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Abstract. In order to reduce the computational cost in the current MIMO-ISAR back projection
imaging algorithm, a fast algorithm based on FFT is proposed for MIMO-ISAR back projection.
First, we establish the reflected wave signal model for MIMO-ISAR imaging. The approximate
representation of linear change of phase compensation factor is provided. Second, the constraints of
the conversion from non-linear phase compensation factor to linear compensation factor is given.
Finally, an efficient algorithm for MIMO-ISAR back projection based on FFT is achieved.
Simulation results show that compared with traditional methods, the proposed algorithm reduces the
computational cost greatly.

1. Introduction

Inverse Synthetic Aperture Radar (ISAR) can achieve the accurate information of the target pose
and structure, which is important for classification and recognition [1,2]. However, the ISAR
imaging is based on the relative movement between radar and target, the unexpected movement of
the target may cause many issues in imaging process. For example, for the minor movement of the
target, ISAR vertical resolution is low, for the large movement, the complicated compensation is
difficult [3].

In order to address this problem, MIMO radar and ISAR technology is combined, which is
known as MIMO-ISAR [4-7]. Reference [8] proposed to use a re-ranking spatial time method based
on two-dimensional frequency estimation in MIMO ISAR. Reference [9] studied the motion
parameter estimation in rotation target with constant acceleration. In their work, a joint estimation
of initial angle and rotation acceleration was proposed and analyzed.

Back Projection Algorithm (BPA) is an accurate time-domain algorithm. It better adapted to
uneven data from MIMO-ISAR. The imaging process is simple and the re-ranking and interpolation
are not needed. However, BP algorithm requires a large computational resources, which is the major
drawback. Reference [10] proposed an improved BA algorithm based on focusing process of the
same distance unit. It has improved the overall efficiency but computational cost with the same
distance unit is still high. Reference [11] proposed fast factor decomposition which can reduce the
computational cost. However, it can not be applied to MIMO-ISAR directly. In this paper, we
consider the property of the MIMO-ISAR and make use of the far field condition for approximation.
We propose a fast BP algorithm based on FFT, and give the constraint conditions. The
computational cost is analyzed and the effectiveness is verified in experiments.

2. Return Signal Model

In this paper we consider MIMO linear array, the target velocity v is parallel with the array
direction, as shown in Fig.1. The number of transmitting array element is M, the number of
receiving array element is N, X-coordinates areu,(m=12,3,---,M ) andv, (n=12,3,---,N ). Suppose
there exists a target in the far field, Q is any point on the target, take polar coordinates representation
form with 0 as the origin: (r,,6,) . The scattering parameter is&,, 0’ is the center point of the imaging
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scene with coordinates: (r,,6,) , and the sector in Fig.1 is the imaging segmentation area.
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Fig.1. Adepiction of MIMO-ISAR imaging

3. BP Imaging Algorithm Based on FFT

For high resolution target imaging and low computational cost. We propose to use FFT to
develop the fast BP algorithm for MIMO-ISAR. According to Fig.1, separate the target area as K x L
in the polar coordinates with O as the origin. K is the number of the points in distance segment.
L is the number of points in angle segment. A pixel is represented as:
(r.8) ,(k=12---,K;1=12.---,L). Round trip delay time between Pixel (r,6) and any array

combination is:

(05 5in(8) — (U, ~Vt,))* + (5 c08(8))” +4/(5 Sin(@) ~ (v, ~VE,))" + (5, 005(8))°) (1)

C
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where Vv is the target velocity, t, is slow time. Suppose the target can be estimated accurately,
perform the distance compensation[10], and the result of BP algorithm imaging is:
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ya(ft,) s the imaging data with orthogonal distance. Perform Taylor series expansion on Eq.(1) ,
taking out the second order component we have:
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where RE" = |/(r, sin() —u,)* +(r, cos(6))? , R%" =./(r, sin(8)-v,)* + (1, cos(§,))? .
When the target is located at the far field, R%"” >u ,R&" >v , we have R&"~R ,, R¥" =R,
and r /R%" ~r, /R%" ~1. Equation (3) can be approximately represented as:
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where R, =/(r,sin(6,) —u,)* +(r, c0s(6,))? , Riy = /(5 sin(6,) —u, )* +(r, cos(6,))? -
Submit Eq 4 to Eq.(2), we have:
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where 2 is the wave length. At the far field sin(g)=~4, let f :(:_m+F‘z’_n_2q)v , Eq.(5) can be
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simplified as:
(k1) = ZZexpu (R&" +R&" »Z Yon E1,)- 0 Tty (6)

m=1 n=1

According to Eq.(6), the first exponential component is only related to m,n. For fixed transmitting
and receiving array, the second component is related to t, and ¢. The second sum is in fact the

Fourier transform. Therefore, we can use FFT to perform fast computing. Based on Eq.(6), the fast
BP imaging algorithms are represented as: Step 1: Use the distance correction method in [10] to
compensate the imaging data; Step 2: Separate the imaging areas, construct the Fourier transform
factor for each set of data; Step 3: Use FFT to calculate the third component in Eq.(6) and get the
low resolution target; Step 4: Fine segmenting the imaging area, use the result from Step 2 to
process each pixel for high resolution image.

4. Algorithm Analysis

Based on the Sec.3, FFT can be used for the calculation and the focusing process can be improved.
However, there are still two remaining questions: one is the constraint conditions in the
approximation, the other is the computation cost. Next we will address the above two questions.

The purpose of the approximation is the replace the accurate phase compensation factor with the
approximate factor. The phase factor should satisfy the coherent property. The error of the phase
estimation should be smaller than 7/4[12]. According to Eq.(1) and Eq.(6), the difference in the

approximate phase compensation factor in BP algorithm is:

A= —%(J(rk sin(9)) = (U, +Vt,))* + (5, cos(4))°
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Simplify Eq.(7) with Taylor series expansion:
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where the i -th order derivative is:
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where c; is the coefficient, then we have:
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We only need to consider the following constraint:
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where T, isthe accumulated time, let d =VvT,, we have:

A
d < : (12)
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Eq. (12) is the constraint condition of our method.

Fig. 2. The change of computational ratio
Our distance compensation method is the same as reference [10], and the computational cost is
also the same. For simplicity, we only consider the coherent computation cost. The number of
complex multiplications in reference [10] isM xN xK xLx P, our method is: M x N xK x Lx (1+log, P) .

The ratio of the two methods is:

_1+log, P
- (13)

Consider EQ.(13), when P>1, n<1, along with the increase of P, » decrease very fast

converging to zero. The relation curve is shown in Fig.2. From Fig.2 we can see that our algorithm
can improve the computational efficiency significantly. When P rises and 7 decreases, the

computational efficiency is better improved.

5. Simulation and Analysis
The parameter settings are: 3-transmitting and 8-receiving MIMO array is used. The coordinates
of the transmitting array are: (-300,0) (-180,0) and (-60,0) . The coordinates of the transmitting array
are: (60,0) (75,0) (90,0) (105,0) (120,0) (135,0) (150,0) and (165,0) . Radar parameters are shown in Table 1.
Tablel. Radar parameter

Carrier 10 GHz
Signal Form Phase Encoding
Bandwidth 150 MHz
Sampling Rate 1 GHz
Impulse Width 80 ns
Sub-Impulse Width 2ns
Impulse Repeating Frequency 400 Hz
Impulse Accumulated Time 0.1s

Simulation 1: based on the above array and radar parameter settings, simulate the multiple
scattering points imaging. The target contains 9 points, which is shown in Fig.3.The distance from
the target center to the array center is R, = 10000m. The target moving in a straight line with

uniform velocity: v =150m/s. Suppose the error of the estimation of the velocity is: 0.1m/s,
imaging result is shown in Fig.4.
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Fig.3. Locations of targef scattering points
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Fig.4. Comparison of imaging results

In the simulation, the computational time records are 43.5379s and 6.9242s for reference [10] and
our algorithm respectively. Fig.4 is the comparison of two algorithms. The image entropies are
9.0076 and 9.1239. From the results we can see that our algorithm effectively reduced the cost
although the fake point is introduced in the imaging result. The side lobe is increased, and the
entropy is also increased. Comparing Fig.4 (a) and (b), we can see that the fake point is not
impacting the image quality significantly. Therefore, our algorithm can improve the computational
efficiency while maintaining high image quality.

From the analysis in Sec.3, we can see that the computational efficiency is higher whenPp is
higher. Based on the constraint in Eq.(12) the rising of P will cause the rising of d jand the error in

phase compensation also rises. In order to further explore the relation between the computational
efficiency and the imaging quality, we compare the point spreading function of the single scattering
point and the side lobe in simulation 2.

Simulation 2: based on the above array and radar parameter, carry out simulation on the signal
scattering point. The point coordinate is: (10000,0) , with velocity Vv =150m/s . Suppose the

estimation error of the velocity is: 0.1m/s, simulation results are shown in Fig.5 and Fig.6.
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(a) Point spreading function from reference (b) Point spreading function from our method
Figure 5. Comparison of point spreading function

Fig.5 is the point spreading function of two algorithms. Comparing Fig.5 (a) and (b), the main
lobes are consistent. The side lobe of our algorithm is raised. According to the simulation we can
get the peak side-lobe level ratio (PSLR) are -11.06dB and -9.9dB.

Fig.6 is the relation curve about the PSLR and the computational efficiency. As » decreases, the
computational efficiency is improved and the PSLR increases. And when the PSLR requirement is
met, the proposed algorithm can improve the efficiency of BP algorithm.
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Fig.6. Relation between the PSLR and computational cost
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6. Conclusion

In this paper we study the computational cost in MIMO-ISAR back projection imaging. Under
the far filed condition we take reasonable approximation of phase factor and propose a fast BP
algorithm of MIMO-ISAR based on FFT. We also give the constraint condition of converting the
non-linear phase compensation factor to the linear phase compensation factor. The experimental
results show that the proposed algorithm decrease the computation time and maintained a high
imaging quality. In future work we may further improve the phase mismatch and side lobe change.
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