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ABSTRACT Nowadays the modern progress in wireless communication technologies is motivating the
mutual integration of heterogeneous services, in particular enabling resource and hardware-saving in
platform deployment. In this perspective, Integrated Sensing and Communications (ISAC) is emerging as one
of the most promising areas of research, especially for sensing technologies that are not originally designed
for communication purposes, such as radar and Synthetic Aperture Radar (SAR). Current approaches
leverage code modulation techniques through specific ground targets, which enable communication
integration within SARs without requiring hardware modification. Besides, code transparency reduces the
contribution of the target with low additive interference into the final SAR images. However, ISAC testing in
real SAR systems poses numerous challenges. This paper introduces a novel testing framework that enables
comprehensive evaluation of ISAC functionalities without the operational constraints of real-time tests.
The framework provides flexibility across SAR platforms, operational parameters, and acquisition modes,
ensuring practical, scalable, and cost-effective validation of communication embedding in SAR systems.
To validate the proposed testing framework, real raw data from the ESA Sentinel-1 constellation have been
employed to emulate ISAC target behaviour, demonstrating the effectiveness of the framework.

INDEX TERMS Integrated sensing and communication (ISAC), synthetic aperture radar (SAR), testing
framework, backscattering communications, communication embedding.

I. INTRODUCTION
The rapid evolution of wireless communications technologies
is driving significant changes in the way we use communi-

due to their ability to gather information about environments
and phenomena, which is crucial for automation and situ-
ational awareness purposes. Remote sensing, in particular,

cation and sensing systems. Modern mobile networks, such
as 5G and forthcoming 6G, exhibit impressive performance
that enable a plethora of new services and applications.
Simultaneously, sensing techniques are increasing popularity
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has consolidated its role as an essential tool across various
domains, including geology, meteorology, geophysics, mili-
tary, humanitarian, and commercial applications.

The demands of emerging services are placing more
challenging requirements on both communication and sens-
ing technologies, including increased capacity, enhanced
performance, resilience, reduced complexity, and energy
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efficiency. Communication and sensing systems have been
traditionally developed independently, relying on different
hardware technologies and separated spectral resources.
However, recent efforts have focused on the integration of
these technologies to improve efficiency, and boost overall
system capabilities. These motivations [1], [2] paved the
way for Integrated Sensing and Communication (ISAC),
that has emerged as an attractive solution in both research
activities and industrial development. ISAC is set to play a
significant role in next-generation networks like 6G [3] by
enhancing features such as location awareness and move-
ment detection, thereby boosting efficiency and capacity.
Following the International Telecommunication Union (ITU)
report towards 2030 [4], communication systems can support
sensing services at radio level through the concept of
“network as a sensor”’. On the other side, communication can
benefit from sensing techniques allowing the network to be
cognitive about the surrounding area.

The growing interest in ISAC has resulted in increasing
integration between communication and sensing services.
For radar-based sensing applications and their derived
technologies like Synthetic Aperture Radar (SAR), ISAC
represents a near-term evolution due to the abundance of
contexts wherein SARs are deployed and exploited. While a
typical radar extracts information about a target transmitting
a frequency-modulated signal (i.e., chirp), SAR leverages a
large synthetic antenna aperture through the radar movement
to perform daylight and weather independent acquisition of
high-resolution images [5]. Various SAR acquisition tech-
niques, such as stripmap, ScanSAR, spotlight, and TOPSAR,
have been developed to improve critical aspects like image
resolution and coverage area, where each technique employs
different antenna and beam strategies to achieve specific
trade-offs [5], [6], [7], [8].

Referring to the satellite scenario, SAR systems are often
supported by ground targets for tasks such as radiomet-
ric calibration to correct functional parameters, geometric
calibration to map the final pixels into specific locations,
or high-level operations like geopositioning to monitor
certain phenomena [9]. Corner Reflectors (CRs) are the
most used targets due to their ability to backscatter the
SAR signals with a Radar Cross-Section (RCS) higher than
the surrounding environment, highlighting their position.
In general, CRs are classified as passive (i.e., made by metal
plate without power sources) or active, but recently a novel
category of active CRs has been defined leveraging Software
Defined Radio (SDR) technology, which enables the same
features of classic CRs in addition to the advantages of digital
signal processing [10].

Ground targets represent a valuable approach to integrate
communication within a technology not originally aimed
at this purpose. In fact, they provide a promising path to
implement ISAC functionalities without requiring modifica-
tions in traditional SAR operations. Specific ground targets
can be designed to reflect SAR signals while embedding
communication through code modulation techniques [11],
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enabling joint sensing and communication tasks. Trans-
parency represent a key aspect, allowing for the integration
of embedded communication links without affecting the
primary sensing capabilities of the SAR system. This
integration provides additional information about targets and
their environments, enhancing remote sensing capabilities
without requiring dedicated sensors across the SAR coverage
area. Moreover, the proposed setup facilitates an additive
type of intermediate ground-satellite uplink, allowing for
small-scale information exchange alongside the standard data
transfer processes.

Nevertheless, verifying the ground target capabilities in
real-world scenarios poses several challenges, such as the
complexity of SAR acquisition, the strict timing requirements
related to satellite orbits, and the regulatory constraints
on signal emissions in licensed frequency bands. These
challenges motivate the need for a flexible and scalable
testing approach that can emulate real conditions without
relying on real-time experiments. For this reason, this work
presents a novel framework to test the joint sensing and
communication functionality regardless the specific SAR
technology. This framework can be adapted to various
SAR platforms already on air, independently of operational
parameters such as carrier frequency, bandwidth, acquisition
mode, or SAR type (e.g., satellite, airborne). By utilizing
real data acquired from SAR satellites, it allows for realistic
emulation of targets and validation of joint sensing and
communication functionality in realistic scenarios, ensuring
continuity of traditional SAR operations without additive
interference. The proposed framework plays a crucial role
in validating the integration of communication in SAR
systems, enabling the evaluation of the data transmission
while ensuring transparency with respect to traditional SAR
functionalities.

The rest of the paper is organized as follows: Section II
provides an overview of the joint communication and sensing
state of the art, followed by an accurate literature overview
on radar and SAR communication integration. In Section III,
we describe the functionality of the target used to embed
the communication link in SAR technology and outline
the system model considered in this work. Section IV
introduces the proposed testing framework as well as the key
assumptions. Section V presents and discusses the results
obtained using real data obtained from on-air SAR satellites.
Finally, Section VI provides concluding remarks on the
activity and the description of future directions.

Il. JOINT RADAR AND COMMUNICATION
TECHNOLOGIES: TRENDS AND OPPORTUNITIES

ISAC has emerged as a key paradigm that includes a
variety of systems, along with their set of applications
and services. These includes mobile networks, indoor
systems, Vehicle-To-Everything (V2X) communication, and
radar-based remote sensing applications such as indoor
localization and activity recognition [2], [12]. Following
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Communication and Radar Spectrum Sharing (CRSS) [17]
Classification in primary and secondary services
| Radar-Communication Coexistence (RCC) [171,018]
Interference mitigation, non-cooperative
L. Dual-Function Radar-Communication (DFRC) [22]-[24] [34],[39],[40]
Cooperative, resources and information sharing
Radar-Communications or RadCom [25],[26]
Single hardware for both services
Joint Communication and Radar (JCR) [161,[27] [41]
Communication-centric joint approach
Joint Radar and Communication (JRC) [28],[29] [35]-[38]
Radar-centric joint approach
Joint Communication And radar Sensing (JCAS) [30]1,[32],[33] [40]
Ad hoc development, shared framework for waveform design

FIGURE 1. Summary of known radar & communication definitions, joint SAR&communication, and ITU-R classification [4]. Bibliographic references are

mapped in the classification items.

ITU-R [4], joint communication and sensing systems are
classified into three levels of integration:

o Coexistence: Communication and sensing operate as
distinct technologies, each with physically separated
hardware. They share the same spectral resources and
employ interference mitigation techniques.

« Cooperation: Separate hardware for both technologies,
exchanging information to minimize cross-interference
and enhance the overall system performance.

o Co-design: Fully integrated systems that share infor-
mation and utilize common frameworks for waveform
design, offering native support for both functionalities.

Co-design represents the core level of ISAC paradigm, and
different stages of ISAC development can be observed in
practical implementations. In this sense, in autonomous
vehicles and V2X connectivity, sensing techniques for detect-
ing objects and pedestrians are integrated into low-latency
communications, which helps prevent critical events and
reduce traffic congestion [13]. Another emerging approach is
the integration of sensing capabilities into cellular networks,
enabling ‘“‘sensing as a service” applications. In this case,
the base stations are not used just for connectivity but also
to sense the environment, providing valuable information
such as the speed and position of multiple targets in
urban environments with cars and pedestrians [14]. Remote
sensing and geoscience represent another field where ISAC
is emerging as a solution to integrate communication, with
communication embedding as an interesting solution for the
integration of low-throughput communications [11].

A. INTEGRATING RADAR AND COMMUNICATION:

A STATE OF THE ART

Regarding radar technologies, ISAC is often employed to
describe the integration from a generic point of view,
and different names and acronyms have been defined in
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the literature. The integration of radar and communica-
tion systems has been extensively explored over the past
decades [15], while today is well investigated by the
research community and is still under analysis. Several
definitions have been presented in literature, each one with
different purposes and levels of combination [16]. A first
classification is Communication and Radar Spectrum Sharing
(CRSS) [17], which includes two type of integration: Radar-
Communication Coexistence (RCC) and the Dual-Function
Radar-Communication (DFRC).

In RCC, the focus is on the coexistence of radar and
communication services that share the same resources
(e.g., frequency, hardware, RF elements) while employing
cross-technology interference mitigation techniques without
losses in terms of performance [17], [18]. A common
approach is the opportunistic spectrum access, where radar is
considered the primary service and communication the sec-
ondary that exploits embedding techniques. As a result, RCC
is generally classified as non-cooperative, while DFRC is
considered cooperative, either where communication serves
as the primary function facilitating sensing [19], or where
radar serves as the primary function with communication
embedded in radar waveforms [20]. DFRC systems can fea-
ture cooperation between single or multiple transceivers [21],
as well as sidelobe management [22] and joint waveform
design [23], [24].

Different names are used in literature to identify other joint
approaches than CRSS. Radar-Communications or RadCom
refers to systems that use a single hardware platform and a
single waveform in automotive and Vehicle-to-Vehicle (V2V)
scenarios [25], [26], often using spread spectrum and Orthog-
onal Frequency Division-Multiplexing (OFDM) techniques.
Other common definitions are Joint Communication and
Radar (JCR) [16], [27] and Joint Radar and Communication
(JRC) [28], [29], which imply the same integration with
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FIGURE 2. Schematic representations.

a distinction between, respectively, communication-centric
and radar-centric design. Joint Communication And radar
Sensing (JCAS) [16], [30], [31] in general refers to a deeper
level of integration classified as co-design [32], [33]. The
primary and secondary classification falls apart in favor of a
joint ad hoc system design capable of executing both services
in a single or distributed device, which falls into the ISAC
definition. In Fig.1 all the above definitions are summarized
and referenced to the ITU-R integration classification listed
in [4].

B. SAR-ENABLED COMMUNICATION AND SENSING

The integration of communication capabilities into SAR
(Synthetic Aperture Radar) systems is still in its early stages.
Unlike radar, which serves a wide array of applications,
SAR is primarily used for remote sensing. One of the
most common approaches involves embedding communi-
cation in SAR waveforms, as described in [34] with an
uplink backscattering communication framework for target
localization. OFDM, a key technique in modern wireless
communication, has also demonstrated its effectiveness for
SAR imaging [35], [36], [37], [38]. Additionally, water-
marking represents another valid technique to develop a
dual-function SAR and communication framework that relies
on information embedding [39].

Reference [40] presents a novel approach for SAR
communication embedding through time-frequency spectrum
shaping, enabling the communication integration while keep-
ing a high-performance imaging process. Differently, [41]
describes a novel cellular-aided SAR system that leverages
existing mobile communication base stations to enable
bistatic SAR through Unmanned Aerial Vehicle (UAV) SAR
receiver, thereby reversing the conventional approach by
using communication signals for SAR imaging purposes.
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IIl. ARCHITECTURE FOR INTEGRATING
COMMUNICATION IN SAR SYSTEMS

Building on the foundational concepts and advancements
discussed in the previous section, this section describes how
the communication link is embedded in SAR technology and
introduces the proposed system model.

A. COMMUNICATION EMBEDDING IN SAR

Joint communication and sensing functionality is imple-
mented exploiting ad hoc ground targets, without necessitat-
ing updates or modifications to SAR satellites. This operation
is performed through a code-based backscattering of the
chirps emitted by the SAR satellite, leveraging the short time
window during which the target of interest is illuminated to
establish a low-capacity communication link. For this reason,
target identification has been considered as a first service
provided by the communication link, paving the way for more
advanced transmissions in which codes serve as preamble
matching. Additionally, each code bit is encoded to ensure
transparency of the target in the final SAR image. This
strategy aims to conceal the contribution of the target in the
surrounding environment, as for steganography techniques
where communication is hidden to facilitate secure exchange
of information [42].

We assume that the proposed target is synchronized
with the SAR, enabling communication when the target
falls within the coverage area provided by the primary
lobes of the SAR antenna. The target enforces a CR-based
behaviour, with an amplitude control during the backscatter-
ing operation that enables the code-based modulation as for
Binary Phase-Shift Keying (BPSK) technique to integrate the
communication link. The target is aware of the time window
in which is illuminated by the SAR, as well as its Pulse
Repetition Interval (PRI), which is the time interval between
the transmission of two consecutive chirps. We consider a
relatively low duty cycle (i.e., below 10%), where the SAR
transmits chirp signals and then collects all the echoes from
the environment. The acquired baseband signals are then
transferred to a ground processing center and made available
for further processing. We assume that the acquired data
result from a single acquisition, with a duration long enough
to include the time window in which the ground target is
highlighted by the SAR.

The traditional SAR image is obtained by processing
the SAR data. In addition, the ISAC approach through
communication embedding incorporates further results:

« Integrated communication service: Exploiting code
demodulation and decoding, the embedded communi-
cation content is obtained. This integration includes
services ranging from basic communication tasks like
identification processes to more complex information
exchange with higher data volumes [11].

o Target localization: It derives from traditional image
processing of demodulated SAR data. Similar to Direct
Sequence Spread Spectrum (DSSS) techniques, the
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code-based approach reduces environmental contribu-
tion while highlighting the target, resulting in a second
image suitable for geographic mapping and enabling
target localization;

o Target tracking: This result is achieved by obtaining
multiple target localization images from several SAR
revisits, allowing to track the target trajectory.

The related additional processing stages are summarized
in Fig.2, where the communication integration in SAR is
represented in addition to the traditional SAR. The green
path represents the logical steps to obtain the traditional SAR
image from the data acquired by the satellite, while the blue
path represents the steps to obtain the results described above.

B. SYSTEM MODEL

The following details the integration of a code-based
communication link into a traditional SAR imaging system,
focusing on satellite systems without loss of generality. Let us
consider a generic ground target responsible for integrating
communication into a SAR system operating in stripmap
mode. It is worth noticing that the specific target backscatters
anoise-like received signals that is superimposed on the usual
ambient backscattering captured by SAR. This contribution
must be obtained from the SAR signals by correlating it with
a synthetic replica of the code used for communication.

The target embeds the communication link, where identifi-
cation is considered as the first step to integrate communica-
tion within SARs, and is performed through code-matching.
We assume a generic Pseudo-Noise (PN) code Cpy =
CPN.1, --.,cpy,r for the communication integration, where
cpn.m € {0, 1} represents the m-th bit of the PN code, and L
denotes the PN code length withm = 1, ..., L. The encoding
operation ensures the code balance, which maintains the
transparency of the target. Employing a two-level bipolar
encoding technique, specifically Manchester encoding, each
code bit cpy ;» is mapped into a sequence of two symbols
[£1, F1]. Thus, the sequence Cpy in mapped into the
sequence C = {cy,...cor}, with ¢; € {—1,+1} and i =
1,...,2L.

The echoes received by the SAR satellite, corresponding
to the position (0, #) and the generic time instant ¢, can be
expressed as [43]

Sre(t,u) =D oup (t —ty) (1)

where ¢ is the temporal variable for the range direction, u
is the spatial variable for the azimuth direction, with u €
[—%, %] and U is the overall path length acquired by the
SAR. It should be pointed out that the variable u identifies
a specific SAR position where it collects chirp replicas
backscattered by the environment. These replicas are linked
to a specific PRI acquired by the satellite among the overall

set of PRIs, thus correlating u with the PRIs. Moreover, the

term
2 2 2
tn = ;\/x,, + (n —u) 2
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FIGURE 3. Summarized block diagram of the range migration algorithm.

represents the round-trip delay of the generic n-th environ-
mental target, while (x,,, y,) and o, are its relative coordinates
compared to the satellite (x for the range and y for the
azimuth) and reflectivity, respectively.

We assume (x7, y7) as the proposed target position and o1
its reflectivity. Thus, we define ¢; € C, withi = 1,...,2L,
as the i-th symbol used to modulate the chirp received by
the target at the time instant . We define also N as the
number of PRIs falling within the time interval during which
the target is illuminated by the SAR. We assume N > 2L,
such that the sequence C is cyclically repeated to cover the
N PRIs. This cyclic repetition is considered specifically for
identification tasks, while for enhanced communications the
entire set of PRIs can be exploited to aggregate information
contents. Integrating the target contribution in Eq. (1) we
obtain

See(t, u) =" onp (t — ty)

u— iAu
+orp(t —tr) cirect (—) 3)
Au

where tr is the round-trip delay of the target, rect is
the rectangular function, and Au is the spatial difference
between two consecutive SAR positions (i.e. PRIs), which
is expressed as the product between the PRI and the
SAR speed. The second term of Eq. (3) represents the
contribution due to the target, which is similar to ambient
targets in addition to the contribution of the embedded
communication. The generic symbol ¢; is opportunely shifted
in the azimuth direction to align with respect to the specific
SAR PRI.

Referring to [43], we assume the range migration
algorithm [44], summarized in Fig.3, to generate the final
image from the baseband SAR signals. Performing Pulse
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A. Piccioni et al.: Testing Framework for Joint Communication and Sensing in SARs

IEEE Access

v

,‘I‘g’ Si(t,u)

Ground data
‘e, center

4 N

Baseband

SARimage
ﬁ +
Communication extraction
Com.Target localization
and tracking

signal

(a) On-site testing scenario

Ground data
‘o center

Baseband
signal

SAR image

—)@ﬁ +

Communication extraction
Com.Target localization
and tracking

! Modulated backscattered

signal

(b) Proposed testing framework

FIGURE 4. Simplified representation from Fig.2 with a comparison between on-site testing and the proposed testing framework

with synthetic modulated backscattering signals.
Compression (PC) on Eq. (3) and after some reorganizations,
we obtain

Spc(tv u)

= s () Q@ p*(—1) = F~! {IP(f)IZ}

u—iAu
® |:Zn: 0, 8(t —ty)+or 8(t —tr)ci rect( Aol ):|

“

where § is the Dirac delta function and ® is the convolution
product. The 2D Fourier transform is exploited to process
both the range and azimuth dimensions. Performing the
Fourier transform on range dimension, we obtain

Spe(f s u) =PI - [Z oy e /7

+or e 2T ¢ rect (u ! u)i| 5)
Au

For the azimuth dimension, we move from spatial domain u
to spatial frequency k,. Replacing the round-trip delays as
defined in Eq. (2) and applying the Fourier transform, Eq. (5)
turns into

Spc(fv ky)
— |P(f)|2 . [Z o, e_j(xn\/ 4k2_ku2+ynku)+

n
—j(xr A/ —k2+y7k . ki
+ore ]<XT utIT “) - ¢; Au sinc(k, Au)e ]k“lA”)i|

(6

where k = @

sinc function.

is the wavenumber and sinc the normalized
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Applying SAR spatial frequency mapping [43], also known
as the Stolt interpolation method

— 2 _ 12
{kx(f,ku)_ JaKk2 — k2 -

ky(f, ky) = ky

the frequency f and the spatial frequency k, variables
are transformed into spatial frequencies (ky, ky). Defining
S(ky, ky) as the resulting Eq. (6) after the Stolt interpolation,
we obtain

S(kx, ky)
= |Plk.. k 2 . 7j(xnky+,vnky)
—| (K y)| Zo-ne +
n

+or e*j(xnk;%ynky)ci Au Sinc(kuAu)efjk“ iAu] (8)

Finally, performing the 2D Inverse Fourier transform and
simplifying the result, Eq. (8) becomes

50, y) =A@, y) - [Zons (X = X,y — y) +

v — iA
tord (x — x7) ¢ Tect (ny—l”)} 9)
Au

where A(x,y) = Fop {\P(kx,ky)|2 is the amplitude
function, which depends on the specific transmitted signal
p(t). s(x,y) represents the contribution of all the targets
illuminated by the SAR at the position (0, %) and time
instant ¢.

The component related to the communication target is
composed of two factors. The first depends on target position,
likewise environmental targets, while the second results from
communication embedding. Considering the overall SAR
acquisition, the final image is derived by summing each
s(x,y) obtained in every position u € [—%, %]. The ground
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target contribution resulting from communication embedding
corresponds to a shifted sum in the azimuth direction, whose
amplitude is influenced by the sequence C. The transparency
is ensured considering two consecutive acquisitions, where
the communication target contribution in two consecutive
SAR acquisitions made at positions (0, #) and (0, u + Au)
can be expressed as

— v — iA
ord (x —xr) - |:cl- rect (M)
Au

—yr— (+ 1A
+ciy1 rect (y yr= G+ 1) u)] (10)
Au
which is equal to O since ¢;1 = —c;, while the additive Au of

the second term in Eq. (10) compensates for the shifted SAR
position (0, u + Au).

IV. TESTING FRAMEWORK

A. FRAMEWORK MOTIVATION

The motivations behind the proposed testing framework
are driven by several key factors. Traditional testing meth-
ods are constrained by regulatory restrictions (i.e., signal
emissions in licensed frequency bands), practical difficulties
associated with real-world tests, strict timing synchronization
requirements, the dependency on convenient environmental
conditions, and high costs and logistical complexities of
deploying and managing real-time experiments. To address
these issues, we propose an alternative approach based on
a novel testing framework that leverages real SAR data to
validate the joint sensing and communication target.

This approach allows for realistic and detailed emulation
of proposed targets and their interactions, offering a flexible,
cost-effective, and practical solution to validate joint sensing
and communication functionalities with high fidelity and
without requiring real-time signal transmission or modifi-
cations to the SAR systems themselves. The framework
remains independent of the specific type of SAR system,
whether airborne or satellite-based, as well as the specific
signal used by the SAR. Moreover, it enables performance
evaluation of joint communication and sensing tasks without
operational constraints imposed by on-site and real-time
testing. Additionally, it facilitates the evaluation in different
locations based on the SAR acquisitions from different
geographical areas.

This independence is achieved by exploiting a synthetic
replica of the specific SAR signal, enabling the emulation
of target behavior. Consequently, the proposed framework
provides significant flexibility in adapting to heterogeneous
SAR platforms and signals, enabling realistic and detailed
emulation of proposed targets and their interactions with
further SAR processing operations. The framework supports
the emulation of different target scenarios, including varying
signal strengths and target positions relative to the SAR’s
field of view. This flexibility is crucial for comprehensive
testing and validation of ISAC concepts under diverse con-
ditions, ensuring robustness and reliability of the proposed
solutions.
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Despite the significant flexibility in adapting to various
SAR systems with different characteristics, several limita-
tions must be considered. A major limitation derives from
the dependency on SAR data provided by specific SAR
platforms. Although the framework is designed to be versatile
across different SAR systems, the accessibility of these
systems is not always guaranteed, as many SAR platforms are
not open. In some cases, special agreements may be required
to access the raw data collected by the satellites. Additionally,
managing the diverse calibration techniques employed by
different SAR systems adds another layer of complexity.
Each SAR system may use unique calibration parameters
and techniques, making it difficult to ensure consistency
and accuracy across multiple datasets, thus impacting the
reliability of the emulated scenarios in the framework.
Despite this, the framework remains versatile and adaptable
to a wide range of SAR systems.

B. DETECTION OF COMMUNICATION COMPONENT

In the proposed framework, the detection of the communica-
tion component is performed to obtain the results described
in section III-A. This approach ensures that the overall
process, i.e., code matching and the subsequent localization
image, is accurately tested in emulated conditions similar to
traditional SAR data processing, providing a comprehensive
understanding of system performance. We consider the raw
data acquired by the satellite as In-Phase and Quadrature
(I/Q) format. As described in the previous section, the
resulting I/Q raw data are then processed using imaging
algorithms, such as the aforementioned range migration
algorithm, to generate the traditional SAR image. To extract
the information embedded by the communication ground
target, demodulation is applied according to the specific
family of PN codes adopted.

Assuming C = C(y,...,Cp as the set of P PN codes
resulting from the encoding operation, the detection of the
embedded information involves the correlation across P
parallel lines between the raw data and each code C,, for
p = 1,..., P. The communication component is obtained
with two operations, the synchronization with the targets,
and the code detection from set C. To synchronize with the
target and correctly detect the communication component,
the generic p-th line performs a 2D cross-correlation between
the raw data and code C, to highlight the code contribution.
Calling back N as the number of PRI in which the target is
illuminated, the 2D cross-correlation is executed considering
a window w of length N containing the code C, opportunely
repeated to fit the window length. Then, code detection is
performed by selecting the line p with the highest cross-
correlation. Once synchronization with the target is achieved
and communication code Cj is detected, the raw data are
opportunely demodulated under the window w by multiplying
each PRI with the corresponding code bit of the window
containing the code C;. The demodulated raw data are then
processed following traditional SAR imaging algorithms to
generate the localization images.
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FIGURE 5. Images of Sao Paulo, Brazil, obtained from ESA Sentinel-1 baseband signals processed with range migration algorithm for Position 1
(in red) and Position 2 (in green). The localization images are processed only in the area of interest after the detection of communication

component.

C. FRAMEWORK ASSUMPTIONS
Assuming known specifications about the SAR system
and the transmitted chirp, our framework relies on
locally-generated chirp copies to emulate target backscat-
tering. We also assume that the local copies are time-
aligned, for instance by adopting GNSS signals while
accounting for the satellite-to-ground path delay, ensuring
realistic emulation of joint sensing and communication
functionalities. Furthermore, it allows to replicate real testing
conditions, as depicted in Fig. 4 where both the real test
(Fig. 4a) and the testing framework (Fig. 4b) are illustrated.
A local set of the chirp replicas in I/Q components is
generated, incorporating both the proposed target and its
communication link through backscattering emulation and
code modulation, respectively. Moreover, these replicas take
into account the time instant within each PRI and the set
of PRIs during which the proposed target is illuminated by
the SAR, allowing for the emulation of a specific position
within the final image. For this purpose, we consider two
assumptions:

o The amplitude of each local chirp is lower at the
beginning and end of the set, and reaches its maximum
in the middle, emulating the maximum backscatter
amplitude with the maximum antenna gain and the
minimum SAR-to-target distance. Vice versa, reduced
antenna gain and greater distances are emulated at the
edges of the PRI set.

o The temporal position of the local chirp within each
PRI varies throughout the set, emulating the increasing
distance between the SAR and the target at the beginning
and end of the set, with the distance being minimized in
the middle.

V. EMULATION RESULTS
The proposed testing framework has been evaluated using
real raw data from Sentinel-1 constellation of the European
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TABLE 1. Sentinel-1 parameters and specifications.

Parameter Value
Satellite altitude 693 km
Acquisition modes Stripmap

Spatial resolution 5x5 m

Carrier frequency 5.405 GHz
Bandwidth ~ 42 MHz
PRF ~ 1.69 kHz

Chirp duration ~ 51 ps

Data compression FDBAQ

SAR coverage time interval ~ 0.49s

SAR coverage PRIs 825
Revisit period 12 days

Space Agency (ESA) available through the ESA Copernicus
platform [45]. These data are open and accessible, providing
a robust basis for validating the framework across wide vari-
ety of heterogeneous applications. Sentinel-1 constellation
provides global coverage, ensuring data availability across
different geographical locations with different acquisition
modes. The data acquired by Sentinel-1 are available
in various formats, ranging from compressed raw data
(Level-0) to pre-processed products (Level-1 and Level-2),
which include different levels of analysis and processing.
Information about Sentinel-1 constellation and the raw data
considered for this work are reported in Table 1, while further
information can be found at [46].

We considered the raw data acquired in the city of Sdo
Paulo, Brazil to evaluate the testing framework. This choice
is due to the high contrast between the land, which is
abundant in natural and man-made reflectors, and the Atlantic
Ocean, which exhibits low reflectivity at C-band frequencies.
Using Sentinel-1 stripmap parameters—among which its PRI,
antenna azimuth angles and beam width, satellite speed, and
incident angle—a set of N = 825 PRIs has been considered
to emulate the time interval in which the target is illuminated.
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FIGURE 7. Zoom of SDCR, ComTarget;, and ComTarget, in the Localization image (C;) with the histogram comparison in Position 1

and Position 2.

It must be noticed that this value is consistent with the
correlation peaks analysis of the raw data after the pulse
compression for a generic environmental target. The raw data
from Sentinel-1 have been decompressed [47] and processed
using the range migration algorithm to generate the final
images from the 1/Q components [44], which are shown in
Fig. 5. From this point onward, we refer to the final image
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obtained from the raw data as SAR image. Instead, we refer
to Localization image (C1) and Localization image (C,) for
the images obtained from the demodulated raw data when
correlating with code Cy and Cy, respectively.

The communication integration has been performed
as an identification task. In this perspective, we refer
to low cross-correlation codes with high auto-correlation
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peaks to effectively highlight the target contribution during
demodulation. Two communication targets (ComTarget; and
ComTargety) have been emulated implementing two different
Kasami codes: Cpy,1 with length Lpy 1 = 255 and Cpy 2
with length Lpy » = 63. The codes have been opportunely
encoded using Manchester encoding, resulting in sequences
Cj and C; with lengths L; = 510 and L, = 126, respectively.
Additionally, an SDCR target [10] has been emulated in
the proximity of ComTarget; and ComTarget, to evaluate
traditional SAR operation while evaluating joint sensing
and communication functionality. It should be mentioned
that the use of the framework with the possibility of
operating in the same geographical area of interest requires
the acquisition of the signal received by ground targets.
In any case, the framework enables the study of the sensing
and communication integration problem without constraints
on the choice of the technology used for communication
integration. The different target types, corner reflector (i.e.,
SDCR) and communication target, have been considered in
two different area reflecting different conditions: Position 1
(Fig. 5, marked in red), corresponding to a water area with
very low RCS, and Position 2 (Fig. 5, marked in green),
a land area with higher peak and average RCS. The local
replicas of targets and SDCRs have been appropriately scaled
according to the characteristics of a generic environmental
target in the water area, as observed in the raw data. The raw
data have been demodulated by correlating with codes C1 and
(3 to generate two localization images (Fig. 5b and Fig. 5¢)
alongside the SAR image shown in Fig. 5a.

Fig. 6 exhibits the results for Position 1 and 2, com-
paring SDCRs (Fig. 6a and Fig. 6e) with ComTargetl
integrating code Cp backscattering (Figs. 6b and 6f)and
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ComTarget?2 integrating code C; backscattering (Fig. 6¢c and
Fig. 6g). Position 1 highlights the effectiveness of the joint
communication and sensing functionality for both codes
while ensuring transparency, with code Cj that slightly
outperforms code C,. However, each target presents a
residual contribution spread in the azimuth direction resulting
from the sum of the shifted replicas described by the second
term of Eq. (9), which depends on the sequences C; and
C,. Fig. 6d and Fig. 6h present histograms of the zoomed
images to compare the reflectivity of targets and SDCR at
Position 1 and Position 2. The histograms indicate reduced
contributions from ComTarget; and ComTarget, due to the
code modulation, resulting in a greater number of pixels with
low reflectivity compared to the SDCR.

Fig. 7 and Fig. 8 show zoomed images of the emulated tar-
gets and SDCRs for the demodulated raw data with codes Cy
and C, presented in Figs. 5b and 5c, respectively. The SDCRs
(Figs.7a, 7e, 8a, and 8e) exhibit residual contributions spread
in the azimuth direction, while Figs. 7b and 7f highlight the
contributions of the proposed targets for code C1, and Fig. 8b
and Fig. 8f for code C;, enabling the localization of the
targets. This results from the code matching, which allows the
detection of the targets in the final images, thereby enabling
precise localization. This distinction in localization accuracy
between the two codes underlines the effectiveness of the
selected modulation scheme and provides valuable insights
for optimizing target detection in similar environments.
However, cross-correlation between codes can be observed in
Figs. 7c, 7g, 8b, and 8f, corresponding to the demodulation of
unmatched codes. The reduced contribution of the SDCR is
also highlighted in the histograms (Figs. 7d, 7h, 8d, and 8h),
where the zoomed SDCR images exhibit lower reflectivity
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compared to the targets. Moreover, the comparison between
Fig. 6h with Figs. 7h and 8h shows the effect of demodulation
process, with an higher number of pixels with low reflectivity
for the demodulated images, especially in Position 2.
Finally, Figs. 9 and 10 illustrate the effects of inaccurate
code synchronization between the raw data during demod-
ulation step for ComTarget; and ComTarget;, respectively,
evaluated in Position 1. It can be noticed that wrong
synchronization of 1 symbol leads to a target contribution
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spread in the azimuth direction, whose effect is due to the
autocorrelation properties of the code.

VI. CONCLUSION

With the rapid advancements in wireless communications
networks, the convergence of sensing and communication
services is becoming popular for many purposes and appli-
cations, including radar and SAR technologies. Exploiting
ground targets, ISAC concepts can be integrated into
established SAR systems, thus introducing a communica-
tion link into sensing-oriented technology. This paper has
demonstrated its potential through a novel testing framework
based on target emulation that relies on real raw data
acquired from the ESA Sentinel-1 satellite in stripmap mode.
The framework validates the transparent ISAC approach
while ensuring the continuity of SAR operations without
interference. Further investigations will look at several
directions, focusing on the minimization of the residuals due
to transparency, the selection of optimal codes to enhance the
performance, and integrating impedance-controlled devices
(i.e., CRs) to facilitate communication integration. Moreover,
future works will focus on communication performance,
aiming to characterize the communication link also exploiting
real environment tests.
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