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ABSTRACT The radar echoes of moving targets in a clutter background are extremely weak and their
characteristics are complex. A low-observable moving target detection technology has become a key
constraint to radar performance, requiring the radar to provide flexible freedom and higher parameter
estimation capabilities. In this paper, a frequency diverse array MIMO (FDA-MIMO) radar is used for
moving target detection in a clutter background, which combines the information in spatial (azimuth)-
range-frequency (Doppler) domains. Based on the signal model of the FDA-MIMO radar, a novel signal
processing method is proposed named as space-range-Doppler focus (SRDF) processing. Theoretical and
simulations analysis shows that this method can be regarded as the combination of multiple cascaded signal
processing, such as beamforming, pulse compression, and Doppler filtering of a conventional array radar.
It can distinguish clutter and moving targets in multidimensional space, improve signal-to-clutter ratio, and
achieve high-precision measurement of target motion parameters via sparse time–frequency distributions.
It will provide a new approach for moving target detection and classification in complex backgrounds.

INDEX TERMS Frequency diverse array MIMO (FDA-MIMO) radar, low-observable moving target,
moving target detection, space-range-Doppler focus (SRDF), sparse time-frequency distribution (STFD).

I. INTRODUCTION
As the main means of target detection and surveillance, radar
is widely used in public and defense security fields such
as air and sea surface target monitoring and early warning
detection [1]–[3]. However, due to the complex background
environment, e.g., land, city, ocean, etc., and the complex
motion characteristics of the target, radar echo is extremely
weak, i.e., low observability [4], [5]. Low observable mov-
ing target detection technology in complex background has
become the key constraint factor affecting the performance
of radar and is also a worldwide difficulty. The key point is
that in both time and frequency domain, the target’s energy
is very weak resulting in a low signal-to-noise/clutter ratio
(SNR/SCR) [6]–[8]. On the one hand, from the point of
view of clutter suppression, target detection in clutter firstly
requires finding an observation space that can effectively

separate the target and clutter. Based on this point, the obser-
vation space corresponding to signal processing gradually
extends from the initial time domain to frequency domain [9],
sparse domain [10], [11], time-frequency domain [12], and
space-time domain [13], etc.. However, for a complex and
dynamic background, it is necessary to further expand the
dimensions of the observation space to provide more degrees
of freedom (DoFs) for signal processing [14]. On the other
hand, from the perspective of the target to be detected, radar
detection is closely connectedwith complex and diverse types
of targets [4], [15], which not only increases the complex-
ity of radar signal processing, but also seriously affects the
overall detection performance. The above problems require
that the radar could provide more flexible DoFs, higher
integration gain, better parameter estimation capabilities,
and work robustly in various environments. One possible
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and practical way is to accumulate target’s energy in dif-
ferent domains [16]. However, commonly used radar, such
as phased-array radar (PAR), often did this in space, range
and Doppler domain separately. Therefore, it is necessary to
investigate novel radar system and signal processing technol-
ogy for moving target detection in complex environment.

The multiple-input multiple-output (MIMO) array radar
has drawn great attentions recently for many advan-
tages without sacrificing the excellence of the traditional
PAR [17], [18]. Its flexibility in signal waveform and array
element location can provide more DoFs for the signal pro-
cessing in the complex and dynamic background. At the same
time, its staring observation working mode can effectively
reduce the dynamic range of the radar system, prolong the
target observation time, improve the Doppler resolution, and
thus help to accumulate the target energy with higher inte-
gration gain [19], [20]. However, MIMO radar also has its
inherent drawback, e.g., in each scan snapshot, the beam
pointing direction is fixed in the range, which means that
the beam pointing is independent of the distance. In some
applications, such as distance interference rejection or clutter
suppression, it is often desired that array beams can point to
different distances at a fixed angle within the same snapshot.
That is to say the interferences or clutter located at the same
angle but different ranges can be effectively suppressed by
the range-dependent beamforming [21], [22], which is really
hard for traditional PAR or MIMO radar.

In recent years, frequency diverse array (FDA) radar has
gained substantial interests from researchers both at home
and abroad [23], [24]. FDA radar transmits the same coherent
signals as PAR, while the most obvious difference is that
a small frequency increment, compared to the carrier fre-
quency, is applied across the elements of FDA radar [25]. The
frequency increment makes the beam direction change as a
function of the range, angle, and time delay. After the center
of the radiated signal is shifted a little, the antenna pattern
of the array is distance-dependent. This would provide many
advantages in interference rejection, resolution enhancement
in synthetic aperture radar (SAR) imaging, and ambiguous
range clutter suppression in space-time adaptive processing
[26]–[29], etc..

Since the concept of FDA was firstly proposed by
Antonik et al. [30], at the international radar conference
in 2006, the theory of FDA has been rapidly developed
on array structure design, beamforming, range-angle joint
parameter estimation, etc.. In 2007, Secmen analyzed the
periodic modulation characteristics of FDA along the range
and azimuth angles [31]. Sammartino et al. [32] used four
frequency synthesizers to control four microstrip antennas
and analyzed the beam patterns of FDA. In 2009, Higgins and
Blunt [24] studied the application of continuous frequency
modulation in the beam patterns of FDA and analyzed its
ambiguity function. In 2010, Jones and Rigling [33] proposed
a plane-structured FDA and a corresponding receiver imple-
mentation method. In 2015, Basit et al. [34] applied FDA
to cognitive radar, and achieve the maximization of power

by selecting the proper frequency offset. Khan et al. [35]
used the log incremental frequency offset to obtain discon-
tinuous beam patterns of FDA, and proposed using time-
varying frequency offsets to solve the decoupling problem
of range and angle. Chen et al. [29] studied the FDA beam
pattern with pulse waveform, and pointed out the prerequisite
for forming a stable point beam in space, which is helpful
for real application of FDA radar. In 2017, IEEE Journal
of Selected Topics in Signal Processing published a special
issue ‘‘Time/Frequency Modulation Array Signal Process-
ing’’, focusing on the progress of the array optimization,
beamforming, parameter estimation, and SAR imaging for
FDA radar [23], [36]–[38]. Theoretical researches show that
FDA could provide new DoFs to control the transmitted
energy distribution, making it a new andmore advanced array
antenna for future radar and navigation systems.

However, FDA cannot unambiguously estimate the tar-
get parameters due to the coupling problem of range and
angle, which is a difficulty for signal integration and esti-
mation. To overcome this problem, the advantages of FDA
in range dependent transmit beampattern and MIMO in
increased DoFs are jointly utilized, namely FDA-MIMO
radar [39], [40]. At present, the researches on target detec-
tion of FDA or FDA-MIMO radar are mostly aimed at
stationary targets or beamforming, localization for moving
target [37], [41]. As for the signal processing of FDA-MIMO
radar especially for moving target detection, further inves-
tigations are needed. Different from traditional target inte-
gration methods, where the target range, angle and Doppler
are measured separately, FDA-MIMO radar has the potential
ability of joint angle-range-Doppler estimation with sam-
ples during slow-time. For the moving target, especially for
the maneuvering target with high-order motion, the time-
varying characteristics of Doppler makes the energy diver-
gence, i.e., Doppler migration, which makes it difficult for
signal processing of FDA-MIMO radar.

In this paper, we propose a novel solution for moving target
integration and detection using FDA-MIMO radar, which is
named as space (angle)-range-Doppler focus (SRDF) pro-
cessing. The advantages over the traditional methods and
main contributions in the context of the proposed SRDF are
summarized as follows:

1) In strong clutter background, the clutter amplitude is
much higher than that of moving target, and their spectrums
are overlapped with each other, i.e., it is rather difficult to sep-
arate them apart in both time and frequency domain. The pro-
posed SRDF method makes full use of the flexible freedoms
of space (azimuth), range, and frequency (Doppler) of FDA-
MIMO radar to improve the detection capability of radar
moving targets in complex environments. The FDA-MIMO
spectrums of clutter and moving target are different in the
SRDF domain, making it easy to distinguish them apart.

2) Traditional array radars, such as PAR and MIMO radar,
whose beam pointing is independent of distance, make it
difficult to achieve joint estimation of distance and azimuth.
While using the proposed SRDF method, the energy of the
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FIGURE 1. Transmit array of FDA radar.

moving target can be accumulated in the multi-dimensional
space (range-angle-Doppler). Thus, the SNR/SCR can be
improved with better anti-noise or anti-clutter ability.

3) For a non-uniformly moving target, it would come
across the effect of Doppler migration using Fourier trans-
form (FT)-based moving target detection (MTD) method,
resulting in low integration gain and poor estimation accu-
racy. While in the finally step of the proposed SRDF-based
detectionmethod, we further develop the framework of sparse
time-frequency distribution (STFD) [42], [43], and propose
the sparse fractional Fourier transform (SFRFT) for high-
resolution Doppler extraction of the non-uniformly moving
target. Simulations verified the higher resolution than the
traditional moving target detection (MTD) method.

The remaining of the paper is organized as follows. The
signal model of FDA-MIMO radar is established in section II.
In section III, we further investigate the three dimen-
sional (3-D) SRDF model considering the Doppler informa-
tion and then introduce the principle of SRDF processing.
Also, the detailed detection procedure of FDA-MIMO radar
is illustrated and compared with that of traditional PAR.
Section IV shows the results of numerical simulations with
noise and clutter and performances analysis for multiplemov-
ing targets, detection probability, and parameters estimation.
The last section concludes the paper and presents its future
research directions.

II. SIGNAL MODEL OF FDA-MIMO RADAR
The biggest difference between FDA radar and PAR is that
there are small frequency increments in the carrier frequen-
cies of adjacent FDA array elements. Considering a uniform
linear array (ULA) with M transmit and N receiving ele-
ments, whose inter-element spacing is d , the structure of FDA
is shown in Fig. 1.

Take the first transmit antennas as the reference point and
the carrier frequency at the m th antenna is [30]

fm = f0 +1fm (1)

where f0 is the radar carrier frequency, The carrier frequency
of each element increases linearly with a frequency increment
1fm = (m− 1)1f .

The transmitted signal of the m th antenna can be written
as

sm(t) = wmej2π fmt , m = 0, · · · ,M − 1 (2)

where wm is the transmit weight. The synthesized signals
arriving at a given far-field point target with angle-range pair

FIGURE 2. Transmit beampattern of FDA and PAR using continuous
waveform. (a) PAR. (b) FDA.

(r , θ ) can then be expressed as [23]

S (t; r, θ) =
M−1∑
n=0

w∗msm (t − τm) (3)

where τm = rm/c0 denotes the signal propagation delay from
the m th element to the target, with c0 and rm = r −md sin θ
being the speed of light and target slant range, respectively.

Following the narrow-band assumption, then (3) can be
approximately expanded as

S (t; r, θ) =
M−1∑
n=0

w∗me
−j2π(f0+1fm)

(
t− r−md sin θ

c0

)

≈ e−j2π f0(t−r/c0)
M−1∑
n=0

w∗me
−j2π1fm(t−r/c0)

× e−j2π f0md sin θ/c0 (4)

The array factor at the position (r,θ ) can be expressed as

AF (t; r, θ) =
M−1∑
n=0

w∗me
−j2π1fm(t−r/c0)e−j2π f0md sin θ/c0 (5)

According to (5), Fig. 2 shows the transmit beampattern of
FDA withM = 32,1f = 4 kHz, and f0 = 9 GHz, compared
with a PAR. It is well recognized that FDA creates a range-
angle-dependent beampattern whose amplitude and spatial
distribution can be controlled by changing the frequency
increments and the number of array elements.

The transmit beampattern of the pulsed FDA radar at
different times is shown in Fig. 3, using M = 10,
f0 = 5 GHz, d = 0.5λ, 1f = 1 kHz, and the radar signal
duration Tp = 0.001 s. The slight frequency increment of
the FDA radar makes the transmitted beam related to the
function of distance, azimuth and time. Making use of the
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distance dependence of the antenna pattern, the transmitted
beampattern can achieve local maximization along different
distances. The beampattern of the pulsed FDA radar is a
slanted line instead of an intermittent point, which indicates
that the distance and angle of the FDA are coupled. This
property is not conducive to the energy concentration of its
mainlobe, and may easily cause signal leakage. The most
practical decoupling approach is to jointly utilize FDA and
MIMO, i.e., FDA-MIMO [39], [40]. In doing so, the range
changing characteristics are produced by FDA and the angle
changing characteristics are provided by MIMO. Then, both
range and angle of the target can be unambiguously estimated
via FDA-MIMO radar.

Suppose there is a target located as (rs, θs), considering that
the electromagnetic signals are independently propagating in
free space, the far-field signal received by the n th element
can then be represented by

ym,n(rs, θs) = α(rs, θs)e−j4π1fmr/cej2πmd/λ sin θej2πnd/λ sin θ

+ cm,n (6)

where α(rs, θs) is the complex reflection coefficient, λ is the
wavelength, cm,n is the clutter, n = 0, · · · ,N − 1.
After pass-band filtering, the returned signal reflected by

the far-field target can be concisely expressed by vector form,

y = α(rs, θs) [aR(rs)� at (θs)]⊗ ar(θs)+ c (7)

where� and⊗ denote the Hadamard (element-wise) product
and Kronecker product operators respectively. at(θs), ar(θs),
and aR(rs) are the transmit, receive, and transmit range steer-
ing vectors, respectively. They have the forms of [37]

at (θs)

=
[
1 ej2πdf0/c0 sin θs . . . ej2π(M−1)df0/cc sin θs

]T (8)

ar (θs)

=
[
1 ej2πdf0/c0 sin θs . . . ej2π(N−1)df0/c0 sin θs

]T (9)

aR (rs)

=
[
e−j4π1f0rs/c0 e−j4π1f1rs/c0 . . . e−j4π1fM−1rs/c0

]T
(10)

where, T is conjugate transpose operator. As shown in (7),
the transmit steering vector is not only angle-dependent but
also range-dependent. Let

a(rs, θs) = [aR(rs)� at (θs)]⊗ ar(θs) (11)

Then for the received signal of a FDA-MIMO radar, the range,
transmit, and receive steering vectors have the following form
after mixed, sampled, and filtering.

yα(rs, θs)a(rs, θs)+ c (12)

As can be seen from the above equation, the coupling
between range and angle is perfectly solved, indicating that
FDA-MIMO radar has a naturally decoupling capability.
Therefore, it could utilize the transmit and receive DoFs to
determine the range and angle of the target.

FIGURE 3. Transmit beampattern of pulsed FDA radar at different
times [29]. (a) t = 0.001s. (b) t = 0.0017s. (c) t = 0.0027s.

III. PRINCIPLE OF SRDF AND MOVING
TARGET DETECTION
A. 3-D SRDF MODEL OF FDA-MIMO RADAR
Now, we further establish the 3-D SRDF signal model, i.e.,
in case of a moving target, which is an extension of the
previous model (12). Suppose the hypothetical target has a
radial velocity vr , which results in a Doppler frequency shift
f d in the returned signals. The FDA-MIMO radar transmits
continuous waveform to detect the moving target. The fre-
quency increment 1f adopted in the FDA-MIMO radar is
relatively negligible while compared with f0 and the wave-
form bandwidth, and thus, the Doppler frequency shift due
to 1f can be ignored. Following (7), the signal model for the
moving target can be revised as

ymov = α(rs, θs, fd) [ad(fd)⊗ a(rs, θs)]+ c (13)

where α(rs, θs, fd) is the complex reflection coefficient, ad(fd)
is the Doppler vector in the slow time, given by

ad(fd) =
[
1 ej2π fdTp . . . ej2π(L−1)fdTp

]T (14)

Where L is the sampling number. Let

κmov(rs, θs, fd) = ad(fd)⊗ a(rs, θs) (15)

then

ymov = α(rs, θs, fd)κmov(rs, θs, fd)+ c (16)

where κmov(rs, θs, fd) can be viewed as a joint angle-range-
Doppler steering vector in the slow time. If the target
moves with constant velocity, then, fd = 2v0/λ, and
fd = 2(v0 + astm)/λ for the accelerated moving target,
where tm denotes the slow time related to the Doppler
processing.

It can be seen from the above equation that the joint
estimation of angle-range-Doppler can be realized by using
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FIGURE 4. FDA-MIMO radar signal processing via SRDF processing.

FIGURE 5. Flowchart of moving target detection. (a) PAR. (b) FDA-MIMO
Radar.

FDA-MIMO radar for moving targets. The range andDoppler
of themoving target can be jointly estimated and accumulated
with the L samples. Combined with the long-time degree
of MIMO, the Doppler resolution of the echo signal can be
greatly improved. Therefore, FDA-MIMO radar has SRD3-D
focus processing capabilities, which helps further improve
the SNR/SCR and obtain the refined characteristics of the
low-observable moving target.

B. SRDF PROCESSING ARCHITECTURE
From (16), it can be seen that the essence of κmov(rs, θs, fd)
is angle, range, and Doppler focusing factors both in fast
and slow time. Therefore, for moving targets, making use
of the distance-azimuth joint estimation characteristic and

the long-time DoFs in slow-time of the FDA-MIMO radar,
the joint processing of space (azimuth)-distance (range for
fast time)-frequency (Doppler for slow time) can be realized.
Correspondingly, SNR/SCR could be further improved due
to integration among multi-dimensions, which is helpful for
the detection of low observable moving targets. The signal
processing flowcharts of FDA-MIMO radar and traditional
PAR are shown in Fig. 4 and Fig. 5. The main advan-
tages of SRDF of FDA-MIMO radar are summarized as
follows:

1) The traditional cascaded signal processing procedures,
e.g., beamforming (angle estimation), pulse compression
(range measurement), and Doppler banks filtering (Coherent
integration), etc., can be replaced by SRDF processing of
FDA-MIMO radar, which is realized by (16).

2) Energy of the moving target is accumulated in the three-
dimensional (3-D) domains after SRDF processing. More-
over, moving target, clutter, and jamming can be separated
in the 3-D dimensions, which would be a promising solution
for clutter suppression and jamming rejection. This part is
verified in section IV(b).

3) The SRDF processing completes the estimation of the
space (range and angle) and motion parameters with high-
precision, which would be verified in section IV(c). Acqui-
sition of target spatial parameters and motion parameters
via SRDF can provide important and refined features of the
target, which may lay a good foundation for the subsequent
identifications.

In short, the propose SRDF signal processing method of
FDA-MIMO radar in this paper would provide a promising
solution for improving the radar moving target detection
performance in complex environment.

C. SRDF-BASED MOVING TARGET DETECTION METHOD
Figure 5(b) gives the flowchart of SRDF-based low-
observable moving target detection and estimation with
FDA-MIMO radar. It mainly consists of five procedures.

Step 1: Get the FDA-MIMO radar data from multi-
ple receiving elements and perform the pass-band filter-
ing [38]. Then we got the range-angle vector of receiving
array signal, i.e., (12).

Step 2: Range and angle decoupling.
The decoupling problem of range and angle can be well

solved by FDA-MIMO radar and joint estimation can be
achieved by the spatial spectrum estimation. Some subspace
algorithms such as MUSIC, estimation of signal parameters
via rotation invariance (ESPRIT), Capon can be applied for
range-angle estimation [44], [45].

Considering the additive clutter c, independent and identi-
cally distributed, with a zero mean variance σ 2

c Gaussian dis-
tribution, the covariance matrix of the received signal vector
y of the FDA-MIMO radar is represented as

Ry = E
[
yyH

]
=

∑
i

α2i (ri, θi)a(ri, θi)a
H (ri, θi)+ σ 2

c I (17)
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where H is a conjugate transpose operation. Suppose the
target and clutter are independent, then the covariance matrix
is rewritten as

Ry = (UT|Uc)

(
3+ σ 2

c I 0
0 σ 2

c I

)
(UT|Uc)

H (18)

where, 3 is the diagonal matrix composed of the eigenval-
ues of the target signal matrix. The corresponding eigen-
vectors of 3 + σ 2

c I constitute the signal subspace UT, and
the corresponding eigenvectors of σ 2

c I constitute the clutter
subspace. Since the clutter is orthogonal to the signal sub-
space, the spectrum function for the FDA-MIMO radar is as
follows.

PFDA-MIMO =
1

aH (r, θ)UnUH
n a(r, θ)

(19)

Then, the distance and angle of the moving target
can be determined by searching the peak of the
spectrum.

Step 3: High-resolution Doppler extraction via STFD.
Due to the complex motion of moving target, the Doppler

may exhibit time-varying properties, and during long obser-
vation time, the computational cost of SRDF processing may
increase exponentially for multiple transmitting, receiving
channels and Doppler samples. Then how to obtain high
integration gain and Doppler resolution of moving target and
at the same time reduce the computational burden is the key
point for SRDF processing of FDA-MIMO radar. In this
paper, we adopt the idea of STFD method and propose the
SFRFT-based method for high resolution Doppler extrac-
tion. Making use of the sparse characteristic of the moving
target, the local optimization idea of sparse decomposition
is introduced to the time-frequency analysis, i.e., STFD,
which can effectively improve the operation efficiency, time-
frequency resolution and parameter estimation performance
for low-observable moving target modelled as time-varying
signal.

For the sparse representation of the signal, the set
g= {gj; j = 1, 2, . . . , J}, whose elements are the unit vectors
of the entire Hilbert space H = RP (J ≥ P), is called as the
dictionary. The elements in the dictionary are atoms. For any
signal y ∈ H , it can be expanded into a linear combination of
a set of atoms, i.e.,

y =
∑
j=1

βjgj (20)

where j is the number of atoms, and the coefficient βj denotes
the similarity of the signal and the atoms.

The over-complete chirp basis is used to form dictionary
for sparse representation. i.e.,

Gs =


gs(f1, µ1) gs(f1, µ2) ... gs(f1, µL2 )
gs(f2, µ1) gs(f2, µ2) ... gs(f2, µL2 )

...
...

...
...

gs(fL1 , µ1) gs(fL1 , µ2) ... gs(fL1 , µL2 )


(21)

gs(fl, µk )

= exp
(
j2π fl tm + jπµk t2m

)
,

l = 1, 2, ...,L1; k = 1, 2, ...,L2 (22)

where fl = 2vl /λ, vl is the initial velocity, and µk = 2ak /λ,
ak is the acceleration of the moving target.
The expected searching scope of the center frequency is

fl ∈ [f1, f2], according to varieties of targets to be detected,
and the interval depends on the Doppler resolution, that is,
1f = 2/Tn. Therefore, the number of searching velocity is
L1 = d(f2 − f2)Tn/2e, where de denotes the round up to
an integer operation. [µ1, µ2], interval 1µ, and searching
number L2 are determined in the same way, i.e.,1µ = 2/T 2

n ,
L2 =

⌈
(µ2 − µ2)T 2

n /2
⌉
. Therefore, the chirp dictionary is a

L1 × L2 matrix.
Rewrite the signal model as the function of slow-time and

frequency (tm, f ), and the signal along the range-angle unit
(ri, θi) of FDA-MIMO radar returns after the step 2 can be
expressed as ymov(tm)|(ri,θi), whose STFD ρy(tm, f )|(ri,θi) has
the following form

ρy(tm, f )|(ri,θi) =
∑
k=1

a2k (tm)δ [f − ϕ̇k (tm)/2π ] (23)

where ϕ̇k (tm) is the estimation of the signal frequency. For
example, ϕ̇(tm) = f0+µstm for the accelerated moving target.
Rewrite the above expression by the form of sparse repre-

sentation, and then we got the following expression

ρy(tm, f )|(ri,θi) =
∑
j=1

βj(tm)gj(tm, f ) (24)

where gj(tm, f ) is the atoms.
The sparse representation of (24) can be regarded as the

optimization problem and solved by l1-norm minimization,
i.e.,

ρy|(ri,θi) = argmin
ρy

∥∥ρy(tm, f )|(ri,θi)∥∥1 ,
s.t. o

{
ρy(tm, f )|(ri,θi)

}
= b (25)

where b is the constant, and o stands for the sparse operator
with J ×P dimension. The above equation can be relaxed by
the following constraint, i.e.,

ρy|(ri,θi) = argmin
ρy

∥∥ρy(tm, f )|(ri,θi)∥∥1 ,
s.t.

∥∥o {ρy(tm, f )|(ri,θi)}− b∥∥2 ≤ ε (26)

When ε = 0, (25) and (26) have the same form. And
when o and b stand for the FRFT and the amplitude of FRFT
respectively, the SFRFT can be represented as

Fα
|(ri,θi) = argmin

Fα

∥∥Fα(tm, f )|(ri,θi)
∥∥
1 ,

s.t.
∥∥o {Fα(tm, f )|(ri,θi)

}
− f (α, u)

∥∥
2 ≤ ε (27)

where Fα(tm, f ) is the SFRFT spectrum, α ∈ (0, π] denotes
transform angle and umeans the SFRFT domain. The relation

VOLUME 6, 2018 43897



X. Chen et al.: SRDF-Based Low-observable Moving Target Detection Using FDA-MIMO Radar

FIGURE 6. Spatial spectrum of uniformly moving targets in a noise background for FDA-MIMO radar (SNR = 0 dB).
(a) Doppler versus azimuth. (b) Doppler versus range. (c) Range versus azimuth.

between (α, u) and the central frequency, chirp rate (f , µ) is{
f = u cscα
µ = − cotα

(28)

The over-complete dictionary described by (21) is taken as
the sparse representative dictionary of SFRFT. It should be
noted that the proposed SFRFT can be generally calculated by
the sparse optimization algorithms such as the basis pursuit
denoising (BPDN) [46]. And it also can be achieved by the
sparse fast FT (SFFT)-based method for higher efficiency
in case of huge computations [47], [48], e.g., more than 212

samples.
Step 4: Go through all the detection units and achieve

moving target detection in SRD domain.
If all the searching parameters are traversed, we will obtain

the detection map in the SRD domain, i.e.,
∣∣Fα(tm, f )|(ri,θi)

∣∣,
which means the peak value in the SRD domain for different
searching unit (ri, θi). We take the modulus as test statistic
and compare with an adaptive threshold.

{α0, u0} = argmax
α,u

∣∣Fα(tm, f )|(ri,θi)
∣∣ H0
≷
H1

η (29)

where η is the threshold usually determined by a commonly
used detector. If the test statistic is bigger than the threshold,
a moving target in the (ri, θi) bin can be declared. Otherwise,
go on with the other detection bins. The peak coordinate
(α0, u0) corresponds to the central frequency and chirp rate
of the signal from a moving target, i.e.,

(f0, µs) = (u0 cscα0,− cotα0) (30)

Step 5: Target’s motion parameters estimation.
Finally, estimate the motion parameters, such as initial

velocity v̂0, acceleration âs, according to the detected peak
location in the SRD domain.

v̂0 =
λ

2
u0 cscα0

âs = −
λ

2
cotα0

(31)

Then the high-resolution estimation of range, angle, and
velocity of moving target is completed and the SRDF is
achieved.

IV. SIMULATION AND RESULTS ANALYSIS
In order to validate the superior performances of the proposed
SRDF method on low-observable moving target detection
and estimation, this section gives numerical experiments.
We set two kinds of targets, i.e., uniformly and accelerated
moving target, in different environments, noise and clutter.
Also, the SRDF detection method of FDA-MIMO radar is
compared with the method via PAR.

A. SRDF IN NOISE BACKGROUND
In the simulations, we consider that the FDA-MIMO radar
transmits continuous signal, including M = 16 transmit
elements and N = 16 receive elements. For each channel,
L = 16 samples are collected during the coherent processing
interval with sampling frequency fs = 1000 Hz. The refer-
ence carrier frequency is f0 = 1 GHz while the frequency
increment of FDA-MIMO is1f = 30 kHz. The SNR= 0 dB
and−15 dB, and the target is assumed at the slant range 3km
with two uniformly velocity, i.e., v0 = −39m/s (-260 Hz),
and accelerated velocity, i.e., v0 = −39m/s (−260 Hz),
as = 2m/s2 (13.4 Hz/s), respectively.
Fig. 6-Fig. 9 show spatial spectrum of FDA-MIMO radar

for moving target with uniformly and accelerated velocity,
including angle-Doppler spectrum, range-Doppler spectrum,
and range-angle spectrum, respectively. The axis of Doppler
is normalized. Compared with the FDA-MIMO spectrum for
the two kinds of moving target, the following points can be
concluded:

1) Different from the stationary target, the FDA-MIMO
spectrum of themoving target has a Doppler shift correspond-
ing to the motion status.

2) The Doppler spectrum of the non-uniformly moving
target diverges across multiple Doppler units, i.e., Doppler
migration, which is not conducive to the accumula-
tion of target energy and the estimation of the motion
parameters.

3) With the decrease of SNR, the noise amplitude is
enhanced, but it is easy to detect the moving target via the
angle-Doppler or range-Doppler spectrum.Moreover, we can
find the output of the spectrum related with Doppler informa-
tion is better than the range versus azimuth spectrum. This
is because that the energy of moving target is accumulated
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FIGURE 7. Spatial spectrum of accelerated moving targets in a noise background for FDA-MIMO radar (SNR = 0 dB).
(a) Doppler versus azimuth. (b) Doppler versus range. (c) Range versus azimuth.

FIGURE 8. Spatial spectrum of uniformly moving targets in a noise background for FDA-MIMO radar (SNR = −15 dB). (a) Doppler
versus azimuth. (b) Doppler versus range. (c) Range versus azimuth.

FIGURE 9. Spatial spectrum of accelerated moving targets in a noise background for FDA-MIMO radar (SNR = −15 dB). (a) Doppler
versus azimuth. (b) Doppler versus range. (c) Range versus azimuth.

in the Doppler domain with improved SNR, which is better
for low-observable moving target detection. From the above
analysis, the three-dimensional joint processing for range,
angle, and Doppler can be realized by the FDA-MIMO radar.

In order to overcome the effects of Doppler migration for
non-uniformly moving target for better Doppler resolution,
we perform the SRDF processing according to the flowchart
of Fig. 5(b), and STFD are employed for high-resolution
sparse representation. Fig. 10-Fig. 13 are the FDA-MIMO
spectrum at the target’s rangabin for different SNRs. The SFT
and SFRFT are used for Doppler focusing and high resolution
sparse processing for different motion states. The peak value
of the target is obvious, thus overcoming the Doppler migra-
tion effect of the FDA-MIMO spectrum for maneuvering
target. Therefore, 3D integration of moving target can be
achieved with high-resolution using SRDF processing.

FIGURE 10. FDA-MIMO spectrum at the target’s rangabin (SNR = 0 dB).
(a) Uniformly moving target. (b) Accelerated moving target.

B. SRDF IN CLUTTER BACKGROUND
In this part, the performances in clutter background of the
proposed SRDF processing for FDA-MIMO radar are veri-
fied. Clutter data obeying Weibull distribution is added to the
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FIGURE 11. FDA-MIMO spectrum at the target’s rangabin via STFD
(SNR = 0 dB). (a) Uniformly moving target (SFT). (b) Accelerated moving
target (SFRFT).

FIGURE 12. FDA-MIMO spectrum at the target’s rangabin
(SNR = −15 dB). (a) Uniformly moving target. (b) Accelerated moving
target.

FIGURE 13. FDA-MIMO spectrum at the target’s rangabin via STFD
(SNR = −15 dB). (a) Uniformly moving target (SFT). (b) Accelerated
moving target (SFRFT).

simulated moving target and also simulations for two SCRs,
i.e., 0 dB and−15 dB. Compared with the FDA-MIMO spec-
trum in noise background, it can be found that the power of
clutter background is higher than that of the noise and we give
the spatial spectrum of moving target in clutter background in
dB, which is shown in Fig. 14-Fig. 17. Traditionally, the spec-
trum of clutter should bemixedwith target together, e.g. using
PAR, while for FDA-MIMO radar, they can be separated
in Doppler and range domain (see Fig. 14(b)-Fig. 17(b)).
This is because that clutter is distributed around zero range
‘frequency’ (refer to (13)) and zero Doppler frequency. That
is to say that using FDA-MIMO radar, clutter would appear
at the same angle but different ranges with the target, and can
be effectively suppressed, while it won’t work for traditional
PAR or MIMO radar. Therefore, this advantage can be used
for moving target detection in strong clutter background, e.g.,
sea environment. Then, FDA-MIMO spectrum at the target’s
rangabin with SCR=−15 dB is shown in Fig. 18 and Fig. 19.
Because the clutter and moving target can be separated
along the range and Doppler direction, the Doppler spectrum

FIGURE 14. Spatial spectrum of uniformly moving targets in clutter
background for FDA-MIMO radar (SCR = 0 dB). (a) Doppler versus
azimuth (dB). (b) Doppler versus range (dB).

FIGURE 15. Spatial spectrum of accelerated moving targets in clutter
background for FDA-MIMO radar (SCR = 0 dB). (a) Doppler versus
azimuth (dB). (b) Doppler versus range (dB).

FIGURE 16. Spatial spectrum of uniformly moving targets in clutter
background for FDA-MIMO radar (SCR = −15 dB). (a) Doppler versus
azimuth (dB). (b) Doppler versus range (dB).

FIGURE 17. Spatial spectrum of accelerated moving targets in clutter
background for FDA-MIMO radar (SCR = −15 dB). (a) Doppler versus
azimuth (dB). (b) Doppler versus range (dB).

amplitude of clutter is still lower than the moving target
resulting in good performance for SRDF.

C. PERFORMANCES ANALYSIS
1) FDA-MIMO SPECTRUM OF MULTIPLE MOVING TARGETS
FDA-MIMO spatial spectrum of multiple targets is shown
in Fig. 20, and we set two scenarios: one is the same azimuth,
different range and Doppler, i.e., θ1 = θ2 = 0◦, r1 = 2990m,
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FIGURE 18. FDA-MIMO spectrum at the target’s rangabin (SCR = −15 dB).
(a) Uniformly moving target. (b) Accelerated moving target.

FIGURE 19. FDA-MIMO spectrum at the target’s rangabin via STFD
(SCR = −15 dB). (a) Uniformly moving target (SFT). (b) Accelerated moving
target (SFRFT).

FIGURE 20. FDA-MIMO spatial spectrum of multiple targets (SNR = 0 dB).
(a) The same azimuth, different range and Doppler.
(θ1 = θ2 = 0◦, r1 = 2990m, r2 = 3990m, fd1 = −0.26, fd2 = 0.19). (b) The
same range, different azimuth and Doppler. ( r1 = r2 = 2990m, θ1 = 0◦,
θ2 = 29◦, fd1 = −0.26, fd2 = 0.19).

r2 = 3990m, fd1 = −0.26, fd2 = 0.19, the other is the same
range, different azimuth and Doppler, i.e., r1 = r2 = 2990m,
θ1 = 0◦, θ2 = 29◦, fd1 = −0.26, fd2 = 0.19. It can
be found that utilizing the spatial spectrum of FDA-MIMO
radar, multiple targets can be distinguished in angle, distance,
and Doppler multi-dimensions.

2) DETECTION PERFORMANCES UNDER DIFFERENT SCRs
The simulated detection probabilities Pd of the PAR and
FDA-MIMO are computed with 105 runs at each SNR to
obtain the corresponding Pfa = 10−3. The signal procedures
of the two radars are carried out according to the flowcharts
in Fig. 5. Uniformly and accelerated moving targets embed-
ded in Weibull clutter background are considered. The SCR
is incremented in 1 dB interval between −25 dB and 5 dB.
The biparameter detector is employed in the SRDF domain.
The curves of Pd versus SCR of PAR and FDA-MIMO
radar are shown in Fig. 21. Since more DoFs (samples from

FIGURE 21. Detection probability of PAR and FDA-MIMO radar in clutter
background (Pfa = 10−3). (a) Uniformly moving target. (b) Accelerated
moving target.

different dimensions) are used and accumulated, the SRDF-
based detection method shows obvious advantage over the
traditional methods using PAR (digital beamforming (DBF),
pulse compression (PC), MTD). Under the same detection
probability Pd = 0.8, the SCR threshold for the FDA-MIMO
with L = 16 is about−15 dB, which is smaller for 10 dB than
the corresponding thresholds of PAR. In addition, compared
with the Pd curves of SRDF with different sample number,
we can see that more samples can help improve the detection
performance. Compared with the detection curves of uni-
formly moving target and accelerated moving target, it can
be found that due to the Doppler migration, the detection
probability has about 0.2 loss for FDA-MIMO and 0.4 loss
for PAR. This is because that the MTD of PAR is based on
the filter banks processing via FFT.

3) PERFORMANCES FOR MOTION
PARAMETERS ESTIMATION
Under the same condition of Fig. 17, the estimation results
and the computation time of PAR and FDA-MIMO using
the proposed SRDF are shown in Tab. 1. The estimation
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TABLE 1. The comparisons of motion parameters estimation. (The same
parameter of accelerated moving target in Fig. 17, SCR = −15dB).

performance is compared by computing the absolute error,
which is defined as

|1f0| =
∣∣∣f0 − f̂0∣∣∣ , |1µ| = ∣∣µ− µ̂∣∣ (32)

Tab. 1 demonstrates that the FDA-MIMO outperforms
the traditional PAR greatly in low SCR environment due to
the good concentration and high-resolution ability of SRDF.
However, the proposed method costs more time due to the
joint optimization process in 3D domains. Hence, a more
efficient method of SRDF is needed in the future work.

V. CONCLUSIONS
FDA radar has received much attention in recent years due to
its range-dependent transmit beampattern, but it has several
problems for signal processing, such as angle and range cou-
pling and Doppler processing for moving target. In this paper,
FDA-MIMO radar is employed for low-observable moving
target detection, and a novel three-dimensional processing
method, i.e., SRDF, is proposed for coherent integration and
high-resolution estimation. The concept and signal model of
SRDF for FDA-MIMO is established. Then, we provide the
implementation of SRDF and use STFD to achieve high-
resolution representation of Doppler, which is a possible
solution for real applications. Finally, simulations under noise
and clutter environment show that the proposed method can
achieve 3D parameters estimation and has better ability for
integration and clutter suppression. It has the advantages of
high integration gain, high-resolution, anti-clutter, etc.. More
investigations on real experiments for different motions will
be carried out in future work.
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