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Abstract—Holographic multiple-input multiple-output
(HMIMO) has recently emerged as a key enabler for next-
generation wireless systems due to its capability to form nearly
continuous apertures, enabling ultra-high spatial resolution and
significantly enhanced capacity. However, this paradigm also
raises fundamental questions about the applicability of Shannon’s
information theory (SIT) to HMIMO systems and whether
physical constraints—such as aperture size, electromagnetic
(EM) coupling, resonance, and wavefront curvature—introduce
additional limits beyond conventional statistical models. Classical
SIT focuses on the probabilistic input—output relationship but
does not explicitly incorporate the EM field interactions that
fundamentally govern wave propagation. To bridge this gap,
this paper introduces an electromagnetic information theory
(EIT) framework for HMIMO systems, which unifies EM field
theory with both Shannon’s probabilistic and Kolmogorov’s
functional formulations of information theory to establish a
physically consistent and mathematically complete foundation for
performance evaluation. The paper establishes the fundamental
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physical limits—including constraints on antenna design, gain,
and beamwidth—and examines their implications for HMIMO
implementations. It then characterizes the excitation-field
relationship and the corresponding field sampling and spatial
degrees of freedom under physical constraints. Subsequently,
field-based and operator-theoretic channel models are developed
to describe EM-compliant propagation in HMIMO systems.
By combining the statistical representation of SIT with the
functional representation of Kolmogorov’s information theory,
the proposed EIT framework provides a unified perspective
on channel capacity, information flow, and field representation.
Finally, we outline open research directions, including EM
environment control, 3D superdirective HMIMO design,
efficient field sampling, scattering and EM noise modeling,
and excitation/field-based encoding and modulation. These
developments mark a paradigm shift toward physically
grounded, high-capacity, and adaptive wireless communication
systems empowered by HMIMO and EIT.

Index Terms—Holographic multiple-input multiple-output
(HMIMOQO), antenna theory, cannel modeling, electromagnetic
wave theory, information theory.

I. INTRODUCTION

HE integration of electromagnetic (EM) theory with

information theory has recently attracted significant
attention in wireless communications, as it provides a uni-
fied physical and informational perspective for analyzing the
fundamental limits of communication systems. Although EM
wave interactions are well-understood in the EM community,
the integration of EM wave theory in wireless communications
is still in the early stages. In the majority of theoretical
analyses in wireless communications, multiple assumptions are
adopted to relieve the analytical and computational burdens,
which may be far from the practical bound in applications.
This situation has worsened in recent years, as the emergence
of new technologies—driven by advances in fabrication and
low-profile materials—has rendered many assumptions valid
in traditional communications no longer applicable, especially
in the context of compact antenna arrays and near-field com-
munications. Therefore, exploring the fundamental limits of
such scenarios forces us to go back and review the EM wave
theory. By inspecting the physical limitations, e.g., quality
factor and effective radiation gain, which are typically over-
looked in performance analysis in wireless communications,
a theoretical framework with a trade-off between numerical
complexity and performance evaluation is anticipated to be
provided.
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Fig. 1. Unified depiction of MIMO-HMIMO evolution and the formation of EIT as a bridging framework.

A. Development of Holographic MIMO Systems

The traditional multiple-input multiple-output (MIMO) sys-
tems enable simultaneous and independent data transmission
to serve a larger number of users, which is achieved by
spatially separating multiple antennas with spacing larger than
half of the wavelength to ensure channel independence, as
shown in Fig. 1 (a). Since the number of mobile devices is
growing dramatically and the communication scenarios have
diversified these years, the traditional MIMO systems remain
mainly two problems: one is the impracticality of accommo-
dating multiple-antenna arrays in a constrained region, e.g.,
portable devices, and the other one is the high cost of achieving
full coverage. To deal with the former problem, compact
antenna arrays with few low-profile antennas (e.g., two or
four antennas) are proposed to be housed in small terminals
[11, [2], [3]. To further support full coverage, a larger array
size with more compact antenna elements is proposed, i.e.,
tightly coupled antenna arrays [4], [5]. However, the serious
coupling effects and reduced radiation efficiency are unavoid-
able in compact antenna arrays. Therefore, some methods
(e.g., employing decorrelation techniques, involving matching
networks) are proposed to preserve MIMO channel capacity
in compact antenna arrays.

With the development of fabrication techniques and novel
metamaterials, the concept of incorporating a large number
of low-cost and electrically small antenna elements within
physically constrained apertures has emerged, giving rise to
holographic multiple-input multiple-output (HMIMO) systems
[6], [7], [8], [9], [10], [11]. As illustrated in Fig. 1, tradi-
tional MIMO systems employ discrete antenna elements that
provide only finite spatial sampling, operate mainly in the
far-field regime, and offer limited control over spatial energy
distribution. In principle, HMIMO aims to realize a nearly
continuous-aperture transceiver surface, where densely packed
sub-wavelength elements collaboratively synthesize desired

radiation patterns through intelligent current distribution. It is
important to distinguish HMIMO from reconfigurable intel-
ligent surfaces (RIS) [12], [13], [14]. A RIS is typically
a passive or semi-passive surface that modifies the prop-
agation environment via tunable reflections but does not
actively generate or receive baseband signals. In contrast,
HMIMO is envisioned as an active transceiver architecture
capable of directly generating, modulating, and receiving EM
fields—thereby enabling full exploitation of spatial and modal
degrees of freedom (DoF). Although such continuous-aperture
transceivers have not yet been realized in practical wireless
systems, they are expected to enable near-field wavefront syn-
thesis and spatial focusing, with the potential for higher spatial
DoF, improved energy efficiency, and extended functionality
in sensing, positioning, and imaging.

Despite their shared objective of improving communication
performance, antenna engineering and wireless communica-
tions often adopt distinct modeling perspectives for HMIMO
systems. Antenna engineers typically analyze current distri-
butions, impedance matching, mutual coupling, and radiation
efficiency from an EM standpoint, whereas communication
theorists focus on capacity, spectral efficiency, and channel
statistics using abstract propagation models. This difference
in focus leads to a conceptual gap between the physical
modeling paradigm and the information-theoretic paradigm.
Consequently, a physics-consistent framework is needed to
unify the performance metrics across both domains and reveal
how physical constraints on EM waves fundamentally deter-
mine achievable information transfer in HMIMO systems.

B. Electromagnetic Information Theory

The remarkable capability of HMIMO systems to
manipulate EM fields provides unprecedented flexibility for
future wireless networks. However, traditional communication
theories built upon Shannon’s information theory (SIT) [15]
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describe information transmission in purely probabilistic
terms, without explicitly considering EM field interactions,
mutual coupling, or spatial wave phenomena that arise
in large-aperture and near-field systems. Therefore, to
achieve physically consistent performance characterization
and system design, it is essential to establish a unified
framework—electromagnetic information theory (EIT)—that
integrates EM field theory with information-theoretic
principles.

The concept of EIT can be traced back to the 1940s
[16], [17] when Gabor first indicated that communications
are interpretations of physical effects. Shannon then pro-
posed probabilistic models for communications in [15] and
Kolmogorov introduced functional sets for information mea-
surement in [18]. Later, in the 1980s, Bucci and Franceschetti
shaped the concept of spatial bandwidth and explored the
DoF of scattered fields [19], [20], which were then extended
to the arbitrary surfaces in the 1990s [21]. Subsequently,
in the 2000s, Miller et al. investigated the DoF and power
coupling strengths for optical systems [22], [23]; Poon et al.
explored the DoF in multiantenna channels [24]; Migliore
examined the DoF of the wave field in MIMO channels
[25] and bridged electromagnetics and information theory via
using the Kolmogorov approach [26]; and Franceschetti et al.
investigated information-theoretic limits of wireless communi-
cation problems in a deterministic structure [27]. In [28], the
Shannon information capacity of space-time wireless channels
is derived with physical constraints. More works on the
relationship between DoF of wireless networks and physics
are discussed in [29]. Although a long history EIT possesses,
the research interest is still growing in the 2020s as many
authors were dedicated to this interdisciplinary discourse in
multiple fields [30], [31], [32], [33], [34], [35], [36], [37],
[38], [39], [40], [41].

Undoubtedly, EIT serves as an effective interdisciplinary
framework to evaluate HMIMO communications with proper
integration of information theory and EM wave theory [26],
[30], [31]. It models the communication systems by taking
into account the physical effects of EM wave propagation,
resulting in both probabilistic model and deterministic model,
which is more physically consistent than the probabilistic only
framework that is widely adopted in wireless communications.
Particularly, EIT views the wireless channel as a continuous
vector wave field excited by an impulse response, which is
jointly described by time, frequency, space, polarization, and
even orbital angular momentum with each dimension being
capable of information-carrying. This interpretation of wireless
channel enables EIT to capture the fully-dimensional informa-
tion, and thus to assist communications for possibly providing
higher multiplexing and diversity. Overall, the emergence and
development of EIT will potentially allow us to unveil the
fundamental limits and perform system designs for HMIMO
systems effectively and more realistically.

However, the involvement of EIT in HMIMO communica-
tions is still in its infancy. On the one hand, an integrated
theoretical framework is still in development because the
SIT and EM wave theory are normally investigated in two
separate frameworks. On the other hand, the investigations on
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HMIMO communications encompass not only the propaga-
tion environment but also the interactions between antenna
surfaces. As such, HMIMO-oriented EIT should consider all
these aspects to offer a completed, physically consistent, and
effective framework.

To this aim, the physical limitations in HMIMO sys-
tems, especially those relevant to antenna designs, should be
explored to shed more light on the interactions between EM
waves and antenna surfaces. The HMIMO-assisted oversam-
pling techniques are also fascinating as an efficient method
for improving spectral efficiency and capacity. Furthermore,
the EM-compliant channel modeling in HMIMO systems,
examining both the near-field and far-field characteristics,
should be built to capture the essence of EM wave propaga-
tion, which becomes crucial for both theoretical analyses and
system designs. In the EIT framework, the two information
measurements, i.e., Shannon capacity [42] and Kolmogorov
e-capacity [18], stand out. Shannon capacity is introduced as
an effective measurement of information in the probabilistic
model while Kolmogorov e-capacity evaluates the amount
of information of signals with e accuracy using functional
analysis. Based on these two information measurements, the
inherent capacity/DoF performance of HMIMO systems is
discussed. The comparison of related magazines, surveys, and
tutorials is presented in Table I. Although several references
in Table I touch on related topics, most surveys, tutorials,
and magazines provide only high-level descriptions or brief
discussions without in-depth mathematical interpretation or
communication-level extension, i.e., the coverage is often
introductory and not systematic, stopping at conceptual obser-
vations.

In this article, we present a comprehensive review of
HMIMO-oriented EIT. The overall structure of the paper is
illustrated in Fig. 2. Specifically, the “Fundamental Physi-
cal Limits in HMIMO-Oriented EIT” section introduces the
intrinsic constraints in HMIMO antenna design, aiming to
provide EM interpretations for MIMO systems, including
directivity gain, quality factor, and embedded efficiency. The
“EM Field Characterization in HMIMO-Oriented EIT” section
reviews the Green’s function representation of EM fields,
discusses two common field assumptions, and highlights the
superdirectivity phenomenon in HMIMO systems. The “Field
Sampling and DoF under Physical Limits” section presents
the characterization of field-sampling and HMIMO-assisted
oversampling techniques. The “Channel Modeling within the
EIT Framework” section describes different types of EM-
compliant channel models, including both field-based and
operator-theoretic channel representations. The “Information-
Theoretic Foundations for HMIMO-Oriented EIT” section
introduces both the probabilistic SIT and the deterministic
Kolmogorov information theory (KIT) to quantify the EM
information context and discusses the reinterpretation of DoF
in HMIMO systems. The “Numerical Evaluation” section
presents DoF and capacity analyses based on the SIT and
KIT frameworks through simulations. Subsequently, potential
research directions are explored in the “Future Research
Directions” section. Finally, the article concludes with the
“Conclusions” section.
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TABLE I
COMPARISON WITH RELATED MAGAZINES/SURVEYS/TUTORIALS

Category Topic (81| 1381 | 1391 | (401 | (431 | (441 | 1451 | 16l | (471 | (48] | 101 | I"°
Size-bandwidth tradeoff v v
Physical limits Size-directivity bound v
Coupling effects v v v v v v v v v v
EM propagation Field rep.reser.ltz.ltion v v v v v v v
Superdirectivity v v v
Field sampling v v v v v v v v
Sampling & DoF DoF characterization v v v v v v v v v v
Spatial oversampling v
) Field-based EM model v v v v v v v v
Channel modeling

Operator-theoretical model v v v v v
. ) Shannon’s information theory v v v v v v v v v v
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Fig. 2. Main structure of the article.

II. FUNDAMENTAL PHYSICAL LIMITS IN
HMIMO-ORIENTED EIT

This section investigates the intrinsic physical constraints
imposed by antenna design on HMIMO systems, which fun-
damentally affect key performance metrics such as array gain
and bandwidth. The objective is to elucidate the relationship
between the physical antenna configuration and the overall
system performance. To this end, we discuss the fundamental
challenges and inherent physical limitations associated with
the maximum directivity gain G, the minimum quality factor
@ (approximately inversely proportional to bandwidth), and
the achievable gain G,., which is influenced by the energy
efficiency 7... The implications of these physical limits for
HMIMO systems are also examined. For ease of understand-
ing, the overall structure of this section is illustrated in Fig. 3.

(Sec.VI-A)

A. Intrinsic Physical Constraints

Compact HMIMO systems, while offering unprecedented
spatial resolution and array gain, face intrinsic constraints that
directly impact their performance in wireless communications.
These limitations arise from fundamental antenna properties,
which in turn restrict achievable system metrics such as
bandwidth, spectral efficiency, and capacity.

1) High-QQ Resonance and Narrowband Sensitivity: The
excitation of higher-order radiation modes in dense HMIMO
arrays often increases the quality factor @, thereby leading to
narrowband operation [50]. Since () is inversely proportional
to the fractional bandwidth B,,, we have B,, = L;fl = L
where f;, and f; are the upper and lower cutoff frequencies
of the operational band, and fo = (fx + fi)/2 is the resonant
frequency. The cutoff frequencies are typically defined at the
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Intrinsic Physical Constraints (Sec. II-A)
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Fig. 3. Framework of Sec. II.

half-power points of the radiated spectrum. A high @ thus
implies a narrow operational bandwidth, which limits the
available frequency-domain DoF and constrains the achiev-
able data rate. This sensitivity is particularly detrimental for
broadband HMIMO applications such as mmWave and THz
communications, where wideband signaling is essential for
high throughput (see Sec. VI-C for further discussion).

2) Reduced Radiation and Energy Efficiency: The energy
efficiency 7. characterizes how effectively an antenna con-
verts the input electrical power into radiated EM power. It
is defined as the ratio between the radiated gain and the
total (theoretical) directivity gain, i.e., G, = 7ecG, Where G
denotes the ideal directivity gain determined by the radiation
pattern, and G, represents the achievable (realized) gain after
accounting for ohmic losses and mutual coupling. In practical
wireless systems, a reduced 7., directly lowers the received
SNR and link reliability. For example, decreasing the element
spacing below A\/2 may theoretically increase array directiv-
ity G but simultaneously degrade efficiency due to stronger
near-field coupling and resistive losses. In massive HMIMO
deployments, this tradeoff between gain and efficiency funda-
mentally affects both energy consumption and coverage—two
key metrics for sustainable and power-efficient 6G operation.

3) Pattern Distortion and Mutual Coupling: Ideally,
HMIMO arrays should maintain stable and uniform radiation
patterns to ensure consistent beamforming and multi-user
separation [51]. However, dense element packing introduces
strong mutual coupling, which distorts radiation patterns
across the array [52]. Central elements may retain pre-
dictable patterns, but edge elements often exhibit pronounced
deviations. Such pattern non-uniformity undermines spatial
multiplexing performance and increases inter-user interfer-
ence, ultimately limiting the multi-user capacity achievable by
HMIMO systems.

The above intrinsic challenges highlight how fundamen-
tal antenna constraints—namely the directivity gain G' and
quality factor (Q—directly map onto wireless system per-
formance metrics including capacity, bandwidth efficiency,
link reliability, and energy consumption. These interrelations
underscore the necessity of revisiting classical antenna limits
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(Chu’s, Harrington’s, and Hannan’s limit) in the HMIMO
context, as elaborated in the following subsection.

B. Fundamental Antenna Limits

The maximum directivity gain G’ and the minimum qual-
ity factor () are fundamentally bounded by Chu’s and
Harrington’s limits. These classic limits provide physical
insights into the tradeoff among bandwidth, resonance, and
directivity. Furthermore, the achievable array gain, when
mutual coupling among elements is considered, is constrained
by Hannan’s limit. Together, these limits delineate the physical
operating regime of HMIMO arrays within the EIT framework.

1) Chu’s Limit [53]: Chu’s limit describes the fundamental
tradeoff between antenna size and bandwidth. It establishes the
minimum achievable quality factor () for an antenna enclosed
within a sphere of radius r. as

1 1
Qchu = Tror)? + Tore

This relation shows that smaller antennas (kgr. < 1)
inherently exhibit larger () and thus narrower bandwidth.
Although the same spherical-mode framework can be extended
to estimate directivity scaling with (kor.)?, Chu’s analysis
primarily focused on the ()—bandwidth limitation. For compact
HMIMO arrays, this limit implies that further miniaturiza-
tion enhances spatial resolution but restricts the available
bandwidth and overall data throughput, posing challenges for
wideband 6G communications.

2) Harrington’s Limit [54]: Harrington extended Chu’s
spherical-mode framework by including both transverse
electric (TE) and transverse magnetic (TM) modes—two
orthogonal vector spherical components that together describe
the radiated field—leading to the following upper bound on
antenna directivity:

(D

C:Harr = (k‘oTe)2 + 2(k0Te)~ (2)

The corresponding minimum quality factor is given by [55]:
1 1

QHarr = (3)

Q(koTe)g + kOTe ’

Later studies [56] showed that compact arrays may exceed
Garr through optimal excitation, implying the possibility of
superdirectivity. Although superdirective HMIMO arrays can
theoretically enhance spatial DoF, they suffer from high @
and low radiation efficiency, which limits their practical appli-
cability in wireless communication systems. This behavior
reflects the fundamental energy trade-off in antenna theory:
achieving higher directivity (larger G) requires exciting higher-
order spherical modes that store more reactive energy, thereby
increasing the quality factor ) and reducing the effective
bandwidth.

Fig. 4 compares the maximum directivity gain G among
Chu’s limit, Harrington’s limit, and near-field spherical modes
[55]. The near-field region allows higher effective directiv-
ity than predicted by these far-field limits, highlighting the
potential advantages of near-field HMIMO operation. Fig. 5
compares the quality factors corresponding to Chu’s limit,
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Harrington’s limit, and Hansen’s approach [57]. Chu’s limit
represents the theoretical minimum (), corresponding to the
narrowest possible bandwidth and serving as the lower bound
for practical antenna designs.

Overall, Chu’s limit applies to electrically small antennas
and specifies the minimum achievable () (or maximum band-
width) for a given size, whereas Harrington’s limit extends
this framework to include both TE and TM modes and pro-
vides an upper bound on directivity for antennas of arbitrary
electrical size. Together, they describe complementary bounds
that jointly characterize the trade-off between size, bandwidth,
and gain in practical antenna and HMIMO array designs.

3) Hannan’s Limit [58]: Hannan’s limit characterizes the
impact of mutual coupling on array performance. It estab-
lishes how the ideal directivity gain G deteriorates into a
more realistic realized gain G, when element interactions
and efficiency losses are taken into account. Specifically, the
maximum directivity gain for an antenna element is

4 Actr
N2

G(9) = os 0, “)

where Aeg is the effective aperture area for each antenna
element in the array, and 6 is the scanning angle.

The expression in (4) originates from aperture antenna
theory and represents the maximum theoretical directivity
achievable when each element radiates independently and
losslessly. In practice, however, when the total array aperture

IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 28, 2026

is fixed, increasing the number of elements—while seemingly
capable of improving the overall gain—inevitably reduces the
inter-element spacing. This leads to stronger mutual coupling
and a decrease in each element’s effective radiating area,
thereby offsetting the potential gain improvement and resulting
in the achievable gain given by [58]

GT(Q) = os 0 - Tlee (5)

)2

which accounts for the embedded radiation efficiency 7ee.
The theoretical radiation efficiency, i.e., maximum element

efficiency for a dense array (e.g., HMIMO systems), is [59]

Gy e

[nee]max: q = N2 (6)

with ideal directivity limit G = 4 for an electrically small
antenna above a perfectly reflecting ground plane.

The practical radiation efficiency can be further quantified
using two equivalent formulations, based on the active reflec-
tion coefficient and the scattering matrix, respectively.

e Using the active reflection coefficient R(c, 3)! over the
excitation phasings (v, ), e is obtained as [58]:

o=t L)
a=0J3=0

where 7. = 7/4 for the ideal element in an infinite array
with spacing A/2.

e Resorting to the scattering matrix S-parameter, 7o can
be approximated by [60]

oo = 1= |Siy[*. (8)

Both R(a, 3) in (7) and S;; in (8) reflect mutual coupling,
R(a, 8) is reflection coefficient that dependent on excitation
phasings («, §) while S;; is the S-parameter between inactive
i-th and active j-th ports. Typically, (7) is an upper limit to (8),
and (8) is much more applicable than (7) to the medium-size
to small arrays [59].

Two types of gains should be distinguished: (i) the max-
imum directivity gain G(0) in (4), representing the ideal
case for an infinite array, and (ii) the realized gain G,(0)
in (5), which accounts for ohmic dissipation and impedance
mismatch. The realized gain is more relevant to practical
communication performance, as it reflects real-world losses
and inter-element interactions.

However, the degradation in realized gain is undesirable,
motivating efforts to overcome Hannan’s limit. Recent work
[61] experimentally demonstrated that 3D array configurations
exhibit higher radiation efficiency than their 2D counterparts
due to the enlarged effective aperture, effectively relaxing
Hannan’s limit. This finding suggests that novel 3D or non-
coplanar array structures could further enhance achievable gain
and potentially break the traditional performance constraints
in wireless communications.

B)PdadB, (1)

'Here, R(«, B) denotes the reflection coefficient corresponding to a par-
ticular pair of excitation phasings («, 8), which represent the relative phase
excitations applied across the array to steer the beam in different directions.
The integral in (7) therefore averages the reflected power over all possible
excitation states.
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C. Implications for HMIMO Systems

Clearly, the maximum directivity G and the minimum
quality factor () cannot be achieved simultaneously. A higher
G typically implies a narrower beamwidth and, consequently,
a higher ). Therefore, HMIMO system design must jointly
consider these two quantities rather than optimizing either one
in isolation.

To illustrate this tradeoff, consider a sectored antenna gain
model for both the base station (BS) and user sides [62]:

_ G;}nflx’ ‘9b| S Bb7

G (0h) = {G},’“”“7 otherwise, Gul0)
_ G 04| < By,
G otherwise.

Here, B, and B, denote the beamwidths of the BS and user
antenna arrays, respectively.

The alignment of the main lobes (6, 6,) directly deter-
mines the overall array gain G'**G7'* in line-of-sight (LoS)
conditions. In practice, beam patterns may exhibit sidelobes
and non-uniform gain distributions. Such sidelobes cause
interference leakage from undesired directions in multi-user
scenarios, making sidelobe suppression crucial for interference
mitigation.

The beamwidth B is approximately inversely proportional
to the quality factor @, i.e., B « 1/Q. This relationship
follows from the classical definition of () as the ratio between
stored and radiated energy—where higher () corresponds
to stronger field confinement and thus a narrower angular
radiation profile. Consequently, the tradeoff between G and )
also represents the tradeoff between beam sharpness and oper-
ational bandwidth. System designers should therefore identify
an optimal () that balances spatial focusing and spectral
efficiency, depending on antenna geometry and aperture size
[63].

While increasing beam gain improves received SNR, it can
also exacerbate inter-user interference if sidelobes are not well
controlled. Nevertheless, directional HMIMO arrays inherently
enhance SNR and reduce interference leakage due to their
narrow main lobes, enabling energy-efficient operation across
sub-6 GHz and sub-THz regimes.

Finally, the advantages of forming multiple narrow beams
in HMIMO can be understood through the concept of spatial
DoF, i.e., each distinct beam corresponds to an independent
field distribution at the receiver. Thus, by generating multiple
non-overlapping beams, HMIMO arrays effectively increase
the number of distinguishable field patterns and hence the
achievable information throughput.

III. EM FIELD CHARACTERIZATION IN
HMIMO-ORIENTED EIT

Following the discussion of physical constraints, this section
shifts the focus from antenna-level limitations to field-level
representations. Within the EIT framework, the HMIMO
channel is interpreted as a continuous EM transformation
between the transmitter and receiver. Accordingly, we revisit
the fundamentals of EM wave theory and analyze far-field and
near-field interactions to reveal their impacts on propagation
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wavefront, polarization diversity, capacity and spatial DoF in
emerging wireless systems.

A. Green’s Function Representation of EM Fields

In the EIT framework, the EM field acts as the con-
tinuous carrier of information. Its behavior is governed by
Maxwell’s equations, which describe the coupling between
electric sources and radiated fields [64], [65]. From these
equations, the dyadic Green’s function can be derived as a
fundamental operator that linearly maps the source current
distribution on the HMIMO aperture to the resulting field
distribution at the receiver domain. In this sense, the Green’s
function serves as the deterministic “‘channel kernel” linking
excitation and observation within EIT.

1) Deterministic Dyadic Green’s Function: For a point
current source J = I5(-), the dyadic identity tensor I =
TT + 9y + 2z serves as the unit dyad, which maps any vector
onto itself and preserves its direction. The radiated electric
field E(r) in free space can be expressed as

E(r) = —juwp / Go(r.r')- 3 (') ds, ©)
S

where S denotes the HMIMO aperture. Here Go(r,r’) is the
dyadic Green’s function of free space, defined as

— - VV
Go (I‘, I‘,) - [I + 2:| g (I‘, I‘/) )
ko
where ko = 27/ is the free-space wavenumber and g(r,r’)
is the scalar Green’s function given by

(10)

e—Jdkolr—r'|

g(r,r') = (11)

 Axfr—1'|”

In a homogeneous medium, G depends only on the spatial
distance |r — r’| [66]. Equation (9) thus describes a deter-
ministic linear mapping from current excitation to radiated
field—an EM analogue of the channel impulse response in
communications.

2) Stochastic Dyadic Green’s Function: In realistic wire-
less environments, multiple reflections, scattering, and diffrac-
tion processes introduce randomness into the field distribution.
According to the central limit theorem, the superposition
of numerous randomly phased multipath components leads
to a complex Gaussian field [29], motivating the stochastic
dyadic Green’s function representation that incorporates envi-
ronmental randomness through eigenvalue and eigenfunction
perturbations [67], [68]:

= / W, (r, k) @ W (v, k;)
GS(rar):Z kQ—k2—jk2/Q ’ (12)

3
where @ denotes the cavity quality factor, k; and ¥; repre-
sent the i-th perturbed wavenumber and orthogonal vectorial
eigenfunctions of the random medium. Each eigenfunction can
be approximated as a random superposition of plane-wave
components:

W?(r, k) ~ Z ap, o8 Py, cos(kié, -+ Bn), (13)

\Il?(r, k;) ~ Z ap, sin Py, cos(k;&, - v+ Bn), (14)
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Fig. 6. Near-field and far-field communications.

where a,,, &,, and 3, denote the amplitude, direction, and ran-
dom phase of each plane-wave component, respectively. This
stochastic formulation naturally decomposes the total field
into a coherent (deterministic) component and an incoherent
(diffuse) component [69], [70], thereby bridging deterministic
EM wave theory and statistical channel modeling under the
HMIMO-oriented EIT framework.

B. Near-Field and Far-Field Communications

The spatial behavior of the EM field described by the
dyadic Green’s function in (9) naturally reveals the continuous
transition between near-field and far-field communications.
Specifically, the kernel Go(r,r’) encapsulates both the prop-
agating and evanescent components of the field through its
spherical-wave expansion. At large observation distances, the
slowly decaying propagating modes dominate, forming the far-
field regime; whereas at shorter distances, the rapidly decaying
evanescent modes become significant, leading to the near-
field regime characterized by strong spatial coupling between
the transmitter and receiver. This gradual modal transition
establishes the EM foundation of distance-dependent field
behavior.

To quantify these regions, the general boundary between
the near-field and far-field is given by the Rayleigh distance,
r = 2D?/)\, where D denotes the antenna aperture. For
completeness, the near-field zone is further divided into a
reactive near field (r < 0.62/D3/)) and a radiating near
field (0.62y/D3/\ < r < 2D?/)), depending on whether the
reactive or radiative components dominate. Beyond this range
(r > 2D?/)), the field enters the far-field (Fraunhofer) region,
where only propagating plane-wave components remain. These
boundaries are consistent with the modal interpretation derived
from the dyadic Green’s function.

As illustrated in Fig. 6, the far-field region exists beyond the
Rayleigh distance, while the near field lies within it. These two

regimes can be interpreted as distinct truncations of the dyadic
Green’s function: i) retaining only the propagating terms of G
yields a plane-wave model for the far field, and ii) including
both propagating and evanescent components recovers the full
spherical-wave model for the near field. Hence, the following
key differences emerge from the same EM formulation.

e Propagation Wavefront: In the far-field regime, where
the phase variation across the aperture is approximately
linear, the radiated field can be represented as a super-
position of plane waves sharing identical azimuth and
elevation angles (0rr, ¢rr). Conversely, in the near-field
region, the curvature of the spherical wavefront intro-
duces distance-dependent phase variations across antenna
elements, leading to element-specific angular parame-
ters (Onw.i, ¢nFi) [71]. This curvature stems directly
from the second-order derivative term VVg(r,r’) in G,
which accounts for coupling and phase nonuniformity.

e Polarization Diversity: The dyadic operator I+ VV /k2
also determines the polarization structure of the field. In
the near field, where both transverse and longitudinal field
components are significant, three orthogonal polarization
modes exist. In contrast, in the far field, the longitudinal
component vanishes asymptotically, and only two trans-
verse polarizations remain. This reduction corresponds to
a rank deficiency in Gg as |r — r’| — oo, explaining the
loss of one polarization DoF in the far-field limit.

e Capacity and Spatial DoF: From an EM perspective,
each orthogonal eigenmode of G represents an inde-
pendent spatial channel. In the near field, the presence of
evanescent and longitudinal modes enriches the eigen-
spectrum, leading to additional DoF compared to the
far field [72], [73]. Although the power of higher-order
modes decays rapidly with distance, their contribu-
tion becomes non-negligible within the Rayleigh zone,
where coupling between antenna elements and spatial
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(c) (d)

Fig. 7. Radiation pattern for (a) an isolated antenna; (b) individual antenna
in HMIMO with spacing 0.3A; (c) HMIMO with spacing 0.3A; (d) HMIMO
with spacing 0.4\.

non-stationarity prevail. These extra DoF correspond to
additional eigenchannels that jointly enhance the achiev-
able capacity and enable more efficient spatial focusing.

In summary, the near- and far-field distinctions are not
merely geometric but directly emerge from the modal compo-
sition of the dyadic Green’s function. The near field activates
additional spatial eigenmodes (including evanescent ones),
expanding the effective rank of G and thus increasing the
information-carrying capability of HMIMO systems under
the EIT framework. This physically grounded interpretation
bridges the EM channel modeling in Sec. V and information-
theoretic analysis developed in Sec. VI.

C. Superdirectivity as a Near-Field Effect

Building upon the physical constraints of gain and quality
factor discussed in Sec. II, this part focuses on the EM
mechanisms that enable superdirectivity in HMIMO systems.
The phenomenon originates from the excitation of higher-
order modes in the near-field region, where mutual coupling
and reactive energy storage reshape the field distribution and
expand the available modal DoF. As illustrated in Fig. 7
(CST simulation), the radiation pattern of an isolated ele-
ment [Fig. 7(a)] becomes distorted under strong coupling
[Fig. 7(b)], but can be shaped into a superdirective pattern
through optimized excitation coefficients and inter-element
spacing [Fig. 7(c)—(d)].

In near-field HMIMO architectures, such superdirective
behavior enhances spatial focusing and increases the number
of excited field modes, offering additional DoF for information
transfer. The reactive near-field energy—often neglected in
conventional designs—can jointly carry and modulate infor-
mation in the electric and magnetic domains. Consequently,
the classical Rayleigh limit (e.g., A\/2) for spatial resolu-
tion may be surpassed, provided that advanced receivers
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are employed to handle the resulting non-orthogonal field
structures.

From a system perspective, superdirective arrays can
achieve beamforming gains scaling as N2 in ideal case, in con-
trast to the conventional N scaling of far-field MIMO with A\/2
spacing. The excitation coefficients (beamforming weights)
can be designed using the coupling matrix [74], enabling
constructive interference among tightly coupled elements.
Experimental results in [75] demonstrate that superdirective
arrays can achieve up to ninefold higher spectral efficiency
than conventional MIMO systems, even with a smaller
aperture.

However, superdirectivity comes at a cost. The high concen-
tration of reactive energy reduces overall radiation efficiency,
leading to lower realized gain G, despite increased directivity
G. Moreover, precise excitation control is required to achieve
the desired current distributions, posing challenges for dense
planar or patch-based arrays. These tradeoffs are closely tied to
the G—() relationship: achieving extreme directivity inevitably
incurs penalties in bandwidth and efficiency.

In summary, superdirectivity represents an intriguing
HMIMO regime that may surpass classical physical limits by
exploiting near-field reactive energy. Realizing this regime in
practice, however, demands precise array calibration, robust
excitation control, and possibly new sensing and detection
architectures capable of harnessing the additional reactive DoF
rather than treating them as parasitic effects. The excitation
of higher-order reactive modes fundamentally increases the
number of distinguishable field patterns, setting the stage for
a quantitative discussion of field sampling and spatial DoF the
next section.

IV. FIELD SAMPLING AND DOF UNDER PHYSICAL LIMITS

The EM field is inherently continuous and carries rich
spatial information, yet only a limited portion of this infor-
mation can be captured or transmitted in practice. Within the
framework of EIT, this section examines how continuous fields
can be discretized through field sampling, and how the number
of distinguishable spatial modes (or DoF) is constrained by
physical limits such as aperture size and wavelength. This for-
mulation establishes the theoretical basis for efficient antenna
deployment and offers practical insights into how compact
HMIMO arrays can exploit spatial oversampling to enhance
overall system performance. For ease of understanding, the
overall structure of this section is illustrated in Fig. 8.

A. Field Sampling and Spatial DoF

Field sampling refers to representing a continuous EM field
through a finite set of discrete spatial measurements. From this
viewpoint, the array of antenna elements acts as a sampling
mechanism: by probing the field at specific locations in
space, it becomes possible to approximate and, under suitable
conditions, reconstruct the underlying field distribution. This
sampling process naturally raises the question of how densely
these measurements must be taken without losing information.

In classical communications, this requirement is captured
by the Nyquist sampling theorem, which provides the fun-
damental criterion for interference-free signal reconstruction.
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Sec.IV-A. Field Sampling and Spatial DoF
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Fig. 8. Framework of Sec. IV.

It ensures that a continuous-time waveform can be perfectly
recovered when it is sampled at a rate at least twice its highest
frequency component, thereby preventing spectral aliasing in
the frequency domain [42], [76]. Analogously, in the spatial
domain, an EM field can be regarded as a continuous function
of space, and sampling it at sufficiently fine spatial intervals
enables the reconstruction of the field distribution. The spatial
counterpart of the Nyquist rate specifies that antenna elements
should be spaced approximately \/2 apart to avoid spatial
aliasing. Interestingly, this spacing is also widely adopted in
practical antenna design and in theoretical analysis in wireless
communications, as it provides a good trade-off between
reducing mutual coupling and maintaining alias-free spatial
sampling.

In practice, spatial sampling is implemented by placing
discrete antenna elements in space, and the array geometry
determines how this sampling is carried out. For example,
linear arrays sample nonuniformly over elevation, circular
arrays provide uniform sampling over azimuth but not ele-
vation, whereas spherical arrays achieve uniform sampling
in both azimuth and elevation directions [77], [78]. Three-
dimensional apertures further extend the sampling domain,
yielding a larger spatial coverage compared with one- and two-
dimensional configurations [79]. Beyond the array geometry
itself, the choice of sampling pattern also affects efficiency: for
instance, hexagonal sampling offers denser spatial coverage
with less redundancy than rectangular sampling [80].

Beyond the geometric arrangement of antenna elements,
spatial sampling can also be interpreted from an informational
perspective. Each antenna element provides a local observation
of the surrounding EM field. When these observations are

Sampling
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distinguishable, i.e., correspond to linearly independent field
components, they contribute to independent spatial signaling
dimensions at the transceiver. The number of such independent
dimensions is commonly interpreted as the spatial DoF of
the channel [80], which serves as an information-theoretic
measure of how many independent spatial modes can be
resolved, transmitted, or received within a given aperture.

The attainable DoF, however, is ultimately constrained by
the physical characteristics of the EM field and the propagation
environment. In the far field, the distinguishable modes are
primarily associated with plane-wave directions, for which an
inter-element spacing of approximately \/2 is typically suffi-
cient to capture all propagating components without aliasing.
In the near field, by contrast, the EM field also contains higher-
order and rapidly decaying components that carry additional
spatial structure. Capturing these localized, non-propagating
modes often requires sampling at a density higher than the
conventional A/2 spacing. This contrast between the far-field
and near-field regimes therefore highlights the importance of
characterizing not only the theoretical DoF but also the prac-
tically attainable DoF, which depends on the spatial sampling
density and the underlying field structure. This aspect is further
examined in the following subsection.

B. Effective DoF Characterization

There are two common viewpoints for quantifying the DoF
in EM and wireless systems. The first viewpoint estimates the
number of physically supported modes — i.e., a theoretical
spatial DoF — by examining the singular-value spectrum of
the underlying channel or field operator and retaining only the
dominant modes [26], [81], [82]. This interpretation is widely
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adopted and admits a geometric picture in terms of packing
distinguishable field patterns or signaling waveforms in a high-
dimensional space (see Sec. VI-B). The second viewpoint is
more operational: it counts the number of modes that remain
energetically active in the capacity-achieving solution, which
can be characterized through the nonzero optimal source L2
norms [28]. In other words, it measures how many modes are
actually used under optimal excitation, rather than how many
modes exist in principle.

In practice, these two viewpoints need not agree exactly.
When the singular values decay smoothly without a clear
cutoff, as often occurs in near-field regimes, it becomes
ambiguous to define a hard truncation threshold on “dominant”
modes, and the operational definition may better reflect the
practically usable DoF. Nevertheless, for analytical clarity
and for connection to classical sampling and array design,
in this subsection we adopt the spectral (truncation-based)
viewpoint. Under this viewpoint, the DoF is determined by the
concentration of the operator’s eigenvalue (or singular value)
spectrum: only a finite number of modes carry significant
energy, while the remaining modes become negligible. This
leads naturally to Landau’s and Slepian’s analysis of time-
and band-limited function spaces [83], [84], and subsequent
refinements such as [85], which show that only a finite set of
eigenmodes carries most of the energy within a constrained
time-bandwidth or space—wavenumber region. We now make
this characterization explicit for a physically realizable EM
source.

Scatterers and Spatial DoF Gain

It is a well-accepted fact that additional spatial gain is
achieved in the scattering environment. However, the justi-
fication for such a spatial gain is controversial.

Specifically, Janaswamy [86] proved that the presence of
scatterers will slow the decaying rate of higher mode powers
in the near field (e.g, decays algebraically), and the slowing
is much more dramatic if the scatterers are closer to the
observation circle, which further increases the DoF. Therefore,
Janaswamy argues that much of the benefit of increased NDoF
comes from scatterers. However, Franceschetti et al. present
a contradictory conclusion in [87] that the information gain
is purely a near-field effect that is independent of scatterers,
especially for large-sized communication systems.

In fact, the conclusions drawn from [86] and [87] are valid
in their respective regimes, as investigated in [78] from the
following aspects:

1) If a finite aperture is considered (as assumed in [86])
in a rich scattering environment, the scatterers would
subtend all possible angles on the observation plane.
Therefore, the additional DoF is induced and attributed
to backscattering effects, which supports the conclusion
in [86].

2) On the other hand, if an infinite aperture (as assumed in
[87]) is considered in LOS-only propagation, the aper-
ture also subtends all possible angles on the observation
plane. Therefore, the scatterers cannot increase angular
extent beyond LOS-only propagation, and the additional
DoF gain is a purely near-field gain, which assures the
conclusion in [87].
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3) However, if the aperture is finite in the LOS-only case,
the angles subtended by the aperture are much less than
that in an infinite aperture, and the additional DoF is
also decreased [78].

Consequently, based on the relationship between the sub-
tended angles and DoF, the contradictory conclusions drawn
from [86] and [87] are explainable.

Considering a circular radiating source of physical radius r
that encloses both the emitter and relevant scatterers [85], and
define the normalized radius 7 = r/c, where c is the speed of
light. A cut-set boundary separates the source and receiver, so
that the radiated field in the receive region is fully determined
by the field on this boundary [85]. The field is observed
over a finite time interval ¢ € [—7/2,7/2] and within a
frequency band f € [—B, B]. Spatially, it is observed over
the angular interval ¢ € [—m, 7| and occupies a wavenumber
band w € [-W, W], where the spatial (angular) wavenumber
support scales as w = f7 + o( f7) as f7 — oo. Equivalently,
the wavenumber bandwidth? satisfies W ~ 2w B 7.

Following the variation of Landau’s eigenvalue theorem
in [85], we consider the limiting cases in which either the
observation time or the bandwidth becomes arbitrarily large,
corresponding to the time-limited and band-limited formula-
tions, respectively. The resulting DoFs are given by

BT 2xiB
NBL = 28 TR L ), AT oo, (15)
T 2
and BT 277B
AL P 7;7" +0o(fB), B — . (16)
i Y[y

These expressions are asymptotically equivalent and reveal
that the total DoF scales with both the time—bandwidth product
BT and the effective spatial bandwidth 277 B. Equivalently,
the total DoF can be interpreted as the product of a temporal
DoF term and a spatial DoF term.

The temporal DoF corresponds to a one-dimensional signal
that is either time-limited to ¢ € [—7'/2,T/2] or band-limited
to f € [-B, B], and is given by
=& + o(BT),

™

Ntime — BT — 0. a7)

This scaling shows that temporal DoF can be increased by
either enlarging the bandwidth B or extending the observation
time 7. In principle, it becomes unbounded as 7" — oo.

The spatial DoF represents the number of distinguishable
angular field modes that can be radiated at frequency f and
observed on the circular boundary ¢ € [—, 7], which is

f2nr
T

Nspace — + O(ff),

Hence, spatial DoF may be increased either by enlarging
the effective aperture size 7 (increasing 7) or by exploiting
multipath scattering in the environment, which effectively
enriches the number of resolvable angular modes. The former
is often constrained by size and cost, whereas the latter is more
practical in HMIMO systems. A more detailed discussion of

F7 — 0. (18)

2A circular source of radius r cannot excite arbitrarily high angular modes:
the highest significant angular mode index scales on the order of kr = 27 f7,
and evaluating this at the edge of the band f = B yields W = 27 B¥.
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scatterer-induced spatial DoF gain is provided in the text box
“Scatterers and Spatial DoF Gain”.

The total DoF in (15) and (16) highlights that both temporal
and spatial resources jointly determine the overall system
capability. However, in practical EM systems, these DoF com-
ponents cannot scale independently due to inherent physical
and design constraints. For instance, increasing the bandwidth
B generally requires lowering the minimum quality factor @,
which reduces the achievable directivity gain G (see Sec. II).
A lower directivity weakens the separability of spatial modes,
thereby diminishing the effective spatial DoF even as the
temporal DoF increases. Hence, extending bandwidth alone
does not necessarily lead to a higher total or practically
attainable DoF; the temporal and spatial contributions must
be considered jointly.

From a theoretical viewpoint, the temporal DoF can grow
without bound as the observation time increases, whereas the
spatial DoF is fundamentally limited by the compactness of
the channel operator A. Its singular values exhibit a “knee”
behavior—decaying slowly in the near-field regime but rapidly
in the far-field—thus imposing a deterministic upper bound
on the number of resolvable spatial modes [26]. This classi-
cal limitation motivates the exploration of HMIMO systems,
where dense spatial sampling and near-field interactions offer
new opportunities for exploiting additional spatial DoF beyond
conventional array designs.

C. Spatial Oversampling in HMIMO

The previous subsection showed that the spatial DoF is
ultimately limited. In a conventional far-field array, once
the antenna elements are spaced at approximately A\/2, the
dominant propagating modes are already captured. Adding
more elements with even denser spacing mainly re-samples the
same modes, so the effective spatial DoF saturates. However,
HMIMO changes this operating regime. By densely populating
a large, essentially continuous aperture, HMIMO not only
samples far-field plane-wave modes but also senses and shapes
finer spatial structure such as near-field wavefront curvature,
evanescent/reactive components, and other high-order modes
that decay rapidly with distance and are invisible to a conven-
tional critically sampled array.

This motivates the use of spatial oversampling, which
places elements with sub-\/2 spacing to deliberately capture
these fast-varying field components. Such dense sampling can
increase the effective spatial DoF available to the transceiver,
but it is not free—closely spaced elements become strongly
correlated, analogous to inter-symbol interference (ISI) in
time-domain signaling. This implies that HMIMO benefits not
only from orthogonal spatial channels, but also from managing
useful non-orthogonality in space.

This “spatial oversampling” should not be confused with
faster-than-Nyquist (FTN) signaling. FTN, following Mazo
[88], increases the symbol rate beyond the Nyquist limit
in the time domain by allowing controlled nonorthogonal-
ity between pulses, while keeping the minimum Euclidean
distance between symbols essentially unchanged [89]. By con-
trast, spatial oversampling in HMIMO is a physical sampling

IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 28, 2026

strategy: it is dictated by aperture size, wavelength, and near-
field coupling, rather than by excess temporal bandwidth.

Therefore, the organizing principle behind FTN, namely
the idea of deliberately allowing interference and resolving it
through advanced receiver processing, is conceptually useful.
Similarly, HMIMO can adopt this philosophy in the spatial
domain. Instead of enforcing strictly orthogonal beams and
A/2 element spacing, the array can tolerate controlled inter-
element correlation (spatial “ISI”) and recover information
through joint processing across elements. In this view, cor-
relation is regarded as a resource rather than merely a penalty.

However, directly porting FTN-style techniques to the spa-
tial domain is nontrivial. Even in the temporal case, FTN
requires more complex detection and compensation mech-
anisms: carefully designed non-sinc pulses or precoding to
reduce interference, as well as additional signal processing
to handle increased peak-to-average power ratio, such as
clipping, constellation extension, and selected mapping. These
techniques reduce the receiver burden but introduce their
own impairments. This suggests that while FTN provides an
analogy for HMIMO, it should be regarded as an inspiration
for future spatial transceiver designs rather than as an off-the-
shelf solution.

V. CHANNEL MODELING WITHIN THE EIT FRAMEWORK

Within the EIT framework, the communication channel is
represented as an EM operator that maps the transmitted field
to the received field through the Green’s function of the
environment. This section introduces several EM-compliant
channel models that progressively capture the physical and sta-
tistical nature of propagation. Specifically, the field-based EM
channel models—including the plane-wave spectral expan-
sion model, the dyadic Green’s function (DGF) model, and
the stochastic Green’s function (SGF) model—are presented.
Finally, the continuous aperture representation extends these
models to the continuous spatial domain, linking physical field
operators to the HMIMO channel characteristics.

Division of Green’s Functions in Far-/Near-Fields

Through Weyl’s decomposition, the scalar free-space
Green’s function in (11) which satisfies the inhomogeneous
Helmholtz equation with a §-function source is expanded by
a series of plane waves, i.e. [90], [91],

e~ Jkor 7].]{50

// — exp —jko(kzx + kyy + k.|2|)|dk.dE,,  (19)

where k; = /1 — k2 — k2 for D(k) = (
1} k.= —j\/k2+ k2 — 1 for D(k) =

Therefore the scalar function g(r) is the sum of integrals
in two parts, i.e., G(r) = Gg(r) + Gg(r) [90].

The homogeneous part Gy (r) contains all propagating
plane waves in the far-field zone, which is given by

—k
Gpu J 0// —exp —jko(kex + kyy

ky) | k2 + k2 <
koo ky) | K3+ k2 >
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where (a) makes use of polar coordinates, Jy is the
Bessel function of the first kind and order zero, the
coordinate-dependent parameters «(z) = kolz| and S(z,y) =
kov/x2 + y2, and v is radial integration variable [90].
Similarly, the evanescent part Gg(r) contains all the expo-
nentially decaying plane waves in the near-field zone, i.e.,

—k:
J 0//—exp —jko(kzx + kyy

el by = ko [
0

x exp[—a(z)v]Jo [B(a;y)\/z)?i—&-l} dv.

X exp[—j

Gg(r

2n

A. Field-Based EM Channel Models

The current distribution J imposed by the transmit point
source excites an EM wave E under the transfer function
Gy (or Gs in the presence of scattering). The concept of
wireless channels, widely used in communications, has not
been well established yet from the EM perspective. To gain a
comprehensive understanding of EM channels, we interpret
the EM channel as a continuous vector wave field excited
by an impulse response. As a consequence, the (stochastic)
dyadic Green’s functions can be considered as the EM-domain
wireless channel (denoted by H) for systems with continuous
apertures. In this context, the channel inherently satisfies the
vector Helmholtz equation, i.e.,

VxVxH-kH=0, (22)

where H can be alternatively chosen as one of its representa-
tions in different domains. For example, the channel can be in
a space-time representation, H = H(r, t) or in a wavenumber-
time representation, H = H(k, t), with the following Fourier
transformation relation

H(r,t) = e / H(k, t)e?* " dk, (23)
where k = [k, ky, k;]7 is the wavevector, and the integration
is performed over region D = {k2 + k; + k2 = kg}.
Furthermore, the integral region can be divided into region
k2 4+ k2 < k* for supporting propagating waves existing
in far—ﬁeld and region k2 + ki > k? including evanescent
waves in the near-field region. See the text box “Division of
Green’s Functions in Far-/Near-Fields” for details of the scalar
channel scenario. Such a division in the wavenumber domain
is consistent with the communication region divided in the
space domain.

1) Deterministic Channel Models: Deterministic models
describe the propagation channel through explicit EM formu-
lations, without assuming statistical randomness. Here, two
representative deterministic models—the Fourier plane-wave
expansion model and the dyadic Green’s function model—are
introduced to interpret field propagation in rich-scattering and
LoS environments, respectively.
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Fig. 9. Comparison between Fourier plane wave expansion model and
traditional Clarke model in terms of the autocorrelation function vs. distance
between two antennas [101] (source codes from [102]).

a) Fourier plane-wave expansion model: The Fourier
plane-wave expansion model provides a physically consistent
representation of the channel in the wavenumber (angular)
domain. It represents the received field as a superposition of
plane waves emitted from different directions, thereby approx-
imating the multipath propagation process in a deterministic
but spatially rich manner.

Specifically, when the homogeneous part Gy (r) of the
Green’s function dominates within a finite circular wavenum-
ber region D, the field can be expressed by a finite number
of plane-wave components [80]. The spatial channel response
between the transmit point s and the receive point r is [92]:

h(r,s) = 1)2

/./// (ks by, 1) Ho (g, by, Kz, iy)
D(k)XD(ﬁ)

X as(Ka, Ky, 8) d kpdkydrody,

(24)

where a, and as denote the receive and source response func-
tions, respectively, and H, is the angular transfer function that
characterizes how each transmit direction (k, k,) contributes
to the received direction (k, k).

When the environment is isotropic, Hg(kz, ky, Kz, £y) can
be factorized into separable transmit and receive terms, leading
to an approximately uncorrelated angular-domain channel.
This decomposition enables low-complexity beamspace pro-
cessing and sparse channel estimation in far-field scenarios. In
the near-field regime, however, the coupling between angular
components becomes significant, and the Fourier representa-
tion captures these interactions more accurately than classical
uncorrelated scattering models.

As shown in Fig. 9, the spatial autocorrelation function (i.e.,
R(d) = W, where d = [d,0,0]T) of the Fourier
model closely matches that of the classical Clarke model [93]
for small antenna separations, validating its effectiveness in
rich-scattering environments.

Limitations: The Fourier plane-wave expansion model
assumes that scatterers can be represented by regular surfaces
(planar, cylindrical, or spherical), where the field decompo-
sition into harmonic components is tractable. For irregular
or complex scattering environments, numerical methods such
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as the method of moments are preferred, where the dyadic
Green’s function is employed to compute the induced currents
and coupling effects. Therefore, the Fourier-based represen-
tation is best suited for analytically tractable deterministic
scenarios, while Green’s function formulations offer a more
general framework, as discussed next.

b) Dyadic green’s function model: To capture the com-
plex EM interactions in near-field communications, various
modeling approaches have been proposed [32], [94], [95],
[96], [97], [98], [99]. A commonly used approach is the
spherical wave expansion, which represents the channel as a
superposition of spherical harmonics whose coefficients are
often modeled as Gaussian random variables. This framework
allows modeling both far-field and near-field components by
controlling the ratio between the two regions [95]. How-
ever, spherical wave models mainly serve as mathematical
interpolation tools without explicit physical interpretation of
polarization or current distribution, which may limit their
accuracy and result in underestimated system capacity.

To overcome these limitations, the DGF is introduced for
physically rigorous channel modeling. Unlike the spherical-
wave approximation, the DGF formulation directly stems from
Maxwell’s equations and inherently accounts for polarization,
mutual coupling, and field continuity across arbitrary surfaces.
Its effectiveness has been demonstrated in [32], where the
DGF-based formulation accurately captures the variation of
spatial DoF between near-field and far-field regions. Sub-
sequent studies [35], [96] further extended this model to
HMIMO systems in LoS near-field communications, offering
a unified EM interpretation that encompasses power gain,
polarization diversity, and spatial correlation.

Specifically, by partitioning the HMIMO aperture into N
small patches, the total electric field at an observation point
can be computed as the superposition of radiations from all
sub-elements, i.e.,

02 oo 155

where J(r/,) denotes the current at the n-th source patch, and
r, 1s the distance from the patch to the observation point.
In this formulation, each transmit patch contributes to the
total received field via its DGF kernel. For compact HMIMO
arrays, the receiver may lie in the near-field region with
respect to the array aperture, yet still be in the far-field region
relative to each individual element—an important observation
enabling hybrid near—far-field modeling. This framework has
been further extended to arbitrarily shaped transmitting and
receiving surfaces [100].

The performance of the DGF model has been verified
through correlation comparisons with the traditional Clarke
model, as shown in Fig. 10. It can be observed that the two
models exhibit consistent correlation behavior across different
antenna spacings, validating the EM-compliant formulation.

Limitations: Although the DGF model provides a physically
complete description of polarization and field interactions,
its computational complexity remains high, particularly in
environments with numerous random scatterers. For multi-
path or strongly scattering channels, directly solving the

—JjkoTn

: J(I‘/ )a

n

(25)

477,
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Fig. 10. Comparison between Green’s function model and traditional Clarke
model in terms of the autocorrelation function vs. distance between two
antennas [32].

DGF becomes impractical. Therefore, in such cases, stochas-
tic Green’s function models are adopted to capture random
scattering effects in a computationally efficient manner, as
discussed in the next subsection.

2) Stochastic Channel Models: To effectively capture the
randomness of scatterers in practical wireless environments,
SGF models have been developed as statistical extensions of
deterministic EM formulations. Unlike the Fourier plane-wave
expansion, which is limited to regular scattering geometries,
or the DGF, which is computationally intensive for random
multipath environments, the SGF approach models the Green’s
function itself as a random field with statistically defined
properties. This enables a physically consistent yet proba-
bilistic description of multi-path propagation within the EIT
framework.

The SGF formulation originates from the random wave
model and random matrix theory, which treats the complex
EM field as a spatially correlated Gaussian process [68]. The
eigenfunction W;(r, k;) of the stochastic Helmholtz equation
at position r can be expressed as

W, (r, ki) ~ wix + w!y + wiz, (26)

where wy, w , and w; are correlated Gaussian random vari-
ables deﬁned by the statlsncal superposition of plane waves

N
lim COS ¥y, Sin ¢y,

N—oo [an (7
n=1

— sin, cos ¢y, cos ) cos (ki€ -t + )],
N
Z [an, (cos 1, cos ¢,
n=1
— siny, sin ¢y, cos 0,,) cos (ki€ - T + B,)],
N
Z [an Sin 1, sin @, cos (k;&, -t + Bn)], (27)

n=1

7

lim
N—o0

ve
w;

12

lim
N—o00
where a, is the n-th plane wave amplitude satisfying
(aman) = & 0mn, V is the cavity volume, and v, ¢n,
and 6,, denote polarization, azimuth, and elevation angles,
respectively. This representation allows the local field compo-
nents to be modeled as Gaussian-distributed random variables,
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TABLE I
FIELD-BASED CHANNEL MODELS

Channel Modeling Methods Related Works

Applicable Scenarios

Limitations

Fourier plane wave expansion

model [92], [101]

Approximately represent the spatial NLoS
path with less wavenumber-domain sam-
ples at low cost.

Difficult to handle irregular
scatterers.

Dyadic Green’s function model | [32], [35], [96]

Exactly describe both near-field and far-
field LoS scenarios using dyadic Green’s
functions.

Computationally prohibitive in
NLoS modeling.

Stochastic Green’s function

model

[67], [68], [104],
[105]

Statistically depict the general scattering
environment using random wave model
and random matrix theory.

High complexity; difficult to
obtain statistics of model pa-
rameters.

<@+ SGF model (K =2)

0.8 @ SGF model (K — oc)

—©— Rician model(K =2)

06 —~ @ :Rician model(K — oc)
Clarke model

0.4

0.2¢

0.2

Correlation function
o

04
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spacing / A

Fig. 11. Comparison between SGF model and traditional Rician and Clarke
model in terms of the autocorrelation function vs. distance between two
antennas [103].

consistent with the statistical isotropy of complex scattering
environments.

The resulting SGF defines the channel transfer function
as a random operator whose eigenvalues and eigenvectors
follow probabilistic distributions determined by the ensemble
of scattering realizations. Motivated by this formulation, the
work in [103] proposed a universal EM-compliant channel
model for HMIMO systems, where the SGF is used to
statistically represent the superposition of a large number of
plane waves. This approach allows the derivation of the mean
and variance of the field amplitudes for different polarization
states and spatial locations, thereby linking EM wave statistics
with channel characteristics such as capacity, correlation, and
spatial DoF.

The EM-compliant behavior of the SGF model across dif-
ferent antenna spacings has been verified through correlation
comparisons with the traditional Rician model and Clarke
model, as shown in Fig. 11.

Limitations: Despite its strong physical foundation, the
SGF model faces challenges when applied to open wireless
environments. The theory was originally developed for closed
or quasi-closed cavities with known geometric parameters
(volume, boundary conditions, etc.) [68]. Extending it to
general propagation scenarios—where boundary information
is incomplete or continuously varying—remains an open

research problem. Future work is expected to generalize the
SGF concept by incorporating environmental priors (e.g., from
ray tracing or environmental maps) into the EM framework.

A comparison among different channel modeling
approaches, including their applicable scenarios and
limitations, is summarized in Table II.

B. Operator-Theoretic Channel Models

While the previous stochastic models statistically describe
field randomness induced by complex scattering, they are
still grounded in discrete array representations. To unveil
the fundamental physical limits of wireless communications
within the EIT framework, it is necessary to move beyond
discrete antennas and analyze the propagation process in the
continuous aperture domain. Such a formulation enables an
intrinsic evaluation of the system performance that is indepen-
dent of the number of antenna elements or their spacing, thus
providing a more fundamental EM perspective of HMIMO
systems.

Unlike the discrete channel matrices in conventional mod-
els, the continuous aperture channel is characterized by
square-integrable functions and Hilbert—-Schmidt operators.
Specifically, both the channel operator k(r,s) and input signal
f(s) are square-integrable functions: f : R? — C satis-
fying [ |k(r,s)]*> < oo and [|f(s)]? < oc. Defining the
Hilbert-Schmidt operator H : L%(R%) — L2?(R?), the input-
output mapping is given by

YV=(H[)s) = /k(r,s)f(s)ds.

The detailed relationships between integral operators in con-
tinuous domains and their discrete matrix counterparts can be
found in [106, Table I].

The orthonormal eigenfunctions of the transmitter space
St and receiver space Sp can effectively characterize the
continuous channel. Specifically, the input signal f(s) is rep-
resented by a set of orthonormal basis functions {¢,,(s) }nen
and the radiated field is expressed using eigenfunction set
{Yn(r)}nen. A real sequence {&,}nen (ie., the singular
values of the channel operator), converging to zero, satisfies
the following relation:

(28)

HE =D & (f0n(s)) nlr),

n=1

(29)
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where the Hilbert-Schmidt kernel k(r,s) =Y 7 | &,0,0% is
connected to Green’s function Gg(r,s) [43].

Consequently, the eigenfunctions of the transmitter and
receiver apertures form the natural basis for continuous chan-
nel modeling.

1) Optimal Eigenfunctions: In the point-to-point transmis-
sion, the receiver basis function ¢ (r) and transmitter basis
function ¢(s) are connected via the integral of the Green’s
function Go(r,s) over the transmit space S, i.e., ¥(r) =
/. Sr Go(r,s)¢(s)ds. Therefore, the optimal eigenfunctions can
be derived by solving a coupled eigenfunction problem given
by [107], [108, Eq.(12)-(15)]

Endn(s) = s, Kr (s,s') én (s') ds',
Enthn(r) = K (r,x') 9y (x') dr’, (30)
where
Kr(s,s) = i Gy(r,s)- Gy (r,s') dr
Kg(r,r') = i Go(r,s) - Gy (r',s) ds. (31)

However, finding these optimal eigenfunctions analytically
is generally intractable. Typically, one has to resort to EM
simulations, e.g., Galerkin’s method. Yet, these numerical
methods become impractical for large antenna arrays due to
unacceptable computational complexity. Consequently, it is
recommended to approximate the continuous channel using
discretization methods or alternative approximate eigenfunc-
tions.

2) Integral Over Discretized Spaces: Discretizing the trans-
mitter and receiver spaces is an effective solution to address
eigenfunction problems. This transforms the continuous eigen-
function problem into an SVD problem with a finite and
discretized dimension [107].

Specifically, for each discretized patch, the integral coun-
terpart of channel matrix H is H : L?(R?) — L?(R?), i.e.,

(Hz)(r) = /h(r,t)z(s)ds, (32)
where h(r,t) is the coupling coefficient between the trans-
mitter and receiver surfaces, and h(r,,,t,) = H,,, in the
discrete case.

With the aid of Riemann sum approximation, the singular

value relation between the continuous and discretized repre-
sentations is given by [106]

NN,
ox(H) ~ \/«4i«4 ox(H),

where A; and A, are the Lebesgue measure of transmitter and
receiver on R2.

However, this method relies on the small-aperture approx-
imation and assumes an unblocked direct path between the
transmitter and receiver. Therefore, extending this approach to
large apertures imposes significant challenges on the compu-
tational costs.

(33)
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3) Other Choices of Approximate Eigenfunctions: In addi-
tion to direct discretization, several analytical families of
approximate eigenfunctions can be employed to represent the
continuous aperture channel. Representative examples include
the prolate spheroidal wave functions, Fourier modes [109],
and focusing functions that allow the transmitter aperture to
concentrate energy efficiently toward specific spatial regions
[108]. The choice of basis functions depends on the communi-
cation scenario, boundary conditions, and aperture geometry.

By exploiting the compactness of the aperture set and the
integrability of the kernel function, one can further character-
ize the asymptotic behavior of singular values, which directly
determines the number of effective DoF of the channel.
The detailed DoF analysis and its implications for EIT are
presented in Sec. VI.

Limitations: The continuous channel modeling relies heav-
ily on the selection of eigenfunctions. However, solving for the
optimal eigenfunctions by addressing the coupled eigenfunc-
tion problems is often intractable. Even though discretizing
the transmitter and receiver into small segments and treating
them as piecewise constant basis functions can reduce the
computational burden to some extent, this approach becomes
impractical for large apertures. Therefore, it is crucial to
design feasible and near-optimal approximate eigenfunctions
that balance computational efficiency with communication
performance requirements.

VI. INFORMATION-THEORETIC FOUNDATIONS FOR
HMIMO-ORIENTED EIT

This section revisits information measures from probabilis-
tic and deterministic viewpoints to formulate an EIT basis
tailored to HMIMO systems. Specifically, we examine SIT
and KIT as two complementary frameworks. SIT models
the statistical relationship between inputs and outputs in a
probabilistic setting [15], whereas KIT adopts a deterministic,
functional-analytic perspective to quantify information carried
by continuous fields [25]. Although rooted in different math-
ematical formulations, both converge to a common physical
insight within the EIT framework—namely, that the number
of resolvable modes (DoF) is determined by the available
aperture, bandwidth, and propagation environment.

A. Shannon’s Information Theory and Kolmogorov
Information Theory

To establish a comprehensive understanding of information
measures in EIT, it is instructive to revisit two foundational
paradigms—SIT and KIT—which respectively adopt proba-
bilistic and deterministic formulations. These two theories are
not mutually exclusive but rather complementary, offering dis-
tinct yet consistent perspectives on information representation,
as shown in Fig. 12.

1) Shannon’s Information Theory (SIT): In SIT, the
Shannon capacity quantifies the maximum reliable informa-
tion rate under a probabilistic communication model [15].
A useful visualization is a sphere-packing picture in an
Ngrr-dimensional signal space (Fig. 12): each codeword cor-
responds to a point specified by Ngir orthonormal coordinates,
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Fig. 12. Conceptual relationship among SIT, KIT, and EIT.

and additive noise induces an uncertainty region around each
point. As the observation resources grow (1" — oo and/or
B — o0), these “soft” regions concentrate toward ‘“hard”
spheres. Counting the number of non-overlapping spheres
(denoted here by Ngit) provides a geometric intuition: the
available distinguishable codewords scale as log, Ngrr. This
packing count is a conceptual proxy for distinguishability;
the actual Shannon capacity further depends on SNR and
bandwidth. For reference, the SNR in this picture is [81]

P Ngit

SNRsir = ———,
(o NSIT)2

(34)

where P is the transmitted power per symbol and o+/Ng|t is
the uncertainty radius induced by noise. While SIT rigorously
optimizes over input distributions, it typically requires full
probabilistic specification, which obscures the contribution of
individual spatial/temporal modes in complex EM scenes. This
motivates a complementary deterministic view via KIT.

2) Kolmogorov’s Information Theory (KIT): KIT assesses
information deterministically by counting the number of
distinguishable signals under a fixed resolution e. An
infinite-dimensional function class is approximated by a finite-
dimensional subspace whose e-balls do not overlap, leading
to the Kolmogorov e-capacity [25], [81]. This is again a
packing problem (Fig. 12), but with “hard” balls of radius
€ that represent instrument/implementation uncertainties (e.g.,
antenna tolerances, measurement errors). If the signal energy
is bounded by E (e.g., for band-limited fields), a natural SNR
proxy is

SNRir = 5, 35)

and the count of non-overlapping e-balls, Ngjr, yields the
information measure log, Nxir. To connect SIT and KIT, a
relaxed (e, d)-capacity allows controlled overlap between e-
balls with relative overlap 4, representing a target decoding
error [81] (Fig. 12). In multi-user scenarios, interference
enlarges the uncertainty radius to eqy = € + VZ (with
interference energy Z), and

A~

SINRkir = (36)

E
e2+7

Remarks: SIT and KIT apply to both time and space
due to space—time symmetry. Geometrically, both quantify
information by counting how many non-overlapping balls fit
in the image ellipsoid of an operator—the e-packing prob-
lem. The difference lies in uncertainty modeling: SIT begins
with probabilistic “soft” uncertainty that hardens with large
observations (law of large numbers), whereas KIT assumes
a fixed resolution € from the outset. The two views are
thus complementary: SIT emphasizes statistical capacity; KIT
emphasizes geometric resolvability—both essential to EIT.

3) Visualization via Compact Operators: Within EIT, the
input—output relationship between the source current distribu-
tion and the radiated EM field can be formulated as an operator
mapping A : X — Y, as also visualized in Fig. 12. The
operator A is analytic and compact, and it depends on the
propagation environment and boundary conditions. It can be
expressed through the Hilbert—Schmidt decomposition [26]:

Ar = Zak@?,vk)u;c,

k=1

(37

where {vj} and {uy} denote the right and left singular func-
tions, oy, are the singular values, and (-, -) is the inner product
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in L?(X). Due to the compactness of A, the singular values
decay monotonically as o1 > 09 > ... and limg_,, o = 0,
meaning that only a finite number of significant modes effec-
tively contribute to field generation or reception.

If the total source energy is bounded by E, the admissible

current distributions lie inside a hypersphere of radius \/E
The operator A maps this hypersphere to an ellipsoid in the

field space Y, whose kth semi-axis length is oy \/E Each
point on the hypersphere corresponds to a specific current
distribution, while each point on the ellipsoid corresponds to
a radiated field pattern generated by that distribution.

Geometrically, each e-ball within this ellipsoid represents
one distinguishable radiation pattern or waveform under a
fixed resolution e. Non-overlapping e-balls correspond to
error-free distinguishable patterns, whereas overlapping balls
correspond to partially correlated or error-tolerant cases. When
all balls are non-overlapping, the e-covering becomes an e-
packing problem, indicating perfect distinguishability. The
total number of non-overlapping e-balls represents the effective
Kolmogorov e-capacity of the operator A.

This geometric representation directly unifies SIT and KIT.
In SIT, distinguishable codewords are separated by the noise-
limited uncertainty region; in KIT, resolvable field functions
are separated by the deterministic resolution e. Both can
be interpreted as packing problems in the same function
space. The number of non-overlapping e-balls (or, equivalently,
the number of dominant singular values above the noise or
resolution threshold) defines the effective DoF of the channel.
These DoFs characterize how many independent field modes
can be excited or observed, providing a geometry- and physics-
aware measure of the communication resources available in
HMIMO systems.

B. Reinterpreting DoF in SIT/KIT

HMIMO systems, characterized by large and continuous
apertures, naturally lend themselves to a functional-analytic
treatment under the EIT framework. From the perspective
of compact Hilbert—Schmidt operators, the spatial DoF cor-
respond to the number of significant singular values (or
eigenmodes) whose energy exceeds a prescribed threshold.
This formulation directly connects (i) Shannon’s probabilis-
tic notion of noise-limited resolvability, (ii) Kolmogorov’s
deterministic e-resolution, and (iii) the spectral concentration
principles such as those of Landau—Pollak and Slepian for
space—bandlimited functions. The result is a physically mean-
ingful and geometry-dependent characterization of DoF that
applies across both near- and far-field regimes.

Following the framework in [24], the spatial DoF depends
jointly on the array domain S (the physical region supporting
the excitation) and the solid angle |Q| (the angular region over
which radiated fields are observable). For electrically large
systems where S|Q| — oo, the asymptotic DoF scales as

NP & S|Q)]. (38)

Typical geometries include S = 2L for a linear array of length
2L, S = 2R for a circular array of radius R, and § = mR? for
a spherical aperture of radius R. For a transceiver pair with

IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 28, 2026

apertures (S, S,-) and observable solid angles (|€2[, |€2,]), the
overall DoF is limited by the weaker of the two links:

NP — min {8, S|} (39)

Additional DoF can arise from polarization diversity—e.g.,
dual- or tri-polarized arrays effectively multiply the spatial
DoF by the number of independent polarization channels.

Considering two linear receivers with apertures L, 1 > L, o
and identical solid angles |2;] = |Q2| communicating with
the same planar HMIMO transmitter of aperture .4; and solid
angle |Q;|. The resulting DoFs are

NP = min {S; |, Ly |},

(Sg;lce = min {St‘QQL Lr}2|Qt|} .
If the transmit DoF is the bottleneck (S;|21| < Ly 2|%]),
enlarging the receiver aperture does not increase DoF; oth-
erwise, the larger receiver supports more resolvable spatial
modes. This mirrors the dual limitation between time duration
and bandwidth in classical SIT [110].

Furthermore, as established in Sec. IV, the DoF can
be reformulated as an e-packing problem in the joint
space-wavenumber domain A x Q. Let 83 = 7%/2/T' (4 + 1)
be the volume of a d-dimensional unit ball. For characteristic
spatial extents (J, 0y, ;) along three axes, the DoF is

m(S x Q)
) (5) (3

where m(-) denotes the joint measure of the aperture—spectral
region. This expression reinforces that DoF increases with both
physical aperture S and solid angle |Q2|. However, practical
constraints often limit aperture expansion; thus, enlarging
the effective solid angle—via relays, distributed arrays, or
cooperative reflection surfaces—offers a more feasible means
of boosting DoF. In rich scattering environments, additional
multipath components further enlarge || by providing dis-
tinct angular clusters, each contributing new resolvable spatial
modes.

Physically, in multipath or distributed environments, each
distinguishable propagation path can be interpreted as a sep-
arable mode in the operator domain. Paths are distinct if they
occupy non-overlapping angular subspaces, jointly defining the
channel rank [111]. Increasing antenna spacing enlarges the
set of resolvable virtual angles and hence spatial diversity, but
overly wide spacing may introduce inter-cluster interference
from angular overlap. In far-field LoS channels, the critical
sampling interval is approximately \/2 for infinite apertures,
while finite apertures may tolerate slightly larger spacings
[78]. This tolerance is not a design recommendation: to avoid
spatial aliasing and to suppress grating lobes, HMIMO systems
therefore operate in an intentionally oversampled regime to
preserve high spatial resolution and mitigate aliasing. In near-
field or rich NLoS cases, the spatial DoF increases with both
the array size and the angular richness of the environment.

The DoF concept provides a unifying performance metric
for different functional objectives and transceiver implementa-
tions. This is because DoF characterizes the maximum number

(40)

Nspace — (4])
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of independent resolvable signal dimensions (communica-
tion modes) that a system can reliably support, and these
dimensions can be explicitly structured and flexibly allocated
depending on system goals.

For example, in joint communication—imaging systems, the
total DoF Ny can be decomposed into communication and
imaging sub-resources, i.e., No = N™ + Ny™¢, offering
direct intuition for balancing data throughput and imaging
resolution. Building on this resource-allocation perspective,
in multi-user HMIMO, DoF further admits a physical inter-
pretation as the number of resolvable spatial eigenmodes
(eigen-channels). This structural interpretation determines the
largest subspace dimension over which independent spatial
communication modes can be multiplexed with asymptotically
vanishing inter-mode interference at high SNR, clarifying its
role as a system-level interference-management bound.

In wideband HMIMO implementations, the effective DoF
dimension also offers practical intuition for the minimum
number of controllable spatial signal paths needed for beam-
squint-robust precoding design in high-SNR regimes. While
this is related to the number of active RF chains, it
should be interpreted as a reference lower bound rather
than a strict equality, since RF chains represent hardware
realizability, whereas DoF describes resolvable signal dimen-
sions in the EM channel. Guided by the principle that
subspace dimension is preserved under unitary basis trans-
forms, precoders can be designed to operate on a dominant
DoF-spanning mode set (or a DoF-preserving bandwidth parti-
tion), enabling approximately inter-mode-interference-free and
beam-squint-mitigated signaling, while significantly reducing
the complexity of mode optimization.

Finally, since DoF fundamentally measures resolvable sig-
nal dimensions rather than fixed hardware, these dimensions
can be expanded through physical channel engineering. Specif-
ically, programmable scatterers or active illumination can
synthesize or unlock additional resolvable spatial modes,
increasing the effective DoF in both near- and far-field prop-
agation. DoF is simultaneously a theoretical dimensionality
limit, a precoding/interference management principle, and a
scalable architectural guideline that informs both the minimum
hardware needed to preserve resolvable dimensions and the
physical means to enlarge them.

Therefore, the spatial DoF thus serves as a unifying
bridge between SIT/KIT-based information measures and
physically realizable channel behavior. It encapsulates how
geometry, aperture, and angular richness jointly determine the
information-carrying capacity of HMIMO systems, providing
a rigorous and physically grounded foundation for subsequent
system optimization.

C. Wideband and Dual-Wideband Effects

Having established the spatial DoF interpretation under
quasi-monochromatic excitation in the previous subsection, we
now extend the analysis to broadband HMIMO systems, where
temporal-spectral dimensions interact with spatial modes.
Such systems naturally exhibit wideband and dual-wideband
effects that reshape both the physical propagation behavior and
the information-theoretic DoF budget.
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Wideband transmission enables higher data rates and
stronger robustness to multipath fading by exploiting addi-
tional spectral DoFs in the frequency domain. Multiple data
streams can thus be multiplexed over independent subcarriers,
making wideband and ultra-wideband HMIMO architectures
particularly attractive for 6G communications.

However, the classical narrowband assumption—that the
time delay 7,,, across array elements satisfies s(t — 7,,,) = s(t)
for Ts > 7,,—no longer holds when both bandwidth and
aperture size become large. As the array aperture increases,
the propagation delay difference between the reference and
edge elements becomes comparable to the signal duration
or the inverse bandwidth. In this case, different antenna
elements receive time-shifted versions of the waveform rather
than instantaneous samples of the same signal. The resulting
non-negligible delay difference across the array induces an
intrinsic spatial-wideband effect (or spatial selectivity), which
is distinct from the conventional frequency-wideband effect
(frequency selectivity) caused by multipath delay spread.
When both phenomena coexist, the system experiences dual-
wideband effects that jointly couple spatial and temporal
domains.

As summarized in [112], dual-wideband effects introduce
several challenges. The frequency-wideband effect reduces
coherence bandwidth, leading to inter-symbol interference,
while the spatial-wideband effect causes beam squint, beam
split, and defocus [113]. These effects complicate beam
alignment and decoding processes, and hence require either
(i) algorithm-based mitigation (e.g., precoding or phase-
compensation schemes) or (ii) architecture-based mitigation
(e.g., true-time-delay hardware).

Representative modeling efforts [114] describe the dual-
wideband channel using three coupled factors: a spatial
steering vector (array response over angles), a frequency
steering vector (subcarrier response to delay), and a phase-
shift matrix (path diffusion effects). Applying a 2D inverse
Fourier transform to the spatial-frequency domain yields the
angular—delay domain representation. Under the planar-wave
assumption, the angular—delay map exhibits a rectangular
shape in the far field [112]; under the spherical-wave assump-
tion, it becomes diamond-shaped in the near field [115],
reflecting stronger angular—frequency coupling.

To date, dual-wideband phenomena have rarely been studied
within EM-compliant channel models (see Sec. V). Tra-
ditional formulations remain based on discrete planar or
spherical assumptions. In contrast, Green’s function—based
models inherently account for propagation delay through their
exponential phase kernel, thereby offering a more faithful
description of beam squint, delay squint, and diffusion phe-
nomena. The resulting frequency-dependent angular spread
can be directly computed and observed, enabling a physically
consistent quantification of wideband effects within the EIT
framework.

In summary, dual-wideband effects do not merely impair
system performance; they fundamentally reshape the coupled
spatio—spectral DoF landscape. From an EIT perspective, they
highlight the necessity of jointly modeling time, frequency,
and spatial variables as a unified information space, motivating
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Fig. 13. DoF v.s. number of antennas within the fixed transmit surface at
different distances r.

co-design across algorithmic (precoding/compensation) and
architectural (true-time-delay) dimensions in future HMIMO
systems.

VII. NUMERICAL EVALUATION

In this section, the performance of the EM-compliant
HMIMO models is analyzed using MATLAB simulations.
Specifically, two performance metrics, namely DoF and capac-
ity, are employed to assess HMIMO systems across different
scenarios.

A. DoF and Eigenvalues Evaluation

Considering a fixed surface area, continuously increasing
the number of antennas does not always yield a proportional
improvement in DoF. The DoF eventually saturates due to
the deformation of antenna patterns caused by strong mutual
coupling, as shown in Fig. 13. The figure illustrates the DoF
of the generated LoS channel, computed as (tr(R)/|R||#)°,
where R denotes the channel correlation matrix obtained
for varying numbers of transmit antennas. This computation
provides a physically consistent interpretation with [116],
where DoF is defined as the number of eigenvalues exceeding
half of the largest one. The HMIMO surface area is 64\2
(square shape), and we consider transmitter-receiver distance
at 7 = 5\, 7A and 9\, respectively. From the figure, it is
evident that HMIMO in the near field exhibits the highest DoF,
primarily because the third polarization component possesses
the strongest power. However, as the distance increases, the
near-field region moves to the far-field region, resulting in a
considerable decrease in DoF. Additionally, the DoF does not
continuously improve with an increasing number of transmit
antennas. This behavior can be attributed to the distorted
antenna pattern and the strong coupling effects.

An intriguing finding from [52] suggests that moderate
mutual coupling may slightly alter the effective DoF by
perturbing the radiation pattern and exciting additional weak
modes. However, excessive coupling (i.e., very small inter-
element spacing) increases spatial correlation and leads to
DoF degradation. Furthermore, the spatial DoF of aperture-
constrained HMIMO systems is approximately proportional
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Fig. 14. Eigenvalues of far-field NLoS HMIMO systems for different spacing
at the receiver.

to the physical surface area for both far-field and near-field
regimes [117], [118]. This relationship originates from the
aperture’s space—bandwidth product: a larger physical surface
supports a wider range of tangential wavenumbers, thereby
enabling more resolvable field modes. It should be noted that
this DoF scaling is geometric and spectral in nature rather than
power-driven—changes in transmit/receive power affect mode
detectability but not the intrinsic DoF itself.

Recent studies have further extended DoF characteriza-
tion toward more practical formulations. For instance, [119]
introduces a directivity-aware model where antenna radiation
patterns and element spacing jointly determine the uneven dis-
tribution of coupling coefficients in the wavenumber domain,
from which the effective DoF is evaluated via cumulative
energy thresholds. Meanwhile, [120] develops an analytical
framework for near-field XL-MIMO based on the Green’s
function representation, expressing the effective DoF in closed
form through the ratio of the operator trace and Frobenius
norm. These works complement the geometric and spectral
interpretations discussed above by offering direct analytical
or statistical quantification of effective DoF in realistic array
configurations.

The eigenvalue of far-field NLoS HMIMO channels for
different spacing at the receiver is depicted in Fig. 14. The
figure shows an uneven distribution of coupling coefficient
intensities. The initial eigenvalues are substantial but rapidly
converge towards zero, indicating the emergence of spatial
correlation within the far-field HMIMO channel. The more
uneven the coupling coefficients and the steeper the eigen-
values decay, which implies a stronger correlation and less
DoF. In addition, smaller antenna spacing leads to stronger
coupling effects, resulting in fewer dominant eigenvalues and
diminished corresponding strengths. To provide an example,
the HMIMO configuration with a spacing of A\/6 exhibits a
smaller number of nonzero eigenvalues and weaker strengths
when compared to the A/4 and A/3 cases.

The eigenvalue characteristics of near-field LoS HMIMO
channels, as depicted in Fig. 15, are notably more intri-
cate compared to those of far-field NLoS HMIMO channels
illustrated in Fig. 14 due to the involvement of polarized
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Fig. 15. Eigenvalues of near-field LoS HMIMO systems for co-polarized and
cross-polarized channel components at distance r = A.

components, which involves co-polarized channels (XX, YY,
and ZZ polarized components) and cross-polarized channels
(XY, YZ, and XZ polarized components). It can be observed
from the figure that the third co-polarized component (ZZ)
in the near field displays dominant values similar to the
other two co-polarized components (XX and YY). In addition,
the eigenvalues of cross-polarized components retain non-
zero values, which degrades the performance (e.g., DoF and
capacity).

B. Capacity Evaluation

The capacity is defined as the maximum mutual informa-
tion, and the mutual information is the uncertainty reduced
by observations [15]. In order to measure the capacity of
continuous-space communication channels, the basis functions
can be employed to approximate continuous space in trans-
mitter and receiver [82], then the input-output relationship is
represented in discrete forms with mappings between transmit
and receive eigenfunctions, thus facilitating the capacity with
finite eigenfunctions. A similar method is adopted in [33],
where the current density and generated field are decomposed
in orthogonal basis functions. It analyzed the mutual infor-
mation and the capacity through spatial spectral density for
random EM fields between two continuous regions, and simu-
lation results proved the suboptimality of the half-wavelength
sampling.

To improve the tractability and physical relevance of capac-
ity analysis, multiple physical constraints are incorporated. For
instance, the radiated-power constraint alone is insufficient,
and an additional source-current constraint is imperative for
deriving physically realizable capacity limits [28]. In practice,
this constraint bounds the total surface current energy, e.g.,
Js 13(x)|?dS < J2...S. ensuring that the current distribution
J(r)—which generates the field through the dyadic Green’s
operator—remains physically feasible under material and
amplifier limitations. This necessity arises from the non-unique
mapping between radiated power and source excitation; that
is, a bounded radiated power does not necessarily correspond
to a bounded source L? norm. By jointly incorporating both
the source L?-norm and radiated-power constraints, the work
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Fig. 17. Spectral efficiency of far-field NLoS HMIMO scheme with MMSE,
ZF, and MRT precoding schemes for different spacing at the receiver.

in [28] maximizes the mutual information between source
distributions and the observed field, leading to a more practical
estimate of capacity. Building upon this foundation, [121]
further investigates physical capacity bounds for canonical
shapes such as plates, disks, cylinders, and spheres, while
[63] introduces the (-factor constraint to account for the
bandwidth limitation of antenna arrays. Nevertheless, current
capacity analyses in wireless communications remain predom-
inantly environment-centric, often overlooking the influence of
antenna design; hence, integrating such physical constraints
into wireless capacity theory is still an open and evolving
research direction.

In the following, we will provide numerical capacity anal-
ysis for far-field and near-field HMIMO systems.

1) Capacity of Far-Field NLoS HMIMO: The channel
capacity for far-field HMIMO systems with varying spacing
at the receiver is depicted in Fig. 16. The less spacing has
a lower capacity due to the stronger coupling effects. For
example, the curve with spacing A/6 achieves 180 bits/s/Hz
at a SNR 15dB. To mitigate the impact of spatial correla-
tion, effective precoding techniques become imperative. Three
predominant conventional methods are commonly employed:
minimum mean square error (MMSE), zero-forcing (ZF), and
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maximum ratio transmission (MRT) schemes. The spectral
efficiency of HMIMO systems equipped with these three
linear techniques are shown in Fig. 17. The MMSE scheme
outperforms ZF and MRT because it provides a balanced trade-
off between interference suppression and noise amplification.
In correlated HMIMO channels with limited receiver spac-
ing, MMSE remains robust against channel ill-conditioning,
whereas ZF suffers from noise enhancement and MRT fails to
mitigate multi-stream interference. Clearly, incorporating such
schemes could greatly enhance spectral efficiency. However,
it’s important to note that due to the compact antennas
utilized in HMIMO systems, the implementation of precoding
schemes entails resource-intensive operations, particularly in
cases involving matrix inversions, such as MMSE and ZF
precoding methods, and the exploration of efficient precoding
designs remains an ongoing area of investigation.

2) Capacity of Near-Field LoS HMIMO: Based upon the
relation between the electric field and current distribution in
(9), the communication model can be reformulated based on
the DGF, and then we can derive the upper bound of capacity
by considering a uniform power allocation scheme for all
independently parallel transmission channels. More details can
be found in [35]. The demonstration of channel capacity and
its upper bound in both near field and far field cases are given
in Fig. 18. As seen from the figure the capacity in the near-
field region is higher than that in the far-field region, and it
is proportional to the SNR. We then observe that the derived
upper bound provides an effective and tightness bound for
the exact capacity in both near-field and far-field scenarios.
Besides, the traditional far-field upper bound is incapable of
providing an effective bound on the exact capacity, especially
for the near-field region.

The theoretical bound in continuous transceiver distances is
given in Fig. 19, where the channel is modeled through SDG
functions. It can be observed that the theoretical lower bound
perfectly matches the practical channel model in the reactive
near-field region and the theoretical upper bound predicts the
channel capacity in the radiative near-field and far-field zones,
thus validating the effectiveness of the theoretical analysis.

In addition, the complex spatial and polarization correlation
in near-field communications requires effective beamforming
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design [122], [123], [124]. It is proved that the power gain
using conventional beamforming is suboptimal to that in near-
field beamfocusing using the spherical wave channel model
[94]. When considering to exploit the polarization diversity
in near field, the work [96] proposed a two-layer precoding
scheme. Specifically, a Gaussian elimination method was
adopted to eliminate polarization interference and a block
diagonalization method was employed to remove inter-user
interference. However, such a method requires higher compu-
tational complexity, and an unequal efficient power allocation
scheme is necessary due to the power imbalance in the three
polarizations.

As demonstrated above, the DoF and capacity of both far-
field and near-field HMIMO can be substantially enhanced
through various approaches. These include expanding the
surface area of transmitters/receivers, integrating near-field
communication strategies, and leveraging advanced precod-
ing/beamforming techniques. However, it is important to
acknowledge certain limitations. For example, the compact
antennas installed in HMIMO systems require sophisticated
and costly precoding/beamforming strategies, which necessi-
tate in-depth exploration.

C. Sphere-Packing Solution

As presented in the former section, both DoF and capacity
measurement in SIT/KIT framework can be transformed into
sphere-packing problems. Therefore, we will evaluate the per-
formance with power constraints through the sphere-packing
solution in this part.

Specifically, the emitted power within a specified area is
constrained to remain below a certain threshold. Consequently,
parts of DoF are allocated to limit the energy radiation range,
i.e., pattern constraint, while the remaining DoF is utilized
for information transmission. Notably, such power constraint
decreases the overall capacity of the system. Thus, the balance
between energy transmission and information transmission
becomes critical in optimizing the system’s performance.

Fig. 20 illustrates the transmission between a 10\ linear
electric source and a 6A observation line separated by a
distance of 10\ (source codes from [125]). In Fig. 20 (a),
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(a) Current distribution spherc

Fig. 20. The electric line with length 10\ and the linear observation line
with length 6 for distance 10A. (a) current distribution sphere; (b) sphere
packing without pattern constraint; (c) pattern constraint: (—10°,10°); and
(d) sphere packing with pattern constraint (source codes from [125]).

each functional point in the sphere represents the specific
current distribution. Through the compact operator A, each
functional is transformed into a sphere in the field ellipsoid,
and there are 15 non-overlapping balls, thus the capacity is
3.9 bits [Fig. 20 (b)]. However, if imposing pattern constraints,
e.g., the radiation pattern outside (—10°,10°) is set to below a
certain value [Fig. 20 (c)], then the capacity would be reduced
to 3 bits since there are 7 distinguishable waveforms do not
meed pattern constraint [Fig. 20 (d)].

It is imperative to acknowledge that superdirective HMIMO
systems are exceptions. Specifically, a superdirective source
permits the presence of arbitrarily high reactive energy. Con-
sequently, the resulting radius of the source hyper-ball E
could become substantially large. In such a configuration,
even the small singular values of the integral operator .4 may
make significant contributions to communications, especially
for large semi-axis akE within the ellipsoid Y [26]. As a
result, the superdirective source has the potential to achieve
theoretically high e-entropy.

VIII. FUTURE RESEARCH DIRECTIONS

The HMIMO-oriented EIT introduces novel opportunities
for exploring performance within the framework of practical
physical constraints. In this context, we offer insights for
prospective research directions in EIT for HMIMO systems.

A. Mechanism of EM Environment Control and Interactions

Utilizing HMIMO systems to offer significant flexibility
and adaptability for achieving multiple communication goals
across various scenarios is a complex task, necessitating a
thorough examination of the mechanisms that govern favorable
environment regulation and interactions.

To begin, it is important to note that HMIMO systems
are expected to improve performance (e.g., DoF, capacity,
and channel rank) substantially while bringing difficulty in
environment control. However, such improvement introduces
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complexities in environmental control. For example, rotating
the HMIMO plane may bring more benefits in terms of
capacity compared to spreading it over a wide area, as shown
in [126]. In addition, harnessing the unevenly spaced patch
antennas over HMIMO to control complicated EM environ-
ments is also anticipated while remaining untapped.

Moreover, investigating the optimal number of patch anten-
nas for environment regulation over HMIMO systems appeals
to research interests, since constructing a continuous structure
is impractical. Specifically, the performance gain (e.g., DoF,
capacity) ceases to increase constantly with the increase of
the number of patch antennas [52], [96], [127]. However,
theoretically analyzing the optimal number of antennas given
a fixed area is not fully investigated yet.

In essence, the intricacies of managing the EM environment,
along with its associated wave interactions, remain unresolved,
not to mention the related real-time control and security issues.

B. Design and Implementation of 3D HMIMO-Based
Superdirective Antennas

Newly envisioned architectures, i.e., 3D HMIMO-based
superdirective antennas, are expected to break EM limits such
as the Hannan limit, and demonstrate remarkable potential
in capacity enhancement. Nevertheless, the pursuit of such
designs encounters several formidable challenges. Primarily,
combating the serious energy efficiency loss inherent in such
a structure is imperative. Different from traditional 1D (linear)
and 2D (planar) antenna arrays, the individual patch antenna in
3D HMIMO systems suffers from much more severe coupling
effects stemming from surrounding patch antennas in 3D
space, resulting in excessively low energy efficiency and array
gain. Consequently, devising 3D HMIMO-based superdirective
antennas remains an unresolved quandary. Moreover, while the
promising superdirectivity is anticipated to cater to practical
scenarios in the context of 3D HMIMO-based antennas, a
suitable matching network is difficult to implement. More
precisely, within such a 3D framework, perfectly matching
the input impedance and output impedance is problematic in
transferring almost all power to the load. Therefore, from the
perspective of hardware realization, designing an effective feed
circuit and matching network are challenging in achieving 3D
superdirective HMIMO.

C. Efficient Field Sampling Schemes

Despite the existence of various field sampling meth-
ods, such as uniform and nonuniform, planar and spherical
sampling, an optimal sampling method that can accurately
approximate the field with the minimum number of sampling
points has not been determined yet.

First, it should be noted that the optimal sampling method in
the far-field zone may differ from that in the near-field region.
While the conventional half-wavelength rectangular sampling
method is less effective than (elongated) hexagonal sampling
methods in the far-field zone due to the inclusion of extra infor-
mation (reactive energy) [80], this does not necessarily imply
that the conventional rectangular sampling method is also
ineffective in the near-field zone. Furthermore, it is important
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to explore other sampling values in the rectangular sampling
method. For instance, considering a sampling interval less than
A/2 outside a specified region may prove to be more effective
in capturing critical information in certain scenarios.

Next, the utilization of a nonuniform sampling method
holds promise for reducing the number of samples required.
The author in [128] proposed a nonuniform random sampling
method for sparse EM sources to reduce the number of
measure data with the aid of a priori information. The space
dimension is initially reduced, and the amount of information
is then evaluated using Kolmogorov e-entropy. The findings
substantiate that nonuniform sampling proves more effective
than the conventional \/2 equispaced sampling strategy when
employing geometrical data. Although nonuniform sampling
has demonstrated its effectiveness, the problem of designing
sampling patterns in the near-field and far-field zones is still
in the early stages of research. It is suggested that incorpo-
rating geometrical information of the source and surrounding
environment may prove beneficial in designing a cost-efficient
yet effective nonuniform sampling strategy.

D. Impacts of Scatterers and EM Noise

The current performance analysis for HMIMO systems is
mainly categorized into two types: conventional MIMO anal-
ysis and antenna analysis. In traditional MIMO analysis, the
mutual coupling and polarization effects are normally modeled
as a random process, simplifying the analysis using proba-
bilistic assumption while neglecting the physical influences,
such as multi-path and scattering environments, resulting in
the underestimation of HMIMO performance, such as capacity
and power gain. On the other hand, antenna analysis takes
radiation patterns and efficiencies into consideration. However,
this approach falls short of offering a complete interpretation
of communications in a more explicable manner. For exam-
ple, although the @ factor and directivity gain describe the
performance of antenna systems in practical deployment, the
information content from the perspective of communications
in such a setting is still unclear. Therefore, integrating the
above concerns into EIT is still challenging, and the complex
environment further increases the difficulty of related analysis.

Primarily, multiple scatterers can be present, resulting in the
propagation of EM waves from the transmitter to the receiver
through various paths. Each scatterer also acts as a secondary
source, further contributing to the radiation of EM waves.
However, many existing works in antenna analysis tend to
focus solely on the direct link between the transmitter and
receiver, disregarding the presence and impact of scatterers.
In these analyses, dyadic or scalar Green’s functions are often
employed to model the transmission process. The involvement
of secondary sources or higher-order sources is only discussed
in very few works [129], [130], [131], despite their common
occurrence in wireless communications.

Furthermore, noise modeling in traditional MIMO systems
typically assumes Gaussian variables. However, in the context
of EM noise, the scenario becomes more intricate, encom-
passing radiation interference from undesired sources and
measurement noise stemming from physical antenna config-
urations. Given the complexity of EM noise, it is essential
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to properly address noise modeling in performance analysis
and applications. Accurate noise modeling allows for a more
realistic evaluation of system performance, leading to the
development of effective encoding and modulation schemes
that can mitigate the impact of noise in HMIMO systems.

E. Accurate Capacity Region Evaluation

The precise representation of the capacity region is sig-
nificant in quantifying HMIMO systems, however, several
unsolved problems persist in the evaluation process, especially
for near-field HMIMO communications.

First of all, the EM waves interaction in the near-field region
is complicated to be numerically described. As previously
discussed, unlike the planar waves in the far-field zone, there
are numerous spherical waves in the near-field region, incor-
porating rich information on phase and distance. Therefore,
measuring such information accurately is laborious. Typically,
the truncation methods are employed to represent the near-
field region with a finite number of dominant waves, aiming at
reducing the computational complexity. However, determining
the number of dominant modes in near-field communications
is normally infeasible, and improper truncation would intro-
duce notable approximation errors. Under such a circumstance,
the capacity region depiction of near-field HMIMO systems
becomes a formidable task.

In addition, near-field HMIMO is anticipated to exhibit
excellent superdirectivity, yielding excessively high radiation
power, and enabling abundant encoding/decoding schemes.
Nevertheless, the traditional capacity region technique is not
applicable due to the consideration of inexhaustible scheduling
policies in the derivation of optimal capacity region.

Lastly, the channel in traditional communications is mod-
eled as a probabilistic process characterized by means
and variances, resulting in direct computation of the
channel’s eigenvalues and facilitating capacity region evalu-
ation. Nonetheless, this modeling approach may overlook the
antenna configuration and fail to fully interpret the physical
environment, leading to an erroneous estimation of capacity.

F. Excitation/Field Encoding and Modulation

To minimize temporal costs, it is essential to fully exploit
the available spatial resources. The information content carried
by the field can be measured by DoF, representing the number
of distinguishable patterns. Each pattern corresponds to an
independent information component that is generated through
the manipulation of current density. Therefore, exploring the
linear or nonlinear relationship between the excitation current
and the resulting radiated field is of particular interest. How-
ever, there are three main issues that need to be addressed in
this research.

First, it is essential to note that the optimal current distribu-
tion is generally not unique, i.e., each pattern can be excited
by multiple possible excitations. As a result, the mapping from
the current distribution to the specified antenna pattern is not
definitively defined. To address this issue, the problem can be
divided into two steps. In the first step, the goal is to find
the available excitations based on the kernel functions and the
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desired pattern. Subsequently, in the second step, the objective
current distribution is derived by employing mathematical
methods and considering physical constraints.

Then, the distinguishable field also depends on the surround-
ing environment and physical configuration. The radiation
pattern, for instance, can exhibit variations in the near-field
zone compared to the far-field region, especially for evanescent
waves. Additionally, closely spaced antennas may lead to
radiation pattern deformations, causing certain patterns to
become indistinguishable from others. As a result, it is crucial
to take these physical constraints into account during antenna
design. By incorporating these constraints, the effectiveness
of the encoding and modulation process can be enhanced.
Through proper encoding scheme, the received signal can be
retrieved from the distinguishable field patterns.

Furthermore, distinguishable patterns can be leveraged in
spatial modulation techniques. For example, similar to index
modulation, the index of excited field patterns can carry addi-
tional information beyond what is embedded in the individual
excited patterns. Additionally, the polarization domain can
be exploited in spatial modulation by combining different
polarization states to convey more information. The spatial
information itself can also contribute to the modulation pro-
cess. For example, users at different locations may observe
distinct waveforms, allowing for location-based information
transmission. By incorporating these spatial modulation strate-
gies, HMIMO systems can achieve more efficient and versatile
data transmission, making use of the diverse characteristics of
the spatial domain to enhance communication performance.

It should be noted that the superdirectivity source with
arbitrarily high reactive energy is a unique case. Geometri-
cally, consider an antenna enclosed within a sphere with an
arbitrarily large energy radius E. In this context, the ellipsoid
generated from the operator A would have arbitrary large
semi-axes, admitting high e-entropy, i.e., C.. Theoretically,
such a source could achieve an arbitrarily long length 2¢-
codebook without delay [25].

In addition to the aforementioned directions, there are still
several other unmentioned research avenues to be explored,
such as low-cost beamforming designs and activity detection
methods in exploiting EM wave propagation. These unex-
plored areas present exciting opportunities for further research
and development in HMIMO systems, promising advance-
ments in the design, performance, and practical applications
of these advanced wireless communication systems.

IX. CONCLUSION

We have conducted a comprehensive review of the HMIMO-
oriented EIT framework, which systematically integrates
information-theoretic principles with EM physical constraints
to establish a unified understanding of HMIMO systems.

From the physical perspective, inevitable mutual coupling
among sub-wavelength elements leads to reduced directivity
and an increased quality factor, thus constraining bandwidth
and radiation efficiency. Nevertheless, such strong coupling
can also be exploited to realize superdirectivity, provided
that element spacing and excitation distributions are carefully
optimized to balance gain and efficiency.
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At the EM characterization level, field-based formulations
such as Green’s function representations and near-/far-field
decompositions reveal how EM propagation mediates the
transfer of information through physical space. These for-
mulations bridge the EM description and system modeling,
providing a foundation for channel synthesis and DoF analysis.

Moving to field sampling and spatial DoF, we have
emphasized that the EM field constitutes a contin-
uvous information carrier. Hence, the spatial sampling
process—determined by the array geometry, aperture size, and
element spacing—directly governs the number of resolvable
modes. HMIMO surfaces, by approaching continuous aper-
tures, enable spatial oversampling that captures higher-order
spherical modes, thereby unlocking additional DoF beyond
those accessible in conventional discrete MIMO arrays.

To elucidate the input—output relationship, several EM-
compliant channel models were examined, including the
Fourier plane-wave expansion, dyadic Green’s function, and
stochastic Green’s function models. Each targets a spe-
cific regime—rich scattering, LoS-dominant, and arbitrary
environments—with different computational complexities.
Simulation-based evaluations confirm that larger apertures,
wider element spacing, and shorter propagation distances yield
greater DoF and capacity gains.

From the information-theoretic viewpoint, both the proba-
bilistic SIT and deterministic KIT frameworks are applicable
to temporal and spatial domains due to their inherent
space—time duality. Yet, subtle asymmetries between the two
domains necessitate the KIT as a complementary analytic
tool to SIT, particularly for near-field scenarios and spatially
continuous apertures. This unified SIT-KIT perspective rein-
terprets DoF as a measurable quantity rooted in physical field
modes and enables rigorous evaluation of wideband and dual-
wideband HMIMO systems.

In summary, the EIT framework bridges the gap between
theoretical EM foundations and practical HMIMO implemen-
tations. It provides a consistent physics-based foundation for
performance characterization, information measurement, and
aperture design optimization. Despite the remaining challenges
in fully realizing HMIMO-oriented EIT, this survey establishes
a comprehensive foundation and highlights promising direc-
tions for future exploration in field-based channel modeling,
space—time DoF quantification, and physics-compliant infor-
mation processing.
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