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Abstract: This paper proposes a novel Range Migration Algorithm (RMA) integrated with an adaptive back-
ground filtering method specifically designed for near-field millimeter-wave imaging scenarios where targets are
in close proximity to background structures. This method simulate the attention distribution mode of the human vi-
sual system which is used in Artificial Intelligence (AlI) and called Attention Mechanism. Based on the concept of
static clutter filtering, the frequency-domain signals of the scanning aperture are divided into grid cells. Back-
ground scattering functions are established by analyzing the motion processes within each cell, and background in-
terference is linearly filtered out. An analysis of the manifestation of background scattering interference within the
algorithm is carried out, and the impact of the grid cell dimension on the imaging quality is investigated. Experi-
mental results that the proposed method exhibits the capability to enhance the signal-to-noise ratio of both the tar-
get and the background. It effectively suppresses the background interference leading to a more prominent image
meanwhile without incurring a prohibitive computational load. The method offers a novel solution for improving
the performance of millimeter-wave imaging technology in practical applications.
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Introduction These unique characteristics make it a versatile tool with
. o ' . a wide range of applications, including medical diagnos-
Millimeter-wave imaging technology is characterized tics 7", security screening """, and structural inspec-
by its non-destructive nature, non-ionizing properties, tion M,
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and the ability to penetrate non-metallic materials * Several effective near-field imaging algorithms have
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been developed, such as the Back Projection Algorithm
(BPA) "*"', the Chirp Scaling Algorithm (CSA) "'*"'",
and the Range Migration Algorithm (RMA) ", Among
them, the Range Migration Algorithm (RMA) exhibits
higher computational efficiency than the Back Projection
Algorithm (BPA) and superior imaging quality compared
to the Chirp Scaling Algorithm (CSA). RMA is designed
to solve for the target’s reflectivity in the frequency do-
main by approximating the spherical wavefront of the ra-
dar signal as a series of planar waves, thereby achieving
high-resolution imaging. Despite its matched filtering
characteristics, the performance of RMA is constrained
by the frequency modulation rate of the millimeter-wave
radar. This limitation poses challenges in distinguishing
the target from the background when the spacing is short,
particularly in scenarios where certain targets are in close
proximity to their supporting structures.

For this problem, an accelerated super-resolution
range migration algorithm was proposed '". The coher-
ent factor (CF) and the enhanced approach for incoher-
ent power can effectively suppress side lobes and back-
ground noise. However, this algorithm is mainly applica-
ble to point target imaging. To improve its applicability,
the Amplitude Compensation - Range Migration Algo-
rithm (AC-RMA) was proposed . This algorithm com-
pensates for the amplitude of the target signal and en-
hances the contrast between the target and the back-
ground. Nevertheless, it suffers from relatively high time
complexity and is susceptible to noise.

To address these issues, the characteristics of the
human visual system in focusing on key targets within
complex scenes can be emulated "', Precisely, the back-
ground is effectively mitigated by identifying its charac-
teristic features. In this paper, the background is filtered
through an analysis of its electromagnetic properties, geo-
metric configuration, dimensional magnitude, and kine-
matic characteristics. This approach is founded on the
principle of static clutter elimination. Specifically, it di-
vides the frequency-domain signal into grid cells and ana-
lyzes the various motion processes during the Synthetic
Aperture Radar (SAR) scanning. Through this method,
it estimates and filters out the background signal within
the grid cells, thereby diminishing the influence of back-
ground interference on imaging quality. Compared to the
Amplitude Compensation - Range Migration Algorithm
(AC-RMA) , this algorithm possesses lower time com-
plexity. It can effectively enhance the imaging effect and
offers a novel solution for improving the performance of
millimeter-wave imaging technology in practical applica-
tions.

The structure of this paper is as follows: Section 1
introduces the structure of MIMO-SAR millimeter-wave
imaging and provides the main parameter. Section 2 pres-
ents adaptive background filtering algorithm. Section 3
showcases the experimental results to validate the algo-
rithm's effectiveness. Section 4 discusses the influence
of grid cell dimensions on images. Finally, the conclu-
sion is presented in Section 5.

1 The structure of MIMO-SAR imaging

system

Near-field imaging of Multiple-Input Multiple-Out-
put Synthetic Aperture Radar (MIMO-SAR) requires a
two-dimensional platform. The platform consists of two
tracks that are vertical to each other. The MIMO array
scans the target along a fixed trajectory, as shown in
Fig. 1.

MIMO Array

Background

Fig. 1 Basic structure and main parameter of millimeter-wave
imaging system
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Define the x-axis and y-axis scanning apertures as

D, =(M, - 1) X Ax,
D, =(M, - 1) % Ay (1).

M, is the number of scanning points of the MIMO ar-
ray on the x-axis, M, is the number of scanning points of
the MIMO array on the y-axis. Ax and Ay represents the
displacement of the array in space.

The frequency modulated continuous wave (FM-
CW) signal can be described as

sy =M o< < (2).

Where f, is the frequency at t=0, K is the frequency
slope, and T is the duration of the FMCW.

The received signal can be expressed as
s (1) = om(t = 7) = g W ORETT (3

Where 7 is the delay time, 7=2R/c, R is distance be-
tween target and antenna element, ¢ is the speed of
light. o is the combination of the target reflectivity and
the distance between antenna and target plfoi22) =g for-
mulated as

o =plR® (4).

p is the complex scattering rate of the target.
The intermediate frequency (beat frequency) signal
is expressed as
S,F(t) — 0_61'271'(/07 + Ket - 051(#)‘ (5)

The last term of the exponential term is defined as
the residual video phase (RVP). The result of the RVP
term operation is much smaller than the first two terms,
and has no substantial impact on the imaging result.
Therefore, the RVP term is ignored. (5) can be rewrit-
ten as
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sip(t) = g, 6) phase term.
Rewriling to the wave number domain Express the spherical wave as the superposition of
8 eiikl? plane waves.
SIF(k) =p . (7) 2R . ej(k\(x—x%k‘() ~ )+ kz)
K ==l ; dk.dk,. (1)

As the virtual element is composed of an equivalent
approximation of a transmitter and a receiver, R should
be changed to the distance between different virtual units
and the target, R, =R +R,, R, and R, are respectively the
distances from the transmitter and the receiver to the scat-
tering point, as shown in Fig. 2.
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Scattering point

Fig. 2 Spatial positions of transmitter and receiver in MIMO ar-
ray and equivalent positions of virtual element
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The coordinate of the virtual element is equivalent to

(x Y 0) ) s 2
d;) +(d,
R, = 2R + 7( i) 4R( ) (8).
The frequency response of the virtual element
eﬂkdzmeﬂp"(“
S”,(k) =P R.R. 9).
Where

(10).

2 Adaptive background filtering algo-
rithm

To reduce the computational complexity, only pro-
cess the frequency domain signals within the target range
gate. Suppose that the reflectivity of the target in space is
p(x', y'), then the expression of (9) on the two-dimen-
sional plane is

Sﬁv(x,y) = ffsl,",,v(x',y')dx’dy’

e/ZkR
= [Ip(x'y") RE dx' dy’ (11).
Where o is the corresponding range gate frequency.
Amplitude term is rewritten as zolR . The key

to improving imaging quality lies in the processing of the

z

Where

k.= [4k -k -k,

k_277' _ 27

X—Aix, ‘V_Aiy (13)

k., k, and k_ are the components of the wave number
in the x, y, and z axes. Substitute (12) into (11), and
ignore the constant term.

S',”F(x,y) = éliﬂﬂ(ﬂp(x”y/)e‘j(k‘x%l\\}")dx/dyr)

e (ke + k)
—e

k

x

dk dk,. (14)

The scanning aperture effectively cover the target
aperture, x', ¥’ and x, y are overlapping, «', ¥" can be di-
rectly rewritten as x, y.

play) = 1FT (S5 (kb ) ke ). (15)

The reflectivity in (15) is actually composed of the
target reflectivity and the background reflectivity. In the
short spacing between target and background cases the
target signal will be interfered or even submerged by
background scattering, resulting in a poor imaging ef-
fect. In this paper, the idea of filtering out static clutter
is adopted to solve this problem.

The process of a dynamic array scanning a static tar-
get is approximated to a static array scanning a dynamic
target. Similar to the situation of inverse synthetic aper-
ture radar (ISAR). In this approximate state, the back-
ground is dynamic relative to the array, but it has a much
larger area than the target and its material is uniform.
Take the background as stationary and estimate the back-
ground scattering by utilizing the frequency domain sig-
nals of different motion processes.

Divide different motion processes into grids in a
plane. Each grid cell contains N_ horizontal pixels and
N, vertical pixels, to ensure the image quality, the di-
mension of the grid cells depends on the dimension of the
target. When performing imaging reconstruction for un-
known targets, the geometric dimensions of the target
serve as prior knowledge. The construction of a ratio fac-
tor establishes a quantitative relationship between target
features and grid units, thereby enabling the derivation
of optimal grid parameters. The mathematical derivations
and implementation procedures of this methodology are
comprehensively elaborated in Section 4. The expression
for the static clutter estimation of the m-th grid cell is

. l mN, mN|
.S};’u,,k(x',y') TNN Lo 12(m SN+ 1S7F(x”y,)(16)'
xtVy

MM,
The number of grid cells is W, mell, N:N: !

After filtering out the background, the signal in the
grid cell is

x y
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S(I”F('x’9y,)Sl;jF(x,vy,)S;;m:k(x,vy,) (17):_

This method keeps the background scatter within an
acceptable range and preserves the target details. Grid
division effectively mitigates blurring at target edges,
since the frequency-domain signals between grid units re-
main relatively independent and are not subject to inter-
ference from adjacent grids, thereby granting the fre-
quency-domain signals at target edges adaptive proper-

ties.
2

The time complexity of this algorithm is O (]\ZV7N) ,

which is inversely proportional to the dimension of the
grid cell.

Time complexity of RMA is O (N?), after combining
with the adaptive background filtering algorithm, the

2

time complexity is O (N*)+0 (W) It imposes no ex-
cessive computational load and pr(;ves advantageous for
real-time imaging implementation. The program flow
chart is as shown in Fig. 3.

Raw data <---- -1 Preprocessing

S1p(X, ¥, ) € mimmimrmm e 1

FFT and selection of the
range gate

Adaptive background
filtering

Imaging

Fig. 3 The flow chart of the RMA with adaptive background fil-
tering
F3 SR F S SR RMA TR &

Table 1 Experimental and radar configurations
*k1 FWREZEE

3 Experiments

The experimental configuration is listed in Table 1.
Figure 4 compares the imaging results among adaptive
background-filtered imaging, AC-RMA imaging, and
original RMA imaging under identical contrast condi-
tions. The results demonstrate that adaptive background
filtering enhances the image and effectively suppresses
background noise while more effectively filtering out the
background compared with AC-RMA.

Figure 5 displays horizontal profile comparisons of
images generated by different algorithms. Blue boxes in
the figure mark target regions and red boxes indicate
background areas. For Target 1 imaging analysis, the
green box identifies artifact signals. While artifacts may
originate from various sources, the specific artifact ob-
served here is dominantly caused by multipath propaga-
tion through the enclosed cardboard structure. Note that
artifact analysis is not the primary objective of this study.
These annotations are provided solely for visual refer-
ence; artifact generation mechanisms and suppression
techniques lie outside the scope of this work. In both
original RMA and AC-RMA imaging results, the target
remains nearly obscured by the background. The adap-
tive background-filtered imaging significantly enhances
the target signal while suppressing background interfer-
ence.

The experiment utilized a computer equipped with
an Intel (R) Core (TM) i7 - 8750H CPU and 16.0 GB
of onboard random - access memory (RAM) , with ap-
proximately 15.9 GB available for use. The operating
system was Windows 10 Professional. As can be seen
from the program execution time data in Table 2, under
the same operating environment, the execution duration
of the improved algorithm proposed in this paper is simi-
lar to that of the original RMA algorithm.

4 DISCUSSION

The dimension of the grid cell is contingent upon the
dimension of the target. Generally, the smaller the grid
cell, the more effective the filtering. However, excessive
filtering may lead to over-processing of the image. A judi-
cious grid dimension should enclose the edges of the tar-
get without over-processing the target signal. In this sec-
tion, experiments were conducted regarding the dimen-
sion of grid cells, and thereafter, conclusions were
drawn.

Parameter Value
Sensor—to—target distance (mm) 570
Scanning aperture (mm) 400%400
Scanning step (mm) Ax = 1,Ay =2
Frequency band (GHz) 77-81
Frequency slope (GHz) 70x10°
Sampling frequency (MHz) 5
Sampling number 256
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Target 1 ’ Target 3

a)

Fig. 4
get; (b) Imaging of RMA; (c) Imaging of AC-RMA; (d) Imag-
ing of RMA with adaptive background filtering

4 AR BB : (a) & BAr; (b) RMA U
(c)AC-RMA Jiif8; (d) SR HH A& 0 SIS I I RMA R

Imaging effects of different algorithms: (a) Imaging tar-

Target 1

Target 2 ‘

Target 3

o

2o

Fig. 5 Imaging profile of different algorithms: (a) imaging
profile of RMA; (b) imaging profile of AC-RMA; (c) Imaging
profile of RMA with adaptive background filtering
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The processing degree of the signal is measured by

the ratio factor (RF).
2 2
R =log (15, 12/]5..1

Table 2 Program execution time (s)

X2 EFHUTHIE ()

Adaptive background filtering

RMA
based on RMA
Target 1 5.850 6. 125
Target 2 5.737 5.839
Target 3 5. 809 5.859

®
Sk

= tog( 1 1/]5% ) (18)

In Fig. 6, the RF decreases as the grid cell dimen-
sion increases. This occurs because the average values
within the grid cells tend to become more similar, effec-
tively appearing as a constant within the context of the al-
gorithm.

Determining a reasonable grid cell dimension re-
quires considering both signal processing and satisfactory
imaging results. For comparison purposes, reference val-
ues with relatively high processing degrees in Fig. 6 are
selected, namely 2mm, 6mm, 8mm, 16mm, 52mm,
and 56mm, respectively. When the grid cell dimension
is set to 2 mmX2 mm, excessive processing phenomena
occur, thereby rendering it eligible for exclusion from fur-
ther consideration. Fig. 7 illustrates that, under compa-
rable processing degrees, a smaller grid cell size yields a
better imaging effect. A smaller grid cell is more capable
of accurately representing the scattering level within a
given region.

45 x1e
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Fig. 6 RF with different grid cell dimension
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5 Conclusion

This paper proposes an attention mechanism-in-
spired adaptive background filtering strategy within the
RMA. In the frequency domain, the signals are parti-
tioned into grid cells within the planar domain, and the
mean values of these grid cells are computed to achieve
background filtering. This algorithm effectively suppress-
es the background reflection signals within the aperture.
The experimental results validate that it is capable of en-
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Fig. 7 Imaging effects under different grid dimensions: (a) Im-
age with grid cell dimension of 6mmx 6mm; (b) Image with grid
cell dimension of 8mmx 8mm; (c) Image with grid cell dimension
of 16mmx 16mm; (d) Image with grid cell dimension of 52mmXx
52mm; (e) Image with grid cell dimension of 56mmX 56mm

7 AR RS RO T B USRACR : (a) RIS 5T RSy 6mmx
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hancing the signal-to-noise ratio of both the target and the
background, while maintaining a relatively low level of
time complexity. Through the discussion on the impact of
grid cell dimension on the image, it is concluded that a
reduction in grid cell dimension is conducive to the im-
provement of image quality under a relatively high level
of signal processing. This algorithm proffers a solution
for augmenting the imaging quality in situations where
the distance between the target and the background is rel-
atively short.

The innovative integration of this algorithm with the
attention mechanism is feasible. The attention allocation
mechanism is emulated to precisely focus on the target ar-
ea and suppress background noise interference in com-
plex environments. The algorithm enhances the system's
capacity for target object acquisition in security inspec-

tions and precisely identifies lesion areas in medical diag-
noses. This paper provides a feasible technical approach
for optimizing the performance of Radar Imaging System.
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