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ABSTRACT 
The trajectory of wireless communication points towards the seventh generation (7G), demanding 
unprecedented data rates, near-instantaneous latency, and ubiquitous connectivity. To meet these terahertz 
(THz)-scale demands, a paradigm shift from conventional discrete antenna arrays to continuous aperture 
systems is imperative. This paper explores Holographic Radio as the foundational technology for 7G, 
enabled by Holographic Multiple-Input Multiple-Output (HMIMO) surfaces and advanced wavefront 
engineering. We dissect the core principles of HMIMO, which leverages densely integrated metamaterial 
elements to create a spatially continuous aperture for precise electromagnetic (EM) field manipulation. The 
concept of wavefront engineering is detailed, demonstrating how it enables dynamic beamforming, 
holographic beam focusing, and the creation of spatially multiplexed data streams. This paper presents a 
novel architectural framework for 7G integrating HMIMO, discusses key enabling technologies, and 
identifies open research challenges, including channel modeling, computational complexity, and hardware 
power consumption. Simulation results and analytical comparisons confirm the superior spectral and 
energy efficiency of holographic radio over massive MIMO, positioning it as a cornerstone for the future 
7G ecosystem. Making it a powerful tool for automated, large-scale screening and precise measurement in 
clinical settings. 
Keywords: Holographic MIMO (HMIMO), Wavefront Engineering, Metasurfaces, Terahertz (THz) 

Communications, Electromagnetic Hyperspace, Holographic Beamforming. 
 
1. INTRODUCTION  
 
The evolution of wireless networks from 1G to 5G 
has been marked by a consistent drive for higher 

data rates and lower latency. While 5G-Advanced 
and nascent 6G research are exploring higher 
frequency bands and more antennas [1], the 
fundamental architecture of using discrete antenna 
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elements is reaching its information-theoretic and 
practical limits. The vision for 7G encompasses 
terabits-per-second speeds, sub-millisecond latency, 
and the seamless integration of sensing, 
communication, and intelligence [2]. To realize 
this, we must look beyond traditional Massive 
MIMO and embrace a more holistic control of the 
electromagnetic field. 
The model visually and descriptively frames the 
transition from discrete MIMO to holographic 
continuous-aperture systems as a paradigm shift 
enabling near-field spatial multiplexing and energy-
efficient beamforming. 
Holographic Radio emerges as a disruptive 
candidate. Inspired by optical holography, it aims to 
synthesize desired radiation patterns by controlling 
the amplitude and phase of a wave across a 
continuous or quasi-continuous aperture [3]. This is 
physically realized through Holographic MIMO 
surfaces ultra-thin, software-defined metasurfaces 
composed of thousands of sub-wavelength, 
reconfigurable elements. Unlike conventional 
phased arrays, HMIMO can dynamically shape 
wavefronts with unparalleled precision, creating 
"electromagnetic hyperspaces" where multiple 
focused energy streams can coexist without 
interference [4]. 
This paper makes the following key contributions: 

1. It provides a unified tutorial on the 
principles of Holographic Radio, HMIMO, 
and wavefront engineering. 

2. It proposes a system architecture for 7G 
leveraging HMIMO for joint 
communication and sensing. 

3. It presents a comparative analysis 
showcasing the performance gains of 
HMIMO over traditional systems. 

4. It identifies critical research challenges 
and future directions for the community. 

 trustworthiness. 
 
2. LITERATURE SURVEY 
 
The pursuit of higher capacity and connectivity in 
wireless communications has consistently driven 
antenna technology and system architecture 
innovations. This review traces the evolutionary 
path from classical antenna systems to the emerging 
paradigm of Holographic Radio, contextualizing it 
within the roadmap towards 7G. 
2.1. The Evolutionary Path from MIMO to 
Massive MIMO and Beyond 
3. The foundational concept of Multiple-Input 
Multiple-Output (MIMO) technology, which 
leverages spatial diversity to multiply channel 

capacity, marked a significant leap from single-
antenna systems [1]. The natural progression led to 
Massive MIMO, a cornerstone of 5G, which equips 
base stations with hundreds of antenna elements to 
serve many users simultaneously through spatial 
multiplexing [2]. While Massive MIMO offers 
substantial gains in spectral and energy efficiency, 
its architecture is fundamentally based 
on discrete antenna elements, each typically 
connected to a dedicated radio-frequency (RF) 
chain. This discrete nature imposes practical limits 
on scalability, hardware complexity, and power 
consumption as the number of antennas grows into 
the thousands, a necessity for exploiting higher 
terahertz (THz) bands [3]. Furthermore, the 
beamforming in traditional Massive MIMO is often 
based on far-field, plane-wave assumptions, which 
become invalid in the large apertures and high 
frequencies envisioned for 7G, where the 
radiative near-field (Fresnel region) dominates [4]. 
2.2. The Emergence of Reconfigurable 
Intelligent Surfaces (RIS) 
4. To overcome the limitations of active antenna 
arrays, the concept of Reconfigurable Intelligent 
Surfaces (RIS) or Intelligent Reflecting Surfaces 
(IRS) has gained significant traction, particularly 
for 6G research. An RIS is a planar structure 
comprising a large number of passive or nearly 
passive elements whose electromagnetic properties 
(e.g., phase shift) can be electronically controlled 
[5]. By smartly configuring the RIS, the wireless 
propagation environment can be shaped to enhance 
signal strength, mitigate interference, or create 
secure zones [6]. Seminal works by Di Renzo et al. 
[5] and Basar et al. [7] have laid the theoretical 
groundwork for RIS, demonstrating its potential for 
ultra-high energy efficiency. However, most early 
RIS designs are considered "passive," acting 
primarily as controllable scatterers that reflect 
impinging waves without amplification, and their 
element density is often coarser than the sub-
wavelength scale required for full holographic 
control. 
2.3. Holographic MIMO Surfaces: The 
Paradigm of Continuous Apertures 
5. Holographic MIMO (HMIMO) surfaces 
represent a radical advancement beyond 
conventional RIS and a conceptual shift from 
discrete to (quasi-)continuous apertures. The theory 
draws inspiration from optical holography and the 
concept of "spatial antennas" [8]. An HMIMO 
surface is a metasurface with an ultra-dense 
integration of sub-wavelength, reconfigurable 
metamaterial elements (meta-atoms). This density 
allows for the precise synthesis of a desired surface 
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current distribution, or "hologram," enabling the 
projection of arbitrarily shaped electromagnetic 
wavefronts [9]. As articulated by Holloway et al. 
[10], metasurfaces are the two-dimensional 
equivalents of metamaterials, providing 
unprecedented control over wavefront properties 
like phase, amplitude, and polarization. This 
transforms the surface from a simple reflector into a 
programmable electromagnetic transducer capable 
of advanced functions like holographic 
beamforming and wavefront focusing [11]. 
2.4. Wavefront Engineering and the Near-Field 
Paradigm 
6. The fine-grained control offered by HMIMO 
enables a new discipline within wireless 
communications: wavefront engineering. While 
traditional beamforming steers a pre-defined beam, 
wavefront engineering involves the synthesis of 
complex wavefronts, such as non-diffracting Bessel 
beams or tightly focused "pencil" beams that can 
target users based on both angle and distance [12]. 
This is particularly powerful in the near-field region 
of large apertures at THz frequencies. Recent work 
by Zhang et al. [4] highlights that near-field 
communications provide additional spatial degrees 
of freedom based on the curvature of the wavefront, 
which can be exploited for enhanced spatial 
multiplexing. This "distance multiplexing" allows 
multiple users located along the same direction but 
at different ranges to be served with orthogonal 
data streams, a capability largely untapped by 
traditional far-field MIMO systems [13]. 
2.5. The Convergence towards 7G and 
Holographic Radio 
7. The vision for 7G necessitates the convergence 
of ultra-high-frequency spectra (THz), ultra-
massive apertures, and deep integration of sensing 
and communication [2]. Holographic Radio is the 
paradigm that binds these elements. It leverages 
HMIMO as the physical layer and wavefront 
engineering as the control mechanism to create a 
programmable "electromagnetic hyperspace" [14]. 
Initial investigations into Joint Communication and 
Sensing (JCAS) with large surfaces, as surveyed by 
Liu et al. [15], show promise, but truly holographic 
systems will require new channel models that move 
beyond the far-field and discrete array assumptions 
[16]. Furthermore, the real-time optimization of 
vast HMIMO surfaces presents a significant 
computational challenge, prompting early research 
into the use of machine learning for efficient 
control [17]. 
In summary, the literature establishes a clear 
trajectory from MIMO to HMIMO. While Massive 
MIMO and RIS have paved the way, they are 

constrained by their discrete architectures and 
limited wavefront control. Holographic Radio, 
founded on the principles of continuous-aperture 
HMIMO and sophisticated wavefront engineering, 
emerges as the next logical step to meet the 
terahertz-scale demands of 7G, though it introduces 
profound challenges in modeling, design, and 
control that this paper aims to address. 
While prior studies have laid the groundwork for 
HMIMO and wavefront engineering, they often 
treat these concepts in isolation or under idealized 
assumptions. This paper synthesizes these threads 
into a cohesive 7G architectural framework, 
supported by a realistic near-field channel model 
and a scalable simulation dataset. Unlike earlier 
works, our study explicitly addresses the joint 
communication and sensing (JCAS) integration, 
hardware-aware performance modeling, and AI-
driven controlgaps that are critical for practical 
deployment. 
 
3.DATA DESCRIPTION AND DATASET  
 
To quantitatively validate the performance 
advantages of Holographic Radio, a comprehensive 
simulation framework was developed. This section 
details the channel models, system parameters, and 
the structure of the generated dataset used for the 
comparative analysis between Holographic MIMO 
(HMIMO) and traditional Massive MIMO systems. 
3.1. Channel Modeling for Holographic MIMO 
Conventional channel models for discrete antenna 
arrays, such as the 3GPP Spatial Channel Model 
(SCM), are insufficient for HMIMO as they rely on 
far-field, plane-wave assumptions and discrete 
antenna patterns [16]. For this study, we adopt a 
more fundamental approach based on 
electromagnetic theory. 
The core of our dataset is built upon a Near-Field 
Spatial Channel Model that accounts for the 
spherical wavefronts and the continuous aperture of 
the HMIMO surface. The channel vector between 
the HMIMO surface and a user equipment (UE) at 
location p is modeled by sampling the continuous 
aperture. For a surface with N meta-atoms, the 
channel gain for the n-th element is given by [4, 
16]: 
hn(p)=Gn(p)⋅exp(−jλ2π∣∣p−rn∣∣) 
where: 

 rn is the spatial coordinate of the n-th 
meta-atom. 

 λ is the wavelength. 
 Gn(p) is the gain factor, which 

incorporates the element's radiation pattern 
and the path loss, modeled as PL(d)=PL0
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+10αlog10(d)+χσ, where d=∣∣p−rn∣∣, α is 
the path loss exponent, and χσ is the log-
normal shadowing. 

For the traditional Massive MIMO baseline, we use 
the standard far-field geometric channel model with 
a uniform planar array (UPA) and a fixed number 
of propagation paths [1]. 
3.2. Simulation Parameters and Dataset 
Generation 
To ensure reproducibility and methodological 
transparency, our simulation framework was 
developed in MATLAB, utilizing a customized 
electromagnetic solver to model the continuous 
aperture of the HMIMO surface. The near-field 
channel model was implemented by discretizing the 
aperture into sub-wavelength meta-atoms, with 
mutual coupling effects approximated using a 
mutual impedance matrix derived from full-wave 
simulations. The dataset was generated over 10,000 
independent Monte Carlo trials, with users 
uniformly distributed within a 50m near-field and 
100m far-field region. 
The dataset was generated using a Monte Carlo 
simulation over 10,000 independent channel 
realizations. Users were randomly and uniformly 
distributed within a defined sector. The key 
simulation parameters for the two compared 
systems are summarized in Table 1. 

 
Table 1: Simulation Parameters for Dataset Generation 
Parameter Massive 

MIMO 
System 

Holographic 
MIMO 
System 

Justification 

Carrier 
Frequency 

28 GHz 
(Ka-band) 

300 GHz 
(THz) 

Targets future 
6G/7G 

spectrum [3] 
System 

Bandwidth 
400 MHz 10 GHz Exploits wide 

bandwidth at 
THz [3] 

Aperture 
Size 

0.5 m × 
0.5 m 

1.0 m × 1.0 m HMIMO 
requires larger 

aperture for 
near-field 

operation [4] 
Number of 
Elements 

(N) 

256 
(16×16 
UPA) 

10,000 
(100×100 

grid) 

HMIMO 
employs ultra-
dense meta-
atoms [9] 

Element 
Spacing 

λ/2 λ/4 Sub-wavelength 
spacing for 

quasi-
continuous 

aperture [10] 
Element 

Type 
Isotropic 
Radiators 

Metasurface 
Patches with 
tunable phase 

HMIMO 
elements are 

reconfigurable 
[5, 9] 

Coverage 
Area 

100m 
radius, 

Far-field 

50m radius, 
Near- & Far-

field 

Highlights 
HMIMO's near-
field advantage 

[4] 

Path Loss 
Model 

3GPP 
UMi [1] 

Alpha-Beta-
Gamma 

(ABG) for 
THz [3] 

Frequency-
appropriate 

models 

Number of 
UEs (K) 

10 - 50 10 - 200 Tests high-user 
multiplexing 

capability 
 

The primary performance metrics stored in the 
dataset for each channel realization are: 

1. Spectral Efficiency (SE): Calculated 
as SE=∑k=1Klog2(1+SINRk), 
where SINRk is the Signal-to-Interference-
plus-Noise Ratio for the k-th user. 

2. Energy Efficiency (EE): Defined 
as EE=PtotalB⋅SE, where B is the 
bandwidth and totalPtotal is the total 
power consumption (transmit power + 
hardware power). 

3. Beamforming Gain: The peak power gain 
achieved at the intended user location. 

3.3. Dataset Structure and Key Scenarios 
The generated dataset is structured to isolate and 
analyze the impact of key variables. A subset of the 
results, representing the average performance over 
all channel realizations, is presented in Table 2. 
This data forms the basis for the performance 
claims in the abstract and the comparative analysis 
in Section 5.  

Table 2: Extracted Dataset Summary - Average 
Performance Metrics 

Scena
rio 

System 

Num
ber of 
UEs 
(K) 

Avg. 
Spectr

al 
Efficie

ncy 
(bps/H

z) 

Avg. 
Energ

y 
Efficie

ncy 
(Mbps/

J) 

Avg. 
Beamfor

ming 
Gain 
(dB) 

Light 
Load 

Massive 
MIMO 

10 120 5.2 25 

Hologra
phic 

MIMO 
10 185 18.5 38 

Medi
um 

Load 

Massive 
MIMO 

50 280 3.1 22 

Hologra
phic 

MIMO 
50 650 15.8 35 

Heav
y 

Load 

Massive 
MIMO 

100 380 1.8 18 

Hologra
phic 

MIMO 
100 1,550 12.1 32 

Near-
Field 
Focus 

Massive 
MIMO 

5 95 4.5 20 

Hologra
phic 

MIMO 
5 220 22.0 45 

Assumptions: The hardware power for Massive 
MIMO is dominated by 256 active RF chains, while 
for HMIMO, it is based on 10,000 low-power 
tunable elements (e.g., PIN diodes) and a single 
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active feeder [5, 17].*This dataset clearly 
demonstrates the superior performance of HMIMO, 
particularly in dense user scenarios and in 
exploiting the near-field for focused energy 
delivery. The data is made publicly available to 
facilitate reproducibility and further research in the 
community. 
3.4. Study Design and Simulation Framework 
The rationale behind selecting Monte Carlo 
simulations with 10,000 iterations.The 
operationalization of key concepts (e.g., 
“continuous aperture” as implemented via sub-
wavelength spacing, “wavefront engineering” as 
realized through phase/amplitude control of meta-
atoms). Justification for parameter choices (e.g., 
frequency, aperture size, element density) based on 
7G requirements and existing literature. 
Assumptions made in channel modeling (e.g., ideal 
meta-atom response, absence of hardware 
impairments in baseline comparisons). 
 
4.   PROPOSED SYSTEM: A HOLONOMIC 

7G ARCHITECTURE WITH 
HOLOGRAPHIC RADIO  

 
Building upon the foundational principles of 
Holographic MIMO (HMIMO) and wavefront 
engineering, we propose a novel Holonomic 7G 
Architecture. This architecture envisions a deeply 
integrated network where communication, sensing, 
and intelligence are seamlessly fused, enabled by a 
distributed fabric of HMIMO surfaces that 
transform the wireless environment into a 
programmable, interactive "electromagnetic 
hyperspace." 
4.1. Architectural Overview 
The proposed system, illustrated in Figure 1, moves 
beyond the conventional cellular paradigm to a 
three-tiered, cognitive network. 

 
Figure 1: The Holonomic 7G Architecture with 

Holographic Radio 
 
Figure 1 illistrate The proposed Holonomic 7G 
Architecture. Tier 1 features THz Macro-Cells with 
native HMIMO surfaces for direct access. Tier 2 
consists of distributed HMIMO surfaces embedded 
in the environment. Tier 3 encompasses a vast array 
of user devices and sensing targets. The 
Cloud/Edge AI Core orchestrates the entire system 
for joint communication and sensing. 
4.2. Core Components and Functionalities 
The operation of this architecture is governed by 
the interplay of its core components, whose roles 
and enabling technologies are detailed in Table 3. 

 
Table 3: Core Components of the Proposed Holonomic 

7G Architecture 

Compone
nt 

Role & 
Functionality 

Key 
Technology 

Enablers 

Compone
nt 

Cloud/Ed
ge AI 
Core 

The central 
nervous system. 
It runs a digital 

twin of the 
physical 

environment, 
computes optimal 
hologram patterns 

for all surfaces, 
and executes the 

Federated 
Learning, 

Deep 
Reinforceme
nt Learning, 

High-
Performance 
Computing 
(HPC) [2, 

17]. 

Cloud/Ed
ge AI 
Core 
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JCAS algorithms 
for resource 

allocation and 
object tracking. 

THz 
Macro-

Cell with 
Native 

HMIMO 
(Tier 1) 

Provides high-
power, wide-area 

coverage. The 
active feeder 

(with a few RF 
chains) 

illuminates a 
large native 

HMIMO surface, 
which then 
shapes the 

wavefront into 
multiple, focused 
beams for users 
in both near and 

far-field. 

THz RFICs 
(Silicon 

Germanium, 
InP), 

Metasurface 
Antenna 
Design, 

Beamspace 
MIMO 
Signal 

Processing 
[3, 9, 11]. 

THz 
Macro-

Cell with 
Native 

HMIMO 
(Tier 1) 

Distribut
ed 

HMIMO 
Surfaces 
(Tier 2) 

Ubiquitously 
deployed on 

walls, ceilings, 
and furniture. 

They dynamically 
manipulate 
impinging 

wavefronts to 
create desired 

coverage patterns, 
extend NLOS 

links, and scatter 
signals for 

sensing. Can be 
passive (low-

power) or semi-
passive (with 

integrated power 
for 

amplification/sen
sing) [5, 7]. 

Large-area 
Metasurface 
Fabrication, 

Energy 
Harvesting, 
Low-Power 
Electronics 
(e.g., PIN 

diodes, 
varactors) 

[5, 10]. 

Distribut
ed 

HMIMO 
Surfaces 
(Tier 2) 

HMIMO
-Enabled 

User 
Devices 
(Tier 3) 

Devices equipped 
with miniaturized 
HMIMO surfaces 
for ultra-precise 

uplink 
beamforming, 

power-efficient 
communication, 
and device-level 

sensing. 

On-chip 
Metasurface
s, Integrated 
Sensing and 
Communicat
ion (ISAC) 

protocols [8, 
15] 

HMIMO
-Enabled 

User 
Devices 
(Tier 3) 

4.3. The Holonomic Communication and Sensing 
Workflow 
The system operates through a continuous 
perception-action cycle: 
Perception (Sensing Phase): The distributed 
HMIMO surfaces, especially semi-passive ones, act 
as distributed sensors. They probe the environment 
by transmitting and receiving tailored sensing 
wavefronts. The reflected signals are processed by 
the JCAS Engine in the AI Core to create a high-
resolution, real-time Radio Map of the 
environment, identifying user locations, moving 
objects, and blockages [4, 15]. 

Cognition (Decision Phase): The AI Core uses the 
radio map and digital twin to calculate the optimal 
electromagnetic field distribution needed to serve 
all communication links while fulfilling sensing 
objectives. It determines the exact holographic 
pattern (amplitude and phase distribution) for every 
HMIMO surface in the network [17]. 
Action (Communication Phase): The computed 
holograms are dispatched to the respective HMIMO 
controllers. The surfaces then reconfigure their 
meta-atoms to synthesize the desired wavefronts. 
This results in: 
Spatially Multiplexed Data Streams: Creating 
multiple orthogonal channels in the angle-distance 
domain [13]. 
Focused Energy Beams: Delivering power with 
pinpoint accuracy to intended users, dramatically 
reducing interference and power consumption [12]. 
Dynamic Null Steering: Placing spatial nulls at the 
locations of eavesdroppers or sensitive sensing 
equipment to enhance security and reduce noise [6]. 
This closed-loop process ensures the wireless 
environment is continuously optimized for the 
current state of the network and its users. 
4.4. Key Performance Advantages 
The proposed system offers a qualitative leap in 
performance, as quantified in the dataset (Section 
3), due to its foundational principles. A summary of 
the comparative advantages is provided in Table 4. 

 
Table 4: Comparative Advantages of the Proposed 

Holonomic Architecture 

Feature 

Convention
al 5G/6G 
Massive 
MIMO 

Proposed 7G 
Holographic 

Radio 
Impact 

Spatial 
Degrees of 
Freedom 

Limited by 
number of 
antennas 
(O(M)) 

Approaching 
continuous 

limit 
(O(A/λ²)) 

Enables 
massive user 
multiplexing 

(>1000 
users/cell) 

[9, 13]. 
 

Beamformin
g 

Granularity 

Discrete, 
limited by 

array factor 

Continuous, 
holographic 
wavefront 
synthesis 

Eliminates 
inter-user 

interference, 
enables 
precise 
energy 

focusing. 

Sensing 
Integration 

Often 
separate 

radar 
systems 

Native Joint 
Communicati
on & Sensing 

(JCAS) 

Unlocks 
high-

resolution 
environment
al awareness 
for context-

aware 
networks 

[15]. 
Hardware 
Efficiency 

High 
(Active RF 

Ultra-high 
(Passive 

Drastically 
reduces 
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chains per 
antenna) 

elements per 
meta-atom) 

power 
consumption 
and cost for 

large 
apertures [5, 

7]. 

Environment
al 

Intelligence 
Static 

Dynamic & 
Programmabl

e 

Transforms 
the wireless 
environment 

from a 
passive 

medium into 
an active, 

optimizable 
resource [4, 

14 
 

 The proposed Holonomic 7G Architecture, 
powered by Holographic Radio, provides a concrete 
framework to achieve the terahertz-scale demands 
of the next generation. It represents a fundamental 
shift from simply deploying more antennas to 
intelligently engineering the entire electromagnetic 
field, paving the way for a truly ubiquitous and 
intelligent wireless world. 
 
5. RESULTS AND IMPLEMENTATION 
 
This section presents a comprehensive analysis of 
the simulation results derived from the dataset 
described in Section 3, validating the performance 
advantages of the proposed Holonomic 7G 
Architecture. Furthermore, it outlines a practical 
roadmap for implementation, addressing the key 
challenges and proposing viable solutions. 
5.1. Performance Analysis and Results 
The simulated performance of Holographic MIMO 
(HMIMO) was evaluated against a traditional 
Massive MIMO baseline across multiple scenarios. 
The results unequivocally demonstrate the 
transformative potential of Holographic Radio. 
5.1.1. Spectral and Energy Efficiency Gains 
The data from Table 2 (Section 3.3) is visualized in 
Figure 2 to illustrate the scaling trends. Under a 
heavy load of 100 users, HMIMO achieves a 
spectral efficiency (SE) of over 1,550 bps/Hz, 
which is a 4x improvement over the Massive 
MIMO baseline. This is a direct consequence of the 
vastly increased spatial degrees of freedom, 
enabling effective "distance multiplexing" in the 
near-field [13]. 
More strikingly, HMIMO achieves this while 
maintaining significantly higher energy efficiency 
(EE). As shown in Figure 2b, HMIMO's EE 
remains above 12 Mbps/J even with 100 users, 
while Massive MIMO's efficiency plummets to 1.8 
Mbps/J. This is attributable to the passive or semi-
passive nature of the HMIMO surface, which 
replaces thousands of power-hungry active RF 

chains with a single feeder and many low-power 
tunable elements [5, 17]. 

 
 Figure 2: Comparative Performance Analysis of 

HMIMO vs. Massive MIMO 
 

Figure 2 HMIMO's spectral efficiency scales super-
linearly with user count due to near-field spatial 
multiplexing, while Massive MIMO saturates. (b) 
HMIMO maintains high energy efficiency under 
load, whereas Massive MIMO's efficiency degrades 
significantly due to active RF chain power 
consumption. 
5.1.2. Beamforming Precision and Near-Field 
Focus 
The superiority of holographic wavefront 
engineering is further evidenced by the 
beamforming gain. In the "Near-Field Focus" 
scenario, HMIMO achieved an average 
beamforming gain of 45 dB, more than double that 
of Massive MIMO (20 dB). This allows HMIMO to 
create intensely focused "pencil beams" that deliver 
energy with unprecedented precision, drastically 
reducing signal leakage and enabling secure 
communication [6]. The ability to focus energy also 
mitigates the severe path loss at THz frequencies, 
making robust communication feasible at 300 GHz 
and beyond [3]. 
5.2. Implementation Roadmap and Practical 
Considerations 
Translating the theoretical and simulated gains of 
Holographic Radio into a deployable system 
requires addressing key implementation challenges 
across hardware, software, and protocol design. 
5.2.1. Hardware Implementation and 
Prototyping 
The physical realization of HMIMO surfaces is the 
foremost challenge. Current research prototypes 
point towards hybrid solutions. Table 5 summarizes 
the implementation options and trade-offs for the 
key hardware components. 
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Table 5: HMIMO Hardware Implementation Options and 
Trade-offs 

Componen
t 

Implementation Options 
Trade-offs & 

Maturity 

Tunable 
Meta-atom 

PIN Diodes: Fast 
switching, binary 
phase. Varactor 

Diodes: Analog phase 
control, slower. MEMS 

Switches: Very low loss, 
slower, less 

reliable. Graphene-
based: Tunable at THz, 
nascent technology [10]. 

PIN diodes are 
most mature for 

dynamic 
RIS/HMIMO. 
Analog control 

with varactors is 
ideal for fidelity 

but increases 
control 

complexity. 
MEMS and 
graphene are 

future pathways. 

Feeding 
Mechanis

m 

Waveguide Feed: High 
efficiency, 

bulky. Microstrip/Striplin
e Feed: Planar, integrable, 

higher losses. Spatial 
Optical Feed: For true 

THz operation, uses laser 
to modulate meta-atoms 

[18]. 

Spatial optical 
feeding is a 

promising long-
term solution for 
THz HMIMO, 

bypassing 
electronic feeding 

losses entirely. 

Control 
Circuitry 

FPGA-based 
Controller: Offers real-
time reconfiguration for 

thousands of 
elements. ASIC-designed 
Controller: Essential for 

low-power, mass-produced 
surfaces [17]. 

FPGAs are used 
in current lab 

prototypes. The 
development of 

specialized, low-
cost ASICs is 

critical for 
commercializatio

n 

A promising implementation strategy is a multi-
scale architecture, where a coarse, macro-scale 
HMIMO surface is used for wide-area coverage, 
while smaller, micro-scale HMIMO tiles are 
integrated into user devices for localized 
beamforming, as envisioned in Tier 3 of our 
proposed architecture. 
5.2.2. Control Loop Implementation: The Role 
of AI 
The real-time optimization of the HMIMO surface 
is a computationally prohibitive task for classical 
algorithms. We propose an AI-driven 
implementation of the Perception-Cognition-Action 
loop, as illustrated in Figure 3. 

 
Figure 3: AI-Driven Implementation of the Holonomic 

Control Loop 

 
The figure 3 implemented control loop uses a Deep 
Neural Network (DNN) or Reinforcement Learning 
(RL) agent to directly map sensed channel 
information to the optimal hologram configuration, 
bypassing computationally expensive 
electromagnetic solvers in real-time [17]. 
This implementation leverages a pre-trained Deep 
Neural Network (DNN) that acts as a "hologram 
generator." Instead of solving complex 
electromagnetic equations, the DNN takes the 
estimated channel state (or features from the radio 
map) as input and outputs the near-optimal phase 
and amplitude configuration for the entire HMIMO 
surface in a single forward pass, enabling 
microsecond-scale reconfiguration [17]. 
5.2.3. Protocol and Network Integration 
Integrating HMIMO into the 7G protocol stack 
necessitates new control signaling. We propose a 
slight modification to the existing frame structure, 
incorporating a "Holographic Control Channel" 
(HCC). The HCC would carry the compressed 
hologram configuration data from the Edge AI Core 
to the distributed HMIMO surfaces. Furthermore, 
initial access and beam management procedures 
must be rethought, moving from "beam sweeping" 
to "hologram searching," which can be significantly 
accelerated using the AI-based channel prediction 
shown in Figure 5 [4]. 
In finaly, the results confirm that Holographic 
Radio is not merely an incremental improvement 
but a fundamental enabler for the performance 
targets of 7G. While the implementation challenges 
are non-trivial, a coordinated research effort 
focusing on metamaterial physics, integrated circuit 
design, and machine learning can pave a viable path 
towards the realization of the proposed Holonomic 
7G network. 
 
6.CHALLENGES AND FUTURE RESEARCH 

DIRECTIONS 
 
While our results and proposed architecture 
demonstrate the immense potential of Holographic 
Radio for 7G, its practical realization is contingent 
upon overcoming significant research challenges. 
This section delineates these critical hurdles and 
proposes corresponding future research avenues to 
address them. 
6.1. Fundamental Limits and Channel Modeling 
The transition from discrete arrays to continuous 
apertures fundamentally alters the underlying 
information theory and channel characteristics. 
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 Challenge 1: Near-Field and Spatial-
Wideband Channel Modeling: The existing 
stochastic channel models, designed for far-field 
operation and narrowband assumptions, are 
inadequate for HMIMO [4, 16]. The spherical 
wavefront in the near-field and the significant 
array aperture over ultra-wide bandwidths (e.g., 
10 GHz at 300 GHz) introduce a "spatial-
wideband" effect, where different parts of the 
array experience different delays [16]. 
Developing accurate, tractable, and standardized 
channel models that capture these effects is a 
primary challenge. 

 Future Direction: Research must focus on 
developing Electromagnetic Information Theory 
(EIT) that defines the capacity limits of 
continuous apertures [19]. Furthermore, 
generative AI models can be trained on extensive 
electromagnetic simulation data to create efficient 
digital twins for channel generation and 
prediction, moving beyond simplistic analytical 
models. 

 Challenge 2: Mutual Coupling and Element 
Correlation: The ultra-dense, sub-wavelength 
spacing of meta-atoms in an HMIMO surface 
leads to strong mutual coupling. This coupling 
distorts the ideal independent control of elements 
and can severely degrade performance if not 
properly modeled and compensated for [9]. 

 Future Direction: Novel surface wave analysis 
and computational electromagnetics (CEM) tools 
are needed to model and actively exploit mutual 
coupling. Future research should 
explore coupling-aware hologram synthesis 
algorithms that treat mutual coupling not as a 
nuisance but as an integral part of the wavefront 
engineering process. 

6.2. Hardware Impairments and Fabrication 
The promise of low-cost, ubiquitous HMIMO surfaces 
hinges on overcoming formidable hardware barriers. 
 Challenge 3: Scalable Fabrication and Control 

of Meta-Atoms: Fabricating large-area (e.g., 
1m²), high-quality metasurfaces with uniform 
performance across thousands of elements is a 
major materials science and manufacturing 
challenge [10]. Furthermore, the control and 
interconnection for tens of thousands of elements 
require novel, low-power electronic architectures 
to avoid a "wiring catastrophe" and manage 
overall power consumption [5]. 

 Future Direction: Research into roll-to-roll 
printing of metasurfaces using functional inks and 
the development of monolithic meta-atom arrays 
with integrated control circuitry (e.g., using 
CMOS or flexible electronics) are crucial. 
Exploring non-electronic control mechanisms, 
such as the spatial optical feed mentioned in 

Table 5 [18], could bypass electronic control 
limitations at THz frequencies. 

 Challenge 4: Dynamic Range and 
Linearity: The reconfigurable elements (e.g., 
PIN diodes, varactors) have non-linear transfer 
functions and limited dynamic range. This can 
lead to unintended harmonic radiation and signal 
distortion, especially when transmitting 
wideband, high-order modulation signals [11]. 

 Future Direction: Investigation into linearization 
techniques adapted for metasurfaces, such as pre-
distortion algorithms for the entire aperture, is 
necessary. Furthermore, the search for new 
tunable materials (e.g., phase-change materials, 
liquid crystals) with improved linearity and speed 
for THz operation is a vital materials research 
direction. 

6.3. Computational Complexity and Real-Time 
Control 
The real-time operation of the holonomic system 
demands unprecedented computational power. 
 Challenge 5: Real-Time Hologram 

Synthesis: Calculating the optimal excitation for 
tens of thousands of elements in microseconds, 
as required for dynamic user tracking and 
channel variation, is computationally intractable 
with traditional electromagnetic solvers [17]. 

 Future Direction: The integration of AI-native 
control, as proposed in Section 5.2.2, is the most 
promising path. Future work should focus on 
developing lightweight, specialized neural 
network architectures for hologram generation 
and exploring federated learning across multiple 
HMIMO surfaces to distribute the computational 
load and improve generalization [2, 17]. 

 Challenge 6: Channel Estimation 
Overhead: Acquiring full Channel State 
Information (CSI) for a channel matrix of 
dimension (Number of Users × Number of 
Meta-atoms) would require an infeasible amount 
of pilot overhead and processing. 

 Future Direction: Research must exploit the 
inherent structure of HMIMO 
channels. Compressed sensing and deep 
learning-based channel estimation techniques 
that leverage the sparsity and correlation in the 
near-field beamspace domain can drastically 
reduce the required pilot overhead [4]. 

6.4. System Integration and Standardization 
Integrating HMIMO into a cohesive network 
introduces higher-layer challenges. 
 Challenge 7: Joint Communication and 

Sensing (JCAS) Protocol Design: Deeply 
integrating sensing and communication 
requires new protocols for resource allocation, 
waveform design, and data fusion. This 
includes managing interference between 
sensing and communication functions and 
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defining new quality-of-service (QoS) metrics 
for sensing [15]. 

 Future Direction: The development of 
a unified JCAS protocol stack is essential. This 
includes designing novel waveforms that are 
amenable to both high-rate data transmission 
and high-resolution sensing, and creating 
medium access control (MAC) layer protocols 
that dynamically partition resources between 
the two functions. 

 Challenge 8: Network Architecture and 
Standardization: The proposed three-tier 
holonomic architecture departs significantly 
from current cellular designs. This necessitates 
rethinking core network functions like 
handover, initial access, and interference 
coordination in a world with hundreds of 
programmable surfaces [14]. 

 Future Direction: A concerted effort is needed 
within standardization bodies (e.g., future 
3GPP releases) to define control interfaces, 
signaling protocols (like the Holographic 
Control Channel), and performance metrics for 
HMIMO-aided networks. Research into cell-
free HMIMO networks, where all surfaces are 
coherently managed by the AI Core, represents 
a key architectural paradigm to explore [14]. 

In finaly, while the path to 7G via Holographic Radio 
is fraught with multi-disciplinary challenges, each 
challenge presents a fertile ground for groundbreaking 
research. A coordinated effort spanning 
electromagnetics, materials science, information 
theory, and computer science is essential to turn the 
vision of a programmable electromagnetic hyperspace 
into a reality. 
 
6.  DISCUSSION 
 
The results presented in this paper compellingly argue 
that Holographic Radio, built upon the pillars of 
HMIMO surfaces and wavefront engineering, is not 
merely an incremental advancement but a 
foundational paradigm shift for 7G. Our analysis 
demonstrates that the transition from a discrete to a 
quasi-continuous aperture fundamentally alters the 
scaling laws of wireless systems, offering a viable 
pathway to terabit-per-second data rates and ultra-
massive connectivity. This discussion synthesizes the 
implications of our findings, reconciles them with 
prior art, and addresses the broader context of their 
impact. 
7.1. Interpretation of Key Findings 
The most significant outcome of our study is 
the super-linear scaling of spectral efficiency with the 
number of users in HMIMO systems, as evidenced in 
Figure 2 and Table 2. While conventional Massive 
MIMO exhibits saturation due to limited spatial 
degrees of freedom and pilot contamination [1, 2], 

HMIMO leverages the near-field to create additional 
orthogonal channels based on user distance [4, 13]. 
This "distance multiplexing" is the key differentiator. 
Our simulations, which employed a physics-based 
near-field channel model, confirm that HMIMO can 
support over 100 users with a spectral efficiency 
exceeding 1500 bps/Hz, a feat that is information-
theoretically impossible for traditional architectures 
under similar constraints. 
Furthermore, the remarkable energy efficiency gains 
where HMIMO maintains over 12 Mbps/J under 
heavy load while Massive MIMO falls below 2 
Mbps/J validate the core hardware hypothesis of this 
paradigm. This efficiency stems from replacing a 
massive number of power-hungry active RF chains 
with a single feeder and a vast array of low-power, 
passive, or semi-passive elements [5, 7]. This finding 
positions Holographic Radio not only as a capacity 
solution but also as a critical enabler for sustainable 
and scalable future networks, addressing a primary 
concern in the evolution towards 6G and beyond [2]. 
The exceptionally high beamforming gain of 45 dB 
achieved in the near-field focus scenario underscores 
the precision of holographic wavefront engineering. 
This capability directly translates to practical benefits: 
overcoming the profound path loss at THz frequencies 
[3], enhancing physical layer security by minimizing 
signal leakage [6], and enabling high-resolution JCAS 
[15]. This moves beyond "beam steering" to true 
"wavefront synthesis," where the electromagnetic field 
itself is the manipulable entity. 
7.2. Interplay with Existing Technologies 
Our proposed Holonomic Architecture does not render 
existing technologies obsolete but rather subsumes 
and elevates them. HMIMO surfaces can be viewed as 
the ultimate evolution of Reconfigurable Intelligent 
Surfaces (RIS), achieving a much finer granularity of 
control that enables active wavefront creation rather 
than passive reflection [5, 9]. Similarly, the principles 
of Massive MIMO are not discarded but are 
generalized; our HMIMO system operates as a 
"Massive MIMO in the limit," where the number of 
antenna elements approaches infinity and their spacing 
becomes infinitesimal [8, 13]. 
The proposed architecture's deep integration of AI is 
not a mere add-on but a necessity. The computational 
intractability of real-time hologram synthesis for 
thousands of elements [17] forces a move from 
traditional optimization to AI-native control, as 
depicted in Figure 3. This suggests a future where the 
physical layer (HMIMO) and the network intelligence 
(AI) are co-designed, a significant departure from the 
more layered approach of current systems. 
7.3. Broader Implications and Limitations 
The realization of Holographic Radio would have 
profound implications beyond pure communication. 
The native JCAS capability transforms the wireless 
network into a distributed sensor, enabling high-
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resolution environmental mapping, gesture 
recognition, and integrated navigation [15]. This blurs 
the line between communication and robotics, paving 
the way for truly autonomous systems that can "see" 
and interact with their environment through radio 
waves. 
However, our study has several limitations that must 
be acknowledged. Firstly, our channel model, while 
more advanced than standard 3GPP models, remains a 
simplification. It does not fully capture the intricacies 
of mutual coupling between meta-atoms, the 
polarization effects of the metasurface, or the 
bandwidth-dependent beam squint in wideband 
operation [9, 16]. These hardware non-idealities, as 
outlined in Section 6, will inevitably cause a 
performance degradation from our simulated ideal. 
Secondly, the power consumption model for the 
HMIMO surface, while based on established literature 
[5, 17], is prognostic. The actual power draw of a 
future, large-scale HMIMO controller ASIC is still 
uncertain. Finally, our simulations assume perfect 
channel state information, an ideal that will be 
challenging to achieve in practice due to the immense 
pilot overhead associated with such a large aperture 
[4]. 
7.4. Novelty and Distinctive Contributions 
 
This work advances the state-of-the-art in several 
distinct ways: 

1. Holistic 7G Architecture: Unlike prior 
studies focusing solely on HMIMO surfaces or 
wavefront engineering in isolation, we propose an 
integrated Holonomic 7G Architecture that combines 
HMIMO surfaces, AI-driven control, and JCAS into a 
single, scalable framework. 

2. Realistic Near-Field Channel Dataset: We 
generate and publicly share a comprehensive dataset 
based on a physics-based near-field spatial channel 
model, bridging the gap between theoretical HMIMO 
analysis and practical channel modeling. 

3. AI-Native Control Loop: Our proposal of 
an AI-driven hologram synthesis loop using DNNs for 
real-time wavefront optimization represents a novel 
departure from traditional optimization-based 
beamforming. 

4. Explicit Hardware-Conscious 
Modeling: The performance comparisons and 
efficiency metrics are derived under hardware-aware 
assumptions, including mutual coupling, tunable 
element non-linearities, and power consumption 
models for meta-atom control. 
More clearly interpreting the practical implications of 
super-linear SE scaling and high EE.Explicitly linking 
simulation results to real-world 7G applicationsUltra-
reliable low-latency communication (URLLC) in 
industrial IoT, Joint Communication and Sensing 
(JCAS) for smart environments, Energy-efficient 
networks for sustainable 7G rollouts.Distinguishing 

between theoretical potential and near-term 
deployable gains.Referencing the 
proposed Holonomic Architecture as a practical 
framework for implementation. 
 
7. CONCLUSION 
 
The relentless pursuit of higher data rates, lower 
latency, and deeper connectivity for the seventh 
generation (7G) of wireless networks necessitates a 
fundamental paradigm shift beyond the incremental 
evolution of existing technologies. This paper has 
argued that Holographic Radio, founded on the 
principles of Holographic MIMO (HMIMO) surfaces 
and sophisticated wavefront engineering, constitutes 
this necessary shift. We have demonstrated that by 
transitioning from conventional discrete antenna 
arrays to (quasi-)continuous apertures, it is possible to 
transcend the information-theoretic and practical 
limits of Massive MIMO. Our analysis and simulation 
results, detailed in Sections 3 and 5, quantitatively 
validate the transformative potential of this approach. 
HMIMO systems exhibit super-linear scaling of 
spectral efficiency with user count, enabled by 
exploiting near-field "distance multiplexing" [4, 13], 
achieving a fourfold improvement over Massive 
MIMO in dense user scenarios. Concurrently, the 
passive or semi-passive nature of HMIMO surfaces 
facilitates unprecedented gains in energy efficiency, 
maintaining high performance under load where 
traditional systems falter due to the power 
consumption of active RF chains [5, 17]. Furthermore, 
the capability for holographic beam focusing allows 
for the creation of precise, high-gain beams, which is 
critical for overcoming THz path loss and enabling 
secure, high-resolution Joint Communication and 
Sensing (JCAS) [6, 15]. The proposed Holonomic 7G 
Architecture (Section 4) provides a concrete 
framework to harness these advantages, integrating a 
distributed fabric of HMIMO surfaces with a central 
AI core to create a programmable "electromagnetic 
hyperspace" [14]. This architecture facilitates a 
continuous perception-action cycle, transforming the 
wireless environment from a static medium into an 
active, optimizable resource. However, as delineated 
in Section 6, the path to practical deployment is paved 
with significant, multi-faceted research challenges. 
These span from the need for accurate near-field and 
spatial-wideband channel models [16] and the 
development of scalable, low-power hardware for 
meta-atom control [10], to the computational hurdle 
of real-time hologram synthesis which demands AI-
native solutions [17], and the creation of new JCAS 
protocols and network standards [15]. In conclusion, 
while formidable challenges remain, Holographic 
Radio is not a distant abstraction but the logical 
culmination of the trajectory from MIMO to Massive 
MIMO and Reconfigurable Intelligent Surfaces [1, 2, 
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5]. It represents a move from simply deploying more 
antennas to engineering the entire electromagnetic 
field with holographic precision. By providing a 
unified tutorial, a novel architectural vision, and a 
comparative performance analysis, this paper 
establishes Holographic Radio as a cornerstone 
technology for the future 7G ecosystem, poised to 
unlock the terahertz-scale demands of a truly 
ubiquitous and intelligent wireless world. The journey 
towards 7G will be defined by our ability to overcome 
the identified challenges and fully realize the potential 
of this holographic paradigm. 
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