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Abstract—In wireless communications, electromagnetic theory
and information theory constitute a pair of fundamental theories,
bridged by antenna theory and wireless propagation channel
modeling theory. Up to the fifth generation (5G) wireless com-
munication networks, these four theories have been developing
relatively independently. However, in sixth generation (6G) space-
air-ground-sea wireless communication networks, seamless cov-
erage is expected in the three-dimensional (3D) space, potentially
necessitating the acquisition of channel state information (CSI)
and channel capacity calculation at anywhere and any time. Ad-
ditionally, the key 6G technologies such as ultra-massive multiple-
input multiple-output (MIMO) and holographic MIMO achieves
intricate interaction of the antennas and wireless propagation
environments, which necessitates the joint modeling of antennas
and wireless propagation channels. To address the challenges
in 6G, the integration of the above four theories becomes
inevitable, leading to the concept of the so-called electromagnetic
information theory (EIT). In this article, a suite of 6G key
technologies is highlighted. Then, the concepts and relationships
of the four theories are unveiled. Finally, the necessity and
benefits of integrating them into the EIT are revealed.

Index Terms—Electromagnetic information theory, Maxwell’s
equations, radio channel models, channel capacity, 6G wireless
communications.

I. INTRODUCTION

The sixth generation (6G) technologies are in the prelim-
inary stages of exploration. The research, development, and
standardization of 6G technologies require major theoretical
breakthroughs. Electromagnetic theory and information theory
constitute a pair of pivotal theories in wireless communica-
tions. They are intricately interlinked by wireless propagation
channel modeling theory and antenna theory. Electromagnetic
theory describes the generation and propagation of electromag-
netic waves, while information theory quantifies the amount of
information transmitted. Wireless propagation channel mod-
eling theory characterizes the wireless propagation channels
between the transmitter (Tx) and receiver (Rx), excluding
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the Tx and Rx antennas. As a further pivotal component,
antenna theory considers the design, analysis, and characteri-
zation of antennas. Finally, the wireless propagation channel
links the Tx and Rx antennas and carries information via
electromagnetic waves, acting as the bridge connecting the
four theories. The integration of the four theories is termed
as electromagnetic information theory (EIT), which was first
proposed in [1] and [2] with the objective of analyzing the
constraints and limitations of information transmission caused
by electromagnetism. Then, harnessing hitherto unexploited
dimensions of electromagnetic waves, such as orbital angular
momentum (OAM), constitutes a compelling application of
EIT. Furthermore, the employment of metamaterials relying on
the marriage of physical and mathematical principles promotes
the further development of EIT [3]. The EIT-based system
model for multiple-input multiple-output (MIMO) systems
may, however, fail to obey some conventional assumptions
of wireless communications [4]. In summary, EIT attempts
to model general channels in a comprehensive manner. Some
recent advances and open problems of EIT were shown in [5].

Up to the fifth generation (5G) wireless communication
networks, these four theories have been developing relatively
independently. However, 6G aims for supporting the intelligent
Internet of everything. Furthermore, 6G will fully utilize all the
frequency bands, spanning from sub-6 GHz to optical wireless
bands. In terms of coverage, 6G will be extended from local
terrestrial coverage to space-air-ground-sea global coverage.
Furthermore, 6G will intrinsically amalgamate technologies
such as integrated sensing and communication (ISAC), ultra-
massive MIMO, holographic MIMO schemes, and reconfig-
urable intelligent surfaces (RISs), aiming for the provision in
support of intelligent and secure networks. In short, the 6G
visions can be summarized as global coverage, all spectra,
full applications, and strong security [6]. Correspondingly, 6G
channels can be summarized as all frequency band channels,
global coverage scenario channels, and full application sce-
nario channels [7].

In 6G space-air-ground-sea wireless communication net-
works, the base stations (BSs) may be mobile in low-earth or-
bit (LEO) satellite and vehicular communications. Hence, the
underlying wireless channels tend to be of three-dimensional
(3D) mature in space, potentially necessitating the acquisition
of the channel state information (CSI) and channel capacity
calculation at any location in the 3D space. The underlying
electromagnetic theory relies on continuous time and space,
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facilitating the calculation of the continuous-space electromag-
netic field distribution. However, relying solely on electromag-
netic theory does not allow us to calculate the continuous-
space channel capacity. To achieve their ambitious objective,
electromagnetic theory and information theory have to be
integrated in 6G to solve the above problems. Furthermore,
ultra-massive MIMO schemes will further increase the number
and size of antennas, while holographic MIMO will reduce the
antenna spacing, resulting in tighter integration of antennas
and the underlying propagation environment. However, the
integration of these four theories poses challenges, while
creating some new opportunities for joint antenna and system
design. In summary, 6G space-air-ground-sea networks exhibit
extreme technical requirements, which are beyond the scope
of each of the individual theories. It is necessary to integrate
the four theories to form the fundamental architecture of EIT.

In a nutshell, we illustrate the fundamentals, requirements,
and applications of EIT. Firstly, a range of 6G techniques,
including holographic MIMO, ISAC, RIS, space-air-ground-
sea integrated networks, and experimental channel measure-
ment verifications are illustrated. Secondly, the relationships of
the four fundamental theories and their gaps are investigated.
Finally, the compelling case for integrating the four theories
into EIT is discussed, and the potential performance benefits
conclude our discourse.

II. 6G KEY TECHNOLOGIES AND CHALLENGES

In this section, 6G key technologies and challenges are high-
lighted, including holographic MIMO, ISAC, RIS, space-air-
ground-sea integrated networks, and also experimental channel
measurement verifications.

A. Holographic MIMO Aided Communications

Holographic MIMO schemes evolved from traditional mas-
sive MIMO, which rely on an infinite number of antenna
elements in a compact space to realize a continuous-aperture
array. Therefore, classic discrete channel modeling is not
applicable, it has to be integrated with continuous-space elec-
tromagnetic theory. When the antenna elements are displaced
closer and the number is increased, the Rayleigh distance
becomes higher. The mutual coupling and near-field effects
become more obvious. However, the influence of mutual
coupling and near-field effects on the communication perfor-
mance is not clear from the perspective of antenna design and
channel modeling. For example, in terms of antenna design,
the mutual coupling effect has to be mitigated as much as
possible, because it can degrade the performance. However, as
for channel modeling, recent research concluded that mutual
coupling may improve the channel capacity of holographic
MIMO, in contrast to conventional antenna design. Therefore,
constructing a unified model for mutual coupling from the
dual perspective of antennas and channels is important for
holographic MIMO channel modeling. Additionally, precoding
schemes considering mutual coupling also require further
study for system performance enhancement.

B. ISAC

ISAC is capable of improving spectral efficiency, hardware
efficiency, and information processing efficiency in conjunc-
tion with sophisticated spectrum sensing. However, it requires
accurate 3D CSI in real time for positioning, ranging, velocity
estimation, imaging, detection, recognition, and environmental
reconstruction. As a benefit, it provides situational awareness
in the physical world. Therefore, the relationships between
the physical environment and the statistical properties of the
wireless channel model are critical for high-precision CSI
acquisition. ISAC requires more detailed analysis and the
extraction of information from electromagnetic waves to ef-
fectively measure the information contained in the continuous
space. Due to the heterogeneous characteristics of ISAC, the
electromagnetic waves contain a wealth of information such
as time, space, structure, and material of the environment
encountered. Traditional communication and sensing schemes
are not applicable, and it is necessary to establish the unique
information theory of ISAC systems based on electromagnetic
theory to characterize the communication and sensing perfor-
mance of the system.

C. RIS Channel Modeling

As an extension of multi-antenna technology, RISs have
attracted wide attention [3]. They are capable of achiev-
ing coverage expansion, including non-line-of-sight scenario
enhancement and supporting edge users. They also support
high-precision positioning. RISs constitute a multidisciplinary
technology, including material science, electromagnetism,
information-, electronics-, and communication-engineering,
requiring substantial further research. However, there are still
numerous challenges involving their theoretical models and
applications. RISs are composed of a large number of passive
reflection units, and the reflection coefficient of each unit has
to be adjusted. Moreover, the RIS channel is of full rank,
which can increase the channel capacity. In addition, RIS chan-
nel measurements only focus on channel large-scale fading,
with less attention dedicated to small-scale channel fading,
and do not study the impact of propagation environment and
important antenna parameters on the statistical properties of
the RIS channel model.

D. Space-Air-Ground-Sea Integrated Networks

The 6G networks are three-dimensional space-air-ground-
sea integrated networks. The BSs constituted by satellites
and unmanned aerial vehicles tend to move continuously.
Therefore, space-air-ground-sea integrated networks have to
consider non-stationarity in the space-, time-, and frequency-
domains, while relying on the intelligent scheduling of
network resources. Space-air-ground-sea integrated networks
have mobile base stations and users, and they can be dis-
tributed everywhere. Therefore, it is important to obtain CSI
in continuous space. It also has to ensure high-reliability and
continuous-space multi-user communications, so the network
reliability and stability are important challenges. Their security
issues including their secrecy capacity also necessitates a
community-wide effort.
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E. Experimental Channel Measurement Verifications

The aforementioned key technologies can be verified
through 6G wireless channel measurements, for example,
holographic MIMO, ISAC, and RIS channel measurements.
Firstly, holographic MIMO technology can sense complex
electromagnetic environments and realize the real-time pre-
dictive analysis of electromagnetic space. Holographic MIMO
channel measurements can infer the transmission rate of
continuous-space channels having extremely high spatial res-
olution and support continuous-space channel modeling and
antenna design. Secondly, by harnessing ultra-massive MIMO
antenna arrays, ISAC channels can be characterized. Thirdly,
through RIS wireless channel measurements, the mechanism
of how the physical environment affects the electromagnetic
waves can be explored. In RIS-aided systems, different num-
bers, positions, and topologies of RIS units may be used at
the Tx and Rx, where the electromagnetic wave propagation
is manipulated by reflected phase control. Therefore, RIS
channel measurements can support the expanded applications
of Maxwell’s equations. Finally, the influence of important
antenna parameters such as their mutual coupling coefficient,
radiation efficiency, and bandwidth on the radio channel’s
statistical properties and channel capacity can be explored.

III. FOUR FUNDAMENTAL THEORIES

In this section, four fundamental theories are illustrated and
their relationships with key technologies are investigated.

A. Electromagnetic Theory

Electromagnetic theory characterizes the generation and
propagation of electromagnetic waves and studies the relation-
ships between various physical quantities in electromagnetic
fields. It hinges on Maxwell’s equations partial differential
equations and integral equations describing the relationship
of electric and magnetic fields. Electromagnetic theory can
be applied to deterministic ray tracing propagation channel
modeling, electromagnetic field analysis, as well as to circuit
and chip design. In 6G communication systems, both ISAC
and holographic MIMO schemes rely on continuous-space
electromagnetic fields and CSI of the environments. However,
applying electromagnetic theory individually to obtain the
continuous-space electromagnetic fields and CSI would result
in excessive computational complexity.

B. Information Theory

Information theory deals with the transmission and pro-
cessing of information. It focuses on the efficient and ac-
curate transmission of information under the constraints of
limited bandwidth and power. The classical Shannon capacity
quantifies the maximum error-free transmission rate within a
constrained bandwidth and power in additive white Gaussian
noise (AWGN) channel [8]. Information theory characterized
the channel capacity of a whole raft of wide-sense stationary
(WSS) fading channels of both single- and multi-user systems,
as well as their degree of freedom (DoF). However, 6G
faces the hitherto unprecedented requirements of ultra-massive

MIMO, high-mobility, millimeter-wave/terahertz communica-
tions, and space-air-ground-sea integrated networks, relying on
ultra-massive MIMO schemes exhibiting space-time-frequency
non-stationarities. Furthermore, the BSs and users are roaming
continuously in LEO satellite and vehicular communications
in the 3D space. The near-field and non-stationary channel
capacities cannot be calculated by using information theory
alone, and there is no unified formula for multi-user/network
capacity calculation in the continuous space.

C. Wireless Propagation Channel Modeling Theory

Wireless propagation channel models describe the channels
between the Tx and Rx antennas, but exclude the Tx and
Rx antennas. Channel fading can be classified as large-scale
fading - including the path loss and shadow fading - and small-
scale fading. Large-scale fading is utilized in wireless network
planning and optimization. Small-scale fading is important in
the context of channel estimation, modulation, and coding.
Wireless propagation channel models include deterministic
channel models, geometry-based stochastic models (GBSMs),
correlation-based stochastic models (CBSMs), and beam do-
main channel models (BDCMs). These channel models also
consider a part of the antenna radiation parameters. New
antenna design paradigms such as holographic MIMO and
ultra-massive MIMO are closely related to the communication
environments. However, applying classic wireless propagation
channel modeling theory in isolation cannot consider all
antenna parameters and their influences on the associated
statistical properties, hence the associated channel capacities
are unknown.

D. Antenna Theory

Antenna theory deals with the design, analysis, and char-
acterization of antennas. The main design techniques rely on
radiation field analysis with the objective of meeting the re-
quirements of communication systems. Antennas generate and
receive electromagnetic waves, linking the Tx and Rx with the
aid of specifically designed transmit and receive beamforming
pattern. In 6G communication systems, novel technologies
such as RIS, ultra-massive MIMO, and holographic MIMO
have emerged and they have to consider the features of both
the Tx and Rx antennas as well as channel statistics. However,
antenna theory only considers single-sided Tx or Rx antenna
design and ignores the influence of all antenna parameters on
the channel capacity.

E. Relationships and Gaps Among the Four Theories

Compared to 5G communication systems, 6G faces radi-
cal requirements in support of ISAC, ultra-massive MIMO,
holographic MIMO, RIS, and space-air-ground-sea integrated
networks. These demanding applications rely on an amal-
gam of individual theories. Their relationships and gaps are
highlighted at a glance in Fig. 1. Electromagnetic theory
is based on mathematical calculus, while information theory
relies on probability theory and linear algebra theory. However,
they lack a unified mathematical apparatus. The classic ray
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① Electromagnetic theory and information theory lack a unified mathematical method.

② Stochastic channel models are not directly related to electromagnetic theory.

③ The influences of space-time-frequency non-stationarity and near-field effects on channel capacity are not clear.

④⑤ Channel models and capacities only consider antenna radiation parameters, not antenna circuit parameters.
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Fig. 1. Relationships and gaps between electromagnetic theory, information theory, wireless propagation channel modeling theory, and antenna theory.

tracing based wireless propagation channel modeling relies
on a simplified form of electromagnetic theory in the high-
frequency band. However, GBSMs, CBSMs, and BDCMs are
not directly related to electromagnetic theory. Naturally, the
specific channel model will directly affect the capacity, but the
influence of space-time-frequency non-stationarity and near-
field effects on channel capacity has not been quantified. In
addition, the antenna circuit parameters, such as the impedance
and resonant frequency are not included in the wireless
propagation channel models and capacity expressions. Again,
since the above four theories were developed independently,
we set out to intrinsically amalgamate them for 6G wireless
communication systems.

IV. EIT: INTEGRATION OF THE FOUR THEORIES

In this section, the necessity and methods to integrate the
four theories will be investigated. The technical 6G challenges
and directions of theory integration are summarized in Table I
at a glance. The benefits of integration can be outlined as
twinning electromagnetic theory and information theory, in-
creasing the channel capacity, accomplishing wireless channel
modeling theory, and facilitating antenna design. Therefore,
the benefits of EIT will guide antenna design and enhance
the performance of 6G wireless communication systems. For
example, the performance of channel estimation can be im-
proved when integrating EIT into classical minimum mean
square error (MMSE) channel estimation.

A. Twinning Electromagnetic Theory and Information Theory

ISAC and holographic MIMO schemes have to obtain
continuous-space CSI and channel capacity in support of
6G communication systems. Classic electromagnetic theory
is based on continuous time and space. Maxwell’s equations
are the most fundamental equations of classic electromagnetic

theory. They are mainly applied to macroscopic scale fields.
When the scale is reduced to a microscopic scale, the local
fluctuations in fields become non-negligible. In high-mobility,
millimeter wave-aided wideband scenarios, it is necessary to
consider the effects of electromagnetic coupling and polar-
ization, the random time-varying characteristics, and time-
frequency non-stationarities. Classic Shannon’s information
theory only considered simple channel, such as AWGN chan-
nels, and assumed wide-sense stationary signals. Since some
key 6G technologies, such as ISAC, RIS, massive MIMO, and
holographic MIMO, need to consider more realistic environ-
ments and non-stationary channels, classic information theory
cannot accurately represent the capacities under these circum-
stances and need to change in form. Furthermore, wireless
communication systems designed by classical information the-
ory do not give full cognizance to the specific nature of elec-
tromagnetic waves, complex propagation characteristics, and
mechanisms brought about by electromagnetic field effects. By
integrating these two fundamental theories, information theory
can be expanded from WSS channels having discrete distri-
butions to non-stationary channels associated with continu-
ous distributions. A continuous-space electromagnetic channel
model describing the relationship between the radiated field
and arbitrary source current distribution by dyadic Green’s
function was proposed in [9]. It considered the constraints of
basis functions and the average radiated power and maximized
the channel capacity by adopting optimal antenna design. The
discrete-space single-user information theory can be evolved
into continuous-space multi-user/network information theory.

Electromagnetic theory can be expanded from static to high-
mobility media. By calculating the amount of mutual infor-
mation between incident waves, reflected waves, transmitted
waves, and scattered waves, we can study the influence of
the spatial distribution of scatterers. Then, we can study the
application of Maxwell’s equations to RIS and other new
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TABLE I
THE 6G TECHNICAL CHALLENGES AND LIMITATIONS OF A SINGLE THEORY.

6G Technical Challenges Limitations of A Single Theory Directions of Theory Integration

Both ISAC and holographic MIMO
schemes require continuous-space
electromagnetic fields and CSI of the
environments.

Electromagnetic theory applies to determin-
istic channel modeling and leads to high
computational complexity.

• The expanded applications of Max-
well’s equations
• Continuous-space electromagnetic
channel models

• Ultra-massive MIMO, high mobility,
and wideband communications lead to
channel non-stationarities.
• Multi-user/network capacity has to
be considered in space-air-ground-sea
integrated networks.

• Information theoretical calculations of the
near-field and non-stationary channel capaci-
ties become excessively complex.
• Information theory lacks a unified formula
for multi-user/network capacity calculation.

• Non-stationary channel capacity
calculation
• Continuous-space electromagnetic
channel capacity analysis

Upon increasing the number of el-
ements in ultra-massive MIMO and
holographic MIMO, the antennas be-
come intricately combined with the
environment.

Wireless propagation channel modeling only
considers the antenna radiation parameters,
but not the antenna circuit parameters.

Radio channel models

Design of new antennas such as
ultra-massive MIMO and holographic
MIMO antennas has to consider the
features of the Tx and Rx and channel
statistics.

Traditional antenna theory only considers
features of the single-sided Tx or Rx and ig-
nores the influence of antenna circuit param-
eters such as resonant frequency, impedance,
and bandwidth on channel capacity.

Wide-sense antenna theory

technologies. The potential performance and capacity limits
may be accurately described. In [3], the authors proposed the
concept of information metamaterials and tried to integrate
electromagnetic theory and information theory. By construct-
ing a digital space on the physical space of metamaterials,
the electromagnetic waves can be beneficially manipulated
for increasing the spectral efficiency and for reducing the
system costs. Information metamaterials may be viewed as
an expanded application of Maxwell’s equations, potentially
redefining of the architecture of information systems. The
characterization and processing of wireless communication
signals is often based on one-dimensional vector assump-
tions and cannot accurately characterize electromagnetic fields.
Therefore, we intend to characterize the interaction between
electromagnetic waves by using signal processing methods to
explore the electromagnetic waves through RIS. Then, the end-
to-end electromagnetic information transmission mechanism
of the communication system is realized.

B. Increasing the Channel Capacity

6G systems have to support a large number of users and base
stations in ubiquitous connection scenarios. Channel capacity
is determined by the bandwidth, the number of antennas, the
signal-to-noise ratio (SNR), and the channel matrix. When the
bandwidth, the number of Tx and Rx antennas, and the SNR
are fixed, the method to realize an increased capacity is to
appropriately adjust the parameters in the channel matrix H.
By changing the parameters of multi-path components, the
delay, angle, and power of multi-path between the Tx and Rx
antennas are impacted. Thus, the characteristics of the multi-

path, the channel correlation, and the channel rank can be
adjusted appropriately to achieve higher capacity. Therefore,
beneficially ameliorating the channel matrix may bring about
new gains by increasing the rank and dimension of the channel
matrix.

Holographic MIMO and ISAC schemes have to obtain CSI
at any 3D position and transceiver antennas tend to be dis-
tributed continuously in holographic MIMO channels [10]. In
the legacy systems, the channel is usually characterized based
on the scalar electromagnetic field hypothesis and ignores the
vectorial electromagnetic field characteristics of near-field con-
ditions, which limits the DoF of the electromagnetic channel
to a certain extent and hence cannot accurately characterize
the capacity of continuous-space channels. Therefore, we can
calculate the capacity of continuous-space channels based on
multi-user/network information theory and establish a unified
representation of EIT in the continuous space. For instance,
the channel capacity of the continuous-space electromagnetic
channel at SNR = 10 dB is shown in Fig. 2. Continuous-space
electromagnetic channel models are capable of expanding the
dimension of wireless channels and hence increase the channel
capacity.

More explicitly, both the amplitude and phase of electro-
magnetic waves may be manipulated by the circuit response
to increase the rank of the channel matrix. For example, both
RIS and OAM are capable of constructing a full-rank matrix,
and the resultant capacity gain can be exploited. Furthermore,
channel capacity gains may also be gleaned by using the multi-
polarized antennas and by increasing the number of electro-
magnetic wave transmission modes. With the developments
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Fig. 2. Capacity of the continuous-space electromagnetic channel.

of ultra-massive MIMO and holographic MIMO schemes, the
near-field spherical wavefront and mutual coupling effects are
significant. The introduction of a mutual coupling matrix may
reduce the correlation between channels and hence increase
the channel capacity. When considering the near-field steering
vectors of the antenna array, the channel may contain more
rich angle-of-arrival information than that in the far field, so
the channel capacity can also be increased.

In traditional information theory, there are bottlenecks in the
capacity calculation of non-stationary space-time-frequency
channels. In near-field communications, the non-stationarity
effect is more obvious. However, the non-stationary channel
capacity of near-field conditions is unknown, but it is crucial
for the overall design of 6G systems. To fill this knowledge
gap, the water-filling algorithm of the space-time-frequency
domain and the non-stationary channel capacity has to be stud-
ied. Shannon’s channel capacity theorem is applicable to WSS
channels, but it cannot be applied to non-stationary channels.
The family of non-stationary channels can be divided into
several WSS sub-channels based on their stationary interval,
within which the channel is WSS. Then, the non-stationary
channel capacity may be defined as the sum of the WSS sub-
channel capacities.

Our study shows that the channel capacity increases, when
the number of WSS sub-channels increases, and it reaches its
maximum, as the number of WSS sub-channels equals the
number of stationary intervals. This illustrates that the non-
stationary channel capacity is higher than the conventional
channel capacity, which means that the conventional channel
capacity calculation underestimates the channel capacity in
non-stationary channels. Additionally, the influences of the an-
tenna mutual coupling effect and antenna array topologies on
channel capacity are important for non-stationary 6G channels.

C. Accomplishing Wireless Channel Modeling Theory

Wireless propagation channel modeling considers the basic
antenna radiation parameters such as the number of antennas,
array type, aperture, and pattern, but it does not consider im-
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Fig. 3. The description of the wireless propagation channel and radio channel.

portant antenna circuit parameters. However, wireless propaga-
tion channels are intrinsically interlinked with the transceiver
antenna array in ultra-massive MIMO channels, hence the
impact of antenna parameters on the wireless propagation
channels cannot be ignored. The holographic MIMO adopts
a large continuous-aperture array, which is closely related
to the continuous-space electromagnetic fields. Therefore, we
urgently have to construct the relevant radio channel modeling
theory combining antenna theory and wireless propagation
channel modeling. A birds-eye perspective of the wireless
propagation channel and radio channel is shown in Fig. 3.
The differences between the wireless propagation channel and
radio channel are as follows. The wireless propagation channel
is that between the Tx and Rx antennas, while the radio
channel includes the Tx and Rx antennas and the wireless
propagation channel. The integration of wireless propagation
channel modeling and antenna theory beneficially augments
wireless channel modeling theory.

In [11], a multi-port model based on circuit theory was
established for wireless communication systems and the
continuous-space electromagnetic channel capacity bound was
analyzed. In [12] and [13], the authors considered the physical
limitations of antenna size using the Chu limit to analyze the
maximum achievable rate of single-input single-output (SISO)
systems. However, only the large-scale fading and the line-of-
sight path were modeled. The analysis of the circuit-based
MIMO radio channel models remains limited. Therefore, the
radio channel models of Fig. 3 must subsume the wireless
propagation channels and the transceiver antennas, describe
the circuit-based radio channels and obtain an end-to-end
response. Additionally, the radio channel models also have to
be explored in the context of more general antenna equivalent
circuits and antenna array topologies.

The channel capacity of the radio channel model has to
consider the influence of antenna parameters. Therefore, a
novel channel capacity formula - including the influence of
the transceiver antennas - has to be derived, and the statistical
properties of different channels must be studied [14]. The
capacities of the radio channel model considering the antenna
circuit parameters, such as the mutual coupling and reactance
are shown in Fig. 4. Observe that when SNR = 20 dB, the
radio channel model considering the reactance increased by
about 40% when neglecting mutual coupling. The influence of
mutual coupling and antenna spacing on the channel capacity
of the radio channel model is also illustrated. It indicates that
the channel capacity may be increased by about 30%, when
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considering mutual coupling. These illustrate that the antenna
parameters of radio channel models have substantial impacts
on channel capacity. Therefore, it is necessary to consider the
antenna parameters in channel models.

D. Facilitating Antenna Design

As one of the key technologies of wireless communication
networks, compact MIMO antenna arrays are capable of im-
proving spectral efficiency. The operational BSs tend to have
limited aperture size and the wireless devices are becoming
increasingly miniaturized. When the antenna elements are
closely packed for having compact construction, strong mutual
coupling occurs between adjacent elements, hence potentially
resulting in antenna mismatch and antenna pattern distortion.
The classic calculation of channel capacity does not consider
important antenna parameters such as the antenna pattern,
impedance, and mutual coupling coefficient. Additionally, the
traditional antenna theory considers the single-sided Tx or Rx
antenna design and mainly aims for reducing power loss, but
does not consider optimizing the statistical properties and the
double-sided Tx and Rx channel capacity [15]. However, the
antennas and the communication environments are insepara-
ble in ultra-massive MIMO schemes, and traditional antenna
theory cannot design new antennas by considering single-
sided Tx or Rx antenna parameters. It is necessary to propose
wide-sense antenna theory that considers both the parameters
of the double-sided Tx and Rx antennas, channel properties,
and channel capacities. The traditional antenna theory and
wide-sense antenna theory are contrasted in Fig. 5. By ex-
ploiting the angle of arrival and departure, the antenna lobe
can be optimized based on the communication environment
and can guide the ultra-massive MIMO design. According
to the channel’s statistical properties such as its space-time-
frequency correlation functions, bespoke reconfigurable anten-
nas, holographic MIMO schemes, and intelligent metasurface
unit selection arrangements can be designed. Therefore, the

Wide-sense Antenna Theory: 

Double-side design (Tx & Rx antennas + propagation channel)

Traditional Antenna Theory:

Single-side design (Tx or Rx antenna)

Tx

…

…

Propagation Channel
Rx

Fig. 5. The description of the traditional antenna theory and wide-sense
antenna theory.

intrinsic integration of information theory and antenna theory
holds this promise.

V. CONCLUSIONS

In comparison to 5G, the emergence of key 6G technologies
brings about novel applications and technical requirements
that surpass the application scope of each of the four single
theories. In 6G space-air-ground-sea networks, the underlying
wireless channels tend to be of continuous nature in the 3D
space and the wireless propagation channels are inseparable
from the antennas. Therefore, the confluence of electromag-
netic theory, information theory, wireless propagation channel
modeling theory, and antenna theory is inevitable. Hence, we
have characterized the relationships and the gaps among the
four fundamental theories. Then, several ways and applications
of integrating these four theories into the EIT have been
discussed. In summary, EIT research will establish a solid
theoretical basis for 6G systems and facilitate significant
breakthroughs.
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