TEM mode. However, developing a feed
network that efficiently supports both dual-band and dual-polarized operation remains a
challenge. Hybrid feed network designs show promise for expanding the operating
bandwidth while maintaining dual-polarization performance.
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In summary, multi-band shared-aperture dual-polarized arrays offer an effective
solution for integrating elements across multiple frequency bands but face challenges with
controlling the frequency ratios. Recent advancements, such as full-metal dual-band arrays
with orthogonal polarization, show potential but lack flexibility for polarization tracking.
CTS antennas present a promising alternative for wideband, multi-band shared-aperture
applications, yet achieving true shared-aperture dual polarization remains difficult due to
feed network bandwidth limitations.

2.2 Monolithic Metal 3D-Printed Corrugated Horn Antenna for
Sub-Terahertz Applications

Horn antennas are widely used in millimeter-wave and terahertz systems due to their
broad bandwidth, high gain, low loss, and excellent beam control capabilities. As the
demand for high-frequency communication, imaging, and sensing grows, the development
of sub-terahertz horn antennas (100-300 GHz) has become increasingly important [44].
These antennas serve as key components in satellite communications, radio astronomy,
high-resolution radar, and wireless backhaul links, where precise beamforming and
minimal XPD are required. Their ability to efficiently couple free-space radiation with
guided wave modes makes them indispensable for feed systems in reflector antennas and
quasi-optical networks.

Traditional horn antenna fabrication relies on precision machining and electroforming
[45], [46]. This becomes challenging at sub-terahertz frequencies due to the stringent
dimensional tolerances and complex corrugation structures required for optimal
performance. As frequency increases, manufacturing constraints such as surface
roughness, assembly misalignment, and machining precision directly impact the antenna
efficiency, sidelobe performance, and XPD. Among various horn designs, corrugated horns
are particularly advantageous in sub-terahertz applications due to their ability to achieve
high XPD, low sidelobes, and symmetric beam patterns. However, conventional
fabrication methods struggle with the fine geometrical features required for corrugations,
leading to performance degradation. These challenges have motivated the exploration of
metal 3D printing technologies as a viable alternative for fabricating high-performance
sub-terahertz horn antennas [47]. The recent advancement of additive manufacturing
technology offers a new alternative fabrication route for metal waveguide structures like
horn antennas. The laser powder bed fusion (LPBF) technology typically with a
manufacturing tolerance of 20 - 200 um, cannot deliver the manufacturing precision and
surface quality required for sub-millimeter features in corrugated horns above 100 GHz,
where the corrugation width is usually under 200 um. A few conical horn antennas, with
no corrugation, near the G-Band were reported in [44] and [47]. In [44], a 300 GHz
corrugated horn was printed using a polymer stereolithography based printer. However, the
subsequent attempt to metallize the antenna failed. We have not found reports of any 3D-
printed metal corrugated horns working above 50 GHz in the literature. This is because
metal printers that are capable of delivering a tolerance below 10 um and a centimeter-
scale printing volume are very rare. The use of Micro Laser Sintering (MLS) based metal
3D printing was reported on different waveguide filters operating from 60 to 300 GHz [48]
— [50]. In these components, MLS achieved 5-10 um manufacture tolerance, under 2 um
surface roughness, and monolithic print with integrated waveguide flanges. This
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demonstrates that Micro Laser Sintering (MLS) metal 3D printing can achieve the
precision required for sub-terahertz waveguide components, making it a viable option for
fabricating sub-terahertz corrugated horn antennas.

2.3 Discussion on the State-of-the-art and Research Objectives

The literature review provides a comprehensive summary of advancements in research
fields relevant to this PhD project, as outlined in Table 2.1. The key findings are
summarized as follows:

Waveguide slot array antennas are important antenna technologies for high-frequency
applications, particularly millimeter-wave systems. However, existing designs often
struggle to achieve wide bandwidth and shared-aperture capabilities. While recent
developments in series-fed, fully corporate-fed, dual-polarized, and multi-band shared-
aperture structures have shown progress, they still face significant limitations in bandwidth
and polarization flexibility.

Series-fed and partially corporate-fed arrays work well at high frequencies but suffer
from frequency dispersion, which limits their operational bandwidth. Partially corporate-
fed designs can improve bandwidth but are still affected by transmission line dispersion,
leading to lower efficiency. Fully corporate-fed designs mitigate beam squint issues but
present challenges in achieving low sidelobes and require complex feeding networks. For
fully corporate-fed single-polarized arrays, recent work has focused on radiators operating
in quasi-TEM modes to alleviate bandwidth limitations caused by slot radiation. However,
bandwidth remains restricted by the fundamental mode bandwidth of the transmission lines
in the feed network.

For dual-polarized antennas, single-band designs attempt to enhance bandwidth by
employing multimode backed cavities. However, the large element spacing introduced by
the backed cavities results in grating lobes at high frequencies. Waveguide OMTs present
another limiting factor for bandwidth. Meanwhile, dual-band dual-polarized antennas
require even tighter element spacing, which prevents the use of fully corporate-fed
topologies and leads to narrower bandwidth.

For dual circular polarization, the main implementation approaches involve integrating
a 3 dB coupler or employing waveguide polarizers. These methods present significant
trade-offs between complexity and bandwidth performance.

Moving forward, the primary research objectives of this thesis include developing
innovative feed networks and quasi-TEM radiators to enhance bandwidth for single-
polarized antennas. For dual-polarized antennas, the initial focus of the work is on
mitigating gain degradation and grating lobes caused by multimode backed cavities.
Further exploration aims to eliminate the backed cavity and ultimately remove the
waveguide OMT to achieve an ultra-wideband design. Efforts will also be directed toward
creating shared-aperture solutions to meet the stringent requirements of advanced
communication systems. Overcoming these challenges will be pivotal in advancing
waveguide slot array antenna technology for high-frequency point-to-point communication
applications.

Planar hollow waveguide arrays face manufacturing challenges at sub-terahertz
frequencies. The shrinking component size and strict fabrication tolerances make milling-
based techniques impractical, requiring multi-part assemblies that lead to bulky strucutres,
alignment issues, and increased ohmic losses. These limitations hinder their use in compact,
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high-frequency systems, necessitating alternative solutions. Horn-fed reflector antennas
offer a practical alternative, providing high gain, low loss, and simpler fabrication. Among
them, corrugated horns achieve low sidelobes and high cross-polarization discrimination
(XPD), making them ideal for sub-terahertz communication, radar, and sensing. However,
traditional machining and electroforming struggle to meet the required precision at these
frequencies. This research explores Micro Laser Sintering (MLS) metal 3D printing to
fabricate monolithic, high-precision sub-terahertz corrugated horns. By leveraging MLS
technology, this study aims to enhance bandwidth, improve XPD, and achieve seamless
waveguide integration, establishing horn-fed reflectors as a viable alternative to planar
waveguide arrays for sub-terahertz applications

2.4 Summary

This review delves into the most recent advancements in waveguide slot array antennas
for high-frequency communication systems, addressing a range of configurations including
series-fed, fully corporate-fed, dual-polarized, and multi-band shared-aperture designs.
While these developments mark significant progress, they also underscore the persistent
challenges in achieving truly wideband performance and effective shared-aperture
integration. To advance this technology to the next level, especially for high-demand
applications like satellite communication and radar, future research must prioritize the
optimization of feed network designs and the enhancement of polarization flexibility.
These efforts will be crucial in meeting the stringent performance requirements of modern
communication systems operating in high-frequency domains. Additionally, at sub-
terahertz frequencies, planar hollow waveguide arrays face manufacturing constraints,
making horn-fed reflector antennas a practical alternative. Corrugated horns provide high
gain, low sidelobes, and strong cross-polarization discrimination (XPD) but are difficult to
fabricate using traditional methods. Micro Laser Sintering (MLS) metal 3D printing offers
a promising solution, enabling monolithic, high-precision horn antennas. To advance this
technology, future research must explore MLS-based fabrication for high-frequency
applications.
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Abstract

A wideband dual-polarized slot array antenna based on hollow-waveguide is presented
in this paper. Its wide bandwidth and high performance are enabled by two separate feeding
networks, from the side and the bottom, using square coaxial line and ridge waveguide
structures, respectively. The full-corporate-feed networks excite the radiation slots in a
one-to-one fashion without using backed cavities. Tight element spacing is made possible,
suppressing the grating lobe and maintaining high cross polarization discrimination (XPD)
across the wideband. This resolves a usual trade-off between bandwidth and grating lobe.
A double-ridge rectangular waveguide cavity is devised as an orthogonal mode splitter for
isolation enhancement. Several design features are used to minimize the signal path length
and facilitate routing. An 8x8-element prototype in K-band is designed, fabricated, and
measured. Experimental results show that the antenna has a wide bandwidth of 23.4%
(from 17 — 21.5 GHz) free from grating lobes. More than 25.5 dBi peak gain, higher than
51.2 dB isolation and over 43.6 dB XPD are also obtained for the dual polarizations.

Keywords: Dual-polarization array antenna, waveguide antenna, wideband, high
isolation, low cross polarization.
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3.1 Introduction

With the emergence of new applications, such as the Internet of Things (IoT) and AR/VR,
the demand for wireless communication capacity is rapidly increasing [1]-[3]. Wideband
dual-polarized antennas are highly desired, as they can combat multipath fading by
polarization diversity and improve channel capacity [4]-[7]. Microstrip lines and substrate-
integrated waveguides (SIWs) have been commonly used to realize dual-polarized
antennas and arrays, where most work focused on the bandwidth, isolation and cross
polarization discrimination (XPD) [8]-[15]. However, these antennas are often limited in
their efficiency and gain due to high dielectric loss, especially in a high microwave band.
In long-distance wireless communication scenarios, wideband, high-gain and high-
efficiency array antennas are required for establishing stable communication links [16]-
[18]. Dual-polarized antennas implemented by using low-loss solutions become attractive.
Parabolic reflectors and reflectarrays are a common choice because of their advantages of
low cost and ease of manufacturing [19]-[24]. However, these types of antennas are
generally bulky with a large profile, which is a major shortcoming.

As a competitive alternative, hollow-waveguide (HW) slot array antenna can offer a
compact and planar formfactor with high-efficiency [25]-[28]. Some HW-based dual-
polarization slot array antennas have been reported [29]-[36]. There are two feeding
methods. One is based on the series (or partial series) feed structure. The two typical
designs are: (i) to excite orthogonally placed continuous transverse stub array or cross-slot
array in series [29]-[31], or (ii) to excite the combination of V-shaped and offset
longitudinal slots with partial-series feed network [32]-[34]. The fractional bandwidth
(FBW) of this type of dual-polarized antennas is relatively narrow, usually within 10%.

The other method is based on a full-corporate-feed network. There have been some
recent examples with impressive performance. Cross-shaped slot, square-shaped slot or
magneto-electric (ME) dipole have been used to achieve dual polarization [35]-[37]. To
facilitate the layout of the feed network, 1-to-4 backed cavity has been used to excite the
2x2 sub-array in all these works. For the consideration of grating lobe suppression in the
E-/H- and diagonal planes, the period between the array elements in the concerned planes
should be as small as possible (preferably smaller than one free-space wavelength at the
highest operation frequency). To meet this requirement, the backed cavity must be
constrained to operating in the fundamental mode to reduce the cavity size. However, this
adversely limits the achievable FBW to less than 20% [37]. In addition, the use of common
backed cavity [35] to excite two polarizations increases the risk of cross-polarization
deterioration. The FBW can be enhanced by increasing the backed cavity size as
demonstrated in [37]. The FBW of 26.3% has been obtained. However, an unfavorable
consequence is the significantly deteriorated grating lobe level (to about -13 dB) due to the
increased space between the radiation elements.

Some efforts have been made to overcome this shortcoming by eliminating the 1-to-4
backed cavity in dual-polarized array antennas [38], [39]. However, the removal of the
cavity makes the feed network more complicated, which in turn makes it more difficult to
reduce the period between array elements. [39] reported an 8x8 full-corporate-feed dual-
polarized slot array antenna without the backed cavities. The antenna has good radiation
pattern envelope, low cross-polarization pattern and high isolation. However, due to the
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size restriction of the gap ridge waveguide, the space between the adjacent slots is only
reduced to about one free-space wavelength at the center frequency. Coupled with the
limited bandwidth of the orthogonal mode splitter (based on a coupling slot structure), the
FBW of this antenna is only about 5%. How to increase the bandwidth of HW-based dual-
polarized array antennas without sacrificing their key performance remains a significant
design challenge.

This work aims to tackle this challenge by applying a number of new design features: (1)
A new array element structure is proposed, with a stepped square-shaped radiation slot, fed
from the side and the bottom, which enables a wideband impedance matching for the dual
polarizations. (ii) Double-ridge waveguide cavities are devised to function as the
orthogonal mode splitter to improve the port isolation over a wide frequency band. (iii) As
the key contribution of this work, two sets of wideband full-corporate-feed networks with
different transmission structures (square coaxial line and ridge waveguide, respectively)
are used to excite the radiation slots for the two polarizations on a one-to-one basis. This
topology eliminates the 1-to-4 backed cavities in the conventional designs, overcoming the
performance constraints caused by these cavities, in terms of bandwidth, grating lobes and
cross polarization discrimination (XPD). With these new features, the proposed array
antenna exhibits wide impedance bandwidth free from grating lobe, high antenna
efficiency, high isolation and XPD. The paper is organized as follows: Section II describes
the antenna configuration. Section III and IV present the analysis, design, and results
followed by conclusion in Section V.
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Fig. 3.1. Configuration of the dual-polarized array antenna. (a) 3-D view; (b) separated metal layers.
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3.2 Antenna Configuration

Fig. 3.1(a) shows the 3D view of the proposed dual-polarized antenna array. The
concerned frequency band is 17- 21.5 GHz. It is based on HW to avoid the dielectric loss.
It consists of 8x8 stepped square-shaped radiation slots excited with two separate full-
corporate-feed networks. The antenna array is a multilayer structure. Considering the
manufacturability, it is divided into four layers. They are the radiation slot layer M1, the
first full-corporate-feed network I for H-polarization (H-pol) in M2, the orthogonal mode
splitter layer in M3, and the second full-corporate-feed network II for V-polarization (V-
pol) in M4. The structure of each layer is shown in Fig. 3.1(b). Note that the feed network-
I is a hybrid structure of double-ridge waveguides and square coaxial line, while the feed
network-II is only based on the single-ridge waveguide. The 1-to-4 power divider units in
the feed networks I and II are discussed in section III-B. Two standard waveguide input
ports are located at the back side of the antenna for the two polarizations.

Different from the previous works in [35]-[37], 1-to-4 backed cavity layer is eliminated
to avoid its drawbacks as discussed in Introduction. Instead, the radiation slots are excited
by the two separate feed networks in a one-to-one correspondence. Compared with the
work in [39], the spaces between adjacent elements in x- and y-directions are reduced. The
FBW of the proposed antenna is broadened (See in Section III). All the simulation results
are performed by using Ansoft HFSS. The detailed design and analysis of the array
element, the 2x2-element sub-array and the whole antenna will be presented in the
following sections.

z Y (V-pol) Radiation Port 6
o Square-shgped ¥ {
X (H-pol) waveguide P = Periodic ¢
V/ Periodic ¢ \ >+~ boundary [’/;,\
boundary [ _—T] P//'I q /}E Port 5
S . 4R = d Portd - \{J*‘ [Q{‘
quarc coaxia Radiation slots i g
line input port = / Port 3 Port 1
L < et == (b)
LY i Square coaxial link &= Port 6'
double-ridge waveg ide ez [ 14
Single-ridge }Doub e-ridgdietwork =~ Port 4"a A
waveguide input iavegulde—l g " Port 5'
. ingle-ridge wﬁg& e r‘ R

network Port 3' Port 2
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Fig. 3.2. Configuration of the 2x2 dual-polarized sub-array. (a) Whole structure and air model of the OMT ;
(b) feed network for H-pol; (¢) feed network for V-pol.

3.3 Analysis and Design

The configuration of the 2x2 sub-array, as well as the enlarged view of the
corresponding feed networks, are shown in Fig. 3.2. Periodic boundaries are used in the
simulations for considering the mutual coupling among the sub-arrays. To avoid the grating
lobes in the desired frequency band, the period (d) between the adjacent elements along
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both x- and y-directions is less than one free-space wavelength at the highest operating
frequency. It is d = 13.8 mm in this design, slightly smaller than the free-space wavelength
at 21.5 GHz. As aforementioned, two different feed structures (coaxial line versus
waveguide) in different metal layers are employed for the two polarizations. The feed
network for the H-pol excites the square-shaped slots from the side, whereas the V-pol feed
network excites from the bottom layer. The details of the array element and feed network
are discussed in the following section A and B. It is noted that the array element is designed
and optimized in the sub-array.
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Fig. 3.3. Air model of the array element. All dimensions are given in millimeters
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Fig. 3.5. Simulated radiation patterns of the array element with port 1 excitation at 19.5 GHz. (a) D= 2.6
mm; (b) D=6.6 mm.

3.3.1 Array Element

The array element is a stepped square-shaped radiation slot with two feeding point at the
side and bottom, as shown in Fig. 3.3. The stepped square-shaped slot offers the wide
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Fig. 3.6. Simulated radiation patterns of the 8§x8-element array with port 1 excitation at 19.5 GHz. (a) D=
2.6mm; (b) D~6.6 mm.

xoz-plane ----- yoz-plane

bandwidth and high antenna aperture efficiency. The side-feed (port 1) is based on a square
coaxial line to generate the H-pol, while allowing a compact layout of the feed network.
D¢ is the distance from the feeding position to the top of the smaller square slot. Fig. 3.4(a)
shows the amplitude distribution of E-field with D. = 2.6 mm. The amplitude distribution
is symmetrical along the plane B-B', but asymmetrical along the plane A-A' due to the
asymmetry of the side feed. The region close to the side with the port 1 has more energy.
This uneven amplitude distribution would lead to asymmetry radiation patterns in xoz-
plane as opposed to the symmetry pattern in yoz-plane. The simulated results at 19.5 GHz
in Fig. 3.5(a) confirm this phenomenon. Furthermore, this will also cause grating lobes
when an array is formed. Fig. 3.6(a) plots the synthesized radiation patterns of a 8x8-
element array antenna based on this unit structure (without feed network and with port 2
terminated with 50 Q load). The grating lobes, with a level of -14 dB, appears at =+36°
in xoz-plane. An effective way to solve this asymmetry problem is to increase D. so that
only the fundamental mode is allowed to propagate while the higher order modes are
attenuated. Fig. 3.4(b) shows the amplitude distribution of E-field when the D is increased
to 6.6 mm. A more symmetric amplitude distribution can be achieved. Fig. 3.5(b) and Fig.
3.6(b) show a more symmetric radiation pattern which is then translated into lower side
lobe of under -19.1 dB.

The lower feeding structure for port 2 (V-pol) is based on a single-ridge waveguide. It
is transitioned into a vertical double-ridge rectangular waveguide to excite the radiation
slots. It is important to note that the double-ridge waveguide-I (as shown in Fig. 3.3) not
only serves as an impedance transition from the single-ridge waveguide feed network to
the square waveguide of the OMT but also has a significant impact on the isolation between
the V-pol and H-pol ports. The impedance matching at port 1 for the array element is
realized by adjusting the length (L) of the probing tip of the coaxial and the position (Dp)
of the feed point. Fig. 3.7 shows the simulated reflection coefficient with different values
of Ly and Dp. When Lp = 2.8 mm and D, = 2.7 mm, reflection coefficient of less than -11.5
dB is obtained from 17 GHz to 21.5 GHz. For port 2, the impedance matching is optimized
by adjusting the height (/) and width (/) of the double-ridge waveguide-1. However, these
two parameters also affect the isolation between ports 1 and 2. Therefore, a trade-off should
be made after comprehensive consideration of both impedance matching and isolation. The
parameter analysis on impedance matching and isolation is shown in Fig. 3.8. When W' =
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6 mm, H = 3.9 mm, the reflection coefficients is less than -13.5 dB and the isolation is
better than 38.5 dB from 17 GHz to 21.5 GHz. Fig. 3.9 plots the amplitude of the E-field
within the array element when ports 1 and 2 are excited at 19.5 GHz, respectively. It shows
how the E-field is coupled from the input port to the radiation slot. It also shows the de-
coupling between port 1 and port 2, indicating a good port isolation.
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Fig. 3.10. Structure of the modified E-plane T-junction. All dimensions are given in millimeters.
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3.3.2 Feed networks in Sub-array
3.3.2.1 H-pol feed network

Due to the limited distance between adjacent array elements, it is difficult to place a full-
corporate feed network excited from the same side. To overcome this issue, the array
elements are excited back-to-back along x-direction based on a hybrid structure of the
double-ridge waveguide and square coaxial line, as shown in Fig. 3.2(b). However, due to
this mirror excitation, there is a 180° phase difference between the two back-to-back
elements. To compensate for this phase difference, instead of using a coaxial junction (even
mode), an E-plane double-ridge waveguide is used at the T-junction (odd mode) without
requiring extra phase shifter. This is an important design feature. An enlarged view of this
junction is further shown on Fig. 3.10. At the input (Port A) is a double-ridge waveguide.
The outputs (Port B and C) are coaxial. Their center conductors are tapped to the two ridges,
forming a transition from one TE10 to the two coaxial TEM modes. The tapped structures
also serve to support the otherwise suspended center conductor. Based on the optimized
dimensions shown in Fig. 3.3, Fig. 3.10 and Fig. 3.11 plots the electromagnetic (EM)
modes of all feeding waveguides, including square-shaped waveguide, single-ridge
waveguide, double-ridge waveguide-I, square coaxial line in array element, and double-
ridge waveguide-II in the H-pol feed network. The square-shaped waveguide has the
narrowest fundamental mode bandwidth, but still well beyond the desired frequency band.
The impedance matching is mainly achieved by adjusting the space between the inner and
outer conductors in the coaxial branch. A parameter analysis of space S1, defined in Fig 10,
is shown in Fig. 3.12(a). |S11] is under -15 dB over 17-21.5 GHz, when S1= 0.5 mm. Fig.
3.12(b) plots the simulated amplitude and phase responses of the final E-plane T-junction.
The reflection coefficients for all ports are less than -15 dB, and a balanced division of -
3+0.2 dB is obtained. The phase difference between the output ports is 180°+0.4°.
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Fig. 3.11. Cut-off frequencies of all the involved transmission structures.

Next, we will look at the main junction for the 1-to-4 divider as shown in Fig. 3.14. The
input is a square coaxial line, whereas the outputs are connected to the double-ridge
waveguide shown in Fig. 3.11. The inner conductor of coaxial line is attached to the centre
of the junction for fixing. The impedance is matched by the stepped transformer structure.
Fig. 3.14(a) shows the simulated reflection coefficient with different widths (w1), defined
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in Fig. 3.13(b). An optimal impedance matching can be realized when wi=4.15 mm. The
simulated amplitude and phase responses are plotted in Fig. 3.14(b). The reflection
coefficients are all below -18 dB. The power division is -3+0.1 dB and output phase
difference is +1°.
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Fig. 3.12. Modified E-plane T-junctions. (a) [Sii| with different values of Si; (b) amplitude and phase
responses of the final model.
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3.3.2.2 V-pol feed network

The V-pol 1-to-4 power divider, shown in Fig. 3.2(c) is more straightforward in design.
The output ports are all equal-amplitude and in-phase. The feed network is composed of
three single-ridge H-plane T-junctions. The cut-off frequencies of all the involved
transmission structures are shown in Fig. 3.11. Compared with the double-ridge
waveguide-II and the square coaxial line, the single-ridge waveguide has higher cut-off
frequency. To minimize the size, the starting frequency of the concerned frequency band
in this design is chosen to be as close to this highest cut-off frequency as possible. The
basic junction is shown in Fig. 3.15(a). The impedance can be matched by adjusting the
thickness (dm) of the loaded metal plate at the center of the T-junction. Fig. 3.15(b) shows
the optimal performance can be achieved when dv = 0.55 mm.
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Fig. 3.16. Simulated S-parameters of (a) H- and (b) V-pol 1-to-4 power dividers.
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Fig. 3.17. Simulated S-parameters and peak gain of the optimized element for different polarizations.

The simulated S-parameters of the whole H- and V-pol 1-to-4 power dividers are
illustrated in Fig. 3.16. Refer to Fig. 3.2 for the definition of port numbers 3(3”), 4(4’), 5(5”)
and 6(6’). Desired amplitude and phase distributions are achieved. Fig. 3.17 shows the
simulated S-parameters and peak gains of the optimized sub-array for different
polarizations. In the desired frequency range of 17- 21.5 GHz, the reflection coefficients
are below -12.4 dB and the isolation is better than 55 dB. The peak gains are consistent
between the two polarizations and vary from 14.2 dBi to 16.8 dBi for H-pol and V-pol,
respectively. Fig. 3.18 shows the simulated radiation patterns at 17, 19.5 and 21.5 GHz.
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The patterns for H-pol and V-pol match each other in the operating frequency band. They
are symmetric both in xoz- and yoz-planes. The XPD of the sub-array is more than 34 dB.
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Fig. 3.18. Simulated radiation patterns of the optimized sub-array. (a) 17 GHz, H-pol; (b) 19.5 GHz, H-pol;
(c) 21.5 GHz, H-pol; (d) 17 GHz, V-pol; (e) 19.5 GHz, V-pol; (f) 21.5 GHz, V-pol.
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and (c) Simulated reflection coefficient of both feeding networks.
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3.3.2.3 Complete Array Antenna

The entire 8x8-element array antenna is composed of 16 sub-arrays. The two feed
networks extend from their respective power dividers within each sub-array, as shown in
Fig. 3.19(a) and Fig. 3.19(b). Fig. 3.19(c) presents the simulated results of the two
polarization feed networks, where the reflection coefficients for both polarization channels
remain below -18 dB. The inputs utilize standard WR-51 waveguides, necessitating
transition structures to the square coaxial line for H-polarization and the single-ridge
waveguide for V-polarization. These transitions are implemented using multi-stepped
rectangular waveguide transformers, as illustrated in Fig. 3.20. The simulated reflection
and transmission coefficients are plotted in Fig. 3.21, demonstrating good impedance
matching and low insertion loss.
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Fig. 3.20. Transition structures from standard WR-51 waveguide port to (a) square coaxial line and (b) single-
ridge waveguide. All dimensions are given in millimeters.
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Fig. 3.21. Simulated S-parameters of the two transition structures in Fig. 3.19.

3.4 Experimental verification

The prototype is manufactured out of four metal layers, as marked out in Fig. 3.1. The
blocks M1, M3 and M4 are CNC milled from aluminum-magnesium alloy with a tolerance
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of 20 um. The type of the involved aluminum-magnesium alloy is 6061, and the nominal
conductivity of 3.8x107 S/m is used in the simulation. The thin layer M2 is cut by laser
based on the same aluminum-magnesium alloy. Plenty of metal screws are installed around
the feeding and radiating parts to ensure tight contact and suppress electromagnetic
leakage. The separate metal blocks, the assembled dual-polarized antenna and the test
environment are shown in Fig. 3.22. The prototype is 120 mm %120 mm % 26.2 mm in size
(with an aperture of 109.6 mm X 109.6 mm). The radiation measurement is conducted by
using a near-field vertical planar scanner system from NSI-MI Technologies. The
reflection coefficient and isolation are taken from an Agilent E8361C network analyzer.
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Fig. 3.22. Photographs of fabricated blocks, assembled antenna and test environment.
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Fig. 3.23. Simulated and measured reflection coefficients. (a) H-pol; (b) V-pol.

3.4.1 Reflection Coefficient and Isolation

The simulated and measured H- and V-pol reflection coefficients are potted in Fig.
3.23(a) and (b). Good agreement has been shown. The simulated fractional bandwidth
(IS11/<-10 dB) is 24.0% (16.9 — 21.5 GHz) and 27.4% (16.7 — 22.0 GHz) for H- and V-pol,
respectively. The measured FBW is 23.4% (17.0 — 21.5 GHz) for H-pol and 25.6 % (17.0
—22.0 GHz) for V-pol. Fig. 3.24(a) shows the measured isolation is better than 51.2 dB
over the desired frequency band. Fig. 3.23(b) shows the measured XPD is better than 43.6
dB.

35



TABLEI
NORMALIZED RADIATION PATTERNS OF THE DUAL-POLARIZED ARRAY ANTENNA
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Fig. 3.24. Simulated and measured (a) port isolation and (b) XPD.
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3.4.2 Radiation patterns and Efficiency

Table I shows the simulated and measured normalized radiation patterns at 17, 19.5, and
21.5 GHz. The patterns are stable across the frequency band and agree well with the
simulation. The characteristics for the two polarizations are consistent. The 3-dB
beamwidths in both xoz- and yoz-planes for H- and V-pol are over 6.4° from 17 GHz to
21.5 GHz. Thanks to the optimized height of the square-shaped slot (discussed in Section
II-B), the measured grating lobes in xoz-plane for H-pol are suppressed across the same
frequency range. The SLLs are around -13.1 dB, which is expected from a square array
excited by constant amplitude and phase.
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Fig. 3.25. Simulated and measured antenna peak gain and efficiency: (a) H- pol; (b)V-pol.

The simulated and measured peak gain and antenna efficiency are plotted in Fig. 3.25.
The measured peak gains vary from 25.6 to 27.9 dBi and 25.5 to 27.8 dBi for H- and V-
pol, while the simulated values are within the range of 26.1 - 28.4 dBi and 26.4 - 28.5 dBi.
The small difference of about 0.6 dB is mainly caused by the fabrication tolerance,
assembly and measurement errors. The measured directivities are 26.4 —28.6 dBi and 26.5
— 28.8 dBi for H-pol and V-pol. The measured antenna and aperture efficiencies are better
than 81.5% and 90.0% for both polarizations. The measured antenna efficiency and
aperture efficiency are calculated by using the following equations:

— i 1-1
M D (1-1)
D A
— ea 1-2
M =4 (1-2)

where, #mea an 15 the measured antenna efficiency, #mea ap 1S the measured aperture
efficiency, Gmea 1s the measured peak gain, Dmea 1s the measured directivity, 4 is the free-
space wavelength corresponding to the operating frequency, 4 is the aperture area of the
antenna. Both the measured peak gain and directivity can be directly obtained by using a
near-field vertical planar scanner system from NSI-MI Technologies.

3.4.3 Comparison

Table II compares this work with other published HW-based dual-polarized antennas.
[35]-[37] employed 1-to-4 backed cavity to excite their 2x2 sub-arrays. Although [37]
achieved an extended bandwidth of 26.3%, unwanted high grating lobe occurred. Only
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TABLEII
PERFORMANCE COMPARISON OF HW-BASED FULL-CORPORATE-FEED DUAL-POLARIZED ANTENNAS
Center
Element Number frequency  Gain

Antenna Aperture Aperture Grating

XPD Isolation

. . . )
Ref. type ofslots  (GHz)  (dBi) efﬁ(‘f,:)my efﬁ(‘f;f)ncy @) (@) = Size(o) Sup:;r’::sion
FBW (%)
Cross- 12.9%
[35] shaped 16X16 62/10.9 32.2 80 90 -28 50 lé 9 -20
slot :
Square- 113X
[36] shaped 16X16 13.5/17.1 30.5 70 - -28 39.5 1'1 3 -20
slot ’
ME 8.6 X
[37] dipole 8 X8 33.5/26.3 26.5 90 60 -30 36 8.6 -13
Circular-
[39] shaped 8 X8 30.25/5.0 27.2 80 - -50 50 - -
slot
This Square-
work shaped 8 X8 19.25/23 .4 26.8 83 90 -43.6 51.2 7.0X7.0 -18.1

slot

"\ is the free space wavelength at the center frequency of each passband.

16% bandwidth achieved with high level of grating lobe suppression. [39] removed the
backed cavity layer and achieved a good radiation performance. However, due to relatively
large space between the radiation slots, the FBW is only about 5%. With the new array
topology and wideband response of the feed network, this work exhibits the largest FBW
of 23.4% with grating lobe suppression. The antenna also shows stable radiation patterns,
high antenna efficiency and low XPD within the frequency band.

3.5 Conclusion

In this paper, a HW-based wideband high-performance dual-polarized slot array antenna
was demonstrated. Two sets of wideband full-corporate-feed networks are implemented
for dual-polarization using two different structures. The upper feed network adopted a
hybrid power division network of coaxial and double-ridge waveguide using both in-phase
and out-of-phase T-junctions. The lower feed network, based on double-ridge waveguide
structure instead, also serves as the orthogonal model splitter for isolation enhancement.
This novel feeding topology facilitates the routing of the feeding network, thereby
minimizing the distance between radiation slots to less than one free-space wavelength at
the highest operating frequency. A prototype is implemented by using CNC milling and
laser cutting. Measurement agrees well with the simulation, validating the design concept.
Experimental results show that the peak gain is better than 25.5 dBi and antenna efficiency
is higher than 81.5% over the frequency range of 17-21.5 GHz. The isolation and XPD are
over 51.2 dB and 43.6 dB across the same frequency band. The wideband and dual-
polarization make this design a good candidate for high data rate wireless applications such
as satellite and 5G millimeter-wave communications.
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Abstract

This paper presents a novel wideband dual-polarized hollow-waveguide antenna array,
designed for manufacturing using stereolithography (SLA) 3D printing technology and
metallized by copper plating. By replacing the conventional single-mode back cavity with
a dual-mode (TE120/TE210 and TE140/TE410 modes) back cavity, a wider radiation
bandwidth is achieved. A diamond-shaped radiation slot was employed to enhance the
stability of the radiation pattern and mitigate gain drop-off at higher frequencies. Two
different types of feeding networks were used for the two polarizations. For the vertical
polarization, a novel, highly compact differential feed network was devised under severe
space constraint while allowing the ease of printing and plating. The fabricated antenna
array prototype achieves an impedance bandwidth of 30.2% (10.7-14.5 GHz), with
measurements confirming high aperture efficiency (AE > 72%) and high port isolation
(>48 dB). Detailed design principles, manufacturing processes, and measurements are
presented, demonstrating a compact, lightweight, and high-performance antenna array
using a new and alternative manufacture technology

Keywords: Wideband antenna array, dual-polarized antenna array, waveguide
slot antenna, 3D printed antenna.
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4.1 Introduction

Dual-polarized antennas (DPAs) are extensively used in modern wireless systems to
enhance channel capacity and improve communication reliability [1], [2], [3]. In satellite
communications, dual polarization has been used to synthesize arbitrary linear polarization,
crucial for maintaining reliable tracking during movement [4], [5]. A key technical
specification for the DPA is its effective radiating bandwidth as it is highly related to the
communication capacity. For instance, high-throughput satellites typically operate in the
Ku or Ka bands. The Ku band includes a receive band from 10.7 to 12.75 GHz and a
transmit band from 13.75 to 14.5 GHz, covering a total span of 10.7-14.5 GHz with a
fractional bandwidth of 30.2%. The Ka band is split between a receive band from 17.7 to
21.2 GHz and a transmit band from 27.5 to 31 GHz, resulting in an overall span of 17.7—
31 GHz and a bandwidth of 53% [6].

DPAs have been realized using various technologies, from air-filled waveguides [7], [8],
[9] microstrip lines [10], [11], [12] to substrate-integrated waveguides (SIW) [13], [14],
[15]. Dielectric loss is often a concern as it increases antenna noise temperature, which
negatively impacts the signal-to-noise ratio (SNR) of the receiving system. Air-filled
hollow waveguide dual-polarized array antennas offer low-loss transmission, leading to
higher gain and improved SNR [16], [17], [18], [19], [20], [21]. However, such hollow
waveguide antennas come with certain implementation challenges, especially in their
manufacture and assembly. They often need high-precision CNC machining to achieve
intricate and accurate geometries, which increases the cost and accumulates assembly
errors.

Recently, the rapid development of 3D printing technology has opened new
opportunities for the manufacture of air-filled waveguide arrays [22]. Printing complex
structures in one piece not only reduces the assembly need but also mitigates the leakage
from contact interfaces. Direct Metal Laser Sintering (DMLS) [22], [23], [24] and
stereolithography (SLA) [25], [26], [27] are two mainstream 3D printing techniques that
have been utilized in manufacturing waveguide devices. SLA technology, using polymer
materials, typically offers higher dimensional accuracy, lower surface roughness and
lighter weight [25], which is highly desired for portable stations for SATCOM. However,
metal plating on the inner surfaces of multi-layer complex arrays is non-trivial. This
difficulty is exacerbated in broadband array antennas, because they usually use single-ridge
waveguides or waveguide-coaxial as the feed networks. It would be hugely beneficial for
the 3D printing process if the feed network structure can be simplified preferably with
rectangular waveguide as the main transmission media.

Air-filled waveguide slot array antennas typically employ a 1-to-4 back cavity structure
to avoid grating lobes. To optimize the performance, these antennas feature radiation slots
in various shapes - cross [20], square [19], or circle [28]. Generally, dual-polarized slot
antennas with single-mode back cavity have achieved limited bandwidths of no more than
19% [29]. Recent innovations have shown various improvements. A dual-mode back cavity
structure operating in TE320/TE230 and TE140/TE410 modes achieves a 22.8%
impedance bandwidth [25]. However, the design faced challenges in space constraints
requiring non-uniform periodic arrangements, which results in elevated sidelobe levels of
-10 dB. The antenna structure is too complex for monolithic 3D printing. It had to be
printed in three-piece parts, plated separately before assembly. Building on these
advancements, [24] proposed a tri-mode back cavity antenna operating in TE210/TE120,
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TE320/TE230, and TE410/TE140 modes, further increasing the bandwidth to 26.3%. This
antenna was monolithically printed using the DMLS process. However, this design faced

Radiation slots

H-pol feed
Dual-mode por e

Q OMT i
y back cavity V-pol Port H-pol Port

(a) (b)
Fig. 4.1. Configuration of the proposed 3D-printed DPA. (a) View from the radiator side; (b) View from the
feed side. For clarity, the antenna array is shown as an air model, and different parts are rendered in different
colors.

its own set of challenges. The wavelength of the TE410 mode was smaller than the element
period, leading to significant grating lobes at high frequencies. So far, only very few
hollow-waveguide dual-polarized antennas can meet the whole Ku-band bandwidth
requirements (10.7-14.5 GHz, 30.2%) [9], [16], [30]. They typically use complex feed
networks, such as single-ridge waveguides or waveguide-coaxial networks, which poses
significant challenges to metal coating after 3D printing. This highlights the intricate
balance between design complexity and functional efficiency. The exploration of new
fabrication approaches, such as SLA and DMLS, and the use of innovative and, importantly,
simplified feed network and multi-mode back cavity designs are essential steps toward
overcoming the current limitations and achieving broader bandwidths in dual-polarized
antennas.

This paper presents a 3D-printed wideband dual-polarized hollow waveguide antenna
array. An innovative dual-mode back cavity operating in TE120/TE210 and TE140/TE410
modes is proposed to address high sidelobe level issues and further increase the radiation
bandwidth. A diamond-shaped radiation slot is introduced to replace traditional square and
circular slots, effectively improving cross-polarization isolation and reducing high-
frequency gain drop-off. The feed network is entirely based on E- and H-plane rectangular
waveguides, designed to facilitate not only printing using SLA technology but also the
subsequent copper plating. This antenna is lightweight and achieves full Ku-band
impedance bandwidth in a compact form, with measurements confirming its high
efficiency and stable radiation pattern.

Section II will detail the design principles of the 2x2 sub-array. Section III describes the
proposed waveguide differential feed network for the horizontal polarization and the in-
phase feed network for the vertical polarization. Section IV describes the manufacturing
process, measurements, and related discussions of the dual-polarized antenna array. Finally,
Section V concludes the paper.
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4.2 Design and Analysis

Fig. 4.1 illustrates the configuration of the proposed Ku-band DPA array in its air model.
The antenna operates over 10.7 to 14.5 GHz, a spectrum commonly utilized in satellite
communications and radar systems. The array consists of four sub-arrays and two layers of
feed networks. Each sub-array is primarily constructed of four diamond-shaped radiation
slots, a dual-mode back cavity, and a side-coupled waveguide orthomode transducer
(OMT). The thickness of the radiation slot layer is 0.5 mm, optimized to achieve a low
radiation quality factor Qngd. This is crucial for meeting the targeted wide radiation
bandwidth [31]. Two different feed networks are employed for the vertical and horizontal
polarization, respectively. The detailed design and analysis of each component will be
presented next.

Square waveguide  polarization-

Ferfudis Radiation linput separating junction
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Port | Dl
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b v
(H-pol) (H-pol) (H-pol)

Fig. 4.2. 2x2 sub-array composed of diamond-shaped slots, dual-mode back cavity and OMT. All dimensions
are given in millimeters.

4.3 2x2 sub-array

Fig. 4.2 shows the air-model of the 2x2-slot sub-array, with key geometric parameter
values denoted in the caption. Periodic Boundary Conditions (PBC) are applied to simulate
mutual coupling between array elements. In the sub-array, four diamond-shaped radiation
slots are collectively excited by a dual-mode back cavity. To avoid grating lobes in the
desired operation band, the period (d) between the adjacent elements along both the x - and
y -directions is less than one free-space wavelength at the highest frequency. This is set to
be d = 20 mm, slightly less than the free-space wavelength at 14.5 GHz.

Radiation

(b)
Fig. 4.3. Single-mode versus dual-mode back cavity: (a) Single-mode back cavity; (b) Dual-mode back cavity.
Symmetric boundaries are applied
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Fig. 4.4. Simulated |S11| of the single-mode and dual-mode back cavity. This is the operating mode when port
1 is excited (Horizontal polarization). When port 2 is exciting, the modes are TE210 and TE410 respectively.

The dual-mode back cavity is fed by a side-coupled OMT, which provides dual-
polarization. More details about the back cavities, the slots and the OMT will be provided
next.

4.3.1 Dual-mode Back Cavity

A crucial component in the subarray is the dual-mode back cavity, operating in the
TE120 and TE140 modes. Fig. 4.3 shows the air model for both a conventional single-
mode (TE120) and the proposed dual-mode back-cavity antenna. As can be observed, an
extra step transition is introduced to the side wall of the latter. This discontinuity allows an
additional TE140 resonance mode to be generated and therefore exciting the four radiation
slots. Fig. 4.4 illustrates the simulated return loss for both back cavity antennas, with an
inset showing the E-field patterns of the corresponding resonance modes. It is clear that

— « = Sh=3.5mm, Sw=5.7mm
. —— Sh=3.5mm, Sw=6.7mm P
o] .
) = === Sh=3.5mm, Sw=7.7mm
§ -12+ B ke SR
o
g
s
o
»n 24+
0 L L L L L L L L
— - —Sh=2.5mm, Sw=6.7mm = = = = Sh=4.5mm, Sw=6.7mm_ _ |

_ g A Sh=3.5mm, Sw=6.7mm ’,"
m
<
g-16¢
o
g
5241
o
»

32t

12 13
Frequency (GHz)

Fig. 4.5. Simulated S| of the proposed dual-mode back cavity with a parameter analysis for Sh and Sw.
one more resonance point appears in the dual-mode back cavity. By inspecting the E-field
distribution, we can see that the low-frequency resonance is the classical TE120 mode,
while the high-frequency resonance is due to the additional TE140 resonance mode.
Moreover, from the direction of the E-field (indicated by the red arrows), all four radiation
slots are excited in phase by both modes. Therefore, a wider radiation bandwidth can be
achieved. Considering the 10-dB impedance matching bandwidth, there is an improvement
of around 200% over the conventional single-mode back cavity. Fig. 4.5 further shows the
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parameter analysis for two key dimensions (S# and Sw) of the step discontinuity, when Ch
is fixed to be 10.9 mm. It can be observed that the TE140 mode is efficiently excited as Sw
increases, while the coupling between the TE120 and TE140 modes can be effectively
controlled by adjusting Sh.

Symmetry
boundary

N

Symmetry boundary Radiation

(a) (b) (c)
Fig. 4.6. Design variation of the radiating slots. (a) Cross slots; (b) Circular slots; (c) Diamond-shaped slots.

4.3.2 Design Variation of The Radiation slots

Another key feature of the proposed array is the radiating slot. As shown in Fig. 4.2, the
four radiating slots are collectively excited by the underlying dual-mode back cavity.
Traditionally, these slots are circles or crosses. Their shape is highly related to the E-field
distribution of the resonance mode in the feeding back-cavity and significantly influences
the radiation performance of the antenna array.
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Fig. 4.7. Comparison of the three different types of radiation slots: (a) simulated antenna gain and reflection
coefficient; (b) E-field patterns.
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Fig. 4.6 shows the air model of three different radiating slots: the cross, the circle, and
the proposed diamond-shaped slot. For the sake of comparative analysis, only one radiating
unit is considered here, while symmetric boundaries are applied. Fig. 4.7(a) presents the
simulated antenna gain and reflection coefficient for the three different slots. It is evident
that the diamond-shaped slot exhibits significant advantages over the other two in terms of
realized gain. To further investigate the reason behind this, Fig. 4.7(b) shows the simulated
E-field distribution within the radiating slots at 14.5 GHz. The E-field vector in the
diamond-shaped slot is mainly along the horizontal direction, while its vertical E-field
component cancels itself. In contrast, the other two types of slots contain significant
amount of unwanted vertical E-field components.

Fig. 4.8(a) further shows the simulated radiating E-field distribution of the sub-array for
the three different slots. There is a noticeable depression in the middle of the wavefront for
the cross and square radiating slots, while the diamond-shape slots achieve a much more
uniform wavefront without middle depression. Therefore, it can realize higher gain than
the other two common slots. Another advantage lies in the lower side lobe of the radiation
pattern, as presented in Fig. 4.8(b).

An important but readily neglected point is the gain degradation around 13.8 GHz as
shown in the simulated gain curve in Fig. 4.7(a). Looking at the E-field distribution in Fig.
4.9, we find that this degradation is caused by the spurious TE320 radiating mode. One
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Fig. 4.8. Comparison of the three different types of radiation slots: (a) Simulated radiating E-field distribution;
(b) Simulated radiation patterns.
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approach to overcome this is to shift the position of the radiation slots, but this causes a
non-uniform period for the array, generating undesired side lobes. Instead, we introduce
chamfers into the dual-mode back cavity, as illustrated in Fig. 4.9. In this way, the spurious

TE320 radiating mode is suppressed, and the E-field at 13.8 GHz is close to a quasi-TE140
mode, resulting in a smoother gain curve.

4.3.3 Wideband OMT

The proposed design employs a T-junction orthomode transducer (OMT) constructed
from an isolated square waveguide, with two orthogonally arranged waveguide ports: Port-
1 for H-polarization (aligned along the y-axis) and Port-2 for V-polarization (aligned along
the x-axis) as shown in Fig. 4.2. The internal structure of the OMT consists of an input
section, a polarization-separating junction, and individual output sections for each
polarization. The input section transitions from a square waveguide to a T-shaped
waveguide, where the polarization-separating junction directs each polarization along
separate paths. V-polarization is extracted through a mitered bend, while H-polarization
propagates straight through, minimizing mode conversion. The output transitions employ
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stepped impedance matching to improve return loss and reduce reflections. The final
optimized dimensions have been detailed in Fig. 4.2, with the OMT common port
measuring 14.4 x14.4 mm and a total height of 28.5 mm. The simulated S-parameters of
the OMT are presented in Fig. 4.10, demonstrating excellent impedance matching, with
both ports achieving a 10-dB bandwidth exceeding 35%. Additionally, the polarization
isolation between the two orthogonal ports reaches 60 dB, ensuring high polarization purity.

4.4 Feeding Network

The feeding networks for the two polarizations are arranged in different layers and using
different structures.

H-T junction E-T junction

(b) ()
Fig. 4.11. Differential feeding network for the vertical polarization: (a) 3D view; (b) H-T junction; (¢) E-T
junction.

4.4.1 Differential Feeding Network for Vertical Polarization

The space for the feed network to the vertical polarization is severely constrained. Fig.
4.11(a) shows the 1-to-4 vertical polarization feed network. It consists of successively
cascaded H-T junctions and E-T junctions designed to achieve differential feeding at the
terminal points. The input is the standard WR75 waveguide, with fundamental mode
bandwidth ranging from 10 to 15 GHz. To provide equal-amplitude and in-phase excitation
to the four OMTs, the conventional approach is to employ a 1-to-4 power divider using E-
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T junctions, feeding the OMTs from the same side. However, this method requires two
parallel feed channels passing between the OMTs. This necessitates a narrowing of the E-
plane in the feed waveguide. This design choice would contradict the original intent of
using large cross-sectional rectangular waveguides, which are preferred for their ease of
printing and copper plating.

In this design, a differential feed network based on standard rectangular waveguides is
proposed, as depicted in Figure 4.11(b). To shorten the feed network, the H-T junction is
bent up by 90°. This modification significantly reduces the network's profile, allowing it
to fit within the limited space without sacrificing performance. The H-plane junction
further splits into four differential outputs using E-T junctions as shown in Figure 4.11(c).
An H-plane corner step is used for impedance matching. This design feature further
compactifies the feed network. Fig. 4.12(a) demonstrates that this 1-to-4 feed network
maintains equal amplitude and differential phase over the 10 to 15 GHz, with an amplitude
imbalance of less than 0.1 dB and a phase imbalance within +2°.
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Fig. 4.12. Simulated S-parameters of the feed networks for: (a) Vertical polarization; (b) Horizontal
polarization.

4.4.2 In-phase Feeding Network for Horizontal Polarization

Unlike the vertical polarization feeding network, the horizontal polarization feed
networks are less constrained by the OMT square waveguides. Consequently, as shown in
Fig. 4.13, it employs an equal-amplitude and in-phase feed network constructed with only
H-T junctions. This ensures that the signal maintains its integrity and uniformity
throughout the transmission path. At the end of the feed network, electromagnetic waves
are magnetically coupled into the OMT through multi-step waveguide bend structure. This
coupling mechanism is essential for maintaining low-profile. The simulated S-parameters
in Fig. 4.12(b) highlight its equal-amplitude, in-phase performance and demonstrate the
network's ability to maintain consistent signal strength and phase across the entire
operating bandwidth.
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(b) (c)
Fig. 4.13. In-phase feeding network for horizontal polarization: (a) 3D view; (b) Side-coupling slot; (c) 90°
E-plane bend.

4.5 Experimental Results

4.5.1 Manufacturing and Surface Treatment

As discussed earlier, the antenna array has been designed to incorporate a number of
features that allow for the ease of 3D printing. However, given that the radiation slot layer
is only 0.5 mm in thickness, printing the entire antenna as a single piece is plausible but
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presents considerable risks for the structural integrity of the thin sheet radiation slots.
Therefore, the radiation layer was fabricated separately from copper foil using laser-cut.
The bulk of the antenna array, including the back cavities, OMTs, and feed networks, was
manufactured using SLA 3D printing technology with Accura® HPC composite. To avoid
internal support structures, the antenna array was tilted with respect to the baseplate during
printing. The thinnest wall that has been printed is 0.8 mm. All threaded holes are
reinforced with metal inserts to prevent damage from repeated screw removal and insertion.

Before metallization, the as-printed antenna was first surface-etched through mechanical
and chemical treatments to enhance adhesion between the polymer and the plating layer.
A 10 pm layer of silver and a 20 um layer of copper were sequentially applied using
electroless and electroplating technologies. All internal and external corners of the antenna
structure were chamfered with a 0.5 mm radius to eliminate sharp edges that could hinder
the plating process. Fig. 4.14 shows a photograph of the as printed and the plated antenna
array. The antenna is 90 mm x 90 mm x 53 mm in size (with an aperture of 80 mm x 80
mm). The printing material has a density of 1.8 g/cm?®, compared to 2.67 g/cm?® for 6061
aluminum alloy. As a result, the weight of the 3D-printed antenna is only 67% of that of
the machined version. The S-parameters are measured using a network analyzer (Agilent
E8361C), and the radiation patterns and gains are evaluated with a compact-range antenna
testing system in an anechoic chamber.
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4.5.2 S-parameters

Fig. 4.15(a) shows the simulated and measured reflection coefficients for the two
polarizations. In the desired frequency range of 10.7-14.5 GHz (fractional bandwidth of
30.2%), the measured reflection coefficients are less than -10.5 dB and -11dB, respectively.
The simulation and measurement results show good consistency. Fig. 4.15(b) plots the
simulated and measured |Si2|. Over the same frequency band, the measured port-to-port
isolation is higher than 48 dB.

4.5.3 Radiation Performance

Table I summarizes the normalized radiation patterns at 10.7, 12.5, and 14.5 GHz, both
in simulation and measurement. These patterns are consistent across the frequency band
and align well with the simulated data. Side lobe levels are maintained around -13.2 dB, as
expected for a square array driven by constant amplitude and phase excitation. The
measured cross-polarization discriminations (XPDs) for the two polarizations are higher
than 37 dB. Fig. 4.16 shows the simulated and measured peak gains, antenna efficiencies
and aperture efficiencies. The discrepancy between the measured and simulated peak gains
is less than 0.5 dB, attributed primarily to fabrication tolerances, assembly, and
measurement errors. For both polarizations, the measured antenna and aperture efficiencies
exceed 90% and 72%, respectively. The measured antenna efficiency, #mea an, and aperture
efficiency, #mea_ap, are calculated using the following equations:

Tawan = i
2

n,.. =Sme Dk o
g = s D

sim

where Gmea is the measured peak gain, Dsim is the simulated directivity, 4 is the free-space

wavelength at the operating frequency, and A4 is the aperture area of the antenna.
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Fig. 4.16. Measured peak gain and calculated antenna efficiency and aperture efficiency: (a) V- pol; (b) H-
pol.
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TABLEII
PERFORMANCE COMPARISON OF DUAL-POLARIZED ANTENNAS WITH OR WITHOUT BACK CAVITY

Back S Center freq. . . Cross
Ref. ElTemeem Cavity  Pol. ?:E;fj(‘)"n Scale  (GHz) FBW* ggil) AE IS‘(’L%‘)"“ Pol.
P Type & (%) (dB)
[9] Sﬁ;‘;’f / Dg;}' N(fill\lliig 4x4 12.5/32 212 >79%  >250  <-20.0
Square Dual- CNC
[16] horn / Lpe Milling 88 12.5/32
Single- Dual- CNC o
[18]  SquareSlot ¢ p Milling 1616 13.5/17.1 316 >70%  >395  <-290
Single- Dual- Diffusion o
[19]  Squarcslot  %° b bonding 1616 61.5/14 324 >60%  >50.8  <-40.0
[20]  Crossslot ~ Single-  Dual- Diffusion o\ o 62/6.5 325 >80%  >500  <-25.0
mode LP bonding
[22]  Square Slot Srglogcll‘;' Dgf,l' DMLS  16x16 13.2/19 32355 150 <-130
Single- LP 12.26-13.4/89 238  Na  >329  <-473
(23] Cross slot mode LP DMLS P4 37001589 263 Na 405 <-420
[24]  Cross slot anl‘(‘)’cllz DE}"?' DMLS 8x8 34/26.3 285  Na  >360  <-30.0
Circular Dual- Dual- Copper- o
[25] ot N P Plaingsia ¥ 13.0/22.8 212 >55%  >400  <-35.0
This Diamond- Dual- Dual- Copper- o
work  shaped slot mode LP Plating SLA Ax4 13.0/302 265 =72% ~48.0 <-370

“FBW: fractional bandwidth. "The values are obtained peak gain. “The AE is aperture efficiency. ‘CP is circular polarization. °LP is linear
polarization.

4.5.4 Comparison

The performance of this antenna is compared with some published dual-polarized
antennas in Table II. [9] and [16] reported over 30% relative bandwidth using compact,
one-to-one excited radiating elements without backed cavities. However, their feeding
networks are complex, relying on waveguide-coaxial transmission lines. [18]-[23]
achieved up to 19% impedance bandwidth with single-mode backed cavities. [25] used a
dual mode backed cavity operating in TE320/TE230 and TE410/TE140 modes, achieving
22.8% impedance bandwidth. However, its non-uniform distribution of radiating slots
introduced grating lobes. [24] designed a tri-mode backed cavity operating in
TE210/TE210, TE320/TE230, and TE410/TE140 modes, achieving 26.3% impedance
bandwidth. Nevertheless, the large radiating element period for the TE410 mode leads to
significant grating lobes at high frequencies.

Multi-mode backed cavities can enhance bandwidth and simplify feeding network design
as compared to antennas without a backed cavity. They are also more suitable for 3D
printing. For instance, [24] used rectangular waveguides to design a feeding network and
achieved 26.3% impedance bandwidth using the DMLS process. [25] used a ridge
waveguide, manufactured with the SLA 3D printing process and copper-plating. However,
the complexity of the ridge waveguide-based feeding network presented a challenge for
copper plating on the internal surfaces. As a result, the antennas were printed in multiple
piece parts.

In this work, we present a novel dual mode backed cavity with wideband feeding
networks based on standard rectangular waveguides. The structure is printed using the SLA
process and copper plated. The design achieves a competitive 30.2% fractional bandwidth
(FBW) and effectively suppresses grating lobes. The antenna also demonstrates stable
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radiation patterns and high aperture efficiency (>72%) across the frequency band from 10.7
to 14.5GHz.

TABLEI
NORMALIZED RADIATION PATTERNS OF THE DUAL-POLARIZED ARRAY ANTENNA

10.7 GHz 12.5 GHz
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4.6 Conclusion

This paper presents a novel wideband dual-polarized hollow-waveguide antenna array,
showcasing advancements in antenna manufacturing using 3D printing technique. By
implementing a dual-mode back cavity operating in TE120/TE210 and TE140/TE410
modes, and incorporating a diamond-shaped radiation slot, the antenna achieves a wide
radiation bandwidth and enhanced stability in the radiation pattern. The use of SLA
technology for 3D printing and subsequent copper plating facilitates the creation of a
compact, lightweight, and high-performance antenna array. Compared to previously
published designs, this work proposed a simplified feeding network, under severe space
constraint, while still allowing the ease of printing and plating. A design-for-manufacture
approach was used throughout the work. Through new design and fabrication techniques,
this work paves the way for further advancements in dual-polarized antennas, potentially
leading to broader bandwidths and improved performance in waveguide antenna systems.
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CHAPTER 5: WIDEBAND CORPORATE-FED DUAL-BAND
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Abstract

This paper presents a design approach for dual-band dual-polarized (DBDP) waveguide
antenna array. A novel transmission network using orthogonal parallel plate waveguide
(PPW) is proposed for the excitation of dual polarization. Dual band bandstop structures
are incorporated into the PPW feeding network. They suppress the leakage between the
two polarizations and improve the transmission efficiency of the network. They also enable
a wide range of frequency ratio from 1 to 2.64 between the two bands. A new orthogonal
linear signal generator (LSG) enables ultra-wideband, dual-polarized quasi-TEM
excitation, ensuring consistent and reliable performance across a broad bandwidth. Fed by
four sequentially rotated single-ridge 1-to-4 power dividers, the LSG effectively generates
dual-polarized signals. For demonstration, a K/Ka-band shared-aperture dual-polarized
array antenna has been designed, analyzed and experimentally verified. The array features
a wide impedance bandwidth (17.7 - 21.2 GHz and 27.5 - 31 GHz), high isolation (>50
dB), and excellent cross polarization discrimination (XPD) (>40 dB). The prototype
demonstrates high aperture efficiency up to 80% and consistent radiation patterns at both
bands, affirming its potential for SATCOM systems.

Keywords: Waveguide antenna array, dual-band shared-aperture, millimeter wave
antennas, satellite communication.
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5.1 Introduction

Satellite communication (SATCOM) systems employ Ku-, K- and Ka-bands to establish
high data rate down- and up-links [1]. To maintain stable communication and improve
isolation between transmitted and received signals, high gain antennas supporting dual
linear polarizations (LPs) or dual circular polarizations (CPs) at the Ku-band (10.7 - 12.75
GHz, 13.75 - 14.5 GHz) or dual CPs at K- and Ka-bands (17.7 - 21.2 GHz, 27.5 - 31 GHz)
are highly demanded.

Active electronically scanned array (AESA) plays an important role in low Earth orbit
(LEO) SATCOM systems for their rapid beam-steering capability and programmable
sidelobe envelope [2]. However, when applied to geostationary (GEO) SATCOM systems,
the requirement for high gain significantly increases the cost and power consumption of
AESA. Furthermore, the gain rolls off at higher steering angles, combined with a typical
beam-steering range of approximately £60°, significantly restricts their applicability in
GEO SATCOM systems. These limitations result in degraded performance when
attempting to achieve wide coverage or high efficiency at extreme off-boresight angles,
which are often required for GEO SATCOM applications. For instance, some commercial
suppliers employ a hybrid system combining Variable Inclination Continuous Transverse
Stub (ViCTS) antennas with AESA on aircraft to support both GEO and LEO satellite
communication services [3]. For GEO SATCOM reflector antennas play a very important
role due to their simple structure, which allows for multi-band and multi-polarization [4],
[5], [6], [7]. They are commonly used in ground gateway stations and SATCOM-on-the-
move (SOTM) systems. However, their excessive profile makes them less suitable for
airborne and vehicular SOTM systems or portable stations. Low-profile waveguide array
antennas have emerged as a competitive alternative [8], [9].

There are three main waveguide based high-gain antenna solutions for SATCOM. The
first is a wideband single-polarization array covering both the reception and transmission
bands [10], [11], [12], [13]. However, for most satellite communication scenarios,
orthogonal polarizations for transmission and reception are needed. One common method
to achieve this is by using two separate antennas [14]. This approach, however, results in
increased costs and a larger antenna footprint. An alternative is to add a dual circular
polarizer to a single-polarization antenna, to achieve mutual orthogonal polarizations in the
reception and transmission bands [15], [16], [17], [18]. This is a co-aperture solution, but
its bandwidth is limited by that of the polarizer. For example, the continuous transverse
stub (CTS) antenna with a circular polarizer in [18] offers limited axial ratio bandwidths
over 20.1 - 22.1 GHz and 28.7 — 30 GHz and is not able to cover the entire K-band and Ka-
band required for SATCOM.

The second approach involves using wideband dual-polarized arrays [19], [20], [21],
[22], [23], [24], [25]. These antennas can operate with dual polarization in both
transmission and reception bands. By adjusting the amplitude and phase of the two
orthogonal polarizations, they can synthesize any desired polarization direction. This
feature is particularly useful for polarization tracking and switching in SOTM (SATCOM
On The Move) systems. Typically, these arrays utilize Orthogonal Mode Transducers
(OMT) or septum polarizers. A notable example is a broadband dual circular polarized
antenna based on septum polarizers, covering 19-30 GHz [25]. Due to the limited
impedance bandwidth of the polarizer, this still cannot cover the required K- and Ka-band.
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The third solution is the DBDP arrays where radiating elements for different frequencies
are consolidated into a single aperture [26], [27], [28], [29]. The added design challenge
for the dual-band solution is that the realizable frequency ratio is often constrained by the
topological structure, making it difficult to adjust especially for large frequency ratio. In
[30], the antenna merges Ku-band linearly polarized elements with Ka-band circularly
polarized ones within the same aperture. The frequency ratio is fixed to about 2:1(14.4 -
17.5 GHz, 32.5 - 35 GHz), which makes it only partially compatible with the spectrum of
SATCOM. A recent advancement is a full-metal dual-band array with orthogonal
polarization, where the K-band operates with horizontal polarization and the Ka-band with
vertical polarization [31]. This antenna can be considered as an overlap of two single-
linearly polarized antennas at different frequencies. It cannot synthesize arbitrary
polarization directions through two orthogonal polarization components like a dual-
polarized array. So, it fails to meet the requirements for polarization switching and tracking.

CTS antennas, known for their wideband and multi-band capability and high efficiency,
have been widely used in high-performance millimeter-wave (mmW) antenna applications
[32], [33]. A tri-band shared-aperture single-linearly polarized CTS antenna is reported for
Ku-/K-/Ka-band SATCOM by frequency multiplexing in the PPW feed network [34].
However, this antenna only has a single polarization. For dual polarization, cross-
connected single-mode traveling-wave CTS arrays are mainly suited for narrowband
applications, as reported in [35]and [36]. In [37]and [38], a novel dual-polarized CTS array
based on a dual-mode CPPW corporate-feed network was introduced. This array achieves
dual-polarized radiation and enables beam scanning along the long slots. Although the
bandwidth shows a significant improvement compared to series-fed arrays, it remains
limited to 11.6%. This limitation arises because the dual-mode CPPW transmission line
operates in both quasi-TEM mode (vertical polarization) and quasi-TE1 mode (horizontal
polarization), with the bandwidth primarily constrained by the TEl mode. If both
polarizations operate in TEM mode and a corporate-feed network is used, it could
potentially offer a wider bandwidth. However, placing the single-mode corporate-feed CTS
arrays orthogonally in a shared aperture for dual polarization is not trivial. Additionally,
the dual-band requirement further complicates the design of the feed network.

This work will address this design challenge using orthogonal CST arrays with a dua-
band PPW feeding network. We will propose a methodology to suppress the leakage
between the two polarizations and to achieve a wide range of frequency ratio up to 2.64:1
by using several bandstop structures. The orthogonally placed CTS arrays also dictate a
new orthogonal linear signal generator for the quasi-TEM excitation. We will demonstrate
a DBDP array antenna operating at K- and Ka-bands (17.7-21.2 GHz, and 27.5-31 GHz).
The rest of the paper is organized as follows: Section II describes the antenna configuration.
Sections III and IV present the analysis, design, and results, followed by the conclusion in
Section V.

5.2 Overview of Antenna Array Configuration

Fig. 5.1 illustrates the structure of the proposed DBDP waveguide array antenna. The
complete 8x8 radiation part is composed of sixteen 2x2 subarrays. Each 2x2 subarray
consists of orthogonally intersecting parallel plate waveguide (PPW) power dividers and
multi-stage stepped impedance transformers, which are used for impedance matching
between the power dividers and free space. A novel dual-polarized PPW parallel feed
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network is designed to provide equal-amplitude, in-phase excitation to all subarrays. This
PPW feeding network is formed by two orthogonally overlapping single-polarized PPW
feeding networks. The incorporation of dual-band bandstop structures within the PPW
feeding network effectively suppresses leakage between the two polarizations, enhancing
the overall transmission efficiency of the network. A new orthogonal linear signal
generator (LSG), placed after the PPW feeding network, enables ultra-wideband, dual-
polarized quasi-TEM excitation. The LSG, fed by four sequentially rotated single-ridge 1-
to-4 power dividers, effectively generates dual-polarized signals. Finally, each polarized
signal is combined by an equal-amplitude in-phase combiner to form horizontal and
vertical polarization ports. Additional cascaded waveguide diplexers help separate the
receive and transmit signals, forming horizontal and vertical ports for both K-band and Ka-
band. This configuration offers increased flexibility for circular polarization synthesis and
switching. All simulations were conducted using ANSYS HFSS. Detailed designs of the
key constituent parts will be presented in the following sections.
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Fig. 5.1. Configuration of the proposed DBDP antenna.

5.3 Evolution and Analysis
5.3.1 Design Evolution (2X2 Array)

The antenna design evolution will be illustrated using a 2x 2 subarray in Fig. 5.2. The
initial model is a classic single-polarized CTS array (Subarray ), composed of multi-stage
stepped impedance transformers and PPW power dividers. The spacing (p) between
adjacent elements is maintained at 9 mm, which is less than the free-space wavelength at
the highest operating frequency (31 GHz), thereby preventing the occurrence of grating
lobes. Additionally, periodic boundary conditions are added around the subarray to
simulate coupling between subarrays in the array.

A simple and straightforward approach to achieving dual polarization is orthogonally
combining two single-polarized CTS arrays (Subarray II), as shown in Fig. 5.2(b).
However, this approach faces two critical issues that need to be addressed: 1) Energy
leakage occurs in the overlapping regions of the two polarizations (blue faces marked in
Fig. 5.2(b)); 2) In the non-overlapping regions, energy is radiated into free space through
the impedance transformers, where the partial overlap disrupts the quasi-TEM wave
propagation, and causes amplitude imbalance, as shown in Fig. 5.3. To address these
issues, we first extend the overlapping regions of the PPW power dividers to the periodic
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boundaries to mitigate the amplitude and phase imbalance (Subarray III), as shown in Fig.
5.2(c). Then, we introduce dual-band bandstop structures at each leakage face to suppress
leakage between two polarizations, ultimately forming the desired Subarray IV, as shown
in Fig. 5.2(d). dividers to the periodic boundaries to mitigate the amplitude and phase
imbalance (Subarray III), as shown in Fig. 5.2(c). Then, we introduce dual-band bandstop
structures at each leakage face to suppress leakage between two polarizations, ultimately
forming the desired Subarray IV, as shown in Fig. 5.2(d).

5.3.2 Bandstop structure to suppress leakage between the two

polarizations

To better illustrate the working principle of the bandstop structure, we denote the leakage
face using a virtual port, labeled as C in Fig. 5.2(e). Here, A represents the incoming signal
from the PPW power divider, and B represents the outgoing signal to the impedance
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Fig. 5.2. Design evolution of 2x2 sub-arrays. (a) Subarray I: Single-polarized sub-array. (b) Subarray II:
orthogonally placed identical single-polarization subarrays. (c) Subarray III: dual-polarized sub-array with
extended PPW. (d) Subarray IV: dual-polarized sub-array with bandstop structures. (e) Side view of the
power divider in Fig. 5.2(c). (f) Bandstop structure A. All dimensions are given in millimeters.

transformer. To suppress this leakage, we add bandstop structures to the overlapping
sections, as shown in Fig. 5.2(f). These short-circuiting stubs are strategically positioned
approximately A/4 distance from the junction to achieve optimal impedance matching.
Since the antenna operates over two widely separated frequency bands, a single short-
circuit stub is insufficient to separate the bands, resulting in increased insertion loss.
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Therefore, a dual-band bandstop structure is proposed to enhance suppression, as illustrated
in Fig. 5.2(f). Two short-circuit stubs are placed opposite to each other along the E-plane
of the PPW, each functioning as a bandstop resonator. Each stub blocks the leakage of one
band, determined by the lengths di or d>. This bandstop structure allows the crossover of
both orthogonal signals through the overlapping PPW with low insertion loss and high
port-to-port isolation (over 50 dB), as demonstrated by the simulated transmission,
reflection, and isolation performance in Fig. 5.4.
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Fig. 5.4. Simulated transmission, reflection and isolation performance of the cross-over structure with
bandstop structures.

5.3.3 Evaluation of the maximum allowed frequency ratio

To establish the maximum frequency range enabled by the dual-band bandstop structure
under a given array period (d), we set the transmission zero (TZ, between the virtual port
A' and C') generated by the high-band bandstop resonator at a highest frequency of 300/d
GHz (the grating lobes will appear above this frequency). Both Lyin and di are set to Ag/4,
where Ag represents the guide wavelength in the PPW. Here, Lyig 1s the distance from the
high-band bandstop resonator to port B', and d; is the length of the high-band bandstop
resonator.

By adjusting the distance L of the low-band bandstop resonator to the B' port and its
length d», the TZ of the low band is changed. According to the reflection matching theory,
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when Lipwtda =n'Ag/2 (n=1, 2, 3...) and d> = n-A¢/4, the optimal match from A' to B' can
be achieved. As Linw+d> increases, the TZ of the low band decreases, thereby expanding
the frequency range of the dual-band bandstop structure. Due to the bandwidth limitations
of the LSG, we only consider the maximum frequency range under the condition of n=1.
Therefore, under the premise of an equi-period array antenna, the maximum value of Lo
is half of the radiation period d. By simply adjusting d» to align the best impedance
matching frequency with the TZ frequency, the maximum frequency ratio can be obtained.
Fig. 5.5 shows the variation of the transmission coefficient of the bandstop structure with
da, given d =9 mm, Lpign = 3.2 mm, d1 = 2.5 mm for high frequency at 33 GHz, and Liow
=d/2. It can be seen from Fig. 5.5 that when d>= 6 mm, L, -4.5mm, the optimal matching
frequency coincides with the optimal blocking frequency at 12.5 GHz. Thus, under the
condition where the optimal isolation frequency equals the optimal reflection frequency,
the maximum frequency ratio of the bandstop structure is 2.64 (i.e., 33/12.5). In addition,
when adjusting >, the high-frequency TZ remains stable, whereas additional TZ occur
when Lo becomes 3Ag/4. By adjusting Li,w and d2, a continuously flexible frequency ratio
from 1 to 2.64 can be obtained, shown in Fig. 5.6.
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Fig. 5.5. Effect of the bandstop structures: simulated S-parameters at different d> with d =9mm, d,=2.5mm,
Liow=4.5mm and Ljg=3.2mm.

""" IS pal — [Sppl == [Sacl
0- T T — i
ASE = smm TR I e peeest
-301 _ R e
@_45_ L[‘()w_3'2Imm ‘ High-frequency™ '\ i-

T O e T -
%-15-61,_3Smm‘-r_..\_\_'___i_“.'. ‘\-_-\.:_\ _______ ;‘"';’,:?"
O N ' ‘<. I

§-30_L 3.3 mm \'7\ N i
8 -45plow T v Low-frequency \7
% — —
\ 4 /
ast . § hestomm Y
8 12 16 20 24 28 32 36 40

Frequency (GHz)

Fig. 5.6. Effect of the bandstop structures: simulated S-parameters at different d> and L, with &=9mm, d;=
2.5mm and Lj;gr=3.2mm.

68



5.4 DESIGN AND SIMULATION

5.4.1 Performance Comparison of the 2x2 Subarrays

Subsequently, based on the analysis, a DBDP waveguide antenna array operating in the
K-band (17.7 - 21.2 GHz) and Ka-band (27.5 - 31 GHz) will be designed for SATCOM
applications. The antenna element has a periodicity d of 9 mm. The bandstop structure
shown in Fig. 5.2(f) is used in the subarray to suppress wave leakage. Fig. 5.7 compares
the gain and reflection coefficient of the four subarrays. It is evident that the gain of the
dual-polarization Subarray IV nearly matches that of the single-polarization Subarray I,
indicating excellent orthogonality due to effective suppression of leakage. On the other
hand, Subarray II (without the bandstop structures) exhibits a noticeable decrease in gain.
The optimized dimensions of the Subarray IV are: di = 2.05 mm and Lnigh = 3.37 mm for
the high band, and d> = 3.5 mm and Liow = 3.3 mm for the low band, and other details are
given in Fig. 5.2(e).
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Fig. 5.7. Simulated gain and reflection coefficients of the 4 subarrays in Fig. 5.2.
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stubs.

5.4.2 DBDP PPW feeding network

Fig. 5.8 illustrates the overall DBDP PPW feeding network for the 8x8 array, achieved
by cascading multiple PPW power dividers into two sets of orthogonal corporate feeding
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networks. Each PPW power divider includes two small matching stubs to enhance
impedance matching. Fig. 5.9 shows the effect of these stubs, demonstrating that when
w1=3.95 mm and w»=6.82 mm, the reflection coefficients for both bands are better than -
21.4 dB. Fig. 5.10 present two bandstop structures designed to enhance the transmission
performance of the dual-polarized PPW feeding network. The electric field distributions at
20 GHz and 30 GHz confirm the effective operation of both bandstop structures. Bandstop
structure B differs from bandstop structure A shown in Fig. 5.1, as it uses three stubs to
generate more transmission zeros (TZs), thereby enhancing isolation. Bandstop structure
C, similar to structure A, employs two identical sets of short-circuit stubs positioned at A/4
and 30\/4 from the junction. Although bandstop structure B has better stopband suppression
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in the Ka-band, it suffers from higher insertion loss compared to structure C. This is
because the second TZ generated by structure C in the Ka-band functions merely as a short-
circuit stub and does not meet the optimal reflection matching condition, as demonstrated
in the simulation results shown in Fig. 5.11. Bandstop structure B here is used to balance
the antenna height. If bandstop structure B were replaced with the design of bandstop
structure C, bandstop structures A and B would overlap in the DBDP PPW feeding network
(highlighted in the red box in Fig. 5.1). Finally, both methods were used to improve the
isolation between the input and isolation ports, which significantly reduces the insertion
loss.
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Fig. 5.11. Simulated results of the two bandstop structures in the PPW feeding network.
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5.4.3 Orthogonal Line Source Generator (LSG) and in-phase
combiners

To excite two orthogonal PPW feeding networks, a cross-orthogonal planar wave source
is required. In this design, a multi-port LSG is utilized to generate the planar wave
excitation. A conventional approach involves stacking two orthogonally overlapping LSGs
to form a cross-polarized planar wave source. However, this would increase the number of
feed layers. To achieve a more compact implementation, four multi-port LSGs are
sequentially rotated, enabling the realization of an orthogonal dual-polarized feed within a
single layer, as illustrated in Fig. 5.12. Each multi-port LSG is excited by a 1-to-4 single-
ridge waveguide power divider, where each divider consists of three single-ridge
waveguide power dividers. A detailed view of the LSG, including its dimensions, is
provided, and the design of the single-polarized LSG has been thoroughly discussed in [12].

When the two diagonal feed networks with the same polarization are simultaneously
excited, a quasi-TEM wave will propagate within the PPW, as illustrated in Fig. 5.12(b).
A key design consideration is the gap in length L left between the two co-polarized LSGs,
which plays a critical role in shaping the amplitude distribution along the line source and
influencing the sidelobe level. Fig. 5.13 illustrates the amplitude distribution of the line
source and the corresponding radiation patterns at 20 GHz and 30 GHz for different gap
lengths. A wider gap enhances port isolation, as demonstrated in Fig. 5.14. However, it
also reduces the electromagnetic energy at the center of the line source, which may lead to
an increase in sidelobe levels. To achieve an optimal balance between these effects, L was
set to 4.8 mm.
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Fig. 5.16. Simulated reflection coefficients and antenna gains of the array

5.4.4 Complete Array Antenna and method for Generating
Circular Polarization

The simulated reflection coefficients and gains of the antenna array across both K- and
Ka-bands are shown in Fig. 5.16. Across these bands, the reflection coefficients remain
below -13 dB, while port isolation exceeds 50 dB. The gain curves for both polarizations
are stable within the operating bandwidth, showing no significant fluctuations. For Ka-
band SATCOM systems, dual circular polarization (CP) is required. To achieve circular
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polarization, a diplexer can be connected at both the horizontal and vertical polarization
ports. This setup separates the signals into K- and Ka-bands using WR28 and WR51
standard waveguide ports (Ports 1 to 4), as illustrated in Fig. 5.17. By recombining the
Ports 1 and 3 with a 3 dB coupler, circular polarization is generated in the K-band.
Similarly, circular polarization for the Ka-band is achieved by cascading a 3 dB coupler
after Ports 2 and 4. Since the diplexer is not the primary focus of this work, its detailed
analysis will not be included here.

In addition, SATCOM applications require specific radiation masks to avoid interference
with other satellites. These masks strictly regulate the radiation pattern envelope. For the
antenna presented in this paper, low sidelobe levels in the H-plane and E-plane can be
achieved by applying amplitude weighting techniques to the single-ridge waveguide
feeding network (H-plane) and the PPW feeding network (E-plane) based on the methods
proposed in [39] and [40].
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Fig. 5.19. Simulated reflection coefficients and antenna gains of the antenna array cascaded with K/Ka-band
duplexers.

The antenna assembly contains multiple layers of suspended structures (PPW feeding
networks), as illustrated in Fig.5.17. CNC-machined low-density PMI foam
(ROHACELL® WEFT71, provided by EVONIK) with locking slots is used not only as
structural support but also as a precise alignment mechanism for the layered antenna
components. Layers M5 to M8 are assembled using metal screws, while layers M1 to M4
are integrated into a single unit through positioning and assembly using the PMI foam
interlayer with locating slots. Finally, these two sections are aligned using locating pins
and connected with screws to form the complete structure.

Simulation results show that the PMI foam (with a dielectric constant of 1.05 and a loss
tangent of 0.0017) has a negligible effect on the transmission coefficient of the PPW power
divider in Fig. 5.18. Fig. 5.19 presents the simulation results for the entire antenna array
with diplexers, indicating that the reflection coefficients for all ports are less than -13dB,
and the gain varies smoothly with frequency.

5.5 Experimental Verification

This prototype antenna is manufactured out of eight metal layers and four layers of PMI
foam, as depicted in Fig. 5.20. Blocks M1 to M8 are CNC milled from 6061 aluminum-
magnesium alloy, with a tolerance of 20 um. In simulations, a nominal conductivity of
3.8x107 S/m is applied. Layers F1 to F4 are CNC milled PMI foam. By simulation, Fig.
5.21 illustrates the impact of assembly errors in interlayer spacing of the PPW on insertion
loss. It is observed that stable radiation performance can be maintained with an interlayer
spacing deviation within = 200 um. This tolerance is attributed to the stable impedance-
matching performance of the bandstop structures, relaxing the assembly requirements for
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the PPW feed network layer. Metal screws have been installed between layers M1 and M4,
surrounding the single-ridge waveguide feed network and diplexers, ensuring robust
connections. The prototype measures 72 mm X 72 mm x 42 mm. Radiation measurements
were carried out using a far-field antenna test system in an anechoic chamber. Reflection

coefficients and isolation performance were assessed using an Agilent E8361C network
analyzer.

Fig. 5.20. Photographs of fabricated blocks, assembled antenna, and test environment.
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5.5.1 Reflection Coefficient and Port Isolation

Port reflection coefficients and transmission coefficients are measured. When two ports
are connected for testing, the other two are terminated with matching loads. Fig. 5.21(a)
and (b) show the simulated and measured reflection coefficients for the H- and V-
polarization. The measured fractional bandwidth is 18% (17.7 — 21.2 GHz) for the K-band
and 12% (27.5 — 31.0 GHz) for Ka-band. The simulated and measured data demonstrate
good consistency. Fig. 5.23(a) illustrates that the measured isolation between port 1 and
port 3, as well as port 2 and port 4, exceeds 45 dB. Furthermore, the port-to port isolation
IS21] and |Sa3| surpass 60 dB in both the K-band and Ka-band, as shown in Fig. 5.23(b).
Benefiting from the high polarization isolation of orthogonal PPW, the measured XPDs in
both bands are better than 40 dB (Fig. 5.24).
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Fig. 5.26. Simulated and measured antenna peak gain and aperture efficiency: (a) H- pol; (b) V-pol.

5.5.2 Radiation patterns and Efficiency

Fig. 5.25 presents the normalized radiation patterns, both simulated and measured, at
17.5GHz, 21GHz, 27.5GHz and 31 GHz. These patterns exhibit stability across the entire
frequency band and closely align with the simulation results. The first SLLs are around -
13.1 dB, which is expected from a square array excited by constant amplitude and phase.

Fig. 5.26 illustrates the simulated and measured peak gain and aperture efficiency. In
both H- and V-polarizations, the measured peak gains in the K-band are between 22.3 to
24.2 dBi and 22.2 to 24.1 dBi, while in the Ka-band, they range from 26.0 to 26.9 dBi and
25.9 to 26.8 dBi. The simulated values for the K-band falls within the range of 22.7 - 24.5
dBi and 23.0 - 24.5 dBi, while the Ka-band, ranges from 26.3 - 27.1 dBi and 26.3 - 27.2
dBi. The minor difference of about 0.5 dB is primarily attributed to fabrication tolerances,
assembly, and measurement errors. The aperture efficiencies of the two polarizations
exceed 78.0% and 70.0% in the K-band and Ka-band, respectively. Notably, the measured
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TABLEI
PERFORMANCE COMPARISON OF DUAL-POLARIZED ANTENNAS FOR SATCOM APPLICATIONS

Frequency range ., Aperture  Radiation Meet Ka-band

Thik
Ref.  Element type Lavers (GHz)/ FBW  Polarization 23;?) efficiency  efficiency é};ﬁ 1}\01;655 Satcom bandwidth
Y (%) %) (%) M) requirements
Corporate feed 18.7-20.7/9.47 Orthogonal - 16.5 50.9 >35
8] CrSipolarizer 10 28230442  circular 197 A 399 >3 8 No
Corporate feed 19-30GHz / .
[25] Horn 7 45% Dual-circular 27 >80 N.A >30 45 No
30] Corporate feed 3 14.4-17.5/19.4 Dual-linear 18.4 >60 N. A >15 43 No
Cross-strips 32.5-35/74 Dual-circular 23.4 >50 N. A >15 '
19.7-21.5/8.8 Orthogonal - 26 N. A
[31] Corporate feed slot 3 29-31/6.7 linear 295 N.A N A >30 N.A No
Series feed 17.5-20/13.3  Dual-linear >70 >90
3] Orthogonal CTS ~ # 285-30/5.1  Duallinear 2% >70 ~gs 27 16 No
This  Corporate feed 12 17.7-21.2/18  Dual-linear 23.8 >78 >87 >40 34 Yes
work Orthogonal CTS 27.5-31/12  Dual-linear 26.3 >70 >85 >40 ’

'The values are obtain at the center frequency.’The values are obtain at the center frequency.

aperture efficiency #mea op 1s calculated using the following equations:
_ G, A’
Tonr = 4r A
where Gueq 1s the measured peak gain, 4 is the free-space wavelength corresponding to the

operating frequency, and A is the aperture area of the antenna.

5.5.3 Comparison

Table I shows the comparison between the proposed antenna and other published DBDP
waveguide antennas. Most of the designs, such as slot arrays and CTS arrays, are adopted
in the design of dual-band arrays. Most of these designs, such as [18]and [31], achieve
only one polarization in one frequency band. The design in [25] attempts to use an ultra-
wideband dual circularly polarized array to cover the transmit and receive bands. However,
its operational bandwidth of 19-30 GHz still falls short of the full bandwidth requirements
for Ka-band SATCOM. [30] introduces a novel DBDP waveguide array antenna, which
combines a septum polarizer with an OMT to achieve DBDP with a shared aperture. The
array spacing in the high-frequency band is about 1.4-A. Although introducing cross-strip
and cross-patch structures improves the sidelobe levels to some extent, the measured
aperture efficiency at the high-frequency end is only about 50%. Additionally, all the
aforementioned designs are optimized for specific frequency ratios and suffer from
relatively large periodic spacing which leads to the emergence of grating lobes. Series-fed
dual-band CTS antennas reported in [36] offer a low-profile design with no significant
grating lobes. However, the long-line effects caused by dispersion mean these antennas
usually operate over a very narrow frequency band.

Compared with the references listed in Table I, the proposed DBDP array has the
advantages of dual polarization at both bands, wide bandwidth, no grating lobes, high
aperture efficiency, and radiation efficiency, making it highly competitive in SATCOM
applications.
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5.6 Conclusion

Previous efforts in developing DBDP waveguide antenna arrays for Ku/Ka-band were
limited by the bandwidth and the achievable frequency ratio between the dual bands. This
work overcomes these limitations using orthogonal CTS arrays with DBDP PPW corporate
feeding networks and bandstop structures to suppress the leakage between polarization and
to adjust the frequency band ratio (up to to 2.64:1). We have demonstrated a DBDP
waveguide array with a fractional bandwidth of over 18% in the K-band and over 12% in
the Ka-band. The prototype demonstrates excellent performance in terms of bandwidth,
isolation, and XPD. Its high efficiency, stable radiation patterns, and flexible frequency
ratio adjustment further enhance its practicality and adaptability for diverse SATCOM
applications. The antenna design, validated through both simulation and experimental
results, shows great potential for advanced SATCOM systems.
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Abstract

This paper presents an ultra-wideband low-profile full metal waveguide antenna array
design. The key innovations include the quasi-TEM mode radiators, the ultra-wideband
rectangular coaxial-to-ridge waveguide transition, and the in-phase air-filled corporate feed
network based on rectangular coaxial lines. The prototype achieves a fractional bandwidth
of 105% over the 10-32 GHz range, with an aperture efficiency above 82% and a height
of only 0.3 wavelengths at the lowest frequency. The antenna structure is fully metal and
manufactured using CNC machining, with laser cutting employed for the coaxial core layer.
Experimental results show excellent agreement with simulations. The proposed design can
find applications in SATCOM and other wideband point-to-point communication systems.

Keywords: Wideband antenna array, Low profile, High aperture efficiency,
Rectangular coaxial line, Quasi-TEM radiator.
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6.1 Introduction

With the development of multi-band multi-functional wireless communication systems,
antennas are increasingly required to support multiple operating frequency bands. For
example, the bands of 6/7/8/11/13/15/18/23/60/70/80 GHz have been allocated to point-to-
point backhaul links [1], [2]. Ku (10.7 - 14.5 GHz), K (17.7 - 21.2 GHz) and Ka (27.5 - 31
GHz) bands have already been widely used in SATCOM [3], [4]. Ultra-wideband high-
gain antennas with uncompromising efficiency are highly desired for these application
scenarios. A low-profile antenna would also be an advantage for SATCOM to integrate it
into a variety of moving platforms, such as aircraft and trains.

Microstrip line and substrate-integrated waveguide are the common choice in wideband
array antennas [5]-[10]. However, their dielectric losses are significant in the mmW region.
This would become unacceptable in the design of high-gain array antennas. Hollow-
waveguide (HW) based slot/horn array antenna is a better way to achieve high efficiency
and high gain [11]-[19]. To realize the wideband characteristics, a full-corporate-feed
structure is usually preferred. There are two approaches to achieving wideband feeding.
The first involves using a 1-to-4 cavity-backed structure, as demonstrated in [11]-[16]. For
example, in [16], a 3D-printed design using the 1-to-4 cavity-backed structure reached a
fractional bandwidth (FBW) of 48%. This is the broadest bandwidth reported so far for slot
array antennas with back cavities. However, the large unit cell periodicity used in the array
led to grating lobes at higher frequencies. The other approach for corporate-feed slot array
antennas removes the cavity-backed layer but uses direct one-to-one connection between
the feed network and the radiating slots [17]-[19]. In [17], a gap waveguide-based
wideband planar array achieved a FBW of 46.8% by incorporating a one-to-one excited
double-ridge radiating slot. However, the unit cell periodicity still introduced grating lobes,
reducing the aperture efficiency to only 50% at the higher bands. In [18], a one-to-one
exciting array antenna, fabricated using 3D printing, achieved a 51% bandwidth.
Nonetheless, grating lobes still presented a problem with the design.

All the published waveguide slot array antennas, representing the state-of-the-art in
terms of bandwidth, face the issue of grating lobes and aperture efficiency degradation at
higher frequencies. In fact, this stems from an inherent trade-off, because reducing unit cell
periodicity (to suppress grating lobes) typically results in increased cutoff frequency of
transmission waveguide and radiator, which in turn limits the bandwidth.

Continuous transverse stub (CTS) antennas are very capable of achieving wideband and
high-gain characteristics [20]-[27], benefiting from the fact that the transmission mode in
their parallel-plate waveguide (PPW) is the TEM mode, with inherently large bandwidth.
This avoids the bandwidth limitations imposed by the cutoff frequency of the dominant
TE10 mode typically encountered in slot or horn array antennas. In [22], a parabolic
reflector-based linear source generator (LSG) was combined with a vertical PPW power
divider to realize wideband performance. However, the LSG restricted the FBW to 42%.
The amplitude distribution of the generated quasi-TEM wave typically follows a tapering
distribution, which also decreases the aperture efficiency. Additionally, the vertical PPW
power divider network complicates the array scaling. The antenna profile height reaches
3.5-A at the lowest frequency. An ultra-low-profile CTS array was introduced in [23], where
multilayer PCB technology was used, incorporating nine dielectric substrates. The antenna
height is approximately 0.3-A at the lowest frequency, with a FBW exceeding 50%. It also
provides multibeam radiation for polar angles up to £22.5° in the H-plane. However, the
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dielectric losses reduced its aperture efficiency, which is below 50.9%. More recently, CTS
antennas fed by multi-port excited LSGs have demonstrated even wider bandwidth and
higher aperture efficiency [25]-[27]. For example, [25] reported a fully corporate-fed, full-
metal CTS antenna with an FBW of 62% and an aperture efficiency of over 84%. The
antenna height is approximately 1.2-A at the lowest frequency.

The use of TEM radiators offers wideband capability. This must be matched by the
feeding network. TE-mode waveguide feed would curtail the bandwidth. Coaxial lines,
however, are superior alternative due to their compact size and broad bandwidth, and
particularly suitable for one-to-one excitation. A coaxial based feeding network not only
allows for a smaller unit cell period but also extends the cutoff frequency to much lower
frequency ranges. However, implementing such a network brings its own set of challenges:
e.g. how to transit from the coaxial line to the TEM radiator; and how to implement direct
one-to-one excitation.

This paper introduces a novel design concept for ultra-wideband planar antennas, where
the corporate feed network directly excites the quasi-TEM radiators in a one-to-one
configuration. Three key design features are proposed: (1) a quasi-TEM mode radiator
excited by a dual-ridge waveguide; (2) an ultra-wideband rectangular-coaxial-to-ridge-
waveguide transition, and (3) an ultra-wideband corporate feed network based on air-filled
rectangular coaxial line. The antenna module achieves a bandwidth of 105% (10-32 GHz),
an aperture efficiency up to 90%, and a low profile of only 0.3-A at the lowest frequency.

This paper is organized as follows: Section II presents the antenna architecture, while
Section III describes the design details of the Quasi-TEM radiator. Section IV covers the
design and performance of the complete antenna array. Section V reports the experimental

results. Finally, the conclusions are drawn in Section V1.
M1:Quasi-TEM
Radiators

M2:Core (the s, M3I:ower part (the

central conductor) O hitef conductor) of ! /.
of the coaxial feed " the coaxial feed /. #

Fig. 6.1 Configuration of the proposed antenna array.

6.2 Overview of Antenna Configuration

Fig. 6.1 shows a schematic of the proposed waveguide antenna array. It has three main
sections: the quasi-TEM radiators, the rectangular coaxial-to-double-ridge waveguide
transitions, and the corporate feed network. The antenna is fabricated in three layers: M1,
M2, and M3. M1 contains the radiating elements and the upper part (the outer conductor)
of the coaxial feed, while M2, a 0.2 mm thick layer, forms the core (the central conductor)
of the coaxial feed. M3 holds the lower part (the outer conductor) of the coaxial feed and
the 50Q coaxial input port on the backside. Details of the key components will be
elaborated next.
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6.3 Wideband Antenna Element — Design Theory

This section first details the evolution from traditional TE10 mode radiators to TEM
mode radiators, followed by an in-depth analysis of the proposed quasi-TEM mode radiator.
The periodicity of the radiating unit cells is determined by analyzing the near-field
amplitude distribution. The limiting factors for extending the bandwidth towards lower
frequencies at this periodicity are then thoroughly examined, and the tradeoff among
bandwidth, profile and aperture efficiency is discussed. Finally, the detailed design process
is provided. All analyses are conducted with a preset peak frequency of 31 GHz.

6.3.1 Evolution from TE10 to Quasi-TEM Mode Radiator

In the design of low-profile high-gain array antennas, horn and slot antennas are
commonly utilized as radiating elements, as depicted in Fig. 6.2(a). However, their
radiation bandwidth is often constrained by the cutoff frequency of the TEio mode. To
address this limitation and extend the bandwidth to lower frequencies, ridge waveguides
are frequently employed due to their broader dominant mode bandwidth. To achieve
impedance matching with free space (377Q), the ridge waveguide is gradually transitioned
into a rectangular waveguide. This transition is essential because the characteristic
impedance of a ridge waveguide is significantly lower than that of a rectangular waveguide
of the same dimensions. Although incorporating ridge waveguides effectively broadens the
bandwidth at the feed port, the overall radiation bandwidth is still limited by the cut-off
frequency of radiating elements.

Horn antenna PPW radiator Quasi-TEM radiator
(TE10 mode) (TEM mode)

Double-ridge
Waveguide

(a) (b) (c)
Fig. 6.2 Evolution from TE10 Mode radiator to Quasi-TEM mode radiator. (a) Slot/Horn antenna (FBW:51%
[18]); (b) CTS antenna fed by multi-port excited LSG (FBW:62% [25]); (c) Proposed array with Quasi-TEM
radiators (FBW:105%, this work).

To further extend the bandwidth, a more advanced approach involves using a LSG
structure to convert the TEio mode in a double-ridge waveguide to the TEM mode in a
parallel-plate waveguide (PPW). This conversion is followed by a multi-stage impedance
transformer [21], which cascaded to the PPW to achieve impedance matching with free
space, as shown in Fig. 6.2(b). This method effectively addresses the bandwidth limitations
imposed by the cutoff frequency of the radiation slots. However, it introduces challenges
for applications requiring low-profile antennas, such as those in aerospace or automotive
radar systems, due to the added complexity and potential increase in the profile height.

To reduce the profile, the LSG is integrated with the impedance transformer to form a
quasi-TEM radiator, as proposed in this paper and shown in Fig. 6.2(c). This unified
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approach not only minimizes the profile height but also enhances impedance-matching
bandwidth by enabling smoother transitions within the matching network.

6.3.2 Bandwidth limit factors of the quasi-TEM mode radiator

In array design, a critical consideration is the suppression of grating lobes, which occur
when the unit cell period exceeds approximately one wavelength at the operating frequency,
assuming plane wave radiation from the elements. However, when slot or horn antennas
are used as radiating elements, their aperture field is not an ideal plane wave. Instead, the
amplitude variation AE across the aperture field determines the sidelobe distribution and
aperture efficiency of the array. Therefore, the unit cell period Px is typically less than one
wavelength at the upper frequency.

On the lower frequency side, the bandwidth is determined by the cutoff frequency of
the feeding waveguide, which is primarily influenced by the inner cavity dimensions—
width a, height b, ridge height R;, and width R,, as illustrated in Fig. 2(c). The distance
between the feed waveguides is d where Px = a + d. d is chosen to accommodate the feed
network and usually set based on fabricating considerations. Therefore, the lower limit of
the cutoff frequency is also related to the period Px. The determination of P, will be
discussed next by analyzing its impact on the amplitude distribution of the aperture field
in the H-plane and balancing the bandwidth and aperture efficiency.

6.3.3 Impact of ®/Px on aperture efficiency and bandwidth

When arranging multiple radiators along the H-plane with a period of Px, the fields from
each element interact, leading to field amplitude fluctuations in the array. The half-power
beamwidth w of each element, which corresponds to the position where the field strength
drops to 1/+/2 of its maximum, plays an important role in how these fields coherently
combine. This ultimately determines the extent of field fluctuations, which in turn impact
the aperture efficiency, #7a. It is defined as as [31]:

g JIECo Pfddyy
: AI|E(x,y)|2dxdy

)
where 4 is the physical aperture area, E£(x,)) is the electric field amplitude distribution over
the aperture. For an ideal aperture (with uniform electric field distribution), na = 1. Any
variations (ripples) in amplitude will reduce efficiency.

Suppose there is an amplitude ripple component AE in the aperture over a baseline
uniform field E.ni. E(x,y) is written as:

E(x,y)=E,, (1+AE cos(kx)) )

where £ is the spatial frequency of the ripple, determining its period across the aperture. (1)
can be written as:

 A[|E,, (1+ AE cos(ho)[ dxdy

E

uni

(1+ AE cos(kx) dxdy )

3)

A

This can be reduced to:
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For example, a 3 dB amplitude fluctuation results in an 11.2% decrease in aperture
efficiency, while a 1 dB fluctuation only reduces efficiency by 2.1%. Therefore,
minimizing the amplitude fluctuation is crucial for aperture efficiency. To further elucidate
the relationship between AE and w/Px, the interference of Gaussian-distributed fields from
multiple elements can be modeled. The amplitude distribution E£(x) of each element can be

approximated by a Gaussian function [32]:

(x-x,)
Sl
20 (5)

where Ey is the peak field amplitude. x, is the center position of the n-th element. o is the
standard deviation that defines the width of the Gaussian distribution.

When N elements are arranged with the period Py, the amplitude variation AE between
the peak field at the center of an element and the trough field at the midpoint between two
adjacent elements can be generalized by considering the superposition from all N elements.

That is Eyougn(0) at the midpoint between two adjacent elements can be expressed as:

_(Px/z—an)zj

207

E(x)=E,exp(—

N-1
2
Etrough(o): Z EO exp(
N1
T (6)
At the center of an element (e.g., at x=— P, /2), the total field Epeax (— Px /2) can be

approximated as:
N
2

£ (P/)- Y E exp{— (nR) ]

2
N-1 20
b -1

(7

The amplitude variation AE is therefore:

AE = E Etrough (8)

Substituting the expressions for Epear and Eyougn and given that:

AE =E, Z exp(—(npx)zj

peak

-1
2
2
N-1 20

n=

5y exp(_ (e/z—;mzj

20

2 9)
o is related to the half-power beamwidth w by:
0]

2\/2ln2 (10)

O =

(8) can be expressed as:
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This shows that the amplitude variation AE depends on the period P, and the half-power
beamwidth w. As illustrated in Fig. 6.3(a), when the period Px is fixed, AE decreases with
increasing beamwidth w. Conversely, as shown in Fig. 6.3(b), when w is fixed, AE grows
with increasing Px.

0 O .
—~ _5 L —~ _5 o "
S -10! 210 |
S -15} g -15} i
£ 20} f £ 20}/ a
a-250 e-25) '
£330 £.30) i
-354] S - Wt 35 - |
40 i, o =107 qollti TR E10
4 3-2-101234 743210123 4
Position along H-plane(?) Position along H-plane(?)
(a) (b)

Fig. 6.3 Calculated near-field amplitude distribution of 8-elements array. (a) Different half-power widths (H-
plane, P.= 0.81); (b) Different periods (H-plane, w = 0.8%)

Equation (11) can be normalized by introducing the variable a (a = @ /Px):

N-1
& [ 1n2-n2j [ 1n2-(1/2—n)2]
exp| ———— |—exp| ——————
N-1 a a
2

2
S (12)
Fig. 6.4(a) shows the variation of AE as a function of the ratio @ /P, for an 8-element
array, illustrating how AE changes as the beamwidth-to-period ratio varies. Fig. 6.4(b)
demonstrates that a larger e /Px ratio results in higher aperture efficiency.

AE =

20 06081.012141.61.820 0 06081.012141.61.82.0
P) 22
(a) (b)

Fig. 6.4 Theoretical analysis of array efficiency. (a) Variation of AE; (b) Variation of aperture efficiency,
as a function of @/P; for an §-element array.

Compared to rectangular waveguides, double-ridged waveguides exhibit a more
concentrated field distribution at the aperture, particularly with higher field strength near
the ridges. This leads to a smaller half-power width @ for double-ridged waveguides. It
should be noted that in this context, the beamwidth refers to the amplitude distribution in
the near field rather than the far-field radiation pattern. By increasing the height of the

91



quasi-TEM radiator and gradually transitioning to a parallel-plate waveguide, a larger half-
power width @ can be achieved.

There is a necessary trade-off between the period P and the half-power beamwidth @
in terms of bandwidth, aperture efficiency, and profile height. Increasing the radiation
height helps to increase the half-power beamwidth w, which allows for a larger period P.
This enables the use of larger double-ridged waveguides, which in turn lowers the cutoff
frequency and results in a wider bandwidth. Conversely, achieving a lower profile requires
a smaller period P,, but this comes at the cost of a narrower bandwidth due to a higher
cutoff frequency

6.4 Wideband Antenna Element — Design Procedure

6.4.1 Determining the dimensions of double-ridged waveguide

The low-profile requirement necessitates minimizing period Py, which in turn requires
the smallest possible dimensions for the double-ridged waveguide. Since the lower band
edge is at 10 GHz, the dimensions of the double-ridged waveguide were determined to
have a cutoff at 10 GHz. That is =6 mm, b=5.3 mm, R, =2.3 mm, and R,, =1.5 mm. b was
chosen to be the half-wavelength at the peak frequency to suppress the propagation of
higher-order TEo; modes. Considering the manufacturability, the air gap Rqqp between the
ridges was set to be 0.7 mm, leading to an R;, of 2.3 mm. Full-wave simulation confirmed
the cutoff frequency of 10 GHz.

6.4.2 Determining the period Px

Given the requirement for a path for the feed transmission line between the elements, d
was set to 2 mm, considering the manufacturing process. The air cavity width of the feed
channel is 1 mm, with wall thicknesses of 0.5 mm on each side. Consequently, Px can be
determined as Px = a + d resulting in 8§ mm.

6.4.3 Transition from double-ridged waveguide to free space

From Fig. 6.4(b), a = w/Px >1 is required to achieve an aperture efficiency greater than
98%. After determining the dimensions of the double-ridged waveguide and P., a smooth
transition to the free-space wave impedance (377Q) was first implemented to achieve the
wideband and a broader half-power beamwidth . The ridge profile was optimized using
full-wave simulation, employing a cubic Bézier curve [33], as shown in Fig. 6.5(a). To
simplify fabrication, this continuous curve was discretized into multiple steps, as illustrated
in Fig. 6.5(b)

Perpendicular
Az l
Discretization
—
- | E—
(0] .
Axial
cubic Bézier curve multi-step stages
(a) (b)

Fig. 6.5 Profile of the ridges. (a) A gradual transition employing a cubic Bézier curve; (b). Discretized into
multistep.

92



6.4.4 Eight-element linear array

In Fig. 6.6, eight radiators are arranged in a linear array along the H-plane. At 31 GHz,
the aperture achieves a consistent amplitude distribution with fluctuations of about 1 dB,
resulting in an aperture efficiency exceeding 98%.

1
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Fig. 6.6 Simulated E-field distribution along the aperture in the H-plane and the corresponding radiation
pattern at 31 GHz.

6.5 Array and Feeding Network

A 2x2 sub-array is used as the optimization unit instead of a single element. This is
because the element spacing is sufficiently small so that the discontinuities introduced by
adjacent elements cannot be neglected. To prevent the occurrence of grating lobes, the
periodicity along the y-axis (Py) is set to 8.5 mm. In the design, periodic boundary
conditions (PBC) were incorporated to model the electromagnetic coupling between
adjacent elements, as illustrated in Fig. 6.7(a). Each quasi-TEM mode radiator (in Fig.
6.7(b)) is driven by a coaxial-to-ridge waveguide transition (in Fig. 6.7(d)). Four of these
transitions are driven by a 1-to-4 rectangular coaxial feed network (in Fig. 6.7(c)) with
equal amplitude and phase.

6.5.1 Feeding configuration

Feeding networks also affect the achievable bandwidth. Fig. 6.8(a) illustrates a
conventional E-plane feed configuration. All elements are excited from the same side with
equal amplitude and phase excitation. However, this configuration requires two feed
channels between adjacent elements. This would mean a large period, which narrows the
bandwidth and reduces aperture efficiency at higher frequencies.

Fig. 6.8(b) shows an E-plane opposite-side excitation topology. Adjacent elements are
fed with opposite phases using a differential feeding structure at the final stage of the
network. This eliminates the need for two feed channels between adjacent elements.
However, the differential power divider in the final stage is often implemented using an E-
plane T-junction, which again limits the bandwidth due to the cutoff frequency.

An H-plane same-side excitation topology was proposed for this design, as illustrated
in Fig. 6.8(c). The feeding network is based on rectangular coaxial lines. A transition
structure is needed at the feed point of the ridge waveguide.
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6.5.2 Rectangular-coaxial-to-ridge-waveguide transition

The transition is shown in Fig. 6.7(d). It has an ‘L’-shaped probe, with one end
connected to a ridge. The dimensions of the rectangular coaxial line (Z3 marked out in Fig.
6.7(d)) were considered with an emphasis on minimizing transmission loss. The size of the
outer conductor was constrained by the available space and the bandwidth of the dominant
mode. Considering manufacturing constraints, the inner conductor was specified to be a
width of 0.44 mm, and a height of 0.2 mm. Fig. 6.9(a) illustrates the effect of the outer
conductor height on the transmission coefficient. With an outer conductor width of 1 mm,
increasing its height reduces insertion loss. However, beyond 1.3 mm, the reduction
becomes negligible. Therefore, the height was set to 1.3 mm. Fig. 6.9(b) shows the
variation in the cutoff frequency of the first higher-order TE11 mode as the inner conductor
width increases from 0.4 mm to 0.64 mm, while maintaining an outer conductor size of 1
mm % 1.3 mm and an inner conductor thickness of 0.2 mm. The results indicate that all
coaxial configurations used in this work operate within the dominant mode bandwidth and
remain well below the first higher-order mode cutoff frequency.
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Fig. 6.9 Conductor loss and dominant mode bandwidth of the rectangular coaxial line: (a) conductor loss as
a function of outer conductor height and (b) cut-off frequency of TE1; mode as a function of inner conductor
width.
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Fig. 6.10 Simulated |Si| of the 2x2-subarray with initial and optimized values and the gain.

6.5.3 1-to-4 feeding network of the 2x2 sub-array

Fig. 6.7(a) shows the 2x2 sub-array and Fig. 6.7(c) is the 1-to-4 feeding network. Each
transmission line segment was around a quarter of the wavelength at 31 GHz, which is
about 2.4 mm. The initial impedance value of each stage is calculated as the geometric
mean of the impedances of the adjacent stages. The impedance Z; of the double-ridged
waveguide is 100 Q. Z3, Zs and Zg in Fig. 6.7(d), with a line width of 0.44 mm as discussed
in the last section, are 70 Q. Z> was calculated to be 83.66 Q and Z4 to be 35 Q with Z4
specifically accounting for the parallel impedance relationship in the T-junction. For Zs to
Z3, a fourth-order Chebyshev impedance transformer was employed, where Zs/2 gradually
transformed through two stepped stages to Zs. The calculated values were Zs =43.3 Q and
Z7 =53.5 Q. These initial values were optimized for the 2x2 subarray. As shown in Fig.
6.10, the subarray achieves an |Sii| below -13 dB across the 10-32 GHz band. The close
agreement between the simulated results based on the initial and the optimized impedance
values indicate the effectiveness of the design method. The optimized dimensions are
detailed in Fig. 6.7.

The gain steadily increases from 6 dBi to 15.9 dBi. The radiation pattern shown in Fig.
6.11 is nearly symmetrical about the center with no significant sidelobes, which confirms
the wideband radiation capability.
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Fig. 6.11 Simulated radiation patterns of the 2x2-element array at I0GHz, 17GHZ, 24GHz and 31GHz.
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Fig. 6.12 A-to-16 corporate feed network using two types of T-junctions.

6.5.4 1-to-16 corporate feeding network for complete array

A broadband 1-to-16 equal-amplitude, in-phase power divider network was used to
form the whole array, as shown in Fig. 6.12. There are several coaxial-line T-junctions. T-
junction-I consists of a short-circuited impedance stub and a multi-stage A/4 impedance
transformer. It is equivalent to a fourth-order Chebyshev impedance transformer.
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Unlike T-junction-I, T-junction-II is fed from the bottom using a standard 50 Q coaxial
probe for testing purposes. Typically, the probe diameter of a commercial coaxial
connector remains fixed, so impedance transformation at the input can only be achieved by
adjusting the outer diameter of the coaxial structure. To simplify assembly, a 0.7 mm
diameter disc was added to the joint. As shown in Fig. 6.13, both T-junctions achieve an
IS11] of less than -19 dB across the 10-32 GHz range. The combined 1-to-16 feed network
also achieved excellent matching from 10 to 32 GHz, as shown in Fig. 6.14, with the
reflection coefficient below -20 dB.
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Fig. 6.13 Simulated |S11] of the proposed T-junction I and T-junction II.
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Fig. 6.14 Simulation results of the S-parameters for the one-to-sixteen corporate feed network.

6.6 Experimental Results

The prototype is assembled from three layers, as shown in Fig. 6.15. Layers M1 and M2
are fabricated using CNC machining from 6061 aluminum. The nominal electrical
conductivity is 3.8x107 S/m, and the surface roughness is 0.8 pm. Layer M3 is
manufactured using high-precision laser cutting from stainless steel and is subsequently
copper-plated. The dimensions of the antenna are 68 mm x 64 mm X 9 mm (with an
aperture of 66.4 mm X% 64 mm). The S-parameters are measured using a network analyzer
(Agilent E8361C), and the radiation patterns and gains are evaluated with a compact-range
antenna testing system.
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Fig. 6.15 Photographs of the fabricated prototype and testing environment.

6.6.1 S Parameters

Fig. 6.16 shows the simulated and measured reflection coefficients. In the desired
frequency range of 10-32 GHz, the measured reflection coefficients are less than -10 dB.
The simulation and measurement results show a good agreement.
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Fig. 6.16 Simulated and measured reflection coefficients.

6.6.2 Radiation Performance

Table I presents the normalized radiation patterns at 10, 21, and 32 GHz, comparing
simulation with measurement. They are consistent across the frequency band and show
good alignment with the simulated patterns. The side lobe levels are around -13.1 dB,
which is expected for a square array driven by constant amplitude and phase excitation.
Fig. 6.17 displays the simulated and measured peak gain and aperture efficiency as a
function of frequency. The discrepancy between the measured and simulated peak gains is
less than 0.4 dB, which is primarily attributed to fabrication tolerances and assembly
variations. The measured aperture efficiency exceeding 90% over 10.5-31 GHz. Across
the entire band of 1032 GHz, the efficiency remains above 82%.

The measured aperture efficiency #meq_ap 1s calculated by using the following equation:
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where, Gpeq 1s the measured peak gain, Digea is the calculated theoretical maximum
directivity, 4 is the free-space wavelength, and 4 is the aperture area of the antenna.
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Fig. 6.17 Simulated and Measured peak gain and calculated aperture efficiency.
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6.6.3 Comparison

The performance of this work is compared with several published linearly polarized
wideband waveguide antenna arrays, as summarized in Table II. The extension of the lower
frequency range in [15] was constrained by the slot’s cutoff frequency. It also has grating
lobes at higher frequencies. [17] utilized ridge gap waveguides (RGW) and E-plane groove
gap waveguides (E-GGW). Their large unit cell resulted in grating lobes at higher
frequencies. [18] employed a one-to-one excitation. Still it suffered from grating lobes.
These designs showed the upper limit of bandwidth performance for air-filled slot-based

array antennas.

[21] and [26] utilized parallel-plate waveguides (PPW) radiators, achieving wider
bandwidth without grating lobes. However, it has high profile due to the use of multi-layer
PPW power dividers. Our work presents the widest reported bandwidth (105%) and the
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TABLEII
PERFORMANCE COMPARISON OF LINEAR POLARIZED WIDEBAND WAVEGUIDE ANTENNA ARRAY

Element Faberication No. Freq. FBW  Thickne Aper'ture Gain Grating
Ref. Type technolo layer  Scale Band ©%) 55 Ooir®) efficienc (dBi) Lobes
yp zy s (GHZ) o min y
L 10.24- 60%~82  23.4~26.
[15] Slot CNC milling 3 8x8 14.87 36.9 1.17 o 3 Yes
0/~ ~
[17] Ridge WG CNC milling 3 8x8 188303 468 123 40{2 8 14‘37 2T yes
[18] Slot 3D printing 1 166X1 24.2-41.2 52 1.6 N.a N.a Yes
[21] CTS ggg milling + 10 16x1 26540 42 35 ~40% 28.87 No
0/~ ~
[26] TS CNC milling 18 64x1 1731 58 3 0B fz) 61 30‘87 20 No
. : 0/ ! ~
This = Quazi-TEM e itting 3 88 1032 105 03 895 17227y
work radiator % 3

"Amin 1S the wavelength at the lowest frequency

lowest profile height (0.3A) among full-metal air-filled waveguide arrays to date. The
aperture efficiency is also among the highest. in the widest reported bandwidth (105%)
and the lowest profile height (0.3Amin) among full-metal air-filled planar waveguide
antennas to date.

6.7 Applications for SATCOM and mmWave backhaul

Modern SATCOM terminal antennas need to support wide bandwidths and multiple
polarizations to meet the demands of high-throughput satellite systems.

In K/Ka band SATCOM, transmit and receive bands typically utilize two orthogonal
circular polarizations, which are essential for mitigating multipath effects and eliminating
polarization distortion. One effective method to achieve multi-band, multi-polarization
functionality on a single aperture is to integrate a wideband linearly polarized array with
dual-band orthogonal linear-to-circular polarization converters (LCPCs) [22]. This
approach is particularly well-suited for lightweight, high-gain applications, such as
communication on-the-move (COTM) systems on vehicles or aircraft, as well as for
portable stations

6.8 Conclusion

This paper presents an ultra-wideband planar waveguide array that achieves an 105%
fractional bandwidth across the 10 to 32 GHz frequency range, with an aperture efficiency
reaching up to 95%. The design features a corporate feed network that directly excites
quasi-TEM radiators in a one-to-one configuration, significantly enhancing both
bandwidth and efficiency while maintaining a compact, low-profile form factor. This
design approach overcomes key constraints of the bandwidth from the cut-off of the
radiators as well as from the feeding networks. The demonstrated high performance of the
wideband antenna array could have applications in point-to-point communications and
SatCom systems, where wide bandwidth and high gain are highly desired. This design also
offers a promising and scalable solution for antenna systems requiring low-profile, high-
gain, and wideband.
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Abstract

This letter presents a high-performance corrugated horn for the sub-terahertz,
manufactured monolithically using high-precision 3D printing technology based on Micro
Laser Sintering (MLS) of stainless-steel powder. The horn features 45° inclined
corrugation stubs that allow the building of the component with its vertical axis without
any internal support structures. This ensures circular symmetry of the horn and high cross-
polarization discrimination, and circumvents radiation performance degradation, typical of
tilted printing. Departing from traditional designs, the horn also incorporates a rectangular-
to-circular waveguide adapter, not only enhancing compactness but also avoiding errors
and losses associated with assembly. The stainless-steel antenna was plated with gold. The
prototype, measuring 10.8 mm % 10.8 mm x 29.7 mm, exhibits outstanding performance
with a peak gain from 18 to 22 dBi, and >36 dB cross-polar discrimination over the
frequency band of 145-225 GHz. This is the first demonstration of 3D-printed corrugation
structures in corrugated horns showing high performance beyond 100 GHz.

Keywords: Corrugated horn antenna, 3D Printing, cross-polarization discrimination.
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7.1 Introduction

The beam radiated by a corrugated horn antenna possesses desirable characteristics such
as circular symmetry in its radiation pattern, low sidelobes, and minimal cross-polarization.
Serving as a highly efficient mode coupler between the Gaussian mode in free space and
the transmission mode within the metal waveguide, it is widely used in satellite
communications, radio astronomy, and measurement instruments. The corrugated horn
antenna is often utilized as a primary feed source for reflector antennas to enhance their
efficiency and beam symmetry and to reduce cross-polarization [1]. Typically, two types
of corrugations are used: radial corrugations for large bandwidth and high beam symmetry
[2], and axial corrugations for compact longitudinal dimensions and ease of manufacturing
[3].

Millimeter-wave corrugated horns are usually manufactured through direct mechanical
machining [4] or electroforming [5]. When the frequency reaches the sub-terahertz or
terahertz range, both processes become significantly more challenging and involve very
lengthy manufacturing cycles. Direct machining of the corrugation is limited by a depth-
to-width ratio of 3-4 for the corrugation, due to the size constraint of the usable milling and
turning tools. The process is extremely time-consuming and costly. The same is true for
the electroforming approach, as the production of the mandrel requires high-precision
machining of increasingly delicate structures. Both the machining and electroforming
processes rely on and are ultimately limited by the subtractive manufacturing approach.
The recent advancement of additive manufacturing technology offers a new alternative
fabrication route for metal waveguide structures like horn antennas. In particular, the laser
powder bed fusion (LPBF) technology [6] allows the 3D printing of all-metal antennas. A
35-50 GHz metal 3D-printed horn antenna with radial corrugations has been reported in
[7]. It was printed at an inclined angle to avoid overhang. A separately machined
rectangular-to-circular waveguide transition was required for measurements. Results
indicate comparable performance with directly machined corrugated horns. Another 30-50
GHz metal 3D printed corrugated horn was reported in [8], employing a small flare angle
to achieve a wider operating bandwidth. Again, an inclined printing orientation was
adopted. Internal support structures, removed before use, were used to ensure fabrication
accuracy. A shortcoming of the angled build orientation is the break of circular symmetry
during the layer-by-layer printing. The circularity of the waveguide structure can be
affected, potentially degrading the radiation pattern and cross-polarization, especially for
operation in sub-terahertz and terahertz bands. Additionally, the symmetry of the
corrugated horn becomes crucial when employed in feed systems. Orientating the horn
with its axis vertical during printing would circumvent this problem in radial corrugated
horns [9].

Most LPBF techniques, typically with a manufacturing tolerance of 20 - 200 um, cannot
deliver the manufacturing precision and surface quality required for sub-millimeter
features in corrugated horns above 100 GHz, where the corrugation width is usually under
200 um. A few conical horn antennas, with no corrugation, near the G-Band were reported
in [10] and [11]. In [11], a 300 GHz corrugated horn was printed using a polymer
stereolithography based printer. However, the subsequent attempt to metallize the antenna
failed. We have not found reports of any 3D-printed metal corrugated horns working above
50 GHz in the literature. This is because metal printers delivering a tolerance below 10 mm
and a centimeter-scale printing volume are very rare. The use of Micro Laser Sintering
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(MLS) based metal 3D printing was reported on different waveguide filters operating from
60 to 300 GHz [12] — [15]. In these components, MLS achieved 5-10 um manufacture
tolerance, under 2 um surface roughness, and monolithic print with integrated waveguide
flanges.

In this letter, we have applied the MLS technique to the additive manufacture of
corrugations for the first time and demonstrated its capability in a wideband, monolithically
printed and plated, metal corrugated horn for the sub-terahertz (145 - 225 GHz). This end-
to-end manufacturing process delivers a high-performance corrugated horn with excellent
structural integrity and low surface roughness, without additional polishing. Unlike
previous 3D printed corrugated horns [7]-[9] at much lower frequencies, we have
integrated the rectangular-to-circular waveguide transition within the monolithic build,
making the structure more compact and removing the extra mass of a pair of waveguide
flanges. Critically, we have devised a 45° inclined corrugation to allow for the horn to be
printed with its axis vertical, which ensures a balance between structural symmetry,
bandwidth, cross-polarization, and high gain.
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horn antenna waveguide adapter
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Fig. 7.1 Configuration of the proposed wideband corrugated horn antenna. The dimensions a; = 6.90mm, a,
=1.60mm etc.

7.2 Configuration and Design

Fig. 7.1 illustrates the configuration of the proposed wideband corrugated horn antenna
that can be 3D-printed monolithically and vertically, without requiring any internal support.
It consists of three key parts: a rectangular-to-circular waveguide adapter, a TE11 to HE1;
mode converter, and a linear-profiled corrugated horn. This design is optimized for a centre
frequency of 180 GHz and can be scaled to a higher band. The aperture size a; of the
corrugated horn is 6.90 mm, and the diameter a, of the input circular waveguide is 1.60
mm. This is determined by the 3 dB main lobe width and directivity requirements. The
input port of the horn antenna utilizes the WRS standard rectangular waveguide. To
accommodate tight spacing requirements for multiple-beam feeders [16], a compact non-
standard flange (diameter is 8.3 mm) is employed in this work. The rectangular-to-circular
waveguide adapter converts the TE1o mode into the TE;; mode. It further transforms the
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power into the HE 1 mode through a constant-width slot mode converter. The hybrid HE1:
mode propagating within the corrugated conical horn section allows circular symmetry,
low sidelobes, and high cross-polarization discrimination (XPD). All the modelling and
simulation were conducted using HFSS.
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Fig. 7.2 Simulated results. (a) Reflection coefficient of the transition structure with different lengths L,; (b)
Radiation pattern at 180 GHz.
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Fig. 7.3 Side view profile and dimensioning of the corrugations. d; = 0.53mm, # = 0.2mm, P = 0.5mm, S =

0.19mm and L = 24mm.

7.2.1 Rectangular-to-circular waveguide adapter

Benefiting from the free-form modeling capability of 3D printing technology, we
achieved a seamless transition from a rectangular to a circular waveguide, thereby ensuring
excellent wideband impedance matching. The length, L., of the tapered waveguide is a
crucial factor influencing impedance matching. A longer L, would result in a smoother
transition and an improved matching bandwidth, especially for the lower frequency, as the
parameter study presented in Fig. 7.2(a). However, due to the build height limitation of the
3D printer (< 30 mm), we chose the longest possible length L, =5 mm, and the simulated
return loss of the adapter remains better than 20 dB across the entire frequency bands of
145-225 GHz.

7.2.2 TE11- HE11 mode converter

To excite the HE;1 mode, a mode converter is required between the circular waveguide
and the corrugated horn. This converter is also used for broadband impedance matching.
A constant-width slot structure, which is relatively simple in architecture, was chosen. The
detailed design process is described in [17]. Fig. 7.2(b) shows the radiation pattern at the
central frequency using this mode converter. The main lobes in the H-plane and E-plane

are almost identical. The dimensions of the 5-corrugation mode converter are given in Fig.
7.3.
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7.2.3 Linear-profile corrugated horn

There is extensive literature on the theory and design of radial corrugated horns [9]. Our
key innovation is the use of angled corrugation that avoids overhang in printing and allows
the build of the horn antenna vertically without any tilting or support structures. This helps
maintain the highly desired circular symmetry of the horn and therefore high XPD. To
satisfy beam symmetry and XPD requirements [2], the relative power content of TE; and
TM11 modes is ideally at 0.85 and 0.15, respectively. The relative phase of TE;; and TM1;
modes at the aperture should be equal. Smaller tooth widths are desirable for optimal
coupling from TE11 to TM11 mode but are constrained by mechanical feasibility. Based on
the capabilities of the printer, a minimum tooth width of 0.20 mm and a slot width of 0.30
mm are selected for implementation.

The inclination angle, 6, of the corrugations is defined in Fig. 7.1. Different corrugation
inclination angles mean different tooth step lengths, S, as shown in Fig. 7.3. Both S and
slot depth, d;, influence XPD. Fig. 4 shows the variation of reflection coefficient and XPD
at 0 = 30°, 45°, and 60° with a slot depth of 0.53 mm. It reveals that a 45° corrugation
inclination offers
the best XPD. This is also an acceptable angle for avoiding overhanging during printing.
From Fig. 7.4(a), it is evident that the smaller 6 is (i.e. closer to radial corrugation), the
better the impedance matching at low frequencies, resulting in a wider bandwidth.
Conversely, the larger 6 becomes (closer to axial corrugation), the poorer the impedance
matching at low frequencies, leading to a narrower bandwidth. The impact of slot depth
on antenna reflection coefficient and XPD is shown in Fig. 7.5. A slot depth of 0.53 mm is
ultimately chosen for its higher than 36 dB XPD and competitively low Si1 below -20 dB
across the entire bandwidth.
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Fig. 7.4 Simulated (a) Si; and (b) XPD with different inclination angles, € of the corrugations.
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Fig. 7.5 Simulated (a) Si; and (b) XPD with different slot depth dj.
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7.3 Fabrication and Experimental Results

The prototype corrugated horn was printed in one piece in stainless steel using Micro
Laser Sintering (MLS) technology [12], as shown in Fig. 7.6. It measures 10.8 mm x 10.8
mm x 29.7 mm including the miniature flange, with an aperture size of 9.5 mm x 9.5 mm.
The cross-sectional view shown in Fig. 7.6(c) reveals well defined corrugations. The
manufacturing tolerance is better than 10 um.

Due to the low conductivity of stainless steel, a coating of gold is applied to reduce
transmission loss. An in-house proprietary electroless plating process was used. The plating
process consists of an electroless nickel underlayer to promote the adhesion of the
subsequent electroless immersion gold layer followed by an autocatalytic gold layer that is
able to produce thicker (~3um) deposits. The plating process sequence is as follows: (1)
rinse, (2) degreasing soak, (3) rinse, (4) acid dip, (5) rinse, (6) Wood’s nickel strike, (7)
rinse, (8) electroless nickel plating, (9) rinse, (10) immersion and autocatalytic gold plating.
The use of electroless plating processes ensure a uniform nickel and gold deposit on the
corrugations without the buildup on high current density areas and low deposits on the low
current density areas (as seen using an electrolytic plating process) and, due to their
levelling properties, improve the surface roughness as well. The finished parts exhibit an
average surface roughness (Sa) of 1.8 um. This roughness results in an effective surface
conductivity of 1.03x107 S/m [18]. Notably, when contrasted with an ideally smooth gold
surface, this level of surface roughness incurs an Ohmic loss of 0.4 to 1 dB across the
frequency band according to simulation.

B ! | \:-luq jta
[, T S —— & ¥

[

Fig. 7.6 Photographs: (a) Gold plated horn showing the corrugations, (b) As-printed horn before gold coating,
(c) Close view of the as-printed corrugations.

As the printed corrugated horn antenna utilizes a non-standard flange, a 40 mm straight
waveguide adapter was employed to connect to the testing system. Fig. 7.7 shows that the
measured Si11 of the antenna is better than -13 dB and there is little difference before and
after gold coating. The discrepancy between the measured and simulated Si; is mainly due
to the waveguide adapter. With a non-standard flange, it is not calibrated out of the
measurements, resulting in considerable errors in measuring the reflection coefficient.
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Fig. 7.7 Simulated and measured |Si1| of the horn before and after gold coating.

Fig. 7.8 Measurements in comparison with simulations: (a) peak gain before and after gold coating, (b)
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Fig. 7.9 Simulated and measured radiation patterns in E- and H-plane at 150,180 and 210 GHz.
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TABLE I
COMPARISONS WITH OTHER PUBLISHED 3D PRINTED HORNS

Ref. Type Process f(GHz) XPD (dB) Gain (dB)
[5] CHorn? Electroform 75-110 >32 /
[7] CHorn LPBF 35-50 <24 15
[8] CHorn LPBF 30-50 <26.1 /
60-90 22.2-24.5
[10] Horn SLM® 110-170 / 22.8-25
220-325 21.5-24
[11] Horn SLA® 200-320 / /
This |, Chom
(integrated MLS 145-225 >36 17.8-22
work
adapter)

PAmin 1S the wavelength at the lowest frequency

Its radiation performance was measured using an in-house far-field planar scanner
system, as shown in Fig. 7.8. Over 145 to 225 GHz, the measured peak gain after gold
coating varies from 18 to 22 dBi, which agrees very well with the simulated gain, predicted
to rise from 18.2 to 22.3 dBi, shown in Fig. 7.8(a). The simulations have been considered
effective conductivity due to surface roughness. The measured gain of the horn before the
gold coating process is about 1.5 dB lower than that after gold coating. This is due to the
poor electrical conductivity of stainless steel and the roughness of the surface before gold
coating. Gold plating not only improves the electrical conductivity of the metal surface but
also slightly enhances its surface smoothness.

The horn antenna achieves over 36 dB of XPD as shown in Fig. 7.8(b), thanks to the
structure symmetry achieved by vertical printing. This is slightly lower than the simulated
minimum XPD of 40 dB. The simulated and measured radiation patterns in E- and H-
planes at 150, 180, and 210 GHz are presented in Fig. 7.9. The measured results are in
very good agreement with the simulations, with the patterns almost overlapping. The
simulated and measured sidelobes are all below -20 dB in both E-planes and H-planes.
There are some small ripples around the main beam. This is due to scattering from the
measurement set-up.

7.4 Conclusion

A sub-terahertz corrugated horn antenna made from stainless steel powder using the
micro-laser sintering (MLS) process has been fabricated and characterized. This marks the
highest operating frequency achieved for a corrugated horn antenna made with metal 3D
printing technology. Far-field test results show that after applying a gold coating, the
measured radiation patterns and gains exhibit excellent consistency with the simulation
results, with the XPD exceeding 36 dB. The 45° angled corrugation design, combined with
a bottom-up vertical printing approach, not only allows a monolithic print without requiring
any internal support structure, but also reduces the risk of antenna performance degradation
problems exhibited by horns printed at a tilted angle. The circular symmetry achieved
delivers high XPD and wideband matching. The horn also incorporates the rectangular-to-
circular waveguide transition in the same print. This work demonstrates a new, viable end-
to-end manufacturing process for corrugated horns, with a precision printing technique and
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an effective gold plating process. Compared to traditional manufacturing techniques, this
method potentially offers shorter manufacture cycle, lower cost and new design flexibility
for complex corrugated horn antennas used in sub-terahertz and terahertz bands.
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

This thesis addresses key challenges in expanding bandwidth for dual-polarized
waveguide array antennas, introduces innovative topologies for multi-band shared-aperture
dual-polarized antennas, and establishes advanced design methodologies for ultra-
wideband waveguide array antennas. It also explores the use of high-precision 3D printing
in manufacturing sub-terahertz corrugated horn antennas.

Chapter 3 demonstrates a novel feeding topology for dual-polarized slot array antennas
based on a hollow waveguide (HW) structure. By implementing two distinct wideband full-
corporate-feed networks, the method minimizes slot spacing to less than one free-space
wavelength at the highest operating frequency, ensuring efficient dual polarization. This
approach, validated through CNC milling and laser cutting, achieved over 25.5 dBi peak
gain and more than 81.5% efficiency across 17-21.5 GHz, with excellent isolation and XPD.
These results demonstrate significant advancement for high-data-rate applications like
satellite and 5G millimeter-wave communications.

Chapter 4 presents a pioneering method using 3D printing technology to develop a
wideband, dual-polarized hollow-waveguide antenna array. The proposed approach
integrates a dual-mode back cavity operating in multiple modes with a diamond-shaped
radiation slot, achieving broad bandwidth and stable radiation patterns. The design-for-
manufacture strategy, leveraging SLA printing and copper plating, significantly simplifies
the feeding network, facilitating wider bandwidths and improved waveguide antenna
performance.

Chapter 5 introduces a method for developing a dual-band, dual-polarized (DBDP)
waveguide antenna array that employs orthogonal continuous transverse stub (CTS) arrays
with DBDP parallel plate waveguide (PPW) feed networks and bandstop structures. This
approach effectively manages polarization leakage and allows flexible frequency band
adjustments up to 2.64:1. The method achieved over 18% fractional bandwidth in the K-
band and over 12% in the Ka-band, offering a highly efficient and adaptable solution for
advanced SATCOM applications.

Chapter 6 showcases an ultra-wideband planar antenna design methodology that
achieves a 105% fractional bandwidth over 10 to 32 GHz with aperture efficiencies
reaching up to 90%. By employing a corporate feed network that directly excites quasi-
TEM radiators in a one-to-one configuration, this method greatly enhances both bandwidth
and efficiency. The experimental results confirm the potential of this design for point-to-
point and SATCOM systems, offering a scalable, high-gain solution for wideband
applications.

Chapter 7 investigates the design and fabrication of sub-terahertz corrugated horn
antennas using Micro Laser Sintering (MLS) metal 3D printing, addressing the limitations
of planar waveguide arrays at these frequencies. The proposed monolithic 3D-printed horn
features a 45° inclined corrugation design, allowing vertical printing without internal
support, which preserves circular symmetry and optimizes radiation performance. The
method successfully achieves over 36 dB XPD and 18-22 dBi gain across 145-225 GHz,
demonstrating the first high-performance 3D-printed metal corrugated horn beyond 100
GHz. These findings establish horn-fed reflector antennas as a viable alternative to planar
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waveguide arrays in sub-terahertz applications, providing a more practical and scalable
approach for high-frequency SATCOM, radar, and sensing systems.

8.2 Future Work

From what has been investigated and achieved as well as from the lessons learned
throughout this thesis, more research and development opportunities have been manifested.
Three examples are given as follows:

(1) Lightweight and Low-Profile Design for Dual-Polarized Hollow Waveguide Array

Antennas

One research direction is to reduce the size, weight, and profile of dual-polarized hollow
waveguide array antennas to enhance their integration into compact, high-frequency
communication systems. Additionally, advanced manufacturing techniques, such as
precision machining and metal 3D printing, could help achieve thinner walls and more
compact structures without compromising mechanical stability or radiation characteristics.
These efforts will be particularly valuable for aerospace and satellite applications, where
weight and volume constraints are critical.
(2) High-Efficiency Beam-Scanning Waveguide Antennas for LEO SATCOM

The increasing deployment of low Earth orbit (LEO) satellite constellations necessitates
the development of high-efficiency beam-scanning waveguide antennas to support
seamless connectivity and dynamic beam control. Future research should explore beam
scanning waveguide arrays, leveraging phase-shifting techniques, traveling-wave feed
architectures, and hybrid waveguide-lens designs to achieve wide-angle beam scanning
while maintaining high aperture efficiency. The integration of multi-beam feed networks
can further enhance coverage and flexibility, enabling more efficient spectrum utilization
for next-generation satellite communication systems.
(3) Extending Metal 3D Printing to Array Antenna Fabrication

The successful implementation of Micro Laser Sintering (MLS) metal 3D printing for
sub-terahertz corrugated horns demonstrates the feasibility of using additive manufacturing
for high-frequency antennas. Future research could extend MLS-based fabrication to
waveguide arrays, enabling monolithic, high-precision, multi-band, and dual-polarized
antenna structures. This approach can simplify assembly, reduce losses at interconnections,
and unlock new design possibilities for waveguide-fed phased arrays and shared-aperture
systems.
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