Range cell migration compensation in inverse synthetic aperture radar
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ABSTRACT

Inverse synthetic aperture radar is a system allowing for acquiring of high resolution images of moving objects. The
image synthesis algorithms base on coherent integration of observed object’s echo signals, which requires the exact
knowledge of the object’s movement parameters in order to compensate two fundamental phenomena: echo’s initial
phase modulation and range cell migration of the signal. The range cell migration reduces maximal achievable resolution
of the radar image and requires compensation based on the knowledge of the object’s trajectory. Application on the
second order keystone transform allows to perform the compensation without the knowledge of the parameters, however
the shift of the location of the minimum range to the object. In this paper results of research on range migration
compensation method applying the second order keystone transform are presented.
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1. INTRODUCTION

Aperture synthesis technique [1] allows to create high resolution radar images in azimuth domain. It bases on exploiting
the changes of the echo signals Doppler phase present due to the mutual movement between the object being imaged and
the radar sensor observing it. The exact knowledge of the range changes function, the range curve, allows to perform the
coherent integration of received signals and create the radar image.

In classic synthetic aperture radar (SAR) systems the imaged objects are assumed to be stationary and located on the
surface of the ground, while the sensor, usually mounted on board of an aircraft or a spacecraft, moves along a set track.
In this situation there is a possibility of determining the sensor movement’s parameters with relatively high precision
allowing to recreate the form of the range curve, and the phase correction function called the SAR reference function.

In inverse SAR (ISAR) systems, the sensor is usually immobile and the object moves in the radar’s observed space. In
Fig. 1. an exemplary geometry of the ISAR system is presented. The principle of such system is similar to the principle
of SAR in its classic configuration. The radar sends sounding signals s; (t) with a central frequency f,, which reach the

observed object. The echo signals sR(t), return to the radar after a delay time t,, resulting from the distance to the
object R

top =—, 1)

where C is the electromagnetic propagation speed.

Therefore, it can be assumed that the echo signal from a single point-like object is a delayed and scaled in amplitude
copy of the sounding signal. If the analytic form of the sounding signal can be described as

st (t) = Alt)exp(j2nfot), ¥

where A(t) is the function describing the complex amplitude of the sounding signal in the base band, f, is the central
(carrier) frequency of this signal, then the received signal will take the following form
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Sr (t) =St (t o top ) = A(t - top )EXp[J 275f0 (t - top )] : @)
After converting this signal to the base band, it takes the form
sp(t)= Alt —top Jexpl— j2nfoty, ). @
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Figure 1. ISAR system geometry

2. RANGE CELL MIGRATION

The radar sends consecutive sounding pulses and receives echo signals in consecutive discrete moments of time t,
therefore in radar signal processing algorithms two time domains [1] are defined: so called “fast time” t associated with
the propagation of the electromagnetic waves from the radar to the object and back to the radar, and the “slow time”
associated with the movement of the object.

If it can be assumed that in the slow time the radar sends the same sounding signals, then the two-dimensional received
signal may be written in the following form

. 2R . 2R
sp(t,7)= A[t —top (r)]exp[— j2nfoty (‘r)]: A{t —%} exp[— j2nf, #} : (5)
where R(r) is the range curve function, whose shape depends on the system geometry and the velocity of the observed

object. In a general case this function which is a distance from the radar to the observed object may be described by the
following formula
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R(t)=[xg —xc (OF +[yr - Ye @)F +[zr -2 ()F . (6)

where [Xg,yg,zg] are the radar’s coordinates and [xc(t),yc (t) zc(t)] are the slow time-dependent coordinates of the
moving object.

If [vg,vq,,v&] is the object’s velocity vector and [Xcq, Yeo,Zco] i its initial location, then the equation (6) can be
written as follows

R(t)= \/[XR —Xco +vgtf + [yR ~Yeo —vcyr]2 +[z5 - Zc, +Vg TP . )

If the coordinate system is consistent with Fig. 1, i.e. such where the radar is located at the origin [0,0,0], and the
object’s velocity vector has the form of v = [0, Voy ,0] , Is assumed, then equation (7) can be simplified to the following
form

R(t)= \/XCOZ +(yCO +vq,r)2 +2¢,° - (8)

The received signals are sampled in both time domains: fast and slow. The slow time sampling is performed in a natural
way by sending the consecutive sounding signals by the radar, and the sampling in the fast time is performed in an
analog-to-digital converter in the radar receiver.

The sampled received signal takes the following form

2 2
sg(m,n)= A[m —My, ]exp — janf, ‘/XCO *eo +\C/CynTp)2 Treo : 9)

where T is the sounding signal repetition interval, m is the fast time sample (range cell) number, n is the slow time
sample number (sounding period number).

The received by the radar echo signals are stored in the systems memory and processed as if they were received by a
very long real aperture antenna of the length equal to the distance covered by the object during one coherent processing
interval (CPI). The processing consists of coherent summing of the signals after their Doppler phase shift compensation.
The ISAR image synthesis algorithm is described by the following formula

dR)? bT
S(k,1)= LLBZ/:ZJJSR(W,|+b)eXp janf, ‘/(W )Z(ch p)z : (10)
b= -B/2

where K is the number of the image point (pixel) in the x direction, | is the number of the image pixel in the y
direction, B is the length of the synthetic aperture expressed in number of soundings, w is the range cell number, that is
the source of the raw signal for the current synthetic aperture element, dR is the size of the range cell.

The phase compensation of the signals along the synthetic aperture is performed by the exponential in (10) and allows to
maximize the sum of the echo signals that come from the point corresponding to the (k, I)-th pixel of the ISAR image.

Equation (9) shows that the change of the distance between the sensor and the object causes not only the change of the
phase of the echo signal, but also changes its location in the fast time. This phenomenon is called the range cell
migration [1-4] and influences the maximum achievable synthetic aperture length.

In Fig. 2 an exemplary 2-D magnitude graph of the echo signal from a single point-like object is presented. The change
of location of the maximum of the signal in the fast time as the object moves in the slow time is visible.
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Figure 2. Raw ISAR signal

There are numerous methods of compensation for the echo signal range migration [1] in the SAR systems, but their
application may be dependent on the image synthesis algorithm used in the system.

In the case of the algorithm described with eq. (10), the correction is performed by determining the number of the range
cell w from which the signal to be integrated is collected, which requires the knowledge of the geometry radar-object.

3. THE KEYSTONE TRANSFORMATION

Another method of range migration compensation in radar signal is the keystone transformation [2-4] that involves
scaling the signal in the fast time spectrum domain. The canonical form of this transformation is used in classic radars to
allow the coherent integration of echo signals from objects moving at high speeds [2, 3].

In order to compensate for the range migration the spectrum along the fast time SR(p,n) is determined where p is the
number of spectrum sample. In the next step for each frequency f the scaling operation by f, /( fo+ f) is performed,
which means that the new spectrum takes the form

SRK(p,n)=sR(p,n fofi fj. (11)

Thanks to this the change of the echo signals phase from pulse to pulse causes a proportional change of the location of
those signals in the fast time. This correction does not require the knowledge of the velocity of the object and allows for
the analysis of many objects simultaneously.

Due to the fact that in SAR systems the echo signals migrate accordingly to the range curve, this transformation does not
yield to satisfactory results in image synthesis procedure.

In [5, 6] a method to apply the modified keystone transformation to the SAR system is presented. In this solution the
second order keystone transformation was used.

The modification changes the scaling function, which takes the form of [f0 I(fo + f)]“ 2 This allows to compensate for
the migration despite the hyperbolic character of the range curve. However it must be noticed that the above scaling
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function form is correct only for the case when the object passes the radar at the middle of the observation time, i.e.
when the range curve is symmetric with reference to the middle of this time interval.

In order to enable the correct compensation, the shift of the minimum of the range curve has to be taken into account.
Assuming that the radar observes the object in a narrow azimuth sector it is possible to find this shift and apply it to the
transformation, which takes the form of

12
f
S .n)=Sg| p,n —2 —ng |, 12
rk2(P.N) =Sg( P (fo+f] o (12)

where ng is the value of the range curve’s minimum shift expressed in a number of soundings determined in the
following way
o = Ry sin 6, ’ (13)
VeyFp
where R, is the distance to the middle point of the object observation area, 0, is the object middle observation angle,
F, is the sounding pulse repetition frequency.

4. SIMULATION RESULTS

In order to verify the correctness of the presented assumptions simulation experiments have been carried out. In the
experiments ISAR raw signals representing single point-like echo of an object moving with a specific velocity along
a straight line trajectory have been generated.

In the simulation the following parameters were assumed: f,=3 GHz, F;=3 kHz, R,=1100 m, v =[0, 40, 0] m/s,

0,=3° and 6,=5°. In Fig. 3-6 the raw signal before and after the range migration compensation are presented. The
observed point-like object have been moving pararelly to the OY of the assumed coordinate system.
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Figure 3. Raw ISAR echo signal before range migration compensation for v =[0, 40, 0] m/s and 8 =3°
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Figure 4. Raw ISAR echo signal after range migration compensation for v =[0, 40, 0] m/s and 6, =3°
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Figure 5. Raw ISAR echo signal before range migration compensation for v =[0, 40, 0] m/s and 0, =5°
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Figure 6. Raw ISAR echo signal after range migration compensation for v =[0, 40, 0] m/s and 6, =5°

In the graphs presented in Fig. 3 and 5 a significant range migration can be observed, which may render the image
synthesis at its best achievable resolution difficult. After the compensation procedure (Fig. 4 and Fig. 6) the echo signal
maximum is aligned along the slow time in one range cell, which allows to directly integrate the signals in subsequent
sounding periods.

5. SUMMARY

In the paper the results of the simulation tests on range cell migration compensation method in an inverse synthetic
aperture radar using the second order keystone transformation is presented. The transformation thanks to the spectrum
scaling allows for elimination of the migration of the signal, however in the case of synthetic aperture systems an
additional correction of the range curve minimum shift is needed.
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