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Abstract
The authors propose a novel dual coprime frequency diverse array (FDA) multiple input
multiple output (DCFDA‐MIMO) radar network design, empowered by cognitive capa-
bilities, aimed at target discrimination and mitigation of interference present in the
standalone radar systems. That is, the proposed DCFDA‐MIMO design capitalises on the
complementary advantages of FDAs for target discrimination and coprime arrays for
enhanced resolution, resulting in superior performance. Additionally, the proposed
DCFDA‐MIMO network employs a 2D multiple signal classification algorithm to achieve
high‐resolution target localisation. By incorporating cognitive techniques based on the
action‐perception cycle, the proposed approach demonstrates notable improvements in
multiple target detection and tracking accuracy with fewer number of antenna elements as
compared to existing techniques. Furthermore, it enhances individual radar beamforming
performance for interference suppression and true target detection without prior
information.
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1 | INTRODUCTION

The applications of radar technology are diverse, yet its use in
defence remains widely recognised. Notably, accurate and effi-
cient target detection and tracking has captivated researchers for
decades. Various antenna array configurations and detection
algorithms have been employed to enhance radar tracking
performance, generally, focusing on single and multiple targets
in the dense interference scenarios. Nevertheless, dedicated
efforts have also been directed towards improving antenna ar-
rays structures and signal processing algorithms to ensure ac-
curate detection and tracking amidst interference.

On the antenna front, phased arrays, boasting multiple
transmit antennas and phase shifters, have been in use for over
two decades. They electronically steer the beam by leveraging
constructive and destructive interference to focus the emission

in a specific direction, albeit only in the angular dimension. This
results in a highly directional beam with nulls generated else-
where [1–3]. Moreover, building upon Phased‐MIMO, which
introduced spatial diversity by dividing the array into subarrays,
better angular resolution was achieved [4]. However, these
techniques lacked range dependence in its transmitted beam.
Note that, this limitation was addressed by Antonik et‐al by
introducing the Frequency Diverse Arrays (FDA), which utilise
a small frequency increment between antenna elements to
generate a transmitted beam pattern dependent on both angle
and range. This advancement attracted attention due to its su-
perior target detection and tracking capabilities [5, 6]. Unlike
Phased Arrays, FDA can identify two distinct targets within the
same angle but at different ranges [7]. Further improvements
came from combining FDA with MIMO, leveraging the spatial
diversity of MIMO while maintaining the range‐dependent
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advantage of FDA [8, 9]. Additionally, a recent development in
array structures has introduced a novel type of array called
Coprime Arrays. These arrays utilise sets of elements with
coprime integer numbers in both the transmitter and receiver
configurations that allows detection of more number of targets
with fewer antenna elements compared to the conventional
arrays [10, 11]. Therefore, combining Coprime Arrays with
FDA yields an array capable of detecting even more targets with
fewer elements, while maintaining the benefits of both angle and
range‐dependent beams [12].

Furthermore, the integration of cognitive radar features into
target detection and tracking has emerged as a recent area of
intense research interest, fuelled by the growing desire for
autonomous radar systems. Note that, the cognitive perception‐
action cycle aligns with the booming field of artificial intelli-
gence (AI) and its potential applications to radar technology.
The seminal work by Haykin (2006) drew inspiration from bats'
natural navigation, highlighting the concept of a ‘cognitive radar
system’ [13].

Beyond conceptualisation, various applications of cognitive
functionalities have been actively explored and implemented in
radar systems, as evidenced by the work of Martone (2014) and
others [14]. Similarly, diverse cognitive radar architectures have
been proposed and discussed in literature, such as those out-
lined by Guerci (2010) [15] etc. One notable example involves
harnessing deep learning for integrated target classification and
revisit time calculation within a hybrid cognitive radar archi-
tecture, as demonstrated by Sagayaraj et al. (2018) [16]. Addi-
tionally, AI integration has enabled automatic decision‐making
capabilities, exemplified by element‐wise power control in
spectrally dense environments, as explored by Nusenu et al.
(2018) and Ding et al. (2023) [17] [18].

Real‐world environments often throw curveballs at radars,
including intentional interference designed to degrade perfor-
mance and lose track of targets. One such tactic is Digital
Radio Frequency Memory (DRFM), which captures the radar's
emitted signal and rebroadcasts it, effectively confusing the
radar into mistaking the echo for a real target and compro-
mising its estimates [19, 20]. Researchers have risen to this
challenge, proposing various countermeasures. Some methods
focus on transforming the transmitted signal to make it harder
to replicate, as explored by Zhong et al. (2018) and Wei et al.
(2016) [21, 22]. Next, others investigate modifying antenna
array configurations to cancel the jamming effect, as seen in
Yang et al.‘s (2023) work on cognitive radar [23]. Additionally,
signal processing techniques at the receiver end offer another
line of defence, as demonstrated by Xu et al. (2015) [24].

Lan et al. (2020) [25] demonstrated a technique to broaden
the null region through the introduction of artificial interfer-
ence, enhancing its resilience to errors and ensuring superior
suppression of deceptive jammers. Additionally, Lan et al.
(2023) [26] proposed a method that combines transmit and
receive beamforming to broaden the mainlobe, resulting in a
beampattern with a robust, flat mainlobe for the desired signal
while maintaining deep nulls for interference suppression.
Furthermore, Lan et al. (2020) [27] presented three distinct
approaches utilising mathematical optimisation, discrete grid

search, and the Newton method as detectors within the FDA‐
MIMO framework to enhance target detection. Alternatively,
Gong et al. [28–30] investigate strategies to diminish the
detectability of a radar system by reducing its low probability of
intercept through minimising the power footprint in clustered
environments.

In this paper, we tackle the challenge of robustly detecting
and tracking multiple targets amidst interference, particularly,
the main lobe interference likewise the DRFM. We propose a
novel Dual Coprime FDA‐Multiple Input and Output
(DCFDA‐MIMO) radar network, empowered by cognitive ca-
pabilities, for an improved true target/targets detection, local-
isation and tracking performance. Note that, the proposed
design of a DCFDA‐MIMO network represents a unique
contribution as it offers superior resolution and robust detec-
tion of multiple targets with fewer antenna elements of DCFDA
than that of the existing techniques and hasn't been explored yet
in literature.

The proposed method involves a dual‐stage approach for
detecting and tracking multiple targets, harnessing cognitive
capabilities to ensure dependable results.

The proposed design capitalises on:

� The strengths of FDA's target discrimination and the
coprime array's enhanced resolution have been utilised to
improve the overall design's performance.

� It employs a Search‐Discrimination‐Initialisation technique,
which leverages target distribution characteristics and
deceptive trajectory interference to discriminate between
true targets and interferences across various radars in the
network.

� The DCFDA‐MIMO network utilises a 2D multiple signal
classification (MUSIC) algorithm for acquiring true target
localisation, aided by a distance matrix derived from the
inputs of multiple radars.

Finally, leveraging the perception‐action cycle, our design
delivers a substantial boost in multi‐target detection and
tracking accuracy. Furthermore, it optimises individual radar
beamforming, while effectively mitigates interference to ensure
precise detection of unseen targets.

The paper is distributed as follows, section‐2 presenting
preliminary knowledge followed by section‐3 describes the
system model, followed by describing the target model, fol-
lowed by detection and targeting methodology in section 4.
Moreover, Experiment, Results and Conclusion are given in
section 5 and 6, respectively.

2 | PRELIMINARY KNOWLEDGE

2.1 | Frequency diverse array

Recent innovation in radar technology, the FDA (FDA), lever-
ages subtle frequency variations across its elements to achieve
precise 3D target localisation. This unlocks a range of powerful
applications, including high‐accuracy tracking, interference
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suppression, and effective target identification in complex en-
vironments with clutter. A uniform linear array of M elements
with frequency increments Δf between them is shown in
Figure 1, where X is the axis on which the array is established.

FDA stands out from conventional phased arrays by
employing a key difference: minute frequency variations across
its elements. This distinctive feature not only shapes its
received signal model but also empowers its remarkable ability
to pinpoint targets in three dimensions which is given as
follows:

xðt; τÞ ¼
XL

l¼1

αlðτÞ WHa θl; rlð Þ
� �TϕKðtÞ
h i

b θlð Þ þ nðt; τÞ

ð1Þ

where τ is the time delay (azimuth time), αl(τ) is the target
reflection coefficient and n (t, τ) is the Gaussian noise.
Whereas, transmit and receive steering vector is given as
follows:

bðθÞ ¼ 1; e−j
2πfod sin θ

coð Þ…; e−j
2πfoðN−1Þd sin θ

coð Þ
h iT

ð2Þ

aðr; θÞ ¼ 1; e−jΘðr;θÞ;…e−jΘðr;θÞ
h iT

ð3Þ

where T denotes the transpose operator and Θ(r, θ) is written
as follows:

Θðr; θÞ ¼
2π fod sin θ þ Δf d sin θð Þ − Δf r½ �

co
ð4Þ

where fo denotes the operational frequency, r denotes range, Δf
represents the frequency increment between the elements, θ
denotes the angle with respect to boresight and d ¼ λ

2 where
λ¼ c

fo
and c is the speed of light which is 3 � 108 m/s.

2.2 | FDA‐MIMO

Fusing the strengths of FDAs (FDA) and MIMO arrays, FDA‐
MIMO leverages FDA's range resolution and MIMO's wave-
form diversity to offer enhanced capabilities. In this setup, M
transmitting elements and N receiving antennas collaborate to
receive a baseband signal as given below [31].

rFMðtÞ ¼ αbðθÞ WH
FMaðθ; rÞ

� �
ϕFMðt − τÞ þ nðtÞ

¼ sFM þ nðtÞ
ð5Þ

where sFM ¼ αbðθÞ WH
T aðθ; rÞ

� �
ϕFMðt − τÞ and aFM(θ, r) = [1,

exp (−jΘFM)… exp (−j (M − 1)ΘFM) denotes the transmit

steering vector, where ΘFM ¼ 2π dsinθ
λ − 2rΔf

c

� �
, r denotes

range, Δf is the frequency increment and c being the speed of
light. WFM = diag(w) denotes a diagonal matrix with diagonal
entries being, w¼ aðθ;rÞffiffiffi

N
p representing weight vector array which

denotes maximum gain emission beam. ΘFM(t) denotes
transmitted waveforms with dimensions M � 1, b(θ) denotes
receive steering vector and α is the echo coefficient. The
subscript FM denotes FDA‐MIMO.

The signal model for Dual Coprime FDA‐MIMO is pro-
vided in section 3.2.

3 | SYSTEM MODEL

A system architecture given in Figure 2 shows the proposed
cognitive Dual Coprime FDA‐MIMO network target detection
and tracking algorithm. The algorithm has been divided into
two phases: the search phase and a tracking phase.

The initial phase of the algorithm faces the challenge of
unknown target range, angle, and the presence of a deceiving
main‐lobe interference. To overcome this, a network of G
DCFDA‐MIMO radars, each with 2N transmit antennas and
M receive antennas having frequency increments of Δf and Q1,
Q2, p being the coprime integers multiplying the frequency
increments. The distance between the M antenna element is
Ngdm whereas the distance between N antenna elements is
Mgdn, dn and dm being λ

2. The G radars are strategically posi-
tioned in diverse locations concurrently scan the airspace. Each
radar independently estimates the target's range, angle, and
potentially other parameters based on its received signals. By
leveraging true target and deceptive interference signal's spatial
signatures, a process called homologous detection is per-
formed across the estimated parameters from different radars.
This allows for the successful identification of the true target
amidst the clutter, leading to the initialisation of its trajectory.

Following successful track initialisation, all radars transition
to the tracking phase. An Extended Kalman Filter (EKF) plays
a crucial role here, predicting the target's state for each indi-
vidual radar. To optimise the reception of target signals while
minimising interference, each radar employs a Minimum
Variance Distortionless Response (MVDR) beamformer. This
beamformer utilises the output of EKF to employ optimised
weights to each element in the array, resulting in enhanced
target detection while mitigation main‐lobe interference. Using
these optimised weights, the radars continuously acquire
updated measurements of the target. These latest measure-
ments are then fed back into the EKF filter to refine the
predicted target state, ensuring the tracking process remains
accurate. To further improve tracking accuracy and reduce
individual radar errors, 2D‐MUSIC Outputs of each radar asF I GURE 1 Frequency diverse array (FDA) [7].
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well as previous estimates are used to improve the future es-
timates of the true target location for the next scan cycle, and
the cycle repeats.

3.1 | Evolution model

The model evolves with each iteration and unit as follows:

xg;k ¼ fg xg;k−1; vg;k−1
� �

ð6Þ

The Equation (6) employs subscript g as reference to the
g‐th radar, and fg to the linear/non‐linear state transfer
function, k is the k − th Coherent Processing Interval (CPI),
and process noise denoted as v. Furthermore, the position
and velocity information of the target can be given as shown
in Equation (7):

F I GURE 2 The proposed system model.
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x¼ xcoord; ycoord; xvel; yvel½ �
T

ð7Þ

where subscript coord denotes the x and y coordinates,
whereas vel refers to the velocity in corresponding coordinates.

3.2 | Signal model of target

In an investigation of a network of G co‐located DCFDA‐
MIMO radars, a g − th radar comprises 2 � NG transmitting
elements andMG receiving elements separated by dG as defined
in Equation (8) from adjacent array elements (Transmitter and
Receiver):

dG ¼
λR;0
2

ð8Þ

The frequency increments between the array elements are
represented by Δfg, whereas fg,0 denotes reference carrier fre-
quency. Consequently, Equation (9) expresses the nth element's
transmitted signal as shown below:

fg;n ¼ fg;0 þ nQ1Δfg ð9Þ

The signal transmitted by the nth element is as follows:

Sðg;nÞðtÞ ¼

ffiffiffiffiffi
Eg
Mg

s

φg;nðtÞe
2πfh;gt; 0 ≤ t ≤ Th ð10Þ

Equation (10) defines the signal transmitted by n − th
element of g − th radar whereas Eg is the energy consumed by
g − th radar which is dependent on the complex envelo pe of
the signal denoted by φ, and the pulse duration, Tg. Further-
more, the signal envelope satisfies an orthogonality condition,
which is presented below:

Z

Tg
φg;lðtÞφ

∗
g;0ðt − τÞ ¼ 0; l ≠ 0: ∀ τ ð11Þ

where τ denotes time shift. Considering the observable hori-
zon range of the g − th radar being [0 m, Rg,um], where Rg,u
represents the maximum unambiguous range. The observable
range is further discretised to Nbin range bins, resulting in size
of single bin as follows:

rΔ ¼
C
2

Bw
ð12Þ

where Bw denotes the bandwidth.
Now consider a far field narrowband signal assumed to be

impinging on the receiver array from (r, θ), then the n − th
transmit element and m − th receiver element produce a
received signal which can be shown as in Equation (13):

yg;m ¼

ffiffiffiffiffiffiffiffi

E
2N1

s

φg;n t − τn;m
� �

ej2π foþnQ1Δfð Þ t−τn;mð Þ ð13Þ

where the time it takes for the signal to reach from the n − th
element to the m − th element can be given as τn;m¼
2r
c − nM1d sin θ

c − mN1d sin θ
c . Consequently, the m‐th element

received signal due to n‐th element can be expressed as in
Equation (14):

yg;m ¼ ρ
X2N

n¼1
φg;n t − τg;n;m
� �

ej2πfg;m t−τg;m;nð Þ

yg;m ¼ ρ
X2N

n¼1
φg;n t − τg;n;m
� �

ejφn;m t0ð Þ

ð14Þ

where ρ, while utilising the narrow‐band assumption, denotes
the complex scattering coefficient of the far field point target
that is, φg,m (t − τg,n,m) ≈ φg,m (t − τg,0), where the complex
envelope stays the same for the said distance. The time t0 in
Equation (14) can be shown as follows:

φn;m t
0ð Þ ¼

Z t0þnM1d sin θ
c þ

mN1d sin θ
c

0
2π fo þ nQ1Δfð Þdx ð15Þ

The Equation (15) can be rewritten as given below:

φn;m t0ð Þ ¼ 2πðf0t0 þ nQ1Δf t
0 þ

f0d sin θ
c

nM1 þmN1ð Þ

þ
nQ1Δf
c

nM1d sin θ þmN1d sin θð Þ

ð16Þ

Since Δf ≪ c, so ðnQ1Δf nM1dsin θþnM1dsin θð Þ

c is small enough to
be ignored, so:

φn;m ¼ 2πðf0t0 þ nQ1Δf t
0 þ

fod sin θ
c

nM1 þmN1ð Þ ð17Þ

The output signal after mixing the received signal with
e−j2πf0t can be expressed as follows:

ŝn;m t
0ð Þ ¼

ffiffiffiffiffiffiffiffi

E
2N1

s

φn;m t
0ð Þejð2πðf0t

0þnQ1Δf t
0þ

f0d sin θ
c nM1þmN1ð Þ

ð18Þ

whereas the phase term is rearranged as follows:

2π f0 −
2r
c

� �

þ nQ1Δf t
0 þ

f0d sin θ
c

nM1 þmN1ð Þ

� �

ð19Þ

The output of the m − th receive element after frequency
compensation is given as follows:
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ynbing;n;m ¼

ffiffiffiffiffiffiffiffi

E
2N1

s

ηφg;n;m t
0ð Þ

e j2π nQ1Δf t0−f02rcþ
f0d sin θ

c nM1þmN1ð Þ

� �

ynbing;n;m ¼

ffiffiffiffiffiffiffiffi

E
2N1

s

ξφg;n;m t
0ð Þ

e j2π nQ1ΔfþmP1Δfð Þt0−f02rcþ
f0d sin θ

c nM1þmN1ð Þ

� �

ð20Þ

The m − th received signal is separated employing 2N
matched filters φg,n,m(t) which can be given as follows:

φg;n;mðtÞ ¼ e−j2π nQ1ΔfþmP1Δfð Þt ð21Þ

After which, the output can be expressed as follows:

yn;mðtÞ ¼

ffiffiffiffiffiffiffiffi

E
2N1

s

ξej2π −f02rc− nQ1þmP1ð Þ
2rΔf
c þ

f0d sin θ
c nM1þmN1ð Þ

� �

ð22Þ

the phase term is further simplified as follows:

nQ1Δf þmP1Δfð Þt0 þ nQ1Δf þmP1Δfð Þt¼

nQ1 þmP1ð ÞΔf t0 − tð Þ

Since t0 − t¼ −
2r
c

nQ1 þmP1ð ÞΔf −
2r
c

� �

¼ − nQ1 þmP1ð Þ
Δf 2r
c

ð23Þ

whereas ξ is the complex valued coefficient after match
filtering

ξPðtÞ ¼

ffiffiffiffiffiffiffiffi

E
2N1

s

ξðtÞe−j2πf0
2rK
c ð24Þ

ak and bk can be expressed as follows:

at rg; θg
� �

¼ 1; e2πftg ;…e2π 2N1ð Þftg
h iT

ar rg; θg
� �

¼ 1; e2πfrg ;…e2π 2N1ð Þfrg
h iT ð25Þ

whereas:

f t ¼
M1d sinθg

λ
−
2rgQ1Δf

c

� �

f r ¼
N1d sinθg

λ
−
2rgP1Δf

c

� �
ð26Þ

whereas the phase term can be simplified as follows:

ej2π −fo2rc − nQ1 þ mP1ð Þ
2rΔf
c þ

fodsinθ
c nM1þmN1ð Þð Þ

ej2πft ej2πfr
ð27Þ

As for the Doppler frequency shift caused due a far‐field
target located at (rg, θg) moving with the radial velocity vg
can be denoted as follows:

fg;d ¼
2vg
λg;0

ð28Þ

Assuming that the g − th DCFDA‐MIMO radar transmits
L pulses within a single CPI, and the target's range, angle and
Doppler frequency shift remain constant throughout the CPI,
the signal model for the target at nbin − th range bin of the
g − th DCFDA‐MIMO radar can be extended as follows:

X Sigð Þ;nbin
g ¼ ξ b rg; θg

� �
� ad fg;d

� �T
� �

⊗ a rg; θg
� �

ð29Þ

where

ad fg;d
� �

¼ 1; ej2πfg;dTCPI ; …; ej2πfg;d L−1ð ÞTCPI
h iT

ð30Þ

3.3 | Mitigating main‐lobe deception in
radar tracking

One class of radar jamming techniques leverages deception
strategies to generate interfering signals within the main lobe of
the radar's beam pattern. This injects false target echoes into
the received signal, potentially compromising target detection
and tracking capabilities. This strategy involves intercepting the
original radar signal, analysing its key parameters (e.g., pulse
repetition frequency, modulation) and then replicating it with
intentional modifications. These manipulated signals create
‘ghost’ targets that exhibit realistic trajectories, often mirroring
the range and velocity of the true target with some degree of
offset. By introducing controlled time delays, either exceeding
or falling short of the original pulse period, the jammer can
deliberately introduce discrepancies in the range and Doppler
information associated with the false targets. This approach
aims to confuse the radar receiver and impede accurate target
identification and tracking.

Consider a scenario where in any CPI, the nbin−th range bin
contains a far field target at (rg, θg) and NJ main‐lob deceptive

trajectory interference at rg;j; θg
� �NJ

j¼1, the interference signal
can be modelled as follows:

XðJamÞ;nbing ¼
XN
ðJÞ

J¼1
ξJ b rg; θg

� �
� ad fg;d;J

� �T
� �

⊗ a rg;J ; θg
� �

ð31Þ
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In case of main‐lobe interference, fg,d,j and rg,j, which
denote the j − th false target's doppler shift and radial range
with respect to the g − th radar after modulation respectively,
assuming that the DRFM follows the same signal as of the true
target, therefore θj will reflect as such.

Following the previous analysis of jamming signals, the
received signal model is modified as follows:

Ynbing;k ¼ XðSigÞ;nbing;k þ XJam;nbing;k þN ð32Þ

where N ∈ CMgNg�L represents complex white Gaussian noise
components with zero mean and covariance σ2

g .
Then the set of signals from all range bins can be repre-

sented as follows:

Yg;k ¼ Y1
g;k;Y

2
g;k;…;YNbing;k

n o
ð33Þ

4 | DCFDA‐MIMO NETWORK

Rather than using a single radar, where a main‐lobe interfer-
ence suppresses the detection performance, an approach to use
multiple radars has proven to be advantageous [23]. Higher
resolution of DCFDA‐MIMO due to its coprime frequency
offset nature will enable it to distinguish between targets more
precisely.

A cognitive DCFDA‐MIMO network as shown in two
employs a closed loop structure where a dedicated tracker es-
timates the target's position. This information is then used by a
radar system to continuously monitor the target and provide the
tracker with the latest measurements. This closed‐loop feedback
mechanism enhances the system's overall performance.

Multiple targets appearing in Figure 3 observed within a
fixed CPI have different true angles for two radars 1 and 2.

Thus the main‐lobe interference generated will be distin-
guishable by the two radars in range and angle dimension.

4.1 | DCFDA‐MIMO network for cognitive
target discrimination

Suppose the range has been divided into N bins whereas there
are G radars in network. For the nbin − th range bin, assuming
that the signal received by the g‐th radar at the k‐th CPI is
Ynbing;k−1, then the covariance matrix of the target‐interference‐
noise signal for the g‐th radar in the (k − 1)th CPI is as follows:

Rnbing;k−1 ¼
1
L
Ynbing;k−1Y

nbin
g;k−1

H
ð34Þ

Following detection through 2‐DMUSIC algorithm for the
g‐th radar at the (k‐1)th CPI:

P̂MU ejw
� �

¼
1

eHUNUH
Ne
¼

1
PM

i¼pþ1jeHvij
2 ð35Þ

where vi are the noise eigenvectors and

e¼ 1 ejw e2jw …:: ejðM−1Þw
h iT

ð36Þ

is the candidate steering vector. The largest peaks p of the
estimation function represent the frequency estimates of the p
signal components.

ŵ ¼ argmax
w

P̂MU ejw
� �

ð37Þ

where ŵ ¼ kronðb r̂ ; θ̂ Þ; a r̂ ; θ̂Þ
��

forms the virtual steering
vector and. θ ∈ ½ − π

2;
π
2 and r̂ ∈ nbin − 1ð Þ; nbin½ � �

Rg;u
Nbin−1

� �

The pseudo spectrum of the g‐th radar in all observation
range intervals at the (k − 1)th CPI is: PMUSIC ¼

⋃R P1
MUSIC ; P

2
MUSIC …::PNbinMUSIC

n o
Where ⋃R denotes a

union of the range dimension. Constant False Alarm Rate
(CFAR) detection algorithm can be applied on the obtained
pseudo spectrum PMUSIC and in case of high Signal to Noise
Ratio (SNR) and high interference to noise ratio (INR), the
algorithm is able to reliably extract the range and angle infor-
mation of the target and interference

Zg;k−1 ¼ ZTg;k−1 ⋃ ZFg;k−1 ¼ zng;k−1

n o ~Ng;k−1
ð38Þ

The relationship between target location, velocity and
range and angle can be modelled as non‐linear functions:

r
θ

� �

¼HðxÞ þ V ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2l þ y
2
l

q

arctan
yl
xl

� �

2

6
6
6
4

3

7
7
7
5
þ V ð39Þ

F I GURE 3 Radar network.
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where V denotes the measurement noise and Gð:Þ denotes the
nonlinear measurement function.

The measurement set acquired simultaneously across G
radars at the same CPI can be denoted as follows:

Zk−1 ¼ Zg;k−1
� �G

g¼1 ð40Þ

The difference between measurements of any two radars is
represented by Euclidean distance matrix and is defined as
follows:

Dg~g ¼

d11 d12 ⋯ d1 ~N
~g;k−1

d21 d22 ⋯ d2 ~N
~g;k−1

⋮ ⋮ ⋱ ⋮
d ~Ng;k−11

d ~Ng;k−12
⋯ d ~Ng;k−1 ~N

~g;k−1

2

6
6
6
6
6
4

3

7
7
7
7
7
5

ð41Þ

where. Dg~g;k−1 ∈ C
~Ng;k−1� ~N

~g;k−1

Also dsl ¼ E G−1 zsg;k−1

� �
;G−1 zlg;k−1

� �� �
Where E is the

Euclidean Distance operator, g and ĝ represent the g‐th and ĝ ‐
th radars.

An indicator matrix {0, 1} is established according to the
distance threshold ζ and the Euclidean distance matrix Dg~g;k−1.
Here, 1 represents the true target and 0 represents the false
target.

L d11ð Þ L d12ð Þ ⋯ L d1 ~N
~g;k−1

� �

L d21ð Þ L d22ð Þ ⋯ L d2 ~N
~g;k−1

� �

⋮ ⋮ ⋱ ⋮
L d ~Ng;k−1;1

� �
⋯ ⋯ L d ~Ng;k−1; ~N

~g;k−1

� �

2

6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
5

ð42Þ

where L dslð Þ ¼
1; dsl < ζ
0; dsl ≥ ζ

�

The threshold L dslð Þ is applied to the acquired Euclidean
distance between individual targets detected by both of radars,
respectively. Specifically, if the distance between two targets is
below the threshold, it signifies that the two targets are
essentially the same.

The indicator matrix D̂gĝ ;k−1, then helps identification of
true target from the deceptive interference found in main‐lobe.

4.2 | Cognitive DCFDA‐MIMO network
target tracking aided with EKF

The target state is initialised by using utilising the output of
2D‐MUSIC from each radar and target covariance matrix.
After initialising the target state, the predicted state can be
continuously sent to the radar system. Combining the tracker
output with the radar 2‐D MUSIC output of the g − th and

g0 − th radar, the tracker performance can be improved to
provide more accurate predicted target state.

Assuming that NI CPIs reare initialise to correctly initialise
the tracker for g − th, now representing the state as xg;k−1þNI ,
in which, be rewriting (k − 1 þ NI) as k − 1, we can write
xg;k−1þNI as xg,k−1 Then the predicted state for the k‐th CPI
can be written as follows:

xðg;kjk−1Þ ¼ Fxg;k−1 þ v ð43Þ

here process noise with 0 mean and covariance matrix Q is
denoted as v, whereas a transition matrix of linear nature is
denoted as F.

F¼ α I2 TCPII2
02 I 2

� �

ð44Þ

where In and 0n denote the n � n identity and zero matrices

Q¼ α

T3
CPI

4
I2

T3
CPI

4
I2

T4
CPI2I2 T2

CPII2

2

6
6
4

3

7
7
5 ð45Þ

where the level of process noise is controlled by manipulating
α. Furthermore, covariance matrix also needs to be predicted
by EKF. Assuming that the target state covariance matrix for
the g − th radar at (K − 1) − th CPI can be initialised to Pg,k−1,
then the covariance matrix for the g‐th CPI can be predicted as
follows:

P g;kjk−1ð Þ ¼ FPg;k−1FT þQ ð46Þ

4.3 | Range and angle prediction with 2‐D
MUSIC

Different from existing FDA‐MIMO radar, the Dual Coprime
FDA‐MIMO recognises more targets against the number of
antenna elements. The range and angle information can be
used to suppress interference at greater number of locations
compared to FDA‐MIMO. With the knowledge of predicted
target state, adaptive matched filters for range as well as angle
dimension can be made to mitigate deceptive interference
caused in the main‐lobe deceptive interference, which in turn
will help to recognise the true target in range‐angle di-
mensions. Suppose the predicted state of the target by g − th
radar in the K − th CPI is x(g,k|k−1), the predicted range and
angle information {r(g,k|k−1), θ(g,k|k−1)} can be extracted using
PMUSIC.

Leveraging r(g,k|k−1), θ(g,k|k−1) that is, predicted range and
angle, can be utilised for g − th in k − th CPI as the prior
information. MVDR can be designed according to the
nbin − th range bin if the predicted range r(g,k|k−1) falls within
it. MVDR for the aforesaid range bin can be given as follows:
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min
~w

~wHRg;k ~w

s:t ~wH~v r g;kjk−1ð Þ; θ g;kjk−1ð Þ

� �
¼ 1

8
<

:
ð47Þ

where interference and noise while excluding nbin − Nε
2 ;

nbin þ Nε
2 th range bin form the Rg,k covariance matrix. Here

Nɛ denote the adjacent range bins to nbin − th range bin. ~w
determines the weight vector whereas virtual steering vector ~v
is given by the following:

~v r g;kjk−1ð Þ; θ g;kjk−1ð Þ

� �
¼ b r g;kjk−1ð Þ; θ g;kjk−1ð Þ

� �
⊗

a r g;kjk−1ð Þ; θ g;kjk−1ð Þ

� � ð48Þ

By employing the predicted virtual steering vector v (r, θ)
acquired for CPI k, the MVDR beamformer can be repre-
sented as follows:

min
~w

wHRg;k ~w

s:t: wHv r; θð Þ ¼ 1

(

ð49Þ

where w represents the optimal weight vector. If θ and r
correspond to the nθ − th the angle and the nbin − th range
cells, the above weight vector w applied to the received signal
will give the output as follows:

Pnbin;nθ ¼

�
�
�wHRnbing;k w

�
�
� ð50Þ

4.4 | Target tracking

Target tracking takes place by observing the angle domain
divided into Nθ according to θΔ intervals by utilising the
following:

min
~w

~wHRg;k ~w

s:t: ~wH~v rðg;kjk−1Þ; θðg;kjk−1Þ
� �

¼ 1

(

ð51Þ

Traversing through all angles allows for the acquisition of
the weight vector at each specific orientation. This process
ultimately leads to the determination of the filtered output
across all range bins and angular cells.

P¼ Pnbin;nθ

� �
; nbin ¼ 1; 2; …: Nbin; nθ ¼ 1; 2; …; Nθ

ð52Þ

Upon applying a weighted filter to the output, the detec-
tion of true targets within specific ranges and angles is facili-
tated, while simultaneously suppressing main‐lobe deceptive
jamming signals. The target's location information can be
extracted from p by selecting its maximum value, which can be
recorded as range and angle in the following manner:

zg;k ¼ ~r; ~θ
� �

ð53Þ

4.5 | EKF update

The latest measurements recieved at CPI K will be used to
update the predicted target state and its covariance matrix as
follows:

xg;k ¼ xðg;kjk−1Þ þ Kg;k zg;k −H xðg;kjk−1Þ
� �� �

ð54Þ

Pg;k ¼ I − Kg;kHg;k
� �

Pðg;kjk−1Þ ð55Þ

where Kg,k denotes the Kalman gain as follows:

Kg;k ¼ Pðg;kjk−1ÞH
T
g;kS

−1
g;k ð56Þ

where Sg,k is the innovation term covariance matrix
ðzg;k −Hðxðg;kjk−1ÞÞ, whereas Hð:Þ represents is the measure-
ment function as follows:

Sg;k ¼Hg;kPðg;kjk−1ÞH
T
g;k þ Rg;k ð57Þ

where Hg;k ¼
δH xðg;kjk−1Þð Þ

δ zg;kð Þ
is the g − th radar jacobian matrix

and Rg,k denotes the measurement covariance matrix, defined
as follows:

Rg;k ¼ diag NrΔrΔ
NθΔθΔ

� �2
 !

ð58Þ

where θΔ and rΔ denote the angular search intervals and range
bin length, respectively. The selections of NrΔ and NθΔ influ-
ence the level of measurement noise.

5 | NUMERICAL EXPERIMENTS AND
RESULTS

5.1 | Experimental environment

The experimental environment is set up of two radars at co-
ordinates [0 m, 0m] and [4000m, 0m] with respect to the origin,
SNR at 30 dB and INR at 10 db. Two targets are introduced at
[2000 m, 2000 m] and [3500 m, 3500 m] from the origin. These
two DCFDA‐MIMO radars have identical parameters unless
specified otherwise. The number of transmit and receive ele-
ments is N = 3, M = 4 indicating a total of 2N þ M = 10 ele-
ments, whereas speed of light is c = 3 � 108 m/s. The carrier
frequency is set to fo = 1 � 109 Hz, the Δf = 25 � 103 Hz, the
wavelength λ = c/fo, the inter‐element spacing of the N trans-
mitting array elements is Md, whereas the spacing between M
receiving elements is Nd where d = λ/2.

5.2 | Experiment 1

Experiment 1 involves one interference in each of the radar's
main lobe. The source of interference here being DRFM. The
projected signal by the DRFM follows the same angle as the
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target in main lobe. The scenario is depicted in the Figure 4
below.

Firstly, in the search phase, 2D‐MUSIC is applied to find
the targets and interference in the horizon, output of radar 1
followed by application of CFAR detection algorithm is shown
in the Figure 5.

It is apparent in the figure that the radar is able to clearly
discriminate two targets in this scenario. Moreover, a similar
output of radar two is given in Figure 6.

The detected targets and interference outputs of Radar 1
and 2 are used and discriminated using distance matrix and
true target is identified. Furthermore, the true target position is
utilised as input for EKF to update its predictor. The EKF
performance measured over 30 CPIs for radar 1's performance
is show in Figure 7a,b show the radar 1 performance relating to
X and Y coordinate tracking whereas Figure 7c,d show the
radar 2's performance.

After updating EKF predictor, the predicted values are
used for training beamforming weights for the Radar 1 and 2
according to the predicted target location. The training of the
beamforming weights is achieved using CVX Convex optimi-
sation tool. Beamforming patterns are shown in Figure 8.

Figure 8 illustrates the beamforming capabilities of Radars 1
and 2, respectively. Specifically In Figure 8a,c,e, Radar 1 steers a
beam towards the target location, which has been indicated by
the maxima on the z‐axis. Notably, it places a null towards the
interference locations (for CPI 20, 25, and 30). Similarly,
Figure 8b,d,f depict the beam steering of Radar 2 towards the
same target represented with a maxima on the z‐axis. Likewise,
nulls have also been placed towards the interferences.

5.3 | Experiment 2

Experiment 2 involves 2 targets as well as increased number
interference as two in each of the radar's main lobe. The
interference signal here are two target projections possibly
produced by DRFM. The projections follow the same angle as
the target in main lobe. The scenario is depicted in Figure 9. It

F I GURE 4 Radar experiment scene 1.

F I GURE 5 Normalised 2D‐MUSIC output of radar 1 at CPI 2.

F I GURE 6 Normalised 2D‐MUSIC output of radar 2 at CPI 2.

F I GURE 7 Extended Kalman Filter performance of radar 1 and 2.
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is evident that the system is robust towards more interference
and can accurately track the true target even with significantly
fewer number of elements compared to the FDA‐MIMO
Network.

2D‐MUSIC outputs of the Radar 1 and 2 are given in
Figures 10 and 11. It is evident that radars are able to clearly
distinguish different signals in the horizon.

Target position prediction by EKFs for radar 1 and 2 are
given in Figure 12a,b show radar 1's performance in X and Y
coordinates while Figure 12c,d show radar 2's performance in
the same. Likewise, beamforming outputs of radar 1 and 2 are
given in Figure 13a,c,e, where Radar 1's beam is focused on
target closest to its position showing higher peaks whereas
producing nulls at the 2 points of interferences. Moreover,
Figure 13b,d,f shows the Radar 2's beam focused on the target
closest to its position with higher peaks while suppressing
points of interferences in its main lobe.

It is apparent in the figures that the Beamforming focuses
the beam on the target closest to them whereas producing null
at the point of interference at CPI 20, 25 and 30.

In a comparison made in Figure 14 between FDA, FDA‐
MIMO and DCFDA‐MIMO, FDA Beamformer in
Figure 14a,b shows a straight beam that highlights the target.
While on the other hand, FDA‐MIMO beamformer in
Figure 14c,d, is more focused around the target. Different from
FDA and FDA‐MIMO, the DCFDA‐MIMO beamformer in
Figure 14e,f produces a more focused area around the target
resulting in a narrower beam than FDA and FDA‐MIMO
beamformers.

F I GURE 8 Radar beamforming with radars 1 and 2.

F I GURE 9 Radar experiment scene 2.

F I GURE 1 0 Normalised 2D‐MUSIC output of radar 1 at CPI 2.

F I GURE 1 1 Normalised 2D‐MUSIC output of radar 2 at CPI 2.
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Furthermore, a comparison of EKF tracking using FDA‐
MIMO against EKF tracking using DCFDA‐MIMO is given
in Figure 15a which shows radar 1 performance comparison

between DCFDA‐MIMO and FDA‐MIMO network, whereas
Figure 15b shows the same for radar 2. It is apparent that
despite having lower count of elements in transmitting and
receiving array, DCFDA‐MIMO is able to achieve the same
results as FDA‐MIMO with greater number of array elements.

6 | CONCLUSION

We proposed a DCFDA‐MIMO Network based target
discrimination and tracking method, which utilises Dual
Coprime FDAmultiple input multiple output network for initial
detection of targets and interference. Next, target discrimination
is carried out to optimise beamforming weights for better

F I GURE 1 2 Extended Kalman Filter performance of radar 1 and 2.

F I GURE 1 3 Radar beamforming with radars 1 and 2.

F I GURE 1 4 Radar Beamforming comparison between frequency
diverse array (FDA), FDA‐MIMOO and DCFDA‐MIMO.

F I GURE 1 5 Extended Kalman Filter comparison between DCFDA‐
MIMO and FDA‐MIMO at CPI 30 in Y coordinates.
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detection of targets. Experiments applying DCFDA‐MIMO for
mitigation of main‐lobe interference has yielded the following
conclusions:

1. DCFDA‐MIMO radar network works with fewer elements
to achieve the same results as FDA‐MIMO Radar Network.

2. DCFDA‐MIMO radar network can more effectively
distinguish genuine targets from deceptive trajectory inter-
ference in the main lobe.

3. The main lobe of the beam pattern directs towards
the genuine target while simultaneously suppressing
interference.

4. EKF in combination with DCFDA‐MIMO network en-
sures correct path of the true target.

In future work, we plan to utilise the said array for moving
platform by incorporating algorithms to counter clutter inter-
ference mitigation. Furthermore, we will use radar network to
focus the power towards multiple targets at the same time.
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