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Abstract

Traditional ISAR imaging algorithms are based on the “stop-and-go” assumption and
lack theoretical analysis, accurate simulation, and effective compensation regarding the
high-speed motion of the target or the platform. In response to this issue, a theoretical
analysis of the high-speed motion of the target or the platform in ISAR imaging is first
conducted, indicating that when a chirp is transmitted, the echo from a scatterer can be
approximated as a chirp with its central frequency and chirp rate changed, and this will
lead to the shift and the blurring of the scatterer in range. A method is then proposed
to estimate the central frequency and the chirp rate, which are used to adjust the central
frequency and the chirp rate of the matched filter. The central frequency is estimated to
maximize the normalized correlation of the amplitude spectrum and its nominal form,
and the chirp rate is derived from the central frequency. Moreover, in order to show the
rationality of our theoretical analysis and the effectiveness of our compensation method,
a scheme is presented to simulate the received signal under the high-speed motion of
the target or the platform. This scheme assumes that the target and the platform move
continuously with time and reflects the effects of the high-speed motion on the received
signal accurately.

Keywords: ISAR; “stop-and-go” assumption; high-speed motion; compensation; simulation

1. Introduction
The inverse synthetic aperture radar (ISAR) uses the motion between the radar and

the target to image the target. The radar can be ground based, airborne, or space borne.
The platform can be stationary or moving. The beam tracks moving targets of interest.

There are various algorithms for ISAR imaging [1]. In this paper, we only discuss the
range-Doppler algorithm, which applies to a small rotational angle. For a large rotational
angle, typical algorithms include the sub-aperture algorithm, the sub-patch algorithm, the
polar-format algorithm, and the back-projection algorithm. Additionally, we assume that
the target scene has a rigid projection on the imaging plane. Otherwise, different motion
compensations are needed for different targets or different components of a single target.
This can be achieved if different targets or different components of a single target can be
separated somehow [2,3]. Moreover, we assume that no echoes are missing or damaged in
data acquisition. Otherwise, the imaging can be achieved by methods based on Bayesian
learning [4–6] or deep learning [7–9].

The range-Doppler algorithm is the most widely used algorithm for ISAR imaging.
First, the scatterers with different ranges are resolved using their differences in time delay.
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Usually, a wide-band technique, such as the matched-filter technique, the stretch technique,
or the stepped-frequency technique, is used to improve range resolution [10,11]. Then,
translation compensation is used to remove the effect of the translation between the radar
and the target in range. Finally, in each range bin, the scatterers with different azimuths
are resolved using their differences in Doppler frequency. The most widely used method
is the Fourier transform. Other methods include modern spectral estimation [12] and
time-frequency representation [13].

Translation compensation is a key step in ISAR imaging. It usually consists of range
alignment and phase adjustment. In range alignment, the signals from the same scatterer
are aligned in range by shifting the echoes. If no prior knowledge is available about
the translation, range alignment can be achieved using the similarity of the envelopes
of the echoes. Typical methods include the peak method [14], the maximum-correlation
method [14], the frequency-domain method [14], the Hough-transform method [15], the
minimum-entropy method [16], and the global method [17,18]. Phase adjustment is used to
remove the translational Doppler phase. Typical methods for phase adjustment include the
dominant-scatterer method [14], the scattering-centroid method [11], the phase-gradient
method [19,20], the time-frequency method [21], and the sharpest-image method [16,22–29].
These methods apply even if no prior knowledge is available about the translation. Addi-
tionally, range alignment and phase adjustment can also be implemented together in the
domain of slow time and the frequency in respect to fast time. The minimum-entropy trans-
lation compensation, which applies even with no prior knowledge about the translation, is
based on this scheme [10].

Recently, with the development of hypersonic equipment, ISAR under the high-speed
motion of the target or the platform has received much attention. For example, when
dealing with a missile group or an aircraft group, which contains different targets, the ISAR
installed on a missile may obtain information about the size and the shape of each target,
classify each target, and destroy high-value targets first.

The traditional ISAR imaging algorithms are based on the “stop-and-go” assumption
and may not work well when the target or the platform moves at an extremely high speed.
Various methods have been presented to compensate for the effects of the high-speed
motion in ISAR imaging. These methods can be divided into two categories. One category
is based on the parameter estimation of the signal. The parameters of the signal and
therefore the velocity of the target to the radar are estimated using the fractional Fourier
transform [30,31], the integrating cubic phase functions [32], etc. This category is not robust
against noise and target scintillation. The other category is based on the focus quality
of the range profile. The chirp rate and therefore the velocity of the target to the radar
are estimated by optimizing the focus quality of the range profile [33–35]. However, the
accuracy of this category is limited because the change of the chirp rate is usually insensitive
to the high-speed motion, unlike the central frequency.

This paper studies the effects and the compensation of the high-speed motion of the
target or the platform in ISAR imaging. Theoretical analysis shows that when a chirp
is transmitted, the echo from a scatterer can be approximated as a chirp with its central
frequency and chirp rate changed, and this will lead to the shift and the blurring of the
scatterer in range. A method is then proposed to estimate the central frequency and the
chirp rate, which are used to adjust the central frequency and the chirp rate of the matched
filter. In this method, the central frequency is estimated to maximize the normalized
correlation of the amplitude spectrum and its nominal form, and the chirp rate is derived
from the central frequency. In addition, in order to show the rationality of the theoretical
analysis and the effectiveness of the compensation method, a scheme is presented to
simulate the received signal under the high-speed motion of the target or the platform.
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This scheme assumes that the target and the platform move continuously with time and
reflects the effects of the high-speed motion on the received signal accurately.

2. Analysis of ISAR Imaging
2.1. Analysis of ISAR Imaging Under Low-Speed Motion

ISAR usually utilizes chirps (linear frequency-modulated pulses) to obtain a fine
resolution in range. The chirp transmitted by the radar can be represented as

s0
(
t′
)
= sin(2π fct′ + πα

(
t′ − t

)2
),
∣∣t′ − t

∣∣ ≤ P
2

, (1)

where t′ is time, f c is the carrier frequency, α is the chirp rate, P is the pulse width, and t is
the central time. The signal from a scatterer is

s1
(
t′
)
= σsin

[
2π fc

(
t′ − 2rc

c

)
+ πα

(
t′ − 2rc

c
− t
)2
]

,
∣∣∣∣t′ − t − 2rc

c

∣∣∣∣ ≤ P
2

, (2)

where σ is the scattering coefficient of the scatterer, rc is the range from the scatterer to the
radar, and c is the speed of light. Equation (2) is the expression of the signal from a scatterer.
It follows the “stop-and-go” assumption, i.e., the position changes of the target and the
platform are ignorable in a pulse repetition interval (PRI). This assumption is rational when
the speeds of the target and the platform are much smaller than the speed of light. Under
this assumption, the delay in Equation (2) is independent of fast time τ and only depends
on the range rc between the scatterer and the platform at slow time t. After the in-phase
and quadrature demodulation, the signal becomes

s2
(
t′
)
= σexp

[
− j4π fcrc

c
+ jπα

(
t′ − 2rc

c
− t
)2
]

,
∣∣∣∣t′ − t − 2rc

c

∣∣∣∣ ≤ P
2

. (3)

Letting τ = t′ − t, one obtains

s3(τ) = σexp

[
− j4π fcrc

c
+ jπα

(
τ − 2rc

c

)2
]

,
∣∣∣∣τ − 2rc

c

∣∣∣∣ ≤ P
2

. (4)

τ and t are called fast time and slow time, respectively.
A matched filter is used to compress the received chirps into narrow pulses to improve

the resolution in range. According to the principle of stationary phase, the Fourier transform
of s3(τ) is

S3(ξ) = σexp(− j4π f crc

c
)× exp

(
− j4πrcξ

c

)
exp
(
− jπξ2

α

)
, |ξ| ≤ αP

2
. (5)

Here, the constants in the amplitude and the phase are ignored because they are trivial
in subsequent processing. The frequency response of the matched filter is

H(ξ) = exp
(

jπξ2

α

)
. (6)

After the matched filtering, S3(ξ) becomes

S4(ξ) = S3(ξ)H(ξ) = σexp(− j4π fcrc

c
)× exp(− j4πrcξ

c
), |ξ| ≤ αP

2
. (7)
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By performing the inverse Fourier transform of Equation (7), the time-domain expres-
sion of S4(ξ) can be obtained, i.e.,

s4(τ) = σexp(− j4π fcrc

c
)× sin c

[
αP
(

τ − 2rc

c

)]
. (8)

2.2. Analysis of ISAR Imaging Under High-Speed Motion

If the target or the radar moves at an extremely high speed, the “stop-and-go” assump-
tion may not hold and the motion of the target or the radar in a PRI should be taken into
account. In this case, s3(τ) should be modified into

s5(τ) = σexp

[
− j4π fcr(τ)

c
+ jπα

(
τ − 2r(τ)

c

)2
]

,
∣∣∣∣τ − 2r(τ)

c

∣∣∣∣ ≤ P
2

, (9)

where r(τ) is the equivalent range between the scatterer and the radar (a half of the wave-
propagation range from the radar to the scatterer and back to the radar). Note that r(τ) is
a function of τ, while rc in Equation (2) is independent of τ. We approximate r(τ) as its
first-order Taylor series, i.e.,

r(τ) = rc + v
(

τ − 2rc

c

)
, (10)

where rc is the range between the scatterer and the radar under the “stop-and-go” assump-
tion, and v is the radial speed between the scatterer and the radar. Substituting Equation
(10) into Equation (9), we obtain

s5(τ) = σexp
(
− j4π fcrc

c

)
exp
(
− j4π fcv

c

(
τ − 2rc

c

))
×exp

(
jπα

[(
1 − 2v

c
)2
(

τ − 2rc
c

)2
])

,∣∣∣τ − 2rc
c

∣∣∣ ≤ P
2|1− 2v

c |
.

(11)

Equation (11) shows that when a chirp is transmitted, if the target or the radar moves
at an extremely high speed, the signal from a scatterer can be approximated as a chirp with
its central frequency and chirp rate changed. The central frequency of s3(τ) is 0, but the
central frequency of s5(τ) becomes

f0 = −2v
c

fc. (12)

The chirp rate of s3(τ) is α, but the chirp rate of s5(τ) becomes

α′ = α

(
1 − 2v

c

)2
. (13)

The change of the central frequency and the chirp rate will cause the shift and the
blurring of the scatterer in range. According to the principle of stationary phase, the Fourier
transform of s5(τ) is

S5(ξ) = σexp
(
− j4π fcrc

c

)
× exp

(
− j4πrcξ

c

)
exp
(
−jπ (ξ− f0)

2

α′

)
, |ξ − f0| ≤ α′P

2|1− 2v
c |

.
(14)
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After the matched filtering, S5(ξ) becomes

S6(ξ) = S5(ξ)H(ξ) = σexp(− j4π fcrc
c )exp(− j4πrcξ

c )exp
(
−jπ f0

2

α′

)
×

exp
(

j2π
f0ξ
α′

)
exp
(
−jπ

(
1
α′ −

1
α

)
ξ2
)

, |ξ − f0| ≤ α′P
2|1− 2v

c |
.

(15)

By performing the inverse Fourier transform of Equation (15), the time-domain ex-
pression of S6(ξ) can be obtained, i.e.,

s6(τ) = σexp
(
− j4π fcrc

c

)
exp
(
−jπ f0

2

α′

)
× exp

[
jπ
(

τ− 2rc
c +

f0
α′
)2

( 1
α′ −

1
α )

]
,∣∣∣τ − 2rc

c + f0
α′

∣∣∣ ≤ α′P| 1
α′−

1
α |

2|1− 2v
c |

.

(16)

The comparison of Equations (8) and (16) shows that there are two significant dif-
ferences between s4(τ) and s6(τ). First, compared with s4(τ), s6(τ) is shifted by −f 0/α′

because s4(τ) is centered at 2rc/c but s6(τ) is centered at 2rc/c − f 0/α′. Second, compared
with s4(τ), s6(τ) is blurred because s4(τ) is a sinc function but s6(τ) is still a chirp.

2.3. Compensation of High-Speed Motion in ISAR Imaging

According to the above analysis, when a chirp is transmitted, if the target or the radar
moves at an extremely high speed, the signal from a scatterer can be approximated as a
chirp with its central frequency and chirp rate changed, and this will lead to the shift and
the blurring of the scatterer in range. To remove the effects, the matched filter should be
adjusted to match the changed chirp. According to (14), the frequency response of the
matched filter should be modified into

H′(ξ) = exp

(
jπ
(
ξ − f0)

2

α′

)
. (17)

After the matched filtering, S5(ξ) becomes

S7(ξ) = S5(ξ)H′(ξ) = σexp
(
− j4π fcrc

c

)
exp
(
− j4πrcξ

c

)
, |ξ − f0| ≤

α′P
2
∣∣1 − 2v

c

∣∣ . (18)

By performing the inverse Fourier transform of Equation (18), the time-domain ex-
pression of S7(ξ) can be obtained, i.e.,

s7(τ) = σexp(− j4π fcrc

c
)× sin c

[
α′P∣∣1 − 2v

c

∣∣
(

τ − 2rc

c

)]
. (19)

It can be seen that the shift and the blurring of the scatterer in range are removed.
However, in order to achieve the compensation, f 0 and α′ need to be estimated.

f 0 is estimated to maximize the normalized correlation of the amplitude spectrum
and its nominal form. Here, the nominal form of the amplitude spectrum is a rectangular
window, i.e.,

Rect(ξ, f0) = 1, |ξ − f0| ≤
αP
2

(
1 +

f0

fc

)
. (20)

The normalized correlation of the amplitude spectrum and its nominal form is defined as

E( f0) =

∫ ∞
−∞ A(ξ)Rect(ξ, f0)dξ√∫ ∞

−∞ A2(ξ)dξ
√∫ ∞

−∞ Rect2(ξ, f0)dξ
(21)
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where A(ξ) is the amplitude spectrum. Evidently, when f 0 is correctly estimated, A(ξ) and
Rect(ξ, f 0) are most similar, and thus E(f 0) is maximized. Actually, A(ξ) can be taken as the
average amplitude spectrum of all the echoes, and Equation (21) can be simplified as

E′( f0) =

∫ ∞
−∞ A(ξ)Rect(ξ, f0)dξ√∫ ∞

−∞ Rect2(ξ, f0)dξ
. (22)

In implementation, a full search is carried out by letting f 0 = k/(NT), −N/2 ≤ k < N/2,
to find the f 0 that maximizes E′ (f 0), where T is the sampling interval, and N is the number
of range bins.

This algorithm is robust against noise because its integration operation will suppress
noise significantly. In fact, this algorithm is similar to the nominal-spectrum algorithm for
clutter lock in SAR imaging, although the former is carried out with a rectangular window
in the fast-frequency domain, and the latter is carried out with a tapering window in the
slow-frequency domain. Reference [36] makes a thorough analysis of the accuracy and the
robustness of such algorithms.

From Equations (12) and (13), we obtain

α′ = α

(
1 +

f0

fc

)2
. (23)

So, after f 0 is estimated, α′ can be estimated from f 0. This is significant because α′ is
usually insensitive to high-speed motion, unlike f 0. Once estimated, f 0 and α′ are used to
adjust the matched filter according to (17). Figure 1 shows the flowchart of this algorithm.

Estimating f0 

Matched Filtering Estimating α′ 

Raw Signal 

Inverse Fourier Transform 

Fourier Transform 

Range-Resolved Signal 

Figure 1. Compensation of high-speed motion.

3. Simulation of ISAR Signals Under High-Speed Motion
In order to show the rationality of our theoretical analysis and the effectiveness of our

compensation method, a scheme is presented to simulate the received signal under the
high-speed motion of the target or the platform. This scheme assumes that the target and
the platform move continuously with time and reflects the effects of the high-speed motion
on the received signal accurately.

Figure 2 shows the geometry in the simulation. The radar moves along the dashed
trajectory with velocities vr,x, vr,y, and vr,z in the x-axis, y-axis, and z-axis, respectively, and
reaches the origin at time 0. The target moves with velocity vt,x in the x-axis.
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x

y

z

o

radar

target

Figure 2. Geometric relationship between platform and target in simulation.

The received signal is simulated echo by echo. Each echo is simulated by adding the
pulses from all the scatterers when a chirp is transmitted. When a chirp is transmitted, the
pulse from a scatterer is simulated in the following steps.

First, determine the indexes of samples where this pulse exists. This can be achieved
once the start time and the end time of this pulse are found. Assume that t1 is the start time
of the transmitted chirp, and this scatterer is located at position (xt, yt, zt) at time 0. Then,
when the start edge of the chirp propagates from the radar to this scatterer, its delay τ1 can
be found from { (

x − vr,xt1)
2 +

(
y − vr,yt1)

2 +
(
z − vr,zt1)

2 = c2τ1
2

x = xt + vt,x(t1 + τ1), y = yt, z = zt
. (24)

Here, the first equation is the motion equation of the start edge of the chirp when
it propagates in a spherical wave, and other equations are the motion equations of this
scatterer. The substitution of other equations into the first equation yields

A1τ1
2 + B1τ1 + C1 = 0, (25)

where 
A1 = c2 − vt,x

2

B1 = 2vt,x(xt + vt,xt1 − vr,xt1)

C1 = −
(
xt + vt,xt1 − vr,xt1)

2 −
(
yt − vr,yt1)

2 −
(
zt − vr,zt1)

2
. (26)

The solution to this equation is

τ1 =
−B1 +

√
B1

2 − 4A1 · C1

2A1
. (27)
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Assume that t2 is the time when the start edge of the chirp reaches the scatterer, that is,
t1 + τ1. Then, when the start edge of the chirp propagates from this scatterer back to the
radar, its delay τ2 can be found from{ (

x − xt − vt,xt2)
2 +

(
y − yt)2 +

(
z − zt)2 = c2τ2

2

x = vr,x(t2 + τ2), y = vr,y(t2 + τ2), z = vr,z(t2 + τ2)
. (28)

Here, the first equation is the motion equation of the start edge of the chirp when it
propagates in a spherical wave, and other equations are the motion equations of the radar.
The substitution of other equations into the first equation yields

A2τ2
2 + B2τ2 + C2 = 0, (29)

where 
A2 = c2 − vr,x

2 − vr,y
2 − vr,z

2

B2 = 2[vr,x(xt+ vt,xt2 − vr,xt2) + vr,y
(
yt − vr,yt2

)
+ vr,z(zt − vr,zt2)]

C2 = −
(
xt + vt,xt2 − vr,xt2)

2 −
(
yt − vr,yt2)

2 −
(
zt − vr,zt2)

2
. (30)

The solution to this equation is

τ2 =
−B2 +

√
B2

2 − 4A2 · C2

2A2
. (31)

Next, the start time of this pulse can be found, that is, t2 + τ2. The end time of this
pulse can be found similarly. Once the start time and the end time of this pulse are found,
one can determine which indexes this pulse exists in in the echo.

Second, calculate the sample of this pulse at each index determined in the first step.
Assume that a sample of the transmitted chirp is converted into the sample of this pulse at
an index. Then, the sample of this pulse at this index can be calculated from this sample of
the transmitted chirp if only the time for this sample of the transmitted chirp is found. This
sample of the chirp propagates from the radar to this scatterer and then from the scatterer
back to the radar. Assume that t3 is the time when this sample of the chirp returns to the
radar. Then, when this sample of the chirp propagates from this scatterer back to the radar,
its delay τ3 can be found from{(

x − xt − vt,x(t3 − τ3))
2 +

(
y − yt)2 +

(
z − zt)2 = c2τ3

2

x = vr,xt3, y = vr,yt3, z = vr,zt3
. (32)

Here, the first equation is the motion equation of this sample of the chirp when it
propagates in a spherical wave, and other equations are the motion equations of the radar.
The substitution of other equations into the first equation yields

A3τ3
2 + B3τ3 + C3 = 0, (33)

where 
A3 = c2 − vt,x

2

B3 = 2vt,x(xt + vt,xt3 − vr,xt3)

C3 = −
(
xt + vt,xt3 − vr,xt3)

2 −
(
yt − vr,yt3)

2 −
(
zt − vr,zt3)

2
. (34)

The solution to this equation is

τ3 =
−B3 +

√
B3

2 − 4A3 · C3

2A3
. (35)
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Assume that t4 is the time when this sample of the chirp reaches the scatterer, that is,
t3 − τ3. Then, when this sample of the chirp propagates from the radar to this scatterer, its
delay τ4 can be found from{(

x − vr,x(t4 − τ4))
2 +

(
y − vr,y(t4 − τ4))

2 +
(
z − vr,z(t4 − τ4))

2 = c2τ4
2

x = xt + vt,xt4, y = yt, z = zt
. (36)

Here, the first equation is the motion equation of this sample of the chirp when it
propagates in a spherical wave, and other equations are the motion equations of this
scatterer. The substitution of other equations into the first equation yields

A4τ4
2 + B4τ4 + C4 = 0, (37)

where 
A4 = c2 − vr,x

2 − vr,y
2 − vr,z

2

B4 = −2[vr,x(xt + vt,xt4− vr,xt4) + vr,y
(
yt − vr,yt4

)
+ vr,z(zt − vr,zt4)

]
C4 = −

(
xt + vt,xt4 − vr,xt4)

2 −
(
yt − vr,yt4)

2 −
(
zt − vr,zt4)

2
. (38)

The solution to this equation is

τ4 =
−B4 +

√
B4

2 − 4A4 · C4

2A4
. (39)

Next, the time for this sample of the transmitted chirp can be found, that is, t4 − τ4.
So, the sample of this pulse at the given index can be calculated from this sample of the
transmitted chirp.

4. Results and Discussion
A series of signals are simulated to show the rationality of the theoretical analysis and

the effectiveness of the compensation method for the high-speed motion of the target or
the radar in ISAR imaging. The geometry in simulation is shown in Figure 2. The radar
transmits chirps with a carrier frequency of 10 GHz, a pulse width of 1 µs, a bandwidth
of 250 MHz, and a pulse repetition frequency (PRF) of 500 Hz. The sampling frequency is
300 MHz. The target is an aircraft with a length of 15 m and a width of 9 m. Its components
are simulated using lines, each consisting of discrete points. The aircraft flies at a speed of
200 m/s in the negative x-axis.

After acquiring a signal through simulation, the range-Doppler algorithm is used for
ISAR imaging. First, a matched filter is used for range resolving. A Hamming window is
used to suppress sidelobes in the matched filtering. Then, the global method [9,10] is used
to carry out range alignment, and the sharpest-image method [18–20] is used to carry out
phase adjustment. Finally, the Fourier transform is used for azimuth resolving. Figure 3
shows the overall processing flowchart.

Each image has 512 × 512 pixels originally. In such an image, the target is too small to
see clearly. For a clear view, the central 64 × 64 pixels of each image are taken and enlarged
to show. In addition, the grayscales of each image are reversed in order that weak details
can be seen more clearly. Thus, in each image, weak scatterers have high grayscales, and
strong scatterers have low grayscales.

In the first case, the radar moves at velocities 3 km/s, 3 km/s, and 3 km/s in the
x-axis, the y-axis, and the z-axis, respectively. Figure 4a shows the image when the signal
is simulated under the “stop-and-go” assumption. This image is ideal but unreal because
the signal is simulated under the “stop-and-go” assumption and contains no effects of the
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high-speed motion. Figure 4b shows the image when the signal is accurately simulated.
This image is real because the signal is accurately simulated and thus contains the effects of
the high-speed motion. However, as we see, this image is almost the same as the image in
Figure 4a. This means that the effects of the high-speed motion are ignorable. Figure 4c
shows the image when the signal is accurately simulated but the compensation of the
high-speed motion is applied. Since the effects of the high-speed motion are imperceptible,
the effectiveness of the compensation is imperceptible.

Range Alignment 

Raw Signal 

Phase Adjustment 

Range Resolving 

Image 

Azimuth Resolving 

Global Method 

Sharpest-Image 
Method 

Traditional or 
Proposed Method 

Fourier Transform 

Figure 3. Overall processing flowchart.

 
 (a) (b) (c) 

Azimuth 
Range 

Figure 4. Images when the radar moves at velocities 3 km/s, 3 km/s, and 3 km/s in the x-axis, the
y-axis, and the z-axis, respectively. (a) Image under “stop-and-go” assumption (ideal but unreal);
(b) image with accurate simulation (the effects of the high-speed motion are imperceptible); (c) and
image with accurate simulation and high-speed compensation (the effectiveness of the compensation
is imperceptible).

In the second case, the radar moves at velocities 20 km/s, 20 km/s, and 20 km/s in the
x-axis, the y-axis, and the z-axis, respectively. Figure 5a shows the image when the signal
is simulated under the “stop-and-go” assumption. The image is ideal but unreal because
the signal is simulated under the “stop-and-go” assumption and contains no effects of the
high-speed motion. Figure 5b shows the image when the signal is accurately simulated. The
image is real because the signal is accurately simulated and thus contains the effects of the
high-speed motion. It can be seen that this image has a shift in range, although its blurring
in range is ignorable. Figure 5c shows the image when the signal is accurately simulated
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but the compensation of high-speed motion is applied. This compensation removes the
shift of the image in range approximately, although its improvement of the focus quality of
the image is imperceptible.

 
 (a) (b) (c) 

Azimuth 

Range 

Figure 5. Images when the radar moves at velocities 20 km/s, 20 km/s, and 20 km/s in the x-
axis, the y-axis, and the z-axis, respectively. (a) Image under “stop-and-go” assumption (ideal but
unreal); (b) image with accurate simulation (its shift in range can be seen although its blurring in
range is imperceptible); and (c) image with accurate simulation and high-speed compensation (the
compensation removes the shift in range approximately, although its improvement of the focus
quality is imperceptible).

In the third case, the radar moves at velocities 50 km/s, 50 km/s, and 50 km/s in the
x-axis, the y-axis, and the z-axis, respectively. Figure 6a shows the image when the signal
is simulated under the “stop-and-go” assumption. The image is ideal but unreal because
the signal is simulated under the “stop-and-go” assumption and contains no effects of the
high-speed motion. Figure 6b shows the image when the signal is accurately simulated.
The image is real because the signal is accurately simulated and thus contains the effects of
the high-speed motion. It can be seen that this image has a significant shift in range, but its
blurring in range is still ignorable. Figure 6c shows the image when the signal is accurately
simulated but the compensation of high-speed motion is applied. This compensation
removes the shift of the image in range, but its improvement of the focus quality of the
image is still imperceptible.

 (a) (b) (c) 

Azimuth 

Range 

Figure 6. Images when the radar moves at velocities 50 km/s, 50 km/s, and 50 km/s in the x-
axis, the y-axis, and the z-axis, respectively. (a) Image under “stop-and-go” assumption (ideal but
unreal); (b) image with accurate simulation (its shift in range is significant although its blurring in
range is imperceptible); and (c) image with accurate simulation and high-speed compensation (the
compensation removes its shift in range approximately, although its improvement of the focus quality
is imperceptible).

Table 1 shows the range indexes of the strongest scatterer, which is located at the center
of the target, in three schemes when the radar moves in different velocities. The theoretical
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shift in range is found according to Equation (16). It can be seen that the shift of the target
in range can be clearly observed when the velocities of the radar in the x-axis, the y-axis,
and the z-axis attain 4 km/s or higher, and it increases when the velocities of the radar in
the x-axis, the y-axis, and the z-axis increase. It can also be seen that the compensation of
high-speed motion removes the shift of the target in range.

Table 1. Range indexes of strongest scatterer in different cases.

Velocities of Radar
in x, y, and z Axes

(km/s)

Range Index under
“Stop-and-Go”

Assumption

Range Index in
Accurate Simulation

Range Index in
Accurate Simulation
and Compensation

Theoretical Shift in
Range

1 257 257 257 0.15
2 257 257 257 0.29
3 257 257 257 0.42
4 257 256 257 0.56
5 257 256 257 0.70
10 257 255 257 1.39
20 257 254 258 2.77
30 257 253 257 4.15
40 257 251 257 5.53
50 257 250 257 6.91

Entropy can be used to measure the focus quality of an image. Smaller entropy means
better focus quality. Let g (m, n), where 0 ≤ m ≤ M − 1 and 0 ≤ n ≤ N − 1, be the complex
image. The entropy of the image is defined as

ε =
M−1

∑
m=0

N−1

∑
n=0

∣∣∣g(m, n)|2

E
ln

E∣∣∣g(m, n)|2
, (40)

E =
M−1

∑
m=0

N−1

∑
n=0

∣∣∣g(m, n)|2 . (41)

Table 2 shows the entropies of the images in three schemes when the radar moves in
different velocities. It can be seen that the entropy of the image steadily grows, that is, the
focus quality of the image steadily degrades, when the velocities of the radar in the x-axis,
the y-axis, and the z-axis attain 20 km/s or higher. In these cases, the compensation of
high-speed motion decreases the entropy of the image and thus improves the focus quality
of the image.

Table 2. Entropies of images in different cases.

Velocities of Radar in x, y,
and z Axes (km/s)

Entropy Under
“Stop-and-Go”

Assumption

Entropy in Accurate
Simulation

Entropy in Accurate Simulation
and Compensation

1 4.45948 4.45560 4.44322
2 4.49059 4.48668 4.48098
3 4.46057 4.46476 4.46538
4 4.53495 4.51149 4.50986
5 4.29094 4.27925 4.28173

10 4.53337 4.53248 4.52787
20 4.49024 4.49119 4.48999
30 4.47112 4.47651 4.47558
40 4.46734 4.46972 4.46907
50 4.46814 4.47396 4.47034
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5. Conclusions
Deep research is carried out on the effects and the compensation of the high-speed

motion of the target or the radar in ISAR imaging. Theoretical analysis shows that when
a chirp is transmitted, the echo from a scatterer can be approximated as a chirp with its
central frequency and chirp rate changed, which results in the shift and the blurring of
the scatterer in range. As an important contribution, a method is presented to estimate
the central frequency and the chirp rate, which are used to adjust the central frequency
and the chirp rate of the matched filter. In this method, the central frequency is estimated
to maximize the normalized correlation of the amplitude spectrum and its nominal form,
and the chirp rate is derived from the central frequency. Moreover, to show the rationality
of the theoretical analysis and the effectiveness of the compensation method, a scheme is
presented to simulate the received signal under the high-speed motion of the target or the
radar. This scheme assumes that the target and the radar move continuously with time and
reflects the effects of the high-speed motion on the received signal accurately.

The motion of the target and the radar can be decomposed into the translation between
the target and the radar and the rotation of the target. Our method can compensate the
effects caused by the linear translation only. When the nonlinear translation and the
rotation are also considered, the echoes from different scatterers will have different signal
modes and thus need different matched filters for range resolving. Such effects cannot
be compensated for by our method or other existing methods. Fortunately, generally, the
effects of the nonlinear translation and the rotation are much smaller than the effects of the
linear translation and thus can be neglected.
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