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Abstract: Airborne Frequency Diversity Array (FDA) radar operating at a high pulse repetition
frequency encounters severe range-ambiguous clutter. The slight frequency increments introduced by
the FDA result in angle and range coupling. Under these conditions, conventional space-time adaptive
processing (STAP) often exhibits diminished performance or fails, complicating target detection. This
paper proposes a method combining elevation oblique subspace projection with azimuth-Doppler
STAP to suppress range-ambiguous clutter. By analyzing the relationship between elevation frequency
and range, the proposed method compensates for quadratic range dependence. Through the
construction of an elevation oblique subspace projection technique, an elevation adaptive filter
is used to separate clutter from ambiguous regions. Residual clutter suppression is achieved through
azimuth-Doppler STAP, enhancing target detection performance. Simulation results demonstrate
that the proposed method effectively addresses range dependence and ambiguity issues, improving
target detection performance in complex airborne FDA radar environments.

Keywords: frequency diverse array (FDA); clutter suppression; space-time adaptive processing
(STAP); moving targets detection (MTI)

1. Introduction

Forward-looking airborne radar encounters intense ground clutter during downward surveillance,
where the varying speeds caused by aircraft movement result in significant Doppler frequency
extension, complicating target detection [1-3]. Space-time adaptive processing (STAP) [4] is a highly
effective technique used in airborne radar for clutter suppression. STAP combines spatial information
from the array and temporal information from a pulse to identify and filter out unwanted signals,
allowing the radar to focus on detecting targets of interest. By adaptively adjusting the processing
parameters in response to the changing environment, STAP can effectively mitigate the impact of
ground clutter and other sources of interference and finally enhances the radar’s ability to detect
and track moving targets. STAP’s effectiveness has made it a crucial component in modern airborne
radar systems, improving their performance and reliability in both military and civilian applications.
Nevertheless, a significant challenge in STAP is the estimation of the clutter covariance matrix
(CCM), which requires a substantial number of independent and identically distributed (IID) training
samples [5,6]. When operating at a high pulse repetition frequency (HPRF), airborne radar is frequently
confronted with the challenge of range-ambiguous clutter. Under the circumstance, many existing
compensation methods are ineffective.

In a phased array (PA) system, short-range clutter, termed non-stationary clutter, has an elevation
spatial frequency that varies significantly with range. In contrast, the elevation spatial frequency of
stationary clutter, or far-range clutter, tends to remain relatively constant [7,8]. Non-stationarity has
a considerable influence on the accuracy of CCM estimation and contributes to an increase in the
degrees of freedom (DOF) of clutter. The decline in the efficacy of clutter suppression has the potential
to impede the accurate identification of targets, thereby compromising the overall performance of the
radar system and increasing the risk of missed detection or false alarm.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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One effective approach to suppressing non-stationary clutter is to utilize three-dimensional STAP,
whereby an adaptive filter is applied in elevation before the estimation of the clutter covariance matrix
(CCM) in azimuth. [9,10]. This method leverages the elevation dimension to better mitigate clutter
effects, enhancing the radar’s ability to distinguish between targets and clutter. However, performance
can degrade when elevation degrees of freedom are limited, as these methods may not fully capture
the complex characteristics of the clutter. To address this, an elevation-compensation technique has
been proposed in [11]. While effective for near-range clutter from the first pulse, its performance
diminishes when subsequent pulses also encounter near-range clutter, particularly under high pulse
repetition frequency (HPRF) conditions.

The concept of the frequency diverse array (FDA) has garnered significant attention from
researchers worldwide since its introduction [12]. The frequency increment employed by the airborne
FDA radar is specifically designed to suppress clutter and enhance target detection.. By introducing
a small frequency difference between each element, FDA effectively separates clutter from different
ranges by exploiting variations in the transmitted carrier frequency. This technique improves clutter
suppression by distinguishing signals reflected from various ranges. One notable application of
FDA is detailed in [13], where frequency increments are applied to uniform linear arrays to suppress
range-ambiguous clutter. However, its effectiveness is constrained by the finite number of ambiguities,
which can make it difficult to fully address practical requirements.

Further advancements are discussed in [14,15], where a slight frequency increment is introduced
in the elevation dimension. This method extends the spatial elevation frequency, helping to suppress
range-ambiguous clutter by expanding elevation frequency intervals across different ambiguous
regions. Despite its potential, the complexity and practical implementation of this approach present
significant challenges. Recent studies [14-16] explore techniques such as spatial filtering and
advanced coding strategies to further address range-ambiguous clutter. These studies offer innovative
perspectives on clutter suppression, presenting novel approaches to tackling the challenges of range
ambiguity in practical radar systems.

This paper presents a cascade method that combines elevation filtering with azimuth-Doppler
STAP to suppress range-ambiguous clutter in airborne FDA radar. Specifically, it utilizes quadratic
range-dependence compensation to address the coupling issue between elevation frequency and
range in FDA radar. After compensating, elevation frequencies across different range regions are
effectively separated. Subsequently, to extract the desired signal components from the compensated
echo signal and estimate the elevation matrix, it is necessary to project the received signal onto the
subspace spanned by the undesired signal components, employing an oblique projection matrix.
Subsequently, an elevation-adaptive filter is devised to separate range-ambiguous clutter in disparate
regions. Subsequently, the conventional azimuth-Doppler STAP is employed to suppress the clutter
within the extracted signal. The following is a description of the organization of the paper: Section 2
presents the signal model for the airborne FDA radar. Section 3 provides a detailed account of the
proposed method. Section 4 presents the results of simulations conducted to validate the effectiveness
of the proposed method. Section 5 concludes with a summary of the paper’s findings.

2. Signal Model of Airborne FDA Radar

In this paper, we consider a forward-looking airborne FDA radar, as depicted in Figure 1, operating
at a HPRF. The airborne FDA radar system is configured with K pulses within a coherent processing
interval (CPI). The pulse repetition frequency is designated as f,. The altitude of the airborne FDA
radar platform is designated as H, while its flight speed is represented by V,. The radar’s array is
a uniform planar array and comprises a total of MN elements, where M, N denotes the number of
elements in the row and column directions, respectively. Let us assume that the position of a ground
clutter block is located at the coordinates (6, ¢), where the azimuth angle, denoted by the symbol 6,
and the elevation angle, represented by the symbol ¢, are the angles of the ground clutter block.
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Figure 1. The geometry of airborne FDA radar

In the airborne FDA configuration, the transmit carrier frequency varies across rows but remains
the same within each column. Let fj be the reference carrier frequency; the transmit carrier frequency
of the m-th row element can be expressed as

fu=fo+r(m-1D)Af m=12,.,M 1)

where Af is the frequency increment, which is much smaller than fy.
The received signal corresponding to the I-th range gate, which includes clutter, the target signal,
and noise, can be expressed as
X =8+ ¢ +n (2)

where s, ¢;, and n; represent the target vector, clutter vector, and noise vector, respectively.
According to the clutter model mentioned in [18], the clutter vector received by the I-th range
gate is represented as

Ny N

=YY st (911']', 9011') ® sq (911']'/ 4’11') @ (se (@1) ©sr (@11)) 3)

i=1j=1

where j;; represents the complex scattering amplitude of the jth clutter block within i-th ambiguous
zone corresponding to the [-th range gate. Ny is the number of range ambiguities and N¢ is the number
of clutter sources of a range ring. ¢; represents MNK X 1 clutter vector corresponding to the I-th range

gate. For a single clutter block on a range ring, s; (911’]'/ (p,i) represents the temporal steering vector;

Sq (911-]-, qoll) and s, (¢;;) represent spatial azimuth and elevation steering vector; s, (¢;) represent the
spatial range steering vector. They can be derived as follows [14]

, , T
S (911.]., 4’11’) - [113127Tfu (911‘]‘/4)11‘)1 - eJZH(Nfl)fa(%j/fPu)} (4)

‘ , .
se (p1:) = [1,612"7(8(‘”"),..., eJZ’T(M—l)fe((Pu)} )
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where fq(0;;, ¢1;) represents the spatial azimuth frequency; f.(¢;;) represents spatial elevation
frequency; fr(¢;) represents spatial elevation range frequency; fi(6;;j, ;) represents normalized
Doppler frequency. They can be expressed as

dcosb);cosy;

JaOuij, pi) = ———— (8)
fel@ui) = dSqu)H €)
Frlom) = - 228 (10)

ft(Ohij, p1i) = W (11)

where R represents slant range. Considering the curvature of the Earth, the relationship between ¢;;
and R can approximately be expressed as follows

R

-+ — 12

@i = arcsin(
where Rax = /2HR, represents the maximum detectable range of the airborne FDA radar, and R, is
the radius of the Earth. Equation (10) indicates that the elevation angle is related to the slant range and
platform height.

The steering vector of the target signal s can be expressed as

s = Cit (p1,01) @ sa (@1, 0) @ (se (91) © s (1)) (13)

where ¢; is the complex scattering amplitude of the target signal and s; (¢, 0;), Sa (91, 0¢), Se (¢¢),
s; (¢¢) represent the temporal steering vector, spatial azimuth steering vector, spatial elevation steering
vector, and spatial range steering vector for the target, respectively.

3. The Proposed Method

In this section, we describe the cascade method for suppressing range-ambiguous clutter in
airborne FDA radar, utilizing elevation oblique subspace projection and azimuth-Doppler STAP.
To address the coupling between elevation frequency and range, FDA quadratic range dependence
compensation, which mitigates the issue of frequency and range interaction, is introduced in Section 3.1.
To achieve effective separation of clutter in different regions, the elevation oblique subspace projection
technique and the design of the elevation adaptive filter are introduced in Section 3.2. To further
suppress residual clutter and improve overall performance, azimuth-Doppler STAP is introduced in
Section 3.3. This approach refines the clutter suppression process, addressing any remaining clutter
components after the initial filtering stages.

3.1. The FDA Quadratic Range Dependence Compensation

For clutter blocks in different ambiguous regions, the spatial frequency and the slant range are as

follows
£il9) = lg) — fr(g) = sing — 22/

(14)

d0i:10.20944/preprints202408.0949.v1
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R=R;+(p—1R, (15)

where p is the the index of the different ambiguous regions, R; is the principal sampling range and R,
is the maximum unambiguous range. We can derive the following

d 2AfR;  2Af(p— )R,

fs(ou) = Xsinq) E— c (16)

With the specified compensation frequency being f£(R;) = %ﬂ{l, the elevation spatial frequency is
represented as

Flg) = Filg) + ££(R) = Lsing - 22/ =R
In the PA, the elevation frequency occupies the positive frequency range from 0 to 0.5, as shown in
Figure 2a. In the FDA radar system, the spatial frequency extends from positive to negative values,
allowing the separation of elevation frequencies from each range ambiguous region within the spatial
domain. At the same time, Equation (16) indicates that the uncompensated elevation spatial frequency
fs(¢) is not only related to R, and the index of the ambiguous region p, but also to the principal
sampling range R;, as shown in Figure 2b. Equation (17) shows that the uncompensated elevation
spatial frequency fs(¢) is only related to the maximum unambiguous range R, and the index of the
ambiguous region p, as illustrated in Figure 2c.
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Figure 2. The variation of elevation frequency between PA and FDA. (a) PA. (b) FDA without
compensation. (¢) FDA with compensation.
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3.2. Oblique Subspace Projection and Separation of Clutter across Different Range Ambiguous Regions

In radar systems, especially in complex scenarios involving clutter and noise, oblique subspace
projection can help improve signal detection and separation. Assuming that the received signal has
N, range ambiguity, we are expected to extract the N; range ambiguous signal. Here, we define the
clutter in the ambiguous region we hope to extract as desired clutter, while the clutter we do not hope
to extract is defined as undesired clutter. The received signal of the I-th range gate after compensation
can be represented

X[ =X[ 1+t Xy, Tt Xy, (18)

Equation (18) shows that the compensated received signal comprises different elevation frequency
components. As analyzed in section 3.1, the elevation frequencies in different ambiguous regions are
clearly distinguished. After compensation, the elevation spatial steering vector is

8¢, = 1,670, (2u(M-Df9) T (19)

We expect the elevation adaptive pattern to point to the desired clutter region while forming nulls
in undesired regions. This indicates that the elevation covariance matrix should contain undesired
clutter components while removing desired ones. Based on the above analysis, this paper proposes an
elevation oblique subspace projection [17] method. The elevation oblique projection matrix of the [-th
range gate can be represented as

-1
P, = H,q(H{H{H,)  HIGHG (20)

where H,,; € CM*x(Ne—1) g, ¢ CM*1, H; € CM*M represent the spatial steering matrix for undesired
clutter, the spatial steering vector for desired clutter and orthogonal projector.

H,; = [s&,8%, .., sgNr] (21)
H; = sgy, (22)

-1
Hi =1-H, (Hfde) H! (23)

After oblique subspace projection technology processing, it allows for better separating of clutter
by projecting the signals onto a subspace that is tailored to the specific characteristics of the radar
signals. The estimated elevation covariance matrix can be formulated as

R, = (P, ~mat(xf))N(II<’l ~mat(xlc))H

(24)

where mat(x§) € CM*NK s the clutter echo matrix corresponding to the I-th range gate. We can design
the elevation adaptive weighting vector for pre-filtering using the following constraints

min weH R;w,
we (25)
s.t. CHw,=f

where C = [s5;,s5,, ..., SgNt, s SgNr] € CMxNr £ =10,...,1,...,0]" € CN~! represent space-time steering
matrix and constraint vector respectively. The solution to (25) is easily calculated by

-1
W, = RflC(CHRflC) £ (26)
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After elevation oblique subspace projection and filtering processing, the echo signal can be
expressed as
X = wfmat(xlc) (27)

where X; € C1*NK represents the signal after elevation filtering. To emphasize the advantages of the

proposed method, the improved conventional beamforming(CBF) filter is specifically designed to
achieve high gain exclusively in the desired clutter region.

weyr = Hy (28)

There are some differences between the improved CBF method and the CBF method processing. The
CBF method is obtained by synthesizing the elevation main beam center across all range gates in the
elevation dimension, where each range gate’s elevation weight vector is

7 . z T
W = {1, el2mfolgo) e]ZH(M—l)fso(ﬁoo)} (29)

where
2Af(Ny —1)Ry,

E (30)

~ d .
Fao(go) == +-singo -
0

The improved CBF method calculates the elevation filter vector for each range gate, where each range
gate’s elevation steering vector is shown in Equation (28).

3.3. Residual Clutter Suppression

After pre-filtering in the elevation, undesired clutter is effectively suppressed. Traditional
azimuth-Doppler STAP can then address the remaining clutter for further suppression. This process
ensures that the radar system can effectively manage and mitigate residual clutter after elevation
filtering, leading to improved overall performance. Typically, adjacent range gates are used as training
samples to estimate the actual CCM by

R = X% (31)

gl

1
L 1

1

Here, L represents the number of training samples. To ensure the average performance loss is less than
3dB, L must be more than twice of DOF. Finally, the azimuth-Doppler STAP steering vector is
Rilso
Wo =

= — 0 (32)
SoR Sy

where sy = s;9 ® 5,0 represents the target’s steering vector. According to azimuth-Doppler STAP, the
final output can be obtained as
¥ = WX, (33)

In summery, the signal processing procedure of clutter separation and suppression are shown in
Algorithm 1.
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Algorithm 1 The procedure of clutter separation and suppression

1: Load airborne FDA radar echo signal.
2: for [-th range gate:
3: Calculate ¢;; according to Equation (12);
4: Calculate the compensation frequency f¢(R;) = %ﬂ{l to compensate for the elevation frequency
of the received signal.
: Calculate the compensated elevation spatial steering vector by Equation (19);
: Construct the elevation oblique projection matrix by Equation (20);
7. Calculate the elevation filtering weight vector by Equation (26); carry out the range-ambiguous
clutter suppression according to Equation (27).
8: end
9: Estimate the CCM according to Equation (31);
10: Calculate the azimuth-Doppler STAP steering vector by Equation (32) and suppress residual clutter
by Equation (33).

[\ O]

4. Results and Discussion

This section presents simulation experiments to validate the effectiveness of the proposed method.
The parameters for the airborne vertical FDA radar simulation are provided in Table 1.

Table 1. Simulation parameters of the vertical FDA radar system.

Parameter Value
Platform height 1000 m
Platform velocity 120 m/s
Number of element in azimuth 12
Number of element in elevation 24
Number of pulse in one CPI 128
Input SNR 20 dB
Input CNR 60 dB
Bandwidth 15 MHz
Pulse repetition frequency 15000 Hz
Reference frequency 1GHz
Frequency increment 681 Hz

4.1. Beam Response Pattren

The first experiment compares the beam response of the proposed method with the CBF method.
Given the weight vector produced by the elevation filter, its response as a function of elevation
frequency is one indicator of the processor’s performance. This response is called the beam response
pattern, defined by The first experiment compares the beam response of the proposed method with
that of the improved CBF method. Using the weight vector obtained from the elevation filter, the
response as a function of elevation frequency serves as an indicator of the processor’s performance.
This response is referred to as the beam response pattern, defined by

Pu(fe) = |wi'se(f.)

where s, (f;) is a function of elevation frequency.

Considering the extraction of clutter in the first ambiguous region, as shown in Figure 3a, the
proposed method achieves a high gain at the elevation frequency corresponding to the clutter in this
region while forming nulls for clutter in other ambiguous regions. This selective gain ensures that
clutter from the first ambiguous region is effectively extracted. In contrast, as shown in Figure 3b, the
improved CBF method only achieves high gain at the elevation frequency corresponding to the clutter
in the first ambiguous region and does not form nulls at the elevation frequencies corresponding to

(34)
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clutter in other ambiguous regions. This lack of null formation means that the CBF method is less
effective at suppressing clutter from other regions, which can lead to degraded performance in target

detection.
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Figure 3. Beam response pattern. (a) FDA beam response diagram for the first ambiguous region. (b)
PA beam response diagram for the first ambiguous region. (c) FDA beam response diagram for the
third ambiguous region. (d) PA beam response diagram for the third ambiguous region. (e) comparison
of the beam response diagram at the 200th range gate for the first range region. (f) comparison of the
beam response diagram at the 200th range gate for the third range region.
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Let us consider clutter extraction in the third ambiguous region as an example. Figure 3c shows
the beam response of the improved CBF method, which can only achieve high gain in the third region
but cannot form nulls in the other regions. This limitation means that the CBF method is less effective
at suppressing clutter from outside the third region. In contrast, Figure 3d shows the beam response of
the proposed method, which not only achieves high gain in the desired third region but also forms
nulls in the undesired regions. This enhances the suppression of clutter from other ambiguous regions,
leading to improved target detection performance by reducing interference from out-of-region clutter.
Figures 3e and Figures 3f show the beam response at the 200th range gate. The desired clutter regions
are the first and third ambiguous regions, respectively. The purple vertical lines indicate the elevation
frequencies corresponding to different ambiguous regions.

4.2. Clutter Separation

The second experiment analyzes the separation of range-ambiguous clutter using the proposed
method compared to the CBF method, including both the CBF method and the improved CBF method.
Considering the extraction of clutter in the first range-ambiguous region, Figures 4a, 4c, and 4e
show the clutter distribution after processing with the CBF method, the improved CBF method, and
the proposed method, respectively. It is observed that the clutter from the first ambiguous region
is successfully extracted. Since the clutter in the first ambiguous region is primarily composed of
range-dependent clutter, the clutter spectrum exhibits significant diffusion.

Doppler Wrapping (DW) processing is required to align the spatial-temporal spectrum with
the beam center, compensating for the range dependence of the clutter caused by the geometry of
the airborne FDA radar. Figure 4b shows significant diffusion of the center clutter spectrum after
DW processing because the CBF method extracts near-range clutter along with range-ambiguous
clutter, causing the DW technique to fail. In contrast, Figures 4d and 4f show the center-aligned
spatial-temporal spectrum after DW compensation for the improved CBF method and the proposed
method, respectively. These figures indicate that both the improved CBF method and the proposed
method can effectively extract clutter from the first ambiguous region.

Then, let us consider the clutter extraction in the third ambiguous region. Figure 5a illustrates the
clutter spectrum using the CBF method in airborne FDA radar. It is observed that the performance
of the CBF method significantly degrades because the extracted clutter contains a significant amount
of near-range clutter. Figure 5b presents the clutter spectrum after the improved CBF method. It
shows that the clutter spectrum is focused and demonstrates performance superior to the CBF method.
However, a tiny amount of residual near-range clutter remains after the improved CBF method
processing. Figure 5c shows the clutter spectrum after the proposed method. It is seen that, after the
elevation filter, the range of ambiguous clutter can also be separated. The separated clutter, mainly from
far ranges and not affected by distance, closely matches the IID condition, resulting in a space-time
spectrum shown as a single curve.
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Figure 4. Clutter distribution for first range region. (a) the CBF method. (b) the CBF method and DW
compensation. (c) the improved CBF method. (d) the improved CBF method and DW compensation.
(e) the proposed method. (f) the proposed method and DW compensation.
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(c) the proposed method.
4.3. SCNR Loss

SCNR Loss is an important performance metric for STAP, defined as the ratio of the output SCNR
to the optimal SCNR, specifically

02 |wHsg |
(WHRw) (s{fss)

SCNRy oss = (35)

(CNK><1 (CNK><1

is the weight of STAP, 0721 is the power of noise, sst €
steering vector, R € CNK*NK is the signal covariance matrix.

To further validate the performance of the proposed method, Figure 6 presents the SCNR
(Signal-to-Clutter-plus-Noise Ratio) loss curve. This figure compares the SCNR loss for several
methods, including the conventional beamforming (CBF) method, the improved CBF method, and
the proposed method, both with and without clutter compensation. Figure 6a shows the SCNR
loss performance comparison in the first range-ambiguous region. It is evident that applying STAP
directly to the separated clutter in this region results in a very wide null, which adversely affects target
detection. Figure 6b displays the SCNR loss performance comparison in the third range-ambiguous
region, with the ideal curve provided as a benchmark. The proposed method outperforms both the CBF
and improved CBF methods in terms of SCNR loss and closely approaches the ideal FDA SCNR loss.
This indicates that the proposed method effectively enhances target detection performance. Overall,
the proposed STAP pre-processing method for separating range-ambiguous clutter demonstrates a
significant improvement in target detection capabilities.

where w € is the space-time
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Doppler frequency. (a) first ambiguous range region. (b) third ambiguous range region.
4.4. Clutter suppression performance

The third experiment evaluates the suppression performance of range-ambiguous clutter through
range-Doppler spectrum analysis. In this setup, a target is positioned at the 200th range gate in the
third ambiguous zone, with a normalized Doppler frequency of 0.35 and a SNR of 20 dB.

Figure 7a shows the RD spectrum after the CBF method processing, where clutter from near and
far ranges overlap due to range ambiguity. It causes the RD spectrum to spread severely, making
it difficult to detect the target. Figure 7b shows the RD spectrum after the improved CBF method
processing. The beam response analysis shows that the CBF method only achieves high gain in
the desired clutter region and fails to effectively notch near-range clutter, resulting in inadequate
suppression of near-range clutter. Figure 7c shows the RD spectrum after the proposed method
processing. The proposed method achieves high gain in the desired clutter region and forms significant
notches in near-range and other ambiguous regions, thus more effectively suppressing near-range
clutter. Additionally, target information is not discernible from the RD spectrum after processing
with the CBF and improved CBF methods, as shown in Figures 7a and 7b. However, most of the
short-range clutter is eliminated with the proposed method, as shown in Figure 7c, making the target
more detectable than before.
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Figure 7. Clutter distribution for third range region in joint horizontal spatial frequency and Doppler
frequency domain. (a) the CBF method. (b) the improved CBF method. (c) the proposed method.

5. Conclusions

In this paper, we consider range-ambiguous clutter suppression in airborne FDA radar. We
propose a cascade method that combines elevation filtering and azimuth Doppler STAP to suppress
range-dependent clutter. FDA quadratic range dependence compensation addresses the range-angle
coupling problem in FDA radar and extends over the full spatial frequency An oblique subspace
projection can project the received signal onto the subspace spanned by the undesired signals, thus
calculating the optimal adaptive weight vector for the height adaptive filter. After the elevation
pre-filtering, the traditional azimuth Doppler STAP removes the remaining desired clutter for further
suppression. Experimental simulations validate the effectiveness of this method in dealing with severe
range ambiguity, with significant improvements in clutter suppression and target detection capabilities.
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