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Abstract—Antenna arrays have a long history of more than
100 years and have evolved closely with the development of
electronic and information technologies, playing an indispensable
role in wireless communications and radar. With the rapid
development of electronic and information technologies, the
demand for all-time, all-domain, and full-space network services
has exploded, and new communication requirements have been
put forward on various space/air/ground platforms. To meet the
ever increasing requirements of the future sixth generation (6G)
wireless communications, such as high capacity, wide coverage,
low latency, and strong robustness, it is promising to employ
different types of antenna arrays (e.g., phased arrays, digital
arrays, and reconfigurable intelligent surfaces, etc.) with various
beamforming technologies (e.g., analog beamforming, digital
beamforming, hybrid beamforming, and passive beamforming,
etc.) in space/air/ground communication networks, bringing in
advantages such as considerable antenna gains, multiplexing
gains, and diversity gains. However, enabling antenna array
for space/air/ground communication networks poses specific,
distinctive and tricky challenges, which has aroused extensive
research attention. This paper aims to overview the field of
antenna array enabled space/air/ground communications and
networking. The technical potentials and challenges of antenna
array enabled space/air/ground communications and networking
are presented first. Subsequently, the antenna array structures
and designs are discussed. We then discuss various emerging
technologies facilitated by antenna arrays to meet the new
communication requirements of space/air/ground communication
systems. Enabled by these emerging technologies, the distinct
characteristics, challenges, and solutions for space communica-
tions, airborne communications, and ground communications are
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reviewed. Finally, we present promising directions for future
research in antenna array enabled space/air/ground communi-
cations and networking.

Index Terms—Antenna array, phased array, RIS, metasurface,
beamforming, 6G, space/air/ground communications, aerial ac-
cess network, UAV communications

I. INTRODUCTION

Antenna array is a set of multiple connected antennas
working cooperatively to transmit or receive radio waves.
The origination of antenna array can be traced back to more
than 100 years ago, when the Nobel Prize winner Ferdinand
Braun positioned three monopoles in a triangle and formed a
cardioid radiation pattern in the 1900s [1]. At the early stage,
antenna arrays were used for radar-related applications. In the
1940s, the requirements of detection distance and accuracy
for radars rapidly improved, which led to the accelerating
development of high-gain antenna arrays [2]. In the mid 1950s,
electronic computers became powerful enough to achieve rapid
electronic beamforming, rather than less flexible mechanical
scanning [3]. In the 1960s, the development of semiconductor
electronics promoted the miniaturization and integration of
array manufacturing. In the 1970s, Bell Labs described the
advantages of scanning spot beams for satellites by using
adaptive array (also known as smart antennas), including
reducing transmit power, and increasing communication ca-
pacity [4]. The adaptive array technique has greatly improved
the quality of satellite communications since it was introduced.
The interest in commercial applications of smart antennas
owed to the growth of cellular telephone in the 1980s. In the
1990s, the upgrade to digital radio technology in the mobile
phone and indoor wireless network created new opportunities
for smart antennas. The research on smart antennas led to the
development of the multiple-input multiple-output (MIMO)
technology used in the fourth generation (4G) wireless com-
munication networks [5]. Nowadays, massive MIMO in the
sub-6 GHz and millimeter-wave (mmWave) bands becomes a
mainstream technology of the fifth generation (5G) new radio
standard and the first 64-antenna massive MIMO base stations
(BSs) have been commercially deployed in the sub-6 GHz
bands [6]. In recent years, reconfigurable intelligent surfaces
(RISs) have developed rapidly and aroused global attention
and interest of both academia and industry, and thus constitute
one of the key technologies in future sixth generation (6G)
mobile network [7]. As can be seen, antenna arrays have a long
history and develop closely with the advancement of electronic
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and information technologies, playing an indispensable role
in many fields such as radar and satellite/terrestrial wireless
communications.

On the other hand, with the rapid development of elec-
tronic and information technologies, the demand for all-
time, all-domain, and full-space network services has ex-
ploded. Thus, a disruptive 6G wireless system inherently
tailored to these requirements will be needed [8]. One of
the accompanying technological trends of 6G is dealing with
both ground and aerial users. Therefore, a revolutionary shift
from providing terrestrial communication services to support
three-dimensional (3D) space ubiquitous communication cov-
erage is needed. In this context, non-terrestrial platforms,
including satellites, high-altitude platforms (HAPs) and low-
altitude platforms (LAPs), are being considered as candidates
for deploying wireless communications complementing the
terrestrial communication infrastructure [9], [10]. The stan-
dardization efforts of non-terrestrial network (NTN), even
before 6G, are ongoing [11]–[13]. Moreover, the integration of
satellite, airborne, and terrestrial networks, known as space-air-
ground integrated network (SAGIN), has become a promising
paradigm for the future 6G wireless network [8], [14]. In
this new era, emerging application scenarios put forward new
requirements for space/air/ground communication networks re-
garding spectrum efficiency, data rate, traffic capacity, connec-
tivity density, energy efficiency, latency, and mobility. To name
a few, typical scenarios include enhanced ultra-reliable and
low-latency communication (URLLC), long-distance and high-
mobility communication, and ultra-low-power communication,
as reported in [14].

As the communication requirement explosively increases,
conventional single-antenna transmission faces challenges to
meet the insistent demands of high capacity, huge data rate,
long distance, low latency, energy efficiency and strong robust-
ness. In contrast, large-scale antenna arrays, including phased
arrays, digital arrays, and RISs, are promising to be adopted on
space/air/ground platforms for improving the communication
qualities, by providing three types of fundamental gains:
antenna gain, multiplexing gain, and diversity gain [15], [16].
Firstly, in order to pursue broadband communication, the ex-
ploitation of high-frequency bands, such as mmWave frequen-
cies, with rich spectrum resources has become a prevailing
trend. However, the high-frequency bands also cause more
severe propagation loss. By steering the radiation energy only
to the desired directions, antenna arrays provide considerable
antenna gains to compensate propagation loss, thus support-
ing high-frequency broadband communications. At the same
time, the improved signal-to-noise ratio (SNR) at the receiver
is also beneficial for supporting long-distance transmission.
Secondly, by simultaneously transmitting independent infor-
mation sequences over multiple antennas, antenna arrays can
provide substantial spatial multiplexing gains to increase data
rate, thus benefiting multiuser high capacity communications.
Thirdly, by transmitting and/or receiving redundant signals
representing the same information through different paths,
antenna arrays can provide diversity gains to combat channel
fading, thus enhancing communication reliability. In addition,
antenna arrays can facilitate the spectrum reuse, interference

mitigation, coverage enhancement, and physical-layer security
for space/air/ground communications and networking. Given
these promising benefits, antenna array and beamforming
technologies have been applied in terrestrial communications
such as long term evolution (LTE), 5G and WiFi 6 [17]–[19],
satellite communications such as the Starlink project [20], and
airborne communications such as the multifunction advanced
data link (MADL) for F-35 aircraft [21]. These applications
prove the great potential of antenna array technologies for
space/air/ground communications and networking and inspire
further exploration.

Despite various benefits mentioned above, there are also
many challenging scientific and technological problems for
antenna array enabled space/air/ground communications and
networking, which are detailed as follows.

• Antenna Array Design: Compared to terrestrial infras-
tructures, the maneuverable platforms in space/air/ground
networks usually suffer from stringent constraints on the
size, weight, and power (SWAP). The antenna layout, sys-
tem integration, and power control should be considered
in particular. Large-scale antenna arrays require com-
pact circuit implementation, expensive radio frequency
(RF) chains, and high power consumption [22], [23].
Indeed, there is a tradeoff between the spectral efficiency
and hardware cost/power consumption for different array
structures. Besides, the RF hardware impairments, such
as phase noise, non-linear power amplifiers (PAs), I/Q
imbalance, and limited analog-to-digital converter (ADC)
resolution, become more severe in higher and larger
frequency bands [24]. These effects challenge the per-
formance of antenna arrays. Moreover, electromagnetic
compatibility needs to be considered when designing and
assembling antenna arrays, to make them compatible with
their electromagnetic environments.

• Physical Layer: The space/air/ground platforms have
a common feature of 3D mobility, which makes the
communications and networking for these maneuverable
platforms different from the conventional terrestrial in-
frastructures with fixed positions. Firstly, the fast moving
of the space/air/ground platforms, such as satellites, air-
craft, and high-speed trains, may result in rapid channel
variation in space, time, and frequency domains, which
brings in a more stringent time constraint for channel
state information (CSI) acquisition. The employment of
large-scale antenna array may also result in prohibitively
high pilot overhead, which challenges fast and accurate
acquisition of CSI [25]. Besides, due to the high-mobility
and jittering of space/air/ground platforms, the narrow
beams are prone to misalignment, which may cause seri-
ous loss of antenna gain, decline of SNR, or even inter-
ruption of connection. What’s more, subject to the power
consumption and hardware cost, fully-digital arrays could
not be adopted in most of the space/air/ground platforms.
Instead, phased arrays and programmable metasurfaces
are usually exploited, which results in more constraints
such as constant amplitudes of the beamforming vector,
limited knowledge of CIS, etc. Finally, the beam pointing
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Fig. 1. Organization of this paper.

of antenna array is natively coupled with the 3D position
of maneuverable platforms, which complicates the opti-
mal design of the communication systems.

• Multiple Access Control Layer: The adoption of antenna
arrays and beamforming technologies accomplishes con-
siderable antenna gains, multiplexing gains, and diversity
gains. However, in multi-user scenario, the narrow beam
may limit the number of accessible users as well as other
quality of service (QoS). Therefore, new multiple access
schemes are required to overcome the contradiction be-
tween narrow beam and users’ QoS. In the high-dynamic
antenna array enabled space/air/ground communication
scenarios, multiple access schemes need to improve the
performance by joint beam/time/frequency domain opti-
mizations.

• Network Layer: The high mobility of the space/air/ground
platforms results in the rapid change of the channel states
and network topologies, and thus real-time beam manage-
ment is required. Mechanisms that were designed for con-
ventional terrestrial communication networks need to be
redesigned for the antenna array enabled space/air/ground
communication networks. For instance, the high-dynamic
feature of space/air/ground platforms and the directional
transmission feature of antenna array may challenge
protocol design such as neighbor discovery, routing,
handover, and resource management.

In a word, it is time to address the above technical chal-
lenges to enable antenna arrays for space/air/ground communi-
cations and networking. There are several overview papers re-
lated to MIMO or multi-antenna technologies [16], [26], [27].
However, these papers above focus more on terrestrial cellular
networks. On the other hand, there exist several review papers

related to satellite communications, air communications, or
integrated communication systems [28]–[30]. However, these
papers do not highlight the potentials, challenges, and solu-
tions for antenna array aided communications and network-
ing for space/air/ground platforms. Different from the above
works, this paper aims to review the contributions and progress
in antenna array enabled space/air/ground communications
and networking, which has not yet been completely explored.
First, we start with discussing the antenna array structures and
designs, looking at the strengths and weaknesses of adopting
different types of antenna arrays, such as fix-beam antenna
arrays, phased arrays, digital arrays, hybrid antenna arrays,
programmable metasurfaces, and irregular antenna arrays, on
space/air/ground communication systems. Second, we discuss
various emerging technologies facilitated by antenna arrays
to meet the new communication requirements of ubiquitous,
flexible, and robust coverage, massive connectivity, and secure
communications. These include new beamforming technolo-
gies, new beam-domain multiple access schemes, RISs, and
physical-layer security enhancement. Third, substantial new
characteristics and challenges in the aspect of antenna array
enabled space/air/ground communication systems are covered.
Specifically, we discuss unique features of satellite commu-
nications in beam pattern, beam coverage, and beam man-
agement, address issues of airborne communications in beam
tracking, Doppler effect, joint positioning and beamforming,
and aerial ad-hoc network, and consider scenarios of ground
communications in cellular massive MIMO, cell-free MIMO,
and vehicle-to-everything (V2X) communication.

Fig. 1 provides an overview of the main content of this
paper. Specifically, antenna array structures and design are
discussed in Section II, where different types of antenna array
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TABLE I
SUMMARY OF IMPORTANT ACRONYMS

Acronyms Meaning Acronyms Meaning
2-D Two-Dimensional LoS Line-of-Sight
3-D Three-Dimensional LS-MIMO Large-Scale MIMO
3GPP Third Generation Partnership Project LTE Long Term Evolution
4G Fourth Generation MAC Media Access Control
5G Fifth Generation MBA Multiple Beam Array
6G Sixth Generation MEO Medium Earth Orbit
A2A Air-to-Air MIMO Multiple-Input Multiple-Output
A2G Air-to-Ground mmWave Millimeter-Wave
A2S Air-to-Satellite MPC multi-Path Components
AAN Aerial Access Network NOMA Non Orthogonal Multiple Access
ADC Analog-to-Digital Converter NTN Non-Terrestrial Network
AI Artificial Intelligence OMA Orthogonal Multiple Access
AoA Angle of Arrival PA Power Amplifier
AP Access Point PCB Printed Circuit Board
AWGN Additive White Gaussian Noise PIN Positive-Intrinsic-Negative
B5G Beyond 5G PSK Phase Shift Keying
BDMA Beam Division Multiple Access QAM Quadrature Amplitude Modulation
BFN Beamforming Network QoS Quality of Service
BS Base Station RF Radio Frequency
CBF Conjugate Beamforming RIS Reconfigurable Intelligent Surfaces
CDMA Code-Division Multiple Access RSMA Rate-Splitting Multiple Access
CoBF Coordinated Beamforming SAGIN Space-Air-Ground Integrated Network
CoMP Coordinated Multipoint SIC Successive Interference Cancellation
CSI Channel State Information SINR Signal-to-Interference-plus-Noise Ratio
CSIT Channel State Information at the Transmitter SNR Signal-to-Noise Ratio
DAC Digital-to-Analog Converter SPDT Single-Pole Double-Throw
DFS Doppler Frequency Shift SWAP Size, Weight, and Power
DoF Degree of Freedom TDD Time Division Duplexing
DPC Dirty Paper Coding TDMA Time-Division Multiple Access
Eve Eavesdropper UAV Unmanned Aerial Vehicle
FDD Frequency Division Duplexing UE User Equipments
FDMA Frequency-Division Multiple Access ULA Uniform Linear Array
FD-MIMO Full Dimension MIMO UPA Uniform Plane Array
GEO Geostationary Orbit URLLC Ultra-Reliable and Low-Latency Communication
GNSS Global Navigation Satellite System V2I Vehicle-to-Infrastructure
GPS Global Positioning System V2N Vehicle-to-Network
HAP High-Altitude Platform V2P Vehicle-to-Pedestrian
LAP Low-Altitude Platform V2V Vehicle-to-Vehicle
LEO Low Earth Orbit V2X Vehicle-to-Everything
LMMSE Linear Minimum Mean Square Error ZFBF Zero-Forcing Beamforming
LNA Low Noise Amplifier

and their features are introduced. Antenna arrays facilitate
various emerging technologies, such as new beamforming,
multi-antenna multiple access, physical-layer security, which
are covered in Section III. In Section IV, the potential paradigm
shifts for enabling antenna arrays to space/air/ground com-
munications and networking are discussed. Future research
directions are highlighted in Section V, and the paper is
concluded in Section VI. For ease of reading, the acronyms
employed in this paper are summarized in Table I.

II. ANTENNA ARRAY STRUCTURES AND DESIGN

Because of the high path loss between space/air and ground,
antenna arrays with a large aperture are usually exploited
to provide high gain, narrow beam, low sidelobe level, et
al. According to structures, antenna arrays can be classified
as fix-beam antenna arrays, phased arrays, programmable
metasurfaces, digital arrays and irregular antenna arrays. Fix-
beam antenna arrays generate single or multiple high-gain
beams using well-designed feeding network. Phased arrays
exploit digital phase shifters and attenuators to change the
beam quickly, which are flexible to track mobile users with

high speed. Programmable metasurfaces integrate positive-
intrinsic-negative (PIN) diodes to change phase states of
elements, which can substitute phased arrays partly with low
complexity and cost. Digital arrays implement amplitude and
phase weighting in the digital domain, which can generate
multiple adjustable beams simultaneously. Irregular antenna
arrays are usually designed for wide coverage with well-
designed subarrays.

A. Fix-beam Antenna Arrays

Fix-beam antenna arrays include single beam arrays and
multiple beam arrays (MBAs). The single beam arrays usually
consist of radiation elements and relatively simple feeding
network, which are cheap to be exploited to track satellites and
airplanes on an electronic-controlled turntable. MBAs are usu-
ally installed on the satellite to serve users in different regions
with multiple narrow beams generated by the Butler matrix,
lens, reflector antennas with multiple feedings. The lens-
based MBAs mainly include the Rotman lens and Luneberg
lens [31]. The Rotman lens has a two-dimensional (2D) true-
time delay. By moving the position of the feed, the phase
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(a)

(b)

Fig. 2. Two kinds of microwave lenses. (a) Rotman lens, (b) Luneberg lens.

differences between the adjacent output port of the lens will
be changed, thus the radiation beam points to different angles.
Fig. 2(a) shows a Ka-band Rotman lens antenna designed to
cover an angular range of ±56◦ with 1.5 dB gain drop. The
planar Luneburg lens is the dielectric gradient index lens as
shown in Fig. 2(b). It has infinite focus points, which makes
it a promising candidate for wide-scanning antennas. The full-
angle beam scanning can be realized by introducing microstrip
port that can work in both transmitting and receiving mode.

B. Phased Arrays

Phased arrays are extensively exploited in radars, wireless
communications and electronic reconnaissance, whose struc-
ture is shown in Fig. 3. T/R modules are the core elements of
the phased array, which are placed between antennas and the
feeding network. T/R modules consist of circulars, PAs, low
noise amplifiers (LNAs), single-pole double-throw (SPDT)
switches, phase shifters and attenuators. The circulars and
SPDT switches make it possible to reuse phase shifters and
attenuators when transmitting and receiving are separate in
time. The phase shifters and attenuators control and switch
the beam pointing fast, and therefore the satellites with phased
arrays can serve multiple wireless users simultaneously. As
Tx beamforming and Rx beamforming are realized in the RF
domain, the beam synthesis of phased arrays is called analog
beamforming, or single-RF-chain beamforming.

Earlier phased arrays are with a brick structure, and their
T/R modules are separate from radiation elements. Fig. 4(a)
shows a brick-structure phased array in the Ka band with
576 elements, whose beam scanning scope is ±60◦. With
the development of the integrated circuit technology, the tile
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Fig. 3. Structure of phased array.

(a) (b)

(c)

Fig. 4. Phased arrays on satellite applications. (a) brick-structure phased array,
(b) tile-structure phased array, (c) high efficiency phased array.

structure is more popular for recent phased arrays, whose T/R
modules are integrated with radiation elements, and multiple
channels are designed together to decrease the thickness and
power. A tile-structure phased array in the Ka band is shown
in Fig. 4(b), which has a weight less than 2.4 kg and power
less than 20 W. For satellite applications, the efficiency of
arrays is a key point, then high efficiency radiation element and
feeding network are required. Fig. 4(c) shows a 2D Ka-band
phased array with high efficiency, consisting of waveguide slot
antennas and feeding networks.

C. Digital Arrays

Compared to phased arrays, digital arrays have better dy-
namic range and are easy to generate multiple beams simulta-
neously, which can serve users in different areas at the same
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time. The structure of a digital array is shown in Fig. 5.
For each channel, ADC and digital-to-analog converter (DAC)
are required to receive and transmit baseband signals, and
digital beamforming is implemented in the baseband by digital
weighting. However, the digital array is usually expensive and
requires more power than the phased array. Currently, it is
mainly exploited in shipborne integrated electronic systems.
Some digital arrays are also used in narrow band satellite
communications now. However, with the development of tech-
nology, more and more digital phased array will be fabricated
in space/air and ground communications.

D. Programmable Metasurfaces

In recent years, programmable metasurfaces were devel-
oped to substitute the phased array partially because of the
simple structure, low power consumption, and low cost. Pro-
grammable metasurfaces have potential in various platforms
including satellites and airplanes. They can also be exploited
in the user end as high gain antennas. Programmable meta-
surfaces empowered RISs have aroused global attention and
interest of both academia and industry, and thus constitute one
of the key technologies in future 6G mobile network [7].

The beam of a programmable metasurface is controlled by
the periodic structure of the metasurface, which is also know
as passive beamforming. The phase state of each element is
usually controlled with 0 and 180 degrees, while sometimes
finer degree control may also be implemented. The binary
phase states are easily implemented by PIN diodes on the
surface. Programmable metasurfaces use feeding antennas
such as horn antennas to transmit and receive electromagnetic
waves. The feeding antennas can be placed on both sides of
the metasurface, as shown in Fig. 6. If the electromagnetic
wave is reflected to the feeding antenna from the surface,

(b)(a)

Fig. 6. Two kinds of programmable metasurfaces. (a) reflective type, (b)
transmissive type.

the programmable metasurface is reflective. In contrast, if the
electromagnetic wave penetrates the metasurface to the feeding
antenna, the programmable metasurface is transmissive. Two
kinds of metasurfaces are shown in Fig. 6(a) and Fig. 6(b),
which work in C and X bands respectively [32]. For the reflec-
tive metasurface, it is fabricated in a two-layer printed circuit
board (PCB), while the transmissive metasurface requires a
four-layer PCB. Both metasurfaces adjust beams with diodes,
requiring no phase shifter and attenuator. Then compared to
phased arrays, the programmable metasurface is much cheaper.
Nevertheless, it may have disadvantages of a higher sidelobe
level and lower efficiency.

E. Hybrid Antenna Arrays

To balance the performance and cost, hybrid antenna arrays
with analog-digital beamforming are proposed and fabricated
for coverage in satellite communications [33]. The hybrid
antenna array usually consists of M ×N radiation elements,
which contains M digital channels. Each digital channel is
connected to an N -element analog phased subarray, then the
hybrid antenna array can generate multiple digital beams with
high gains and relatively low cost. In 5G wireless communica-
tions, the hybrid antenna arrays are also exploited in massive
MIMO systems to decrease the cost with hybrid precoding and
combining [34].

F. Irregular Antenna Arrays

For wide coverage, lots of irregular antenna arrays were
designed and fabricated for spaceborne and airborne commu-
nications. Compared to conventional antenna arrays, they are
usually divided in several independent parts to cover as much
space as possible. For example, as shown in Fig. 7(a), triple
round phased arrays in the X band were designed together
to acquire beam coverage up to ±80◦. In Fig. 7(b), multiple
antennas were integrated on a hemisphere to track satellites
in different direction by switching. The irregular antenna
array provided a low-cost solution to the S-band satellite-
ground digital datalink. Other irregular sparse antenna arrays,
such as nested and co-prime arrays, are usually exploited in
direction finding for wireless communications to provide high
resolution.
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(a) (b)

Fig. 7. Irregular antenna arrays for space/air/ground communications. (a)
triple round phased arrays in X-band, (b) hemisphere antenna array in S-band.

III. ANTENNA ARRAY ENABLED EMERGING
COMMUNICATION TECHNOLOGIES

The conventional antenna array based beamforming tech-
niques usually formed a single narrow beam steering or
tracking to one single target/user, which may not meet the
new communication requirements of ubiquitous, flexible, and
robust coverage. Hence, new beamforming techniques need
to be developed to form on-demand coverage. In addition, to
serve more users, new beam-domain multiple access schemes
need to be studied. Moreover, antenna array may also be used
to reduce information leakage and improve the physical-layer
security via directional transmission. These new techniques are
introduced below.

A. New Beamforming Technologies

Traditional beamforming techniques may not be suitable for
future space/air/ground communication networks that require
massive access and high dynamic due to the limited number of
RF chains and high cost. Therefore, some new beamforming
techniques have attracted wide concern and study.

1) Single-RF-Chain Multiple Beams: To balance hardware
cost and beam gain in antenna array enabled communication
systems, hybrid beamforming structure is a suitable paradigm,
in which a few RF chains are able to be connected to a large
antenna array. In general, the number of served users is no
more than the number of RF chains because one RF chain can
only shape one data stream. As the number of users increases,
covering all the users becomes challenging due to the limited
number of RF chains. Hence, single-RF chain multi-beam
techniques are necessary to be developed, where one RF chain
can generate multiple beams along different directions to serve
multiple users.

One possible method for single-RF-chain multi-beam is to
divide the antenna array into several sub-arrays and each sub-
array can generate a beam pointing to a specific direction
as shown in Fig. 8. A certain number of adjacent antennas
are separated in a group to form multiple sub-arrays that can
generate analog beams steering to desired users [35], [36].
With different numbers of sub-arrays, the number of beams
can be adjusted flexibly. However, as the number of sub-arrays
increases, the number of antennas in each sub-array decreases,
which will result in beam gain loss. The tradeoff between
the number of beams and beam gains should be considered
sincerely.

RF 

Fig. 8. Sub-array technique.

Another way to synthesize multiple beams with a single-RF-
chain antenna array is the optimization approach. In particular,
an optimization problem may be formulated to maximize the
beam gains along multiple desired directions. Meanwhile, the
beam gains along other directions are constrained to a low
level. It is shown in [37], [38] that with the optimization
approach multiple beams can also be well shaped.

In addition to the sub-array and optimization techniques,
the RF chain can also be connected to a lens antenna array,
which is a new path division multiplexing paradigm as shown
in Fig. 9, using power splitter/mixer and switch to gener-
ate multiple beams [39]. The RF chain can select different
antennas to connect in order to generate beams steering to
different directions after lens refraction, which greatly reduces
beamforming complexity and hardware cost.

RF 

RF 

RF 

Digital 

Precoding

Selecting 

Network

Fig. 9. Lens array technique.

2) Flexible Beam Coverage: For conventional analog
beamforming, a steering vector is usually selected as the
analog beamforming vector to generate a narrow beam point-
ing to a specific direction. However, in some communication
scenarios, a narrow beam is unable to meet the coverage
requirement for limited coverage area. Moreover, it is worth
noting that the target region may have random shapes and
sizes. Therefore, a wide beam with larger coverage area and
even a flexible beam that can cover a region with arbitrary
shape and size are required.

To fully cover the target region, a wide beam that can cover
a wide range of angles is needed, and the width of the beam
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should be adaptively adjusted according to the range of the
target area. An analog phased array is more likely to adjust
beam width in the angle domain because the beamwidth is
approximately inversely proportional to the array size. For a
specific angle range to cover, our previous work has proposed
a sub-array scheme to divide the large array into several
virtual sub-arrays and the beams generated by these sub-
arrays are steered to evenly-spaced angled within the beam
coverage [40], [41]. The combination of multiple wide beams
can further expand the coverage range. In addition to the sub-
array scheme, optimization scheme is also an effective method
to design wide beam. For example, in order to form wide
beams to ensure the coverage of broadcast control signals for
massive MIMO Systems, an alternating optimization algorithm
was proposed in [42] to optimize the hybrid precoder, which
required the coverage probability for each user to be larger
than a pre-determined threshold, and the transmission power
to be as small as possible.

For certain special user distributions, a wide beam with
circular covered area may not be appropriate because of
unnecessary power cost in areas without users. Flexible beam
coverage that can cover an area with arbitrary shape and size
is more practical. A 3D beamforming approach with a uniform
plane array (UPA) to realize flexible coverage is proposed for
unmanned aerial vehicle (UAV)-enabled mmWave communi-
cations in our previous work [43]. The large array is divided
into multiple sub-arrays to generate wide beam and steer to
different sub-areas. First, the position coordinates of the target
area are transformed to a special-angle coordinates. Then wide
beams are used to cover the minimum rectangular envelop in
angle domain that cover the whole desired area. Besides, phase
rotation for sub-arrays is designed to reduce the fluctuation
between different sub-arrays. The beamforming gain can be
mainly concentrated in the target coverage area. For more
complex scenarios, such as the shape and size of target region
change dynamically, low-complexity beam pattern design is
needed.

3) Robust Beamforming: Many existing works on beam-
forming are based on known user positions and perfect CSI at
BSs [44]–[46]. In fact, it is hard for BSs to obtain accurate user
position because of mobility and Global Positioning System
(GPS) positioning error. Complex propagation environment,
finite length of pilot signals and limited feedback bandwidth
also bring great challenges for BSs to obtain perfect CSI.
Besides, conventional training overhead for CSI estimation
grows proportionally with the BS antenna size, which is quite
large for large-antenna-array systems [47], [48]. Therefore,
in order to guarantee system performance and the quality of
service, robust beamforming under imperfect CSI is needed.

A commonly used model of channel estimation error is the
bounded CSI error model, assuming that the estimation error
of the CSI is within a specific range [49]–[51]. The norm of
these channel estimation errors is assumed to be bounded by a
threshold and corresponding robust beamforming is designed
for different objective functions. The robust beamforming
problems are usually non-convex and are difficult to be solved
by existing toolboxes. A feasible approach is converting the
initial problem into several convex sub-problems that can be

solved by convex optimization tools [49], [51].
Another channel estimation error model is the probabilis-

tic CSI error model, where the channel estimation errors
are assumed to be statistically independent of the estimated
channel matrix and characterized by a matrix-variate complex
circular Gaussian distribution. With this model, a penalty
dual decomposition based algorithm can be adopted to jointly
optimize the digital and analog beamforming at BSs in order
to maximize the system’s worst-case sum rate [52].

B. Multi-Antenna Multiple Access

In the multi-antenna scenario, in addition to orthogonal
multiple access (OMA), such as time-division multiple ac-
cess (TDMA), frequency-division multiple access (FDMA),
and code-division multiple access (CDMA), the utilization of
antenna arrays opens the door to the spatial domain and multi-
antenna processing. The unique advantages of antenna array,
like offering a high antenna gain by controlling the beam
direction, increasing data rate by transmitting independent
information simultaneously, and improving the communication
reliability by transmitting and receiving redundant signals,
inspire several new multiple access strategies. Three advanced
multi access technologies are proposed and discussed below.

1) SDMA: Apart from OMA, space-division multiple ac-
cess (SDMA), which is also known as beam division multiple
access (BDMA), is the most common multiple access approach
in multi-antenna system [53], [54]. SDMA makes use of linear
precoders/beamformers at the transmitter to separate users in
the spatial domain, which is an effective way to increase the
capacity and quality of wireless communications. By using
SDMA, the BS can generate different beams and allocate
them to cover user equipments (UEs) in different positions.
Therefore, UEs covered by different beams can transmit their
signals in parallel in the same time-frequency resource block.

SDMA can be used with various antenna array structures.
With fully digital structures, SDMA can simultaneously sup-
port a number of users at most as high as the number of
antennas at the BS. Based on the acquired CSI at the BS, the
BS can then compute suitable precoders/beamformers for each
user. Popular designs of precoders include zero-forcing beam-
forming (ZFBF), though further enhancements are possible
by other regularized ZFBF and optimized precoders. Such an
architecture is very popular in 4G and 5G multi-user MIMO,
massive MIMO, and coordinated multipoint (CoMP).

However, the performance of SDMA depends on the num-
ber of RF chains. If the number of UEs is larger, all UEs
cannot be ensured to be covered by a beam generated by an
independent RF chain, and thus the inter-beam interference
becomes inescapable. Therefore, the key issue is to design
a proper group method, allowing UEs in different groups to
access the BS simultaneously without interfering each other.
A possible way is to group UEs according to the number
of RF chains. Since UEs with highly correlated channels
covered by different beam will lead to high interference, such
interference can be cancelled by assigning those UEs into the
same group [55], [56]. By doing so, UEs with low-correlation
channels are divided into different groups and can be served by
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the BS at the same time-frequency-code domain by performing
SDMA. For UEs in the same group, each RF chain can shape
one or more beams to fully cover them according to the UEs
distribution. Then, the UEs in the same group can be served
by performing OMA strategies.

2) NOMA: Non orthogonal multiple access (NOMA) is a
promising technology to support multiple access. Different
from OMA whose performance is limited by the orthogonal
resources, NOMA strategy allows multiple UEs to access in
the same time-frequency-code domain, and distinguish them in
the power domain. Specifically, the transmitter superimposes
the signals in the resource block, where the power level
is decided according to effective channel gain of each UE,
where higher power is allocated to the signal of UE with
lower channel gain. The receiver uses successive interference
cancellation (SIC) technology to decode the signals in a
successive way. According to the analysis in [57]–[59], for
downlink NOMA, signals of UEs with worse channel gain
will be decoded first. While for uplink NOMA, signals of UEs
with the higher channel gain and lower data rate requirements
are decoded first. Even though these works [57]–[59] focus
on single-antenna NOMA systems, the above conclusions
on decoding order could be used for multi-antenna NOMA
(though no guarantee on optimality).

The high propagation attenuation of high frequency signals,
such as mmWave signals, enlarges the channel difference
of UEs, while NOMA may achieve higher achievable-rate
gains compared to OMA for UEs with significantly differ-
ent channels. Moreover, due to the characters of directional
propagation, UEs in the same beam can take full advantage
of the array gain by applying NOMA. Several comparisons
are made in [35], [37], [60]–[62] and it is found that NOMA
can be designed to achieve a better performance than OMA
in the aspects of spectral efficiency, sum-rate and the number
of served UEs, due to exploiting the additional freedom of
beamforming besides power allocation. Therefore, instead of
OMA, NOMA can be combined with SDMA and utilized to
transmit signals of UEs in the same group [63]. It was shown
that the joint SDMA and NOMA scheme outperforms the
SDMA scheme and the joint SDMA and OMA scheme in
terms of achievable sum-rate [38], [64].

3) RSMA: To further improve the spectral and energy effi-
ciency, multiple access may utilize multi-antenna rate-splitting
multiple access (RSMA) techniques [65]–[67]. RSMA relies
on linear precoded rate-splitting at the transmitter and SIC
at the receivers [68]. In contrast to SDMA and NOMA where
each message to transmit is directly encoded into a correspond-
ing stream, in RSMA, messages are split into common and
private parts such a part of the message of a given user is de-
coded by all users. By adjusting this part (power and content),
RSMA can adjust the amount of interference that is decoded at
each user. Since SDMA treats inter-beam interference as noise
and NOMA fully decodes the interference, the two schemes
(along with OMA and other schemes as multicasting) can be
seen as special cases of RSMA [68], [69]. This shows how
powerful RSMA can be at unifying unrelated multiple access
techniques into a single framework seemingly.

Compared with classical approaches developed under the

assumption of perfect channel state information at the trans-
mitter (CSIT), RSMA is information theoretically optimal in
terms of achieving the largest achievable multiplexing gains in
the presence of imperfect CSIT [66], [70]–[73]. In other words,
RSMA is inherently robust to imperfect CSIT. This optimality
provides a firm theoretical ground and further motivates the
design of multiple access and robust interference management
techniques based on the rate-splitting principle. In particular,
it changes our perspective on how to exploit imperfect CSIT.
For instance, it was shown that though Dirty Paper Coding
(DPC) [74] is capacity achieving in multi-antenna broadcast
channel with perfect CSIT, RSMA outperforms DPC in the
presence of imperfect CSIT despite relying on relatively sim-
pler linear precoding [75]. Nevertheless, a capacity-achieving
strategy in the presence of imperfect CSIT remains unknown.

Some works including [68], [69], [76], [77] and references
therein have also compared RSMA, SDMA, and NOMA and
showed the superiority of RSMA over SDMA and NOMA
in terms of spectral and energy efficiency, robustness to
imperfect CSIT, capability in supporting a larger number of
users, flexibility to user deployments (in terms of channel
alignment/orthogonality and channel strength disparity among
users) and network load (underloaded or overloaded), etc.
Superiority has also been studied and demonstrated in satellite
and aerial networks [78]–[80].

C. RISs

Thanks to lots of key technologies, such as massive MIMO,
ultra-dense network, and mmWave communication, the target
of 5G has been largely accomplished. However, the pro-
hibitive hardware cost and complexity, and increasing energy
consumption have become by-products and are remaining
unsolved. As a result, RIS, as an emerging paradigm to
simultaneously achieve high energy efficiency and spectrum
efficiency, has drawn significant attention in both academia
and industry [81]–[84]. Specifically, a RIS is a planar surface
composed by an array of passive programmable reflecting
elements, each of which can independently induce different
reflection amplitude and/or phase shift on the incoming signal.
Thus, RIS is able to manipulate electromagnetic waves to
reconfigure them toward their desired directions, which is
usually known as passive beamforming. RISs are more energy
and cost efficient, since they only reflect the incoming signals
passively, without the need of baseband signal processing
modules and RF chains. Besides, RISs can achieve higher
spectrum efficiency, because they can provide powerful pas-
sive beamforming gains and naturally operate in full-duplex
mode without self-interference or introducing thermal noise.
Therefore, there are growing interests on the use of RISs
for realizing future 6G wireless networks, mainly including
passive relay and passive transmitter, as introduced below.

1) Passive Relay: As a promising technology which can
manipulate electromagnetic waves, RISs can be deployed as
passive relays for communication coverage enhancement and
extension by intelligently changing the propagation environ-
ment between the transmitter and the receiver. As shown in
Fig. 10, the heavily blocked BS-User direct communication
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Fig. 10. RIS for coverage enhancement.

link is replaced by two clear line-of-sight (LoS) links, namely,
the BS-RIS link and the RIS-User link, where RIS essentially
acts as a passive relay. In that way, the user originally located
in a dead zone of the BS is successfully covered.

To achieve satisfactory performance, the deployment of
RISs in a hybrid wireless network including both active
transmitters and passive RISs is a crucial problem. Generally
speaking, the deployment of RISs should consider the link
conditions with both transmitters and receivers, spatial user
density, inter-cell interference issue, and so on [81], [85].
Besides, passive beamforming design is essential to steer the
reflected signals toward the desired directions. To optimize the
network performance, passive beamforming of RIS is neces-
sarily jointly designed with active beamforming of transmit-
ters/receivers [86]–[88]. It is preferable to consider practical
hardware constraints such as discrete amplitude and phase-
shift levels [89]–[91] in the beamforming design, to ensure
practical communication performance. Moreover, the combi-
nation of RIS with other technologies such as NOMA [85],
[92], [93] and terahertz communications [94], [95], and the
application of RIS in various platforms such as UAV [96]–
[98] would open up new forward directions for the future 6G
communication networks.

2) Passive Transmitter: In addition to be deployed in the
far-field region of the transmitter as a passive relay, RIS can
also be utilized as a passive transmitter fed by a nearby
RF signal generator. Specifically, the RF signal generator is
responsible for feeding an unmodulated carrier signal to RIS.
While the RIS modulates and delivers information symbols by
exploiting the carrier signal through carefully control reflection
coefficients of each reconfigurable reflecting element.

Fig. 11 shows the architecture of a RIS-based transmitter
proposed in [99]. Different from conventional transmitter
requires multiple RF chains where each RF chain needs DACs,
mixers, PAs, and filters, the proposed RIS-based transmitter is
RF-free and requires only one narrow band PA to manage the
transmit power of the air-fed carrier signal. Compared with
conventional architecture, this RF-free architecture greatly re-
duces the hardware complexity, cost, and power consumption.
By mapping the control signals generated by the digital base-
band to the RIS, phase shift keying (PSK) modulation [99],
[100] and quadrature amplitude modulation (QAM) [101]
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Fig. 11. RIS-based wireless transmitter.
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Fig. 12. RIS-based index modulation system.

can be achieved by manipulating different phase/amplitude of
the reflected RF signals. Simultaneous transmission of multi-
channel RF signal is supported by independently controlling
phase/amplitude through a dedicated DAC for each recon-
figurable element. Thus, advanced signal processing methods
such as beam steering and space-time modulation for MIMO
communicaitons are enabled.

In addition to conventional modulation such as PSK and
QAM, RIS-based transmitter can also realize various reflection
pattern-related modulation schemes [102]–[106]. Essentially,
these schemes map information bits to different phase shift
matrices of the RIS, while the receiver can demodulate the
information through detecting which phase shift matrix is used.
For example, Fig. 12 shows a RIS-based index modulation
system proposed in [105], which maps the information to the
index of receive antenna. Specifically, the receiver equipped
with NR antennas lies in the far-filed of the RIS-based
transmitter. At the transmitting end, the incoming log2NR

information bits specify the index m of a receive antenna.
Then the phase shifts of the RIS are adjusted accordingly
to maximize the received SNR at the m-th receive antenna.
Thereafter, the unmodulated carrier signal generated by the RF
signal generator is modulated through the RIS and reflected
to the receiver. At the receiving end, the information can be
demodulated by detecting the instantaneous received SNR at
each receive antenna.
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In summary, RIS-based transmitter opens up a new
paradigm to achieve cost-effective and energy-efficient infor-
mation modulation for the future 6G communication, which
is worth for further research efforts.

D. Secure Communications
Antenna arrays can reduce information leakage and improve

physical-layer security [107]–[111] thanks to the spatial se-
lectivity. Physical-layer security means security that can be
guaranteed in the physical layer by using the difference in
channel characteristics. Thus, physical-layer security differs
from computational security, which is at the heart of traditional
cryptographic algorithms.

In order to exploit the difference in channel characteristics
for secure communications, a channel model, called the wire-
tap channel, is considered in [112] with three parties: Alice,
Bob, and Eve as illustrated in Fig. 13. Here, a transmitter
(Alice) wishes to convey a message to a legitimate receiver
(Bob) while keeping it secret from an eavesdropper (Eve). In a
nutshell, for additive white Gaussian noise (AWGN) channels,
if the SNR of the channel between Alice and Bob, which is
called the main channel, is higher than that of the channel
between Alice and Eve, which is called the wiretap channel,
secure communication is possible from Alice to Bob [113].
As a result, it is important to increase the SNR of the main
channel. In [114], in wireless communications, the use of
antenna array is proposed to generate artificial noise that can
degrade the SNR of the wiretap channel. As shown in Fig. 13,
the SNR of the wiretap channel can be higher than that of the
main channel. However, once artificial noise is transmitted
to other directions other than that of Bob, the SNR of the
wiretap channel can be lower than that of the main channel.
The resulting approach is referred to as random masked beam-
forming, and in [115], its secrecy rate is analyzed. A salient
feature of random masked beamforming is that it can generate
artificial jamming signals without knowing instantaneous CSI
of Eve, i.e., an eavesdropper. With known statistical properties
of the eavesdropper channel, it is possible to obtain the ergodic
secrecy rate from a transmitter to a legitimate receiver. For
guaranteed performances, various beamforming optimization
problems are considered [116]–[119] to decide the transmit
beam as well as covariance matrix for artificial noise vector.
In general, the ergodic (or long-term average) secrecy rate
is to be maximized in most formulations. However, for slow
fading channels, the ergodic secrecy rate may not be useful
because codewords are not sufficiently long to experience
varying degrees of fading. As in [120], instantaneous secrecy
rate needs to be taken into account to formulate beamforming
optimization problems.

In [121], [122], with antenna arrays, beamforming is used to
facilitate the dual use of artificial noise and energy signals to
provide secure communication and facilitate efficient wireless
energy transfer. Furthermore, as shown in [123]–[125], robust
beamforming can also be considered for secure communica-
tions in satellite systems. Finally, secrecy can be considered
as part of secure multiple access designs. Secure RSMA was
shown to outperform secure NOMA and secure SDMA [126],
[127].

Bob

Eve

Signal to Bob

Artificial Noise

Artificial Noise

Alice …

Before Artificial 
Noise Transmission

After Artificial 
Noise Transmission

SNR
SNR at Bob

SNR at Eve

Fig. 13. Secure beamforming from a legitimate transceiver (Alice) to a
legitimate receiver (Bob) in the presence of an eavesdropper (Eve).

IV. ANTENNA ARRAY ENABLED SPACE/AIR/GROUND
COMMUNICATIONS

With these emerging technologies described in Section III,
the antenna array enabled space/air/ground communication
network is becoming a promising paradigm for next gener-
ation communication network. In addition to ground wireless
communications, the satellites can provide globally seamless
communication coverage, while the aircraft can achieve on-
demand deployment and wide-area communication coverage
in emergencies. Meanwhile, the application of antenna ar-
rays and the mobility of space/air/ground platforms poses
substantial new characteristics and challenges to the antenna
array enabled space/air/ground communication systems. These
issues are introduced in this section.

A. Satellite Communications

Satellite communications usually mean the communications
between a satellite platform and a ground station or different
satellite platforms. Satellites can operate in a geostationary
Earth orbit (GEO) constellation, a medium Earth orbit (MEO)
constellation, and a low Earth orbit (LEO) constellation, ac-
cording to the orbital height. Compared to terrestrial networks
and airborne networks, satellite communication networks have
a much larger coverage area. However, long-distance commu-
nication between satellites and ground leads to much larger
link loss and transmission delay. Satellite communication
networks enabled by antenna arrays can make up for the
above shortcomings and obtain more flexible beam coverage
to meet the needs of users to access the network anytime and
anywhere. Meanwhile, the particular characters of satellite al-
titude, frequency and movement bring several unique features
to the satellite communication networks in beam coverage,
beamforming, beam management and handover, as described
below.

1) Various Beam Patterns: In satellite communications, a
variety of service scenarios may require different coverage
schemes, thus calling for various beam patterns. Generally
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speaking, broad coverage requirements are usually accom-
plished by wide beams, which include global beams, hemi-
spherical beams and regional beams. However, wider beams
are usually accompanied by smaller antenna gains. Therefore,
wide beams are more suitable for transmitting/receiving user
control signals or broadcasting communications. On the other
hand, spot beams are proposed to improve antenna gains and
promote multiplexing gains. The more concentrated beams can
reduce transmit power, and increase communication capacity,
but with smaller coverage area. Therefore, spot beams are
more suitable for providing high-speed data services. Besides,
to balance the stable transmission requirements of control
signals and high-speed requirements of data signals, a hybrid
wide-spot beam is proposed in [128], which is essentially the
combination of wide beams and spot beams.

For wide beam, one of the main technologies that provides
such kind of beam pattern is reconfigurable antennas. Accord-
ing to their electrical performance, reconfigurable antennas
can be divided into three main categories: reconfigurable
frequency, reconfigurable pattern, and reconfigurable polariza-
tion. In [129], a type of antenna with a frequency bandwidth
from 1.15 GHz to 1.6 GHz was designed for wide-bandwidth
beam global navigation satellite system (GNSS). By adjusting
the effective aperture of the antenna, the radiation pattern of
the antenna can be reconstructed, thereby achieving wide beam
coverage. In [130], a beamwidth reconfigurable microstrip
patch antenna of H-plane pattern was designed to achieve wide
beam coverage, where the beam width can be continuously
adjusted from 50◦ to 112◦. However, a single wide-beam
antenna usually results in the loss of gain as the antenna beam
width increases, thereby reducing the quality of service for
users. To solve this problem, a left-bias pattern and a right-
bias pattern were combined through pattern reconfigurable
technology [131]–[133], where the wide beam coverage area
of the reconfigurable pattern antenna is the union of the
coverage provided by the left-bias pattern and coverage of
right-bias pattern.

For spot beam, it is necessary to flexibly adjust the center
point of the beam to ensure that the communication target is
within the coverage area, due to the limited coverage area
of the spot beam and the mobility of both satellites and
users. In different traffic scenarios, the distribution of busi-
ness volume is not uniform, for example, metropolis regions
and emergency communications during disasters. Therefore,
traffic-based dynamic coverage schemes are needed to adjust
the size of a spot beam and resource allocation [134]. To
support the non-uniform distribution of users and varying
traffic requirements, adaptive multi-beam pattern and footprint
planning were developed [135], where spot beams with flexible
sizes and positions were designed according to user spatial
clustering to improve the flexibility of satellite communication
systems. In [136], a coverage metric was proposed to measure
the average coverage level of satellite constellations of differ-
ent orbital altitudes for backhaul. Among spot beams, TDMA
spot-beam communication process was further formulated as
a discrete-time queuing problem to calculate the quantity of
accessed equipments in a unit area. In addition, the relationship
between the equipment density, maximum tolerable delay, and

satellite constellation coverage level was derived. A steerable
spot-beam reflector antenna was explored in [137], where the
steerable spot beam can be quickly repositioned to provide
flexible coverage by rotating the reflector around its apex (re-
ferred to as vertex rotation). In [138], an effective optimization
method of multiple-feed per beam antenna based on genetic
algorithm was proposed to improve the coverage performance
of spot beams, where the orthogonality constraint introduced
by the lossless beamforming network (BFN) was taken into
account.

The main idea of the hybrid wide-spot beam is to provide a
wide beam and multiple spot beams at the same time. The wide
beam, with fixed direction and coverage, is utilized to cover
the whole service area for the transmission of control signals
such as mobility management, session management, bearer
establishment and mapping. On the other hand, the spot beams
are always steered to the users for the high-speed transmission
of user data. In order to enable efficient modulation and coding
techniques for data transmission, spot beams usually require
much higher power consumption than that of the wide beams.
Note that spot beams are more flexible for planning the system
capacity and resource configuration according to the needs of
users, due to the steerable beams. In summary, with the hybrid
wide-spot beam strategy, the structure of the satellite access
network is actually reconstructed, that is, the separation of the
control plane and the user plane is realized.

2) MBA: Under the circumstance of exponentially increas-
ing communication demands, designing a satellite system with
high throughput is becoming a hot-spot in both academia
and industry [139]. However, the limited resources available
for satellites make it challenging to fulfill the requirements.
Multiple beam array (MBA) and the corresponding multi-beam
forming techniques are promising solutions [140]. MBA is
an antenna that uses the same aperture to generate multiple
beams with different directions simultaneously. By achieving
polarization isolation and space isolation effectively, MBA can
realize spectrum multiplexing thus increase communication
throughput. Moreover, a global or regional beam coverage can
be split into several small cells and covered by independent
spot beams. In this way, the ground terminal may use a small
aperture antenna to realize high-speed data transmission. To
avoid interference, different beams work in different frequency
bands or adopt different polarization modes. By proper beam-
forming schemes, the multi-beam forming can help to achieve
high gains in the target areas, while leaking low gains outside
the serving areas. Therefore, the transmitting power can be
reduced.

MBA can be reflector-based architectures, phased array
architectures, and lens-based architectures [141]. Reflector an-
tennas and lens-based antennas leverage optical elements such
as reflectors and lens to reach higher gains. Therefore, they are
applied in MEO/GEO satellites to serve of remote transmis-
sion. On the other hand, the phased array architecture is more
suitable for LEO satellites with high-flexibility requirements,
by means of beamforming. The multi-beam forming in phased
array MBA includes analog beamforming and digital beam-
forming. Globalstar leveraged analog beamforming in its MBA
with the BFN composed of power dividers. Iridium utilized the
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BFN composed of Butler matrix. Once the BFN is determined,
the beam shape, the intersection level and beam direction of
adjacent beams are fixed and difficult to change. Notably, if the
number of beams increases, the BFN of analog beamforming
will be complex to realize. In addition, the fixed scheme is
difficult to be adaptive. Thus, digital beamforming is attracting
more interests. The RF signals received by multiple antenna
array elements are respectively converted to baseband through
multiple channels, and beamforming is realized through the
digital signal processor. Supported by digital architecture, the
adaptive beamforming can be applied in satellite MBAs. The
possibility of using digital BFN to design satellite antenna
systems with adaptive beamforming was discussed in [142].
Aiming to reduce the complexity of beamforming design for
antennas with large number of emitters, a low complexity al-
gorithm was proposed in [143]. The authors in [144] presented
an adaptive beamforming method based on user locations. The
locations could be provided by users, whose terminals were
equipped with the navigation subsystem.

It is worth noting that no matter the analog or digital
beamforming, after dividing cells, the shape of beam for the
cell needs to be decided. Therefore, it is necessary to find the
appropriate amplitude and phase weighting values for each
element of the array. This problem can be formulated as the
optimization problem. With proper algorithms, the required
beam pattern can be obtained. Multi-beam forming can also
be combined with RSMA and on-board processing to boost
performance and better manage interference between users
compared to SDMA and NOMA [78], [80].

3) Beam Management and Handover: Satellite systems
provide a wide range of communication service coverage.
LEO satellite has the characteristics of low orbit height and
short electromagnetic wave round-trip time, which can effec-
tively solve the delay problem for satellite communication.
However, the rapid movement of LEO satellite may cause
frequent handover of user calls, which challenges the beam
management technology for LEO systems [145]. The beam
management mainly consists of beam handover and beam
scheduling. Beam handover is also called cellular handover or
intra-satellite handover, which refers to the handover of links
between adjacent beams within the coverage area of the same
satellite.

Beam handover technologies mainly include the non-
priority handover, queuing priority handover and reserved
channel strategies. The non-priority handover strategy em-
ploys a fixed channel allocation method to allocate a fixed
number of channels to each cell and each type of service.
Although this strategy is simple, it can not adapt to the
dynamic changes of the network traffic, which reduces the
efficiency of resource utilization for the system. It is generally
used in combination with other strategies [146]. The queuing
priority handover strategy [147]–[152] is based on queuing
technology to distinguish the priority of various types of calls
or requests and determine the network resource allocation
accordingly. When the satellite receives a new call or handover
request, while there is no channel available for the next beam,
the request will be placed in a special queue for waiting.
If the channel is idle at a specific time, then the channel

can be scheduled by the next beam, otherwise, the channel
will be forcibly interrupted. Calls or requests in the same
queue are allocated according to the first-in-first-out principle.
Different priorities can also be set for different queues. The
queues with higher priority get more network resources. The
reserved channel strategy uses the concept of a protected
channel, which is set up in each cell specifically for handover
services [153]. The key issue of the reserved channel strategy
is to set a reasonable threshold so that the reserved channel
resources conform to the actual situation of the network,
so as to avoid a waste of network resources or affect the
effectiveness of the strategy. In addition to being a fixed value,
the threshold of the reserved channel can be dynamically
adjusted according to the network status, which may improve
the network resource usage [145]. The existing methods of
dynamically adjusting the threshold are presented as follows.
Adjustment strategies based on forecast, probability models or
state quantities were used to predict different types of requests,
and dynamically adjust the threshold of the reserved channel
according to the prediction results [154]. In [155], an adaptive
dynamic channel allocation strategy was proposed to reduce
the overall handover blocking probability. An opportunistic
call admission protocol was proposed to avoid the cost of
researching resources for users in a series of beams along the
predicted user trajectory in [156]. In time-based adjustment
strategy, the reserved channel of the next beam can be adjusted
according to the time the user stayed in the current beam
or the expected channel usage time [155]. In [154], a time-
based channel reservation algorithm was proposed to ensure
the probability of zero handover failure. The LEO satellite
communication network usually adopts multiple earth orbit
satellites with limited coverage to form a specific constellation.
To form a communication link, the user needs to connect
to one of the serving satellites. Due to the fast moving
characteristics of LEO satellites, inter-satellite handover occurs
frequently. Once handover occurs, it involves the problem
of beam scheduling. The user terminal always selects the
maximum instantaneous elevation when handover happens
in [145]. In [156], an adjustment strategy based on QoS
was proposed to dynamically adjust reserved channels, and
overcome the low bandwidth utilization rate problem in the
reserved channel mechanism. Moreover, user satisfaction was
utilized to measure system QoS. An inter-satellite handover
algorithm based on the position and signal strength of the
active user terminal in [154] was proposed to maximize the
user throughput. By measuring the transmission delay and
Doppler shift of user terminal, the network can estimate and
measure the position of user terminal during the call process,
so as to reserve channel resources for the user.

In practical applications, the non-priority handover strategy,
queuing priority strategy, and channel reservation strategy
can be selected according to the actual situation, or multi-
ple strategies can be utilized simultaneously. In general, the
queuing priority strategy has a better performance in terms
of the blocking rate and the drop rate for LEO satellite
communication networks [153]. Nevertheless, the comparative
analysis of these strategies and other QoS indicators and
system capacity needs to be further studied.
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B. Airborne Communications

Airborne communication systems utilize various aircraft
equipped with transceivers and sensors, to build communi-
cation access platforms [157]. These aircraft mainly include
UAVs, airships, and balloons, making up the LAPs and HAPs.
Compared with ground communication systems, airborne com-
munication systems can be flexibly deployed in a cost-effective
manner, irrespective of terrain. Compared with satellite com-
munication systems, airborne communication systems have
much shorter range LoS links, resulting in lower latency
and less propagation loss. Therefore, airborne communication
is a key part of space/air/ground communications. Enabled
by antenna array, the system can obtain new benefits. For
instance, antenna array provides considerable beam gains to
compensate propagation loss through directional transmission,
which improves the channel quality. Besides, the directional
transmission is beneficial to the reuse of spectrum resource in
the spatial domain. At the same time, antenna array enabled
airborne communication systems have varieties of distinct
characteristics and challenges in both communications and
networking. Fig. 14 illustrates the typical scenarios for the
airborne systems, where varieties of aircraft form an aerial ad-
hoc network and accomplish missions collaboratively. From
the perspective of communications, we mainly focus on beam
tracking, Doppler effects, and joint positioning and beamform-
ing. From the perspective of networking, directional neighbor
discovery, routing, and resource management are addressed.

1) Beam Tracking: Compared with terrestrial systems, 3D
mobility with very high dynamic is one of the typical char-
acters for airborne systems, especially for large-scale UAVs.
Due to the mobility, the directional transmission mechanism
enabled by antenna array brings serious beam misalignment
problem, which leads to the deterioration of communication
performance or even the interruption of connection. To main-
tain the beam alignment, typical beam tracking scheme for the
conventional terrestrial systems is to train the beam direction
periodically through transmitting pilot signals. However, the
high mobility as well as platform constraints (e.g., SWAP) of
airborne system may result in unacceptable burden of pilot
transmission, challenging the training-based beam tracking
scheme from being applied to that. Therefore, beam tracking
is practically important while quite a challenging problem
for antenna array enabled airborne communication system. A
distinct property for air-to-ground (A2G)/air-to-air (A2A)/air-
to-satellite (A2S) communications is that their channels are
dominated by LoS paths. By exploiting this property, mobility
prediction-based beam tracking schemes are more efficient
when LoS paths exist between airborne platforms and other
platforms. The angular velocity estimation, and angular do-
main information, i.e., elevation angle and azimuth angle
can be utilized to save the pilot overhead, rapidly establish
and reliably maintain communication links for A2G com-
munications [158], [159] and A2A communications [160].
Airborne sensors which provide movement state information,
like GPS and micro inertial measurement unit, can assist the
coarse beam alignment [161]. Besides, machine learning-based
schemes, such as Q-learning [162], long short-term memory

recurrent neural network [163] were exploited to assist beam
tracking, for their ability to predict beam alignment based on
sequential beam tracking experience. In summary, the high
dynamic of aircraft makes the beam tracking a challenging
problem for antenna array enabled airborne communication
systems. Both efficiency and overhead need to be balanced
when designing solutions. Available information and new
techniques that help predict the mobility of airborne platforms
can be exploited to assist beam tracking and help reduce the
overhead.

2) Doppler Effect: For airborne communication systems, an
inevitable problem is the Doppler effect, which can introduce
carrier frequency offset and inter-carrier interference. It is
known that the Doppler shift fD of a received signal is a
function of carrier frequency fc, relative velocity v, angle
of arrival (AoA) θ, and angle of the relative velocity θv ,
expressed as fD = (v/c)fc(θ − θv), where c is the speed of
light. If multi-path components (MPCs) arrive at the receiver
with different AoA, e.g., with large angular dispersion, the
resulting different Doppler shifts will produce spectral broad-
ening, called Doppler spread [164]. In high dynamic airborne
systems, one might initially think that Doppler spread would
be high and cause catastrophic effects on communications. In
fact, airborne platforms operate in high altitudes, the channels
are mainly dominated by LoS paths. MPCs are expected to
have very similar Doppler shift with relatively small angular
spread. This is especially true for high carrier frequency, such
as mmWave frequency [165]. Besides, directional transmission
enabled by antenna arrays will further reduce the number of
MPCs and in turn reduce the angular spread [22], [166]. Large
Doppler shift with small Doppler spread can be well mitigated
by frequency synchronization. Doppler power spectrum is
an important statistical property to characterize the Doppler
spread, which expresses the power spectral density of the
received signals as a function of the Doppler shift [166]. As a
result, Doppler power spectrum were derived and analyzed in
many studies on wideband non-stationary A2A/A2G channel
model [167]–[170]. It was found that the UAV rotations
significantly affect channel correlations [170]. To reduce the
Doppler effect, it is necessary to perform Doppler frequency
shift (DFS) estimation and compensation. The idea of coarse
estimation plus fine estimation may be favorable to achieve
a fast and accurate DFS estimation and compensation [171].
In a word, the high mobility of airborne platforms, the use of
higher carrier frequency and the directional transmission make
the Doppler effect of airborne communications different from
that of conventional terrestrial communications. It is worth
the research effort to model this property and compensate the
effect for multiple airborne communication scenarios.

3) Joint Positioning and Beamforming: With 3D mobility,
airborne platforms can design their positions or trajectories
according to the mission to improve communication per-
formance. Enabled by antenna array, beamforming can be
designed not only to improve the received signal power but
also to mitigate mutual interference. Therefore, there is a
great deal of freedom for antenna array enabled airborne
communication systems for jointly positioning (also trajec-
tory) and beamforming design. However, the joint design
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Fig. 14. Illustration of the typical scenarios for antenna array enabled airborne communications and networking.

is challenging. Different from the positioning of an aircraft
with single antenna, positioning and directional beamforming
are coupled for antenna array enabled airborne systems. The
channel state among the transmitter and receiver may change
according to the aircraft’s position and posture. Because of the
coupling variables, the optimization problem is non-convex
and difficult to solve. Moreover, the positioning design of
multiple airborne platforms is more tricky, since interference
between different terminals needs to be properly considered.
To solve the challenging joint positioning and beamforming
problem, a feasible solution is the iterative algorithm, where
beamforming and trajectory are alternately optimized [172].
Specifically, in each iteration, the trajectory is optimized by
fixing beamforming direction, and then beamforming is opti-
mized with fixed trajectory. Alternatively, the ideal beam pat-
tern was introduced and the joint optimization problems were
solved in two steps [173], [174]. The ideal beam pattern states
that the summation of the beam gains in different directions
is approximately equal to the number of antennas [35]. After
substituting the ideal beam gain, a more tractable joint deploy-
ment and beam gain allocation problem is obtained, followed
by approaching the ideal beam pattern through multi-beam
forming techniques. In addition, by applying a modified cosine
antenna pattern approximation of uniform linear array (ULA),
the UAV trajectory and directional beamforming can be jointly
optimized in a single convex optimization problem [175].
Besides, to ensure a robust joint trajectory and transmit
beamforming design, practical considerations such as UAV
jittering, user location uncertainty, wind speed uncertainty, and
no-fly zones are necessary [176]. In summary, to give full
play to the unique advantages of the antenna array enabled
airborne communication systems, flexible positioning needs to
be simultaneously designed with effective beamforming. As an
appealing and challenging research direction, it is worth the
effort for exploiting both optimization strategy and practical

communication scenario.
4) Antenna array enabled aerial ad-hoc network: Aerial

ad-hoc networks refer to multi-aircraft systems organized in
an ad-hoc fashion, aiming to accomplish complex missions
cooperatively. Compared to single aircraft aerial system, aerial
ad-hoc networks are more flexible, reliable and survivable
through redundancy. Therefore, aerial ad-hoc networks have
broad military, civilian, and commercial applications such
as remote sensing, traffic monitoring, border surveillance,
and relay networks [177]. At the same time, aerial ad-hoc
networks have distinct characteristics such as a high level of
network heterogeneity, highly dynamic, frequently changed
network topologies, weakly connected communication links,
and vulnerable to jamming and eavesdropping [157]. Direc-
tional communication enabled by antenna arrays provides
significant performance gain for aerial ad-hoc networks. By
focusing electromagnetic energy only in the intended direction,
antenna arrays can enlarge transmission distance for a given
power level, which improve network connectivity. On the
other hand, directional beams increase spatial reuse, which
allows more simultaneous transmissions and enhances anti-
jamming/eavesdropping abilities, thus providing higher net-
work capacity and security [178]. Nevertheless, these benefits
are accompanied by certain unique challenges. Mechanisms
that were designed for terrestrial ad-hoc networks or with
omnidirectional communications need to be redesigned for
the antenna array enabled aerial ad-hoc networks. We provide
an overview on the important issues and potential solutions,
mainly about neighbor discovery, routing, and resource man-
agement.

Neighbor discovery, also known as routing discovery, refers
to the process of finding one-hop neighbors, which is a
crucial initial step for establishing connections among the
nodes [179]. For omnidirectional antenna enabled networks,
simple broadcast can reach all neighbors. The problem is
more challenging for antenna array enabled networks, since
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nodes need to determine when and where to point their direc-
tional beams simultaneously to discover each other. A natural
approach to contour the challenge is to use omnidirectional
antenna in the neighbor discovery process [180], [181]. For
example, a dual-antenna collaborative communication strategy
was proposed in [180] for aerial ad-hoc networks, where
neighbor discovery is based on low-frequency heartbeat lo-
cation information piggybacked on control frames enabled by
omnidirectional antenna. The main drawback of this approach
is that an additional omnidirectional antenna is required. Fol-
lowing the similar idea, an antenna array can work in a quasi-
omnidirectional manner by omnidirectional beamforming to
perform neighbor discovery [182], [183]. However, wider
beam means lower beamforming gain, thus causing shorter
discovery range. Without synchronization and any available
information, probabilistic approach can be performed, where
each node randomly chooses a direction to steer its beam.
Obviously, this approach lacks performance guarantee in terms
of discovery delay [184]. With time synchronization among
nodes, e.g., with satellite positioning system as common clock
source, deterministic approach can be developed, where the
beam of each node is steered based on a predefined sequence.
For example, the antenna scans its beam clockwise to perform
neighbor discovery in [178], [182]. In this case, neighbors
can be discovered within one cycle with a high probability.
With partial prior information available, such as the location of
other nodes piggybacked through routing updates [178] or the
location/motion prediction [180], neighbor discovery may be
performed more rapidly and achieve fast convergence, known
as informed discovery [178].

After neighbor discovery, an aerial ad-hoc network requires
mechanisms for discovering routes and forwarding packets
along these routes. Routing plays the role, and has a major
impact on network throughput and packet delay. Compared
to conventional ad-hoc networks, the 3D high mobility of
aircraft brings intermittent connections and frequent topology
changes for aerial ad-hoc networks, which need to be emphat-
ically considered during routing design. The routing schemes
for aerial ad-hoc network can be categorized into topology-
based [185]–[187], geographic/location-based [188], [189],
and bio-inspired [190]–[192]. Topology-based routing requires
to obtain the routing path before data transmission begins,
which has high transmission efficiency but may cause high
overhead for routing discovery and maintenance. Geographic
routing utilizes geographic positions of the aircraft for routing
decisions, which requires hardware installations of aircraft.
Bio-inspired routing is inspired by collective behavior of
biological systems, such as the honey collection in a bee
colony, or food finding in an ant colony. Since there is no
significant difference from routing in omnidirectional aerial
ad-hoc networks. Routing schemes for antenna array enabled
aerial ad-hoc networks can draw lessons from that designed
for omnidirectional aerial ad-hoc networks [189], [193].

To encourage the quality of communication in a network,
there is a need for a framework to dynamically manage various
resources including time domain, frequency domain, power
domain, space domain, and so on [194]. Therefore, resource
management plays a key role in aerial ad-hoc networks. Typ-

ically, resource management includes spectrum management,
task assignment, interference management, power control, and
so on. The goal for spectrum management is to improve
spectrum utilization as well as to reduce mutual interference,
ensuring efficient and robust wireless communication for a net-
work [195]. Control-data separation architecture may achieve
both stable and high-rate communication for aerial ad-hoc net-
works [180]. Specifically, lower frequency was utilized for one
ommnidirectional antenna enabled control channel, ensuring
stable control frames transmission. Higher frequencies were
utilized for directional antenna enabled data channels, enabling
broadband data transmission. Oppositely, control-data sharing
the same bandwidth may achieve higher spectrum utilization
but also a potential interference problem [196]. Due to the
directional transmission characteristic and platform restriction,
particular attention should be paid to resources in space
domain and power domain for antenna array enabled aerial ad-
hoc networks. Benefiting from antenna array, narrow beams
increase spatial reuse, and thus enable more simultaneous
transmissions and decrease mutual inferences [178], [197].
Efficient beam management scheme is necessary to guarantee
network performance. At the same time, beam misalignment
problem should be addressed considering the high mobility
of aircraft. Besides, the onboard energy of aircraft, especially
for small UAVs, are usually limited. Thus, energy-efficient
operations such as transmission power control, load balancing
and node sleep are essential for aerial ad-hoc networks [196].

In summary, the high-dynamics of aircraft and directional
transmission bring unique challenges on antenna array enabled
airborne ad-hoc networks. Prior information and geographic
positions are helpful, and can be exploited to facilitate the pro-
cess of neighbor discovery and routing. Bio-inspired routing
scheme is a promising routing solution worth exploring. Be-
sides, directional transmission and platform constraints bring
more considerations regarding resource management in space
domain and power domain.

C. Ground Communications

Massive antenna array technology has been widely used in
5G communication systems nowadays, such as beamforming
technology based on antenna arrays [198]–[200]. Beyond
5G (B5G) and 6G communications need to address more
challenges on high data rate, low latency, massive connectivity,
seamless coverage and high-speed mobility. Antenna array will
be one of the key technologies to support ground communi-
cations by providing high beamforming gain and multiplexing
of users. We will introduce the applications of antenna array
in ground communications in details as follows.

1) Cellular Massive MIMO: In order to deal with massive
connectivity and provide better service for users, cellular
networks with smaller cells compared to 4G are widely used
in 5G communication networks. The combination of mmWave
and large-scale antenna array brings new solutions for high
throughput. Nevertheless, it brings new challenges at the
same time. To overcome high path loss and blockage of
mmWave signals, an effective approach is that dividing smaller
cells to provide better user QoS by getting the transmitters



17

and receivers closer. The small cells, which are defined as
low-power wireless access points (APs) operated in licensed
spectrum, can provide improved cellular coverage, capacity
and applications for homes, enterprises and other connectiv-
ity [201], compensate mmWave pass loss and contribute to
seamless coverage.

Although multi-cell systems can provide better performance
for users, they may suffer severe inter-cell interference caused
by frequency reuse, especially for cell-edge users. Inference
management and elimination is one of the most signifi-
cant challenges for multi-cell transmissions, which needs the
cooperation among BSs in different cells. The coordinated
beamforming (CoBF) designed for massive MIMO multi-cell
networks, where BSs are equipped with a large antenna array,
has attracted great concern to achieve interference suppres-
sion. There are two important downlink multi-cell interference
mitigation techniques, i.e. large-scale MIMO (LS-MIMO) and
network MIMO [202]. In a LS-MIMO system, BSs equipped
with multiple antennas not only serve their scheduled users,
but also null out interference caused to other users within
cooperating cluster using ZFBF. In a network MIMO system,
BSs eliminate interference through data and CSI exchange
over the backhaul links and joint transmission using ZFBF.
It was proved that LS-MIMO can be the preferred approach
for multi-cell interference mitigation in wireless networks. To
improve the throughput of cell-edge users, two interference
alignments, termed interfering channel alignment based CoBF
and interference alignment based CoBF, can be used [203].
Two BSs jointly optimize their beamforming to improve the
data rates of cell-edge users without data sharing between two
cells.

As the number of antennas increases, one of the immediate
problems is that the spatial limitations at the top of BS tower
limit the use of massive linear antenna array. For example, the
length of 64 half-wave antennas in linear array paradigm will
reach 4 meters at the carrier frequency of 2.4 GHz. Hence,
it is crucial to limit massive antenna array in a smaller form
factor. To overcome this problem, full dimension MIMO (FD-
MIMO) that utilizes a large number of antennas placed in
a 2D antenna array at BSs has attracted substantial research
attention from both wireless industry and academia in the past
few years [204]. It is defined in 3GPP and is considered as a
critical technology for 5G cellular systems to improve network
capacity as it allows cellular systems to support a large number
of users by using multi-user MIMO technology. It allows
the extension of spatial separation to elevation domain as
well as traditional azimuth domain as shown in Fig. 15,
which can reduce the form factor of antenna array at the
same time [205]. Both azimuth and elevation angles of the
downlink beams can be steered dynamically [204], [206],
which exploit full degrees of freedom (DoFs). Benefiting from
the additional DoF of FD-MIMO, flexible 3D beamforming
can be employed in BSs to achieve effective interference
coordination in cellular networks [207], [208]. Nevertheless,
both the works in [207] and [208] utilize statistical CSI in
order to reduce the feedback overhead of channel estimation.
How to obtain instantaneous CSI is a great challenge for large-
scale antenna arrays. Fortunately, the use of RSMA in large-
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Fig. 15. FD-MIMO.

scale antenna array and massive MIMO systems has been
shown to boost the performance over conventional massive
MIMO in the presence of imperfect CSI due to frequency
division duplexing (FDD) quantization [209], [210], time
division duplexing (TDD) pilot contamination [211], phase
noise and hardware impairments [212], or due to mobility and
latency [213].

Although massive MIMO further improves spectral efficient
and link reliability, it comes at the cost of significantly
increased computational complexity compared to small-scale
MIMO systems. In particular, uplink signal detection becomes
inefficient and has high complexity because of the large
increase of dimensions caused by massive antennas. Conven-
tional optimal method, such as maximum-likelihood detection,
is not suitable anymore for high complexity. Massive MIMO
systems at BSs requires novel detection algorithms that fit for
high-dimensional problems with low complexity [214], [215].
There has been several reduced-complexity linear minimum
mean square error (LMMSE)-based detectors proposed, but
still require high hardware complexity and power consumption
as the number of transmit antenna increases [216] or the
number of users increases [217]. An iterative data detection
algorithm based on the coordinate descent method can be used
to further reduce complexity [215], which is able to achieve
the same or even higher bit error rate performance compared
with the classical LMMSE algorithm. To reduce the signal
processing pressure at BSs, distributed algorithm, where BS
antennas are divided into different clusters and each cluster has
independent computing hardware is an effective method [218].

Except for data detection, interference management is quite
important for uplink transmission in multi-cell MIMO sys-
tems, where a large number of small cells result in severe
uplink interference for pilot reuse in channel estimation. The
simulation results in [219] shown that higher level of pilot
reuse results in lower achievable sum spectral efficiency and an
uplink detector was developed to suppress both intra-cell and
inter-cell interference based on MMSE. In [220], the authors
improved uplink performance in massive MIMO macrocells
through uplink power control and cell range extension in
a two-tier massive heterogeneous cellular network, which
ingrates both cellular network and massive MIMO. In multi-
cell systems, the cooperation of BSs that regard BSs as dis-
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tributed antennas is common and effective method to achieve
interference elimination, but requires a large amount of CSI
between BSs and users among cooperating cells. Interference
suppression approach that doesn’t require cell cooperation
is convenient and the novel semi-blind uplink interference
suppression method for multi-cell multi-user massive MIMO
systems in [221] is confirmed to be the most effective solution
evolving spectral use for future wireless networks.

However, most proposed data detection and interference
management methods depend on perfect CSI at BSs, which
is impractical. Hence, how to design low-complexity data
detector at BSs to reduce power consumption and design
effective pilot to suppress interference under imperfect CSI
is quite important in uplink networks and need further study.

2) Cell-free MIMO: 5G cellular communication networks
can provide much higher peak data rates and traffic throughput
and lower latency compared to previous cellular technologies.
However, this outstanding performance can only be achieved
by the users nearby BSs. For severe inter-cell interference, the
experience performance of edge-users can be much worse. In
a conventional cellular network, each user is connected to the
BS in one of the cells and the BSs have multiple active users
to serve at a certain time, which causes inter-cell interference
inevitably [222]. All the service antennas are located in a
compact area and have low backhaul requirements.

In contrast, in a cell-free network, there are a large number
of distributed antennas, called APs, that serve a much smaller
number of users over the same time/frequency resources [223].
“Cell-free” signifies that there are no cell boundaries during
data downlink transmissions from the user perspective. An
AP will cooperate with different sets of APs when serving
different users. The comparison between conventional cellular
network and cell-free network is shown in Fig. 16. It is users
that select the set of APs that can provide the best service for
itself, instead of the network. Namely, cell-free network is a
user-centric paradigm [27].

The APs are connected via fronthaul to central processing
units that are responsible for the coordination and are seen
as the enabler of cell-free massive MIMO [222]. Each AP
uses local channel estimation based on received uplink user
pilot and applies conjugate beamforming (CBF) to transmit
data to users [224]. Although CBF only requires local CSI, its
design is based on a large-scale nonconvex problem with very
high computational complexity. Hence, CBF that admits a low-
scale optimization formulation for computational tractability
is required [225]. The proposed method can improve both the
Shannon function rate and URLLC.

Most of the traffic congestion happens at the cell edges
in cellular networks so that user-experienced performance
is poor. The purpose of the cell-free paradigm is not to
achieve high peak performance, but to provide more uniform
performance. It is proved that the cell-free massive MIMO
significantly outperforms small-cell in both median and 95%-
likely performance. What is worth noting is that the cell-free
massive MIMO system can provide almost 20-fold increase
in 95%-likely per-user throughput compared with small-cell
system [223]. Moreover, the simulation results in [226] shown
that the 95%-likely per-user throughput of cell-free system can
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Fig. 16. The comparison between conventional cellular network and cell-free
network.

be further improved through increasing antenna number.
One of the main challenges to design cell-free massive

MIMO is how to achieve a network that is scalable in the sense
of being implementable in a large network. Specifically, how
to achieve the benefits of cell-free massive MIMO in a practi-
cable way under high computational complexity and fronthaul
capacity requirements should be considered. Motivated by this
purpose, the framework for scalable cell-free systems should
be developed and the method to make the network scalable
is needed [227]. Although the proposed method in [227] is
nearly optimal, power allocation for centralized and distributed
operation was not considered. Power control is very important
to protect users from strong interference. There have been
many heuristic power allocation schemes [228], [229], how
to perform effective and scalable power allocation in cell-free
systems still needs further study.

3) V2X Communication: Autonomous driving has been an
innovative technology for future intelligent transport systems,
where V2X communications can enhance the safety and effi-
ciency [230], including vehicle-to-vehicle (V2V), vehicle-to-
infrastructure (V2I), vehicle-to-pedestrian (V2P) and vehicle-
to-network (V2N). Future 5G cellular systems will support
vehicular networks and high data transmission rates among
fully connected vehicles, where vehicles will be equipped with
more sensors and generate gigabit data per second. Besides,
5G is supposed to support high-speed terminals such as high-
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speed trains. The V2X network is shown in Fig. 17. Massive
connectivity, explosive data, low latency, high-speed terminals,
frequent handover and user infotainment bring great challenges
for 5G vehicular communications.

MmWave technology with large-scale antenna arrays will
play a significant role in vehicular networks by providing
high data transmission rates. It is proved that mmWave mas-
sive MIMO can deliver Gbps data rates for next-generation
vehicular networks [231]. Although mmWave can provide
high data rates and low latency, it has high requirements
for LoS. If transmission link is blocked, link quality will
be greatly reduced. It is practical to model a theoretical
highway communication model, where vehicles are served by
mmWave BSs alongside the road and blockage was particu-
larly considered [232]. In the proposed practical application
scenario, heavy vehicles in low lanes may obstruct the LoS
paths between vehicles in fast lanes and BSs, through which
analyzing how blockage densities impact the user achievable
data rate can be studied.

One of the challenges for vehicular networks is that high-
speed terminals will make widely-adopted technology used
in static scenarios or low-speed scenarios inefficient duo to
Doppler spread. With frequent handover and rapidly changing
CSI, fast beam alignment techniques should be developed
to meet vehicle’s mobility requirements. However, frequent
beam sweeping will suffer large overhead and is ineffective
in high mobility environment. It is necessary to design the
beam alignment scheme for mmWave V2V communication
between neighbor vehicles on highway with high speed with-
out any searching steps in beam training [233]. The proposed
beam alignment method can provide significant throughput
improvements compared to general car-following scenarios on
the high-way.

What is more remarkable is that for high speed trains
with speed of over 400km/h in the future, providing services
satisfying traffic demand for numerous passengers is a great
challenge. Compared to highway scenarios, high-speed trains
run at higher speeds, which can lead to more frequent han-
dovers and severe inter-carrier interference due to Doppler
frequency spread. Therefore many existing beam tracking
methods fail to apply to high-speed trains. In terms of this is-
sue, dynamic beam tracking strategy for mmWave high-speed
railway communications that can adjust the beam direction and

beam width jointly should be applied [234]. Doppler frequency
offset can be compensated through beam alignment and data
transmission can be realized through hybrid beamforming for
high-speed train communications [235]. Undoubtedly, massive
antenna arrays will play an important role in such a scenario.

Much existing research on beam tracking is based on
known vehicle positions and statistics CSI. Effective channel
estimation is necessary for such a dynamic scenario. Wide
beam design may be a feasible method against high-speed
mobility. Besides, mmWave signal is sensitive to LoS path.
To provide strong connection between BSs and vehicles, RISs
can be intelligently applied.

V. FUTURE RESEARCH DIRECTIONS

To provide more insights on the design of space/air/ground
communications and networking, future directions of research
are pointed out as follows:

• Channel estimation and new modulation methods in RISs-
assisted communication systems: Despite various perfor-
mance gains brought by RIS, the accurate knowledge
of CSI is a prerequisite for passive beamforming de-
sign or modulation schemes. However, RIS cannot send
or decode pilot signals to perform channel estimation,
because of its passive and RF chain-free structure. It
may be possible for RIS to equip simple communication
module to enable the sensing capability for channel
estimation [81]. However, it would put heavy signal
processing burdens and energy consumption, which is
contrary to the original intention of applying RIS as a cost
and energy-effective technology. Besides, applying RIS
in the wireless transceiver is a promising candidate for
future innovative transceiver technologies, which greatly
reduces the hardware complexity and implementation
costs. However, the research of RIS-based transceiver is
still in its infancy. New modulation methods including
theoretical modeling, scheme design, practical measure-
ment, and prototyping work, are worth exploring. Overall,
practical channel estimation schemes and new modulation
methods for RISs-assisted communication systems are
open research directions which deserves dedicated efforts
for further investigation.

• Artificial intelligence (AI)-empowered space/air/ground
communications and networking: Taking a wide va-
riety of application tasks, antenna array enabled
space/air/ground communication networks are becoming
increasingly complicated, decentralized, and autonomous.
As a result, it may be challenging to employ mathematical
model-based theories to solve problems in large-scale
and dynamic cases. In contrast, AI, with model-free,
data-driven, adaptive, scalable, and distributed character-
istics, shows great potential to achieve significant perfor-
mance enhancement for space/air/ground communication
networks. For example, deep reinforcement learning is
promising to help beam tracking based on prior beam
alignment decisions and environment information, strik-
ing a balance between the system resilience and effi-
ciency [162]. Besides, AI is a potential solution to solve
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the complex resource scheduling problem for antenna
array enabled communication systems, where not only the
original decision domains of time, frequency, and power
are considered, but also the beam domain is involved. In
summary, AI is a powerful approach to realize an antenna
array enabled space/air/ground communication system
having rapid response, adaptive learning, and intelligent
decision.

• Joint deployment and beamforming: A distinct superiority
of airborne platforms is on-demand deployment. More-
over, a distinct superiority of antenna array is beamform-
ing. Thus, antenna array enabled airborne communication
systems have a great DoF to perform joint deployment
and beamforming design to improve communication per-
formance. However, the deployment and beamforming
are highly coupled. The channels are affected by dif-
ferent positions of airborne platforms. Moreover, when
considering the dynamic scenario such as the movement
of users, the design is more challenging due to the tra-
jectory and beamforming. Besides, practical factors such
as aircraft jittering may cause beam misalignment thus
deteriorating the communication link quality. As a result,
the robust joint deployment and beamforming design for
airborne communication networks, which concentrates on
both optimization strategy and practical scenario, is an
appealing future research direction.

• Joint resource management and routing: The directional
transmission of antenna array and high dynamics of
airborne platforms have brought new challenges for both
resource management and routing. While in fact, the re-
source management in physical and media access control
(MAC) layers and the routing in network layer are highly
coupled. Thus, the joint design of resource management
and routing for airborne ad-hoc networks is necessary
and challenging. The multiple dimensional resources such
as time slot, spectrum, spatial beam, and power should
be carefully managed according to the communication
tasks. Due to the high dynamics of aircraft, the airborne
ad-hoc network’s topology is rapidly changing, resulting
in not only the change of routing paths but also time-
varying available communication resources. To enhance
the overall system performance when facing multiple
concurrent tasks, it is promising to perform real-time
cross layer optimization to allocate the resources in an
active manner and update the routing paths according to
the network state.

• Adaptive multi-beam pattern and footprint planning:
When providing services to users in remote areas,
the uneven distribution of user terminals and dynamic
changes in traffic demand, and satellite network access
requirements will vary with the user’s access time and
geographic location. Therefore, in order to meet the
ubiquitous access needs of users anytime and anywhere,
adaptive multi-beam patterns and footprint planning rep-
resent an important research direction. Beam patterns and
fingerprints of satellite array antennas are susceptible to
the uneven distribution of user and traffic requirements,
channel conditions, user QoS requirements, and wireless

resources. Therefore, uniform traffic load distribution,
simplified radio resource management, effective load and
frequency distribution need to be emphasized. The above
problem is usually modeled as a compromise between
unlimited resource management, load balancing, and user
demand. However, this problem is generally a highly non-
convex optimization problem, which is challenging to
deal with.

• Multi-spot beam arrangement: With the continuous ex-
pansion of the scope of people activities and the rapid
growth of traffic demand, the requirement for broadband
satellite capabilities has been diversified. However, the
spectrum for satellite communications is becoming in-
creasingly scarce. It is necessary to effectively use the
limited spectrum resources to share resources with other
communication systems. Digital beamforming has a high
degree of flexibility and can be used to allocate power
resources. Besides, in satellite communication systems
equipped with digital beamforming technology, the the-
oretical relationship between multipoint beam placement
and throughput is an important research direction in the
future. The internal mechanism of the distance between
spot beams in the same frequency band and the distance
between adjacent spot beams in different frequency bands
and the overall system throughput is still unclear. To im-
prove the overall system throughput through multi-point
beam placement is usually constructed a 0-1 non-convex
optimization model. Therefore, solving this problem is
challenging.

• Practical considerations for ground communications: As
the number of antenna elements arises, hardware cost
will be a challenging problem for MIMO communication
system. It is urgent to improve the traffic capacity and
reduce the cost at the same time. Besides, CSI estimation
is one of the major challenges in large-scale antenna
array enabled communication system. How to design low-
complexity pilot training in MIMO system to achieve
channel estimation is an important research topic. As the
number of access users increases, inter-cell and intra-
cell interferences become much severer, especially in
dense urban areas, and effective interference manage-
ment methods are needed. Moreover, beam handover and
beam tracking methods are supposed to be used in hot-
spot areas. For the V2X network, various problems and
challenges have been proposed in such highly dynamic
vehicular communications. Machine learning may be a
potential candidate in the handover process design.

• SAGIN: As the demand for communication in dense
urban areas increases, it is inevitably to integrating satel-
lite communications and airborne communications with
ground communications, i.e., forming the SAGIN. As
the candidate communication platforms, ground infras-
tructures should cooperate with aircraft and satellites
to solve coverage limitations, access restrictions, and
timeliness requirements, and provide users with better
and more real-time services. High dynamic scenarios
result in more complex and difficult routing and han-
dover management. Future researches should pay more
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attention to the integrated system, such as the assignment
allocation, power allocation, spectrum allocation, and
equipment management. The integration of large-scale
antenna arrays provides a significant technique support
for SAGIN.

VI. CONCLUSIONS

With the explosive growth in demand for information in
modern society, space/air/ground communication networks are
envisioned to constitute a promising architecture for build-
ing fully connected global next generation communication
networks, satisfying the future network requirements of 6G.
To meet the ever increasing demands of high capacity, wide
coverage, low latency, and strong robustness for communi-
cations, it is encouraging to adopt antenna arrays to obtain
considerable antenna gains, multiplexing gains, diversity gains,
and many other benefits. This paper surveyed primary char-
acteristics and mechanisms for the design of antenna array
enabled space/air/ground communication networks. Specially,
the antenna array structures and design were first introduced,
where the classification, features and application scenarios
of antenna array were discussed. Secondly, the antenna ar-
ray enabled emerging communication technologies, mainly
focusing on new beamforming technologies were considered,
multi-antenna multiple access, RISs, and secure communi-
cations. Then, the distinct characteristics of antenna array
enabled satellite communications, airborne communications,
and ground communications were reviewed, and the unique
challenges and key technologies were highlighted. Finally,
future research directions and challenges were summarized.
This paper offered the reader a general perspective and cur-
rent research status on the design of antenna array enabled
space/air/ground communication and networking, and moti-
vated further research efforts on this topic.
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