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 Integrated sensing and communication is emerging as a core idea for next-generation 

wireless networks, especially in the 6G era. This work explores how array antennas can serve 

as a central enabler of this shift by supporting both high-capacity communication and precise 

environmental sensing through the same radio hardware. Unlike traditional systems that 

separate radar and communication functions, ISAC aims to combine them into a unified 

framework that improves spectral efficiency, reduces hardware complexity, and enables 

intelligent services such as vehicle perception, smart infrastructure monitoring, and industrial 

automation. Array antennas play a critical role by offering beam steering, spatial filtering, and 

adaptive transmission capabilities that allow the network to focus energy where it is needed most. The paper 

also discusses key design challenges, including beam management, waveform compatibility, interference 

control, calibration, and near-field effects in dense 6G deployments. In addition, it highlights how advanced 

signal processing and machine learning can enhance joint sensing and communication performance. Overall, 

the study presents array antenna-based ISAC as a practical and transformative pathway toward flexible, 

efficient, and context-aware 6G networks.  
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1. Introduction 

Integrated sensing and communication 
(ISAC) is becoming one of the most important 
concepts in the evolution of wireless systems 
because it combines two functions that were 
traditionally designed separately. Instead of 
using one network for data transmission and 
another for radar-style sensing, ISAC allows both 
tasks to operate together on shared spectrum, 
shared hardware, and shared signal resources. 
This approach is especially relevant for 6G, 
where networks are expected to do much more 
than connect devices [1].  

They will also need to support perception, 
localization, environmental awareness, and 
intelligent decision-making in real time. Array 
antennas are central to this transformation 
because they provide spatial control over 
transmitted and received signals, making it 
possible to direct energy, suppress interference, 
and detect objects or users with high precision. 
As a result, ISAC is not only a technical upgrade 
but also a shift toward smarter, more efficient 
wireless infrastructure [2]. 

 

1.1 Background and motivation 

The motivation for ISAC comes from the 
rapid growth of wireless applications that 
require both reliable communication and 
accurate sensing. In modern environments, 
systems are increasingly expected to know not 
only how to send information but also how to 
understand what is happening around them. For 
example, autonomous vehicles need 
communication links for coordination, but they 
also require sensing capabilities to detect 
obstacles, traffic patterns, and nearby motion 
[3]. 

 Similarly, smart factories, healthcare 
systems, and intelligent cities need networks 
that can monitor their surroundings while still 
delivering low-latency data transfer. Traditional 
wireless architectures are inefficient in this 
respect because sensing and communication are 
handled by separate platforms, which increases 
cost, hardware complexity, and spectrum usage. 
ISAC addresses these limitations by merging the 
two functions into a single framework. This 
makes the system more compact, more energy 
efficient, and more suitable for future intelligent 
services. The growing demand for context-aware 

connectivity is therefore the main force driving 
research in this area [4]. 

 

1.2 From 5G to 6G: the need for ISAC 

The transition from 5G to 6G is not simply 
about faster data rates; it is about creating a 
network that can sense, reason, and respond to 
the physical world. While 5G introduced 
enhanced mobile broadband, massive machine-
type communications, and ultra-reliable low-
latency services, 6G is expected to extend these 
capabilities by adding environmental awareness 
and digital intelligence. This is where ISAC 
becomes essential [5].  

Future 6G systems will support 
applications such as immersive extended reality, 
autonomous mobility, industrial robotics, and 
precision monitoring, all of which require the 
network to detect positions, movements, and 
object characteristics in addition to transmitting 
data. Using ISAC, the same radio signal can 
support communication and sensing 
simultaneously, which reduces redundancy and 
improves efficiency. It also helps networks 
operate in dense and dynamic scenarios where 
spectrum and hardware resources are limited. 
[6]. 

 

1.3 Role of array antennas in integrated 
sensing and communication 

Array antennas are fundamental to ISAC 
because they offer the spatial flexibility needed 
to combine sensing and communication within 
one system. By using multiple antenna elements, 
the transmitter and receiver can steer beams in 
selected directions, focus energy on intended 
users, and improve the ability to detect targets 
or reflectors in the environment. This directional 
control is particularly valuable in 6G, where 
millimetre-wave and sub-terahertz frequencies 
require highly precise beam management due to 
increased path loss and limited coverage [7].  

Array antennas also support adaptive 
beamforming, which allows the system to 
dynamically adjust its radiation pattern 
depending on whether the priority is data 
transfer, target detection, or both. In addition, 
arrays help suppress interference and improve 
spatial resolution, which are important for 
separating communication users from sensing 
targets in crowded environments. Their role is 
therefore not limited to signal transmission; they 
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function as the physical layer enabler that makes 
integrated sensing and communication practical, 
scalable, and efficient in future wireless 
networks [8]. 
 

2. Fundamentals of ISAC 

Integrated sensing and communication, or 
ISAC, is a framework in which wireless systems 
perform data transmission and environmental 
sensing together instead of as separate 
functions. This idea is important because future 
networks need to do more than carry 
information; they also need to detect objects, 
estimate positions, monitor motion, and 
understand the surrounding environment [9].  

ISAC makes this possible by using a 
common waveform, common antenna resources, 
and common signal-processing methods for both 
tasks. In practical terms, this means a network 
can support communication links while also 
acting like a sensing platform. The result is a 
more efficient use of spectrum, hardware, and 
energy. For 6G, this concept is especially 
valuable because it supports intelligent 
applications that require both connectivity and 
awareness in real time [10]. 

 

2.1 Concept of integrated sensing and 
communications 

The core concept of ISAC is to merge 
sensing and communication into one 
coordinated wireless framework. In 
conventional systems, communication focuses 
on delivering bits reliably, while sensing focuses 
on detecting range, velocity, angle, or motion of 
targets. ISAC combines these two objectives so 
that the same transmitted signal can carry user 
data and simultaneously illuminate the 
environment for sensing purposes [11].  

This dual function creates a more unified 
network architecture and reduces duplication of 
resources. It also opens the door to intelligent 
services such as autonomous driving, smart 
surveillance, industrial automation, and indoor 
localization. The main advantage is that the 
network becomes more versatile without 
requiring completely separate sensing 
equipment. However, achieving this integration 
requires careful waveform design, beam control, 
and receiver processing so that neither function 
significantly degrades the other [12]. 

 

2.2 Shared spectrum and shared hardware 
principles 

A major principle behind ISAC is the use of 
shared spectrum and shared hardware. Instead 
of allocating one frequency band for 
communication and another for sensing, ISAC 
systems try to operate both functions in the 
same spectral space. This improves spectral 
efficiency and reduces regulatory and 
deployment complexity. Shared hardware means 
that the same antennas, radio-frequency chains, 
and processing units can support both tasks, 
which lowers cost and size while improving 
integration [13].  

This principle is especially useful in 
compact 6G devices and dense network 
deployments, where space and power are 
limited. By reusing infrastructure, operators can 
build systems that are more economical and 
easier to scale. The challenge is to design 
hardware that can meet the demands of both 
high-data-rate transmission and accurate 
sensing without excessive interference or 
performance loss. Careful calibration and signal 
separation are therefore essential [14]. 

 

2.3 Sensing-communication trade-offs 

Although ISAC offers many benefits, it also 
introduces trade-offs between sensing and 
communication performance. A signal optimized 
for high-rate data transmission may not always 
be ideal for precise sensing, and a waveform 
designed for accurate target detection may 
reduce communication efficiency. For example, 
improving beam focus for one user can limit the 
spatial coverage needed for sensing. Similarly, 
allocating more power to communication can 
weaken sensing sensitivity, while prioritizing 
sensing may reduce user throughput [15].  

These trade-offs make system design more 
complex because both objectives must be 
balanced according to the application scenario. 
In some cases, communication may be the 
priority, while in others sensing accuracy may 
matter more. Effective ISAC systems therefore 
require adaptive optimization methods that can 
dynamically adjust waveform, power, and beam 
patterns. The goal is not to maximize one 
function alone, but to find the best joint 
performance for the intended use case [16]. 
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2.4 Key performance metrics for ISAC 
systems 

The performance of an ISAC system is 
measured using both communication and 
sensing metrics. On the communication side, 
important indicators include data rate, spectral 
efficiency, latency, reliability, and coverage. On 
the sensing side, key metrics include range 
accuracy, angle resolution, velocity estimation, 
detection probability, and false alarm rate. Since 
ISAC combines two functions, it is also important 
to evaluate how well the system balances them. 
Joint metrics often examine trade-off curves that 
show how sensing quality changes as 
communication performance improves, or vice 
versa [17].  

Another useful measure is energy 
efficiency, since ISAC aims to reduce the total 
power required for dual-function operation. In 
practical deployments, robustness to 
interference, mobility, and environmental clutter 
is also important. These metrics help 
researchers and engineers compare different 
ISAC designs and determine whether a system is 
suitable for applications such as vehicular 
networks, smart infrastructure, or industrial 
monitoring [18]. 
 

3. Array Antenna Basics 

Array antennas are a group of radiating 
elements arranged and fed in a controlled way 
so that their combined radiation pattern 
achieves a desired shape. In ISAC and 6G 
systems, arrays are essential because they help 
steer beams, improve coverage, increase gain, 
and support both sensing and communication 
from the same platform [19]. Their performance 
depends on element spacing, array geometry, 
excitation amplitudes, and phase differences 
across the elements. A properly designed array 
can concentrate energy in selected directions 
while reducing unwanted radiation in others, 
which is exactly what joint sensing and 
communication requires. The same principles 
also make it possible to estimate direction, track 
targets, and support high-frequency 6G links 
[20]. 

 

3.1 Antenna array configurations 

Antenna arrays can be arranged in several 
configurations, including linear arrays, planar 
arrays, circular arrays, and conformal arrays. A 

linear array places elements along one axis and 
is often used for simpler beam steering in a 
single plane. A planar array extends the concept 
to two dimensions, allowing control over both 
azimuth and elevation, which is very useful for 
6G base stations and sensing platforms [21]. In 
general, the total array factor for an 𝑁-element 
array can be written as 

                                            
𝐴𝐹(𝜃) = ∑ 𝑤𝑛

𝑁−1
𝑛=0 𝑒𝑗𝑛𝜓                                 (1) 

 

where 𝑤𝑛 is the excitation weight of the 𝑛-
th element and 𝜓 is the progressive phase term. 
For a uniform linear array with spacing 𝑑, the 
phase term is often 

 

  𝜓 = 𝑘𝑑cos⁡𝜃 + 𝛽                                                    (2)                         
 

where 𝑘 =
2𝜋

𝜆
 and 𝛽 is the applied phase 

shift [22]. This relationship shows how 
geometry and phase control determine the 
overall pattern. In ISAC, planar and massive 
MIMO arrays are especially valuable because 
they provide high spatial resolution and flexible 
beam shaping. 

 

3.2 Beamforming principles 

Beamforming is the process of controlling 
the relative amplitude and phase of antenna 
elements so that radiated energy is directed 
toward a desired angle. The main idea is to make 
waves from different elements add 
constructively in the intended direction and 
destructively elsewhere. For a steering 
vector a(𝜃) and weight vector w, the array 
response can be expressed as 

 

 ⁡𝑦(𝜃) = w𝐻a(𝜃)                                             (3) 
 

and the corresponding beam pattern is 
 

  𝑃(𝜃) =∣ w𝐻a(𝜃) ∣2                         (4) 
 

If the goal is to steer the beam toward 𝜃0, 
then the weights are often chosen to match the 
conjugate of the steering vector, such as 

w = a(𝜃0)   
 

This creates a strong main lobe in the 
desired direction [23]. In practice, beamforming 
may be fixed, phase-only, time-delay-based, or 
adaptive depending on the system requirement. 
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For ISAC, beamforming must often support both 
user connectivity and target sensing at the same 
time, so the weights may be jointly optimized for 
communication quality and sensing accuracy. 
 

3.3 Array gain, directivity, and sidelobe 
control 

Array gain describes how much the 
antenna array increases signal strength in a 
chosen direction compared with a single 
element. Directivity measures how concentrated 
the radiation is in one direction relative to the 
average radiated power. A common expression 
for directivity is 

 

𝐷 =
4𝜋𝑈max

𝑃rad
                                                               (5) 

 

where 𝑈max is the maximum radiation 
intensity and 𝑃rad is the total radiated power 
[24]. If antenna losses are included, the realized 
gain can be written as 

𝐺 = 𝜂𝐷 
 

where 𝜂 is the radiation efficiency [25]. 
Sidelobes are the smaller unwanted lobes 

outside the main beam, and they matter because 
they can cause interference, reduce sensing 
accuracy, and leak energy into undesired 
directions. One way to reduce sidelobes is 
amplitude tapering, where the outer elements 
are weighted less than the center elements. This 
usually reduces sidelobes but can also widen the 
main beam and slightly reduce directivity. In 
ISAC, sidelobe control is important because it 
improves both link reliability and target 
discrimination [26]. 

 

3.4 Wideband and multi-band array 
operation 

Wideband and multi-band operation is 
important in 6G because different services may 
use different frequency ranges, including sub-6 

GHz, millimetre-wave, and possibly sub-THz 
bands. A wideband array must maintain beam 

stability across a large frequency range, but this 
is difficult because the beam angle can vary with 
frequency, a phenomenon known as beam squint 
[27]. For a phase-shift array, the steering angle 
may change as frequency changes, which can 
reduce performance at the band edges. Time-
delay beamforming helps reduce this problem 
because it applies true delays instead of only 
phase shifts. The ideal delay for steering 
toward 𝜃0 is 

 

𝜏𝑛 =
𝑛𝑑cos⁡𝜃0

𝑐
                                            (6) 

 

where 𝑐 is the speed of light. For multi-
band arrays, the design must also ensure that 
the same physical structure can work efficiently 
across separated frequency bands [28]. This is 
often achieved using broadband elements, 
reconfigurable feeds, or hybrid analogue-digital 
architectures. In ISAC, wideband and multi-band 
arrays are especially useful because they 
support high-resolution sensing as well as 
flexible high-capacity communications. 
 

4. ISAC-Enabled Antenna Architectures 

ISAC-enabled antenna architectures are 
designed to support sensing and communication 
through a single physical platform. These 
architectures go beyond conventional antenna 
designs by introducing flexibility in radiation 
pattern control, polarization, beam steering, and 
spatial resolution, which are all crucial for 6G 
systems [29]. The main idea is to exploit 
additional degrees of freedom so the antenna 
structure can serve multiple roles without 
requiring separate sensing and communication 
hardware. This is particularly useful in dense 
and dynamic environments where compactness, 
efficiency, and adaptability are essential. In ISAC, 
the antenna architecture is not just a front-end 
component; it becomes a core part of the system 
intelligence [30]. 
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Figure 1. ISAC-Enabled Antenna Architectures 

 
4.1 Dual-function antenna arrays 

Dual-function antenna arrays are built to 
transmit communication signals while 
simultaneously supporting sensing tasks such as 
target detection, localization, and tracking. 
These arrays often use shared aperture designs 
so that the same physical elements contribute to 
both functions. A common way to model the 
transmitted signal is 

 

   x(𝑡) = w𝑐𝑠𝑐(𝑡) + w𝑠𝑠𝑠(𝑡)                   (7) 
 

where 𝑠𝑐(𝑡) is the communication 
signal, 𝑠𝑠(𝑡) is the sensing signal, 
and w𝑐 and w𝑠 are the corresponding 
beamforming weights [31]. This allows one 
antenna system to serve two objectives at once. 
In practical ISAC platforms, the challenge is to 
ensure that the sensing waveform does not 
disturb communication quality and that the 
communication waveform still provides enough 
structure for accurate sensing. Recent research 
shows that dual-functional arrays can be 
designed with beam-scanning or quasi-uniform 
radiation properties to support both user 
coverage and sensing accuracy. Their appeal lies 
in compactness, spectrum reuse, and reduced 
hardware duplication [32]. 
 

4.2 MIMO and massive MIMO for ISAC 

Multiple-input multiple-output, or MIMO, is 
one of the most powerful techniques for ISAC 
because it creates spatial diversity and enables 
fine control over transmitted and received 

signals. In MIMO-based ISAC, different antennas 
can be used to form beams, suppress 
interference, and estimate direction or range 
with high precision. Massive MIMO extends this 
idea by using a very large number of elements, 
which increases spatial resolution and makes 
joint sensing and communication more effective 
in high-frequency 6G settings [33]. The received 
signal in a MIMO system is often represented as 

y = Hx + n 

where H is the channel matrix, x is the 
transmitted vector, and n is noise. For ISAC, the 
same spatial structure helps both channel 
estimation and target sensing. Massive MIMO is 
especially important because it provides narrow 
beams, strong array gain, and support for multi-
user operation, all of which are valuable for 
next-generation integrated networks. It also 
enables joint optimization across many 
antennas, which improves robustness in 
complex environments [34]. 
 

4.3 Reconfigurable and adaptive arrays 

Reconfigurable and adaptive arrays are 
designed to change their radiation behaviour 
depending on the environment or service 
requirement. These arrays can modify phase, 
amplitude, polarization, or even the effective 
geometry of the antenna elements. In ISAC, this 
adaptability is valuable because sensing and 
communication conditions may change rapidly, 
especially in mobile or cluttered scenes. Recent 
studies show that reconfigurable pixel antennas 
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and compound reconfigurable arrays can exploit 
electromagnetic-domain degrees of freedom to 
improve sensing rate, communication security, 
and overall system efficiency. An adaptive array 
may optimize its weight vector as 

 

  w∗ = arg⁡max⁡
w

  𝛼𝑅𝑐 + (1 − 𝛼)𝑅𝑠                (8) 

where 𝑅𝑐 is communication 
performance, 𝑅𝑠 is sensing performance, 
and 𝛼 balances the two objectives. This kind of 
framework allows the antenna to respond 
dynamically to changing priorities. Such designs 
are highly promising for future 6G networks 
because they combine flexibility, compactness, 
and performance optimization [35]. 
 

4.4 Antenna-in-package and antenna-on-chip 
solutions 

Antenna-in-package and antenna-on-chip 
solutions are important for miniaturized ISAC 
hardware, especially at millimeter-wave and 
sub-THz frequencies. Antenna-in-package 
integrates the antenna with the packaging layer, 
which reduces interconnect losses and improves 
compactness. Antenna-on-chip places the 
antenna directly on the semiconductor chip, 
enabling highly integrated transceiver designs 
for short-range and highly dense applications. 
These solutions are attractive for 6G because 
they support small form factors, low latency, and 
high-frequency operation [36]. 

 However, they also face challenges such as 
thermal management, fabrication tolerance, 
mutual coupling, and efficiency loss. In ISAC, the 
integration must be carefully engineered so that 
both communication and sensing functions 
remain reliable. This is particularly challenging 
when the antenna must support wideband or 
multi-band operation in a compact module. 
Despite these issues, such integration strategies 
are widely viewed as key enablers for future 
wearable devices, embedded sensors, 
automotive units, and compact base stations 
[37]. 
 
5. Beamforming and Spatial Sensing 

Beamforming and spatial sensing are 
central to ISAC because they allow the same 
antenna array to deliver communication signals 
and extract environmental information at the 
same time. The main idea is to shape the 

radiation pattern so energy is sent where it is 
needed and received from the directions that 
matter most. In 6G systems, this is especially 
important because dense deployments, high 
frequencies, and mobility make fixed coverage 
patterns inefficient [38].  

Beamforming improves link quality by 
increasing signal strength in desired directions, 
while spatial sensing uses the same array 
structure to detect angles, movements, and 
target locations. Together, these capabilities 
make the antenna array an active part of the 
sensing and communication process rather than 
a passive front-end component [39]. 

 

5.1 Spatial filtering for communication and 
sensing 

Spatial filtering refers to the ability of an 
antenna array to emphasize signals from some 
directions while suppressing others. In 
communication, this helps the system focus 
energy on an intended user and reduce 
interference from neighbouring users or 
unwanted reflections. In sensing, spatial filtering 
helps isolate echoes from a particular object or 
region while rejecting clutter from the 
background. Mathematically, this is often 
represented through the beam response 

 

𝑃(𝜃) =∣ w𝐻a(𝜃) ∣2            (9) 
                      

where w is the beamforming vector and 
a(𝜃)is the steering vector for direction 𝜃. A 
strong response at the desired angle and low 
response elsewhere indicates effective spatial 
filtering [40].  

In ISAC, this property is especially useful 
because it allows one array to communicate with 
a user and sense the surrounding environment 
using different spatial views. Good spatial 
filtering improves both reliability and sensing 
clarity, particularly in crowded or reflective 
environments [41]. 

 

5.2 Direction-of-arrival estimation 

Direction-of-arrival, or DoA, estimation is 
the process of determining the angle from which 
a received signal arrives at the antenna array. 
This is one of the most important sensing 
functions in ISAC because it supports 
localization, tracking, and object detection. 
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Arrays estimate DoA by comparing the phase 
differences across multiple elements, since 
signals reaching different antennas arrive with 
slightly different delays [42]. For a uniform 
linear array, the steering vector is often written 
as 

                                      

a(𝜃) = [1, 𝑒𝑗𝑘𝑑sin⁡𝜃, 𝑒𝑗2𝑘𝑑sin⁡𝜃, … , 𝑒𝑗(𝑁−1)𝑘𝑑sin⁡𝜃]
𝑇

 (10) 
 

where 𝑘 =
2𝜋

𝜆
. By matching the received 

signal against possible steering vectors, the 
system can identify the most likely arrival angle. 
Methods such as Bartlett, Capon, MUSIC, and 
ESPRIT are commonly used in array processing 
because they provide different trade-offs 
between complexity and accuracy. In ISAC, 
accurate DoA estimation is valuable not only for 
sensing targets but also for improving beam 
alignment in communication links [43]. 
 

5.3 Beam scanning and beam tracking 

Beam scanning is the process of sweeping 
an antenna beam across multiple directions to 
search for a user, object, or target. It is often 
used when the system does not yet know the 
exact location of the receiver or sensing target. 
Beam tracking is the next step, where the beam 
is continually updated to follow a moving user or 
object. These functions are particularly 
important in 6G because high-frequency links 
have narrow beams and are sensitive to 
blockage and motion. A basic steering rule can 
be expressed as 

 

𝜓 = 𝑘𝑑sin⁡𝜃0 + 𝛽                          (11) 
 

where 𝜃0is the desired steering direction 
[44]. 

 By adjusting the phase shift 𝛽, the array 
can redirect its main lobe. In practice, scanning 
and tracking often use feedback from received 
signal quality, sensing observations, or motion 
prediction. For ISAC systems, beam scanning 
helps discover both communication users and 
sensing targets, while beam tracking keeps the 
link and sensing estimate stable over time. This 
dynamic capability is essential for vehicular 
networks, drones, and mobile robotics [45]. 

 

 

 

5.4 Joint transmit-receive beamforming 

Joint transmit-receive beamforming is a 
coordinated strategy in which both the 
transmitter and receiver are designed together 
to optimize sensing and communication 
performance. Instead of treating transmission 
and reception as separate problems, the system 
chooses weights on both sides to improve signal 
quality, reduce interference, and enhance target 
detection. A common formulation is to optimize 
a weighted objective such as 

 

max⁡
𝐰𝑡,𝐰𝑟

  𝛼𝑅𝑐 + (1 − 𝛼)𝑅𝑠                                            (12)     

                       
where 𝑅𝑐is communication performance, 

𝑅𝑠is sensing performance, and 𝛼balances the two 
goals [46].  

This approach is powerful because the 
transmit beam can be shaped to illuminate a 
target or user, while the receive beam can be 
shaped to extract the most useful echoes or data 
streams. In ISAC, joint beamforming is especially 
useful in multi-user and multi-target scenarios 
because it allows the network to manage several 
objectives at once. The main challenge is to find 
weights that satisfy both tasks without causing 
excessive complexity or delay [47]. 
 
6. Waveform and Signal Design 

Waveform and signal design is a core part 
of ISAC because the transmitted signal must 
support both reliable communication and 
accurate sensing. In traditional systems, 
communication waveforms are optimized 
mainly for throughput and robustness, while 
radar waveforms are optimized for range, 
velocity, and target resolution. ISAC requires a 
compromise or a joint design that can serve both 
purposes effectively [48].  

This makes waveform design one of the 
most technically important areas in 6G 
integrated systems. The chosen waveform 
affects spectrum efficiency, sensing accuracy, 
beam compatibility, interference behaviour, and 
hardware complexity. In practice, a good ISAC 
waveform should be flexible enough to carry 
data while still retaining enough structure for 
estimation and detection [49]. 
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6.1 Joint communication and radar 
waveforms 

Joint communication and radar waveforms 
are designed so that a single transmitted signal 
can carry information and also support sensing 
functions such as range and Doppler estimation. 
The key idea is to embed communication 
symbols into a radar-friendly structure, or to 
adapt radar pulses so they can transport digital 
data. A general transmitted signal may be 
written as 

 

𝑥(𝑡) = ∑ 𝑠𝑛𝑛 𝑝(𝑡 − 𝑛𝑇)                               (13) 
 

where 𝑠𝑛is the symbol sequence and 
𝑝(𝑡)is the pulse shape. For sensing, the 
waveform must preserve timing, bandwidth, and 
correlation properties, while for communication 
it must support modulation and decoding. The 
challenge is that radar usually prefers 
deterministic or highly structured signals, while 
communication prefers randomness and high 
spectral efficiency. Joint waveforms try to bridge 
this gap by balancing both requirements. In 
ISAC, such waveforms reduce redundancy 
because the same signal performs two functions 
at once. This makes them very attractive for 
compact and efficient 6G systems [50]. 
 

6.2 OFDM-based ISAC waveforms 

Orthogonal frequency division 
multiplexing, or OFDM, is one of the most widely 
studied waveform families for ISAC because it is 
already used in modern communication systems 
and can also support sensing. In OFDM, the 
transmitted signal can be expressed as 

                                                    
𝑥(𝑡) = ∑ 𝑋𝑘

𝐾−1
𝑘=0 𝑒𝑗2𝜋𝑓𝑘𝑡 , 0 ≤ 𝑡 < 𝑇                 (14) 

 

where 𝑋𝑘is the data symbol on subcarrier 
𝑘. OFDM is attractive because it naturally 
provides frequency diversity, flexible resource 
allocation, and compatibility with existing 
wireless standards. For sensing, the phase and 
amplitude structure across subcarriers can be 
used to estimate range and velocity [51]. 

However, OFDM also has limitations, 
including high peak-to-average power ratio and 
sensitivity to Doppler spread. In fast-moving 
scenarios, these effects can reduce sensing and 
communication performance. Even so, OFDM 

remains a strong candidate for ISAC because it 
offers a practical path toward joint functionality 
with minimal changes to existing architectures. 
Its flexibility makes it especially suitable for 6G 
systems with multi-service demands [52]. 

 

6.3 Pulse design and ambiguity control 
Pulse design is critical in ISAC because the 

waveform must be able to resolve targets in 
range and velocity while still carrying 
communication information. A major concept 
here is the ambiguity function, which describes 
how well a waveform can distinguish between 
different delays and Doppler shifts. The 
ambiguity function is often written as 

 

  𝜒(𝜏, 𝜈) = ∫ 𝑥(𝑡)𝑥∗(𝑡 − 𝜏)𝑒−𝑗2𝜋𝜈𝑡𝑑𝑡             (15) 
 

where 𝜏is delay and 𝜈is Doppler 
frequency. A good sensing waveform usually has 
a sharp main peak and low sidelobes, which 
helps reduce confusion between targets and 
suppress false detections [53]. 
  In communication, pulse shape also 
affects inter-symbol interference, bandwidth 
occupancy, and receiver complexity. Therefore, 
pulse design in ISAC must control ambiguity 
while maintaining data quality. Techniques such 
as pulse compression, sidelobe shaping, and 
multi-carrier pulse construction are often used 
to improve performance. The goal is to create a 
waveform that is informative for sensing but still 
efficient for communication [54]. 
 

6.4 Resource allocation for sensing and 
communication 

Resource allocation in ISAC refers to how 
power, bandwidth, time, and spatial resources 
are divided between sensing and communication 
tasks. Since both functions use the same 
hardware and spectrum, the system must decide 
how much should go to each objective at a given 
moment. This can be formulated as an 
optimization problem such as 

    max⁡
𝐩,𝐛

  𝛼𝑅𝑐 + (1 − 𝛼)𝑅𝑠  

subject to total power and bandwidth 
constraints, where 𝑅𝑐is communication rate and 
𝑅𝑠is sensing performance [55]. 

 The parameter 𝛼determines the priority 
between the two. In some applications, like 
vehicle safety, sensing may be more important, 
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while in others, like video streaming, 
communication may dominate. Resource 
allocation can also be dynamic, allowing the 
system to adapt based on user mobility, channel 
quality, or sensing urgency. This flexibility is one 
of the main advantages of ISAC because it 
enables the network to respond intelligently to 
changing conditions. Effective allocation 
strategies are therefore essential for practical 6G 
deployment [56]. 
 

7. Channel Propagation and Environment 
Modelling 

Channel propagation and environment 
modelling are essential in ISAC because sensing 
and communication both depend on how radio 
waves travel through space, reflect from objects, 
and interact with the surrounding environment. 
Unlike idealized textbook channels, real 6G 
deployments are affected by reflections, 
diffraction, scattering, blockage, and mobility, all 
of which influence both link quality and sensing 
accuracy [57]. 

 In ISAC, the channel is not just a medium 
for data transfer it also contains information 
about the environment itself. This means that 
propagation models must capture both 
communication performance and sensing 
observables such as target position, motion, and 
reflectivity. Accurate modelling is therefore a 
foundation for array design, waveform selection, 
beam management, and system optimization 
[58]. 

 

7.1 Radio propagation for ISAC 

Radio propagation in ISAC describes how 
transmitted signals move through the 
environment and return useful information 
about both users and objects. At a basic level, 
propagation determines path loss, delay spread, 
angle spread, and Doppler shift, all of which 
affect system performance. In free space, 
received power is often approximated by the 
Friis relation 

 

𝑃𝑟 = 𝑃𝑡𝐺𝑡𝐺𝑟 (
𝜆

4𝜋𝑅
)
2
                                                  (16) 

 
 where 𝑃𝑡is transmit power, 𝐺𝑡and 𝐺𝑟are 
antenna gains, 𝜆is wavelength, and 𝑅is distance. 
In ISAC, propagation is more complex because 

reflected paths are also valuable for sensing 
[59]. Each path may carry information about a 
target or scatterer, so the channel becomes both 
a communication link and a sensing source. This 
dual role makes propagation modeling 
particularly important for mmWave and sub-
THz bands, where directionality and blockage 
dominate behavior. As a result, accurate 
propagation analysis helps the system predict 
where signals go and what they reveal [60]. 
 

7.2 Near-field and far-field effects 

The near-field and far-field distinction is 
especially important for large antenna arrays in 
6G. In the far field, wavefronts are 
approximately planar, and the steering vector 
depends mainly on angle. In the near field, 
however, the wavefront is spherical, so both 
angle and range influence the received phase. A 
common boundary for the far-field region is the 
Fraunhofer distance 

   𝑅𝐹 =
2𝐷2

𝜆
 

where 𝐷is the largest array dimension. 
When the target or user is closer than this 
distance, near-field effects must be considered 
[61]. This matters in ISAC because large arrays 
and high frequencies can make many practical 
targets fall into the near-field region. Near-field 
operation can actually improve sensing because 
it provides additional spatial structure for range 
estimation, but it also complicates beamforming 
and channel estimation. Far-field models remain 
useful for simpler cases, but future 6G systems 
must increasingly account for near-field 
behaviour to support accurate localization and 
high-resolution sensing [62]. 
 

7.3 Multipath, blockage, and clutter 
modelling 

Multipath occurs when radio signals reach 
the receiver through multiple reflected or 
scattered paths. In communication, multipath 
can cause fading and interference, but in ISAC it 
also provides valuable sensing information 
about the environment. Blockage happens when 
a direct path is obstructed by buildings, vehicles, 
people, or other objects, which is especially 
common at higher frequencies [63]. Clutter 
refers to unwanted reflections from surrounding 
surfaces that can mask the desired target echo. A 
simplified channel model may be written as 
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ℎ(𝑡) = ∑ 𝛼𝑙
𝐿
𝑙=1 𝛿(𝑡 − 𝜏𝑙)𝑒

𝑗2𝜋𝑓𝐷,𝑙𝑡 (17) 
 
 where 𝛼𝑙 , 𝜏𝑙 , and 𝑓𝐷,𝑙are the gain, delay, 
and Doppler shift of the 𝑙-th path. This 
representation shows that the channel contains 
multiple delayed and shifted replicas of the 
transmitted signal. In ISAC, the challenge is to 
separate useful target returns from clutter and 
unwanted multipath. Good models must 
therefore represent geometry, material 
properties, mobility, and temporal variation. 
This is especially important in urban, vehicular, 
and indoor environments where reflections are 
rich and dynamic [64]. 
 

7.4 Channel sounding and measurement 
methods 

Channel sounding is the process of probing 
the wireless channel to measure how signals 
propagate in a real environment. In ISAC, 
sounding is important because it helps estimate 
channel impulse response, delay spread, angular 
structure, Doppler behaviour, and target 
signatures. Measurement methods often use 
known pilot signals, wideband test waveforms, 
or specialized probing sequences that are sent 
through the channel and analysed at the 
receiver.  

The measured response can be used to 
build empirical models and validate theoretical 
designs. In sensing-oriented setups, sounding 
may also reveal object motion, reflection 
strength, and spatial geometry. Practical 
measurement campaigns are usually performed 
with calibrated antennas, controlled motion 
platforms, and synchronized transceivers to 
ensure reliable results. These measurements are 
essential because simulation alone cannot 
capture all real-world effects such as material 
losses, non-line-of-sight propagation, and 
dynamic blockage. For ISAC, channel sounding 
provides the evidence needed to design realistic 
6G systems that work in practical environments 
[65]. 

 

8. Conclusion 

Integrated Sensing and Communication 
(ISAC) with array antennas represents a 
paradigm shift toward unified wireless 
infrastructures that simultaneously enable 

high-precision sensing and high-rate 
communication, unlocking transformative 
applications in autonomous driving, smart cities, 
industrial automation, and contactless health 
monitoring. By leveraging scalable array designs, 
near-field channel models, AI-driven learning for 
beam management and channel prediction, and 
cooperative network architectures, ISAC lays the 
foundation for 6G-native, environment-aware 
networks that can adaptively optimize sensing 
and communication performance across diverse 
scenarios. Standardization efforts in 3GPP, ETSI, 
and ITU, along with emerging research on 
interoperability, protocol support, and joint 
optimization, are paving the way for practical, 
large-scale deployments, while open directions 
in scalable hardware, near-field sensing, and 
privacy- aware, federated sensing frameworks 
will continue to push the boundaries of what 
ISAC can achieve in future wireless systems. 
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