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Abstract—This paper proposes and analyzes the concept of
a cognitive inverse synthetic aperture radar (ISAR) ensuring
spectral compatibility in crowded electromagnetic environments.
In such a context, cognitive radar system alternates between a
perception stage, recognizing possible emitters in its frequency
range, and an action stage, synthesizing and transmitting a
tailored radar waveform to achieve the desired task while
guaranteeing the spectral coexistence with overlaid emitters.
The perception stage is carried out by an electronic support
measurement system (ESM) that senses the environment and
extracts relevant spectral parameters. The action stage employs
a tailored signal design process, synthesizing a radar waveform
with bespoke spectral notches, enabling ISAR imaging over
a wide spectral bandwidth without interfering with the other
radio frequency (RF) systems. A key enabling technology for the
proposed application is the compressed sensing (CS) framework,
allowing accurate ISAR imaging even with missing data in the
frequency domain (induced by spectral notches) and in the slow-
time dimension (enabling the system to perform additional RF
activities). The capabilities of the proposed system are assessed
exploiting a dataset of drone measurements in the frequency
band [13,15] GHz. The results highlight the effectiveness of
the proposed system to enable the spectral compatibility while
delivering high-quality ISAR images.

Index Terms—ISAR, cognitive radar, compressed sensing, spec-
tral compatibility, drone detection, missing data

I. INTRODUCTION

The electromagnetic spectrum is a valuable and highly
dynamic resource that is often inadequately exploited by
contemporary radar systems [1]. Accordingly, an essential
requirement for a next-generation radar system is the ability to
work in a congested electromagnetic spectrum, guaranteeing
compatibility with overlaid emitters while better exploiting
the available frequency intervals. Recent research emphasizes
the importance of the waveform design and diversity (WDD)
paradigm [2]-[6] as a means of addressing this challenge.
This approach, when implemented within a cognitive radar
architecture, involves alternating between two key steps: a
perception stage, where the radar detects emitters within its
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band of interest [7,8], and an action stage, where a spectrally-
shaped waveform is designed and transmitted to minimize
interference with those emitters and enhance spectrum effi-
ciency by optimizing the signal-to-interference-plus-noise ratio
(SINR) [1,9]-[15].

While the open literature has mainly focused on radar
detection, the present study shifts the focus to the radar imag-
ing task. Specifically, this work proposes a cognitive inverse
synthetic aperture radar (ISAR) imaging system with spectral
compatibility requirements. The radar employs an electronic
support measurement (ESM) system for sensing the surround-
ing environment and extracting relevant spectral parameters
(i.e., the perception stage) [7], followed by the synthesis
and transmission of a bespoke radar waveform encompassing
spectral notches to avoid interfering with other radio frequency
(RF) systems (i.e., the action stage). Consequently, the radar
is able to perform ISAR imaging over a wide bandwidth
without causing and experiencing interference from coexisting
emitters.

Nevertheless, the presence of spectral notches in the trans-
mitted waveform inevitably results in frequency domain gaps,
which may eventually lead to spurious and high sidelobes in
the resulting ISAR image if not adequately accounted for. To
overcome this spectral-coexistence induced drawback, a com-
pressed sensing (CS) method is then employed at the image
formation stage, which allows to successfully accomplish the
ISAR imaging task even in the presence of missing data in
the frequency/slow-time domain [16]-[19].

To assess the performance of the proposed cognitive ISAR
system, extensive numerical analyses employing a dataset of
drone measurements in the frequency band [13, 15] GHz and
HH polarization [20,21] are reported. The results highlight
the radar capability to operate within a congested spectrum
environment while producing high-quality ISAR images.

The remainder of this work is organized as follows.
Section II introduces the waveform design framework for
spectral compatibility applications. Section III discusses the
CS-based ISAR imaging technique for incomplete data in
frequency/slow-time domain. In Section IV, extensive numer-
ical analysis is reported and discussed, whereas Section V
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Figure 1: An actual snapshot of the DJI Matrice 100 measured
in the dataset [20].

concludes the paper’.

II. WAVEFORM DESIGN FOR SPECTRAL COMPATIBILITY

In this section, the problem of designing spectrally-shaped
waveform is briefly introduced with reference to a cognitive
radar system.

To this end, let us consider a radar operating in the presence
of K emitters, each of them transmitting over a frequency
band Q) = [fF, f§],k =1,..., K, within the radar frequency
operation range, where fF and f¥ denote the lower and
upper normalized (with respect to the sampling frequency)
frequencies for the kth system, respectively.

Let ¢(t) be the baseband equivalent of the radar transmitted
waveform whose complex sequence (corresponding to samples
of ¢(t) picked up at the frequency rate equal to the radar
bandwidth) is ¢(i), ¢ = 1,..., N. To ensure spectral compati-
bility with the aforementioned overlaid emitters, the cognitive
radar has to properly shape the spectrum of the transmitted
signal to manage the amount of interfering energy produced on
the shared frequency bandwidths. The average signal energy
transmitted on the kth frequency band €2y is given by [13]

1 b
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the temporal steering vector tuned to the normalized frequency
f. That said, by discretizing the frequency band j in Ng

INotation. Boldface is used for vectors a (lower case), and matrices
A (upper case). The nth element of a and the (m,!)th entry of A are,
respectively, denoted by a(n) and A(m,n). The transpose and the conjugate
transpose operators are denoted by the symbols (-)T and ()T, respectively.
For any complex number x, |z| indicates the modulus of z. For any matrix
A, ||Allo and ||A||F denote the corresponding LO and Frobenius norm,
respectively. Finally, the letter j represents the imaginary unit (i.e. j = /—1).

discrete frequencies f; with steps of Af = 1/N and denoting
by
1 _ j2r(m—1)(n—1)
-e N
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the N x N Fourier matrix scaled by 1/ VN, a meaningful way
to quantify the average energy level transmitted on €2y is
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whose columns corrlespond to the frequencies belonging to
Q.

Thus, denoting by E¥, k = 1,..., K, the acceptable level
of disturbance on {2, which is related to the quality of service
demanded by the kth emitter, the transmitted waveform has to
comply with the constraints

cRie<EV k=1,... K. (6)

By doing so, a detailed control of the interference energy
produced on each shared frequency bandwidth is enforced.

The aforementioned spectral constraints are accounted for
in several waveform design algorithms described in the open
literature [1,13], which could be employed at the action stage
of the proposed architecture.

III. COMPRESSED-SENSING ISAR IMAGING IN THE
PRESENCE OF MISSING DATA

ISAR imaging is a technique used to generate high-
resolution images of moving targets. Conventional imaging
processes rely on the coherent integration of received echoes
over a range of aspect angles, generally resorting to Fourier-
based methods. However, in the presence of missing samples
in the frequency domain, for instance due to spectral notches in
the transmitted waveform, the ISAR images obtained with the
standard range—Doppler (RD) algorithm [22] may be distorted
or exhibit a coarse resolution.

In the aforementioned context, CS represents a powerful
signal processing tool capable of reconstructing signals from a
limited number of measurements [23]. CS exploits the sparsity
of signals, allowing for accurate reconstruction even with
incomplete data. It has been successfully applied to accomplish
the ISAR imaging task, yielding noteworthy improvements in
the context of data reduction as well as resolution enhance-
ment [17].

The key principle underlying CS-based ISAR imaging lies
in its ability to leverage the sparsity of scatterers in the
image domain. As a matter of fact, when operating at high
frequencies, radar signals exhibit some degree of sparseness
in a two-dimensional (2D) Fourier basis, due to the limited
number of target prominent scatterers [17].

In the presence of noise, the CS approach reconstructs the
ISAR image I by solving the following optimization problem

I =argmin 7]

(7)
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Figure 2: Flowchart depicting the simulation process employed for the numerical analysis of Section IV.

where S is the observed incomplete data in the slow-
time/frequency domain, ®, and ©, are the corresponding
undercomplete Fourier matrices [17], which can be computed
based on the parameters of the cognitive waveform spectral
notches, whereas € is a user-defined parameter accounting for
the noise level in the measured data.

Following the same line of reasoning as in [17], the 2D-SLO
algorithm [19] is employed to handle (7), obtaining a sparse
solution consistent with the observed data.

Then, leveraging the conventional Fourier dictionaries W,
and W, that perform the range compression and the cross-
range compression, respectively, the corresponding recon-
structed complete-data can be computed as

S, =w,Iv, (8)

which allows to compute the CS-based ISAR image by means
of the conventional RD algorithm [17].

It is also worth mentioning that, before the application
of the aforementioned CS-based reconstruction method, a
tailored pre-processing step (also accounting for the presence
of possible missing data), is assumed to be carried out to
compensate for the translational component in the measured
signals [24,25].

IV. NUMERICAL ANALYSIS

In this section, the effectiveness of the proposed procedure
is investigated by comparing the image obtained in the consid-
ered cognitive ISAR with those resulting from an ideal case
(receiving only the useful target contribution without spectral
holes) as well as a standard ISAR operating in the presence of
interference. This comparison is conducted both visually and
numerically by resorting to a specific quantitative metric such
as the image contrast (IC).

The dataset utilized for this analysis is the one detailed
in [20], which comprises measurements of various drones
acquired in a semi-controlled environment across a frequency
range of 8.2-18 GHz, using HH and VV polarizations, and
azimuth aspect angles spanning 0-360 degrees with 0.1 degree
steps and elevation close to O degree. In the following, the
data pertaining to the DJI Matrice 100 (illustrated in Fig. 1),
obtained in HH polarization with a 2 GHz bandwidth from 13
GHz to 15 GHz (considering a frequency step of 4.5 MHz) and
with a target rotation of 15 degrees (with an angular resolution
of 0.1 degrees), are employed for the analysis.

Four different cases are considered and compared:

o the ideal case, used as a ground truth (GT), which
assumes the transmission of a standard linear frequency
modulated (LFM) signal (chirp) in the absence of inter-
ference;

« the standard case, involving the transmission of standard
chirp in the presence of emitters operating within the
same band as the ISAR frequency range;

e cognitive case, comprising a perception stage, where the
radar recognizes the presence of overlaid emitters, and
an action stage, involving the synthesis (i.e., waveform
design) and transmission of a tailored chirp-like signal
with spectral notches in the sources frequency spectra;

o cognitive + CS case (referred to as C-CS case), wherein
the CS technique proposed in [19] is applied to the
data obtained in the cognitive case to reconstruct the
frequency-angle data, thus allowing to counteract the
potentially appearing resolution loss induced by the wave-
form spectral notches.

In the aforementioned scenarios, all the overlaid sources are
assumed to be communication emitters.

For the aim of this analysis, the spectrum of each complex
high-range-resolution (HRR) target echo signal (provided by
the dataset [20] using the same pre-processing steps), for
a given aspect angle 6; (corresponding to a specific slow-
time snapshot), is first multiplied by the transmitted waveform
spectrum, as a first step to model (approximately) the data
collected by the ISAR receiver. In the ideal and standard
cases, the transmitted waveform is a standard chirp; in the
other cases, it is a spectrally-shaped cognitive waveform.
Subsequently, the range-domain signal, obtained following an
inverse Fourier transform of the resulting spectrum, is super-
imposed on the interference. The resulting samples, which
represent the signal measured by an actual ISAR system,
undergo pulse compression with the transmitted waveform
and are stored in the ith row of a range-angle data matrix.
Once all the slow-time snapshots have been processed, after
computing the FFT of the range-domain data, the resulting
frequency-angle matrix is employed for the formation of the
ISAR image using the standard RD algorithm. It should be
noted that in the CS case, prior to the image formation step,
the data matrix undergoes a CS-based frequency-angle data
recovery algorithm. Finally, the obtained data are used for the
RD image formation. The sequence of the employed steps is
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Figure 3: Frequency-angle (dB) spectrum in the presence of two interferers. (a) GT (b) standard case (c) cognitive case (d)

C-CS case.

(a) (b)
Figure 4: ISAR image (dB) in the presence of two interferers. (a) GT (b) standard case (c) cognitive case (d) C-CS case.

illustrated in the flowchart reported in Fig. 2.

For the synthesis of the spectrally-shaped waveform to
transmit in the cognitive case, a modified version of the
waveform design algorithm in [13,26] is used, considering
notch depths of 30 dB for the first notch and 40 dB for the
second one, respectively.

The four mentioned cases are analyzed and compared across
three operational scenarios, reporting the modulus (dB) of the
frequency-time (i.e., frequency-angle) data, the correspond-
ing ISAR image (obtained using the standard RD imaging
procedure), and the IC value, which is a figure of merit for
evaluating ISAR image quality.

The first scenario (Figs. 3 and 4) considers two com-
munication sources, with the former operating in the range
[13.38,13.62] GHz with a 240 MHz bandwidth, and the latter
in the range [14.53,14.65] GHz with a 120 MHz bandwidth.

The figures clearly show that, if not properly suppressed,
interfering signals introduce noticeable spurious in the re-
sulting ISAR image (Fig. 4 (b)). Employing the cognitive
approach only and down-streaming the pulse compression, the
frequency-angle data results being gapped in the frequency
domain (Fig. 3 (c)). The presence of these missing data is
deleterious for the imaging process, resulting in high side-
lobes and numerous fake scatterers (Fig. 4 (c)). Conversely,
leveraging the CS technique, it is possible to reconstruct the
frequency-angle data (Fig. 3 (d)) and obtain an high-quality
ISAR image (Fig. 4 (d)), with negligible visual differences
from the GT (Fig. 4 (a)) [17].

The second scenario (Figs. 5 and 6) involves emitters
temporally varying over three time intervals:

» one emitter operating in the range [13.45,13.69] GHz

(d)

with a 240 MHz bandwidth in the first interval (i.e., target
aspect angles of [0,7]° degrees);

o two sources, the first in [13.38,13.62] GHz with a 240
MHz bandwidth, and the second in [14.53,14.65] GHz
with a 120 MHz bandwidth, in the second interval (i.e.,
target aspect angles of [7,11]° degrees);

o one emitter in [14.665,14.745] GHz with an 80 MHz
bandwidth in the third interval (i.e., target aspect angles
of [11,15])° degrees).

Similar to the previous scenario, the plots reveal that only
in the C-CS case it is possible to obtain a faithful ISAR
image of the drone. As a matter of fact, in the other cases,
the interference and the missing data introduce noticeable
spurious and high sidelobes in the resulting images, hindering
the recognition of the drone shape.

The third scenario (Figs. 7 and 8) considers a multifunction
radar that performs a number of tasks, including search, track,
possible imaging of multiple targets, as well as communication
activities [27,28]. Consequently, it is assumed that only 50%
of the dwell time can be used for the ISAR imaging of a
target, resulting in the loss of data in the slow-time dimension,
in addition to those missing in the frequency domain due to
the spectral notches of the cognitive waveform. This scenario
further corroborates the effectiveness of the considered ap-
proach in yielding high-quality ISAR images in a contested
and congested electromagnetic environment, where the use
of a spectrally-shaped waveform is crucial. Furthermore, it
demonstrates the potential for radar to perform additional RF
operations, thereby encompassing the ISAR process within
the framework of a multifunction phased array radar (MPAR)
system.
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Table I reports the IC values computed on the obtained
ISAR images in all the analyzed scenarios. Inspection of the
results reveals that the C-CS case attains the highest IC value,
with values approaching those of the ground truth, pinpointing
the capabilities of this method.

V. CONCLUSION

In this paper, a cognitive ISAR system designed to guarantee
spectral compatibility with possible overlaid emitters has been
proposed. To this end, the radar alternates between perception
and action stages, exploiting an ESM system to recognize
potential emitters within its frequency range and a tailored
waveform design process to synthesize radar imaging wave-
forms with spectral notches used to probe the environment.
In this context, the CS framework played a critical role in
enabling accurate ISAR imaging by mitigating the effects of
missing data both in the frequency domain, due to spectral
notches in the transmitted waveform, and possibly in the
slow-time dimension, due to the interrupted mode induced by
higher priority tasks in a MPAR system. Extensive numerical
analyses, based on drone measurements in the [13,15] GHz
band, have shown that the proposed system is capable of
ensuring spectral compatibility while delivering high-quality
ISAR images. Several operating scenarios, including multiple
communication sources, temporally varying emitters, as well
as a multifunction radar operation, have been considered.
The experimental results have revealed that the devised CS-
based imaging method produces faithful ISAR images that
are visually comparable to the ground truth, and effectively
maximizes the considered numerical image quality metric.
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