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Abstract— High-resolution inverse synthetic aperture radar
(ISAR) imaging technology is a key method for achieving
situational awareness and precise recognition of high-speed moving
targets. However, the high-speed movement of targets can cause
intra-pulse and inter-pulse translational motion errors, resulting in
severe defocusing of ISAR images. To address this issue, this paper
proposes an algorithm for high-resolution ISAR imaging of high-
speed targets via joint intra-pulse and inter-pulse translational
motion compensation (JIPMC). This algorithm utilizes an
improved matched filter to achieve precise pulse compression,
effectively eliminating intra-pulse motion errors. Based on the
homogeneity of intra-pulse and inter-pulse translational motion
errors, this paper constructs an intra-pulse and inter-pulse
translational motion error model. Combined with optimal
parameter estimation, it achieves joint correction of intra-pulse
and inter-pulse translational motion errors. The proposed
algorithm avoids the cascaded processing of intra-pulse motion
compensation (IPMC), envelope alignment, and initial phase
correction, significantly reducing error propagation and
improving the accuracy and robustness of motion compensation.
For optimal parameter estimation, the proposed algorithm utilizes
the artificial bee colony (ABC) algorithm to solve the optimization
problem under the minimum entropy criterion. The ABC
algorithm combines global search and local optimization
capabilities, thereby effectively guaranteeing the global optimality
of the solution. Experimental results validate the effectiveness and
robustness of the proposed method for high-resolution ISAR
imaging of high-speed targets.

L INTRODUCTION

Inverse synthetic aperture radar (ISAR) simulates the effect
of a large-aperture antenna by utilizing the relative motion
between the target and the radar. Combined with motion
compensation technology, it achieves high-resolution two-
dimensional imaging of non-cooperative moving targets [1],[2],
featuring advantages such as all-day, all-weather capability and
high resolution. In recent years, aerospace science and
technology has developed rapidly worldwide, giving rise to a
series of aerospace targets with high-speed characteristics,
including fifth-generation fighter jets, guided missiles, and
various space vehicles. With its excellent high-resolution
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imaging detection performance for high-speed targets and
strong target feature extraction and analysis capabilities, [ISAR
occupies a key position in the field of modern aerospace
situation awareness and target recognition [3],[4]. However, due
to the high-speed characteristics of aerospace targets and the low
signal-to-noise ratio (SNR) environment, the intra-pulse motion
in target echoes cannot be ignored. Meanwhile, the low SNR
environment also poses great challenges for translational motion
compensation. Therefore, the research on high-resolution ISAR
imaging algorithms for high-speed targets is of practical
significance for target recognition and space situation awareness.

In the ISAR imaging process, target motion can be divided
into translational motion and rotational motion. The rotational
motion causes each scattering point on the target to exhibit
different doppler frequencies, serving as the basis for achieving
high azimuth resolution. The translational motion, which is the
overall motion of the target along the radar line-of-sight (RLOS),
makes the scattering points on the target generate the same
doppler frequency. It not only contributes nothing to imaging
but also leads to envelope walk and initial phase errors.
Translational motion compensation is typically performed in a
hierarchical manner, that is, envelope alignment is first carried
out, followed by initial phase correction. Due to the non-
cooperative nature of the target, envelope alignment is usually
achieved by leveraging the similarity of adjacent range profiles,
such as the cross-correlation method [5] and the minimum
entropy method [6]. The commonly used methods for initial
phase correction are mainly divided into two categories: the
prominent point phase tracking method [7] and the image index
method [8]. Since the above algorithms belong to cascaded
translational motion compensation, they often cause error
propagation, leading to compensation failure under low signal-
to-noise ratio conditions. Meanwhile, for high-speed targets, the
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Fig. 1. ISAR geometry
(a) 3D geometry, (b) Simplified 2D geometry.

“stop and go” echo model is no longer applicable [9],[10].
Therefore, intra-pulse motion compensation (IPMC) must be
performed before translational motion compensation. If
cascaded translational motion compensation (CTMC) is still
used, there will be three cascaded steps, which will lead to
further error propagation and amplification in the cascaded
processing, introducing more errors into the subsequent azimuth
dimension focusing processing.

To address the aforementioned issues, this paper proposes a
high-resolution ISAR imaging algorithm for high-speed targets
via joint intra-pulse and inter-pulse motion compensation
(JIPMC). First, a high-speed target echo signal model is
established. Then, an IPMC method based on a reconstructed
matched filter is proposed. This method is further integrated
with the joint translational motion compensation (JTMC)
algorithm [11] to form a unified compensation framework.
Moreover, the artificial bee colony (ABC) algorithm [12] is
employed to estimate motion parameters. Through this approach,
high-resolution ISAR imaging for high-speed targets is
effectively achieved. The ABC algorithm, as a swarm
intelligence optimization method inspired by the foraging
behavior of honey bees, exhibits distinct advantages over other
swarm intelligence algorithms such as particle swarm
optimization (PSO) [13] and genetic algorithm (GA) [14]. Its
strengths lie in the collaborative mechanism among three types
of bees, which enables a balanced integration of global
exploration and local exploitation during the search process.
Featuring a simple algorithmic structure, the ABC algorithm
adaptively adjusts its search strategies to enhance adaptability to
complex nonlinear problems. Extensive simulation experiments
validate the effectiveness and robustness of the proposed
method in high-resolution ISAR imaging of high-speed targets.

II.  SIGNAL MODEL

Fig.1(a) demonstrates the 3D geometry of ISAR imaging.

Since the result of ISAR imaging is a two-dimensional
projection of a three-dimensional object on the radar imaging
plane, the motion relationship between the target and the radar
can be represented by the 2D geometry shown in Fig.1(b). In
Fig.1(b), R,denotes the initial distance between the radar and
the target, and r(¢) represents the instantaneous radial distance
variation caused by the target's translational motion. XOY plane
represents the imaging projection plane (IPP), where the Y-axis
coincides with the RLOS and represents the range dimension;
the X-axis represents the azimuth dimension; and the origin O
coincides with the equivalent rotation center of the target.
According to the geometric relationship, the instantaneous
distance between the radar and the scattering point p on the
target can be expressed as:

R, (t:t,) ~ Ry +r(t)+x,sin(60(t,))+y,cos(0(z,)) (1)
Where ¢, stands for the slow time, =7+, the total time,
{e [-Tp /2,T, /2} the fast time, and 6z, ) signifies the rotation
angle of the target within the ¢ time. In this paper, the radar
transmits a linear frequency modulation (LFM) signal, which is
expressed as follows:

s(f;tm) = rec{TL:l-exp(jZEfct+j7ryfz)

P

2

Where 7, represents the pulse width, £, is the carrier frequency,
y =B/T, denotes the chirp rate of the LFM signal, and B
signifies the signal bandwidth. Due to the high-speed motion of
the target, the "stop and go" echo model is no longer applicable,
meaning that the translational motion of the target during the
pulse duration needs to be considered. Assuming that the radial
motion of the target within the coherent processing interval (CPI)
is a uniformly accelerated motion with a radial velocity of v, and
a radial acceleration of @, , and the target is in a stable flight
phase where the radial acceleration a, is small, thus its influence
on intra-pulse motion is ignored. Equation (1) can be further
expressed as:

R, (#t,) =R, (t,)+v,f+ AR (t,)

Where r(t,)=vt,+(1/2)a
motion distance of the target at timez,, R (¢,)=R, +7(z,)1s

(€))

.t} represents the translational
the instantaneous radial distance between the target center and
the radar at time7, , and AR (7, ) = sin(ﬁ(tm )) +, cos(@(tm ))
represents the instantaneous distance variation caused by the
target's rotational motion, the echo signal of the scattering point
p can be expressed as:

. i-z(ist,) j27rf£[t—z'(t;tmﬂ
sp(t;t )=rect ———>|-exp 1@

T, P .
+jmy|i-7(ft,)]
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Where T(f;tm ) =2R, ( 3t ) /c , and c represents the light
velocity. Let ¢ =(1-2v, /c), which is called the intra-pulse
motion error factor. Assuming there are P scattering points on
the target, the total echo signal of the target can be expressed as:

j2rf. [af - z"(tm)}
+jﬂ7/[0(f—r'(tm)}2
(5)

(t,)]/c . o, represents the

S(f;tm ) = i o rect {M_T—T’(I'"):l-exp
[

p

where 7'(t,)=2[ R, (t,)+AR;
backscattering coefficient of the scattering point p. The above
echo model takes into account intra-pulse motion. Compared
with the
broadening of the main lobe width and the significant increase

“stop-and-go” echo model, ¢ will lead to the
of the integral side lobe ratio (ISLR) after pulse compression.
The time-frequency coupling effect can also lead to a positional
shift in the high-resolution range profile (HRRP) and cause
distortion of the focus in the azimuth dimension. Therefore,
IPMC must be carried out. In the third section of this paper, the
JIPMC algorithm will be introduced.

III.  JOINT INTRA-PULSE AND INTER-PULSE TRANSLATIONAL
MOTION COMPENSATION ALGORITHM

A.  Processing Flow of JIPMC

The signal model in section 2 considers intra-pulse motion.
Due to the influence of « , if traditional matched filtering is
directly applied to (5), a “mismatch” phenomenon will occur.
Therefore, it is necessary to improve the matched filter to
achieve accurate pulse compression of (5), allowing the matched
filtering process to both eliminate intra-pulse motion errors and
accomplish pulse compression. The new matched filter function

can be expressed as:

A

h, (i) = rect |:C;—t} exp{ Jry(at — 21:?/ —) } (6)

P
Where R,
order to eliminate the influence of the extra term in the phase,

= R, is the reference distance. At the same time, in

the reference carrier frequency when removing the carrier
frequency should be modified to f =af, , After carrier
frequency removal and frequency-domain matched filtering, (5)

can be expressed in the range-frequency domain as follows:
( ) ZO' rec{ }exp{__4”(f/a+fc){r(fm) H
c +AR(2,)

m

(7
The following JTMC term is thus constructed:

Cv,.,al. (f:tm) =CXp

Arn(fla+f)
{f”(%)} (®)

By multiplying (7) with (8) and then applying an inverse fast
Fourier transform (IFFT) along the range dimension, we obtain:

N P ~ 2AR (1
It ): ZO'p sinc[B(at _ 28R ()
" B

p=1

%)
—_—

)]-exp{—j%”ARs m}
©

Equation (9) eliminates the intra-pulse motion errors and
achieves high-precision translational compensation through
JTMC. Since we assume stable target flight in Section 2,
standard azimuth focusing can subsequently be performed to
ISAR
aforementioned algorithm assumes that the target motion

obtain a high-quality image. However, the
parameters are known, which is generally not the case in practice.
Therefore, in the following subsection, we introduce an optimal

parameter estimation method based on the ABC algorithm.
B.  Establish Optimization Function

Before performing optimal parameter estimation, we first
need to establish optimization function. Let *, denote
frequency-domain pulse compression, then (5) after JIPMC can
be expressed as:

g=IFFT,[S*. h, -C, , | (10)
Where IFFT, indicates IFFT in the range dimension. Since the
target is in a stable state of motion, performing a fast Fourier
transform (FFT) on (10) in the azimuth dimension can yield a
high-resolution ISAR image:

I[=FFT, [g] (10

Image entropy is commonly used to measure the focusing
effect of an image. The smaller the image entropy, the better the
focusing performance of the image. Therefore, image entropy is
used as an optimization function, and the target motion
parameters can be obtained by solving the following minimum
entropy optimization problem:

(v,,a,)= argmin{]E(l)} (12)

Where /F represents the calculation of the image entropy value.

For an ISAR image / with N range cells and M Doppler cells,

the calculation formula for its entropy is as follows:
MoIN- l|I(n m)| |I(n,m)|2

ZZ

m=0 n=0 E

WhereEzz ZN :

optimal parameter estlmanon based on the ABC algorithm will

(13)

| denotes the signal energy. The

be introduced in the next subsection.

C. Optimal Parameter Estimation via ABC Algorithm
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The basic idea of the ABC algorithm is to simulate the
foraging behavior of bees, which are divided into three types of
bee roles: employed bees, onlooker bees and scout bees. Both
employed bees and onlooker bees account for half of the bee
colony, and their quantity is equal to the number of nectar
sources. Optimization is achieved through the collaboration of
the three types of bee roles. For the objective function:

min IE{I(v,,a,)} (14

Let X =[v,,a, | be denoted as a two-dimensional solution vector.

The detailed steps of the algorithm are as follows:

Stepl: Initialization: Set the number of nectar sources N, the
number of iterationsu =1, the maximum number of iterations
u_, and the abandonment threshold 7 . . Define the i-th nectar
source location as X, =[x,,x,---x, | , where M is the
dimension of the solution space. The initial positions are
generated according to the following equation:

X, =X, trand- (X, , - X,,,)
and X
solution space respectively, and rand denotes a random number

15)

where X are the lower and upper bounds of the

low high

generation function that can produce random numbers between
0 and 1.

Step2: Fitness calculation: To convert the minimization
problem into a maximization problem (simulating nectar
concentration), define the fitness function as follows:

L 1
fi(@) = 1+ IE{I(X,)}

(16)

Step3: Employed bee phase: Each employed bee randomly
selects a neighboring solution x,; in a dimension j . If
fit(k) > fit(i) , the position of the solution is updated. The
update formula is as follows:

new

x; " =x, 9 (x; —x,,) ())
where ¢ €[—1,1] is a random perturbation factor. The new
solution position after updating is denoted as X", and the
corresponding fitness is calculated according to (16). When the
fitness of X" is better than that of X, , a greedy selection
method is adopted to replace X, with X | otherwise, X, is
retained. After all employed bees complete the calculation, they
share the fitness information with onlooker bees.

Step4: Onlooker bee phase: Onlooker bees calculate the
the
transmitted by employed bees. The calculation formula is as

selection probability based on fitness information

follows:

p = ()

Zﬁt(k)

The larger the probability p,, the higher the possibility that

the solution X, is selected. After the onlooker bee selects the
solution X, , it generates a new nectar source around the nectar
source X, according to (17), and determines the retained nectar
source in the same way as the employed bees.

StepS: Scout bee phase: If a solution X, remains unchanged
fOr Tl’imit

source”, and a scout bee randomly generates a new solution

consecutive times, it is regarded as a “barren nectar

according to (15) to replace it.
Step6: Termination condition: Let u=u+1, if u=u__
terminate the loop; otherwise, return to Step 3.

IV. RESULTS AND ANALYSIS

The purpose of this section is to verify the effectiveness of the
proposed algorithm. The simulation model is shown in Fig.2,
and the simulation parameters are listed in TABLE 1. In the
simulation, comparative experiments between the proposed
algorithm, JTMC, and IPMC+CTMC are set up to verify the
superiority of the proposed algorithm.

TABLE L. MAIN SIMULATION PARAMETER
Parameters Values
Carrier frequency 10GHz
Bandwidth 500MHz
Pulse duration 2us
Sampling frequency 520MHz
PRF 1024Hz

40 30 20 10 0 10 20 30 40

X(m)

Fig. 2. Scattering point model of satellite

The first three columns in Fig.3 show the ISAR imaging
results and corresponding image entropy of the three algorithms
under different velocity parameters. It can be seen that the
proposed algorithm consistently outperforms the other two
algorithms at different velocities. From the convergence curve
and estimation results in the fourth column of the figure, it can
be seen that after about 25 iterations, the image entropy value
tends to remain unchanged and the estimation results are highly
accurate, indicating that the optimization algorithm has good
accuracy and convergence. Fig.4 shows the comparison results
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Fig. 3. Comparison results of algorithms at different speeds (SNR=0dB)
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Fig. 4. Comparison results of algorithms at different SNR ( v, =2000m/s,a, =60m/s” )

of the algorithms under different SNR. The proposed algorithm
consistently outperforms the other two algorithms at different
SNR, verifying the robustness of the proposed algorithm under
low SNR conditions. The fourth column in Fig.4 also shows the
local HRRP of the three algorithms after range alignment. It can
be seen that the proposed algorithm effectively eliminates the

main lobe broadening and ISLR increasing phenomena caused
by intra-pulse motion errors compared to the other two
algorithms.

In summary, the simulation experiments validate the
effectiveness and robustness of the algorithm for high-resolution
ISAR imaging of high-speed targets.
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V. CONCLUSIONS

This paper proposes a high-resolution ISAR imaging
algorithm for high-speed targets based on JIPMC. First, a high-
speed target echo model is established. Then, by integrating the
IPMC algorithm with the JTMC algorithm and incorporating
optimal parameter estimation based on the ABC algorithm, joint
processing is achieved. Finally, simulation and comparative
experiments demonstrate the effectiveness and robustness of the
proposed algorithm for high-resolution ISAR imaging of high-
speed targets.
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