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Abstract—This paper presents an overview on the main features 

and functionalities of the upcoming 6G that have direct 
implications on antenna technologies. We review the advances of 
key antenna technologies that are vital to deliver those 6G 
functionalities with high performance. These include hybrid 
antenna arrays, analogue multibeam antennas, multiband 
antenna collocation, reconfigurable intelligent surfaces, 
reconfigurable antennas, antennas for in-band full duplex (IBFD), 
mm-wave and THz antennas, wearable antennas and the 
application of artificial intelligence (AI) to antenna designs. We 
outline major challenges and, where appropriate, offer potential 
solutions and research directions.   

Index Terms—6G antennas, multibeam antennas, antenna 
collocation, reconfigurable intelligent surfaces, reconfigurable 
antennas, IBFD, THz antennas, wearable antennas, ML, AI 

I. INTRODUCTION 
riven by emerging applications such as extended reality 
(XR), holographic communications, and dynamic digital 

twins (DT) as well as the development of artificial intelligence 
and high performance computing, wireless communications 
technologies are experiencing unprecedented rapid growth. 
Whilst the fifth generation (5G) networks, especially 5G mm-
wave systems are still being rolled out, the international 
standardization body for mobile communications, the Third 
Generation Partnership Project (3GPP), has already released 
3GPP Release 18, known as 5G-Advanced [1], [2], [3]. 5G-
Advanced serves as a critical foundation towards future sixth 
generation (6G) mobile communications networks under the 
framework of IMT-2030.   

Technological evolution from 5G to 6G systems is poised to 
deliver several key capabilities and features, which is illustrated 
in Fig. 1, where the key performance indicators of IMT-2030 
(6G) and IMT-2020 (5G) are compared, and several of them 
have significant implications for antenna technologies [4], [5]. 
First, the expected growth of augmented reality (AR) and 
virtual reality (VR) as well as dynamic digital twins renders it 
necessary for future wireless networks to move up to higher 

frequency bands as well as to embrace massive multi-input-
multi-output (MIMO) to achieve enhanced mobile broadband 
(eMBB) with unprecedented data rates of up to 1 Tbp/s. 
Although higher bands are not favorable for large area 
coverage, they are necessary to deliver the data rates required 
for certain 6G applications. The massive MIMO concept was 
first introduced to 5G wireless networks in 3GPP Release 15. 
By implementing beamforming and spatial multiplexing using 
antenna arrays with hundreds or even thousands of elements, 
the system can achieve significant improvement in terms of 
coverage expansion, increased throughput, and higher signal 
quality. Moving into 6G, the mobile communications networks 
are expected to achieve massive MIMO with an even greater 
number of antenna elements. However, as shown in the current 
roll-out of 5G, supporting massive MIMO whilst maintaining 
reasonable base station costs is a significant challenge. 

  
Fig. 1 Enhanced and new capabilities of 6G under the IMT-2030 framework. 

Second, integrated sensing and communications (ISAC), 
which is a variant of joint communications and sensing, is 
widely regarded as one of the hallmark features of 6G [6], [7]. 
By exploiting the signatures and changes of radio signals going 
through the environment, ISAC makes the traditional 
communications-only network dual-functional, serving as a 
distributed sensing network whilst supporting connectivity. 
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Such a paradigm shift will undoubtedly require new antenna 
designs, particularly for the base stations. To deliver high-
resolution spatial information in a mobile environment, one 
would need to have steerable narrow beams. Generally 
speaking, the employment of wide beams and narrow beams 
would lead to different statistics of the environmental 
information. In practice, therefore, ISAC would necessitate 
both fixed wide beams and steerable narrow beams at the base 
station. Most existing ISAC designs are based on digital arrays. 
Employing analog arrays or hybrid arrays would provide a low-
cost and low-energy-consumption alternative [8].   

Third, enhanced sidelink communications that support 
vehicle-to-everything (V2X), device-to-device (D2D) and 
machine-type communications are expected to play a key role 
in a number of industrial applications [9]. This technology will 
enable direct communications among user terminals (UE) 
without relying on the core network, aiming to facilitate energy-
efficient interactive services like XR and the industrial Internet 
of Things (IIoT). For example, a vehicle-mounted base station 
relay can provide services to UEs inside the vehicle or in the 
vicinity of the vehicle. Furthermore, it is expected that 
unmanned aerial vehicles (UAVs) will become critical for 
many industry applications and government services. There, the 
enhanced sidelink communications technology can be applied 
to communications among UAVs, and between UAVs and UEs 
and sensors on the ground. All the above would require 
dynamic multibeam antenna technologies that can enhance one-
to-many connectivity. Due to the constraint on the operation 
environment of such platforms, it is of paramount importance 
that the multibeam antenna consumes a minimal amount of 
energy and is of low cost. 

Fourth, the current terrestrial wireless system only serves 
around 20% of the land area, accounting for 6% of the entire 
Earth surface. Therefore, the integration of terrestrial and non-
terrestrial networks (NTN) including UAVs, high-altitude 
platform station (HAPS), and satellites, will be essential in 6G 
systems to provide ubiquitous coverage in remote areas and to 
ensure reliable services during disasters [10], [11]. These new 
platforms will need new antenna designs that meet their specific 
requirements. For example, advanced transmitarrays/ 
reflectarrays are required for LEO satellites to achieve long 
distance communications whilst facilitating ease of packaging 
and launch. The non-stationary HAPS would need adaptive 
multibeams to provide reliable coverage for the intended area. 
Cost effective LEO satellite and LEO terminal antennas with 
high gains are needed for people and vehicles on the move. 
Otherwise, the data rates may remain modest, allowing only 
messaging for emergency services. Arguably, the most 
interesting LEO satellite application is direct-to-device 
services, in which one can use an ordinary phone to connect to 
LEO satellite for applications of moderate date rates.  The most 
technology challenge to achieve this is a high-gain multibeam 
LEO satellite antenna with tens of meters in size [12]. 

Understandably, the standardization of 6G will be mainly at 
the system level, but it is inevitable that most advanced 
functionalities and services would require the support of 
advanced antenna subsystems [13]. In fact, as elaborated in the 

paper, most new system architectures rely on major advances in 
antenna technologies to be realized. 

This paper aims to provide an overview of the latest advances 
in antenna technologies for 6G. We shall first discuss some 
major emerging 6G antenna technologies and their challenges. 
Then we shall focus on the recent progress of a few selected 
technologies, including analogue multibeam antennas, 
multiband collocated base station antennas and the application 
of AI to antenna designs. Finally, we shed some light on a few 
broad research directions that may make major impacts on 6G.  

II. KEY ANTENNA TECHNOLOGIES 
Until 5G, significant efforts had been made to push the 

frontier of advanced signal processing techniques at the 
physical layer. For instance, every generation of networks had 
a hallmark modulation/multiplexing scheme or signal 
processing technique to significantly increase the spectrum 
efficiency.  Although spectrum efficiency is still a key 
performance indicator for 6G, an example of which is the 
potential introduction of the in-band full duplex (IBFD), other 
metrics such as total energy consumption and cost are becoming 
more important. 6G antenna designs must meet these 
requirements. In this section, we outline several key antenna 
technologies that would form part of the solutions for 6G. 

A. Hybrid Antenna Arrays 
As was realized in 5G technology development already, all-

digital massive MIMO will inevitably lead to very high energy 
consumption and high manufacturing costs [14], [15]. 
Consequently, hybrid antenna arrays were introduced to 5G 
mm-wave base stations by major vendors. A hybrid antenna 
array consists of both analogue beamformers and digital 
beamformers [16], [17]. Specifically, analogue beamformers 
are employed as subarrays and then combined to form a digital 
beamformer. The analogue subarrays serve to save costs and 
energy consumption, and the digital beamformer provides a 
means of intricate signal processing such as beam acquisition 
and tracking. This way, the complexity of the digital 
beamformer is reduced by a factor equal to the number of 
elements in a subarray. The tradeoff between beamforming 
performance, energy consumption and cost provided by the 
hybrid array architecture makes it an attractive candidate for 
certain massive MIMO implementations in 6G.  Major 
challenges facing the antenna community include the 
difficulties of producing identical phase shifters in broad mm-
wave bands, which may cause beam squint that affects system 
efficiency and reliability, and the losses in phase shifters and 
the feed network that tend to become more severe at high 
frequencies. Furthermore, effective support of multibeams in 
the subarray has not been well addressed from a system point 
of view in the literature. 

B. Multibeam Antennas 
To date, sectorization has served as a major technique to 

increase the system capacity at the base stations [18]. Therefore, 
the base station antennas have been typically designed to cover 
some fixed sectors. Moving to 5G-Advanced and 6G, 
supporting dynamic multiple beamforming will become the 
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norm. Analogue multibeam antennas can be used in subarrays 
in a hybrid antenna system, as a feed for a larger antenna or 
employed alone. These antennas can be designed to have low 
energy consumption and low cost. In recent years, there has 
been rapid progress in quasi-optical and circuit-type analogue 
multibeam antennas [19], [20]. Unfortunately, with just a few 
exceptions, these antennas are almost exclusively for fixed 
multibeams. Individually steerable multibeam analogue 
antennas remain a major challenge. The recently reported 
Generalized Joined Coupler (GJC) matrix provides a promising 
solution to individually steerable multibeam antennas [21]. This 
topic will be elaborated further in Section III. 

C. Antenna Collocation  
The acquisition of new base station/antenna sites has always 

been a great challenge to the cellular industry. As a result, 
antenna collocation has become a common approach in 
previous generations of mobile wireless networks. The 
coexistence of antenna arrays working in different bands can 
have two potential detrimental effects on system performance.  
The first one is mutual coupling and the second is the cross-
scattering between antenna elements of different frequency 
bands. The cross-scattering of main concern is typically the one 
caused by lower frequency and therefore larger antennas to the 
higher frequency smaller antennas, which result in distorted 
radiation patterns. Since base station antennas are typically 
designed to provide certain fixed or dynamic angular coverage, 
such distortion in the antenna patterns need to be suppressed in 
order to ensure quality coverage; the method to achieve it is 
called de-scattering [4]. The more bands a base station needs to 
support, the more difficult de-scattering becomes.  Moving to 
the 6G era, the base stations will need to support the collocation 
of 6G, 5G, and most likely 4G antennas at the initial phase. 
Therefore, new wide-band and multibeam de-scattering 
techniques must be developed. Another challenging issue is for 
base station antennas to effectively serve UAVs, and LEO 
satellites whilst supporting mobile users on the ground, see Fig. 
2. This demands a paradigm shift in the antenna designs. 
Antenna collocation will be further discussed in Section IV. 

 
Fig. 2. Base stations supporting UAVs, LEO satellites and users on the ground. 

D. Metasurface and Reconfigurable Intelligent Surface (RIS)  
A main antenna technology breakthrough in the last two 

decades is the metasurface [22]. With characteristics not 
normally found in natural materials, metasurfaces are typically 
engineered by arranging electrically small scatterers or holes 
into a two-dimensional pattern at a surface or 
interface.   Metasurfaces have been employed in the design of 
antennas to increase the bandwidth, shape the beam pattern and 
generate multibeams [23]. In [24], it was proposed to employ 
active metasurfaces as reconfigurable antennas with advanced 
analog signal processing capabilities for future generation 
transceivers. Another interesting application of metasurfaces is 
energy harvesting. In [25], an energy collecting metasurface is 
reported to support ultralow-power wireless communications. 

A major application of metasurfaces to 5G and 6G systems 
is reconfigurable intelligent surface (RIS). The quasi-optical 
nature of mm-wave and THz waves means that non-line-of-
sight (NLoS) propagation would become a major obstacle to 
establishing communications links. As a result, there has been 
strong interest in RIS from both academia and industry [13], 
[26]. Typically, in the form of a metasurface, a RIS can redirect 
electromagnetic waves toward desired regions. They promise 
great benefits in not only communications but also localization 
and mapping in complex NLOS environments. Besides, RISs 
can provide range extensions in integrated terrestrial and non-
terrestrial wireless networks as an alternative to conventional 
relays, though the latter usually features complex hardware and 
high power consumption. Although there have been numerous 
publications in the wireless communications community 
incorporating massive MIMO in RISs, it is worth noting that, 
for many if not most applications, RISs need to be of low cost 
and low energy consumption. Therefore, reconfigurable RISs 
and hybrid RISs with both passive and active elements may be 
of greater practicality unless there are major breakthroughs in 
smart materials that enable low-cost and low-energy 
beamforming. Furthermore, optically transparent RISs will 
reduce the effect of large deployment physically and 
aesthetically. For the above reasons, reconfigurable RIS as a 
special type of reconfigurable antenna is expected to serve as a 
major technology for 5G-Advanced and 6G. To this end, a 
comprehensive review on reconfigurable Huygens’ 
metasurface was reported in [27]. 

E. Reconfigurable Antennas  
Intensive research on reconfigurable antennas has been 

ongoing for over two decades [28]. Differing from the 
conventional antennas that are physically fixed once deployed, 
reconfigurable antennas can change their bandwidth, radiation 
patterns and polarizations on the fly to deliver optimal system 
performance, being date rates, communications range or 
information interceptibility. For the most part, this research has 
been carried out only in academia [29]. Critical issues hindering 
the adoption of reconfigurable antennas by industry include the 
reliability and losses of switches and tunable devices. As an 
alternative low-loss technology, liquid antennas have been 
studied since the 1990s. In such antennas, reconfiguration is 
achieved when antennas reversibly change their geometry, 
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which then change the operating frequency and beam patterns 
[30]. Currently, there are still a number of challenges to be 
addressed to make the solution practical. These include cost, 
reconfiguration speed, and system complexity and 
compactness. 

From their inception, reconfigurable antennas have been 
widely considered for use in cognitive wireless systems. Now 
the advancement toward intelligent 6G networks creates an 
ideal application space for several types of reconfigurable 
antennas. These include frequency and beam pattern 
reconfigurable antennas for applications in moving platforms 
that require a moderate reconfiguration speed, such as low-cost 
LEO satellite terminal antennas and UAV antennas, for 
instance. The reconfigurability feature is expected to be seen in 
various forms, potentially more for analogue beamforming in 
both analogue beamformers and RISs, and bandwidth 
adaptation to support dynamic spectrum allocation. 

Recently, a reconfigurable mm-wave dual-polarized antenna 
array system for future base station antennas was reported. 
Differing from conventional switching methods, a polarization 
mixing method was employed to realize wide-range continuous 
beamwidth control. By simultaneously exciting dual 
polarizations, the system achieved wider beams, with a 
continuously adjustable beamwidth ranging from 21° to 100° 
by only tuning some of the phase shifters without needing any 
amplitude control [31].  We also extend our consideration of 
reconfigurable arrays to tightly coupled antenna arrays. An 
ultrawideband frequency-reconfigurable tightly coupled dipole 
array was presented in [32]. The design realizes high radiation 
efficiency and wide beam-scan angles by virtue of a 
reconfigurable layer and wide-angle impedance matching 
(WAIM) structure.  

Another reconfigurable antenna concept reported recently is 
movable antennas, which exploit the wireless channel spatial 
variation in a confined region by enabling local movement of 
the antennas [33]. Specifically, the positions of antennas at the 
transmitter and/or receiver can be dynamically changed to 
obtain better channel conditions for improving the 
communications performance.  However, movable antennas 
have their inherent limitations such as response speed and 
difficulty to feed.  

F. In-Band Full Duplex  
As the demands for connectivity and data rates increase 

exponentially, there has been a shortage of frequency resources 
to support new systems, and this spectrum scarcity problem is 
becoming significantly more severe for 6G.  In-band full-
duplex (IBFD) technology, which allows transceivers to 
transmit and receive in the same frequency band 
simultaneously, is considered as a key solution to the problem 
of spectrum scarcity [34]. IBFD is also known as 
simultaneously transmit and receive (STAR) systems [35]. It is 
also extremely beneficial for joint sensing and communications, 
as the sensing of the environment can be simply done by 
directly analyzing the signals scattered from the surrounding 
environment [7]. 

A fundamental challenge to IBFD systems is self-

interference (SI), which is the signal received by a receiver from 
a collocated transmitter [36]. SI is significantly stronger than 
the signal received from an intended distant transmitter. Since 
the SI in an IBFD system occupies the same frequency band but 
has much higher power than the desired signal, it must be 
cancelled first for any receiver to function. To enable an IBFD 
operation, one would need to sufficiently reduce the SI to below 
the noise floor, ideally. Typically, the SI power can be 
anywhere between 70 and 120 dB more powerful than the 
signal of interest. Worse still, the SI is very sensitive to 
frequency instability, time variance, nonlinear distortion, and 
phase noise. These challenges are further exacerbated when 
cost-sensitive and form-factor-constrained mobile devices are 
considered.  

To effectively cancel the SI, one needs to take a holistic 
approach to tackle the problem in the propagation/antenna 
domain, RF domain and digital domain simultaneously. Most 
recently, we have demonstrated the feasibility of IBFD systems 
with a state-of-the-art prototype that achieved 75 dB SI 
cancellation across a 50 MHz band [36]. It employed an 
adaptive least mean square (ALMS) RF filter with a track/hold 
function for analogue domain SI cancellation, a pair of 
decoupled patch antennas for SI mitigation in the propagation 
domain, and a joint analog and digital SI cancellation scheme. 

If separate transmitting and receiving antennas are used, it is 
straightforward to employ decoupling methods to isolate them 
[4]. Other methods include employing orthogonal polarizations, 
orthogonal antenna modes, near-field cancellation and isolation 
in the feed network [37]. The problem becomes much more 
challenging when both the transmitting and receiving antennas 
are closely placed in dual-polarized arrays. Even more 
challenging is the case when only one dual-polarized antenna 
array is employed for both transmission and reception.  
Solutions to these practical antenna configurations serve as 
great opportunities for future research.  

G. MM-Wave and THz Antennas  
The rollout of 5G mm-wave starting in the US has spread to 

other regions including Australia. It has been shown that 5G 
mm-wave does have the capability of delivering Gigabits/s data 
rates, serving as an attractive solution for small cells covering 
data-hungry hot-spots. However, the quasi-optical nature of 
mm-wave propagation limits the coverage to primarily 
outdoors, and NLoS coverage proves to be very challenging for 
open areas without clusters of buildings. For NLoS coverage, it 
may be necessary to employ reconfigurable intelligent surfaces 
or other relay devices. In the meantime, 5G mm-wave has 
served as a great solution to fixed wireless, providing 
broadband services to homes and offices where there are no 
wired connections. Moving to 6G, it is expected that some 
airborne and spaceborne systems will embrace mm-wave and 
THz. The vast number of airborne systems renders it critical to 
have low-cost, low energy-consumption, high gain and 
multibeam mm-wave antennas.   

It is worth noting that, in comparison to mm-wave, it is 
significantly more challenging for THz to be adopted in the 6G 
timeframe. The current THz power sources and receivers are 
not mature enough for consumer devices. The propagation 
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characteristics of THz, including high attenuation loss and 
susceptibility to weather, make THz systems difficult to serve 
as an outdoor coverage solution for 6G. Therefore, the current 
industry consensus is that THz will at best serve as a 
complementary solution for special applications using quasi-
optical antennas [13], [38], [39].  

One interesting scenario for sub-THz systems is near-field 
communications (NFC).  When an extremely electrically large 
THz antenna or RIS is employed, the near-field region can 
extend to a few hundred meters. This will enable novel 
applications not possible in the far-field including beyond-Tbps 
data rates, greatly increased user density, significantly 
improved security and reliability, and accurate positioning in 
3D, etc [40], [41]. How to exploit this potential fully with cost-
effective sub-THz transceivers is a challenging task for the 
antennas, mm-wave and THz research communities. 

H. Wearable Antennas  
6G promises to provide an immersive communications 

environment. One 6G use case is personal digital twins, which 
mirror human biological conditions in a virtual world. This 
technology will monitor health, behavior, and emotional states, 
enabling predictive analysis and proactive healthcare 
interventions. All these will facilitate further proliferation of 
wearable technologies, which in turn require the development 
of advanced antennas with attributes aligned with wearables. 
These attributes include robustness, small size, low weight, 
high efficiency, high degree of flexibility and low level of 
radiation exposure to the body [42]. To this end, textile-based 
materials are growing in popularity as they can be easily 
integrated into clothing. Transparent antennas represent another 
promising category, offering seamless integration capabilities 
with everyday objects such as eyewear [43]. One candidate 
transparent antenna is the dielectric resonator antenna (DRA). 
Such a device can be placed on the glass frame or even in the 
lens region [44].  

Although personal digital twins require substantial 
development to address privacy and security concerns, 
situational awareness for emergency service and law 
enforcement personnel presents immediate practical 
applications [45]. This requires high data rates and ultra-reliable 
communications, and thus serves as a great use case for 6G. For 
this type of applications, uniforms provide a natural platform 
for wearable wireless systems and antennas. The antennas need 
to support beamforming and be robust. 

I. The Application of Artificial Intelligence  
Artificial Intelligence (AI), and machine learning (ML) in 

particular, has undergone significant advancements over the 
past decade, transforming a wide range of industries. In the 
realm of antennas, AI is increasingly being employed to 
optimize complex electromagnetic structures, enhance design 
precision, and expedite development cycles. In recent years, 
major efforts have been dedicated to the application of AI to the 
design of antenna elements, antenna arrays, electromagnetic 
metasurfaces as well as other structures. Given the challenges 
to 6G antenna designs, it is expected AI will play an ever-
increasing role. A more interesting and more impactful 

application of AI is its combination with reconfigurable 
antennas to make the entire wireless system cognitive. These 
topics will be discussed in Section VI.  
 For the sake of clarity, the relationship between the key 
antenna technologies discussed above and the 6G capabilities 
supported is summarized in Table I. 

In the following, we shall delve into a selected number of 
antenna technologies including analogue multibeam antennas, 
collocation of multiband antennas for multi-generation cellular 
systems and the application of AI to antennas. It should be noted 
that, given that 6G promises a revolution in information and 
communications systems, one may argue that most current 
antenna research is relevant. Therefore, the selection of topics 
only reflects our understanding of the current industry trends 
and research interests. 

III. ANALOGUE MULTIBEAM ANTENNAS 
To address the challenge of multiuser communications in 

future wireless communications and sensing systems, intensive 
research has been dedicated to analogue multibeam antennas 
recently. Compared with fully digital beamforming systems, 
analogue multiple beamforming techniques have the potential 
to substantially save energy and fabrication costs. Analogue 
multiple beamformers can be classified into circuit-type 
multibeam antennas and quasi-optical multibeam antennas [19], 
[20]. In practice, it might be necessary to combine the two 
technologies together to meet system specifications. 

A. Circuit-Type Multibeam Antennas  
The circuit-type multibeam antenna employs a radio 

frequency circuit as an analogue multiple beamforming 
network (BFN). Conventional BFNs include the Butler matrix, 
the Blass matrix and the Nolen matrix. Butler matrices are 
parallel BFNs that produce orthogonal beams in the sense that 
the direction of each beam centre aligns with the nulls of all 
other beams [46]. Although all the beams can be rotated 
together, for most practical purposes, these beams are fixed. As 
a result, Butler matrices have found wide applications in base 

TABLE I 
KEY ANTENNA TECHNOLOGIES REQUIRED BY 6G CAPABILITIES  

Key Antena Technologies Main 6G Capabilities 

Hybrid Antenna Arrays 
for MIMO 

Peak data rate, massive connectivity, 
capacity, cost reduction, energy saving 

Multibeam Antennas Sensing, coverage, connection density, 
security, resilience, energy saving 

Antenna Collocation Interoperability, coverage, sustainability 

RIS Coverage, cost and energy saving 

Reconfigurable Antennas Network performance, spectrum 
sharing, interoperability 

In-Band Full Duplex Spectral efficiency 

mmWave and THz 
antennas 

Peak data rate, capacity 

Wearable Antennas Sensing, connectivity, digital twin 

Artificial Intelligence as a 
Design Tool 

Energy efficiency, spectrum efficiency, 
reliability, user experience 
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station antennas to provide sectorization in 3G and 4G systems 
[18]. The Blass matrix is a series rectangular matrix that can 
generate multibeams in arbitrary directions [47]. Owing to the 
perceived low efficiency due to the employment of matched 
loads on two sides, the beamforming flexibility offered by the 
Blass matrix has not been taken advantage of until recently [48]. 
Recent work on the generalized joined coupler (GJC) matrix 
demonstrated that the losses in a Blass matrix can be minimized 
by the optimal design of the directional couplers [49], [50]. The 
Nolen matrix is a lossless variant of the Blass matrix in which 
all the directional couplers below the diagonal are removed 
[51]. Consequently, all the matched loads at the end of feeder 
lines in a Blass matrix are also removed [52].  

Currently, serious research efforts are being made to address 
a number of technical challenges in order to turn analogue 
BFNs into mainstream 6G technologies. The first challenge is 
bandwidth, which is particularly important for the Blass matrix 
and the Nolen matrix. The Blass matrix and the Nolen matrix 
are effectively series-fed feed networks. Consequently, the 
effect of deviation from the centre frequency and imperfection 
in the couplers and phase shifters accumulates along the paths 
of the signal flow. Furthermore, the use of fixed phase shifters 
necessarily results in beam squint across the operating band. In 
theory, as long as each component in a BFN has wideband S 
parameters and is well matched, circuit-type BFNs can achieve 
a wide operating bandwidth. In this regard, several wideband 
BFNs have been reported. An early broadband Nolen matrix in 
substrate integrated waveguide (SIW) technology is described 
in [53]. In this work, broadband operation is achieved with 
adequate coupler delay compensation, resulting in a more 
parallel matrix topology. The SIW couplers and phase shifters 
of a 4×4 Nolen matrix are designed at 77 GHz to achieve 11.4% 
system bandwidth for radar applications. Based on a 
transformer-based coupler with high isolation between sum and 
difference ports, a new design approach for developing hybrid 
couplers with arbitrary power division and broadband phase 
difference is presented in [54]. Based on this model, a modified 
coupler is developed by including two L-shaped networks to 
produce constant phase differences at two output ports. 
Slotlines and microstrip-to-slotline transitions are used for 
expanding the bandwidth and introducing a 180° phase 
difference at the difference port. Based on this design, a 
simplified wideband 3×3 Nolen matrix is designed utilizing 
only three hybrid couplers and no phase shifters, reaching over 
40% bandwidth,  

Recognizing the fact that phase slope alignments between 
internal components is a major limiting factor for wideband 
operation of Nolen matrices, an analytical design method based 
on signal flow graphs and complex exponential signal is 
proposed in [55]. By virtue of this method, rigorous 
relationships of phase slope alignments between couplers and 
phase shifters within the operating band in the traditional 4×4 
Nolen matrix topology are derived, and a novel 4× 4 Nolen 
matrix topology composed of couplers and differential phase 
shifters with specific phase difference slopes is reported. A 4× 4 
Nolen matrix based on the proposed topology centered at 1.8 
GHz realized over 40% bandwidth. 

The second challenge to analogue BFNs is the large footprint 
due to their layout and the employment of a large number of 
components. To ease the problem, phase shifters are integrated 
in the design of couplers to reduce the component count and 
make the design more compact in [56]. Another approach to 
reducing the footprint of analogue BFNs is to employ 
reconfigurable structures. To this end, it was proposed to 
increase the number of beams supported by a Nolen matrix by 
cascading it with a phase shifter network [57].  In this design, 
each phase shifter between a Nolen matrix output and the 
antenna is replaced by M phase shifters controlled by a single-
pole multi-throw (SPMT) switch.  More beams can be produced 
by using different phase shifters. Consequently, the number of 
beams produced by the reconfigurable Nolen matrix is 
increased by M-fold. The large footprint issue can be further 
resolved by using a multi-layer configuration. Multilayer 
configuration is particularly suited for stripline and substrate 
integrated waveguide structures as these structures are closed 
and stacking them upon one another would cause minimum 
impact on the transmission performance.   

The third challenge to conventional BFNs is the ability to 
independently steer multibeams. The Butler matrix, the Blass 
matrix and the Nolen matrix are more suited to support fixed 
beams. One could introduce switches to these matrices to 
enable beam switching [57], but beam switching is not the 
same as beam steering. In theory, one could also steer the 
beams created using the Blass matrix and the Nolen matrix but, 
since these beams are interdependent, one would need to 
change all the phase shifter values associated with all beams in 
order to just steer one beam. This would lead to excessively 
complex circuit to control all the phase shifters.  

To address this challenge, a new BFN known as the 
generalized joined coupler (GJC) matrix was introduced as 
shown in Fig. 3 in the form of the Nolen-like GJC matrix [21]. 
The other form is the Blass-like GJC matrix. In the GJC matrix, 
the phase shifters for each beam are placed in such a manner 
that every row of phase shifters have the same phase shift value 
so they can be controlled by one common voltage, and each 
beam can be steered independently with negligible effect on 
other beams. A theoretical framework is introduced in [49] for 
synthesizing optimal beams to obtain low sidelobes and nulls 
as shown in Fig. 4. Although GJC matrices are not lossless as 
some matched loads are employed in general, it has been 
demonstrated that high transmission efficiency and reception 
efficiency can be obtained by particular design choices [49], 
[50]. It is further revealed that, for the Blass-like GJC matrix, 
one can obtain deterministic or exact solutions to the coupling 
coefficients for any given amplitude distribution for exciting 
multibeams [58]. A special case is orthogonal beams that are 
similar to those generated by the Butler matrix but with much 
reduced circuit complexity. 

The fourth challenge to analogue BFN technologies is two-
dimensional (2D) beamforming. Most reported work on 
circuit-type BFNs has been focused on one-dimensional (1D) 
designs. In practice, many applications would need 2D 
antenna arrays with a wide scanning range.  If multibeams are 
required only in one dimension, one can use a 1D BFN to feed 

This article has been accepted for publication in IEEE Transactions on Antennas and Propagation. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TAP.2025.3550434

© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Oulu University. Downloaded on March 20,2025 at 06:09:10 UTC from IEEE Xplore.  Restrictions apply. 



IEEE Transactions on Antennas and Propagation 
 

7 

a 2D array with each BFN port supporting a linear array. As 
an example, a Nolen matrix operating at 26 GHz (25.25–
26.75GHz) using E-plane rectangular waveguides (RWs) is 
reported to support a 7 × 9 slot array in [59]. The all-metal 
structure leads to 80% mean efficiency.  

 
Fig. 3. Illustration of a 4×6 Nolen-like GJC matrix [49]. 

 
Fig. 4. Beam patterns generated by a 4×16 Nolen-like GJC matrix. 

For 2D beamforming, a 2D BFN is required. The classic 
topology for 2D BFN consists of two sets of sub-BFNs 
orthogonally connected to each other; they can realize 
beamforming in both the horizontal and vertical planes. A 2D 
3×3 Nolen matrix for 2D beamforming is presented in [60], 
see Fig. 5. The Nolen matrix is designed by stacking and 
cascading six 3×3 1D Nolen matrices, and a 2-D patch antenna 
array is integrated with the 2D Nolen matrix to generate nine 
radiation beams with unique discrete directions in the 
azimuthal and elevation planes. The design was realized in 
microstrip technology operating at 5.8 GHz.  

 
Fig. 5. The schematic of a 3×3 2D Nolen Matrix [60]. 

The stacking and cascading configuration used in traditional 
2D BFNs as shown in Fig. 5 results in a nonplanar topology 
with a bulky size. To address this issue, a dimension expansion 
method is proposed in [61]. By using the method, the 
traditional 2D BFN topology is planarized. The reported planar 

2D Nolen matrix as shown in Fig. 6 achieved 50% bandwidth 
at 1.8 GHz.  Similar configurations to the above can also be 
applied to 2D GJC matrices. 

 
Fig. 6. A planarized 3×3 2D Nolen matrix [61]. 

It should be noted that there are inherent losses in analogue 
BFNs in the constituent components such as phase shifters, 
couplers and transmission lines. Therefore, we envisage they 
will be used either alone for low-to-intermediate gain antennas 
where the number of antenna elements and the matrix 
dimensions are moderate, or as a feed for a quasi-optical 
antenna. The quasi-optical antenna would provide the gain 
enhancement for long-range communications. 

B. Quasi-Optical Multibeam Antennas   
In comparison to circuit-type multibeam antennas, quasi-

optical multibeam antennas can achieve much greater gain with 
high efficiency. Quasi-optical antennas can be in the form of 
dielectric lenses and metal reflectors, and transmitarrays and 
reflectarrays [19]. In the following, we shall delve into 
multibeam lens antennas, multibeam transmitarrays and 
parallel plate antennas as they do not incur blockage issues 
caused by multibeam feeds. 

1) Multibeam Lens Antennas 
High-gain quasi-optical multibeam antennas require multiple 

feeds or an array to excite them. Lens antennas have the 
advantage of avoiding the blockage caused by the feed and 
therefore serve as attractive candidates for 6G systems. Early 
lens antennas were too heavy and too difficult to fabricate for 
most microwave and mm-wave applications. In the last decade, 
the development of metamaterials, artificial materials in 
general, 3D printing, as well as transformation optics has led to 
a strong research interest in lens antennas. In particular, owing 
to its inherent nature of supporting multibeams, the Luneburg 
lens has received very strong research and industrial interest 
[62], [63], [64], [65], [66]. Various schemes have been invented 
to reduce the weight of Luneburg lenses whilst maintaining 
high efficiency. In [62], for example, a Luneburg lens 
constructed from planar layers of light-weight cubic foams with 
conducting inclusions of different sizes placed on a 3D 
orthogonal grid is reported, see Fig. 7. This method simplifies 
the manufacture of the lens and reduces its cost and weight 
which has been a major problem with the Luneburg lens in the 
lower frequency microwave bands.  

Taking advantage of 3D printing, a parallel-plate Luneburg 
lens based on all-metal metamaterial is presented in [63]. To 
achieve the required refractive index distribution of the 
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Luneburg lens, an all-metal unit cell with a separated cuboid is 
presented, see Fig. 8. The height of the cuboid is determined by 
the corresponding refractive index. Compared with the 
traditional bed of nail design, the proposed metamaterial unit 
cell exhibits a wider bandwidth. 

 
Fig. 7. Illustration of a microwave Luneburg lens antenna made of light 
artificial material [62].  

 
Fig. 8. An all metal 2D Luneburg lens antenna [63]. 
 

Another all-metal series dual-fed continuous transverse stub 
(CTS) array that enables multibeam operation at K-band is 
reported in [65]. The antenna employs a reflecting Luneburg 
lens beamformer made of two stacked circular parallel plate 
waveguides (PPWs). The bottom PPW hosts a graded index 
medium that collimates the rays coupled by a corner reflector 
to the top PPW, where the CTS array is located. This design 
capitalizes on the rotational symmetry of the Luneburg lens, 
using a circular array of feeds to generate multiple planar 
wavefronts that illuminate the CTS array across a 360° range. 
Then, a new series-fed CTS array is introduced to ensure high 
aperture efficiency. 

There are challenges in employing the Luneburg lens for 
practical multibeam applications as, in the shape of a sphere, 
the Luneburg lens is bulky. The sphere shape also makes it 
difficult to excite a Luneburg antenna with a compact feed.  As 
a result, many reported designs have a large footprint for the 
network. An interesting approach is taken in [66] to address 
these two challenges simultaneously. In this work, a Terahertz 
half-compressed elliptical Luneburg lens is designed based on 
transformation optics. It first compresses the sphere into an 
ellipse to lower the profile of the Luneburg lens and then 
compresses the ellipse further into a half ellipse to 
accommodate a planar feed.  

Another approach to lowering the profile of a lens is to 
employ flat gradient refraction index (GRIN) lenses [67].  In 
[68], a 2D multibeam GRIN lens antenna with 66.4% aperture 
efficiency is reported, see Fig. 9. Subwavelength triple-metal-

layer unit cells are designed to emulate the local refractive 
indices. A 2D multibeam GRIN lens, fed by 13 modules of 
2 × 2 patch arrays displaced along xoz and yoz focus loci, was 
successfully designed, see Fig. 9. Wide-angle multibeam 
radiations are obtained with a beam coverage of around ±45° in 
both the xoz and yoz planes. The multibeam radiation patterns 
are stable in a 22.2% bandwidth from 12 to 15 GHz. 
Unfortunately, one drawback of this design is that the locations 
of the feeds are on circular arcs. Further research is thus needed 
to create planar structures to lower the overall profile of the 
antenna system. 

 
Fig. 9. A multibeam GRIN lens antenna [68]. 

2) Multibeam Transmitarrays 
In contrast to lenses and reflectors, transmitarrays offer the 

advantages of low profile, light weight and greater flexibility to 
create different beams. They can also be made conformal to suit 
a nonplanar platform [69]. Their design techniques are based on 
phased arrays and spatial electromagnetic (EM) wave 
manipulation. The surface typically comprises a large number 
of unit cells. These unit cells are designed to compensate for 
spatial phase delays from the feed, and to provide amplitude 
modulations, thus beamforming in specific directions with 
desired beam shapes. Most reported transmitarrays are designed 
to support one single fixed beam, though more recent research 
has progressed to support beam steering. By incorporating 
tunable components into unit cell geometries for dynamic phase 
control, one can produce a reconfigurable transmitarray to 
support beam steering [27], [70], [71]. Other efforts have been 
made to design unit cells that have broad bandwidth and high 
transmission efficiency [72]. 

In [73], a wideband and high-gain multibeam array antenna 
is reported, which is comprised of a Rotman lens and a parallel-
fed slot antenna array as the feed, and a Huygens’ metasurface, 
see Fig. 10. The wideband Huygens’ unit cells employed are 
based on dual-offset electric dipole pairs. Differing from 
traditional designs using a combination of electric and magnetic 
polarizabilities, the reported Huygens’ unit cell exclusively 
employs electric polarizabilities. As a result, it mitigates the 
occurrence of unbalanced resonant frequencies between the two 
polarizabilities, thereby achieving wideband transmission. 
Based on the proposed unit cell, a wideband and high-gain 
multibeam array antenna is developed. Without using a series-
fed slot antenna array, the multibeam array antenna operates 
within a relatively wide bandwidth (28–32 GHz).  
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Fig. 10. A Huygens metasurface fed by a Rotman lens excited array [73]. 

A thin transmitarray can be easily curved to make it 
conformal. As an example, a transmitarray antenna with an 
elliptical cylindrical shape is presented for producing wide-
angle multibeams in [69]. The transmitarray has a cylindrical 
radiating aperture with an elliptical cross-section, as shown in 
Fig. 11. Multiple feeds can be placed on the middle horizontal 
plane to realize multiple beams. Inspired by the 2D Ruze lens, 
the antenna shape and the phase compensation are jointly 
designed according to the desired maximal beam direction.  

 
Fig. 11. Elliptical transmitarray for wide-angle beam scanning and multibeam 
radiation [69].  

3) Parallel Plate Antennas 
Conventional reflector antennas are not suited for base 

station antennas due to the difficulties of integrating them into 
the main base station antenna architecture. However, the 
parallel plate antenna, which consists of two plates and a field 
distribution mechanism in between, does serve as an attractive 
antenna candidate for mm-wave base stations. With a broad 
horizontal beam and narrow vertical beams, such an antenna 
could be used to replace the vertical linear arrays employed in 
current base stations. Its advantages include high efficiency and 
simplicity in the feed. The most common type of parallel plate 
antenna is the pillbox antenna [74], [75]. A pillbox antenna is a 
cylindrical reflector sandwiched between parallel plates, 
typically fed by a waveguide. By shaping the internal reflector, 
one can optimize the radiation pattern in elevation. 

In [76], a multibeam leaky-wave pillbox antenna is reported. 
The antenna consists of three main components: integrated 
horns as the feeding part, a pillbox antenna, and the radiating 
part consisting of a printed leaky-wave antenna, namely an 
array of slots etched on the uppermost metal layer. The 
radiating and feeding parts are placed in two different stacked 
substrates connected by an optimized pillbox antenna. In 

contrast to conventional pillbox antennas, the quasi-optical 
system is made by a pin-made integrated parabola and several 
coupling slots optimized to efficiently transfer the energy from 
the feeding part to the radiating part. Seven pin-made integrated 
horns are placed in the focal plane of the integrated parabola to 
radiate seven beams in the far field. In [77], a differential 
feeding strategy is introduced to the leaky wave antenna to 
extend the operating bandwidth.  

In [78], a fully metallic Luneburg lens based on the pillbox 
configuration operating in the Ka-band is reported. The parallel 
plate is loaded with glide-symmetric holes to produce the 
required equivalent refractive index profile of a Luneburg lens. 
Glide symmetry and inner metallic pins are employed to 
increase the equivalent refractive index. In [79], a broadband 
metasurface Luneburg lens is reported for full-angle operation. 
The design of the Luneburg lens is based on an inverted 
substrate parallel-plate-waveguide structure with nonuniform 
circular holes etched on the upper metallic plate. This structure 
allows significant simplification of the fabrication process as 
the effective refractive index profile can be realized by varying 
the hole diameters. By introducing tapered microstrip ports that 
are evenly distributed on the circumference of the Luneburg 
lens, full-angle operation of the lens is achieved.  

In [80], a mm-wave wideband wide-angle multibeam 
metallic lens-loaded planar Cassegrain antenna with a compact 
three-layered parallel plate waveguide configuration is reported. 
A phase correction approach based on a convex metallic lens 
over the output of a conventional Cassegrain beamformer is 
employed to maximize the antenna gain and minimize the 
sidelobe levels over a ±60° wide angle, supporting 22 beams. 
Although not exactly in the shape of parallel plates, an 
innovative multibeam antenna based on a fully metallic 
Luneburg lens is reported in [81]. By virtue of transformation 
optics, the equivalent refractive index profile is realized by 
turning the parallel plates into curved shapes without 
introducing extra inserts to the middle.  Eleven beams in an 
angular range of ±62.5° are obtained to operate from 25 and 36 
GHz. 

Not all the above configurations can be easily implemented 
as part of a high-frequency 6G base station antenna. However, 
the concepts will undoubtedly be an inspiration in our 
endeavors to 6G and beyond.  

IV. COLLOCATION OF MULTI-BAND ANTENNAS  
One of the major challenges for the deployment of cellular 

networks is base station site acquisition. The process is not only 
expensive but also time-consuming. Therefore, it has become a 
common practice to collocate base station antennas to save 
antenna real estate. The objective is to integrate multiple 
antennas in a common limited space, allowing their operations 
across different frequency bands with minimal interference. 
This approach gained traction in the 2000s with the transition 
from 2G to 3G and the rollout of 4G. Currently, most base 
stations support multiple generations of systems employing 
collocated multi-band antennas occupying a shared aperture.  

The advantages of collocating multiple antennas, such as 
reduced size and lower cost, are obvious, but this configuration 
also introduces strong electromagnetic interference between 
antennas. The interference can affect impedance matching, 
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reduce port isolation, and deteriorate the radiation patterns of 
all collocated antennas. Therefore, significant research efforts 
have been focused on minimizing the interference between 
antennas to enable efficient collocation [41]. One such 
technique is to employ metasurface cloaks [82], [83]. 

The interference effects between two antennas can be 
classified into two categories, namely, mutual coupling and 
scattering.  Mutual coupling commonly refers to the interaction 
of two closely placed antennas operating in the same band. It 
tends to deteriorate the impedance matching performance and 
cause a change to the radiation pattern. This is the cause of the 
difference between the element pattern and the embedded or 
active element pattern in antenna arrays. If the two antennas 
operate in two different bands, one antenna will scatter the 
radiation from the other, thereby causing distortion of the 
radiation pattern. In the meantime, the impedance will also be 
changed due to the reflected currents induced by the scattering 
field.  

To reduce the coupling and distortion in the radiation 
patterns, we can resort to decoupling and de-scattering 
techniques. Decoupling is a well-known issue for antenna 
arrays and numerous techniques have been developed to 
address it.  The most used mutual coupling reduction techniques 
include electromagnetic band-gap (EBG) structures, defected 
ground structures (DGSs), neutralization lines, polarization 
rotators, decoupling surfaces, metamaterial structures, parasitic 
resonators, and filtering [4]. De-scattering is used primarily to 
reduce the effect of pattern distortion caused by the collocation 
of antennas operating in different bands, though it also 
improves impedance matching. 

In comparison to antenna decoupling, antenna de-scattering 
only became an active research topic recently. The primary 
reason is that the main scattering effect, i.e., distortion of the 
radiation pattern by adjacent antenna elements at different 
bands, was not a significant issue in the nascent development of 
wireless systems due to simple frequency allocations. But now, 
most base station antennas contain collocated multiple antenna 
arrays for different frequency bands interleaved and/or side by 
side. Fig.12 illustrates a state-of-the-art base station antenna. 
The densely packed antenna panel as seen in Fig. 12 has been 
enabled by the continuous pursuit of antenna miniaturization 
and multi-functionalities, but it has also made it difficult to 
maintain element radiation patterns. Since early de-coupling 
techniques only aimed to reduce the transfer of power between 
the antenna elements, they typically contributed little to the 
mitigation of the radiation pattern distortion due to mutual 
scattering [84]. In theory, one could make the scatterers 
“invisible” by cloaking, but the problem is that most cloaking 
techniques are effective only within a limited bandwidth [85], 
[86], [87].  

As seen in Fig. 12, base station antennas employ several 
linear arrays of dipole or patch elements to support MIMO. 
These antenna elements have significantly different sizes for 
different frequency bands from 800 MHz to 5 GHz. These 
arrays at different bands are interleaved side-by-side to save 
space. Naturally, larger antennas in lower bands would cause 
more distortion to the radiation patterns of smaller antennas at 
the higher band. Most recently, major de-scattering efforts have 
been made, and several new techniques have been developed to 
suppress cross-band scattering effectively. These de-scattering 

techniques include filtering, antenna topology optimization, 
cloaking and buffering. 

 
Fig. 12. A commercial tri-band base station antenna. 
 

In [88], a method to suppress cross-band scattering in dual-
band dual-polarized antenna arrays is first reported. The method 
involves introducing chokes into low-band (LB) elements to 
suppress high-band (HB) scattering currents induced on the LB 
elements. By inserting LB-pass HB-stop chokes into LB 
radiators, effective suppression of induced HB currents on the 
LB elements can be achieved. This greatly reduces the pattern 
distortion of the HB array caused by the presence of LB 
elements. The array considered is configured as two columns of 
HB antennas operating from 1.71 to 2.28 GHz interleaved with 
a single column of LB antennas operating from 0.82 to 1.0 GHz. 
The realized array with choked LB elements has stable and 
symmetrical beam patterns in both LB and HB. In [89], a 
systematic method to design an LB spatial-filtering antenna, 
which can efficiently suppress the blockage effect in the HB 
and maintain LB antenna performance is reported. The LB 
antenna achieved a 0.69–0.96 bandwidth. 

Built on the success in [88], a distributed choking technique, 
the spiral choke, for scattering suppression in dual-band dual-
polarization antenna arrays is reported [90] to improve de-
scattering bandwidth. The spiral chokes are implemented as 
low-band radiators in collocated 4G and 5G dual-band arrays to 
suppress cross-band scattering while broadening the bandwidth 
of the choked element. The experimental results demonstrate 
that the cross-band scattering in the array is largely eliminated, 
and the realized dual-band array has very stable radiation 
performance in both well-matched bands. 

The detrimental effect of HB elements on LB radiation 
performance is first analyzed in [91], and a capacitance-loaded 
HB element is introduced to restore the LB beam patterns. 
Further, to eliminate the reverse HB scattering caused by the 
LB element while enhancing the bandwidth of the LB element, 
a novel double-arm choked cross-dipole configuration is 
proposed. The experimental results of the array show a largely 
suppressed cross-band scattering with stable radiation 
performance across the well-matched bands. 

In [92], a filtered bowl-shaped LB antenna covering 0.80–
0.96 GHz for dual-band base station antenna arrays is 
introduced to reduce its effect on the HB antenna, as shown in 
Fig. 13. By incorporating helical filters into the LB radiators, a 
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significant de-scattering HB bandwidth reaching 66.7% (1.36–
2.72 GHz) is achieved. To improve the LB impedance 
bandwidth, specialized LC circuits are incorporated into the LB 
balun. These LC circuits, in conjunction with the baffles, serve 
to ease the gain fluctuations of the HB antenna placed inside the 
LB antenna. In addition, the miniaturized aperture size of the 
LB antenna enhances in-band isolation in the array. In [93], a 
broadband dual-polarized electromagnetic transparent antenna 
is introduced. De-scattering is achieved by etching nested split-
slot resonators (N-SSRs) on the entire radiating arms. These N-
SSRs can form two independently controllable de-scattering 
bands. 

 
Fig. 13. A bow-shaped LB antenna with an embedded HB antenna in it [92]. 

The more bands that are employed, the more difficult it 
becomes to perform effective de-scattering. Most recently, a 
quadruple-band shared aperture (QBSA) antenna array was 
reported in [94]. The QBSA array consists of a LB antenna 
(0.78–1.08 GHz), two groups of middle-band (MB) antennas 
(1.7–2.1 GHz), and a HB array covering two individual bands 
including 3.4–3.6 GHz and 4.7–4.9 GHz, all arranged in an 
interleaved configuration. To maintain normal radiation 
patterns, the radiating patches of the LB antenna were 
converted into electromagnetically transparent structures. This 
was accomplished by incorporating corresponding multi-FSS 
structures designed to operate within the frequency bands of the 
MB and HB antennas. The MB antenna also incorporates dual-
band Jerusalem slots within its radiating patches to ameliorate 
the blockage effect.  

A new de-scattering method called buffering was developed 
recently for a shared-aperture dual-band array [95]. The 
developed array covers 0.69-0.96 GHz (32.7%) in the LB and 
1.47-2.7 GHz (59.0%) in the HB.  Offering a compact size with 
an exceptionally low profile, see Fig. 14. Unlike the previous 
schemes that focused on LB-HB isolation, this buffering-
scheme-based array introduced a unique tightly-coupled 
buffering layer (TCBL) that serves as a buffer and is tightly 
coupled with both LB and HB radiators. It plays two crucial 
roles: in the LB, the TCBL functions as a reactance-
compensation loading that enables a significantly low profile of 
the LB antenna. This leads to a reduced blockage effect on 
surrounding HB antennas, thus ensuring unobstructed HB 
radiation. In the HB, the TCBL enables a new resonant mode, 
expanding the HB bandwidth from 45.5% to 59.0%. 
Meanwhile, the array effectuates effective cross-band isolation 
without introducing extra filtering designs, as the TCBL 
prevents the electromagnetic energy from transferring to the 
cross-band ports.  

 
Fig. 14. A de-scattered antenna employing a buffering scheme [95]. 

V. ANTENNA DESIGNS EMPLOYING AI 
Given the increased complexity of 6G antennas and the 

rapidly increasing AI capabilities being developed, it is 
expected that AI will play a key role in 6G antenna system 
designs. Traditionally, antennas were designed using EM 
simulation software, such as HFSS and Microwave CST, where 
the dimensions were iteratively adjusted through trial-and-
error. This approach is time-consuming, as it necessitates 
numerous EM simulations. Furthermore, the vast number of 
possible parameter combinations makes it challenging to 
efficiently achieve optimal designs. To address these 
challenges, numerous machine learning (ML) techniques have 
been introduced as data-driven surrogate models, offering an 
alternative to EM simulations in antenna designs. Well-trained 
ML models can predict antenna behavior and deliver automatic 
designs. More importantly, as AI will be an integral part of 6G, 
it is envisaged that it will facilitate the in-situ reconfiguration 
of 6G antenna systems in order to realize optimal system 
performance for any given radio environment.  In the following, 
we aim to review the most recent studies on the application of 
AI to antenna designs, array synthesis and metasurfaces.  

A. AI-based Antenna Element Design 
Among the studies on ML-based antenna designs, many 

focus on developing surrogate models that utilize ML methods 
to efficiently predict antenna performance. These studies 
typically involve training a model using EM-simulated datasets, 
where the antenna parameters serve as inputs, and antenna 
performance metrics, such as bandwidth and gain, are treated as 
outputs. The primary goal is to achieve accurate predictions of 
antenna characteristics in a significantly shorter time compared 
to traditional EM simulators. For example, a convolutional 
neural network (CNN) is presented in [96] to predict the 
resonant frequencies of a dual-band pixelated microstrip 
antenna. Based on the base structure of the pixelated microstrip 
antenna, the CNN model is trained to predict its resonant 
frequencies.  In [97], a novel pyramidal deep regression 
network (PDRN) is introduced to accurately predict the 
frequency responses of antennas. The PDRN features a 
pyramidal-like structure of neural networks, with its 
hyperparameters determined through Bayesian optimization.  

Many studies have also focused on the optimization of 
antenna performance using surrogate models. Stochastic 
algorithms are typically utilized in conjunction with ML models 
to achieve these optimizations. For instance, a 
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backpropagation-multilayer perceptron (MLP) neural network 
(BPNN) is developed as a surrogate model, and a multi-
objective Genetic Algorithm (GA) is used to optimize antenna 
performance in [98]. Other work in the field addressed multi-
objective modelling and optimizations for antenna designs [99]. 
An arguably more interesting application of AI to antenna 
designs is to take desired antenna performance as the input and 
optimal geometrical parameters as the output. To this end, an 
inverse artificial neural network (ANN) model for convenient 
multi-objective antenna design is presented in [100]. The model 
addresses the multi-objective challenge of antenna designs 
through a two-part structure: the first component consists of 
three parallel and independent branches dedicated to S-
parameters, the gain, and radiation pattern, while the second 
component provides the final predicted results. Once trained, 
the inverse model can directly generate antenna geometries 
without needing iterative calls from an optimization algorithm. 

B.  AI-based Array Synthesis 
Many ML-powered methods have been proposed to deal with 

different array synthesis problems. In comparison to traditional 
approaches that generally required many iterations of 
optimization, ML-based methods can significantly expedite the 
design process, making real-time array synthesis possible. 
Additionally, some models are able to accurately predict 
complex mutual coupling conditions for nonuniform array 
antennas.  

Excitation phase optimization of an array for desired 
radiation power patterns is an important topic in array synthesis, 
particularly for metasurface or reflectarray/transmitarray 
design. In [101], a radial basis function neural network 
(RBFNN) with a Gaussian activation function is reported for 
phase-only nulling with low sidelobe levels. The RBFNN 
structure, including the number of neurons in the hidden layer, 
is optimized with a self-adaptive differential evolution (SADE) 
for optimal performance. It is trained with the beam direction 
and null direction as input and excitation phases as output.  

Several studies have also been reported to employ ML-based 
methods to optimize the excitation amplitudes of antenna 
arrays. In [102], a generalized regression neural network 
(GRNN) is introduced for synthesizing low-sidelobe scanning 
beam patterns in conformal arrays. The GRNN can output 
excitation amplitudes based on inputs including beam 
directions and sidelobe levels.  Some other studies have been 
conducted for the synthesis of non-uniform or sparse arrays. 
These methods focus on optimizing the array distribution 
with/without excitation modulation for desired array radiation 
patterns. In [103], a novel multibranch encoder-decoder-based 
ANN framework is developed for pattern-reconfigurable 
nonuniformly spaced linear array synthesis. In the framework, 
multiple encoder–decoder branches are devoted to synthesizing 
multiple different radiation patterns. By minimizing a loss 
function with respect to multiple radiation patterns, element 
amplitudes and positions with minimum inter-element spacing 
control can be obtained.  

Given the dynamic nature of mobile communications 
networks, it is expected that reinforcement learning will serve 
as a critical technique to enhance the intelligence of future 
antenna systems, making the antennas cognitive [51]. Such 
antennas will be able to adapt their radiation patterns and 

operating bandwidth according to the radio and system 
requirements. To this end, [104] introduced deep reinforcement 
learning (DRL) to adaptive multibeam steering employing the 
generalized joined coupler (GJC) matrix as a dynamic feed 
network. By learning the user movement and therefore the 
required beam directions, the DRL algorithm provides in-situ 
control of the phase shifters to steer different beams in different 
directions. 

C. AI-based Metasurface Design 
Conventionally, the design of metasurface unit cells relies on 

optimization loops of time-consuming and resource-demanding 
full-wave simulations. While experience can expedite the 
design process, adequate exploration of the design space 
remains challenging. Recently, several ML methods have been 
employed in metasurface designs to accurately predict the 
scattering properties of metasurface unit cells based on their 
physical parameters. For example, in [105], an ANN-based 
modified multilayer perceptron (M2LP) is proposed for 
reflectarray design. The architecture of the M2LP is optimized 
by using the Bayesian Optimization algorithm.  

In contrast to forward prediction, the inverse design of unit 
cell structures and dimensions based on desired properties is 
more challenging. This difficulty arises from the one-to-many 
nature of the mapping, where a single set of desired scattering 
properties can correspond to multiple possible unit cell 
dimensions. A number of ML methods have been presented for 
the inverse design of metasurfaces. To address the non-
uniqueness problem, for example, an improved transfer 
function (TF)-based ANN model is developed in [106].  

In [107], a deep learning framework, named Deep 
UCGAN++, is developed to streamline and enhance the design 
of hybrid-functional metasurfaces. By leveraging a deep 
Unet++ generative adversarial network (GAN) architecture, the 
proposed model enables accurate forward prediction of EM 
responses and inverse design capabilities based on user-defined 
functionalities. The model’s hybrid-mode database allows for 
flexible, freeform pattern generation, addressing the limitations 
in design freedom and model generalization. 

Some ML methods have been presented for the design of 
multi-layer metasurfaces. Given their increased degrees of 
freedom, multi-layer metasurfaces offer both significant 
potential and substantial optimization challenges. Typically, the 
design space for a multi-layer metasurface encompasses various 
scatterer shapes, resulting in a high-dimensional space that 
makes it challenging to find the global optimum. In [108], a 
prior-knowledge-guided deep-learning-enabled (PK-DL) 
synthesis method is introduced, specifically using a conditional 
deep convolutional GAN (cDCGAN), for the design of 
metalens antennas.  

In [109], a generative ML-based approach is presented to 
automate the inverse design of dual- and triple-layer 
metasurfaces. Specifically, using a generative ML model based 
on a variational autoencoder (VAE), the structures and the 
scattering properties of the multilayer metasurfaces in the 
training set are converted into a low-dimensional continuous 
latent space. In this latent space, the particle swarm 
optimization (PSO) algorithm is performed to find the optimum 
latent variables. 

This article has been accepted for publication in IEEE Transactions on Antennas and Propagation. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TAP.2025.3550434

© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Oulu University. Downloaded on March 20,2025 at 06:09:10 UTC from IEEE Xplore.  Restrictions apply. 



IEEE Transactions on Antennas and Propagation 
 

13 

VI. CONCLUDING REMARKS 
As outlined above, new 6G features and functionalities pose 

both challenges and opportunities for antenna research and 
engineering.  To conclude the paper, we would like to share the 
following thoughts to catalyse future 6G antenna research.   

First, the integration of terrestrial and non-terrestrial 
networks demands antenna innovation not only for new 
platforms, such as LEO satellites, UAVs and HAPS, but also 
for the seamless integration of the two networks and services. 
For example, the design of future base station antennas needs 
to consider both the support of UAVs and the interference to 
aircrafts. Such requirements serve as a paradigm shift from the 
current ones. 

Second, although 6G systems have yet to be standardized, the 
introduction of new frequency bands and technologies is 
anticipated, bringing both significant challenges and 
opportunities for multiband collocated antenna arrays. 6G is 
expected to introduce a new mid-band frequency range from 7 
to 15 GHz, including distinct bands such as 7.125–8.5 GHz, 
10.7–13.25 GHz, and 14–15.35 GHz [38], [39]. Considering 
that current shared-aperture antennas already have difficulties 
supporting various frequency bands for 4G and 5G, new 
innovations are needed to integrate 4G, 5G, and 6G bands 
within a single shared-aperture. For high frequency including 
mm-wave systems, lens and parallel plate antennas may play a 
major role in reducing the complexity and losses of feed 
networks.  

Third, high-gain multibeam and wide-angle scanning 
capabilities will be important for 6G systems to support ISAC, 
airborne and spaceborne systems, applications such as 
enhanced sidelink communications, network reliability and 
throughput, and efficient use of radio resources. These antennas 
need to be low-cost and consume minimal energy. These are 
very challenging tasks. For instance, there is an inherent 
contradiction between achieving a wide radiation pattern for 
individual elements and maintaining low coupling—both of 
which are critical for wide-angle beamforming [110]. 

Fourth, as 6G systems move to higher frequencies, and cost 
and performance pressure increases, future antenna systems 
will need a higher level of integration of antennas and RF 
circuits, and for some applications such as IoT,  digital systems 
as well. New processes and technologies such as antenna in 
package (AiP) will play a major role [111]. These demand both 
deeper multidiscipline research  and closer collaborations 
between academia and industry.  

Finally, the application of AI to the field of antennas is still 
in its infancy, so there are still numerous challenges to be 
addressed. While the trained model may facilitate real-time 
antenna designs, obtaining the training dataset is typically 
laborious and time-consuming. Consequently, current ML-
based antenna design studies typically only focus on the design 
or optimization of a limited number of parameters. New 
research is needed to ease this limitation to accommodate 
massive antenna arrays and reconfigurable intelligent surfaces. 
Furthermore, whilst the ML models generated for specific 
antenna designs may perform well, they often fail to adapt to 
other antenna structures or design constraints. In fact, the 
antenna design should be part of the overall transceiver 
optimization process in a digital twin.  It is a challenge to create 

ML models that work for a broad range of systems. Most 
importantly, 6G antennas would need to operate autonomously 
with the AI-innate 6G networks. Therefore, it is important to 
develop new antenna architectures and ML models that work 
hand-in-hand to achieve the goal of autonomous networks with 
minimal energy consumption [112].   
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