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Abstract. Bistatic angle is an important characteristic parameter of bistatic inverse synthetic aperture radar
(ISAR), which is different from monostatic ISAR. Based on the echo model of bistatic ISAR, the impact
of time-varying bistatic angle to imaging plane and quality is analyzed. The image distortion mechanism is
studied and the distortion angle is estimated. The simulation experiment verified the correctness of the
imaging analysis. The research in this study is significant for the selection of imaging segment, and provides
evidence for the following data processing.

I Introduction

Bistatic radar is the system whose transmitter and receiver are placed in different places and the based
line length can be compared with the target distance. The work mode makes the radar has outstanding
advantages in the fight of “Four Threats” [1]. Bistatic ISAR is the ISAR system based on bistatic radar
platform. It receives non-backscatter echo of target and imagings, which can get more target information
compared with the monostatic radar [2]. So, the bistatic radar becomes the research focus [1].

The difference between bistatic ISAR and monostatic ISAR lies in the synchronization problems [3] and
bistatic angle [4].Given the baseline of bistatic Radar is too long, it’s difficult to implement high-precision
time synchronization under the current conditions, so that the BP (Back Projection, BP) algorithm and PFA
(Polar Format Algorithm, PFA) agorithm [5] are greatly restricted or even fail. To reduce the
synchronization accuracy, it is necessary to employ the algorithm who has low requirement for
synchronization, such as RD (Range Doppler, RD) algorithm.

Imaging plane analysis is the basic problem of imaging, and bistatic angle is an important parameter of
imaging analysis. At present, most of the studies on bistatic ISAR are under the assumption that bistatic
angle is an approximate constant [6], which makes the bistatic ISAR has no essentia difference with the
monostatic ISAR. In fact, the time-varying bistatic angle makes the bistatic ISAR imaging plane change
significantly, and the imaging range axis and cross range axis are not orthogonal in many cases. In reference
[7], the bistatic ISAR imaging plane is determined based on the method of target rotation vector analysis,
but the effect of time-varying bistatic angle on imaging quality isignored.

Time-varying bistatic angle makes the rotational speed is not balanced relative to the transmitter and
receiver, which causes image distortion. Meanwhile, the scale factor of range cell and Doppler cell changes,
which results in the phenomenon of migration through resolution cells. Besides, the bistatic ISAR image
distortion will further cause migration through Doppler cells, and it changes the imaging quality. Imaging
analysis provides an important basis to select imaging segment and simplify subsequent processing
algorithms, and it has a great guiding significance for the implementation of imaging experiments.

Based on the need for space target surveillance and imaging, the study on imaging plane is performed.

© 2015. The authors - Published by Atlantis Press 710



First the bistatic ISAR echo model is built. Then the image distortion mechanism is analyzed and ISAR
image distortion angle is estimated. Finally, the imaging simulation is carried out, which confirmed the
correctness of the imaging anaysis.

IT Bistatic ISAR echo model of Space target

The imaging model of bistatic ISAR is shown in Fig.1. Where, T is the transmitting station, R is the
receiving station, L isthe radar baseline length, E is the position of equivalent monostatic radar.

We assume that target moves smoothly at the speed of V in space and the imaging starting time is t,,
the center of mass of target is O, bistatic angle is b, . Right-hand rectangular coordinate system xOy is
established with target center being the origin and bistatic angle bisector being the y axis. The coordinate
of scatter P is (X,,¥,) in xOy. d is the length of OP and a, is the angle between OP and x
axis. At the time t_, the center of target moves to O, . Coordinate system x'O,y' is obtained by
coordinate system xOy moving horizontally. Coordinate system uQO,v is established with O,, being the
origin and bistatic angle bisector being the v axis. The coordinate of scatter P is P, (Xpm Vo) N UO,V.
a,, isthe angle between OP and u axis. The change of view angle of equivalent monostatic radar is
-
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Figure 1. The imaging model of bistatic ISAR
Assuming that the two radars are ideal synchronous, and the transmitter emits chirp signal with period of

Torr » We have

A

st(tt)—rectngexplij(fHZm ){g Q)

where, rect(u) is the rectangular window function defined as rect(u)=1 if |u/£0.5 and
rect(u) =0 otherwise, f isthefasttime, t, =mT.,, (M=0,12,..) isthetransmitting time named slow

time. t isthetotal timeand t=t-t . T isthepulsewidth. f isthecarrier frequency. m isthechirp

rate.
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The base band signal is

A

A @& 6 .
so(t,tm) =rect T—iexp(mez) 2)
P g
Assuming that scattering coefficient of P is s .. And the echo received by the receiver at thetime t_
can be written as

Rpmo OO

Cf’m

&H-R, /c
T ©)

sr(f,tm):spwectg ">exp§12p§ 6,1 mg

p ﬂ 2

where, R,,isthetotal distancefrom P, (Xoy, Yem) tO receiver and transmitter.

Convert the echo to zero-IF through coherent local oscillator, and pulse compression is completed

employing amatched filteras H (f) =5 (f). Theresult of pulse compression is as follows

f » q é I:sz I:er
sf_c(t,tm) sPTpﬁncngpéa? aJ”eng 12p f, z 4
Its spectrum can be expressed as
S (1) =8 (1) H (1) =[S, (1) epg 120 (1. + )2 ©)

Equation (4) isthe range profile.

Let R,,Ry represent the distance from the target center to the transmitter and receiver, respectively.
In bistatic radar system, the target size is far less than the distance from target to radar, i.e., d = R, Ry .
Let Ry, Re, represent the distance from scatter P, to transmitter and receiver, respectively. Because
a,=g,+a,, then R;,, R, Canbeexpressed as

) ..
Rm = Rr0m+dcos§%- S (@) (6)
) ..

Rom = R +400SEE + 220 (2, +4,,) ™

The total distance from P, to transmitter and receiver is
: b
Ren = (Reem * Rean) =(Reom * Ream) +2(%e8IN0, Y, cOSG, ) cOS =2 ®

Let Ry = Ry, * Ry then
R =R #2( 0N+, 0056 052 ©

Rotation angle q,, and bistatic angle b, are the function of slow time t_, denoted respectively as
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d(t,), b(t,). Then therange profile after ideal motion compensation can be written as

sf_c(f,tm)=spr>sincngp§- 2(%sinq (t,) +Yp 084 (t,)) b (t,) &

C 2
é 2 i t t y
expé j2p f; (xpsmq (t,) ¥, cosa m)) cosb (2tm)3
8 ¢ g

III Imaging distortion of bistatic ISAR
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(c) Bistatic ISAR instantaneous image of translational motion (d) Bistatic | SAR instantaneous image of turntable model
Figure 2. Imaging results of monostatic ISAR and bistatic ISAR
In bistatic ISAR, the range axis is the direction of bistatic angle bisector, and the cross range axis is
determined by the effective rotational vector of target relative to the transmitter and receiver. The direction
is always perpendicular to the Doppler direction, so that the relationship between range axis and cross range
axis will not remain perpendicular and the image will be distorted.

The phase term of range profile as equation (10) after motion compensation can be expressed as follows:
b (t
=-2p L(2xPsi nq (t,,)+2y, cosq (tm)) cos% (12)
c

To facilitate the analysis, the scatter model is built as shown in Fig.2(a). Fig 2. (b) ~ (d) are the
instantaneous imaging results employing monostatic ISAR, bistatic ISAR translational motion model and

bistatic ISAR turntable mode! at thetime t .
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Monostatic ISAR can be regarded as a bistatic ISAR whose transmitter and receiver are placed in the

sameplace, i.e, b(t,)° 0. Thenthe phaseterm can be expressed as

f,=-2p %(prsi ng (t,,) +2y, cosq (t,,)) (12)
Doppler frequency can be obtained
1 df 2f, . , , . R
fd_M =- ZT: = c gqu (tm)cosq (tm) - qu (tm)an (tm))H (13)

We can get the angle between zero-Doppler line and dataline
i (t)=5-a(t) (14)
The positive or negative of ¢ (t,) depends on the rotational direction of target, and q(t,) is positive

when target rotates clockwise, otherwise negative. Equation (14) indicates that the range axis is aways
perpendicular to the cross range axis. The distortion will not occur in the image as shown in Fig 2. (b).

When imaging employing bistatic ISAR trandational motion model, as shown in Fig 2. (c), the equal
range direction is perpendicular to equivalent monostatic radar LOS. It is obvious that the equal range
direction is not perpendicular to equal Doppler direction. That is to say, the image is distorted. The Doppler
frequency can be expressed as

b (t,)u
15
> H( )

b (t,)
=

2f & . . b'(t) .
fy o :T"@(xpcosq (tn)- Yesina (t,))a'(t,)cos XSing (t,,) +e cosq (t,,)) (2 )sm
€

We assume that the angle between zero-Doppler direction and the data lineisj 5 ,(t,). Then j 4 4(t.)

can be obtained by equation (15)

e b(t . . b(t )u
e29'(t,,)cosq (t )cos(zm)- b'(t,)sing (tm)sn(zm)u

i oo(ty)=tan"e o ( (16)

. b (t,) b (tn) g
e 1 m 1 m u
é2q (tm)smq(tm)cosi2 +b'(t,,) cosq (tm)smi2 i

where, q'(t,,) =w(t,) isequivalent rotational angular velocity. The obtained angle rangeis (- p/2,p/2)
according to the equation (16), and we need to correct the range to (O,p ) by the following equation
. ” i m J i tm 3 O
JBi(t ) i Bi ( ) .B_O( ) (17)
Tp+J Bi_ ( m) J Bi_O(tm)<O
Because the equal Doppler direction is orthogonal to cross range axis and the equal range direction is
orthogonal to range axis, more over, the range axis is always the bistatic angle bisector direction, we can
define the distortion angle as the angle between equal Doppler direction and range axis. Then the distortion
angle j 4 (t,) canbeexpressed as
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Jas(tn) =5~ § o (1) ¥ 1) (19

where, § 4 (t,)+a(t,)g istheangel between equal Doppler direction and equal range direction. The sign
of j diS(tm) depends on the position of equal Doppler direction and equal range direction. If the equa
Doppler direction is in the clockwise direction of range axis, j 4(t,) is positive. Otherwise, j 4(t,) is
negative.

Bistatic ISAR turntable imaging is a special case of bistatic ISAR imaging. In this case, the bistatic angle
does not change and b '(t,,) =0. We can obtain that j 4 (t,,)+q(t,)=p/2 from equation (16), and in this
case j 4 (t.) =0, that is, the image does not distort in case of bistatic ISAR turntable imaging, as shown in

Fig 2.(d). Therange axis and cross range axis are orthogonal .

From the above anaysis, because of the time-varying bistatic angle, translation motion of the target
causes that the equivalent rotation speed relative to transmitter and receiver is unbalanced , which resultsin
image distortion.

[V Bistatic ISAR Imaging Simulation

To verify the correctness of imaging analysis in this paper, the imaging ssimulation of space target is
carried out. The ssimulation scenario and the target scatter model are shown in Fig.3 and Fig. 4. The
simulation parameters are shown in Tab. 1. Note that, because the distance from radar to space target is very
large, to ensure the high SNR, the pulse width is generally big, at the same time, to avoid the range
ambiguity, the PRF is quite small as 50Hz in the simulation.

TABLE 1. Simulation parameters of bistatic ISAR

Parameter Parameter
Parameter Name Parameter Name
Value Value
Carrier Freq. 10 GHz Integration Time 512s
Signal Bw 800 MHz Radar Baseline Length 500Km
Sample Freq. 1 GHz Range Alignment Method Envelope Cross Correlation
Pulse Width 10 us Phase Autofocus Algorithm DCT
PRF 50 Hz
x10° T S
3.5, et » §‘Segmen:t
254 " : ’S’égfnem_ PR i 20 @
i TR (I
g 2 Loty : 10 °
N 1.5 =
1 % ot ¢ <@ © & <
@
o
-10 <>
-20 <>
-20 -10 Crossorange 10 20

(m)
Figure 3. Simulation scenario Figure 4. Scatter model
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The total observation time of bistatic radar to space target is 240 seconds. During observation, the bistatic
angle and imaging instantaneous distortion angle change curves are shown in Fig.5(a) and (b). Two imaging
segments are selected for the simulation. The bistatic angle changes fiercely but the imaging distortion angle
Is smooth in segments 1. The segment 2 isjust the opposite.
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Figure 5. Important parameter change curves during observation
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Figure 6. Bistatic ISAR imaging result of turntable model
TABLE 1. Simulation parameters of different segments

Parameter Name Parameter Value
Segment 1 Segment 2
Integration angle 2.10° 1.97°
The amount of change of bistatic angle 6.10° 0.28°
Mean of bistatic angle 92.42° 105.86°
The change amount of distortion angle 0.25° 25°
Range Resolution 0.271m 0.311m
Cross Range Resolution 0.584 m 0.724 m

The ssimulation parameters of the two segments are shown in Tab. 2. The RD imaging result of turntable
model isillustrated in Fig.8, the scatter model and integration angle are the same as the two segments. The
imaging result of segment 1 is shown in Fig.7. The image has serious distortion and the quality is obviously
worse than Fig.6. After calculation the distortion angle is -56.45° which coincides with the theoretical value
as -56.45°. The imaging result of segment 2 is shown in Fig.8. Comparing with the turntable model imaging
result, the mainlobe of cross range direction broadens serioudly, though the two has amost the same
integration angle. The reason is that the tiny change of bistatic angle causes the large change of imaging
distortion angle. The angle changes about 25° during imaging, which results in migration through multiple
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Doppler cells and the cross range blur occurs.
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Figure 7. Imaging result of segment 1 Figure 8. Imaging result of segment 2

As shown in the simulation results, the existing of bistatic angle makes bistatic ISAR is different from the
monostatic ISAR. The time-varying bistatic angle causes the distortion of ISAR image. Moreover, the
change degree of bistatic angle and image distortion is disproportionate in value. In bistatic ISAR the
migration through resolution cell is the result of equivalent rotation relative to bistatic radar and
time-varying bistatic angle. To ensure the imaging quality and simplify the algorithm processing, we should
select the imaging segment whose bistatic angle and the distortion angle are both constants.

V Summary

Bistatic angle is an important parameter of bistatic ISAR, which is different from monostatic ISAR. First,
the bistatic ISAR echo model is established. Then, the image distortion mechanism is studied and the
distortion angle is estimated. The imaging simulation of space target is carried out, and the result shows the
correctness of anaysis in this paper. The research in this study is significant for the selection of imaging
segment, and provides evidence for the following data processing.
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