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Abstract In inverse synthetic aperture radar (ISAR) imaging, translation compensation
should be done before range-Doppler imaging process, and range alignment is the first step
for translation compensation. In order to remove the limitation of integer range bin and
align the echoes precisely for ISAR range alignment, combining with the advantage of array
signal processing at fractional unit delay compensation, we propose a novel range alignment
method based on linear transmitting/receiving (T/R) array. Firstly the ISAR imaging system
is modeled as a linear T/R array. Then based on the snapshot imaging model of linear T/R
array, range alignment is accomplished by wave path difference compensation which is trans-
formed into the phase difference compensation in frequency domain between adjacent array
elements. The phase difference compensation consists of integer range bin alignment and
decimal time delay compensation which is implemented by the phase rotation’s estimation
and compensation in frequency domain. Finally, the results of simulation data and real radar
data are provided to demonstrate the effectiveness of the proposed method.

Keywords Inverse synthetic aperture radar (ISAR) · Linear transmitting/receiving array ·
Range alignment · Imaging

1 Introduction

Inverse synthetic aperture radar (ISAR) imaging of non-cooperative target in the air, space, or
on the sea is very important for high resolution target image generation and automatic target
identification (Xing et al. 2009). In past decades, the research of ISAR has mainly focused
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on high-resolution imaging, translation compensation methods, target recognition (Kim et
al. 2000; Delisle and Wu 1994; Gunaratne and Bruton 2011; Zhu et al. 2009), etc.

Inverse synthetic aperture radar (ISAR) utilizes the range-Doppler principle to obtain the
desired image of a revolving target (Mensa 1982). Before the Fourier transform, translation
compensation should be done to eliminate the effects of the translation between the radar
and the target in range. The translation compensation consists of range alignment and phase
adjustment (Su and Yuan 2011). Range alignment is the first step for translation compensation,
and phase adjustment is the second one.

Many methods have been proposed to accomplish range alignment. Typical methods
include the maximum-correlation method (Delisle and Wu 1994; Mensa 1982), the min-
imum entropy method (Zhu et al. 2009), the peak method (Mensa 1982), the frequency
domain method (Su and Yuan 2011), and so on. Most of these methods are based on the
similarity of the echoes’ envelops, so their accuracy is limited to integer range bin. Even if
two echoes are aligned by using these methods, the alignment error still exists, up to half a
range bin.

The linear T/R antenna array can receive the echoes from different directions of the
same target (Delisle and Wu 1994). To align the response echoes of different linear T/R
array elements, the time delay caused by wave path difference can be compensated in fre-
quency domain by introducing a phase rotation, and fractional time delay can be made to
obtain more accurate wave path difference compensation (Hachabiboglu et al. 2007; Foo
and Kashyap 2003). The core problem for wideband pulse array is the realization of variable
delay circuits to compensate the channel propagation delay accurately. Now the problem
can be solved by combined the fractional sample unit delay filters with delay lines (Foo
and Kashyap 2003; Wang et al. 2006). The fractional delay filters (FDF) can be imple-
mented by many methods, such as spline-based interpolation (Viola and Walker 2005),
Lagrange interpolation (Wang et al. 2006) and so on. A widely used and proved effec-
tive FDF method is Lagrange interpolation filters (Wang et al. 2006; Dooley and Nandi
1999).

In this paper, combining the advantage of array signal processing in fractional sam-
ple unit delay, a novel range alignment method for ISAR range alignment based on the
equivalent linear T/R array model is proposed. Firstly, the ISAR data acquisition process is
modeled as a uniform linear T/R antenna array. Then considering the equivalent relation-
ship between the linear T/R array and ISAR echo data structure, the echo data of ISAR
is rearranged as the array received data. Subsequently, the range alignment method based
on the linear T/R array is given. Between adjacent array elements, the wave path differ-
ence compensation corresponding to range alignment can be implemented by integer range
bin alignment and decimal time delay compensation, which can be done by the estimation
and compensation of the phase rotation in frequency domain. The estimation of the phase
slope is based on the least-square linear fitting method, and the compensation of phase rota-
tion is based on the circular shifting characteristic of discrete Fourier transform (DFT). At
last, after the range alignment is accomplished, the phase adjustment can be done, and the
range-Doppler imaging will finally be obtained. The theoretical analysis and the results of
simulation data and real radar data show that, with the same phase adjustment method and
range-Doppler imaging, the quality of range alignment based on linear T/R array is better
than regular range alignment methods. Particularly, to verify the effectiveness of the proposed
method on decimal time delay compensation, the Lagrange interpolation FDF method is also
compared.
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2 Range alignment model based on linear T/R array

According to Skolnik (2002) and Zhu et al. (2010), the ISAR radar is supposed to work
in a ”move-stop-move” mode during the data acquisition process. That is to say, the target
is considered to be stationary in range domain during the transmitting and receiving of a
repetition pulse. The ISAR imaging model is shown in Fig. 1a.

The structure of ISAR echoes data matrix is shown in Fig. 2, in which N is the repetition
pulse number in azimuth direction, M is the sampling number in range direction. The echoes
data is an N × M matrix. The shadow parts denote the distribution area of echoes scatterer
points of target, and the black dots represent the positions of a same scatterer point in different
echoes.

For ISAR imaging model shown in Fig. 1a, supposing Tp is the pulse repetition time(PRT),
then the accumulating time for T/R chirp pulse is N ·Tp and the horizontal movement distance
of the target is da = Tp · v.

For linear T/R array, the time delay caused by the wave path difference between adjacent
elements can be compensated in frequency domain by estimating the phase rotation, and
fractional time unit delay can be made to obtain more accurate time delay compensation
(Delisle and Wu 1994; Hachabiboglu et al. 2007). Inspired by this, the data acquisition
process of ISAR in Fig. 1a is modeled as a single snapshot of the linear T/R array in Fig. 1b.
The nth (n = 1, 2, . . . , N ) T/R repetition pulse sampling data for ISAR is corresponding to
the singe snap-shot space sampling of the nth T/R array element in Fig. 1b. Based on the
equivalent relationship shown in Fig. 1, the matrix of echoes data shown in Fig. 2 can be
rearranged as the matrix of received array data. Thus, the range alignment for ISAR can
be implemented by path difference compensation between adjacent array elements in the
equivalent linear T/R array.

For the model shown in Fig. 1b, the envelope delay between adjacent array elements is

τd = �d/c (1)

where c is the wave velocity, and �d is the wave path difference which has to be estimated
and compensated between adjacent array elements. �d is mainly determined by da and the

(a) (b)

Fig. 1 Equivalent relationship between ISAR imaging and the linear T/R antenna array imaging, da is the
linear extent of target position between two transmitting/receiving (T/R) moments, and v is the target’s velocity
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Fig. 2 The structure of ISAR echoes data matrix

Fig. 3 The linear T/R array
model in far field assumption

θ

direction-of-arrival (DOA) of the returned signal. In the condition of far field assumption, the
receive signal of the array elements is plane wave, which means the DOAs of the reflected
signal from the same target for all array elements are parallel (Ward 1995; Liu et al. 2013).
The linear T/R array model in far field assumption is shown in Fig. 3.

For the model shown in Fig. 3, the wave path difference between adjacent array elements
�d can be expressed as �d = da sin(θ0). If the parameters in the model shown in Fig. 1b
don’t satisfy the far field assumption, the expression of �d should be more complex. In
our application, the envelope delay between adjacent array elements τd expressed in (1) is
the parameter that we want to estimate from echoes data. The expression of �d is not the
research emphasis of this paper, and τd or �d in (1) are taken to the discussion as an entirety
in the follows.
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3 Range alignment method based on linear T/R array model

Supposing fr1(t) and fr2(t) are the echoes of two adjacent array elements, the relationship
between fr1(t) and fr2(t) can be expressed as

f r1(t) ∼= σ1,2 f r2(t − τd) (2)

where t is the fast time in range direction, σ1,2 is an overall reflectivity function between the
adjacent array elements, and σ1,2 is independent with t and τd .

Based on the rearranged array echoes in Sect. 2, to avoid phase-wrapping between adjacent
array elements in frequency domain, integer range bin alignment should be done firstly. To
break through the limitation of integer range bin of most traditional methods, the decimal
time delay, which is corresponding to the decimal range bin that has to be aligned, should
also be compensated. Thus, the proposed range alignment method based on linear T/R array
model consists of integer range bin alignment and decimal time delay compensation. Then
�d is divided to the integer range bins �r and the decimal range bin c · τr , therefore, (1) can
be re-expressed as

τd = �r/c + τr (3)

In order to avoid phase wind-up between different array element echoes, the integer range
bin alignment should be accomplished first so that different array element echoes from the
same scatterer can be aligned at the same range bin. Then a compensation factor is needed
to make the decimal time delay compensation in time domain, which can be done by phase
rotation compensation in frequency domain. The flowchart of ISAR imaging based on the
proposed range alignment method is shown in Fig. 4. We will illustrate the two steps of range
alignment in the following context.

Because of the time-displacement characteristic of Fourier transform, the time delay in
time domain is corresponding to the phase rotation in frequency domain. Therefore decimal
time delay compensation for range alignment can be made in frequency domain. We take
Fourier transform on both sides of (2), then

F ( f r1) = σ1,2F ( f r2) exp(− j2π f (�r/c + τr )) (4)

where f is the center frequency.
Then the phase difference corresponding to the wave path difference can be obtained

�φ1,2 = 2π f �r/c + 2π f τr (5)

Fig. 4 The flowchart of ISAR imaging based on the proposed method
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In (5), �φ1 = 2π f �r/c is the phase rotation that can be compensated in integer range
bin alignment, and �φ2 = 2π f τr denotes the phase rotation of the decimal time delay in
frequency domain that has to be compensated.

Integer range bin alignment can be accomplished by many methods introduced in Sect. 1.
In our range alignment method, the key problems focus on the estimation and compensation
of the phase rotation caused by the decimal time delay. Thus, a simple and efficient integer
range bin alignment method named maximum-correlation (Delisle and Wu 1994; Mensa
1982) is adopted here. The maximum-correlation method calculates the correlation value of
adjacent repetition pulse sampling data which is corresponding to space sampling data of
adjacent array elements in our method, and finds the maximum correlation value to locate
the integer range bins that have to be shifted.

After the integer range bins are aligned, let x1(m); m = 1, 2, . . . , M and x2(m); m =
1, 2, . . . , M be the discrete sampling of the echoes of the two adjacent array elements.
According to (2) and (5), to be aligned with the sampling echo x2(m), x1(m) has to make a
decimal time delay by introducing a phase rotation in frequency domain

x1(m − τr ) = 1

M

k=M/2−1∑

k=−M/2

{[
M−1∑

m′=0

x1(m
′) exp

(
− j

2π

M
km′

)]
exp

(
− j

2π

M
kτr

)}

× exp

(
j

2π

M
km

)
(6)

Combining with the circular shifting characteristic of discrete fourier transform (DFT),
(6) can also be expressed as

x1(m − τr ) = I DFT [X (k)] (7)

where

X (k) =
⎧
⎨

⎩
DFT [x1(m)] exp

(
− j 2π

M kτr

)
, 0 ≤ k ≤ M

2 − 1

DFT [x1(m)] exp
[− j 2π

M (k − M) τr
]
, M

2 ≤ k ≤ M − 1
(8)

Hence, the phase rotation that has to be compensated in frequency domain is

�φ2(k) =
{ 2π

M kτr , 0 ≤ k ≤ M
2 − 1

2π
M (k − M) τr ,

M
2 ≤ k ≤ M − 1

(9)

After the phase rotation between the two adjacent array elements is compensated in fre-
quency domain and the IDFT operation is taken, the decimal time delay compensation is
accomplished and the range alignment based on linear T/R array model is finished. Accord-
ing to (9), the 2π

M τr is the phase slope of �φ2(k). Thus, in order to make the decimal time
delay compensation, the remaining problem is how to extract the phase slope between the
two adjacent array elements in frequency domain.

4 Phase slope extraction

Considering the structure of �φ2(k), two stages of least-square linear fitting are needed to
estimate the phase rotation �φ2(k). Because the phase slope τr is same for the two stages,
the observation values of �φ2(k) in the stage of 0 ≤ k ≤ M

2 −1 is used to estimate the phase
slope. According to (9), the least-square approximation of �φ2(k) can be written as
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�φ̃2(k) = b × k, 0 ≤ k ≤ M

2
− 1 (10)

Based on the minimum mean-square error (MMSE) criterion, b can be estimated as

b = K
∑K

k=1 k�ϕ(k) − ∑K
k=1 k

∑K
k=1 �ϕ(k)

K
∑K

k=1 k2
(∑K

k=1 �ϕ(k)
)2 (11)

where K = M
2 − 1, and �ϕ(k) is the observation value of �φ2(k) in the stage of 0 ≤ k ≤

M
2 − 1.

The cross-power spectrum of the adjacent array elements’ echo is used to get the observa-
tion value of phase rotation �ϕ(k) (Mensa 1982; Jiang and Chen 2007). Let s1(k) and s2(k)

be the observation value of the two adjacent array elements after the integer range bins.

s1(k) = x1(k) + n1(k)

s2(k) = x1(k − τr ) + n2(k) (12)

n1(k) and n2(k) are mutually independent zero-mean Gaussian white noise, and they are all
independent with x1(k).

Suppose the Fourier transform of x1(k), s1(k), and s2(k) are X1(k), S1(k), and S2(k).
The cross-power spectrum of s1(k) and s2(k) can be expressed as

S1(m)S∗
2 (m)

= |X1(k)|2 exp( j�ϕ(k)) + X1(k)N∗
2 (k) + X∗

1(k)N1(k) exp( j�ϕ(k)) + N1(k)N∗
2 (k)

(13)

where * is the complex conjugation operator, N1(k) and N2(k) are the Fourier transform of
n1(k) and n2(k).

W (k) = X1(k)N∗
2 (k) + X∗

1(k)N1(k) exp( j�ϕ(k)) + N1(k)N∗
2 (k) (14)

Because n1(k) and n2(k) are independent with x1(k), W (k) is the noise parts of the cross-
power spectrum of s1(k) and s2(k). |X1(k)|2 in (13) can be substituted by the module value of
the cross-power spectrum

∣∣S1(m)S∗
2 (m)

∣∣ with high signal to noise ratio (SNR). Then based
on (13) and (11), the phase slope can be extracted.

Considering (9) and (11), if the envelop delay to be estimated is longer than 1 range bin,
the phase rotation may be wrapped by 2π , which needs to be unwrapped. In the proposed
linear T/R array method, the integer range bin alignment is accomplished first. Thus the
phase-unwrapping process can be avoided during the estimation and compensation of the
phase rotation caused by the decimal time delay.

With the extracted phase slope, combining (7) and (8), the phase rotation can be com-
pensated in frequency domain, and after the IDFT operation is taken, the range alignment
is finished. Then the translation compensation can be accomplished by phase adjustment.
Finally, range-Doppler ISAR imaging can be obtained.

5 Experiments

5.1 Simulation test

To verify the given method in this paper, simulation results are given and analyzed in this
section. The simulation parameters are listed in Table 1.
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Table 1 Simulation parameters System parameters Numerical value

Signal bandwidth 400 MHz

Signal pulse width 10 µs

Signal carrier frequency 10 GHz

Wavelength 0.03 m

Pulse repetition frequency 10,000 Hz

Sampling frequency 450 MHz

Velocity of target 300 m/s

Target initial coordinate (0, 600, 2,500)

Supposing that the ISAR imaging radar transmits linear frequency modulated (LFM)
signal with the identical bandwidth and center frequency. The LFM signal can be expressed
as

s(t) = rect

(
t

T

)
exp

(
j2π fct + jπ K pt2) (15)

where rect
( t

T

) =
{

1 |t | ≤ T/2
0 |t | > T/2

, fc is the center frequency, T is the pulse width, and

K p = B/T is the frequency modulation rate.
An airplane model containing twelve scatter points is used for imaging simulation. A

set of simulation data, 256 repetition pulse echoes with 512 range bins each, is taken to
evaluate our method. We perform the range alignment by the maximum-correlation method,
the minimum entropy method and the proposed linear T/R array method. Specially, to verify
the performance of the proposed method on decimal time delay compensation, the Lagrange
interpolation FDF method (See “Appendix”) is also compared. The Lagrange interpolation
FDF method has satisfied performance if the order of FDF is larger than 10 (Wang et al.
2006; Laakso et al. 1996). The 11th order FDF is utilized in the Lagrange interpolation FDF
method for the decimal time delay compensation in this paper. Combining (9) and (10), the
decimal sample unit delay τr = M

2π
b is used to generate the Lagrange interpolation FDF.

To better demonstrate the performance of range alignment, the phase adjustments are
all realized by the phase gradient autofocus (PGA) algorithm (Munoz-Ferreras and Perez-
Martinez 2009). The final imaging results are obtained by range-Doppler process, which are
given in Figs. 5, 6, 7 and 8.

With decimal time delay compensation, the linear T/R array method and the Lagrange
interpolation FDF method have more accurate range alignment than the other two integer
range alignment methods. Range alignment has to be made before phase adjustment and
range-Doppler imaging. Better range alignment should results in better ISAR image. To
measure the focus quality of an image, the entropy of an image is defined (Mensa 1982;
Jeong et al. 2008) as

E = −
N−1∑

n=0

M−1∑

m=0

|D(n, m)|2 ln |D(n, m)|2 (16)

where D(n, m) is complex image data. n and m are the sequence numbers in azimuth and
range. The better the focus quality of ISAR image is, the smaller the entropy is.
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Fig. 5 ISAR image based on the
maximum-correlation range
alignment method
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Fig. 6 ISAR image based on the
minimum entropy range
alignment method
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Fig. 7 ISAR image based on the
Lagrange interpolation FDF
method
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Fig. 8 ISAR image based on the
linear T/R array range alignment
method
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The entropies of the images in Figs. 5, 6, 7 and 8 can be calculated by (16), the entropies
of the images based on the maximum-correlation method, the minimum entropy method,
the Lagrange interpolation FDF method and the linear T/R array method are −5.3388 ×
1013, −5.5749 × 1013, −5.94118 × 1013 and −5.94130 × 1013. Obviously, the linear T/R
array method results in the smallest entropy. The focus quality of the ISAR image based on
the proposed method is slightly better than the Lagrange interpolation FDF method.

With decimal time delay compensation, the linear T/R array method and the Lagrange
interpolation FDF method have different computational loads. In order to analyze the compu-
tational loads of the proposed method and the Lagrange interpolation FDF method, an echo
pulse with M range bins in the echo data is taken as an example. The computational loads
analysis mainly focuses on the decimal time delay compensation process. After the phase
slope extraction (the echo data has finish the FFT operation), for the proposed linear T/R
array method, the decimal time delay compensation process contains one M-point complex
multiplications (Mc) for phase rotation compensation and one M-point IFFT operation to
translate the data to time domain. The M-point IFFT computation needs M

2 log2 M times of
Mc and M log2 M times of complex additions (Ac). Thus, the decimal time delay compen-
sation process of the proposed method requires M + M

2 log2 M times of Mc and M log2 M
times of Ac. For the Lagrange interpolation FDF method, it is assumed that the FDF is
Lth order (the length of the FDF is L + 1). The decimal time delay compensation process
needs M × (L + 1) times of Mc and M × L times of Ac. The computational load is mainly
determined by Mc operations rather than Ac operations. In this section, M = 512. Thus, if
the order of the Lagrange interpolation FDF is higher than 4, the proposed linear T/R array
method has more computational efficiency than the Lagrange interpolation FDF method.

In summary, with the same phase adjustment method and range-Doppler imaging process,
the linear T/R array method removes the limitation of integer range bin alignment, has better
range alignment performance, better computational efficiency and results in better focus
quality of ISAR image than the other two methods.

5.2 Real data test

The proposed method can also be tested with real ISAR data. The real data was collected
from an in-flight aircraft Yak-42 using static ISAR on the ground. 256 echo pulses and 256
range bins are processed to form ISAR image. Likewise, to better evaluate the performance
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of range alignment, the phase adjustments are all realized by the PGA algorithm, and the
final imaging results are obtained by range-Doppler process. Two sets of 256 echo pulses are
used here, and the results are shown in Figs. 9, 10, 11 and 12.

Entropy defined in the manuscript can be used to measure the focus quality of the imaging
results. The entropies of the ISAR images in Figs. 9, 10, 11 and 12 are shown in Table 2.

Obviously, with decimal time delay compensation, the entropy of the ISAR image based
on the proposed linear T/R array range alignment method and the Lagrange interpolation FDF
method are smaller than the other two methods for each echo set. Between the two decimal
time delay compensation methods, the proposed linear T/R array method also results in a
better focus quality of ISAR image than the Lagrange interpolation FDF method. Based on
the computational loads analysis in Sect. 5.1, M is 256 in this section, if the order of the
Lagrange interpolation FDF is higher than 4, the proposed linear T/R array method has more
computational efficiency than the Lagrange interpolation FDF method. Thus, due to the most
accurate range alignment, the focus quality of the proposed linear T/R array range alignment
method is superior to the other three methods.
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Fig. 9 Images based on the maximum-correlation method
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Fig. 10 Images based on the minimum entropy method
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Fig. 11 Images based on the Lagrange interpolation FDF method
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Fig. 12 Images based on the linear T/R array range alignment method

Table 2 Entropies of ISAR images

Echo sets The
maximum-
correlation
method

The minimum
entropy
method

The Lagrange
interpolation
FDF method

The linear T/R
array method

Echoes 350–605 −1.2568 × 1014 −1.2886 × 1014 −1.8710 × 1014 −1.9523 × 1014

Echoes 625–880 −1.1903 × 1014 −1.2012 × 1014 −1.2023 × 1014 −1.2064 × 1014

6 Conclusion

In this paper, a novel range alignment method combining with the linear T/R array model is
analyzed and verified. In the range alignment method based on the linear T/R array model,
after integer range bin alignment, the decimal time delay compensation for range alignment
is realized in the frequency domain by estimating the phase rotation between the two adjacent
array elements. Compared with other methods, the linear T/R array method results in better
performance in focus quality of ISAR images, and the limitation of integer rang bins alignment
for traditional methods is removed.
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7 Appendix: The Lagrange interpolation FDF method

Take two discretely sampled signals that have to be aligned as an example, the signals are
denoted here as:

x(k) = s(k) + ξ1(k)

y(k) = s(k − D) + ξ2(k) (17)

where s(k) is the source signal, ξ1(k) and ξ2(k) are independent stationary zero-mean white
Gaussian noises, and k (k = 1, 2, …, M) is the discrete range bins.

D is the time delay after sampling period normalization. D is a noninteger number that
can be split into the integer and fractional part. In this paper, the integer range bin alignment
is accomplished first. Thus, the D in (17) is supposed to be the decimal time delay that has
to be aligned. The Lagrange interpolation fractional delay filter (FDF) is a popular method
to solve the decimal time delay compensation problem (Viola and Walker 2005; Dooley and
Nandi 1999; Laakso et al. 1996).

The coefficients of the Lagrange interpolation fractional delay filters can be obtained in
an explicit form as

h D(n) =
N∏

i=0
i �=n

D − i

n − i
, n = 0, 1, 2, . . . , N (18)

where N is the order of the FDF. Thus, the length of the FDF is N+1.
The Lagrange interpolation FDF method is implemented as

W hen N is odd,

x(k − D) =
N∑

n=0

h D(n)x

(
N + 1

2
+ k − n

)
.

W hen N is even,

x(k − D) =
N∑

n=0

h D(n)x

(
N

2
+ k − n

)
. (19)

References

Delisle, G. Y., & Wu, H. (1994). Moving target imaging and trajectory computation using ISAR. IEEE
Transactions on Aerospace and Electronic Systems, 30(3), 887–899.

Dooley, S. R., & Nandi, A. K. (1999). Adaptive subsample time delay estimation using Lagrange interpolators.
IEEE Signal Processing Letters, 6(3), 65–67.

Foo, S., & Kashyap, S. (2003). Time-domain array factor for UWB antenna array. Electronic Letters, 39(18),
1304–1305.

Gunaratne, T. K., & Bruton, L. T. (2011). Broadband beamforming of dense aperture array (DAA) and focal
plane array (FPA) signals using 3D spatio-temporal filters for applications in aperture synthesis radio
astronomy. Multidimensional Systems and Signal Processing, 22(1–3), 213–236.

Hachabiboglu, H., Gunel, B., & Kondoz, A. M. (2007). Analysis of root displacement interpolation method
for tunable allpass fractional-delay filters. IEEE Transactions on Signal Processing, 55(10), 4896–4906.

Jeong, H., Kim, H., & Kim, K. (2008). Application of subarray averaging and entropy minimization algorithm
to stepped-frequency ISAR autofocus. IEEE Transactions on Antennas and Propagation, 56(4), 1144–
1154.

Jiang, B., & Chen, F. H. (2007). High precision time delay estimation using generalised MVDR cross spectrum.
Electronics Letters, 43(2), 131–133.

123



772 Multidim Syst Sign Process (2014) 25:759–773

Kim, H., Johnson, J. T., & Baertlein, B. A. (2000). High resolution Ka-band images of a small tree: Measure-
ments and models. IEEE Transactions on Geoscience and Remote Sensing, 38(2), 899–910.

Laakso, T. I., Valimaki, V., Karjalainen, M., & Laine, U. K. (1996). Splitting the unit delay [FIR/all pass filters
design]. IEEE Signal Processing Magazine, 13(1), 30–60.

Liu, Z., Ruan, X., & He, J. (2013). Efficient 2-D DOA estimation for coherent sources with a sparse acoustic
vector-sensor array. Multidimensional Systems and Signal Processing, 24(1), 105–120.

Mensa, D. L. (1982). High Resolution Radar Imaging. Norwood, MA: Artech House.
Munoz-Ferreras, J., & Perez-Martinez, F. (2009). Pitch estimation for non-cooperative maritime targets in

ISAR scenarios. Radar, Sonar and Navigation IET, 3(5), 521–529.
Skolnik, M. (2002). Introduction to radar systems. New York: McGraw-Hill.
Su, Z., & Yuan, Y., (2011). Range alignment methods for ISAR imaging. In Proceedings of the international

conference on graphic and image processing (Vol. 8285).
Viola, F., & Walker, W. F. (2005). A spline-based algorithm for continuous time-delay estimation using sampled

data. IEEE Transactions on Ultrasonics, Ferroelectrics and Frequency Control, 52(1), 80–93.
Wang, M., Yang, S. Y., & Wu, S. J. (2006). Beamforming of UWB pulse array and its implementation. Digital

Signal Processing, 16(16), 333–342.
Ward, D. B. (1995). Theory and design of broadband sensor arrays with frequency invariant far field beam

patterns. Journal of the Acoustic Society of America, 97(2), 1023–1034.
Xing, M., Wu, R., Li, Y., & Bao, Z. (2009). New ISAR imaging algorithm based on modified Wigner-Ville

distribution. Radar Sonar and Navigation IET, 3(1), 70–80.
Zhu, Y., Su, Y., & Yu, W. (2010). An ISAR imaging method based on MIMO technique. IEEE Transactions

on Geoscience and Remote Sensing, 48(8), 3290–3299.
Zhu, D., Wang, L., Yu, Y., Tao, Q., & Zhu, Z. (2009). Robust ISAR range alignment via minimizing the entropy

of the average range profile. Geoscience and Remote Sensing Letters IEEE, 6(2), 204–208.

Author Biographies

Yao Wei received the B.S. degree in electronic science and engineer-
ing from Nanjing University, Nanjing, China, in 2008. He is currently
working toward the Ph.D. degree in the same school. His research inter-
ests include radar signal processing and SAR/ISAR imaging.

Xinggan Zhang received the B.S. degree in electrical engineering
from Nanjing University of Aeronautics and Astronautics, Nanjing,
P.R. China, in 1982, and the M.S. and Ph.D. degree from the same
University in 1988 and 2001 respectively. In 1992, he joined the
Department of Electronic Engineering at the NUAA, where he was an
associate professor. In 1999, he joined the Department of Electronic
Science and Engineering at Nanjing University, where he is currently
a professor. His research interests lie in the area of radar, and signal
processing.

123



Multidim Syst Sign Process (2014) 25:759–773 773

Yechao Bai received the B.S. degree in electronic science and engi-
neering from Nanjing University, Nanjing, China, in 2005, and the
Ph.D. degree from the same University in 2010. He is currently a lec-
turer in Nanjing University. His research interests are in the area of
radar, and signal processing.

Lan Tang received the B.S and M.S. degrees in communication engi-
neering from the Jilin University, Jilin, China, in 2002 and 2005,
respectively, and the Ph.D. degree in communication and information
science from Southeast University, Nanjing, China, in 2009. She has
been a lecturer with the department of electronic science and engineer-
ing, Nanjing University, China, since 2009. Her research interests lie
in the areas of communication and signal processing, including multi-
user MIMO, adaptive coding and modulation, resource allocation, and
OFDM techniques.

123


	A novel range alignment method for ISAR based  on linear T/R array model
	Abstract
	1 Introduction
	2 Range alignment model based on linear T/R array
	3 Range alignment method based on linear T/R array model
	4 Phase slope extraction
	5 Experiments
	5.1 Simulation test
	5.2 Real data test

	6 Conclusion
	7 Appendix: The Lagrange interpolation FDF method
	References


