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Abstract

Space-time adaptive processing (STAP) has been widely recognized as an effective tech-
nique for suppressing clutter in airborne radar systems. Nevertheless, range ambiguity
can seriously affect the clutter rejection capability of conventional STAP methods. Fre-
quency diverse array (FDA) radar provides additional degrees of freedom by exploiting
frequency offsets across array elements, thereby offering an effective solution to the range
ambiguity problem. Based on this advantage, FDA-STAP has been proposed and devel-
oped. However, when the available snapshots are insufficient, the performance of FDA-
STAP may deteriorate significantly due to the high-dimensional adaptive processing re-
quirement. To address this issue, this paper investigates reduced-dimension STAP for air-
borne FDA radar in range-ambiguous environments and proposes an enhanced reduced-
dimension FDA-STAP method, referred to as ERD-FDA-STAP. First, the signal model of
airborne FDA-STAP radar is established to describe the received data characteristics.
Then, a specially designed linear transformation matrix is introduced to decrease the sys-
tem degrees of freedom. Finally, the proposed ERD-FDA-STAP algorithm is derived
based on the minimum variance distortionless response criterion using the reduced-di-
mension data. Simulation results demonstrate that the proposed method achieves supe-
rior clutter suppression performance and maintains good robustness against array gain
and phase errors.

Keywords: space-time adaptive processing; frequency diversity array;
reduced-dimension; range ambiguity; limited snapshots

1. Introduction

Space-time adaptive processing (STAP) has been widely acknowledged as one of the
most powerful signal processing techniques for airborne radar moving target detection
[1-3]. Since the pioneering investigation conducted by Brennan in 1973 [1], STAP has at-
tracted sustained attention from researchers and engineers due to its remarkable capabil-
ity in suppressing strong ground clutter and improving radar detection performance. In
airborne radar systems, clutter returns usually exhibit strong coupling characteristics in
both the spatial and temporal domains. By jointly exploiting the spatial information pro-
vided by antenna arrays and the temporal information obtained from coherent pulse
trains, STAP can separate moving targets from clutter effectively. Consequently, the out-
put signal-to-interference-plus-noise ratio (SINR) can be significantly enhanced, which is
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of great importance for reliable target detection in complex electromagnetic environ-
ments.

In practical airborne radar applications, high-speed platforms are increasingly em-
ployed due to their rapid maneuverability and fast response capability. For such plat-
forms, serious Doppler ambiguity may occur, and a large pulse repetition frequency (PRF)
is usually required to satisfy sampling requirements in the Doppler domain. However,
increasing the PRF inevitably decreases the unambiguous range, which gives rise to the
range ambiguity problem. Conventional STAP methods are generally developed under
the assumption that range ambiguity is not considered. When ambiguous range returns
are present, traditional STAP cannot effectively separate echoes from different range re-
gions because it lacks range-dependent degrees of freedom. Consequently, the clutter re-
jection performance may be greatly reduced.

To alleviate the influence of range ambiguity, various technologies have been inves-
tigated in existing studies. In general, these technologies aim to introduce additional
range-related degrees of freedom, i.e., spatial filtering techniques [4-7] and waveform di-
verse array techniques [8-12]. Spatial filtering usually employs array elements distributed
along the elevation direction to obtain elevation-domain degrees of freedom. Since echoes
from different ranges correspond to different elevation angles, the elevation information
can be used to distinguish range-ambiguous clutter. This approach can achieve satisfac-
tory ambiguity resolution when enough array elements are available. Nevertheless, its
effectiveness will be limited, as the element number is insufficient. Moreover, additional
elevation aperture increases system hardware complexity, which is often undesirable for
airborne radar platforms. Unlike spatial filtering, waveform-diverse array techniques ac-
quire range-dependent information by designing waveform parameters, such as fre-
quency, phase, or modulation structure. Since the echoes from different ranges exhibit
distinguishable characteristics associated with the waveform parameters, waveform di-
versity can provide extra range-related degrees of freedom effectively. With appropriate
demodulation and signal processing, waveform-diverse arrays can resolve range ambigu-
ity while avoiding a substantial increase in radar hardware.

Frequency diverse array (FDA) radar is an important representative of waveform-
diverse array systems. By assigning a small frequency offset among adjacent transmit el-
ements, FDA radar introduces range-angle-dependent characteristics into the received
signal, which makes it attractive for overcoming range ambiguity. Recently, FDA has been
applied to a variety of radar signal processing tasks, including spectrum estimation
[13,14], adaptive beamforming [15,16], target detection [17], and interference suppression
[18,19]. However, compared with these applications, the study of FDA-based STAP is still
relatively limited and requires further investigation [20-22]. It should be emphasized that
the optimal FDA-STAP processor relies on the exact clutter covariance matrix (CCM),
which is generally unavailable in practice and must be estimated from snapshots. As the
number of snapshots is inadequate [23], the estimated covariance matrix becomes inaccu-
rate, leading to a severe loss in STAP performance. Although the Reed-Mallett—Brennan
(RMB) rule provides a theoretical guideline for the required number of snapshots, this
requirement is difficult to meet in many real scenarios.

To reduce the dependence on snapshots, several FDA-STAP methods have been pro-
posed [24-34]. For example, sparse reconstruction-based FDA-STAP [24,25] can estimate
the CCM with limited snapshots and has demonstrated promising performance. How-
ever, sparse reconstruction usually involves high computational complexity, which re-
stricts its practical use in real-time airborne radar systems. Shrinkage-based FDA-STAP
can also reduce the requirement on snapshots by shrinking the eigenvalues, but it still
consumes too much computational time in eigen-decomposition [26]. Reduced-dimension
(RD)-FDA-STAP provides another feasible solution [27-30]. By applying a linear transfor-
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mation, the dimensionality of the adaptive processing problem can be reduced, thereby
decreasing the required snapshots according to the RMB rule [31-34]. The other range-
ambiguous clutter suppression methods also suffer from limited snapshots [35,36]. As a
result, RD-FDA-STAP has become an effective approach for suppressing range-ambigu-
ous clutter under limited-snapshot conditions. Nevertheless, existing RD-FDA-STAP
methods may still suffer noticeable performance degradation in certain scenarios. The de-
sign of the linear transformation matrix is critical to the performance of RD-FDA-STAP.
Generally, this matrix is formed by the target channel and several auxiliary channels. A
common strategy is to select a small number of auxiliary channels that have strong corre-
lation with the target channel. Based on this idea, the classical three-dimensional localized
processing method selects auxiliary channels from a local cube-shaped region centered
around the target channel, and its effectiveness has been verified through simulations.
However, this channel selection strategy may discard several important spatial degrees of
freedom. As a consequence, the achievable performance upper bound is reduced, which
may cause degradation in clutter suppression capability.

Motivated by the above limitations, this paper proposes an enhanced RD-FDA-STAP
method, referred to as ERD-FDA-STAP, for airborne FDA radar in range-ambiguous clut-
ter environments. Firstly, the received signal model for airborne FDA-STAP radar is es-
tablished, which provides a basis for subsequent processing. Then, a refined linear trans-
formation matrix is designed to reduce the system dimensionality while preserving useful
degrees of freedom as much as possible. Finally, the proposed processor is given. Numer-
ical simulations demonstrate that the developed ERD-FDA-STAP realizes improved clut-
ter rejection performance compared with the existing RD-FDA-STAP approach and ex-
hibits strong robustness against array gain and phase errors.

Notation: In this paper, Ly expresses an identity matrix of size M The symbol &

T H
refers to the Kronecker product. For a matrix or vector, O and O are used to repre-
sent the transpose and Hermitian transpose, respectively. The complex field is denoted by

C , while E() denotes mathematical expectation. Furthermore, the main variables used
in the following are given in Table 1 for simplification.

Table 1. Main variables and their names.

Variables Names
Transmitting element number

Receiving element number
Pulse number
Transmit-time-receive steering vector
Transmit steering vector
Time steering vector
Receive steering vector
Transmit element spacing
Receiving element spacing
Carrier frequency
Frequency shifting
Noise power
Clutter covariance matrix

Sample covariance matrix

Reduced-dimension covariance matrix

RIS RK K xO
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2. Background
2.1. Signal Model

Figure 1 gives the side-looking airborne radar configuration considered. The radar
employs a linear transmit-receive array, including J transmitting elements and 9 re-
ceiving elements. Let the spacings of the transmitting and receiving array elements be Pr

and Ak, respectively. The reference carrier frequency is given by Jo . To construct the

. . . o, . . .
frequency diverse array, a fixed frequency increment -/ is assigned between adjacent
transmit elements. Thus, the carrier frequency corresponding to the j-th transmitting ele-
ment is given as

fi=h+(-1)0, j=12,.J. 1)

Transmit antenna

Receive antenna

4 Y
clutter patch

Figure 1. Side-looking airborne radar system.

In the considered geometry, H and V' denote altitude and velocity for airborne
radar. The variables (/)’ 0 ,and i are used to characterize the elevation angle, azimuth
angle, and cone angle, respectively: specifically, °S¥ = cospcost g side-looking ra-
dar. Assume that the radar transmits K pulses with a pulse repetition frequency of

Jows and that the transmitted signals are mutually orthogonal. After the preprocessing
procedure, the received data corresponding to the [-th range cell are written as

X, =x +x +x,

) Lo M s 2
S VAN AL % YL UA 0 WAL (700 WA (70 | RS S
g=1 z=1
where s € ct denotes the target, T~ CN(O’R’I" oK ) denotes noise, and X € c
denotes clutter,
M, M.
X, = Zl Z:, éi‘q,za (f[ ('//ivq,z )a S (y/i,q‘z )» / (Wi,q,: ))
q=1 z=
M, ’ (3)

I
M=

G- Or (fz (l//[,q,z )) ®a, (fd ('//i,q,; )) O, (fr ('//i,q,z ))

1z=

q
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For (3), M, indicates the range ambiguity order, whereas M, specifies the number

of clutter patches within a single range bin. The parameter Sias characterizes the com-

a i.q,z )° iq,z )>Jr i,q,z
plex amplitude associated with each clutter patch, and (f’ Wiss)-fo Wia)- S (W ))
represents the corresponding clutter steering vector. Furthermore, the steering vector ¢

a .))eC’
is composed of three components, namely the transmit steering vector ' (f' ('/j""" )) ,

a,(f,(v,,.))eC"

the Doppler steering vector

a (/. (v.,.))eC®

, and the receive steering vector

, which correspond to the transmit, slow-time, and receive dimensions,

respectively.
a, (f (v, )) _ [1 W) ()i
t i,q,z > RN
@ (fi(v.,.))= 1,2 Wiz . eﬂm(mzkk—n}r @
E i,q.z 3 FEEEIN .
o (f ('//- )) =[1 W) L ejZ”f"(W"“)(Q'I)T
r iq,z s N .
In (4), ft(l/lf’q’z) , Ja (l//i’q’z) and ﬂ'(%’q’z) respectively stand for the transmit,

Doppler and receive frequency,

1 (l//i’q,z ) =-26,1, (q—l)/c+,0T COS(l//I.,q,Z )//1
Iy (l//i,q,;)ZZVCOS(V/i,q,z )/(fPRFl) : ®)
£ (Wiy.) = prcos(v,,.) /4

A=1il €, ¢ denotes the speed of light, and 1y =/ 2o . It is seen that diverse
range regions have diverse transmitting frequency from (5), and then the clutter in diverse
regions is distinguished from the transmitting dimension.

Therefore, FDA-STAP is mathematically expressed by

where

min  P(h)=h"Rh
(6)

st Wa(f ) =1

al x’ x’ :\' = CJQK
where P(n) is the radar output power, (f’ Ja), )
ing vector, and Re CP"*% 4enotes the CCM.

represents the target steer-

R= E(x,.xiH)

5 a(f, (W) S Wiy )s S, (w,-,q,z))+mw . @)
T (£ (Wi )o Sy (Vi) 1 (W)

My M |§i,q,z

N

1
q=1

With (7), the optimal FDA-STAP /1€ ™" can be given as

R'o(f.1.1)

hop[ — , 8
(1Rl ) o
and the minimal radar output power can be derived as
1
P(h™)= .
N N NAT S NS ©)
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2.2. Sample-Based FDA-STAP
When utilizing (8), it is necessary to obtain the inverse CCM R . Nevertheless, it is
hard to obtain the CCM R , and it is commonly obtained from limited snapshots,

R =2 xx', (10)

where R, is the sample covariance matrix (SCM). Then, the optimal FDA-STAP by (8)
will be replaced by

R'a(f. £ 1)
a' (fo. Lo o) R a( £ 1. 12)

opt _
=

(11)

opt

where " is the named full-dimension (FD) FDA-STAP weight. Hence, the output
power by (11) can be derived by

(i) - E UL SV RORR a1 i )

(o (17 s ) Rl 11 07)]

In terms of (12), we find that FDA-FD-STAP will perform well, as the distance be-

—1 B —1
tween B and R issmall. Nonetheless, the number of snapshots for R estimation

is generally not sufficient, i.e., the RMB rule cannot be satisfied, and the distance between

R - (#7)
7 and R will be large, causing large "

(12)

In conventional processing, sparse reconstruction [24,25] and the shrinkage algo-
rithm [26] are the common measures to overcome the issue of limited snapshots. However,
they often face performance loss to some extent and huge computational load. Conse-
quently, it is significantly imperative to exploit other techniques to improve FDA-STAP
for small-size snapshots.

3. FDA-STAP by Enhanced Reduced-Dimension Algorithm

This section reports an effective RD-FDA-STAP. Firstly, the motivation for RD-FDA-
STAP is provided; secondly, we analyze the design of classical RD-FDA-STAP and its dis-
advantage; finally, we derive the ERD-FDA-STAP.

3.1. Motivation for FDA-STAP by Reduced Dimension

RD-FDA-STAP is commonly considered an effective approach for rejecting clutter
under limited snapshots. Additionally, RD-FDA-STAP reduces the computational load
significantly. Therefore, this paper mainly considers the range-ambiguous clutter rejection
by RD-FDA-STAP.

The fundamental of reduced-dimension FDA-STAP is to reduce the dimension of ra-
dar data by a linear transformation. According to the RMB rule, the requirement on snap-
shots can also be decreased. In addition, the computational load is decreased greatly. Then,
according to the MVDR criterion, like (6), RD-FDA-STAP is given as

{min P (hRD ) = h;IDRRDhRD

s s s 4 (13)
st R, (fo. S0, f2) =1
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where [ () is the radar output power under RD-FDA-STAP, Te€ C” s the

R,, =T"RT

named linear transformation matrix, and

Cup (fr Lo 15) =T e (S0 L fr)

hy, e CY

Then, the optimal RD-FDA-STAP can be given as

o Ribe, (12415 17) ”
o (1S ) R (£ 15 1)

and the corresponding minimal radar output power can be given as
1

P(hZ) = .
S N AT PR N (15)

Under limited snapshots, the optimal FDA-STAP obtained with (14) will be replaced

by

R @ (1.1, 17)
oy (1713 L) R o (1513 11)

opt __
hI,RD -

(16)

R

_ H
where o =T R,T

. Therefore, the radar output power obtained with (15) can be de-
rived by

@ (S0 L) ) R R R @ (113 ;)
(e (15 Rebets (1 15 ) |

P(hy,) (17)

In practical situations, the RD DoFs M are much smaller than 72K . According to

the RMB rule, RD CCM can be well estimated, and the distance between R ko and 7
will be small. Hence, RD-FDA-STAP can perform well under limited snapshots.

3.2. The Classical 3DL RD-FDA-STAP
Noticed that the key issue in (13) or (14) is the design of linear transformation matrix

TeC“" Therefore, this paper mainly focuses on the design of T

Because clutters associated with distinct range-ambiguous regions are largely uncor-
related, they may be handled independently for each range region. Consequently, the
snapshots drawn from other range regions generally contribute little useful information.
Therefore, in [29], a classical RD-FDA-STAP is proposed, which is named three-dimen-
sional localization. The design principle of the linear transformation matrix is to select the
assisted channels within a properly sized cube area centered on the target channel, with
its superior performance being empirically validated. The corresponding mathematical
expression of the linear transformation matrix can be described as

Ty =a(f.0, )®b(f).6, )®d(f .6, ), (18)

a(fj,&fu) b(f;j&/w)

where , and

a(/:.9,)

receive assisted channels, respectively, which can be expressed as

represent the selected transmit, time and

https://doi.org/10.3390/eng7070324
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-1 . J-1
“(fzsﬁ/;r): ar( 15_75;,} ""ar[ﬁ +75;,j }
K-1 K-1
[f;‘Té‘/;d} ""aD[f;JFT&f;‘,j }, (19)
s (., 0-1 ., 0-1
a(f:.9,)= aR[fr 2 5./;)’ “"aR[fr +Q2 ‘aﬂ

(1)

~I

R

b(ﬁﬁ.m ) =

Q1

a(f) ()

where , and represent the transmit steering vector, time

steering vector and receive steering vector. / , K and Q denote the number of se-

L . . 5, O )
lected transmit, time and receive assisted channels. “*, “ and ‘ denote the trans-

mit, time and receive frequency interval.

3.3. The Enhanced RD-FDA-STAP

In practice, the proposed three-dimensional location (3DL) in [29] is similar to the
classical joint domain localized method in the conventional two-dimensional STAP [31].
Therefore, 3DL follows the specific advantages and disadvantages of the joint domain lo-
calized method. In [29], 3DL commonly selects three transmit spatial-assisted channels,
three time-assisted channels and three receive spatial-assisted channels. In multiple STAP
applications, spatial channels are highly important for clutter suppression, which can pro-
vide reliable spatial information. However, the three spatial channels are not sufficient
and commonly result in poor FDA-STAP performance because of the lack of RD system
DoFs. Consequently, this requires that the conventional 3DL be enhanced.

To overcome the disadvantages of the classical 3DL, this paper developed an en-
hanced RD-FDA-STAP. Similar to the conventional extended factored approach [32], the
proposed method still selects three time-assisted channels. Aiming at the key spatial-as-
sisted channels, the proposed method selects all the available spatial channels as assisted
channels. Combining the selected time-assisted channels and spatial-assisted channels,
the linear transformation matrix of ERD-FDA-STAP can be given as

Ty =1,®b(f;.6,,)®1,, (20)

From (18), (19) and (20), the difference between the proposed transformation matrix
and existing transformation matrices is intuitively demonstrated. According to the math-
ematical comparison, it is seen that 3DL selects three transmit, time and receive channels,
while the developed ERD-FDA-STAP selects three time channels and all the transmit and
receive channels, which sufficiently preserves the spatial degrees-of-freedom for range-
ambiguous clutter suppression. With the linear transformation matrix in (20), the devel-
oped ERD-FDA-STAP problem can be expressed as

{min PERD (hERD ) = hlI;:IRDRERDhERD

s s s (21)
s.t. thDaERD (-fct’f;d’f;r) =1

_ mH
where e ) is the radar output power under ERD-FDA-STAP, Riwo = Tinp RT g
and % (S Lo 1) = Thper (S S 1) _

M
Then, the optimal RD-FDA-STAP iz € C

RO (1,13, 17)
ey (1713 1) Rep Oy (1513 1)

can be given as

opt __
hERD -

(22)
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In practice, for limited snapshots, the optimal RD-FDA-STAP defined by (22) will be
re-expressed as
Ry b (111

ey = 1 _— 23
0 e (oo B )R, e (S-S 1) 23

Equation (22) is based on the ideal covariance matrix, while Equation (23) uses the
sample-estimated covariance matrix under limited snapshots. For limited snapshots, the
proposed method is effective since it satisfies the RMB rule by reducing the system de-
grees of freedom.

With (23), range-ambiguous clutter will be well rejected. It is expected that the re-

quirement on the number of snapshots will be reduced significantly since the system DoFs
opt
are reduced. In addition, the performancein ~/-*** will be better than that of the conven-

tional 3DL because the spatial channels are sufficiently exploited.

Remark 1. For FDA-STAP, if 3 dB output SINR loss is expected, the required snapshots should
be larger than two times system degree of freedom. For RD-FDA-STAP, the required snapshots are
reduced, but it still should be larger than two times system degree of freedom. If the number of
snapshots is extremely limited, the proposed method cannot work effectively.

3.4. Computational Complexity

Within conventional STAP algorithms, heavy computational overhead primarily
originates from CCM inversion, eigen-decomposition or sparse reconstruction procedures,
whose arithmetic expenses are tightly bound to the CCM’s dimensional scale. This section
quantitatively contrasts the computational load for five mainstream schemes: conven-
tional full-dimensional FDA-STAP (FD-FDA-STAP), 3DL, ERD-FDA-STAP, shrinkage-
aided FDA-STAP, and sparse-based FDA-STAP.

Specifically, FD-FDA-STAP, shrinkage-based FDA-STAP and subspace-based FDA-
STAP are conducted according to the inversion and eigen-decomposition of SCM. The

313 3
0 (J oK ) . 3DL is conducted based on the inversion of SCM with

computational cost is
10 19) ( Ve Qs & )

JOK

based FDA-STAP, it will consume too much time for CCM reconstruction, such as with

- o O(O(J6,5Q6.5K6,5))
the ANM-based method, and the computational complexity is about .
0 (J}Q}E} )

the dimension , and then the computational cost is . As for the sparse-

For the proposed ERD-FDA-STAP, its computational complexity is since the

dimension of its CCM is JOK .

4. Numerical Experiments

This section gives a series of experiments to illustrate the advantages of the ERD-
FDA-STAP approach. The experimental parameter settings are summarized in Table 2. To

be specific, 3DL with J =3 , 0 and K=3 is considered. In addition, “» ,

M, = 2, and V' and P o/ P are set as different numbers to show the performance ad-

vantages of the developed ERD-FDA-STAP under diverse clutter environments. Mean-
while, array gain and phase errors are considered to further demonstrate the robustness
of ERD-FDA-STAP.

In the environmental settings, we exploit the classical Ward model for clutter simu-
lation, which was developed by the Lincoln Laboratory at MIT and is popular in multiple
research projects on airborne radar signal processing. Moreover, this paper does not con-
sider the situation that a target falls in snapshots.

https://doi.org/10.3390/eng7070324
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Output SINR Loss (dB)

Table 2. Parameters settings.

Parameter Value Unit

Height 7000 m
Wavelength 0.29 m
Transmitting element number 20 /
Receiving element number 6 /
Receiving element spacing 0.145 m
Pulse number 6 /

Frequency shifting 250 Hz

Pulse repetition frequency 2000 Hz

CNR 30 dB

The performance of different FDA-STAP methods is evaluated using output SINR
loss [2]. For instance, output SINR loss corresponding to the optimal FDA-STAP can be
expressed as follows:

2

optH s s s
S[NRoptimal FDA STAP — 1),, h a(-f; ’-f(‘i 7.fr )

Loss tH " 7 (24)
JOK K" RK”

Output SINR losses of FD-FDA-STAP, 3DL [29], ERD-FD-STAP, and optimal FDA-
STAP are obtained in the same manner. The final output SINR loss values are then com-
puted by averaging the results over 100 trials.

Firstly, Figure 2 shows the output SINR loss as a function of the normalized Doppler

¢ [=JOK 4 I=2J0K

frequency under the settings o . The velocity is specified as

V' =150m/s and Pr/Pe :1, adopted to examine the performance of ERD-FDA-STAP.

The experiments imply that ERD-FDA-STAP achieves better performance than the FD-
FDA-STAP and 3DL methods, particularly in the case of limited snapshots. As shown in
Figure 2a, when I'=JOK , ERD-FDA-STAP exhibits a clear performance advantage over
the conventional FD-FDA-STAP method. Specifically, the output SINR loss obtained by

ERD-FDA-STAP is reduced by approximately 24 dB and 1 dB compared with FD-FDA-

STAP and 3DL, respectively. In Figure 2b, when ['=2JOK  the RMB criterion is met. Un-
der this condition, the output SINR loss of the proposed method decreases relative to that
in Figure 2a. Although the performance of traditional FD-FDA-STAP is greatly improved,
ERD-FDA-STAP still has better performance than FD-FDA-STAP. More precisely, ERD-
FDA-STAP provides the greatest SINR among the methods, with its SINR loss being about
2 dB and 1 dB smaller than those of 3DL and FD-FDA-STAP, respectively.

-30

A A _A_A_A_A
VvV VvV VVV

——————————

)
7 S N S 2
p -
Q -
&
—&— optimal FDA-STAP é
3DL s !
- = = ERD-FDA-STAP & - n
- - = FD-FDA-STAP 5 —6— ;[p)t;mal FDA-STAP
- = = = ERD-FDA-STAP
Lo Tt - = = FD-FDA-STAP
L L L 1 . 4 . . . -10 ! . L ! . T T T T
-08 -06 -04 -02 0 02 04 06 08 1 -1 <08 -06 -04 -02 0 02 04 06 08 1
Normalized Doppler Frequency Normalized Doppler Frequency

@) (b)

Figure 2. Output SINR losses versus normalized Doppler frequencies, ¥ =150m/s, pr/py =1 . (a)
1=JOK 414 @) [=2J0K
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To show the effectiveness of the proposed ERD-FDA-STAP among different FDA-
STAP algorithms, the output SINR loss curves with respect to normalized Doppler fre-

1=JOK ,.q 1=2J0K .

quency are shown in Figure 3 under the platform velocity is

V' =150m/s and Pr/pr =1 It is seen that the proposed ERD-FDA-STAP has almost

identical performance in comparison with the others, which confirms the advantages of

Output SINR Loss (dB)

-30

-20

Output SINR Loss (dB)

201

the proposed method.
o
Z
2
=]
= \
% \
—&— optimal FDA-STAP 7 .l —&— optimal FDA-STAP |
——3DL | = ——3DL
- - - ERD-FDA-STAP & - - - ERD-FDA-STAP
= = = FD-FDA-STAP @] 8k = = = FD-FDA-STAP |
M~ e - —— Shrinkage-based FDA-STAP |- ——— Shrinkage-based FDA-STAP
S J- - - Sparse-based FDA-STAP - = = Sparse-based FDA-STAP
. . . AN I Y . , | 10 . . . AT T . . .
1 -08 -06 -04 -02 0 02 04 06 08 1 -1 -08 -06 -04 -02 0 02 04 06 08 1
Normalized Doppler Frequency Normalized Doppler Frequency

@)

(b)

Figure 3. Output SINR losses versus normalized Doppler frequencies for different FDA-STAP,
v =1somfs, Pr/Pe=1 (a) 1=JOK snq ) 1=2J0K

Figure 4 gives the output SINR loss versus normalized Doppler frequency under an

increased clutter rank. ! =7/2K and 1=2/9K re considered in this experiment, the

platform velocity is ¥'=300mys, and Pr] Pe :1. In this scenario, the higher platform
speed leads to an increase in clutter rank, as indicated in [37]. Compared with the results
in Figure 2, the performance of all tested algorithms degrades to some degree. Even so,
the proposed ERD-FDA-STAP method continues to show superior performance. As
shown in Figure 4a, when I'=JOK the SINR loss achieved by ERD-FDA-STAP is re-
duced by approximately 23 dB and 4 dB relative to FD-FDA-STAP and 3DL. For Figure
3b, when I= 2JQK, ERD-FDA-STAP obtains a lower SINR loss than that in Figure 4a,
and it still delivers the best overall performance among the compared methods.

-30

Output SINR Loss (dB)
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Figure 4. Output SINR losses versus normalized Doppler frequencies, ¥ =300m/s, Pr/py =1 . (a)

1=J0K ana by 1=20K
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-30

20

Subsequently, Figure 5 illustrates the output SINR loss as a function of normalized

Doppler frequency under the conditions of I=JOK anq 1=2/0K platform velocity

V' =150m/s and Pr/ P =2 . As reported in [37], the clutter rank increases when the spac-

ing ratio between the transmit and receive arrays becomes larger. Furthermore, the work
in [37] has rigorously and theoretically derived the clutter rank under different array ele-
ment spacing ratios, range ambiguity numbers and velocity ambiguity numbers. Com-
pared with Figure 2, the performance of all algorithms deteriorates to varying degrees.
However, ERD-FDA-STAP still outperforms both 3DL and conventional FD-FDA-STAP.
In particular, relative to FD-FDA-STAP, the SINR loss obtained by ERD-FDA-STAP is re-
duced by approximately 24 dB and 1.5 dB when [=JOK ang 1=2J0K , respectively.
Relative to 3DL, the SINR loss obtained by ERD-FDA-STAP is reduced by approximately

1dBand 3dBwhen ! =/9K and 1=2/9K reqpectively.

Normalized Doppler Frequency
(@)

~— ’ \__/ N -
g /
2 il
Q 1
3 :,l
= 1
Z "
@ 7]
—&— optimal FDA-STAP | | & —&— optimal FDA-STAP
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Figure 5. Output SINR losses versus normalized Doppler frequencies, ¥ =150m/s, PPy =2 . (@)
1=J0K 4 () 1=2J0K

In this experiment, the output SINR loss curves with respect to normalized Doppler

[=JOK 4 1=2J0K

frequency are shown in Figure 6 under , the platform velocity is

V'=300nys, and Pr / Pr = 2. According to [37], increasing the spacing ratio between the
transmit and receive array elements leads to a higher clutter rank. Therefore, compared
with the results in Figure 2, the performance of all considered algorithms exhibits a no-
ticeable degradation. Even under this more challenging conditions, the proposed ERD-
FDA-STAP method still maintains better performance than both 3DL and conventional
FD-FDA-STAP. More specifically, when compared with the conventional FD-FDA-STAP
method, ERD-FDA-STAP reduces the output SINR loss by approximately 23 dB and 2 dB
for the cases of ! =/@K ang 1=2/0K respectively. When compared with the conven-
tional 3DL approach, ERD-FDA-STAP reduces the SINR loss by approximately 2 dB and

3 dB for the cases of | =/@K anq /=2/0K respectively. This further confirms the ro-
bustness and effectiveness of the developed approach when the clutter rank increases.
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In practical operating environments, variations in external circumstances may result
in inconsistencies for amplifier responses and phase characteristics of the receive array
channels. These mismatches are usually modeled as array gain and phase errors [37]. The
5% gain and phase errors refer to both amplitude error and phase error. In [37], the error
model has been defined, and the gain and phase obey uniform distribution. As described
in [2], such errors can cause de-correlation between the transmitting and receiving chan-
nels, then making the performance of FDA-STAP worsen. To examine the robustness to
the errors for the developed ERD-FDA-STAP method, 5% errors are added to clutter data
in this experiment, and the corresponding results are presented in Figure 7. The platform
velocities are V' =150m/s and ¥ =300nys, the ratios between transmitting and receiving

element spacings are Prlpe =1 and P o/ P =2 , and the numbers of snapshots are
[=JOK 3nd 1=2/0K respectively. When ! =72K | the developed ERD-FDA-STAP
can have a clear performance advantage over both 3DL and conventional FD-FDA-STAP.
When I=2J0K , the performance differences among FD-FDA-STAP, 3DL, and ERD-
FDA-STAP become relatively small. Nevertheless, ERD-FDA-STAP still provides the low-
est SINR loss and maintains the best overall performance among the three methods.
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In this experiment, to further show the robustness of the proposed ERD-FDA-STAP,
we consider 1%, 3%, 10%, and 15% array gain, and phase errors are considered for com-
parison. The number of snapshots I=JOK the platform velocity is ¥ =150m/s, and

=1 . .
Pr/Pre . The output SINR loss curves with respect to normalized Doppler frequency
are shown in Figure 8. It is seen that the proposed ERD-FDA-STAP still has superior per-
formance when the array gain and phase errors vary, which verifies the robustness of
ERD-FDA-STAP.
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To demonstrate the robustness of the proposed ERD-FDA-STAP method under non-
homogeneous clutter environments, we provide the output SINR loss curves with respect
to normalized Doppler frequency for nonhomogeneous snapshots in Figure 9. The num-

[=JOK 4 I=2J0K

ber of snapshots , the platform velocity is V' =150my/s , and

Prlpr :1. It is found that the proposed ERD-FDA-STAP is still superior to the other
FDA-STAP methods, which verifies its robustness to nonhomogeneous clutter environ-
ments.

=== : . .
P 7~ N
% -~ - ‘\
2 r-=--- < \
1] - - \
o A4r Y
3 \ “
& \
Z I
2 -6 "
3 W .
—&— optimal FDA-STAP =y " —&— optimal FDA-STAP
3DL S 4l 1 3DL
- - - ERD-FDA-STAP | - - - ERD-FDA-STAP
S -y - - = FD-FDA-STAP - | |- - - FD-FDA-STAP
. . LNy . L | | . -10 L L L L TR L . )
08 06 -04 -02 0 02 04 06 08 1 -1 <08 -06 04 02 0 02 04 06 08 1

Normalized Doppler Frequency

Normalized Doppler Frequency

(@) (b)
Figure 9. Output SINR losses versus normalized Doppler frequencies for nonhomogeneous clutter

environments., V=150m/s, Pr/pr =1 (a) I=JOK .4 (b) I=2JOK

To further confirm the superiority and adaptability of the developed ERD-FDA-
STAP approach in different range-ambiguous clutter scenarios, an additional experiment
is carried out by setting the number of range ambiguity regions to three in Figure 10. The

platform velocities are given as V=150m/s and V'=300mys , the ratios between the

transmitting and receiving element spacings are Prl P =1 and P o/ e =2 , and the

I=JOK 1=2J0K .
numbers of snapshots are chosen as and , respectively. These param-
eter settings are used to examine the clutter suppression capability of ERD-FDA-STAP

under more complex range ambiguity conditions. The simulation results indicate that

I=JOK | ihe proposed ERD-FDA-STAP method achieves a noticeable perfor-
mance improvement over both 3DL and conventional FD-FDA-STAP. This demonstrates
that the developed approach can effectively reject ambiguous clutter and maintain supe-
rior output SINR performance under limited or challenging snapshot conditions. When

[=2JOK the performance differences among FD-FDA-STAP, 3DL, and ERD-FDA-STAP
become relatively smaller, suggesting that the compared methods all benefit from the
changed experimental conditions. Nevertheless, ERD-FDA-STAP still yields the lowest
SINR loss among the three algorithms. Therefore, even in the case of three range ambigu-
ity regions, the proposed method continues to show the best overall performance, further
confirming its robustness and effectiveness in various range-ambiguous clutter environ-
ments.

when
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To demonstrate the advantage of the proposed ERD-FDA-STAP in computation, we
give the runtimes of different FDA-STAP methods in Table 3. It is seen that FD-FDA-STAP

has the largest runtime. In contrast, EDR-FDA-STAP has the smallest runtime, which con-
firms ERD-FDA-STAP is applicable to practical applications.

Table 3. Runtime Comparison.

FDA-STAP Runtime
FD-FDA-STAP 1.0791
ERD-FDA-STAP 0.8533
3DL 0.1964

5. Conclusions

In this paper, an enhanced reduced-dimension FDA-STAP method, termed ERD-
FDA-STAP, was proposed for airborne FDA radar in range-ambiguous environments.
The received signal model was first established, and then a refined linear transformation
matrix was designed to reduce the data dimension while preserving effective degrees of
freedom. Based on the MVDR criterion, the corresponding adaptive processor was further
derived. Numerical results show that the proposed ERD-FDA-STAP achieves better clut-
ter suppression performance than existing RD-FDA-STAP methods, especially under lim-
ited snapshots and increased clutter rank. Moreover, it exhibits good robustness against
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array gain and phase errors. These results demonstrate that ERD-FDA-STAP is an effec-
tive and robust approach for airborne FDA-STAP processing in range-ambiguous scenar-
ios.

Note that although the proposed ERD-FDA-STAP has distinct advantages, it also
faces some challenges, such as higher computational load, performance degradation het-
erogeneous clutter, etc. In the future, we will further explore more robust technologies to
improve ERD-FDA-STAP.
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