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From the Desk of the Editor-in-Chief

Dr Sudhir Dixit
Editor-in-Chief

Welcome to the second issue of Wireless World Research and
Trends (WWWRT) magazine in 2025, and the fourth issue since
the magazine’s launch last year. WWRT has attracted signifi-
cant interest from the research community, with several articles
being accessed hundreds of times — thank you for your continued
support. This issue features seven engaging articles covering some
of the most active and impactful topics in the communications
field. In addition, our lead Op-Ed article is authored by Prof.
Gerhard Fetweiss, who shares insightful perspectives on 6G calling
for pragmatism in its development.

The first article, by Avarino et al., presents a comprehensive
comparative study of two widely used channel modeling standards:
3GPP TR 38.901 and ITU-R M.2412. The authors analyze how
these models predict real-world radio channel performance and
demonstrate that, despite their widespread adoption, they exhibit
notable technical differences — particularly in sub-6 GHz bands
and millimeter-wave indoor scenarios. To the best of our knowl-
edge, this is the first study of its kind.

In the second article, Hjalmarsson ez a/. address the challenge
of integrating terrestrial and non-terrestrial networks to support
in-flight broadband Internet access in 5G and beyond-5G (B5G)
systems. The paper compares three architectural approaches: (i) a
Distributed Unit/Centralized Unit (DU/CU) functional split
with the DU located on the aircraft and the CU on the ground;
(if) an enhanced version of this split incorporating integrated access
and backhaul to enable a flying ad-hoc network; and (iii) a novel
architecture in which the aircraft functions as a mobile wireless
access node, supported by backhaul nodes equipped with Mobile
Edge Computing (MEC) capabilities to enable low-latency services
and local breakout.

The third article focuses on reconfigurable intelligent surfaces
(RIS), also known as intelligent reflecting surfaces (IRS), a key
enabling technology for future wireless systems. In this contribu-
tion, Ramadevi ez 4/. provide a broad overview of RIS technology
and demonstrate that integrating RIS-assisted cooperative NOMA
(C-NOMA) offers a transformative approach for 6G networks.
Their analysis shows significant gains in spectral efficiency and
signal reliability, along with reduced power consumption and
extended network coverage.
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With Unmanned Aerial Vehicles (UAVs) increasingly
attracting public and industrial attention, reliable communication
among UAVs and with ground control stations has become criti-
cally important. Accordingly, the fourth article, by Madhavi and
Sahoo, presents an overview of UAV communication technologies,
with a particular emphasis on multi-standard reconfigurable
OFDM transceivers. These transceivers are shown to be highly
efficient, reliable, and flexible, enabling robust communication
even in challenging environments such as dense urban areas and
long-distance links.

Addressing the urgent need to reduce road accidents, the fifth
article by Mangroliya ef al. proposes a proactive accident detec-
tion and prevention system based on Vehicular Ad-hoc Networks
(VANETs) and Internet of Things (IoT) technologies. Unlike
traditional reactive safety mechanisms such as airbags and ABS,
the proposed solution relies on a smart onboard unit (OBU)
capable of real-time communication with nearby vehicles and road-
side units (RSUs). Using ultrasonic sensors and an Arduino-based
microcontroller, the OBU detects potential collisions and broad-
casts alerts via Dedicated Short-Range Communications (DSRC).
The system supports both accident prevention and post-accident
management through real-time vehicle-to-vehicle (V2V) and
vehicle-to-infrastructure (V2I) communication, demonstrating
reduced accident frequency and severity while improving traffic
safety and response times.

In the sixth article, Maturi ef a/. focus on enhancing pedes-
trian safety at crosswalks through a vehicle-to-everything (V2X)
communication framework operating in the 28 GHz band. The
proposed approach enables collaborative communication between
roadside infrastructure and pedestrians. The authors evaluate the
performance of a linearly polarized antenna (LPA) array with and
without the use of maximum ratio transmission (MRT), from the
pedestrian’s perspective. The results show that both techniques
significantly improve signal reception for pedestrians near cross-
walks.

The seventh and final article, by Altmayer ez al., introduces
a machine-learning-based deep neural network (DNN) approach
for predicting the performance of RIS-assisted systems in the
low-frequency range. The authors demonstrate that DNN-based
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models achieve superior estimation accuracy, particularly under
complex channel conditions, and show strong potential for exten-
sion to millimeter-wave and terahertz frequency bands.

We hope you find the articles in this issue informative
and inspiring. As always, your feedback and comments are most
welcome.

N ABh
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Pragmatic 6G

Gerhard P. Fettweis,

Vodafone Chair Professor at TU Dresden, and Scientific Director € CEO at Barkbausen Institute (Dresden)

Cellular communication is the backbone of our digital society.
Today’s excitement around Al is a result of the whole planet having
access to newest developments instantaneously via the mobile
Internet. However, the cellular industry is currently not in a good
shape. It therefore is time to wake-up and draw a picture of oppor-
tunities ahead that could make 6G a real game changer.

This paper is not about presenting math, or a technically
detailed vision about technologies that might enter the 6G stan-
dard ase.g. [1]. Itis about presenting a vision and roadmap towards
a possibly amazing future of the cellular industry.

The Situation Room

Every generation of cellular communications has given us a chance
to move ideas into reality, creating innovations that are the basis
of our modern life. Now we are at the doorstep of defining 6G,
which again poses the chance to write a new chapter of technology
benefits for humankind.

However, the cellular world is in a mode of crisis, as can be
seen by analyzing the stock charts of public companies involved.
On a 20-year timeline, no operator and no equipment manufac-
turer is performing at the S&P 500 level, but all are well below. The
market cap of publicly listed equipment manufacturers has even
been trending negative in absolute numbers. As a generation of
cellular technology has entered the market roughly every 10 years,
this means that the industry has not overcome the Y2K bubble
and remains in post-3G hangover. At the same time the world has
become more and more dependent on the cellular infrastructure.
We desperately need a new silver lining to revive the industry.
Cellular is the backbone of our modern life.

SG was driven by three main needs:

1. Increasing bandwidth to address the traffic growth as seen
during 4G

2. Reducing the latency, creating an ultra-reliable low-latency
(URLLC) network slicing architecture, to address the “Tactile

Internet” [2] requirements of motion control of real (robots)
and virtual objects (XR)

3. Implementing massive machine type
(mMTC) for an Internet-of-Things (IoT) use case envisioned

communications
The reality has come to face the following.

1. Bandwidth is currently hardly increasing anymore, ie. the
assumption of an ever-increasing explosion of traffic bandwidth

Vol.2_2

is false, at least as of now (2025/26). Growth is slow at 20% per
year. Traffic volume has nearly come to a halt.

2. Each odd generation of cellular introduced a new service,
namely 1G introduced mobile telephony, and 3G mobile
Internet, respectively. These new services were initially
successful for business customers. You might remember that 1G
was a business phone, and 3G was either a Blackberry or Nokia
Communicator, clearly addressing the business needs. In case
of SG, the new Tactile Internet service via URLLC was tried
out by many businesses in so-called campus or private mobile
networks (PMN); this, in many cases, turned out to be way
too complex for running a PMN. The wide area applications,
such as autonomous driving, have only been successful use cases
in niche markets, e.g., for moving outdoor AGVs (automatic

guided vehicles).

3. In 5G, the evolution of low-power massive IoT builds directly
on 4G’s NB-IoT and LTE-M. This is realized within SG
New Radio through the mMTC service class, while RedCap
(Reduced Capability, also known as NR-Light) addresses
medium-complexity IoT use cases. NB-IoT and LTE-M remain
supported and continue to evolve within the SG ecosystem.
Rather than introducing a single new IoT technology, 5G inte-
grates these approaches, with RedCap bridging the gap to more
capable IoT devices. Neither was a truly low-power IoT system
standardized nor was RedCap available soon enough to build-
up momentum so far.

It is therefore time to revisit the 6G vision [3] and update
this at a high level.

6G’s Profit & Loss Approach

Every company has to publish its profit & loss statement (P&L).
The top-line shows the revenue sources, the bottom-line the profit.
Achieving higher profits can be done either by increasing the top
line without dramatically increasing the costs, or by reducing the
costs to improve the bottom-line.

Taking current cellular industry’s situation, we desperately
have to concentrate on the P&L. What are new sources of revenue,
and what are possibilities to reduce cost? Reducing cost of an oper-
ator at the cost of reducing its infrastructure equipment expenses
makes operators happy, but destroys the future of vendors. This
sounds like a less promising idea for recreating a vibrant cellular
industry.
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In well-established industries as oil & gas, car manufacturing,
retail, and construction, it’s a margin game. Revenues are varying
over time; profits can only be improved by reducing costs and
therefore improving the profit margin on revenue. The cellular
industry is also a “margin game” in mature markets, but for
different reasons. It is characterized by:

e High Competition: Intense competition among providers in
mature markets erodes margins as services become commodi-
tized.

e High Capital Expenditure (CapEx): The industry requires
continuous, massive investment in infrastructure (e.g., 5G and
soon 6G networks) and technology upgrades, which impacts net
profit margins.

e Focus on Volume/Subscribers: Historically, the business
model focused on expanding the subscriber base; now the chal-
lenge is maintaining margins through diversification into new
services (like gaming or data analytics) as core services face
commoditization.

The cellular network operators have a difficult stance. They must
continue investing to deliver services at the forefront of technolog-
ical development, yet they have increasingly become a commodity
infrastructure, often taken for granted like rail or road network.
Due to the latter, leadership is torn between having to adhere with
business school rules of a margin business but at the same time
having to be at the forefront of understanding the new generations
of technology coming, influencing them to their benefit, and plan-
ning for the future.

For us, as technologists, we therefore must understand this
and deliver technology in a classical way of a margin business:
increasing the top-line and bottom line of a profit-and-loss
(P&L) statement. We must develop technology that addresses
the P&L!

Pragmatic Bottom-Line Opportunity:
Energy Efficiency, e.g. via Gearbox PHY

The bottom line can be improved by reducing the CapEx
and hence the depreciation. As cellular technology evolves, this,
however, would be equivalent to reducing the investment into
the future. This is dangerous. On the other hand, an operational
expenditure (OpEx) which does not add value is the line item due
to energy consumption.

We have experienced a phenomenal improvement in terms of
energy consumption per transmitted bit of the modem from 1G to
4G. The 1G analog modulation’s induced power consumption was
so high that initially the “handset” was conceived to be a car phone,
less a portable device. The single-carrier modulation of 2G made
it possible for exploiting the advancements of microelectronics via
DSP (digital signal processing), however requiring a maximum-
likelihood sequence estimator equalizer whose complexity grows
exponential with the delay-spread of the channel, The code divi-
sion multiple access (CDMA) spread-spectrum of 3G required
for a RAKE receiver, whose complexity grows linearly with the
number of channel paths taken into account. This grows linear
with the delay spread of the channel. Finally, with 4G the OFDM
modulation (orthogonal frequency division multiple access) was
introduced into cellular. Its complexity is dominated by the FFT,
whose size is chosen to grow linearly with the delay spread,
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however, whose complexity per processed sample grows only loga-
rithmically with the FFT size. Hence, the equalizer of OFDM
grows logarithmically with the delay spread.

This trend in equalization has been a factor in successfully
driving data rates ever higher, without a major impact in power
consumption of the DSP. As the bandwidth increased over time
to support the increasing data rates, the effective delay spread
increased as well, but not the DSP complexity due to innovations
in modulation methods and accompanying required equalization
techniques.

However, with SG we have come to an end of new ideas,
as we again are using OFDM. To support higher data rates the
cardinality of the modulation was increased as well as the number
of antennas supported in the MIMO transmission (multiple input
multiple output). In consequence, microelectronic advances were
not able to cover for this and as a consequence 5G networks have
an increased power consumption compared to 4G.

A proposed solution named Gearbox PHY [4,5] is to capture
the fact that networks are seldom fully loaded. On 24/7 average,
the traffic is far below maximum capacity in every cell. There-
fore, it makes sense to standardize multiple modulation techniques
and implement their respective modems side-by-side as separate
“gears”, using extremely energy efficient modulation techniques
on average and only switching to the high data-rate modem “gear”
which has high energy consumption only during the short periods
where peak traffic is needed.

Reducing the energy consumption and therefore improving
the bottom-line of operators by 10x is a challenge. The
Gearbox PHY seems to provide a viable solution.

Pragmatic Top-Line Opportunity: Coverage

Coverage remains to be a challenge, even 40 years into cellular
network deployments. And, many people in the world live in rural
areas without internetaccess today: I'TU’s current number is nearly
3 billion people still unconnected [6]!

To realize the ever-increasing demand in traffic, the data rate
of the physical layer has been boosted via increasing the QAM
cardinality and number of MIMO streams has, however, at the
cost of lowering the receiver sensitivity and the link budget. This
is one reason why the inter-site distance has been reduced, making
it more and more difficult to cover rural areas without massive
densification, which poses a financial challenge. Why shall one
investinto an expensive infrastructure that has very low utilization?

In the days of 2G modulations with nearly constant-envelope
were chosen to minimize the RF transceiver power. We experienced
very good link budget and could operate with very good receiver
sensitivity. This allows for GSM extended-range cells to cover 200
km radius, a reason why we remain having GSM in wide areas of
South America and Africa today. However, the modem DSP per
bit is complex due to the MLSE equalizer. In the meantime, we
know that frequency-domain equalization [7] can also be applied
if the signal packet were designed accordingly. Again, making the
DSP alogarithmic effort in terms of channel delay spread. Impulse
radio is even more energy efficient and the receiver sensitivity is
even higher.

Therefore, to address the coverage challenge one could again
use a Gearbox PHY approach. Urban and suburban cells would
have all gears, supporting extremely high data rates as traffic
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demand dominates the base station deployment. In rural areas
base stations could be installed that only have the lower gears,
supporting e.g. only up to 50Mb/s. These could be way more
energy efficient, provide extreme coverage, and would be far less
costly compared to a base station built to deliver rates in the multi-
Gb/s range.

An alternative clearly is the use of non-terrestrial networks
(NTN), in particular satellite networks. Due to the drop in satellite
launch cost per kg weight, this can provide another viable solution.
However, covering the nearly 3B nonconnected people will most
likely not be possible with an ARPU (average revenue per user)
far below $5/month, as required in many unconnected areas of the
earth. A coverage-providing Gearbox PHY could be the more cost
optimal solution, or as an intermediate step between an NTN and
a full terrestrial rollout.

Connecting the unconnected and providing global seamless
coverage is a goal. With the Gearbox PHY umbrella-cells a
range of coverage radius of approximately 100 km becomes a
viable way forward in achieving this.

Top-Line Opportunity: Consumer Robotics
5G introduced URLLC to support remote control of robotic
devices. We have observed many use cases for industrial and busi-
ness applications. Visible examples are cleaning robots in public
spaces, 5SG drones, logistics robots, agriculture robotics. All are
professional business use cases, and all with cellular connectivity.
The vacuum cleaner robots at home is reconnected with WiFi so
far. We are at the verge of robotic helpers and companions at a large
scale. Examples are:

—

. Home cleaning

. Kitchen helpers

. White good robots doing the wash

. Mobility (autonomous cars)

. Local mobility (wheel chairs, exoskeletons)
. Entertainment/Gaming

. Gardening

Sports

. Companions, e.g. robotic pets

. Tools

O 0 NV R W N

—
[=]

Assume you bought one personal mobile robot (PMR) of every of
the ten categories every 10 years. This would result in buying on
average one PMR per year. The cell phone renewal rate is currently
around one every 3 years. This would mean:

The PMR market is at least 3x larger than the mobile phone
market

This is substantial, and provides a nice opportunity for
cellular networks. And this does not account for drones and other
professional logistics applications. They come on top!

And the opportunity becomes even larger when taking the
following into account. Today’s Waymo or Zoox autonomous cars
are equipped with a very large number of sensors to enable driver-
less level-5 [8] performance. The cost markup over a car driven
by humans is large, more than double. Assume the network was
providing the missing sensing for a car equipped and capable of
level-3 driving to achieve level-5. Then this would be way more cost
effective. Take the following back-of-the-envelope calculation:
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If the markup from level-3 to level-5 were $50k and
the car was driven 250K km within its life time,
this results in 20 cents per km additional costs, not
taking interest into account. If the network provided
the necessary sensing for 10c/km this would half the

price!

Now remember the many use cases for PMRs listed
in the previous section. Assuming this pricing of
10c/km and 2000 km of PMR service provisioning
per month. This would amount ro $200/month addi-
tional ARPU.

PMRs and professional robots are a great top-line oppor-
tunity for network operators. Their development will not
happen overnight, but the prospects are great.

Pragmatic Top-Line Opportunity:
Integrated Sensing & Communications
at FR2

The above-mentioned service requires to install new infrastruc-
ture, e.g. LIDAR and RADAR at street crossings, and/or new
integrated sensing within the licensed communications bands. A
pragmatic approach could be to use the existing FR2 for sensing
(cellular frequency range 2, typically between 24.25GHz and
30GHz. This band has not been heavily used for communication
services, but is ideally suited for RADAR [9]. Installing RADAR
at this band gives operators the chance to capture the static envi-
ronment as well as the moving targets.

The most pragmatic way to implement this is to use an
already standardized protocol. In case FR2 is used for communica-
tions the UE operates in dual connectivity with an FR1-anchored
master cell group (MCG) handling control signaling and call
management, while FR2 cells are used as a secondary cell group for
high-rate user-plane transmission. Equivalently, FR2 radar can be
scheduled and mastered and scheduled by an MCG at FR1, only
using FR2 for sensing [9].

A mono-static, bi-static, or multi-static RADAR could
enable positioning as well as RADAR imaging. For professional
services, e.g. logistics delivery on ground or by drone, this capability
is needed as well. Not only PMR but all professional applications
require sensing.

Importantly, note that sensing data can be very personal
and therefore privacy is a very important aspect to be taken into
account. Operators are highly regulated concerning privacy of
phone calls and Internet access. They are a natural for being the
host of sensing data.

Integrated sensing and communications done right gives the
operators the chance to monetize their most valuable asset,
the sensing data. The future of operators is not only to
deliver connectivity, but to provide access to data. At the age
of Al this clearly is another interesting revenue opportunity.

Important Top-Line Differentiator:
Trustworthiness

In the coming new world of robotics and XR, commencing with
6G but clearly developing over the next decades, privacy will
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become a major concern. However, not only privacy is a charac-
teristic of concern. When encountering PMRs and professional
robots we must trust them at least as much as trusting people. It
therefore is important to understand an overarching concept of
trustand trustworthiness, as it has been developed in social sciences
over the last half century, see in particular [10,11].

The 5G and O-R AN standards were therefore analyzed in the
study [12] concerning five characteristics:

1. Confidentiality
2. Integrity

3. Availability

4. Accountability
S. Privacy

An even more comprehensive list of objectively measurable
characteristics to be analyzed in the future has been standardized in
the meantime as [13] shows that current standards default dramati-
cally. How can we make subjective decisions based on the situation
encountering a robot when the network fails to be trustworthy?

The paper [14] conceptualizes trust and trustworthiness in
communications as a first step. This is just a start. We must get
going and develop finer models to tackle the world of robotics age

ahead.

Trustworthiness and trust are key for human-human inter-
action. 6G must embrace this as this is the basis for mone-
tizing most top-line opportunities ahead. And this starts
at the basis, building the right chip architectures [15], see
also [16].

Top-Line Opportunity: Al induced Traffic
Growth

Formerly we were used to cellular data traffic to grow exponen-
tially. Therefore, the radio access network also followed this trend
to provide the bandwidth required to serve the appetite for data.
It nearly followed Moore’s law, doubling every 18 months which is
the same as growing by 10-fold every 5 years.

Cellular traffic growth has been nearly flat in the last 4 years.
It shows merely a 20% growth and the growth is continuing to
be falling. When analyzing the published traffic growth in [17], it
shows an exponential decay. This is due to the fact that in absolute
numbers traffic has stopped growing exponentially by the end of
2021. Important to note: November 2021 was when LLM AI
(large language model) hit the market. It might be that people
were busy with interacting with AT and less with data-heavy video
content.

Therefore, let us learn from the past and project the future:
Cellular data usage exploded with 4G. It was less the cellular tech-
nology but video content being downloaded and uploaded while
visiting social media sites that created this demand. In 2G data was
dominated by SMS, text messaging. In 3G it was mainly email and
attached files that created the demand for data. At the end of 3G
and then with 4G, social media video clips hit the users by storm.
We saw an explosion in data usage. Now where do we stand in AI
prompting? At first, we were able to prompt simple text messages.
Now we can upload files and in return receive files. Wide-scale
video prompting is only expected to be ready for broad use in 2027.
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Then we will be able to upload reels and whole videos, or capture
the input by camera, and in return receive fantastic animated video
content.

And then come the PMRs. As we interact with them, Al is
at work. Cameras and RADAR will capture the environment and
our gestures. This will be uploaded to Al computing systems and in
return the PMR needs to react, swiftly! This means the days when
we are used to waiting 10s of seconds and minutes for the reply to a
prompt will be over. Today we can average-put data transmission as
real-time plays hardly any role. Tomorrow, when interacting with
robots, peak data rates and latency matter. Will this wave influence
the wireless roadmap of [18] and refreshed in [3]? And will it look
as sketched in the update below?

The Wireless Roadmap 2025 - Including the Impact of Future Al
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100Tbls ‘ ‘ (20m) - ;)
wns L Video & Motion Prompts: — /5
1 Tbls .
o
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It is sensible to assume that we are at the verge of a large
wave of increase in data traffic in cellular networks! We must
get ready and have energy optimizations ready, as e.g. the
Gearbox PHY. The days of slow growth will most likely
be over soon 6G will be turned on when this wave hits
the market. Only planning for low-growth is planning for
failure?

Synthesis

The cellular industry is at the verge of an exciting new wave. Let
us focus on the top-line and bottom-line opportunities ahead.
Personal mobile robots and motion capture Al prompting are just
two applications to mention that seem natural to project. They
both create valuable growth opportunities for the industry and
must be addressed by 6G. They require the development of many
solutions to overcome technical challenges. A pragmatic approach
seems most promising.

Operators have a new chance for revenue ahead. As robots
require sensing, it seems more sensible to implement avastamount
of the sensing within the network and implement only basic
sensing in robots, not overloading every robot with costly large
sensing. At a meta-level this is equivalent to having compute power
in terminals, but for many applications relying on data centers to
provide additional performance. Making the network a source for
sensing and its data makes this another exciting opportunity for
networks of the future.

But we must not forget that trustworthiness and trust must
be addressed at a very deeper level as done up to now in 1G-5G
cellular standards. For the implementation we need trustworthy
platform chips as an anchor for enabling this future [15].
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A Comparative Analysis of 3GPP and ITU-R

5G Channel Models: Technical Divergence
and Philosophical Implications

Nicolo Avarino®, Christos Politis and Nuwan Weerasinghe

Abstract: The design and validation of 5G systems rely heavily
on standardized radio channel models to predict real-world
performance. The 3GPP TR 38.901 and the ITU-R M.2412
reports are the industry’s cornerstones for this purpose, yet they
exhibit significant technical differences, particularly in the sub-
6 GHz frequency band and millimeter-wave indoor scenarios.
This paper presents a rigorous comparative study of these two
standards, quantifying the performance impact of their diver-
gences across canonical deployment scenarios. Using a unified
simulation framework implemented in ns-3, we analyze pathloss
and Signal-to-Noise Ratio (SNR) in Rural Macro (RMa), Urban
Macro (UMa), Urban Micro (UMi), and Indoor Hotspot (InH)
environments.

Our results reveal that while the models align in rural scenarios,
they diverge fundamentally in complex urban environments. The
ITU-R model proves to be a more conservative benchmark in
UMa NLOS, predicting a median SNR up to 9.5 dB lower than
3GPP. Conversely, in UMi NLOS, the 3GPP model describes
a significantly more volatile channel (higher shadow fading vari-
ance), making it a risky predictor for Ultra-Reliable Low-Latency
Communications (URLLC). Furthermore, our analysis of the
indoor 28 GHz scenario exposes a dramatic discrepancy: the ITU-
R’s optional model is exceptionally optimistic, showing a perfor-
mance gap of up to 34 dB compared to the standard 3GPP model.
We conclude that these technical divergences reflect differing
design philosophies — optimistic prediction vs. conservative bench-
marking - dictating that model selection must be strategically
aligned with the specific 5G service pillar (eMBB or URLLC)

under evaluation.

Keywords: 5G, channel modeling, 3GPP TR 38.901, ITU-R
M.2412, ns-3, pathloss, SNR, URLLC, eMBB.

1. Introduction

The fifth generation of mobile communications (5G), catego-
rized under the IMT-2020 vision, marks a paradigm shift from
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traditional mobile broadband to a diverse ecosystem of services.
As defined by ITU-R Recommendation M.2083 [1], 5SG is built
upon three distinct pillars: Enhanced Mobile Broadband (eMBB),
focusing on high data rates (up to 20 Gbit/s) and mobility; Massive
Machine-Type Communications (mMTC), targeting high-density
IoT connectivity; and Ultra-Reliable and Low-Latency Commu-
nications (URLLC), enabling mission-critical applications with
sub-millisecond latency and 99.999% reliability.

Designing networks that meet these varied and stringent
requirements necessitates highly accurate channel modeling. The
adoption of millimeter-wave (mmWave) frequency bands intro-
duces complex propagation characteristics, such as high free-
space path loss, extreme sensitivity to blockage, and sparse
scattering, which challenge conventional sub-6 GHz modeling
approaches [2]. Accurate simulation tools are therefore vital for
predicting key metrics like coverage, throughput, and reliability
before physical deployment [3].

Currently, the two industry-standard frameworks for 5G
channel modeling are the 3GPP TR 38.901 [4] and the ITU-
R M.2412 [5] reports. While the ITU-R model builds upon
the 3GPP specification, it introduces significant modifications,
particularly in pathloss formulations for the sub-6 GHz band
and new statistical distributions for angular spreads. However,
the practical impact of these technical divergences on system-level
performance is not always fully quantified. Model selection is
often treated as a minor configuration detail, yet it can fundamen-
tally alter simulation outcomes and, consequently, network design
decisions.

This paper presents a rigorous comparative study of the
3GPP and ITU-R channel models. We implement the ITU-R
M.2412 model within the ns-3 network simulator, creating
a unified framework to benchmark it against the established
3GPP implementation. We analyze performance across four
canonical scenarios: Rural Macro (RMa), Urban Macro (UMa),
Urban Micro (UMi), and Indoor Hotspot (InH). Our primary
objective is to quantify the differences in pathloss and Signal-
to-Noise Ratio (SNR) and to interpret these divergences
through the lens of the different service requirements (eMBB vs.
URLLC).

The remainder of this paper is organized as follows: Section 2
details the technical differences between the two channel models.
Section 3 describes our simulation framework in ns-3. Section 4
presents the comparative analysis of pathloss and SNR. Section 5
discusses the philosophical implications of the results for 5SG
service pillars, and Section 6 concludes the paper.
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2. Overview of Channel Models

The relationship between the 3GPP TR 38.901 [4] and ITU-R
M.2412 [5] channel models is one of foundation and refinement.
The 3GPP model provides a comprehensive baseline for frequen-
cies from 0.5 to 100 GHz. The ITU-R model adopts this baseline
but introduces a bifurcated architecture based on frequency, along
with specific modifications for indoor millimeter-wave scenarios.

2.1. Architectural Framework: Model A vs. Model B

While 3GPP defines a single, continuous framework across the
frequency spectrum, ITU-R M.2412 introduces a distinction:

e Model B (6—100 GHz): For frequencies above 6 GHz, the
ITU-R explicitly aligns with the 3GPP specification. Pathloss
formulas, line-of-sight (LOS) probabilities, and fast-fading
parameters are identical.

e Model A (0.5—6 GHz): For the lower frequency bands, which
are critical for wide-area 5G coverage (e.g., 700 MHz, 3.5 GHz),
ITU-R introduces distinct formulations.

2.2. Scenarios of Consensus and Alignment

Before analyzing the divergences, it is crucial to identify where the
standards harmonize.

2.2.1. Rural macro (RMa)

For the Rural Macro scenario, the ITU-R does not introduce a
unique formulation. It explicitly adopts the pathloss equations and
fading parameters defined in 3GPP TR 38.901 for both LOS and
NLOS conditions. The only minor distinction is the applicability
range: ITU-R extends the validity distance up to 21 km, whereas
3GPP typically defines it up to 10 km. Mathematically, however,
the models are identical.

2.2.2. Standard indoor hotspot (InH)

For standard office environments in the sub-6 GHz band, the ITU-
R introduces specific “InH-A” formulas. While technically distinct
from the generic 3GPP equations, they are designed to yield func-
tionally equivalent results. The mean pathloss trends and shadow
fading parameters (e.g., osr = 3 — 4 dB) are largely harmonized,
reflecting a consensus on the propagation physics within standard

buildings.

2.3. Critical Pathloss Divergences

The most impactful technical differences arise in urban environ-
ments and speciﬁc mmWave use cases.

2.3.1. Urban Macro (UMa) NLOS

The 3GPP model employs a generalized distance-dependent
formula. In contrast, the ITU-R Model A incorporates specific
environmental geometry. The 3GPP formula relies primarily on
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3D distance (d3p), carrier frequency (f;), and user terminal
height (hyr):

PL3Gpp = 13.54 +39.08 log; (d3p)

+201log;o () — 0.6(hyr — 1.5)

(1)

The ITU-R formula is significantly more complex, introducing
sensitivity to the average building height () and street width (177):

PLry = 161.04 — 7.1log,o (W) +7.5 log, (h)
— (24.37 = 3.7(h/bgs)*) logy (hps)
+ (43.42 — 3.1log (hps)) (logyo (d3p) — 3)
+201log;o (£) — (3.2(log; (17.625))* — 4.97)

This complexity aims to model diffraction loss over rooftops more
explicitly than the regression-based 3GPP approach.

2.3.2. Urban micro (UMi) NLOS

In the street canyon environment, the models diverge in their
regression coefficients and, crucially, in their statistical variance.
The mean pathloss formulas differ in slope and intercept:

PLsgpp = 22.4+35.3 Ioglo(d3D) +21.3 logIO (ﬁ) (3)

PLiry =367 10810 (d3D) +22.7+26 10810 (ﬁ) (4)

However, the most significant difference for system reliability is
the Shadow Fading (SF) standard deviation (sgr). The 3GPP
standard specifies a high ogr = 7.82 dB, implying a highly volatile
channel. The ITU-R standard specifies a much lower ogr =
4.0 dB, describing a more stable environment.

2.3.3. Indoor 28 GHz optional model

For indoor mmWave scenarios, ITU-R introduces “Optional
Model I”, a simplified deterministic model based on 2D
distance (da2p):

PLITU,Opt = 22.010g10 (dop) +61.2  (ogr =3.3dB) (5)

This model ignores the height component (d3p) and assumes
a very low shadow fading variance compared to the full 3GPP
stochastic model, representing an idealized propagation environ-
ment.

2.4. Small-Scale Fading and Angular Distributions

Beyond pathloss, the models differ in how they generate multipath
components (Fast Fading). Small-scale fading is typically modeled
according to classical distributions, as described in [6].

2.4.1. The Laplacian innovation

A major novelty in ITU-R M.2412 is the mandate to use the
Laplacian distribution for the Power Angular Spectrum (PAS) of
zenith angles (ZOD/ZOA) in sub-6 GHz scenarios, whereas 3GPP
exclusively uses the Wrapped Gaussian distribution [7].
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Table 1. Table 2.

Feature 3GPP TR 38.901 | ITU-R M.2412 Parameter InH UMi RMa UMa
RMa and InH Baseline Identical Aligned Carrier Freq. 4GHz | 4GHz | 700 MHz | 700 MHz
LOS BS Height 3m 25m 35m 25m
UMa NLOS Simplified Complex Formula UE Height 15m 15m 1.5m 1.5m

Formula Tx Power 24dBm | 44dBm | 49dBm | 49dBm
UMi NLOS o5z High (7.82 dB) Low (4.0 dB) UE Noise Fig. 7 dB 7 dB - dB 7 dB
Zenith Angles Wrapped Laplacian Thermal Noise ~174 dBm/Hz

Gaussian
Indoor mmWave | Full Stochastic Optional

Simplified (2D)

o Gaussian (3GPP): Symmetric, thin tails. Assuming scattering
clusters are concentrated around a mean direction.

o Laplacian (ITU-R): Sharper peak, heavier tails. This models
environments where strong reflections can occur at angles signif—
icantly offset from the main direction.

Table 1 summarizes these key technical characteristics.

3. Simulation Methodology

To conduct a fair and rigorous comparison, we developed a unified
simulation framework within the Network Simulator 3 (ns-3)
environment. ns-3 is a discrete-event network simulator widely
used in academia and industry for 5G research. While ns-3 natively
includes a robust implementation of the 3GPP TR 38.901 channel
model, it lacks the specific modifications introduced by ITU-R
M.2412. Therefore, our primary methodological contribution was
the extension of the ns-3 propagation module to incorporate the

ITU-R speciﬁcations.1

3.1. Framework Architecture

Our implementation extends the existing ns-3 architecture by
introducing new classes that inherit from the core Propagation
LossModel and ChannelConditionModel. Our simulation
framework was informed by the WWREF-IEG evaluation of IMT-
2020 candidate technologies [8]. This modular approach ensures
that the only variable in our comparative study is the channel
model definition itself; the underlying simulation engine, mobility
models, and antenna arrays remain consistent.
Key features implemented include:

e Dual-Mode Pathloss Engine: A logic switch that applies
either “Model A” (ITU-R sub-6 GHz formulas) or “Model B”
(standard 3GPP formulas) based on the carrier frequency and
scenario.

e Laplacian Angular Distribution: We modified the channel
generation procedure to support the Laplacian distribution for
zenith angles (ZOD/ZOA) as mandated by ITU-R, alongside
the standard Wrapped Gaussian distribution.

o Scenario-Specific Parameters: We integrated the complete set
of fast-fading parameters (delay spread, angular spread, cross-
correlations) from the ITU-R M.2412 report.

! The complete source code developed for this study is available at: hteps:
//github.com/simultelco/ns-3-itu

Vol.2 2

3.2. Simulation Configuration

All simulations were configured according to the “Evaluation
configurations for test environments” specified in ITU-R M.2412.
We simulated single-link performance with a channel bandwidth
of 20 MHz. The key parameters for each of the four scenarios are
summarized in Table 2.

3.3. Evaluation Scenarios and Metrics

We evaluated performance in two distinct propagation conditions
for each scenario:

o Line-of-Sight (LOS): The receiver moves away from the trans-
mitter in a straight line (10 m to 100 m) with a clear optical path.

o Non-Line-of-Sight (NLOS): The receiver is positioned at a
distance where the LOS probability is negligible (e.g., >900 m
for UMa), ensuring that the channel is dominated by multipath
and obstructions. Shadow fading is enabled to capture large-
scale signal variations.

Our comparison relies on two primary metrics:

—

. Pathloss vs. Distance: This validates the correctness of the
large-scale attenuation models and visualizes the mean signal
decay predicted by each standard.

2. Signal-to-Noise Ratio (SNR) CDF: The Cumulative Distri-

bution Function of the SNR captures the combined effect of

pathloss, shadow fading, and fast fading. It allows us to quan-
tify link reliability (outage probability at the tail) and ergodic
capacity (median SNR).

3.4. Limitations

To focus on the fundamental differences in channel modeling,
certain complexities were simplified. Specifically, dynamic
blockage (e.g., by moving vehicles) was not modeled, and isotropic
antennas were used to isolate channel propagation effects from
beamforming gains.

4. Results and Comparative Analysis

This section presents the comprehensive simulation results across
four canonical deployment scenarios: Rural Macro (RMa), Urban
Macro (UMa), Urban Micro (UMi), and Indoor Hotspot (InH).
For each scenario, we first validate the pathloss models by
comparing theoretical formulas against simulated data, and then
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Theoretical Pathloss Comparison for RMa LOS
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Figure 1.
RMa LOS theoretical pathloss.

analyze the Signal-to-Noise Ratio (SNR) Cumulative Distribution
Functions (CDFs) to quantify system performance.

4.1. Rural Macro (RMa) Scenario

The RMa scenario serves as the validation baseline. Since ITU-R
M.2412 explicitly adopts the 3GPP TR 38.901 formulas for rural
environments at 700 MHz, we expect identical performance.

4.1.1. Pathloss Validation

As shown in Figure 1, the theoretical curves for 3GPP and
ITU-R are perfectly superimposed for both Line-of-Sight (LOS)
and Non-Line-of-Sight (NLOS) conditions. The simulated data
points (Figure 2) align flawlessly with the theoretical predictions,
confirming the correctness of the simulation framework imple-
mentation.

4.1.2. SNR analysis

Consequently, the SNR performance is identical. Figure 3 and 4
show a perfect overlap of the CDF curves. In LOS, the median
SNR is approximately 68 dB, dropping to 19 dB in NLOS. This
scenario confirms that where standards converge, the models yield
indistinguishable results.

4.2. Urban Macro (UMa) Scenario

In the UMa scenario, divergences appear due to the ITU-R’s
specific “Model A” formulations for the sub-6 GHz band.

4.2.1. Pathloss validation

In LOS conditions, the models remain identical (Figures omitted
for brevity as they mirror the RMa consensus). However, in NLOS

conditions, a significant gap emerges. Figure 5 shows that the
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RMa LOS simulated data.
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RMa LOS SNR CDF.

ITU-R model (red) predicts consistently higher pathloss than the
3GPP model (blue). While the simplified formulas might suggest
a minimal difference, the full implementation reveals a gap often
exceeding 10 dB due to environmental parameters like building
heights incorporated in the ITU-R model.

4.2.2. SNR analysis

In the LOS condition, the performance curves for 3GPP and ITU-
R are practically identical (Figure 6). It is important to note that
any minor behavioral variations observed in this state are not due
to signal attenuation, but are solely attributable to slight differences
in the fast-fading parameters (small-scale fading) defined by the two
standards.

In contrast, the NLOS condition shows a dramatic diver-
gence where pathloss dominates. The higher attenuation predicted

by ITU-R directly degrades link quality. The SNR CDF in Figure 7
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UMa NLOS simulated pathloss.

reveals a clear horizontal shift. The 3GPP model predicts a median
SNR of +4.5 dB, whereas the ITU-R model predicts —5 dB. This
9.5 dB deficit in the ITU-R model implies a much higher outage
probability, positioning it as a significantly more conservative
benchmark for urban coverage compared to the 3GPP baseline.

4.3. Urban Micro (UMi) Scenario

The UMi “Street Canyon” scenario at 4 GHz exhibits the most
complex behavior, with model superiority flipping between LOS
and NLOS.

4.3.1. Pathloss validation

In LOS (Figure 8), the ITU-R model is more optimistic,
predicting 2—3 dB lower pathloss than 3GPP. However, in NLOS
(Figure 9), the relationship inverts: the ITU-R model becomes
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UMa NLOS SNR CDF (divergent).

more pessimistic, predicting 5-7 dB higher pathloss. The simula-
tion data confirms these trends.

4.3.2. SNR analysis and the capacity-reliability
trade-off

The SNR analysis for the UMi scenario provides the most critical
insight of this comparative study. While the LOS condition follows
the pathloss trend (ITU-R slightly better), the NLOS condition
reveals a fundamental trade-off driven by the statistical properties
of the channel.

Figure 10 confirms the inversion observed in the pathloss
analysis, but a closer examination of the Cumulative Distribution
Function (CDF) shape reveals a complex behavior that can be
analyzed in three distinct regions:

1. The Low-SNR Tail (Deep Fades): In the lower probability
region (e.g., below 10%), the 3GPP curve (blue) exhibits a
significantly shallower slope compared to the ITU-R curve
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UMi LOS simulated pathloss.
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UMi NLOS simulated pathloss.

(red). This “heavy tail” indicates a much higher probability of
experiencing severe deep fades. For URLLC applications where
reliability is paramount, this tail behavior is critical: the 3GPP
model predicts that the link is more prone to catastrophic drops
in quality, making it 2 more volatile environment.

2. The Median Region (Average Capacity): In the central
portion of the distribution (probability between 20% and 80%),
the 3GPP curve is shifted horizontally to the right. Specifically,
the 3GPP model predicts a median SNR of approximately
13 dB, compared to 8 dB for the ITU-R model. This 5 dB
advantage implies that for standard eMBB services, which rely
on ergodic capacity and retransmissions, the 3GPP model is
decidedly more optimistic.

3. The High-SNR Tail (Signal Peaks): At the upper end of
the distribution (above 90%), the 3GPP curve extends much
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Figure 10.

UMi NLOS SNR CDF. 3GPP shows higher median capacity but
higher volatility (shallower slope) compared to ITU-R.

further to the right. This suggests a higher likelihood of encoun-
tering exceptionally strong signal peaks, which opportunistic
scheduling algorithms could exploit to maximize throughput.

The Root Cause: This distinct three-part behavior is a direct
mathematical consequence of the different coefficients in their
respective pathloss formulas:

PLyGpp = 22.4 +35.3log;, (d3p) + 21.3log,, (1)

- 0.3(hyr - 15) (6)
PLrry-gr = 36.7logy(d3p) +22.7 + 26 logy ()

- 0.3(hyr - 15) (7)

However, the most critical finding here lies in the link relia-
bility, which is governed by the shadow fading standard deviation,
asr [9]. The 3GPP model specifies an extremely high value of 7.82
dB, compared to the moderate ITU-R value of 4.0 dB. This higher
variance in the 3GPP model makes the channel fundamentally
more volatile.

The SNR CDF in Figure 10 visualizes this trade-off. We can
analyze its shape in three distinct regions:

1. The Low-SNR Tail (Deep Fades): In the region below
approximately 8 dB, the 3GPP curve has a much shallower
slope. This indicates a significantly higher probability of expe-
riencing severe deep fades, a critical vulnerability for URLLC
services.

2. The Median Region (Average Capacity): Between roughly
20% and 80% probability, the 3GPP curve is shifted to the right,
reflecting its S dB advantage in median SNR and thus its higher
ergodic capacity, favorable for eMBB.

3. The High-SNR Tail (Signal Peaks): Above approximately
27 dB, the 3GPP curve is again shallower. This means a higher
probability of exceptionally strong signal peaks, which oppor-

tunistic eMBB services can exploit.

This three-part behavior is a direct mathematical consequence of
the higher gz in the 3GPP model.
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InH NLOS SNR CDF (4 GHz).

4.4. Indoor Hotspot (InH) Scenario

We analyzed the InH scenario in two configurations: standard sub-
6 GHz (4 GHz) and the optional mmWave model (28 GHz).

4.41. Standard InH (4 GHz)

At4 GHz, the models show only minor nuances. InLOS, ITU-R is
marginally more optimistic (<1 dB)(Figure 11). In NLOS, despite
a theoretical crossover point in the pathloss formula, the simulated
SNR performance is functionally identical (median SNR ~43 dB),
as shown in Figure 12.

4.4.2. Optional model (28 GHz)

The contrast at 28 GHz is dramatic. We compared the standard
3GPP model against the ITU-R “Optional Model I”. Figure 13
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demonstrates a massive divergence. The ITU-R optional model
predicts significantly lower pathloss. This translates to the SNR
CDFs in Figure 14. In NLOS, the ITU-R optional model predicts
a median SNR of S8 dB, while the standard 3GPP model
predicts only 24 dB. This 34 dB gap confirms that the ITU-
R Optional Model is an idealized baseline that effectively ignores
severe mm Wave blockage effects.

5. Philosophical Implications for 5G Services

The comprehensive scenario-by-scenario analysis presented in
Section 4 allows us to synthesize a broader conclusion regarding
the design intent behind these standards.

It is crucial to frame this discussion within the genealog-
ical relationship of the models. Since ITU-R M.2412 is explicitly
derived from 3GPP TR 38.901, the differences we observed —
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especially the variance in ogr and the resulting SNR slope -
are not merely statistical curiosities. They embody two distinct
philosophies of system design. Consequently, the terms “opti-
mistic” and “conservative” used here are relational characteriza-
tions, describing how ITU-R deliberately deviates from the 3GPP
baseline.

5.1. Areas of Consensus: The Baseline Validation

The perfect alignment in the **Rural Macro (RMa)** scenario
and the functional equivalence in the **Standard Indoor (InH)**
scenario confirm that the ITU-R accepts the 3GPP baseline as
valid for “well-understood” environments. In these contexts, the
standardization bodies agree on the physics, and model selection
has negligible impact on simulation outcomes.

5.2. 3GPP: The Philosophy of Optimism (Trusting the
System)

Relative to the ITU-R modifications, the foundational 3GPP
model tends to yield results favorable for capacity-oriented
services. This reflects an **optimistic philosophy**: it assumes that
communication systems can adapt dynamically, exploit high-SNR
moments, and recover from deep fades.

e Capacity Optimism: In UMi NLOS, despite high volatility,
3GPP predicts a higher median SNR (+5 dB).

e Alignment with eMBB: This mindset fits naturally with
**Enhanced Mobile Broadband (eMBB)**. In scenarios like
video streaming, maximizing ergodic throughputis more impor-
tant than guaranteeing every single packet. The “heavy tails” of
the 3GPP model are acceptable because mechanisms like Hybrid
ARQ (HARQ) and adaptive coding can bridge the gaps caused
by deep fades [10].

Essentially, **3GPP trusts the system™ to mitigate channel
volatility, making it the appropriate choice for dimensioning
maximum network capacity.

5.3. ITU-R: The Philosophy of Discipline (Testing the
System)

In contrast, the specific formulas introduced by ITU-R (Model
A) act as a rigorous benchmark, adopting a **conservative philos-
ophy**. By introducing complex environmental variables in UMa
and deliberately limiting variability in UMi (lower ogF), it ensures
steadier and more predictable channel behavior.

o Stability in Reliability: The lower variance in UMi (g5 =
4.0 dB vs 7.82 dB) describes a stable channel. The “heavy tail”
of the 3GPP model represents a non-negligible probability of
catastrophic packet loss (outage), which is unacceptable for
autonomous systems [11].

o Alignment with URLLC: This approach aligns directly with
“*Ultra-Reliable Low-Latency Communications (URLLC)**,
where stability matters far more than peak capacity [12]. A high
average SNR is useless if the link is prone to unpredictable fades.
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Thus, *ITU-R tests the system™*: it provides the stable baseline
needed to verify “five-nines” reliability (99.999%), ensuring that a
successful simulation implies robustness in real-world deployment.

5.4. The Outlier: The 28 GHz Trap

Our analysis of the **Indoor 28 GHz** scenario highlights a unique
case where the ITU-R deviates in the opposite direction. Here,
the ITU-R “Optional Model I” exhibits extreme optimism (34
dB gap) compared to the 3GPP stochastic baseline. This reflects
a trade-off between computational simplicity and physical realism.
Researchers must be aware that this specific ITU-R model is an
idealized simplification. Using it to validate indoor URLLC would
be dangerous, as it hides the blockage dynamics that are the main
adversary at 28 GHz.

5.5. Strategic Model Selection

The choice of channel model acts as a silent “gain” or “loss” knob
in system simulations. In short, channel-model selection is not a
detail — it is a strategic modeling decision.

1. Use 3GPP TR 38.901 for eMBB capacity evaluation, where
the system is expected to exploit signal peaks.

2. Use ITU-R M.2412 (Standard) for URLLC reliability bench-
marking, where the model’s conservative nature provides a
necessary Stress test.

3. Avoid ITU-R Optional Models for realistic deployment plan-
ning at mm Wave frequencies.

6. Conclusion

This paper presented a comprehensive comparative study of the
3GPP TR 38.901 and ITU-R M.2412 channel models, imple-
mented within a unified ns-3 framework. By analyzing four canon-
ical deployment scenarios, we quantified the practical impact of
technical divergences in pathloss formulas and fading parameters.

Our results demonstrate that while the models converge in
simple rural and standard indoor settings, they diverge sharply
in complex urban environments. In UMa NLOS, the ITU-R
model proves to be significantly more pessimistic (9.5 dB median
SNR deficit). In UMi NLOS, a critical trade-off was identified:
3GPP predicts higher capacity but higher volatility, while ITU-R
describes a more stable, lower-capacity channel. Furthermore, we
exposed a massive 34 dB discrepancy in indoor mmWave modeling,
identifying the ITU-R Optional Model as an idealized outlier.

We conclude that these divergences represent distinct simu-
lation philosophies. The 3GPP model is an optimistic predictor
suitable for eMBB capacity planning, whereas the standard ITU-
R model serves as a conservative benchmark ideal for stress-testing
URLLC reliability. Together, they form the two necessary ends of
the 5G design spectrum.

Suggestions for Future Research

Looking forward, there are several meaningful ways to expand this
research to refine how we evaluate next-generation networks:
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e MIMO Beamforming: Incorporating massive MIMO and
spatial selectivity might either magnify or mitigate the diver-
gences seen in our SISO analysis.

e Hybrid & AI Models: A promising direction is to explore
hybrid models or AI/ML-based site-specific models Alkha-
teeb2021 to bridge the gap between stochastic estimation and
physical reality.

o Extension to sub-THz: Validating these models against
measurements in the 100-300 GHz range will be essential as the
industry moves towards 6G networks 6GFlagship2020.
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Abstract: The integration of terrestrial and non-terrestrial
networks is essential for reliable, secure, and ubiquitous connec-
tivity with QoS guarantees, and is a key enabler for supporting
emerging applications like in-flight broadband connectivity and
mission-critical operations, though several challenges remain.
This paper compares three architectural options for providing in-
flight broadband connectivity: a DU/CU functional split with
the DU on the aircraft and the CU on the ground; a similar
split enhanced with integrated access and backhauling to enable
3GPP-compliant flying ad-hoc networks; and a novel architecture
in which aircraft act as mobile wireless access and backhaul
nodes hosting MEC capabilities for low-latency services and local
breakout, a flexible approach that requires sophisticated SON
functions and optimised routing.

Keywords: IAB, in-flight broadband connectivity, network
automation, SATCOM, TN/NTN integration, WAB.

1. Introduction

The 5SG mobile business case extends towards the air, where in-
flight broadband connectivity (IFBC) is an emerging reality. A
study by the London School of Economics and Political Science
in association with Inmarsat showed 2015, that in-flight broad-
band connectivity had the potential to create a $130 billion global
market within the next 20 years, resulting in $30 billion of addi-
tional revenue for airlines by 2035 [1]. There has already been
some market penetration in this area, with legacy in-flight systems
relying on satellite communications complemented by on-board
Wi-Fi access. More recently, the market has introduced direct air-
to-ground (DA2G) mobile services, such as the European Avia-
tion Network (EAN), which delivers 4G-LTE connectivity and
employs a single GEO satellite as a backup link when the higher-
throughput DA2G connection degrades [2].
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In response to aviation stakeholders’ requirements for IFBC
services, the Next Generation Mobile Network Alliance (NGMN)
has proposed key performance indicators (KPIs) for SG use
cases targeting mobile backhauling for aircraft in their 5G
white paper [3]. Given their estimations, each user will have
15/(7.5) Mb/s download/(upload), so that 1.2/(0.6) Gb/s down-
load/(upload) speed is required per aircraft, assuming 20% active
users per aircraft and 400 passengers in each aircraft. These values
significantly exceed the capacity of current DA2G systems, which
typically achieve only a few hundred megabits per second per
aircraft [4]. To meet such anticipated data rates, further integra-
tion of satellite systems within the evolving 5G standard is clearly
required.

SG-satellite integration has already been playing a pivotal
role in 5G standardisation. Initial studies on requirements for
TN/NTN integration was captured in 3GPP (3rd Generation
Partnership Project) Release 14 (R14), highlighting the added
value that satellite coverage brings, as a complementary network
forming part of the 5G paradigm, especially for mission-critical
and industrial applications. 3GPP R15 was the first specification
for 5G, and it introduced a study on New Radio (NR) support
for non-terrestrial networks (NTN), examining potential archi-
tecture options and deployment scenarios. These included, for
example, providing NTN-based broadband connectivity between
the core network and cells located on board moving platforms
such as aircraft or trains. R17, in contrast to earlier releases, was
the first release to include normative specifications for NTN. It
encompassed both Stage 1 requirements for defining what NTN
services the 5G system should provide, as well as Stage 2 and Stage
3 protocol specifications detailing initial NTN functionalities.
For example, R17 included normative Stage 3 requirements for
UE initial attach procedures to NTN. It also included handovers
between TN and NTN nodes, when satellites operate in trans-
parent mode (bent-pipe architecture), meaning the satellite func-
tions as a simple repeater, with all baseband processing functions
remaining on the ground. R18 addressed further satellite inte-
gration under the new 5G-Advanced marker, including investi-
gation of NTN backhauling, veryfing UE location information,
and placing a UPF as satellite payloads. R19 still has satellite archi-
tecture evolution as a priority topic, and whilst previous releases
focused on transparent payloads, R19 focuses on regenerative
payloads where the NTN vehicle hosts 5G system functions. R19
also considers NR-NTN coexistence and functionalities such as
store and forward (S&F) for increased resilience against NTN link
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failures, mobility management, and a study item for user equip-
ment (UE) multi-connectivity over NTN and TN nodes. Flexible
integration and backhauling between TN and N'TN is still under
discussion, but will possibly build on 5G integrated access and
backhaul (IAB) technology [5], evolving towards wireless access
backhaul (WAB) nodes [6]. While both IAB and WAB nodes
provide RAN access to UEs and perform wireless data forwarding
for backhauling, IAB requires tight coupling between the IAB
node and the IAB donor because the gNB functionality is split
between the two entities. WAB nodes, in contrast, host the entire
gNB stack and therefore offer a more flexible architecture, which
could be beneficial in rapidly changing, dynamic networks, such
as aerial networks. R20 is expected to be stabilised in 2027 and
willinclude further upgrades for satellite networks, such as reduced
UE dependency on the Global Navigation Satellite System (GNSS)
when connected to NR-NTN for enhanced reliability, continued
work on multi-connectivity over NTN, and improvements on
narrowband IoT (NB-IOT) over NTN. In particular, R20 aims
to enable NB-IoT voice services over GEO satellites, which could
be used for emergency notifications. The R20 will be the last major
release for SG-Advanced and will also include study items for 6G
networks (ITU-R’s IMT-2030), which will start with R21. R21 is
expected to natively integrate TN/NTN from the outset and not
treat NTN as an add-on [7].

1.1. Structure of the Paper

This paper outlines different architecture options for integrated
TN/NTN supporting IFBC services, as well as highlighting
research challenges in this area.

The structure of the paper is as follows; Section 2 presents
the state-of-the-art in TN/NTN integration, Section 3 presents
three different TN/NTN architectures for IFBC, and research
challenges to support IFBC in 5G/6G are outlined in Section 4.

2. State-of-the-Art in TN/NTN Integration

The requirements for 6G are specified by the International
Telecommunication Union (ITU) in the ITU-R’s IMT-2030
vision for 6G systems [8], which 3GPP R21 aims to satisfy. Of
particular interest for this paper is the ambitious target of ubiqui-
tous connectivity. Achieving this requires a complex, multi-layered
architecture where both TN and NTN components operate
cohesively as a single unified network. Traditional single-orbit
satellite communication (SATCOM) systems such as Low Earth
Orbit (LEO), Medium Earth Orbit (MEO), and Geostationary
Orbit (GEO), offer distinct performance trade-offs: GEO provides
high throughput and wide coverage but suffers from latency;
LEO delivers low latency but requires frequent handovers and
dense ground segment infrastructure; MEO provides intermediate
performance but with limited flexibility. These constraints are well
documented in ITU-R S.1716 and 3GPP R17 N'TN specifications,
which highlight the performance and interoperability challenges

across orbital regimes.

2.1. Handovers

To reap the benefits of differentiated latencies, throughput, and
coverage in an integrated TN/NTN network, efficient handover
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procedures are essential. 3G networks already introduced seam-
less mobility, allowing UEs to transition between cells without
call drops. Over successive generations, handover performance has
been continually optimised to the point of being almost imper-
ceptible to the user. However, handovers either between NTN
nodes or between TN and NTN nodes present additional chal-
lenges due to long satellite link delays, rapidly changing topolo-
gies that demand frequent handovers, unreliable feeder links, and
limited processing capabilities on satellite payloads [9]. In 5G, R16
standardised conditional handovers (CHO) [10] for TN and R17
introduced a study item for CHO in NTN networks, which would
address some of these challenges. CHO for NTN was later stan-
dardised in R18. Unlike traditional handovers, where the source
gNB makes decisions based on periodic UE measurement reports,
CHO works by having the gNB pre-configure rules for handovers,
which the UE then executes autonomously. CHO reduces the NR
Uu measurement traffic and shortens handover delays, which is
particularly important when channel conditions degrade rapidly in
highly dynamic networks. The trade-offs are additional complexity
on the UE and reduced network control over resource manage-
ment. CHO still relies on either the Xn or the N2 interface for the
actual handover. In the case of satellites operating in regenerative
mode the N2 handover procedure seems to be preferred since
Xn communication is a challenge for multi-orbit satellite systems
because of additional delays and mobility [11].

2.2. Multi-connectivity (MC)

Multi-connectivity (MC) enables concurrent connections across
multiple carriers. Building on its success in terrestrial networks,
the 3GPP introduced study items on MC support for satellite and
integrated TN/NTN already in R16 and R17 (TR 38.821 and
TR 23.737), but without any normative requirements. MC can
be implemented at different layers of the protocol stack; carrier
aggregation (CA) at the medium access control (MAC) layer and
dual connectivity (DC) at the packet data convergence protocol
(PDCP) layer, facilitating dynamic splitting and duplication of
user traffic. This approach provides rapid adaptation to changing
link qualities in real time, making CA and DC well-suited to
address the challenges of multi-band multi-orbit (MBMO) satel-
lite architecture. Theoretical analysis and experimental trials have
demonstrated that MC significantly enhances data throughput,
spectral efficiency, coverage, and reliability while lowering latency
in NTNs [12]. This foundation has been primarily applied to
networks limited to a single orbit or band.

3GPP R18 and the future R19 and R20 aim to enable
seamless handovers and MC across LEO, MEO, and GEO assets,
though itisstill not clear if R20 will include any normative require-
ments for NTN MC. Introducing MC across TN and different
satellite orbits adds spatial macro-diversity to the radio connec-
tion, which enhances resilience against both hardware failure and
radio-link degradation [13]. Since the different radio links can
operate over different frequencies and experience distinct radio
channels, MC has the potential to enhance mission continuity
under contested or degraded environments.

2.3. Multi-orbit SATCOM

Seamless integration between TN and NTN will allow global
coverage and spectral efficiency in 3D space. Multi-orbit
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SATCOM represents not only a technical evolution, but
also a strategic necessity to safeguard decision advantage in
multi-domain operations.

Multi-orbit SATCOM can offer a resilient, flexible, and
globally available connectivity layer that can be integrated into
NATO?’s Federated Mission Networking (FMN), which is an
initiative to increase interoperability between coalition partners
to enhance mission effectiveness. By leveraging LEO, MEO, and
GEO systems in combination, FMN participants can benefit from
assured communications that adapt to operational requirements,
whether low-latency links for tactical edge operations or high-
capacity GEO/MEO backhaul for strategic command. The inte-
gration of multi-orbit with FMN can be mapped to specific spiral
specifications as follows:

e Core Mission Services & Interoperability: Multi-orbit
SATCOM can provide mission-essential services (voice,
data, video, etc.) over standardised interfaces to allow
interoperability between national systems. Standardised
SATCOM gateways and cross-domain solutions could allow
seamless communication between coalition partners using
heterogeneous systems even in bandwidth-constrained or
denied areas where TN are unavailable.

e Cloud-Enabled Command and Control (C2) & Federated
Services: By integrating software-defined networking (SDN)
and network function virtualisation (NFV), multi-orbit
SATCOM can provide adaptive routing and bandwidth-on-
demand to support federated cloud-based mission services. This
ensures reliable access to C2 applications, ISR (intelligence,
surveillance, and reconnaissance) data, and coalition services
hosted on FMN mission clouds.

e Mobility, Agility, and Mission Resilience: Multi-orbit
SATCOM enhances secure mobile networking by enabling
low-latency LEO links for tactical edge users, complemented
by MEO/GEOQ for strategic backhaul. Seamless handovers
and orbit diversity improve continuity of operations in highly
mobile scenarios (e.g., maritime task groups, air operations,
rapid deployment). Its inherent redundancy across orbits and
bands also supports mission assurance in contested or denied
environments.

Multi-orbit satellite communication systems rely on highly
agile and adaptive hardware architectures capable of interfacing
between GEO, MEO, and LEO satellites. One key enabler is the
Multi-Layered Satellite System (MLSS) approach, where different
orbital layers are tightly integrated to exploit their complementary
strengths; GEO for wide coverage and stability; LEO/MEO for
lower latency and higher link margins. These MLSS architectures
have been demonstrated in systems that combine GEO and LEO
capabilities to increase service resilience, latency performance, and
coverage continuity [14].

Inter-satellite links (ISLs) and emerging inter-orbit links
(IOLs) play pivotal roles in connecting satellites across orbits,
thereby forming space information networks (SINs) [15]. SIN
architectures incorporate ISLs and IOLs for in-space backhauling
and enable real-time, high-throughput relay among satellites,
reducing reliance on ground stations. Similar to how routing
between RAN and core for TNs is outside the scope of
3GPP, routing over ISLs is also not standardised by 3GPP.
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Possible routing schemes include dynamic shortest path routing or
predictive routing using the fact that aircraft and satellites move in
a predictable path.

Multi-orbit SATCOM hardware must integrate advanced
antenna and RF front-end technologies to support seamless
communication across LEO, MEO, and GEO. Electronically steer-
able phased-array antennas and flat-panel designs (e.g., Kymeta
u8, Intellian v240MT) replace bulky parabolic dishes, enabling
agile beam steering, multi-band support (Ku/Ka/Ka-Q/V), and
orbit diversity. Hardware integration also extends to RF front-
end modules, which must accommodate multi-chain processing
for concurrent links, and baseband chipsets that handle dual
or multiple protocol stacks. Antenna miniaturisation, low-power
amplifiers, and ruggedised designs are critical for defence and
mobility scenarios. These architectures are evolving in line with
3GPP NTN standards (TR 38.811, TR 38.821), which define RF
requirements and mobility support for NGSO systems.

2.4. QoS-aware Routing

Traditionally, user-plane traffic between the gNB and UPF, as
well as between the DU and CU in O-RAN deployments, is
transported inside a GTP-U tunnel. The GTP-U header is at
least 8 bytes long and always contains a TEID (Tunnel Endpoint
Identifier), which the receiver uses to map packets to the correct
bearer or flow. The transport network between sender and receiver
(midhaul or backhaul) has no visibility into the GTP-U payload,
since it is encapsulated by UDP and IP headers. Intermediate
routers forward packets solely based on the outer IP header,
using routing protocols such as OSPF or IS-IS for IPv6. In static
terrestrial networks dimensioned to carry all QoS flows without
differentiation, this design works effectively and GTP-U was suit-
able for legacy, homogeneous, ground-based networks under the
full control of the mobile operator. In dynamic and heteroge-
neous transport networks with limited capacity, such as inte-
grated TN/NTN systems, GTP-U provides limited control and
flexibility. SRv6 is being investigated as a programmable alter-
native that enables fine-grained flow steering and network visi-
bility [16]. SRv6 integrates naturally with SDN controllers, which
can compute routing paths centrally. The optimal placement
and coordination of SDN controllers in TN/NTN deployments
remains an open question. Furthermore, little research has been
done on SRv6 for satellite-air-ground networks with wireless back-
hauling using either IAB or WAB technologies.

Replacing all network equipment and network functions
from using GTP-U encapsulation to, for instance, SRv6 cannot
be expected to be done quickly, and in the meantime, the Virtual
Network Functions (VNFs) must be able to translate between
encapsulations on a flow basis. Furthermore, in a diverse network,
it might not even be desirable to enforce a single encapsulation
scheme. [17] proposes the design of a polymorphic UPF which can
serve different flows with different encapsulations by separating the
data plane and control plane of the UPF, and implementing the
user plane as a network of UPFs with one I-UPF (Intermediate-
UPF) acting as a uplink classifier (UL-CL) diverting the traffic
to different PSA-UPF (PDU Session Anchor-UPF) based on the
encapsulation scheme.
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2.5. Traffic Prediction

Although traffic prediction for individual gNBs and UPFs has been
widely studied, approaches that model or predict traffic patterns
across multiple interconnected entities are still limited. The
authors in [18] propose an ML framework for predicting traffic for
multiple UPFs simultaneously using Multi-Task Learning (MTL)
and Multi-Core Paralle] Computing (MCPC), where data from 91
consecutive days was used for learning traffic patterns. Obviously,
this assumes a static topology with predictable traffic. In the case of
TN/NTN integrated networks, there are few studies for predicting
traffic per UPF.

3. Discussion of Different Architecture Options
for Providing an Integrated TN/NTN Resilient

Network for IFBC

This section examines different architecture options for providing
seamless IFBC through TN/NTN integration within the 3GPP
framework. First, background requirements are discussed as to
what the architecture must support. After this, three different
architectures are analysed, and they are also compared to each other

in Table 1.

3.1. Requirements

The architecture solution must be able to provide IFBC to a wide
variety of UEs ranging from different phones to wearables and
smart flight sensors. For this reason, an on-board 5G radio is essen-
tial, as this will make the NR Uu interface identical to the terrestrial
situation, and no modifications are needed for the UEs. Further,
the architecture should preferably be able to cater to diverse use
cases, some of which are listed below:

o Passenger connectivity to the ground network for services
such as video streaming, voice calls, or telehealth monitoring.
Premium access may be offered.

o While safety-critical air traffic control (ATC) communication
is currently based on dedicated radio systems [19], future SG-
Advanced or 6G systems could support integration under strin-
gent isolation and reliability guarantees.

o On-board IoT networks with local processing before sending
aggregated data to ground networks. The NFV-orchestrator
(NFVO) would need to deploy a lightweight on-board UPF for
local breakout while maintaining control-plane synchronisation
with ground-based core functions.

o On-board entertainment systems delivered over 5G. Similar to
the previous case, this requires orchestration between an on-
board UPF and the ground network.

Table 1.

Figure 1.

In-flight connectivity, AOL. Note that the DA2G, SA2A, and
SA2G could be propriatary interfaces.

Clearly, the above use cases show diverse requirements regarding
link reliability, throughput, and latency. Using the unique charac-
teristics of a TN/NTN integrated network, each traffic flow needs
optimal and flow-dedicated routing to meet the required SLAs.
The routing needs to make use of the diverse characteristics of
the different links (A2A, SA2G, ISL, IOL, etc.) when it comes to
reliability, throughput, and latency.

3.2. Architecture Option 1 (AO1) -- DU/CU-split

One alternative for providing IFBC would be to split the gNB
between a DU and a CU, where the DU is placed on the aircraft
and provides connectivity within the plane, as shown in Fig. 1.
There are eight different split options (SO) but one of the strongest
contenders for NTNis SO 2 [20]. SO 2 places the RRC and PDCP
in the CU whereas RLC and lower-layer RAN functions are placed
on the DU. The SO 2 interface between the DU and CU is named
the F1 interface and is standardised within 3GPP. This SO is also
one of the SO advocated by the O-RAN Alliance in their 7-2x
split for TN. SO 2 is a reasonable option because it allows IP-
based connectivity between the DU and CU, and the interface is
less time-sensitive than other higher-level SO. Although there is
no 3GPP-specified time constraint for the F1 interface between
the CU and DU, this interface was not designed for large delays,
and [21] asserts the delay over the F1 interface should be within 10
ms in a TN setting. The delay sensitivity makes the network very
sensitive to radio-link failures and intermittent connectivity.
Although alonger delay between CU and DU in SO 2 might
be possible by adjusting timing parameters, it seems unreasonable
that a GEO satellite could be used either in transparent mode or in
regenerative mode using the CU/DU split since the one-way delay
between aircraft and GEO already may exceed 200 ms. Using this
split, the CU would most likely have to reside on the ground, and

Comparison of IFBC connectivity architectures: CU/DU, IAB, and WAB

On-board 3GPP-Specified Max
Code Node-to-Node Intermediate Delay Local UPF Mobility Resilience to
Architecture Complexity | Communication Hops Tolerance Breakout Support Link Failure
CU/DU (AO1) Low No 0 Low No Low Low
IAB (AO2) Medium Yes Multiple Low No Medium Medium
WAB (AO3) High Yes 0 (R19) High Yes High High
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the onboard DU would communicate with it either via a DA2G
link or via LEO/MEO satellites operating in transparent mode.

The IP-based midhaul between the DU and CU is not defined
by 3GPP, and in the case of DU on board an aircraftand CU on the
ground, this link will be vendor dependent. Additionally, because
of the separation of DU and CU, all user traffic must leave the
aircraft. This means that although the aircraft could host an on-
board entertainment portal or other services, traffic must still pass
through the ground CU and ground core before being routed back
to the on-board server. This introduces extensive delays and defeats
the purpose of on-board hosting.

3.3. Architecture Option 2 (AO2) -- IAB

Integrated access and backhauling (IAB) was first specified by
3GPP in R16 for terrestrial deployment as an extension of LTE
relay nodes from R10. The technology was aimed at rapidly
expanding SG coverage by enabling wireless backhauling between
an IAB donor and one or multiple IAB nodes. The IAB-node
consists of an IAB-DU providing connectivity to UEs and an IAB-
MT which wirelessly connects to the IAB parent node over the
standard NR Uu interface. 3GPP R17 has further developed IAB,
allowing for IAB-donor handovers using the XnAP IAB protocol,
which enables IAB mobility. However, it must be noted that inter-
IAB handovers are significantly more complicated than a normal
UE handover, and no implementation has been commercially
deployed on a large scale.

IAB could potentially be used in NTN settings, as presented
in [5]. One IAB node must be placed within the aircraft to provide
IFBC, and the IAB donor containing the CU would probably be
best situated on the ground for the same reasons as in Architecture
Option 1 (AO1). The main difference between this option and
AO1 is that IAB allows for multi-hop routing between IAB nodes,
and the interface between IAB nodes and the IAB donor is the
3GPP NR Uu interface. Reusing the Uu interface for routing
reduces the risk for a plethora of vendor-specific solutions forcing
vendor lock-in.

Using IAB with multi-hopping, aircraft could potentially
route traffic to the donor through satellites, other aircraft, or
ground-based IAB nodes, as illustrated in Fig. 2. The additional
routing freedom stemming from multi-hopping, increases redun-
dancy and resilience to link failures. However, due to latencies,
the number of hops must be limited, and using GEO satellites
should be avoided. Furthermore, the rapidly changing topology
would incur substantial signalling overhead and frequent inter-
IAB-donor handovers. As in AOJ, all traffic must go through the
ground core, which does not allow local breakout to an on-board
MEC cloud, for instance, used to provide an in-flight entertain-
ment portal.

3.4. Architecture Option 3 (AO3) -- WAB and MEC

Whereas both AO1 and AO2 deploy a DU on the aircraft, this
option investigates placing the entire gNB stack on the aircraft.
This option removes the problem of F1 delays at the expense of
additional computational complexity needed on board the aircraft.
The gNB communicates with the core via the N2 (gNB-AMF) and
N3 (gNB-UPF) interfaces, which are not as sensitive to delays as
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Figure 2.

In-flight connectivity, AO2. Note that the A2A, SA2A, and
DA2G interfaces are 3GPP standardised.

the F1 interface. This opens up additional possibilities, where, for
instance, GEO satellites could be used. The technology that allows
for placing a complete gNB on the aircraft and routing traffic
through different nodes is wireless access and backhauling (WAB).
WAB is introduced in 3GPP R19 and is an extension of IAB. A
WAB node consists of two parts: the WAB-gNB and the WAB-
MT. The WAB-gNB connects to UEs over the NR Uu interface,
and the WAB-MT connects to an upstream gNB over the NR
Uu interface as well. The WAB-MT opens a new PDU session
carrying both user data and NG/Xn signalling. This PDU session
terminates at a PDU session anchor UPF (PSA-UPF), and the UE
user data is forwarded to the serving UPF from the PSA-UPF.
The fact that the WAB-MT attaches to the upstream gNB as a
UE with a dedicated UPF allows for buffering both at the WAB-
MT and at the UPF. This, together with less strict latencies over
the N2/N3 interface, should make this architecture more robust
to link failures and intermittent connectivity. Although R19 only
considers single-hop WAB, it is probable that future releases will
investigate multi-hop WAB as well.

As long as the PSA-UPF remains the same, a handover
between the WAB-MT and a source and target gNB would be the
same as a2 normal UE handover. However, if the PSA-UPF has to
change, a new PDU session must be established, which is time-
consuming and adds delay.

Since this architecture places an entire gNB on the plane,
MEC clouds could be placed on board in either the aircraft or satel-
lite, and traffic could be routed to the cloud through an on-board
lightweight UPF. This would enable, for instance, an on-board
entertainment portal with very low latencies or local processing of
flight sensor data. The on-board UPF could potentially use UL-
CL to apply differentiated routing in uplink. Some traffic could
exit the SGS directly on the plane and route to a DN, for instance,
the Internet using Starlink. Other traffic could still route to the
ground UPF. Additionally, the on-board UL-CL UPF could also
enable store and forwarding (S&F) capabilities to increase resilience
against intermittent connectivity [22].

When deploying an on-board UPF, N2/N4 signalling would
still need to be routed to the ground core. It must be noted that
AMEF handover events would be very rare, and the Xn interface
would probably also not be frequently used in the given scenario.
Combining an on-board UPF with WAB would increase redun-
dancy for user traffic and also enforce signalling to stay within the
3GPP framework.
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In-flight connectivity, AO3.

A potential future architecture based on WAB with MEC
is illustrated in Fig. 3. The 5G services can be delivered either
through the 5G direct air-to-ground (DA2G) service or through
the satellite air-to-ground (SA2G) service when there is no option
to connect to a ground station, for instance, when flying over
the sea. Moreover, the proposed architecture enables aircraft-to-
aircraft (A2A) connectivity, which can be used when the aircraft
is flying in airspace above land borders where terrestrial coverage
starts to diminish and can benefit from backhauling through other
aircraft.

3.5. Comparison Between the Three Architecture
Options

The three different architecture options are compared in Table 1,
where the following fields were used for the comparison:

® On-Board Code Complexity: The software running on an aircraft
should be kept as simple as possible due to strict constraints on
energy, cooling, and weight, each of which affects fuel consump-
tion.

o 3GPP-Specified Node-to-Node Communication: As the telecom-
munications industry moves toward open interfaces to avoid
vendor lock-in and improve transparency, it is advantageous
for air—satellite—ground wireless links to use open, standardised
interfaces such as those defined by 3GPP.

o Max Intermediate Hops: To extend coverage, nodes may route
traffic through intermediate airborne nodes, enabling concepts
such as ad-hoc A2A networks.

o Delay Tolerance: Highly dynamic environments lead to inter-
mittent connectivity and fluctuating throughput. The architec-
ture should tolerate link outages and variable delays without
degrading essential services.

o Local UPF Breakout: Support for a local on-board UPF enables
delay-sensitive or mission-critical applications to run directly
on the aircraft, avoiding unnecessary routing through ground-
based core networks.

o Mobility Support: Given the rapidly changing network
topology, the architecture should support fast and seamless
reconfiguration to maintain service continuity during

movement.
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o Resilience to Link Failures: Air-to-air, air-to-satellite, and air-to-
ground links can change or fail unexpectedly. A resilient archi-
tecture must enable rapid rerouting and robust handling of link
disruptions.

4. Research Challenges

This section outlines some research challenges that must be

addressed for IFBC.

4.1. Antenna Design

In-flight SG services will require antenna designs that operate
at 5G NR-NTN frequencies used by both SG NR A2G and
NTN satellite bands (FR1, FR2) and adopt a proactive stance to
maintaining beam-locking and synchronisation, given the chal-
lenging atmospheric environment and the changing position of
the aircraft. Smart localisation based on angle of arrival (AoA)
is a proven beam-management technique. Moreover, contempo-
rary aircraft can include up to 25 protruding antennas, which
not only disrupt the aircraft’s aesthetics but also result in signif-
icant aerodynamic drag and increased fuel consumption, intro-
ducing the need for antennas to be conformal to the body of
the aircraft [23]. How to provide conformal designs for aircraft
applications that operate at mmWave (millimetre-wave) frequen-
cies with adaptive multibeam formation based on intelligent locali-
sation to achieve high-throughput transmission while maintaining
beam-locking and synchronisation is an open issue, but could be
based on planar leaky-wave and surface-wave technologies [24].
The compact and conformal design must offer low dielectric losses
and moisture resistance to ensure reliable performance in harsh
environments. Future antenna systems should support spatial
beam scanning for DA2G (Direct Air-to-Ground) and inter-
aircraft links exceeding current multi-beam capabilities to support
both static and dynamic beam formation.

4.2. WAB-routing

Although R19 introduces WAB, WAB has not been examined for
NTN scenarios, and further investigations are needed to see if a
WAB-MT could backhaul via a satellite using NR-NTN. As of
R19, WAB is also limited to a single hop, which would exclude
ad-hoc meshes from being formed between aircraft using WAB.
Future research on WAB for NTN and ad-hoc A2A networks is
needed.

4.3. Transport Network Routing

In current and legacy mobile networks, the transport network
between the RAN and the core has typically been static and
homogeneous, supporting conventional dynamic routing proto-
cols such as OSPF or slice-dedicated transport using MPLS. In
future TN/NTN integrations, where gNBs may reside on moving
platforms, transport-level slice management becomes significantly
more complex and critical. This calls for intelligent and adap-
tive routing strategies that account for real-time topology changes
and the intermittent nature of aerial network connectivity, where
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feeder links to the ground infrastructure may not always be avail-

able.

4.4. Self-organising Networks

Self-organising networks (SON) functionalities are being stan-
dardised in order to ensure automatic management procedures
in 5G systems, and several studies are being pursued in order to
have an autonomously managed network [25]. ML technology
in 5G and beyond is having widespread adoption for intelli-
gent decision-making solutions, such as automatic systems for
managing network slices [26]. Going a step further, there are a
limited number of studies that demonstrate how intelligence and
SON can be applied to network slicing to ensure effective and
autonomous resource reservation in integrated TN-NTNs within
the ETSI frameworks ZSM (Zero-touch network and Service
Management), GANA (Generic Autonomic Networking Archi-
tecture), and ENI (Experiential Network Intelligence). Consid-
ering the Architecture Option 3 (AO3) with an on-board MEC
hosting a local UL-CL UPF and connected to the ground core via
an ad-hoc A2A network, optimal routing, NF orchestration, and
life management are necessary. How to best implement the SON
logic in such a dynamic network is an open research question.

5. Conclusion

The telecommunication industry is clearly moving towards native
integration between TN and NTN to meet the demand for reli-
able, secure, and ubiquitous coverage with guaranteed QoS. Native
integration will enable applications such as IFBC and mission-
critical services, yet several barriers remain before large-scale deploy-
ment can be achieved. In particular, aircraft antenna design must
advance to reduce drag and enable robust connectivity across LEO,
MEO, and GEO systems, and intelligent handover mechanisms
are needed to manage mobility across TN/NTN environments
with minimal overhead and interference. Cognitive and slice-aware
routing over the transport network is needed and has to be synchro-
nised with the VNFO to ensure SLAs are met for all traffic flows.
The paper compared different architecture options for
providing IFBC. In particular, a novel architecture where aircraft
and satellites are mobile WAB nodes capable of acting as both
access and backhaul nodes was proposed. Each node could poten-
tially host MEC for latency-sensitive services, where a lightweight
UPF could be deployed for local breakout. Whereas this architec-
ture offers high flexibility and the potential to support a broad
range of applications, its success will depend on the development of
advanced SON functionalities, Al-driven network optimisation,
and proactive handover solutions. Future research should therefore
focus on predictive mobility management, cross-layer optimisa-
tion, and adaptive resource allocation to fully realise the vision of

seamless TN/NTN integration for IFBC.
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in Cooperative NOMA: A Review of Key
Concepts and Applications
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Abstract: The purpose of this survey paper is to provide an
overview of the different multiple access techniques, the reason for
integrating Reconfigurable Intelligent Surfaces (RIS) with Coop-
erative Non-Orthogonal Multiple Access (C-NOMA) and the
system model of RIS-aided C-NOMA with mathematical equa-
tions. The study discusses other 6G technologies and contributes
to understanding how RIS-aided C-NOMA together with the
other 6G technologies comes close to realizing the goals 6G wireless
networks. The paper presents the real-world applications of RIS-
aided C-NOMA along with challenges and possible solutions on
which upcoming researchers can focus on.

Keywords: 6G wireless communication, cooperative NOMA,
energy efficiency, reconfigurable intelligent surface (RIS), succes-
sive interference cancellation (SIC).

1. Introduction

Each generation of wireless communication has introduced a new
multiple access paradigm — from Frequency Division Multiple
Access (FDMA) in 1G and Time Division Multiple Access
(TDMA) / Code Division Multiple Access (CDMA) in 2G
and 3G, to Orthogonal Frequency Division Multiple Access
(OFDMA) in 4G. Although these techniques have progressively
improved performance, they fundamentally rely on orthogonality,
which inherently limits spectral efficiency and user connectivity.
To overcome these constraints, Non-Orthogonal Multiple Access
(NOMA) was introduced in 5G systems, allowing multiple users to
share the same frequency resources through power-domain multi-
plexing [1].

While NOMA improves spectral efficiency and supports
massive connectivity, its performance is still limited due to far
users’ poor channel conditions. In order to address it, Coop-
erative NOMA extends NOMA by allowing the near users to
become relays, which forward the signal to far users, improving
coverage and fairness [2]. However, the performance of these C-
NOMA systems still degrades under severe channel fading [3],
which isaddressed by the integration of C-NOMA with RIS. Itcan
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dynamically adjust the signal properties to reconfigure the wireless
environment, capable of converting non-line-of-sight links into
constructive reflective paths [4]. This capability has significantly
enhanced the reliability and energy efficiency of cooperative trans-
missions.

Hence, through this paper, we discuss the basic model of RIS-
aided C-NOMA system and explore the different researches on it
(see Section 2), see how this technology fits along with other 6G
enabling technologies (see Section 3) and the applications of the
technology in real world (see Section 4). The conclusion of this
paper summarizes the finding and highlights the practical chal-
lenges in realizing the system and also suggest potential solutions
for future researches to mitigate the challenges (see Section 5). To
improve clarity and ease of reading, Table 1 presents the full forms
of abbreviations used throughout this paper.

2. The System Model

2.1. RIS and C-NOMA

211. RIS

RIS is a 2D surface made of an array of programmable reflecting
units called meta-atoms which reconfigure the environment
properties by adjusting the reflecting signal’s phase, amplitude,
frequency and polarization as required. The principle of RIS can be
explained via two approaches: physics-based and communication-
based. According to physics, beamforming and reflections can be
achieved by electrical, thermal or mechanical tuning of surface
impedance. In communication terms, a virtual LoS path is created
between the base station and the receiving user by the RIS [4]. RIS
can be easily installed on walls, advertisement boards and even on
moving vehicles. Figure 1 shows the picture of an RIS of order
(3% 3).

RIS is broadly of two types: passive RIS, which does
not provide amplification and is used for comparatively shorter
distances due to the decrease in capacity gain in certain condi-
tions because of multiplicative fading effect, and active RIS, which
amplifies the reflected signal and is best suited for long distance
communication, though it consumes more power and introduces
noise [5]. Next, we discuss about C-NOMA.

2.1.2. C-NOMA

C-NOMA enhances spectral and energy efficiencies by incorpo-
rating relays that help in forwarding the information from the
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Table 1.
Abbreviation Full Form Abbreviation Full Form
RIS Reconfigurable Intelligent Surface C-NOMA Cooperative Non-Orthogonal Multiple
Access

FDMA, OFDMA | Frequency Division Multiple Access, TDMA, CDMA | Time Division Multiple Access, Code
Orthogonal Frequency Division Multiple Division Multiple Access
Access

DF, AF Decode-and-Forward, SIC Successive Interference Cancellation
Amplify-and-Forward

AWGN Additive White Gaussian Noise MIMO Multiple Input Multiple Output

HD, FD Half Duplex, Full Duplex SE, EE Spectral Efficiency, Energy Efficiency

RIS

HE N
- ‘k Reflecting

elementary

R

Figure 1.
RIS of Order (3 X 3), M =9.

source to the far users. C-NOMA systems are classified as user-
relaying based C-NOMA systems, where the near user—the strong
user—acts as a relay for the far user—the weak user—and, relay-
assisted C-NOMA systems where a dedicated relay node is used
in place of the near user to forward the signal to the far user.
Relays are much suited for scenarios where the user distribution
is asymmetric or unpredictable [6].

Relaying of information can be done in two ways: decode-
and-forward (DF), where the near user separates far user’s signal
using Successive Interference Cancellation (SIC) and relays the
decoded signal after encoding it to the far user and, amplify-
and-forward (AF), where the near user just amplifies the signal it
receives from the source and forwards it to the far user. The noise
accumulation is less in DF while the complexity of the process
is less in AF. In the next subsection, we will discuss how RIS is
incorporated in C-NOMA, about the system architecture, channel
coefficients, phase shift matrices and performance metrics.

2.2. RIS-aided C-NOMA

We consider a downlink RIS-aided C-NOMA system consisting
of a Base Station (BS), an RIS with M passive reflecting elements,
and two users: the near user, Up (acting as a DF relay), and the far
user, UF (see Fig. 2(b)). Notions used in this paper are describes in
Table 2.

The channel coefficient between any two nodes 7 and ; is
represented by b,-j, defined by /o,j = \/L_,]-gl'j, where Ly is the
deterministic path loss and g;; is the small-scale fading component.
For paths involving the RIS, channels are modeled as vectors. We
denote the channel vector from the BS to the RIS ashzg € CHM*1,
the channel vector from the RIS to Uy as hgy € CM*1) and
similarly for the channel vector from Upy to the RIS, hyp and the
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A

Uy
(Far/Weak User)

BS
(Base Station)

Due to cooperation between Uy ——p Direct Transmission Link
and Uy, Uy is able to reconstruct

a good quality signal.

rDO

I — —» Cooperative Link
(Near/Strong User)

(a) Cooperative NOMA system with a single Base Station
(BS) and two users: Ux and Ur.

Uy
(Far/Weak User)
v

hlm
BS - RIS path

BS
(Base Station) N 1
BS-RIS-Uy | |y -Ris 7

path path
[

RIS provides a virtual LoS 8 ——  Direct Transmission without RIS
between BS and the users and .

also increases the multiple path
affect at Uy due to which a high
quality  signal  can  be = = = Cooperative Link via RIS
reconstructed at Uy,

=+ Cooperative Link without RIS

Uy
(Near/Strong User) Direct Transmission via RIS

(b) RIS-aided C-NOMA System with a single Base Station
(BS), two users: Uy and Up and RIS with M = 9.

Figure 2.

System model comparison.

channel vectors associated with the link from the RIS to U, hgfr
and hg . The direct channels are denoted by scalars b (channel
coefficient from BS to Up), hpr (channel coefficient from BS to
UFr), and hnr (channel coefficient from Uy to Uf) [4,7, 8].

The RIS applies a diagonal phase-shift matrix ® €

CMXM [9]’
d = diag(ej¢1, ef#2, . st 6y)

We consider the total transmit power at the BS as Pr. The
superimposed signal X is given by [10]

X = aPrxn + V(1 — a)Prxp (2)

where « is the power allocation factor for the near user Uy.
According to the standard NOMA power allocation constraint,
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Table 2.
Notation Description Notation Description
BS Base Station Un, Ur Near/Strong User, Far/Weak User
L Deterministic Path Loss g Small-scale Fading Component
X Superimposed signal of xy and xf XN, XF Signal to be sent to Uy, Signal to be sent to Ur
Pr Total Power with which X is transmitted from BS | M Number of reflecting units in RIS
() Diagonal Phase-Shift Matrix heN Channel Coefficient from BS to Unr
hBF Channel Coefficient from BS to Ur bNF Channel Coefficient from Uy to Ur
hpr Channel Vector from BS to RIS brRN Channel Vector from RIS to Uy
hrr> brrr | Channel Vector from RIS to U during direct hNR Channel Vector from Uy to RIS
transmission phase, Channel Vector from RIS to
Ur during cooperaton phase
IN Signal received by U from BS wn AWGN during transmission of signal through
BS-Up path
YF1 Signal received by U from BS wr1 AWGN during transmission of signal through
BS-Uf path
VF2 Signal received by Ur from Uy wry AWGN during transmission of signal through
UN-UF path

the user with the better channel receives less power, meaning 1-a >
a since U is the weak user. Thus, we assume « < 0.5 [11].

In general, there are two channel modes that can be used:
half duplex (HD) and full duplex (FD) [12]. We adopt half
duplex (HD) channels and divide the transmission of information
into two stages: direct transmission phase and cooperation phase.
Hence, transmission of information is considered to be done in
two time slots. In the first time slot, which is the direct transmission
phase, BS transmits X to both U and Ur. In the second time slot,
Uy transmits the decoded information xr to Ug [10]. Note that
hrr = VLrpgrrr, where Lrpr and grp are the deterministic
path loss and the small-scale fading component respectively for
RIS-Uf path during the cooperation phase.

2.2.1. Direct transmission phase

The BS transmits X. The RIS applies phase shifts @ to optimize
the link to Uy, where ®y is the phase-shift matrix for BS-Un
communication. The effective channel gain from the BS to Uy,
h‘ﬁ{ N> accounts for both the direct and reflected paths [4,10,13]:

hefrn = hBN + )\ ®xhpr (3)

Without RIS, bgfﬁN remains as gy only. The difference in the
channel links can be clearly seen in Fig. 2.
The received signal at Uy is

IN = heginX + wn (4)

where wy ~ CN (0, 0'12\[) is AWGN and 012\] is the noise power at
Un.

Up performs SIC: it first decodes xF, treating x as interfer-
ence. The SINR for decoding xf at Uy is:

e |*(1 = 2) Py
VefpNT \" 27T )

YEF—-N =
|19¢7§€N|2“PT + 0'12\]

Vol.2 2

Assuming successful decoding, Upr removes xr and then decodes
its own signal xp7. The SINR for decoding xpr at Uy is:

g 2Py
o = 2L (©)

IN

Similarly, U receives X from BS via RIS. The RIS applies
@ 1. The effective channel 4,z is given as,

begrr1 = bpr + h} @ ihgr (7)
Without RIS, bfﬁg F remains as bpr only.
The SINR for xf is:
beger|*(1 = @) Pr
YFL = SRt T (®)

|bcj§§F1 |20tPT + 0’;1

where wry ~ CN (0, 71271) is AWGN and 171271 is the noise power at
Ur during direct transmission phase.

2.2.2. Cooperation phase

Upn re-encodes the decoded xp and forwards it with transmit

power to Ur via RIS. The RIS applies @ 5. The effective channel
befra 1s given as,
befrra = bNF + W ®phpg. 9)

Without RIS, béﬁg 1 remains as by only.
The received signal at UF is

YF2 = b X + wpp (10)

where wry ~ CIN(0, 0'12;2) is AWGN and 0'1%_2 is the noise power
at Ur during cooperation phase.

The SINR for x is:
lbefira > Pr
ypy = X (1)
)
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Table 3.
Authors Year Title Strengths Limitations
Zhu et al. 2024 | A review of RIS-assisted wireless Details the comparison of active Lack of C-NOMA specific
communication research and passive RIS approaches, optimization strategies
discusses energy efﬁciency
challenges
Guetal. 2023 | On the performance of Analytical performance bounds, Assumes perfect CSI, limited
cooperative NOMA downlink: A | extensive simulation analysis, focus on relay diversity
RIS-aided D2D perspective highlights effects of RIS in
cooperative NOMA
Zhangetal. | 2021 | Reconfigurable intelligent Rigorous system modeling, Limited real-world validation, no
surfaces aided multi-cell NOMA stochastic geometry framework, hardware implementation results
networks: A stochastic geometry explores large-scale deployments
model

2.2.3. Final SINR at Ur

Ur wuses the simplest joint decoding technique, Selection
Combining (SC), which chooses the signal with the best
quality [4]:

yF = max(yr1, yr2) (12)

2.3. Performance Metrics

To comprehensively evaluate the system performance, the
following metrics are used throughout various research papers,
the comparison of which is given in Table 3:

e Sum Rate (Ry,): The total achievable throughput of both
users, defined as Ry, = Ry + Rp. Higher the sum rate, better
is the system performance [14].

e Outage Probability (OP): Defined as the probability that a
user’s instantaneous SINR falls below a predefined threshold
Veb: Pouri = Pr(ys < yu,i), ¢ € {IN, F}. Lower the outage
probability, better is the system performance. Outage analysis
is crucial in cooperative systems to quantify reliability under
fading conditions [10].

o Energy Efficiency (EE): Given by the ratio of the sum rate

. = Rum
to the total consumed power: EE = PriPeiPs
denotes the power consumed by the RIS control circuitry.
Higher the energy efficiency, better is the system perfor-

mance [15].

3. Other 6G Enabling Technologies

6G aims to deliver unprecedented performance, characterized
by peak data rates up to 1 Terabit per second (Tb/s) and
ultra-low latency in the range of 0.1 to 1 millisecond (ms) for
demanding real-time applications [16]. To achieve the goals,
6G development is driven by the exploration of several critical
technological enablers across various domains. The New Spec-
trum Frontier is defined by the necessary transition to Tera-
hertz (THz) Communication, which utilizes the extremely wide
spectrum above 100 GHz to facilitate Tb/s data rates [17].
Cell-Free Massive MIMO (CF-mMIMO), for improved uniform

, where Pgs
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coverage and simplified interference management [18], along-
side the integration of Non-Terrestrial Networks (NTNs) [19]
(such as satellites and High-Altitude Platforms (HAPs)) guar-
antees ubiquitous Global Coverage. Furthermore, the functions
of communication and sensing are converged into Integrated
Sensing and Communication (ISAC) to enable highly accurate
environmental detection and localization [20]. Finally, all these
architectural and functional enhancements are unified and opti-
mized through the pervasive Integration of Artificial Intelligence
(AI), moving the network toward self-management and native
intelligence [21].

The focus of our paper, RIS-aided C-NOMA, operates as a
critical spectral efficiency and energy efficiency layer, but its true
potential is unlocked when integrated with other 6G enablers
that address different facets of network performance. For example,
in Terahertz (THz) communications, RIS enables focused and
redirected highly directional beams, mitigating blockage issues and
real-time optimization of RIS phase shifts and dynamic resource
allocation in C-NOMA environments, the use of AI/ML reduces
.the computational complexity and enables adaptive system perfor-
mance under varying network conditions.

4. Applications of RIS-Aided C-NOMA

4.1. Massive Machine-Type Communications
(mMTC)

mMTC targets connectivity for massive numbers of low-rate,
sporadically active devices (sensors, smart meters) with stringent
energy and overhead constraints. RIS can boost uplink SNR for
cell-edge and shadowed devices, while C-NOMA enables many
devices to share the same resource block and exploit cooperative
relaying for reliability [22].

4.2. SWIPT and Wireless Energy Harvesting

Simultaneous wireless information and power transfer (SWIPT)
is essential for batteryless or energy-constrained IoT devices. RIS
can focus and steer RF energy toward energy harvesters, increasing
harvested power without extra transmit power, while C-NOMA
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allows simultaneous energy and information delivery to multiple
receivers and cooperative forwarding by stronger devices [23].

4.3. Autonomous Vehicles and V2X

Connected and autonomous vehicles require ultra-reliable, low-
latency V2X communications for safety messages and cooperative
perception in highly dynamic, often obstructed environments.
Roadside RIS (gantries, poles) and vehicle-mounted RIS can redi-
rect mmWave/ THz beams to occluded vehicles and improve link
reliability; C-NOMA supports prioritized multiplexing of safety
(high priority) and non-safety traffic while cooperative relaying
helps reach occluded nodes [24].

4.4. UAV/Drone Networks and Aerial Relaying

UAVs function as flexible aerial access points or relays for tempo-
rary events, disaster response, and remote coverage. UAV-mounted
RIS (or ground RIS directed by UAVs) can dynamically form
favorable reflection paths to reach clusters of users; combined with
C-NOMA, UAVs can serve multiple users simultaneously with
cooperative relaying to extend coverage [25].

4.5. Smart Cities (Dense Urban loT and
Infrastructure)

Smart city deployments mix heterogeneous devices—
environmental sensors, traffic cameras, public-safety sensors—
operating in urban canyons with frequent blockage and
interference. Strategically deployed RIS panels on lampposts,
fagades, and bus stops can create controllable reflective links to
mitigate dead zones; C-NOMA enables heterogeneous devices
to share scarce spectrum and cooperatively forward traffic for

disadvantaged nodes [26].

5. Conclusion and Future Works

The integration of RIS-aided C-NOMA provides a transformative
approach to 6G, significantly enhancing spectral efficiency and
signal reliability while reducing power consumption and extending
network coverage. Despite the advantages, there are major critical
research challenges that include:

o Difficulty of Channel Estimation and handling Imperfect CSI,

e The complex Joint Non-Convex Optimization of power,
pairing, and RIS phases,

e Hardware Constraints (like quantized phase shifts) and
Modeling Gaps limit theoretical gains.

We outline promising potential solutions and research direc-
tions in order to mitigate these challenges. Potential solutions
identified in the literature include advanced channel estimation
methods, such as compressive sensing and deep learning tech-
niques that could efficiently exploit channel sparsity and reduce
pilot overhead [8, 27]. Typically, optimization of RIS-aided C-
NOMA systems is addressed by alternating optimization and
successive convex approximation [9, 10], besides deep reinforce-
ment learning for adaptive resource allocation in dynamic envi-
ronments [26]. In order to bridge the gap between theoretical
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models and their practical deployment, several recent contribu-
tions underline the importance of quantized phase shift opti-
mization and detailed hardware modeling [5], while very low-
complexity and scalable RIS architectures have been evaluated for
practical scenarios [4].
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Reconfigurable OFDM Transceivers for UAVs:

A Survey of Technologies and Design Strategies

V. C. Madbavi* and Subbendu Kumar Saboo

Abstract: Unmanned Aerial Vehicles (UAVs), commonly known
as drones, are becoming an integral part of modern life. They
areincreasingly used in communication, surveillance, photography
and filmmaking, military operations and commercial applications.
As drones take on more diverse roles, their communication systems
must be highly efficient, reliable, and flexible. One promising
way to meet these demands is through Orthogonal Frequency
Division Multiplexing (OFDM) transceivers. OFDM is a popular
communication technology known for its ability to transmit data
effectively, even in challenging environments such as cities or over
long distances. It excels at mitigating signal interference caused by
reflections (multipath propagation) and efficiently using the avail-
able frequency spectrum. These features make OFDM an excellent
choice for drone communication. However, UAVs often need to
operate across a variety of environments and support multiple
communication standards, such as SG, Wi-Fi, and IoT. This
creates a need for transceivers that can adapt to these varied require-
ments. A reconfigurable OFDM transceiver addresses this need by
supporting multiple communication standards and adjusting its
parameters in real-time, enabling seamless communication across
different networks. This is especially important for drones, as they
frequently switch between tasks and environments. For instance, a
drone may need high-speed connections for streaming video in one
scenario and low-power connections for transmitting sensor data
in another. This survey paper focuses on the design, development,
and challenges associated with building multi-standard reconfig-
urable OFDM transceivers for drone applications. It reviews key
technologies, recent advancements, and future possibilities.

Keywords: Adaptive wireless systems, drone networking, multi-
standard transceiver, OFDM for UAVs, reconfigurable OFDM,
UAV communication, 5G integration.

1. Introduction

Unmanned Aerial Vehicles (UAVs), commonly known as drones,
are increasingly used in military, commercial, and industrial
sectors. Their growing popularity is mainly due to their flexibility,

Department of Electrical & Electronics Engineering, BITS-Pilani,
Hyderabad Campus, Hyderabad-500078, India

E-mail: p20240069@hyderabad.bits-pilani.ac.in;
sahoo@hyderabad.bits-pilani.ac.in

*Corresponding Author

Manuscript received 06 April 2025, accepted 28 November 2025, and
ready for publication 31 December 2025.

© 2025 River Publishers

Vol.2 2

mobility, and ability to access remote areas. To function efficiently,
UAVs require reliable and high-speed communication systems
that can handle fast movement, changing signal conditions, and
interference [1-3]. Orthogonal Frequency Division Multiplexing
(OFDM) is one of the most widely adopted modulation tech-
niques in modern wireless communication systems. It offers high
spectral efficiency and strong resistance to multipath fading, which
makes it well-suited for UAV-based applications [4-8]. However,
UAV:s often need to operate in dynamic and diverse environments
where different wireless standards such as Wi-Fi, LTE, SG, and
future 6G networks are used [9-11]. This diversity presents a
challenge for maintaining consistent and reliable communication
links. To overcome this, a reconfigurable OFDM transceiver can
be employed. Such a transceiver can adjust its parameters, such
as subcarrier spacing, modulation scheme, and coding rate, based
on the operating conditions and the required wireless standard
[4, 5, 12]. This adaptability ensures better connectivity, reduced
latency, and improved communication quality, even in highly
dynamic scenarios. Recent research has also explored additional
enhancements such as integration with MIMO, NOMA, and
mmWave technologies [1, 7, 13, 14], and the use of intelligent
algorithms like machine learning to optimize performance [2,6,10,
15]. Moreover, newer methods such as Reconfigurable Intelligent
Surfaces (RIS) and joint radar-communication frameworks further
enhance UAV communication systems by improving coverage and

reliability [8,16].

2. Literature Review

Several studies have explored using different wireless technolo-
gies to improve UAV communication systems. For instance,
a flexible FPGA-based transceiver was proposed for cognitive
radios, enabling seamless switching between Wi-Fi, WiMAX, and
WRAN standards. This design reduces reconfiguration time and
enhances synchronization accuracy in multi-standard environ-
ments [4]. Full-duplex communication for UAVs using millimeter-
wave (mmWave) frequencies has also been studied to increase
data throughput and reduce latency. The integration of non-
orthogonal multiple access (NOMA) further improves spectral
efficiency, making these systems suitable for high-capacity UAV
networks [1, 13]. Another line of research has focused on Cogni-
tive UAVs (CUAVs), where energy efficiency and low-latency
transmission are achieved using adaptive NOMA techniques and
dynamic spectrum access strategies [2, 14]. Reconfigurable Intel-
ligent Surfaces (RIS) have recently gained attention for UAV-
based wireless systems. RIS enhances signal coverage by enabling
passive beamforming and reflection control, especially in urban or
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complex environments with physical obstructions [7, 16]. More-
over, combining RIS with MIMO and OFDM technologies offers
better performance in beamforming, interference management,
and adaptability [8, 16]. These works collectively highlight the
need for communication systems to adapt to different wireless
standards, channels, and network demands. Building on these
insights, this paper envisions a conceptual design for a flex-
ible, multi-standard, reconfigurable OFDM transceiver tailored
for UAV applications. The envisioned system would dynami-
cally adjust transmission parameters—such as subcarrier spacing,
modulation schemes, and coding rates—in real-time to accom-
modate varying environments and communication requirements.
This adaptability is expected to enable improved connectivity,
lower latency, and enhanced compatibility with both existing and
emerging wireless technologies.

3. Overview of OFDM and UAV with
Multi-Standards

3.1. Whatis OFDM?

Orthogonal Frequency Division Multiplexing (OFDM) is a widely
used multi-carrier modulation technique adopted in modern
communication systems, including 4G LTE, SG NR, Wi-Fi (IEEE
802.11), DVB, and ADSL [4, 5,7,10]. OFDM works by dividing
a high-speed data stream into several lower-speed streams that are
transmitted in parallel over orthogonal subcarriers. These subcar-
riers are closely spaced in frequency but remain mathematically
orthogonal to prevent intercarrier interference. Figure 1 depicts a
typical OFDM transceiver architecture, while Figure 2 illustrates
how a UAV can dynamically switch between these wireless stan-
dards in real-time.

In an OFDM transmitter, data bits are mapped onto symbols
using modulation schemes such as QPSK, 16-QAM, or 64-QAM.
The symbols are then transformed to the time domain using an
Inverse Fast Fourier Transform (IFFT). To mitigate inter-symbol
interference (ISI) caused by multipath propagation, a cyclic prefix
(CP) is added to each OFDM symbol. At the receiver side, the
reverse process is performed using a Fast Fourier Transform (FFT)
to recover the transmitted data. Mathematically, the time-domain

OFDM Transmitter
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Figure 1.
Basic OFDM Transceiver
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Figure 2.

Illustration of a multi-standard OFDM UAV  dynamically
switching between 5G, Wi-Fi, IoT, and THz communication in
different environments.

OFDM signal is expressed as:

N-1
1 2mkn
slnl=—= Y X d N, 0<n<N 1)
VN o

where X}, represents the data symbol on subcarrier £, and IV is
the number of subcarriers. To mitigate inter-symbol interference,
a cyclic prefix of length Lcp is appended:

Xgp[n] =x[n+N-Lcpl, —Lep<n<0 (2)

The transmitted OFDM signal becomes:

—Lcp<n<0

B x[n+ N - Lcp],
Xgxe[m] = { 0<n<N (3)

x[n],

The UAV wireless communication channel is modeled as a
discrete-time multipath fading channel:

L-1
bln) =) be-0(n—7) (4)

(=0

The received signal is the convolution of the transmitted signal
with the channel impulse response, plus additive white Gaussian
noise:

ynl = G b)[n] + w[n] (5)

At the receiver, after removing the cyclic prefix and applying
FFT, the received subcarrier value is:

Y/ezH/e'X/e+W/el k=0,1,...,N—1 (6)

The symbol can be recovered via equalization:

Y

X, = £ 7
[ (7)

3.2. Performance Metrics and Adaptation

OFDM supports adaptive modulation. The bit error rate (BER)
for an M-QAM signal in an AWGN channel is approximated by:

4 1 3log, M - SNR
Py =~ 1-—| 0|\ ——— (8)
log, M M M-1
Vol.2_2
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Table 1.
Standard Frequency Band | Max Data Rate Range Primary Applications References
Wi-Fi 6 (IEEE 2.4 GHz, 5 GHz Up to 9.6 Gbps Upto 35 m High-speed internet, video [4,9,10]
802.11ax) (indoor) streaming, online gaming
Wi-Fi7 (IEEE 2.4 GHz, S GHz, | Upto 46 Gbps Similar to UHD streaming, virtual [10]
802.11be) 6 GHz Wi-Fi 6 and augmented reality
Bluetooth (IEEE | 2.4 GHz Upto 3 Mbps Upto 100 m Wireless peripherals, audio [7]
802.15.1) devices, short-range data
exchange
Zigbee (IEEE 2.4 GHz, 900 20-250 Kbps 10-100 m Home automation, [2,3,6]
802.15.4) MHz, 868 MHz industrial control, sensor
networks
Cellular (5G) Sub-6 GHz, Upto 10 Gbps S00 m Mobile broadband, IoT, [1,5,6,13,16]
mmWave (mmWave), autonomous vehicles
(24-100 GHz) several km
(Sub-6)
WiMAX (IEEE 2.3 GHz, 2.5 Upto 70 Mbps Upto 50 km Broadband wireless access, [4,9]
802.16) GHz, 3.5 GHz last-mile connectivity

with the Q-function as:

- L [T,
0w = 7= / dr ©)

Spectral efficiency 7 in bits/sec/Hz is given by:

LC]) )

(10)
N+ Lcp

;7=R-log2M-(l—

where R is the coding rate. To optimize link performance, the
system can switch modulation orders based on SNR:

BPSK, y<n
PSK, 1 Sy <y
= Q nsy<y )
16-QAM, » <y<y;

64-QAM, y =73

In reconfigurable systems, the delay for switching between stan-
dards is modeled as:

Tswitch = Tdetect + Tload + TSynC (12)

OFDM ofters high spectral efficiency, robustness to frequency-
selective fading, and ease of implementation using FFT algorithms
[5, 7]. However, challenges such as high Peak-to-Average Power
Ratio (PAPR) and sensitivity to timing and frequency errors
remain [17]. Given these strengths, OFDM is well-suited for UAV
communication systems that must operate reliably in dynamic and
multipath-prone environments [1, 6, 8]. Wireless communication
standards based on OFDM and other technologies are designed for
different applications. UAVs benefit from multi-standard support,
allowing them to switch between networks based on range, data
rate, and environment. Table 1 summarizes key wireless commu-
nication standards used in UAV applications, covering use cases
from high-speed video streaming and data exchange to low-power
sensor transmission and long-distance broadband connectivity
[1,2,9,10,16].
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3.3. Fundamentals of OFDM in UAV Communication

In the context of UAV communication, OFDM offers several
advantages. It enhances performance in both urban and rural
environments by reducing inter-symbol interference and enabling
more efficient use of the available spectrum. Key benefits for
UAV applications include robust handling of multipath propa-
gation, high spectral efficiency, support for adaptive modulation
and coding, and compatibility with a range of wireless standards
such as Wi-Fi, LTE, and 5G. Despite these strengths, implementing
OFDM in UAV systems presents several challenges. High Doppler
shifts caused by UAV mobility can affect synchronization and
signal quality. Additionally, power and hardware constraints in
lightweight UAV platforms limit the complexity and processing
capabilities of communication systems. Furthermore, integration
with cognitive and adaptive networking technologies is essential to
fully leverage OFDM’’s flexibility in dynamic environments.

3.4. Multi-Standard Reconfigurable OFDM
Transceivers

A multi-standard reconfigurable OFDM transceiver enables UAVs
to operate dynamically across wireless networks. These transceivers
employ techniques such as FPGA-based partial reconfiguration,
software-defined radio (SDR), and cognitive radio technology.
FPGA-Based Reconfiguration: FPGA-based transceivers allow
UAVs to switch between standards like Wi-Fi, WiMAX, and
WRAN with minimal reconfiguration delay, enhancing adapt-
ability [4, 9]. Cognitive Radio for UAVs: Cognitive radios enable
UAVs to detect and utilize available spectrum efficiently, improving
spectral efficiency and reducing interference [2]. UAVs are used in
diverse application environments, such as urban surveillance, rural
connectivity, emergency rescue, and military operations. Each
environment may rely on a different wireless standard, making it
necessary for UAVs to support multiple standards. For instance,
UAVs may need to switch between 5G for high-bandwidth
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Table 2.

UAV communication standards and associated technical advancements

surveillance, multi-standard
reception

synchronization

Wireless Standard/ Key Technical Enhancements/

Technology UAV Use Cases Research Focus References
Wi-Fi(IEEE 802.11), Short-range SDR, FPGA-based partial reconfiguration, [4,9,10]
WLAN communication, live video, multi-stream synchronization, enhanced

LTE/5G/Wi-Fi

High-speed video, control
links, urban monitoring,
signal processing

OFDM, QAM schemes (16-QAM,
64-QAM), MIMO, Massive MIMO,
full-duplex, ML integration, PLS

[1,5,6,10,13,16]

Surfaces (RIS)

coverage, cooperative UAV
relays

NB-IoT/ LoRa Low-power telemetry, Adaptive modulation, long-range [2,10,14]
rural/remote sensing compatibility, low-power design

WiMAX/WRAN (IEEE Broadband access, rural SDR-enabled reconfigurable front-end, [4,9]

802.16 / 802.22) internet backhaul partial reconfiguration for RAT switching

mmWave (30-300 GHz) Ultra-high-speed backhaul, Beamforming, MIMO, Doppler-division [7,8,13,16]
dense urban UAV multiplexing, RIS integration, jamming
communication mitigation

Terahertz (THz) Next-gen high-throughput Ultra-broadband, PLS, THz-aware [16,18]
UAV links REF/antenna design, RIS-based optimization

IM/DD OFDM,OFDM UAV-based swarm comms, Zero-padding, DFT-spread OFDM, robust to [5,12,17,19-21]

Variants(eU- high-mobility links, indoor fading, PAPR reduction, iterative decoding,

OFDM,LACO, coverage, delay-Doppler cluster optimization

AVO,ACO, resilience

ALACO),0TFS

FMCW Radar, MIMO Imaging, mapping, object Beat frequency division, joint radar-comm, [18,19,22]

Radar, Radar-Assisted detection, W-band MIMO SAR, real-time W-band processing

Comms environmental sensing

Cognitive Radio (CR), Dynamic spectrum access, Al-based spectrum sensing, adaptive [2,6,15]

SDR-Based Platforms emergency comms, transceivers, energy-efﬁcient SDR,
CR-based UAV flight interference mitigation

Reconfigurable Intelligent Smart reflection, enhanced Passive beamforming, MIMO/OFDM [7,8,16,18]

coordination, RIS-UAV trajectory control

AI/ML-Driven Techniques | Real-time adaptive comms,

energy efficiency

DL-based beamforming, path optimization,
spectrum prediction, security enhancement

[2,6,10,15]

Fault-Tolerant/Secure UAV
Systems (Cross-Layer
Models)

Safety-critical UAV
missions, reliable
multi-UAV networks

Physical layer security (PLS), encryption,
fault-tolerant computing, intrusion
prevention, CLR modeling

[1,3,11,15,16]

video streaming, Wi-Fi for short-range communication, and LoRa
or NB-IoT for low-power telemetry. A reconfigurable OFDM
transceiver allows this seamless interoperability, enhances mission
flexibility, and ensures reliable connectivity under varying network
conditions [1,9,13].

3.5. Advanced Techniques for UAV OFDM
Communication

To further enhance the performance of OFDM-based UAV
communication systems, several advanced technologies have been

explored:

Reconfigurable Intelligent Surfaces (RIS): RIS technology
improves UAV connectivity by intelligently reflecting and steering
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signals to enhance coverage, manage interference, and reduce
energy consumption—particularly in complex or obstructed envi-
ronments [7].

Terahertz (THz) Communications: Operating at THz frequen-
cies enables ultra-high-speed data transmission, offering significant
potential for UAV communication in future-generation networks.
This is particularly relevant for applications requiring massive
data rates, such as real-time 3D mapping or ultra-HD video
streaming[16].

Machine Learning for Adaptive Transceivers: Al-driven
techniques, including machine learning algorithms, are increas-
ingly being integrated into UAV communication systems. These
approaches enable adaptive transceivers to optimize performance
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by predicting channel conditions and dynamically adjusting trans-
mission parameters such as power, modulation, and coding rates
in real time [10].

4. Multi-Standard OFDM-UAV Deployment for

Various Communication Applications

Recent research from 2015 to 2025 highlights a significant
evolution in wireless communication technologies, particularly
in UAV-assisted networks (Table 2). Initial efforts [4, 9] focused
on enabling multi-standard support through Software Defined
Radios (SDRs), optimizing digital front-ends, and improving
synchronization for multistream and concurrent receptions. These
early contributions laid the foundation for flexible and adaptive
architectures for next-generation mobile communications.
Progressively, the adoption of various modulation schemes such
as OFDM, QAM (including HQAM, RQAM, 16-QAM, 32-
XQAM), PSK, and more recently, Orthogonal Time-Frequency
Space (OTFS) modulation [1, 5, 10, 12, 17, 19-21] has enabled
improved spectral efficiency, resilience to channel impairments,
and higher data rates. These schemes have been enhanced through
the integration of advanced techniques like DFT-spread OFDM,
zero-padding, and efficient FFT/IFFT implementations [16, 20]
allowing better performance in high-mobility or fast time-varying
environments, such as UAV communications. Technologies
such as MIMO, Massive MIMO, NOMA, mmWave, and
full-duplex communication have become central to improving
system throughput, coverage, and physical layer security in UAV-
supported networks [1,6-8,13,14,16]. Researchers have explored
their deployment in diverse environments, integrating features like
joint communication and radar sensing, RIS-based beamforming,
and Doppler-division multiplexing for enhanced link reliability
and reduced latency [7, 16, 18]. Simultaneously, radar-based
approaches, especially Frequency-Modulated Continuous Wave
(FMCW) and MIMO radar, have been extensively explored for
imaging, object detection, and deformation monitoring across
W-band frequencies [18, 19, 22]. These techniques support real-
time processing and have shown promising results on stationary
and moving UAV platforms. In recent years, artificial intelligence,
particularly machine learning (ML) and deep learning (DL), has
been increasingly used to optimize signal processing and decision-
making tasks. Applications include signal detection, proactive
spectrum management, channel modeling, and UAV path opti-
mization [2,6,7,10,15]. These advancements contribute to energy-
efficient cognitive radio operations and improve the adaptability
of UAVs to dynamic environments. Security and reliability have
also received notable attention. Several studies [1, 3,11,15,16] focus
on improving physical layer security (PLS), developing encryption
techniques resilient to real-time attacks, and creating fault-tolerant
and self-adaptive UAV systems for safety-critical applications.
Furthermore, research on cross-layer reliability models and holistic
fault monitoring frameworks ensures system robustness across
multiple UAV subsystems. Finally, recent efforts incorporate
Reconfigurable Intelligent Surfaces (RIS), cooperative multi-UAV
deployments, and joint radar-communication architectures to
improve connectivity, reduce interference, and extend network
coverage [8, 16]. These developments pave the way for efficient
UAV-based communication platforms in 6G and beyond,
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emphasizing security, real-time adaptation, and low-complexity
implementation.

5. Future Research Directions

Future research in UAV communication is expected to focus on
several promising areas are

6G and Beyond: The integration of UAVs into 6G networks is
anticipated to support ultra-reliable low-latency communication
(URLLC) and massive machine-type communication (mMTC).
These capabilities will enable advanced real-time applications such
as autonomous navigation, remote healthcare, and immersive
experiences [1,13,16].

Security and Privacy Enhancements: As UAVs become increas-
ingly used in both civilian and defense sectors, secure communi-
cation protocols are essential to address potential threats such as
cyberattacks, data breaches, and spoofing [3, 6,15].

Energy-Efficient Communication: Power efficiency is crucial for
UAV missions that require extended flight durations. Ongoing
research aims to optimize transceiver hardware, develop energy-
aware routing strategies, and utilize Al-driven power management
to prolong operational life [10,15].

Interoperability with IoT Devices: With the rapid expansion of
smart cities and industrial IoT ecosystems, it is vital to enhance
UAV communication frameworks for seamless integration with
heterogeneous IoT devices. This will support applications such as
large-scale environmental monitoring, infrastructure inspection,
and next-generation logistics operations [1,2,18].

6. Conclusion

The emergence of reconfigurable OFDM transceivers marks a
pivotal advancement in UAV communication, enabling the flexi-
bility required for seamless multi-standard operations. Technolo-
gies such as FPGA-based reconfiguration, cognitive radio, Recon-
figurable Intelligent Surfaces (RIS), and terahertz (THz) commu-
nication are driving the evolution of UAV networks toward high
adaptability, efficiency, and scalability. These innovations improve
connectivity and spectral utilization and ensure robust perfor-
mance in diverse operational scenarios. Future research should
continue to address critical challenges such as energy-efficient
communication, enhanced physical layer security, and full integra-
tion with 6G architectures to fully harness the potential of UAV-
assisted wireless communication systems.
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Abstract: Road accidents are a major global concern, often
caused by limited driver awareness and sudden traffic changes.
This paper presents an advanced accident detection and prevention
system featuring a novel IoT-enabled Onboard Unit (OBU) inte-
grated with a Vehicular Ad-hoc Network (VANET) architecture.
The OBU uses ultrasonic sensors and an Arduino-based controller
to monitor the proximity and speed of nearby objects, predicting
potential collisions and issuing real-time alerts to drivers. Upon
detecting a threat or accident, the OBU communicates with
Road Side Units (RSUs) to disseminate alerts across the network,
enabling timely warnings and emergency response. The system
supports both accident prevention and post-accident management
through real-time V2V and V2I communication. The research
also evaluates network protocols to ensure reliable data exchange
in dynamic traffic conditions. This integrated approach aims to
reduce accident frequency and severity while improving traffic
safety and response efficiency.

Keywords: 802.11p, accident detection and management system,
accident prevention, internet of things (IoT), road accidents, vehic-

ular ad-hoc networks (VANET).

1. Introduction

Road accidents remain a major global concern, causing loss of life,
injuries, and property damage. Despite the deployment of safety
features like airbags and ABS, most existing accident detection
systems are reactive, responding only after a collision occurs. They
also lack situational awareness and inter-vehicle communication,
limiting their effectiveness in dynamic traffic conditions.

To address these limitations, this paper proposes a proactive
accident detection and prevention system using Vehicular Ad-hoc
Networks (VANETs) and Internet of Things (IoT) technologies.
The system focuses on a smart Onboard Unit (OBU) capable
of real-time communication with other vehicles and Roadside
Units (RSUs). By using ultrasonic sensors and a microcontroller
(Arduino), the OBU detects potential collisions and broadcasts
alerts through VANET using Dedicated Short Range Communi-
cation (DSRC).
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Figure 1.
Communication in VANET.

1.1. Introduction to VANET

Vehicular Ad-hoc Networks (VANET) are a specialized form of
Mobile Ad-hoc Networks (MANET) designed for vehicle commu-
nication. They enable real-time, decentralized communication
between vehicles (V2V) and infrastructure (V2I) using Road-
side Units (RSUs). VANET consists of Onboard Units (OBUs)
in vehicles, which facilitate communication, gather sensor data,
and predict potential accidents to alert drivers. RSUs, placed
along roads, relay this information to nearby vehicles, enhancing
traffic safety. Communication occurs via Dedicated Short-Range
Communication (DSRC) or cellular networks, allowing vehi-
cles to share speed, position, and direction. This improves traffic
management and emergency response by providing real-time
alerts.

VANET offers several advantages over traditional accident
detection systems. It enhances proactive safety by predicting and
preventing collisions, ensures network-wide awareness by sharing
traffic data, and provides real-time communication for instant
alerts, reducing accident risks in high-speed traffic.

1.2. Aims and Objectives

This paper proposes an advanced accident detection and preven-
tion system using IoT and VANET technologies to improve road
safety and emergency response. The system features an IoT-based
Onboard Unit (OBU) with sensors for real-time collision detection
and driver alerts. It facilitates seamless communication between
OBUs and Roadside Units (RSUs) to enable fast data transmission
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and alert dissemination. RSUs are also designed to notify emer-
gency services and assist traffic management through optimized
routing and coordinated post-accident responses, aiming to reduce
reaction time and enhance incident handling.

1.3. Proposed System

This project proposes a VANET-based accident detection and
prevention system with an advanced OBU that enhances vehicle
safety. Using ultrasonic sensors, the OBU detects nearby objects,
calculates their speed and trajectory, and alerts drivers of potential
collisions. It communicates with RSUs to broadcast accident alerts,
preventing multi-vehicle crashes and enabling a swift emergency
response. Key features include real-time monitoring with ultra-
sonic sensors, an Arduino microcontroller for collision prediction,
VANET communication for data sharing, and an automated emer-
gency alert system.

1.4. Limitations of Current Research and the Need
for Further Improvements

While VANET is a promising solution for accident detection
and prevention, it faces challenges such as network conges-
tion, coverage gaps, and security risks. High vehicle connectivity
can cause communication delays, while limited RSU deploy-
ment, especially in rural areas, reduces effectiveness. Additionally,
VANET is vulnerable to hacking and data breaches, posing safety
risks. Future research should focus on improving communication
reliability, enhancing security, and expanding RSU coverage to
ensure a more robust and effective system.

2. Literature Review

Recent advancements in Vehicular Ad Hoc Networks (VANETs)
have enabled intelligent, real-time communication between vehi-
clesand infrastructure, supporting applications like accident detec-
tion, traffic management, and cybersecurity. This section high-

lights key technologies and research trends shaping the field.

2.1. Intrusion Detection in VANETs

The decentralized and mobile nature of VANETs makes them
vulnerable to cyber threats, requiring specialized Intrusion Detec-
tion Systems (IDS). Signature-based IDS matches known attack
patterns but lacks adaptability to new threats. Anomaly-based IDS
detects unknown attacks by identifying deviations from normal
behavior, though they risk false positives due to fluctuating traffic
conditions. Specification-based IDSs apply predefined behavioral
rules, offering better accuracy but requiring complex rule sets. To
enhance efficiency, cooperative and hierarchical IDS architectures
distribute detection tasks across vehicles or clusters, improving
scalability and resilience against large-scale attacks.

2.2. Trust Management in VANETs

Reliable communication in VANETs depends on trust
among participating vehicles and infrastructure. Trust can
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be infrastructure-based (central authority with digital certificates)
or self-organized (behavior-based). However, both are susceptible
to attacks like Sybil, where a single node uses multiple identities,
or bogus message attacks that spread false data. To counteract this,
various trust models have been proposed: entity-based models
evaluate the historical behavior of nodes, data-based models assess
the credibility of information, and hybrid models combine both
to provide a robust framework for secure decision-making.

2.3. Accident Detection and Traffic Management

Accident detection systems in VANETs utilize onboard sensors
and roadside infrastructure to identify collisions in real time.
IoT-enabled OBUs measure proximity, speed, and impact forces,
transmitting alerts to nearby Road Side Units (RSUs) and emer-
gency responders. Frameworks using biomedical and mechanical
sensors have been proposed to improve accuracy. Protocols like
Traffic-Aware MAC (TA-MAC) and Mobile Edge Computing
(MEC) help adapt to traffic density, optimize communication
slots, and improve emergency response times. These systems also
integrate with intelligent transportation systems (ITS) to adjust
traffic signals and prioritize emergency vehicles.

2.4. Routing and Communication Protocols

Routing protocols in VANETs face challenges due to high
mobility and changing topologies. Geo-based protocols like
GPSR use vehicle location for packet forwarding but struggle in
sparse or obstacle-heavy environments. Broadcast-based routing
ensures message delivery but risks congestion, especially in dense
areas. Cluster-based protocols group vehicles for more structured
routing and reduce communication overhead. Selecting the appro-
priate routing strategy depends on vehicle density, mobility, and
application requirements.

2.5. Security and Privacy Challenges

VANETs are exposed to threats like message tampering, imper-
sonation, and denial-of-service (Do$) attacks. Cryptographic tech-
niques such as Public Key Infrastructure (PKI) help secure V2I
communication, but are resource-intensive for V2V links. Trust-
based models offer lightweight alternatives, evaluating message
reliability and sender behavior. However, real-time computation,
scalability, and privacy preservation remain ongoing concerns.
Reputation systems and pseudonymization techniques can help
protect identity and support secure, anonymous communication.

2.6. Emerging Technologies and Future Directions

VANETSs are increasingly integrating emerging technologies to
enhance functionality. SG networks offer ultra-low latency and
high bandwidth for real-time safety applications. Artificial Intel-
ligence (AI) and Machine Learning (ML) are being applied for
dynamic routing, intrusion detection, and accident prediction.
Blockchain technology introduces a decentralized trust frame-
work, securing communication and preventing data tampering.
Smart contracts automate processes like vehicle authentication and
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toll payments, reducing manual intervention. These technologies
pave the way for robust, scalable, and secure VANET systems
suited for smart cities.

2.7. Summary

VANETs play a critical role in improving road safety, traffic
management, and emergency response. Effective accident detec-
tion, adaptive routing protocols, and resilient security systems are
essential to their success. Emerging technologies like AI, 5G, and
blockchain offer promising avenues to overcome existing limita-
tions in scalability, privacy, and trust. Continued research is neces-
sary to address these challenges and unlock the full potential of
VANETs in next-generation transportation systems.

3. Methodology and Implementation

3.1. Problem Definition

The development of a Trust and Early Event Prediction Model for
accident detection depends on reliable communication between
Onboard Units (OBUs) and Road Side Units (RSUs) within
a Vehicular Ad-hoc Network (VANET). Efficient OBU-RSU
communication is crucial for real-time accident prediction and
prevention.

The model analyzes data such as speed, acceleration, and
vehicle proximity to detect potential accidents. Its effectiveness
hinges on VANET’s ability to support timely data exchange
between vehicles and infrastructure.

VANET facilitates Vehicle-to-Vehicle (V2V) and Vehicle-to-
Infrastructure (V2I) communication, but faces challenges like real-
time data transmission, high traffic scalability, and maintaining
connectivity. Solutions include enhancing protocols (e.g., DSRC,
5G), developing handover mechanisms, and implementing conges-
tion control to ensure timely and reliable alerts in dense traffic
environments.

3.2. Proposed Method for OBU

To create a reliable accident prediction system, various research
studies on accident detection in VANETS, early accident detection,
and trust management have been reviewed. Based on this research,
a method is proposed that utilizes ultrasonic sensors integrated
with Arduino-based logic circuits. The system continuously moni-
tors the distance and velocity of nearby vehicles, enabling real-time
accident prediction and alert generation. The following is a detailed
explanation of the proposed method, including the components,
logic, and circuit design.

3.2.1. System Overview

Each vehicle is equipped with ultrasonic sensors at both the front
and rear. These sensors continuously measure the distance between
the vehicle and others in its vicinity, both in front and behind. The
datais processed every 0.01 seconds to calculate the relative speed of
the vehicles. By comparing this information with a pre-calculated
speed limit, potential collisions are predicted, and appropriate
alerts are generated for the driver and nearby vehicles.
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Figure 2.
OBU circuit.

Components:

e Ultrasonic Sensors: Measure the distance between vehicles or
obstacles within a specific range.

e Arduino Microcontroller: Processes sensor data and executes
the accident prediction algorithm.

e RSU (Road Side Unit): Relays alerts to nearby vehicles and
coordinates with other RSUs to notify vehicles across the
network.

3.2.2. Methodology

Distance and Time Calculation:

Ultrasonic sensors capture the distance between vehicles every 0.01
seconds, and the velocity is calculated using the formula.

D1 -D2

Speed = —=— 2=
Pt = -T2

Velocity Threshold Determination:

The speed limit is determined using the braking distance formula:
V2
2z

Here g is gravitational acceleration 9.8 m/s?. And fis the
fraction constant which is 0.7 for average road but can vary
according to many factors. So Using this formula we can calculate
the maximum speed which will be

V = \2Dgf.

So for this experiment we have taken the Ultrasonic sensors
with the range of 3 meters. The frequency of the Ultrasonic sensors
is commonly used at 58 kHz, so by using this frequency we can set
it to 11 m range. For this experiment D is 3 m. so calculating speed
V will be

Braking Distance =

V =+2Dgf
=42%3%0.7%9.8
= +/4L16
= 6.4156 m/s
=23.09km/hr

This braking distance provides the maximum safe speed limit.
If the speed of a vehicle exceeds this threshold, an alert is generated.
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Figure 3.

Flowchart.

Collision Prediction:

If the calculated velocity exceeds the safe speed limit, a potential
collision is predicted. The system continuously monitors the data
and, when a dangerous situation is detected, sends a warning to the
driver.

Alert Generation and Transmission:

Two types of alerts are triggered:

1. A beacon signal sent to the nearest RSU, which further dissemi-
nates the alert to surrounding vehicles via the VANET network.

2. An alert to the driver to prompt immediate action.

The RSU receives the beacon signal and sends alerts to all
connected nodes, warning other vehicles of potential accident
risks.

3.2.3. Circuit design

The hardware design employs an Arduino microcontroller

connected to ultrasonic sensors and other supporting

components:

e Ultrasonic Sensors: Positioned at the front and rear of the
vehicle to detect the distance to other vehicles or obstacles.

e Arduino Board: Processes data from the sensors, calculates the
velocity, and compares it to the pre-determined speed limit.

o LCD Display (Optional): Used to show real-time distance and
speed data for driver awareness.

Process Steps:

1. Ultrasonic sensors gather distance data.
2. The Arduino calculates relative velocities and compares them
to the speed limit.

3. If a potential collision is predicted, the system sends alerts to

both the driver and the RSU.
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3.2.4. Flowchart

The system begins by calculating the distance and time interval.
Velocity is computed from this information. The calculated
velocity is compared to the terminal (safe) velocity. If the velocity
exceeds the safe limit, alerts are sent to the driver and a beacon
signal is transmitted to the RSU. The RSU then broadcasts alerts
to other nearby vehicles within the network to prevent further
incidents. If the velocity remains within the safe range, the system
stores the most recent data and continues monitoring the vehicle’s
surroundings.

3.3. Network Simulation

3.3.1. Accident alert dissemination in VANET using

SUMO and OMNeT++/Veins

This simulation integrates the traffic simulator SUMO with
OMNeT++ and the Veins framework to model VANET-based
accident alert dissemination. When a vehicle detects an accident,
it generates an alert message and broadcasts it to nearby vehicles
using Dedicated Short Range Communication (DSRC) based on
the IEEE 802.11p standard.

3.3.2. Traffic and mobility simulation using SUMO

SUMO, an open-source, highly portable, and widely used micro-
scopic traffic simulator, was used to model the movement of vehi-
cles in a realistic urban road network. Each vehicle was assigned
specific routes, generated by a predefined route file (.rou.xml) and
the configuration file (.sumocfg). The route file defines the trajec-
tories and behaviours of vehicles on the road network. Vehicles
are dynamically created and assigned routes that mimic realistic
urban driving conditions. SUMO simulates vehicle mobility based
on traffic dynamics, including acceleration, deceleration, and lane
changes.

For this simulation, a node representing a vehicle was config-
ured to detect an accident scenario. Upon detecting the accident,
the vehicle (or OBU) generates an alert message and disseminates
it to nearby vehicles within its communication range. The SUMO
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Figure 4.
RSU sending alerts in the network using Airframe.
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simulation controls the mobility aspects, ensuring that vehicles
follow the assigned routes and interact with each other according
to realistic traffic flow patterns.

3.3.3.  VANET communication using OMNeT++ and

veins

OMNeT++ handles the event-driven network simulation, while
Veins bridges it with SUMO using the TraCI interface. Vehicle
mobility from SUMO is synchronized with OMNeT++ to ensure
accurate positioning. Upon accident detection, an AirFrame
packet containing the alert message is broadcast using IEEE
802.11p.

802.11p-based DSRC (Dedicated Short Range Communica-
tion) offers several key benefits for vehicular networks. It provides
low-latency, real-time communication essential for safety-critical
applications like collision warnings and emergency alerts. Oper-
ating in the 5.9 GHz band, it ensures reliable and interference-free
V2V and V2I communication. Designed for high-speed mobility,
802.11p maintains stable connections even in fast-moving traffic.
It enables infrastructure-independent communication, making it
effective in remote areas without cellular coverage.

Additionally, its standardized protocol promotes interoper-
ability between different vehicle systems, while its proven reliability
through extensive real-world testing makes it a strong candidate
for large-scale deployment in intelligent transportation systems.
Nearby OBUs receive the alert and trigger appropriate responses
like deceleration or route changes.

3.3.4. Security measure

To secure the accident alert dissemination process in the proposed
SUMO-OMNeT++/Veins-based VANET system, public-key
cryptography can be employed for both message confidentiality
and authentication. Each vehicle (On-Board Unit, OBU) is
assigned a public key (Kpub) and a private key (Kpriv). When a
vehicle detects an accident, it generates an alert message M. To
ensure authentication and integrity, the vehicle creates a digital
signature S using its private key:

S = Sign(M, Kpriv_sender)

This signature is attached to the message. To maintain confi-
dentiality, especially for sensitive data (e.g., driver ID, location), the
alert is encrypted using the public key of the receiving vehicle:

C = Encrypt(M || S, Kpub_receiver)

The encrypted message C is then encapsulated in an
AirFrame packet and broadcast using IEEE 802.11p through
OMNeT++. When a nearby vehicle receives the packet, it uses its
private key to decrypt it:

M’ || S = Decrypt(C, Kpriv_receiver)

Then, it verifies the signature using the sender’s public key to
confirm authenticity:

Verify(M', S’, Kpub_sender) = TRUE

Only if the signature is valid does the vehicle proceed to
process the alert and take action (e.g., slow down or reroute). This
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integration is implemented in OMNeT++ at the network layer,
while SUMO continues to control vehicle mobility. This setup
ensures secure, authenticated, and confidential communication
between vehicles in real time without compromising simulation
fidelity or performance.

3.3.5. Interaction between SUMO and OMNeT++

The integration of SUMO with OMNeT++ enables realistic simu-
lation of vehicle mobility and communication. Using the TraCI
interface, vehicle positions, speeds, and routes from SUMO are
continuously synchronized with OMNeT++, allowing real-time
updates that reflect actual traffic dynamics. This ensures accurate
modeling of both movement and communication behaviors in a
VANET environment. When a vehicle detects a potential accident,
it triggers an alert that OMNeT++ broadcasts to nearby vehicles
via VANET protocols. Receiving vehicles respond by issuing driver
warnings or rerouting to avoid the affected area. This enables rapid,
localized decision-making across the network. Together, SUMO
and OMNeT++ provide a powerful simulation platform to eval-
uate the effectiveness of accident alert systems. The setup demon-
strates how VANETS can enhance road safety through low-latency
communication and dynamic traffic response.

4. Results and Potential Inplementation

This section outlines the outcomes of the VANET-based accident
detection system, focusing on real-time alerting, network scala-
bility, and potential real-world deployment.

4.1. Real-Time Alert Generation and Driver
Notification

The OBU accurately tracked nearby vehicle speeds using ultrasonic
sensors and generated alerts when speeds crossed safe thresholds.
Alerts were instantly displayed on the driver’s interface across
various simulated scenarios, significantly improving situational
awareness and response time.

4.2. Network Dissemination and System Scalability

Alerts were broadcast to RSUs using IEEE 802.11p-based DSRC.
The RSUs relayed messages to nearby OBUs, maintaining consis-
tent performance with minimal latency and packet loss under both
light and dense traffic loads. This confirms the system’s scalability
and effectiveness in real-world deployments.

4.3. Performance Evaluation

The simulation measured key metrics such as alert delivery time,
packet delivery ratio (PDR), and system response under varying
vehicle densities:

o Average Alert Delivery Time: 75 ms (light traffic), 120 ms (dense
traffic).

o Packet Delivery Ratio (PDR): Maintained above 95% in all test

scenarios.
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o Scalability: System remained responsive up to 200 nodes
without major delays.

e Latency: Below 150 ms even in high-load conditions, meeting
real-time communication requirements.

These results validate the system’s ability to perform reliably
in urban environments.

4.4. |Industrial Relevance and System Advantages

The system outperforms traditional alert methods like mobile apps
or centralized services by enabling decentralized, real-time V2V
and V2I communication. Its independence from cellular networks
makes it ideal for deployment in both urban and remote areas.

4.5. Implications for Road Safety and Smart
Transportation

By reducing driver reaction time, the system can help lower
accident rates. When integrated with Intelligent Transportation
Systems (ITS), it supports coordinated emergency responses and
adaptive traffic control, enhancing overall traffic safety and effi-
ciency.

4.6. Future Enhancements and Applications

Planned include
autonomous vehicles, machine learning for predictive collision

improvements automated  braking in
detection, and integration with smart city infrastructure to enable
dynamic route control and real-time traffic optimization.

5. Conclusion

This paper presents the design and implementation of an IoT-
enabled accident detection and alert system using Vehicular Ad-
hoc Networks (VANETs). The On-Board Unit (OBU), built
with ultrasonic sensors and an Arduino microcontroller, monitors
vehicle proximity, calculates relative speeds, and predicts potential
collisions. Leveraging V2V and V2I communication, the system
disseminates real-time alerts to nearby vehicles via Road Side Units
(RSUs), helping prevent multi-vehicle accidents, particularly in
dense traffic.

Using SUMO, OMNeT++, and Veins for simulation, the
system demonstrated low-latency communication and high scal-

ability under varying traffic loads. Compared to conventional
systems, this decentralized VANET-based approach offers greater
reliability, especially where mobile networks are limited. While
promising, further improvements are needed to address chal-
lenges like signal interference and congestion in high-traffic
environments.
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Maximum Ratio Transmission for Pedestrians'

Safety at Crosswalks in An Outdoor V2X
Environment at 28 GHz

Sai Radha Abhigna Maturi*, Hussain Al-Rizzo and Nijas Kunju

Abstract: Vulnerable Road Users (VRUs) include pedestrians,
bicyclists, and motorized two-wheelers operators. According to
the World Health Organization’s (WHO) 2023 Global Status
Report on Road Safety, pedestrians account for 23% of fatali-
ties, or at least 31 deaths every hour. In developed countries, the
number of road accidents is significantly declining, but a signif-
icant percentage of accidents involving VRUs still remains high.
Vehicle-to-everything (V2X) communication is one such safety
feature that fosters communication amongst numerous elements
on the road for cooperative safety and, consequently, pedestrians.
Communication between vehicles and pedestrians (V2P), infras-
tructure and vehicles (V2I), and vehicles themselves (V2V) is a
part of vehicle-to-everything (V2X). Pedestrians carrying mobile
devices and wearable technology can depend upon V2X commu-
nications to improve their safety and situational awareness. To
transmit and receive signals efficiently, this paper compares and
evaluates the performance of Linearly Polarized Antenna array
(LPA) with and without Maximum Ratio Transmission (MRT)
technique in the context of V2P communications. The focus is
on the pedestrian’s point of view at crosswalks in outdoor V2X
scenarios. In conclusion, LPA with MRT technique surpasses in
signal reception at pedestrians near crosswalks in a V2X outdoor
environment.

Keywords: FR2,LP, MRT, VRU.

1. Introduction

The Governors Highway Safety Association (GHSA) released
preliminary data in 2023 showing 7,318 pedestrian traffic fatalities
in the United States. According to the report [1], 844 pedestrian
fatalities were recorded in the ten most populous U.S. cities. These
statistics show that pedestrian deaths occur most frequently in
urban areas. Consequently, the safety of pedestrians is an essen-
tial consideration in modern transportation systems, especially in
urban areas where pedestrian-vehicle interactions are common.
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V2P, which is a subset of V2X, is a general term that refers
to the exchange of data between automobiles and pedestrians’
wearable technology and smartphones. Real-time alerts to avert
collisions are made possible by this technology, which enables
the sharing of vital information regarding the position, velocity,
and direction of pedestrians and automobiles. To guarantee the
prompt delivery of safety- critical signals, V2P communication
uses Cellular V2X (C- V2X) or Dedicated Short-Range Commu-
nication (DSRC) platforms [2]. The DSRC band ranges from
5.85GHz to 5.925GHz [3]; these platforms leverage low latency
and high dependability. Numerous studies have exhibited the
efficaciousness of V2P communication in augmenting pedestrian
safety [4] and [5]. Moreover, the authors in [6] emphasized the
advantages of employing V2P systems to alert pedestrians to
oncoming automobiles, thereby decreasing reaction times and
enhancing situational awareness. Similarly, [7] remarked on how
robust connectivity in different urban areas may be achieved with
C- V2X-based V2P communication, which is vital for applications
related to pedestrian safety.

V2X operates in two frequency ranges: FR1, which spans
from 410 MHz to 7.125 GHz, and FR2, from 24.25 GHz to0 52.6
GHz [8]. Specifically, the 28 GHz millimeter-wave (mmWave)
band has attracted much interest due to its high data rate capability,
improved stability, and low power consumption [9]. Because of its
low latency, the mmWave band holds excellent potential for high-
level safety applications in V2X communications, such as reducing
traffic accidents. This mandate forces the antenna architecture
to consider essential design concepts like simplicity, affordability,
and miniaturization to guarantee that it satisfies the demands of
V2X communications [10] and [11]. Because of this, Microstrip
Patch Antennas (MPAs) have become more attractive because of
their small size, lightweight, cost- effective production, and ease of
assembly [12].

Ansys HFSS is used to produce realistic geometry with inter-
secting roads that resemble an Outdoor V2X environment. A
single MPA is used as a receiving antenna (RX) placed on the
hands of four pedestrians carrying smartphones or other devices
at the crosswalk. A two-by-two transmitting antenna (TX) array
is mounted on the traffic signal. The power density in W/m? is
computed over a square prediction area of length and width of
five meters to see the power distribution at the pedestrians’ hand
height, roughly equal to one meter. Received power at the pedes-
trians’ RX antenna is computed and compared with and without
MRT weights placed at the TX. In summary, LPA targets pedes-
trians with MRT more successfully than without MRT; according
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to the observations, 7dB more power has been received. It should
be emphasized that this conclusion is valid only for the specific
scenarios and antennas used in this study and, hence, cannot be
generalized to other scenarios and/or antenna arrays.

The rest of the paper is organized as follows. The scenario
and the solvers utilized for the simulations are covered in detail
in Section 2. The TX and RX antenna gain patterns and their
reflection coefficients are provided in Section 3. Section 4 discusses
the system model and the MRT weights formulation. Section 5
displays the power density maps that illustrate the power distribu-
tion around each pedestrian. This can be observed both with and
without MRT cases. Section 6 shows received power comparisons.
Section 7 stands as the paper’s conclusion.

2. Simulation Scenario and Solvers

2.1. Urban V2X Scenario

A four-way intersection used in this paper is depicted in Figure 1,
with street length measured as 50 m and four lanes, each 15 m
is the width of the road. The following elements are included
to make it an appropriate, realistic urban V2X scenario: cars,
pedestrians at crosswalks, buildings, trees, and other infrastructure,
such as street and traffic lights. All these elements are assigned
their respective material assignments, including permittivity and
conductivity. The TX antenna is placed on the traffic light facing
toward pedestrians 1 and 3, and pedestrians 2 and 4 are placed on
the opposite side of the TX antenna. RX antennas are mounted
at all four pedestrians. These antennas are assumed to be a part of
the wearable gadgets of pedestrians or installed on smartphones.
The entire scenario is animated in time for a second (i.e., from 0 to
1 sec) with ten intervals lasting 100 msec. Two cars travel 10 meters
in one second at a speed of 1 m/sec. Similarly, all the pedestrians
are traveling 11 meters at a speed of one m/sec. For each 100 msec
interval, 1 meter is travelled by cars and 0.1 meter by pedestrians.

2.2. Shooting and Bouncing Rays (SBR+) Solver

Ansys HFSS SBR+, an asymptotic high-frequency electromag-
netic (EM) simulator [13,14] is used as a solver in our simulations.
It models EM interactions in electrically large environments by

Pedestrian 3

Pedestrian 1

Figure 1.

Realistic urban V2X scenario.
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employing the Shooting and Bouncing Rays (SBR+) method to
compute EM solutions rapidly. SBR+ computes installed antenna
performance, extended near-field distributions, and far-field radia-
tion patterns for electrically large platforms with minimal compu-
tational resources [15]. Antennas operating on large host platforms
can experience signiﬁcant performance degradation due to EM
interaction with the host structure. SBR + facilitates the simulation
and study of installed antenna applications, including antennas
mounted on buildings or cars and dynamic complex environment
scenarios involving several vehicles.

2.3. Parametric Analysis and Optimization

Parametric analysis in Ansys HFSS SBR+ simulates the time-
varying scenario for each periodic modification. One or more
variables are defined for sweep definitions in the analysis, each
specifying a range of variable values. In this case, parametric anal-
ysis computes the installed TX and RX antenna interactions
concerning the surrounding environment (such as trees, buildings,
and lights) for every change and time interval. All the design vari-
ations optimetrics instructs the software to solve are specified in
parametric configuration. Optimetrics solves the design, calculates
the received power (dB), and determines the antenna coupling
parameters.

3. Antennas and Gain Plots

3.1. Linearly polarized antenna array

A two-by-two square MPA array with coaxial probe feed [16] is
used as an LPA. The design and simulation are conducted using
Ansys HFSS Design 2024 R1I; the patch antenna resonates at
28 GHz. This antenna is mounted on a Rogers RT-droid 5880
substrate, notable for its dielectric constant of 2.2 and thickness
of 0.8 mm. The other design parameters and specifications of the
single element are listed in Table 1.

Table 1.
Parameter Value (mm)
Length and Width of Substrate 5.4
Length and Width of Top Ground 5.4
Length and Width of Bottom Ground 5.4
Length and Width of Patch 3.1
Coax Feed Length 0.8
Coax Inner Radius 0.1
Patch Spacing 0.625
Radome Height 2
Radome Thickness 0.5
Number of Vias 32
Vias Radius 0.2
Vias Height 0.8
Vias Position -2.5,-25,0
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Radome

Figure 2.

TWO-by-tWO square patch antenna array at 28 GHz.

Ansys Inc

3D gain plot of two-by-two array

Max: 12.93

N,
10

‘

Figure 2 displays the 28 GHz 5G square patch antenna with
radome arranged in a two-by-two array [16]. A radome is a protec-
tive cover placed over the antenna; its primary purpose is to protect
it from environmental factors such as rain, wind, and physical
damage. In 5G applications, especially outdoors, the radome is
crucial for maintaining consistent performance over time. The
antenna has two grounds: one at the top and one at the bottom.
These two ground planes in a patch antenna array are essential
in offering mechanical support, impedance matching, minimizing
surface waves, and controlling operation by providing isolation
and shielding. Since the antenna contains multiple layers, vias are
essential for interconnecting these layers; they connect the patch or
other layers to the ground plane.

-0
Min: -38.11

Figure 3.
3-D gain plot of LPA.

3.2. Gain Plots

Figure 3 shows the 3D gain plot of the two-by-two antenna array.
The peak gain of the antenna array is 12.93 dB. Figure 4 shows the
2D gain plots of the array for azimuth and (b) elevation planes.
The azimuth plane pattern displays the antenna gain in the plane
parallel to the ground (XY-plane) when the elevation angle & is fixed
at 90°. Itis a polar plot with gain plotted against azimuth angle (@),
which offers details on the antenna’s radiation patterns in various
azimuthal directions (@ ranging from 0° to 360°). The elevation
plane is orthogonal to the ground plane, say either the YZ-plane
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Figure 4.

2D gain plots of the array (a) Azimuth plane pattern. (b) Elevation
plane pattern.
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Figure 5.

Reflection coefficient Siq of the antenna.

(@ = 90 deg) or the XZ-plane (@ = 0°). Gain versus elevation angle
(0) is plotted in a polar plot to illustrate how the antenna radiates
above and below the horizontal plane as the & changes.

The simulated Sy; for the proposed antenna, as illustrated in
Figure 5 confirms its acceptable performance across a bandwidth
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from 27 to 29 GHz. Furthermore, the measured peak minimum
value (dip) is approximately —27.6 dB at 28.04 GHz, highlighting
the antenna’s high efficiency in radiating and receiving electro-
magnetic signals throughout the frequency range. The antenna’s
performance highlights its potential for applications requiring high
frequency operation and larger bandwidth, particularly in V2X
communications where reliable and efficient signal transmission is
critical.

4. MRT Beamforming

MRT is a signal processing technique used to increase the
performance and reliability of data transmission. Maximal Ratio
Combining (MRC) is a traditional antenna diversity tech-
nique [18], where the signals from the multiple receive antennas
are weighted such that the signal-to-noise ratio (SNR) of their sum
is maximized in the absence of interference, or when interference
is treated as background noise. MRT is the dual of MRC [19] at
the transmitter side, i.e. the transmit antenna weights are matched
to channel fading. It is used to direct the transmission in specific
directions. This is done by adjusting the phase and amplitude
of the signals sent from multiple antennas, which can lead to
constructive interference in the desired direction and destructive
interference in others. MRT requires knowledge of the Channel
State Information (CSI) at the transmitter. The CSI represents the
channel properties between each transmitter and receiver antenna
pair. The MRT algorithm uses this information to adjust the phase
and amplitude of the transmitted signals to maximize the received
signal power [19].

The core idea of MRT is to align the transmitted signals from
multiple antennas so that they add constructively at the receiver. By
knowing the channel, the transmitter can apply complex weights to
the signal to compensate for the channel effects, thereby ensuring
that the signals combine coherently at the receiver. In our current
system one transmitter (TX) with 4 antennas and elements and
one receiver (RX) with a single antenna element is present. The
formulation of MRT weights for this case as shown below [20].

By concatenating K users, the channel matrix results in

H=[bhy... bglt €CEN 1)

Since the system employs single-antenna users, the received
signal for each user £ can be stacked in a single received vector.

y=Hx+z€CK’1 (2)
where z is the Additive White Gaussian noise (AWGN) at the
receiver.

In MRT, the transmitted signals are weighted versions of the
original signal s:

x=Ws€ch 3)
where s € C&1 and W € CNK are vector of user symbols and

precoder matrix respectively.
The precoder matrix can be written as:

W=lww.. wg]" (4)
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wy are the complex weights applied to the transmitted signal s. The
objective is to choose the weights. wx such that the received signal
is maximized. The optimal weights are chosen as

Vi (5)
wrg = —— S
ST

hz is the complex conjugate of the channel coefficient by .

15l = 4 IZ;*(II |hx|? is the norm of the channel vector.

This choice of weights maximizes the SNR at the receiver.
The received signal then becomes:

4
y= ZthK5+n (6)
K=1

Substituting Equation (5) into Equation (6)

4
1 .
=— E hrh;,
Y ||h|| ~ K /€j+n (7)

Since b sz = ||h]|? the received signal simplifies to:

1

2
y= s+ (®)

y=lblls+n ©)

This shows that the signal at the receiver is maximized by
a factor of ||b||, which is the norm of the channel vector, thus
maximizing the SNR at the receiver.

5. Power Distribution Across the Prediction Area

5.1. Without MRT at TX

Without an MRT precoder, the power distribution over a
5 m X 5 msquare area with 10 sample points at the 0.8 m pedestrian
hand height is simulated. The results are only acquired at three-
time intervals rather than eleven (as in the upcoming section)
seconds to reduce computation time. To examine the power distri-
butions, beginning, middle, and finishing time intervals — that
is, 0 seconds, 0.5 seconds, and 1 second — are taken. The power
distribution rectangle contour plots acquired and superimposed at
the corresponding pedestrians are displayed in Figures 6, 7, and 8.
These graphs give the power density over the region by determining
the power transmitted by the TX at each location.

5.2. With MRT at TX

The same procedure was performed when applying the MRT
precoder to the TX and observing the plots at these three intervals.
Evidently, when the MRT precoder is used, the plots exhibit a
higher power density. The highest power distribution for the three-
time slots has been observed compared to the scenario in which
MRT is not implemented.
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Figure 6.

Power distribution without the usage of an MRT precoder at TX
to every pedestrian at interval of 0 sec.

Figure 7.

Power distribution without the usage of an MRT precoder at TX
to every pedestrian at interval of 0.5 sec.

Figure 8.

Power distribution without the usage of an MRT precoder at TX
to every pedestrian at interval of one second.

6. Comparison of Received Power with and
Without MRT

Received power is determined at each pedestrian location before
and after the application of MRT at eleven time slots ranging
from 0 to 1 seconds to obtain an accurate measurement with
metrics.

Pedestrians 1 and 4 are subject to the MRT algorithm because
they face the TX, while pedestrians 2 and 3 are situated behind
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Figure 9.
Power distribution using an MRT precoder at TX to every pedes-

trian at a time interval of 0 seconds.
s~ ‘

Figure 10.

Power distribution using an MRT precoder at TX to every pedes-
trian at a time interval of 0.5 seconds.

Figure 11.

Power distribution using an MRT precoder at TX to every pedes-
trian at a time interval of 1 second.

the TX. By calculating the weights for each pedestrian individually
and placing them at the TX antenna, the MRT precoder maximizes
the signal transmission to both pedestrians. The simulated received
power comparison plots with and without MRT are displayed
below in Figures 12 and 13:

Table 2 compares the average received power at pedestrian
locations before and after MRT. It clearly shows that, following
the MRT application, the average received power for both pedes-
trians has increased to about 7 dB. MRT guarantees optimal signal
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Received Power at Pedestrian 1
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Figure 12.

Comparison of received power values with and without MRT at
Pedestrian 1.

Recewed Power at Pedestnan 4

7. Conclusion

Enhancing signal reception at the pedestrian level is critical for
improving the performance and reliability of wireless communi-
cation systems, particularly in urban environments where obsta-
cles and multipath effects can degrade signal quality. In an urban
V2X environment, this study compared the functionality of
MRT signal preprocessing applications at pedestrian crosswalks.
The received signal power and power distributions are evaluated
with and without MRT. According to this investigation, using
MRT has enhanced the signal power reception by an average
of 7 dB for pedestrians. And the maximum signal reception is
consistently seen across 1 second. Implementing MRT algorithms
further improves signal reception by optimizing the transmission
power distribution, focusing energy on the desired direction, and
enhancing overall signal strength and quality for pedestrians.
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Channel Modeling using Deep Neural

Network with RIS-powered Wireless

Communication Systems
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Abstract: This work deals with Reconfigurable Intelligent
Surfaces or (also known as Intelligent Reflecting Surfaces)
which provide an improvement of performance of wireless
communications by utilizing software-controlled meta-surfaces
for the reflected signals from the source to destination, especially
when the direct path is weak and hence improving the antenna
array.

The performance evaluation is done by one of the techniques
that utilizes the very high rates and/or large meta-surfaces to
outperform the classic method of decode and forward, both in
terms of the total transmit power and the energy efficiency. The
channel measurements used by classifying them as a function of
the frequency band, and usage of deployment scenarios such as
indoor/outdoor, and system configuration. So, the SG and beyond
which is 6G use several antennas including the algorithms to
make use of signal processing. This improves the antenna array
technology.

In the next steps, we work on machine learning-based
performance prediction using a deep neural network (DNN)
to evaluate the performance of the RIS-aided system in the
low-frequency range. This would provide a greater influence of
scatterers with a weaker signal attenuation allowing the neural
network to pick up a larger number of features, e.g. accurately
predicting the energy efficiency (EE), and outage probability (OP).

Keywords: LIS, RIS, 5G, 6G, millimter waves, FR2, Terahertz,
MIMO, neural networks.

1. On Reconfigurable Intelligent Surfaces

Reconfigurable Intelligent Surface (RIS) technology is a promising
way to improve the performance of wireless communication
systems. The RIS is a two-dimensional surface that can be built
using electromagnetic meta-materials. Such surfaces have a poten-
tial for the capacity improvement and coverage extension as a result
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of partial control of propagation environment, [4]. Also, “Large”
refers to the size of the intelligent surface and the large number
of passive elements it contains, while “reconfigurable” highlights
its key feature of being programmable to manipulate signals in
real-time. Thus, large intelligent surfaces (LIS) and reconfigurable
intelligent surfaces (RIS) are two terms for the same technology,
with “reconfigurable intelligent surfaces (RIS)” being the more
common and modern term.

One should note that for a MIMO channel with no RIS,
the throughput is determined by the channel matrix y=Hx. Each
element determines signal gain « & 4, the phase shifts to the RIS
elements, [1]. When one is working on beyond 5G, the advent
of electromagnetic components that can shape how they interact
with wireless signals enables partial control of the propagation.

2. Mathematical Theory of RIS and Machine
Learning Implementation

An RIS is a thin surface composed of N elements, each being a
small antenna that receives and passively re-radiates with a config-
urable time delay. For the narrowband signals, this delay corre-
sponds to a phase shift. Assuming the phase shifts are properly
adjusted, the scattered waves add constructively at the receiver.
This principle resembles traditional beamforming; each element
has a fixed radiation pattern, but the collection of phase shifts
determines where constructive interference among the scattered
waves occurs. RIS can be modified and is called LIS. In other words,
LIS can both generate and reflect electromagnetic waves, while RIS
is only used to reflect electromagnetic waves. For machine learning
simulations, RIS has been replaced by LIS.

We consider the scattering process with A4 User elements.
The signal received is y and may not be noise free at the multiple
R, antennas together with multiple transmit antennas as follows

y=(ROT+H)x+n 1)

where x = [x1, %2,..., 2,] T The noise is 7 == (N (0, &2)

It belongs to CNixl for the T, signal, and y is the R signal.

The matrix H corresponds to the direct connection between
Ty and Ry. R is the channel coefficient and the phase shifting is
written as below representing the diagonal RIS reflection matrix:

We consider the diagonal matrix @ from equation (2), that
describes the incident signal amplification and phase shift of the
each UC. By turning the phase shifts of UCs, the RIS induces
some phase between the reflected signals and make them interfere
either between the reflected signals and make them interfere either
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constructively so that the desired signal strength increases at the
receiver or destructively to mitigate the co-channel interference.
The matrix 7 corresponds to the direct connection between Ty
and Ry. R is the channel coefficient and the phase shifting is
written as below representing the diagonal RIS reflection matrix:

(0] :dzdg(alelﬁl,...,ﬁéMejﬂM) (2)

where each element determines the signal gain of «. The 8 represent
corresponding phase shifts to the UCs. One should note that for a
MIMO channel with no RIS, the throughput is determined by the
channel matrix y = Hx.

In its most simplest form, an RIS can be implemented
as a dynamic reflectarray, whose elements are omnidirectional
antennas with controllable termination that can be changed
dynamically to backscatter and phase shift the incident waveform.
A more elaborate implementation would be using a dynamically
tunable metasurface, a 2D planar form of metamaterials that has
been shown to possess great electromagnetic wave manipulation
capabilities. Relying on the metasurface implementation, an RIS
element can not only scatter and phase-shift the signal but can also
actas an anomalous mirror with a controllable reflection angle and
even polarization manipulation abilities.

Now we discuss the main formulas pertaining to the calcu-
lation of achievable rate and outage probability by using RIS and
machie learning method. There are two approaches from the liter-
ature to tackle the problem of optimizing the RIS configuration
with limited channel information. The first approach is to forgo
channel estimation altogether; instead, the optimization of the RIS
can be based on feedback from the receiver. This can be done using
a predefined codebook of beam directions; however, the size of the
codebook will be proportional to the number of elements.

3. Methods of Channel Modeling Together with
Deep Neural Network and RIS

In order to model propagation channels, we are looking for path
loss by using RIS-assisted wireless systems. The emitted signal from
the transmitter arrives at the receiver as a superposition of multiple
signals passing through the channel with RIS and clusters with a
controlled feedback link, see Figure 1(a).

The main idea is to consider the statistical properties of scat-
terers and clusters in the environment. This represents an RIS-
aided wireless communication system. We compare the results
by mainly using the software QuadriGa with SIMRIS in the
MATLAB environment. All these show, how one can model with
no limit on the number of antenna elements and a transition
between LOS and NLOS scenarios.

3.1. Main ltems for Channel Modeling

e LOS and NLOS estimation with scenarios, e.g. UMi (urban
microcell), RIS moving with respect to SNR & capacity versus
rate is used.

o For beyond 5G, the advent of electromagnetic components can
shape interaction with wireless signals along with partial control
of the channel propagation [1,4].

o The frequency range is FR2, 28 GHz covering 5G and 6G and
of a channel.
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(a) RIS-aided Wireless Communi-
cation System

(b) FR2, Teraherz band network
& RIS

(c) flowchart with DNN

Figure 1.

RIS-simulations.

o A reconfigurable intelligent surface (RIS) is a two-dimensional
surface of engineered material with properties not static.

e Input variables: Number of Users, Number of transmit
Antennas and Receiving antennas

o Number of RIS elements. In general 30 or 40.

o The downlink bandwidth will be greater than 28-30 GHz, and
channel bandwidth is Rayleigh fading

e The model is stationary, and is unsupervised, could be changed
to supervised.

o The Optimizer is designed in Matlab with deep learning using
the convolutional and deep neural network.

o Number of data symbols as input and the reflection matrix has

£={01}

In Figure 1(b), the RIS position xg s are varied, and the SNR
are measured for COS-UC, Q-UC and CST-UC. RIS is configured
by using the ON-OFF algorithm. The powers used are P, = 30,
dBm, and Py = -85, dBm, noise power. M = {256,400},
the UGCs, and operating frequency is 5.3 GHz. Figure 1(c) and
Figure 2(b) provide an idea of the deep neural network implemen-
tation. For the validation of CST-UC behaviour, a comparison
of free-space scenarios was done by using QRIS with CST-UC

and full-wave simulation in CST. It’s done by modeling half-wave
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Table 1.

Kumud S. Altmayer et al.

Root mean square (RMSE) and DNN performance

Epoch | Iteration | Time Elapsed | Minibatchl | Validationl | Minibatch2 | Validation2 | Base Learning
1 1 04 142.27 137.37 10120.57 9435.50 2.1e7°
4 50 53 5SS S7.43 1513.89 1655.40 2.1e7°
7 100 43 23.30 27.40 271.30 373.80 2.1

antenna in CST and then it’s imported into QRIS to make the
transmitter and receiver behaviour same in both cases.
The R, power is calculated as below:

_ 22P1,G1, (4, 61)GR, (P> ba)
¥ (47)2d%,

(3)

where A is the wavelength. Pr, is the transmitting power, G, and
GR, are radiation patterns of T and R, respectively. The (¢4, 97)
and (¢, 8,) are the angle of departure and angle of arrival. For the
validation, P;, = 1in Watts both in QRIS and CST. Please see the
Figure 2(a).
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Rates and neural network.

Vol.2 2

3.2. Simulation with Machine Learning and RIS

To train the network we create different scenarios by using different
number of RIS-elements and different number of transit and
receive antennas with different number of users, [6]. The phys-
ical environment is modeled such that the directions are uniform
randomly drawn from the interval [~z z]. The coefficient 8in the
diagonal matrix is chosen with permittivity approximately equal to
zero. The details of simulations are shown in Table 1.

4. Conclusion & Future Work

Usage of DNNs provides superior estimation accuracy, espe-
cially in complex channel conditions used here with typical of
millimeter-wave (mmWave) and terahertz (THz) frequencies. The
table above shows that the RMSE (Root Mean Square Error)
is improved with DNN. RIS approach is used for designing
and analyzing RIS-assisted systems, optimizing performance, and
understanding of the RIS affect on the overall wireless channel.
With no RIS or LIS implies the modeling of the wireless environ-
ment which has no additional, programmable element, and uses
the traditional channel models that consider only direct or reflected
paths between transmitters and receivers, and without the complex
phase-shifting and beamforming capabilities of the surface. In this
work only one receiver is used and it implies only one user. This
work can be extended for several users including obstacles.
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