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ABSTRACT

Standard SAR-processing methods are based upon the assumption of a static scene. If targets are moving, their positions
in the SAR-image are translated in azimuth and defocusing may occur. In this paper, some methods for the detection and
imaging of moving targets and the estimation of their real positions are discussed, such as monopulse and DPCA.
Experimental results are shown on correction of azimuth position using the monopulse ratio of two SAR-imagery
derived from the Σ- and ∆-channels.
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1.  INTRODUCTION

   In many SAR-applications, it is desirable to be able to detect moving targets, correctly estimate their positions and
produce focused imaging for target recognition. Standard SAR-processing methods are based upon the assumption of a
static scene. By doppler filtering an improved resolution in azimuth is formed. But if the target is moving, its position in
the SAR imagery will be changed and a blurring effect is introduced.
   Various methods for detection and imaging moving targets have been investigated [1]-[10] and [12]-[21]. Multiple
SAR-images or sub-apertures can be used for the detection of moving targets and the estimation of their velocity
vectors.  If a mono-pulse radar is available, the target position in azimuth can be predicted from one-look imagery as
well. Improved ground clutter suppression can be achieved by Displaced Phase-Centre Antennas (DPCA), which detect
simultaneously the radar signal at three adjacent points along the flight path. A further improvement is Space Time
Adaptive Processing (STAP) using time samples from multiple antenna channels distributed in space.

2.  STATIONARY TARGETS

   A synthetic aperture is an array formed by superimposing the signals from the positions along the flight path after
properly delaying and weighting in a similar way as is done in a physical array antenna. SAR-processing can also be
considered as a cross-correlation of the measured data with a reference function that specifies the point target response
at the assumed location. A third way is to describe the SAR-processing as a narrow-band doppler filtering. In high-
resolution mode, focusing is required, which means that the centre frequency of the doppler filter is kept tuned to the
time-varying doppler shift of the resolution point on the ground. The SAR resolution in azimuth is determined by the
SAR aperture length (L), the wavelength (λ) and the angle between the velocity vector and the direction to the resolution
element (θ)
                             ∆θ = λ/(2Lsinθ)                             (1)

The doppler frequency shift of a stationary reflector is given by

                                 fd = 2Vcos(θ)/λ                              (2)

where V is the velocity of the SAR-platform, λ the electromagnetic wavelength and θ is the angle between the velocity
vector and the target direction. Inversely, the doppler shift defines the azimuth position in the SAR-imagery by

                           θ = arccos[(λfd/(2V)]                     (3)
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                                                Figure 1: SAR-mapping geometry.

3.  EFFECTS OF TARGET MOTION

3.1    Displacement in azimuth
    If the target has a velocity component vR in the range direction, its doppler shift is changed compared with that from a
stationary reflector

                           δfd = 2vR/λ                                            (4)

The SAR-processing algorithm transforms the frequency error into an angular error (δθ). Differentiation of (2) and
insertion of  (4) shows that

                          δθ = -(vR /V)([1/sin(θ)].                         (5)

giving a target displacement in the azimuth direction.
    Example 1: For V= 300 m/s, θ=30 degrees, vR=5 m/s, the target is moved 33 mrad in azimuth, as a result of the radial
target velocity component. If vR is increased to 15 m/s, δθ will increase to 100 mrad.

3.2     Defocusing due to target motion
    The doppler phase variation from a point reflector is given by S(t)=exp[j2kR(t)], where k=2π/λ and R(t) is the range
variation when the SAR antenna is moving along its aperture. Let us assume that the antenna is following r1(t)=(Vt,0,H)
and the target r2(t)=(x0+∆x,y0+∆y,0) where ∆x=vxt+axt2/2 and ∆y=vyt+ayt2/2.
    From the geometry, we can approximate the relative range variation R(t)=|r1(t)-r2(t)| by that of a stationary reflector
modified by a correction term due to the target movement. From the geometry of Figure 1, when Vt<<R0

           R(t) = Rs(t) + ∆R(t)                                               (6)

           Rs(t) = R0 - (Vt)cos(γ)cos(φ) +(Vt)2/(2R0)        (7a)

               ∆R(t) = cos(γ)[∆xcos(φ)+∆ysin(φ)] + [∆x2+∆y2-2Vt∆x]/(2R0)     (7b)

     The detailed time influence is obtained by inserting ∆x=vxt+axt2/2 and ∆y=vyt+ayt2/2 into (7). If we exclude terms of
higher order, R(t) can be expressed as

                       R(t) = R0 + vRt + aRt2/2                              (8)
 where
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Figure 2. Simulated SAR-imagery of two stationary targets and below a target moving in the cross-range direction.

             vR = [(vx-V)cos(θ)+vysin(φ)cos(γ)]                 (9a)

    aR= axcos(θ)+ay cos(γ)sin(φ) +[(V-vx)2+vy
2]/R0       (9b)

 The target velocity components of (9a) introduce an azimuth displacement as described by (5). The target velocity and
acceleration components of (9b) give a changed doppler frequency chirp, and as a result, a smearing in azimuth is
generated. The part of (9b), caused by the target movement, is given by

                     ∆aR= axcos(θ)+ay cos(γ)sin(φ)+[(vx
2+vy

2-2Vvx]/R0        (10)

The corresponding phase error ∆φ(t)=2π∆aRt2/λ gives a defocusing and reduction of the target contrast in the SAR-
image. The frequency represented by the phase derivative f(t)=(2π)-1d∆φ/dt=2∆aRt/λ covers the bandwidth (T=L/V)

                     BC = 2∆aRT/λ  =2∆aRL/(λV)                  (11)

From differentiation of (2), ∆fd= -2∆θVsin(θ)/λ and insertion of ∆fd=BC, the azimuth resolution of the moving target
becomes ∆θb=∆aRL/(V2sinθ). Insertion of (1) yields

                      ∆θb = ∆aRλ /[2V2∆θsin2θ]                      (12a)

From (12) with the insertion of (10), the degraded resolution in azimuth of moving targets can be estimated. The
blurring increases significantly for fine-resolution mapping and highly squinted angles of observation. There is also a
resolution reduction in range due to the target range migration during the time of measurement. In case of  non-
accelerating target and V dominating, ∆aR= 2Vvx/R0  and from (12a)

                                                 ∆θb = 2vxL/(R0Vsinθ)   (12b)

But L/V is the time of measurement (τ) so the point target defocusing ∆Rb=∆θbR0 can be expressed as

                     ∆Rb=2vxτ/sinθ (12c)

which relates the defocusing length to the movement of the target during the time of measurement.
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     Concluding, moving targets give significant position errors in azimuth due to the target velocity component in range,
and a smearing effect in both range and cross-range will occur. Below some useful methods, for the detection and
imaging of moving targets and the estimation of their positions, will be discussed.

4.    MULTI-LOOK SAR

     An obvious possibility of estimating target velocity and position correction is available using a time sequence of
SAR-imagery over the scene.  In [2], the information content of multilook processing was investigated, and in [3] a
method was presented, where the cross-range velocity was estimated from its doppler chirp rate and the radial velocity
from its linear range migration. The suggested method was validated experimentally using real SAR data obtained from
the DLR: E-SAR indicating  a velocity  accuracy of 3 m/s for the airborne case. Further algorithms for target velocity
estimation based on sub-aperture processing are discussed in [14].
     In [19], Kirscht describes a multi-look method by which the potential moving target candidates are first detected
from size and signal amplitude. The target velocity vector is then estimated from the target displacements between
successive images. From the estimated displacement vector D, the observed velocity vector can be written as v=Dδx/δt,
where δx is the pixel spacing and δt is the time difference between the images compared. The real target velocities in
range and azimuth are then estimated using an observation model of the SAR mapping, linking the observed image
velocities to real ones. The azimuth position correction is then obtained from the estimated radial target velocity. A
further improving step uses a combined observation model of position and velocity, and by optimizing a cost function
both components of target velocity and position are estimated. Tests of the technique on moving targets along a road
showed that the velocity error of moving targets was 2.5 m/s in range and 0.75 m/s in azimuth. The position errors were
34 m in azimuth and 5.7 m in range.
     Recently Dias and Marques [20] presented a method for estimation of the velocity and position of multiple moving
targets using a single channel stripmap SAR. The method makes use of the amplitude and phase modulations of the
received signal from a moving target in the Fourier domain. It includes a crucial matched filtering, depending on the
moving parameters and accounting for both range migration and compression of the two-dimensional signatures into
one-dimensional ones without losing moving target information.
    The ambiguity between azimuth position and radial velocity in a single SAR-imagery can be solved by using received
data from more than one antenna [5]-[8], such as monopulse antenna, Displaced phase Centre Antennas (DPCA) and
Space-Time Adaptive signal Processing (STAP). These methods give more robust estimation algorithms to the cost of
increased complexity. Multiple antenna channels also significantly improve the suppression of stationary reflectors in
the scene making slowly moving targets more detectable.

5.  TARGET ESTIMATION USING MONOPULSE TECHNIQUE

5.1    Introduction
    A robust method for target position estimation is based upon monopulse technique detecting the received signal at
two displaced antennas. The detection of moving targets in severe background is made easier, if the target is moved
outside the clutter beam. The target will be found in the sidelobe clutter, if the azimuth displacementδθ>θA. From (5),
the following requirement upon the range velocity component of the target is then derived

                                vR >VθAsin(θ)                        (13)

where θA is the antenna beam width.
    If the signals from the scene are detected by two separate antennas or subapertures simultaneously, monopulse
technique can be applied to derive an improved azimuth angle estimate of each resolution cell in range/doppler. From
Fig. 3, the detected signals at the two antennas can be described in complex form as

           UA(t0) = Aexp[-j2π∆xsin(∆θ)/λ + jφ0]               (14)

           UB(t0)= Aexp[j2π∆xsin(∆θ)/λ  + jφ0]                (15)
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where φ0 = 4πR0/λ. The sum and difference signals (UA±UB) form the output signals of the monopulse network

           Σ(R,fd)= Aexp(jφ0)[exp{j2π∆xsin(∆θ)/λ} + exp{-j2π∆xsin(∆θ)/λ}]           (16)

            ∆(R,fd )= Aexp(jφ0)[exp{j2π∆xsin(∆θ)/λ} - exp{-j2π∆xsin(∆θ)/λ}]           (17)

Ratio forming gives a direction depending signal

  U(∆θ) =  ∆(R,fd )/Σ(R,fd) = j.tan [2π∆xsin(∆θ)/λ]      (18)

From the inverse function of (18) and the detected U- value, the azimuth direction of the resolution element (R, fd) can
be estimated. The separation ∆x is selected giving a near-linear relationship between ∆θ and U over the main beam.

                                  R0 - (∆x/2)sin(∆θ)                      R0 + (∆x/2)sin(∆θ)

                                R0

                                     ∆θ

         A            ∆x/2
                                             ∆x/2
                                                                    B

                     Figure 3: Angular measurement using monopulse technique (∆x<<R0).

5.2    Detection of moving objects
    The angle derived from (18) gives an estimate of the direction of the resolution element (R, fd), which is unaffected by
the target movement. From (1), we can determine the expected doppler frequency shift from a non-moving reflector in
that particular direction.

                               fdb=2Vcosθ /λ                               (19)

The difference in doppler frequency shift

                                δfd = fd – fdb                                 (20)

can be used to detect moving targets by thresholding: |δfd| > δfd
T.  The threshold difference frequency is estimated by

statistical analysis. Pixels representing weak signals are excluded due to the increased angular noise.

5.3    Radial target velocity and corrected azimuth position
    From the detected doppler frequency shift compared with that from a non-moving object (δfd), we can estimate the
target velocity in range vR from

                                 vR= λ δfd /2                                  (21)

The corresponding angular error is given by (5) or directly from
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                                  δθ = - (δfd/fd)cot(θ)                     (22)

From [11],  the angular error at monopulse measurements depends on the antenna beamwidth θA and the target-to-noise
ratio (SNR)
                                  δθrms = 0.5θA/(SNR)1/2                (23)

Example 2: For S/N=100 (20 dB) and θA= 70 mrad,  δθrms= 3.5 mrad, which is significantly lower than the angular
errors of Example 1.
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Figure 4. Estimated monopulse ratio of stationary point reflectors from the sum and difference SAR imagery.

5.4     SAR tests against point reflectors
    The monopulse method was experimentally tested using an airborne radar. First the sum and difference SAR-images
were processed from the raw data of the Σ- and ∆-channels. The monopulse ratio was then computed for each resolution
element (n,m) of the SAR-imagery. Potential targets were detected from the sum imagery by thresholding. From the
azimuth dependence of the monopulse response curve, the true azimuth positions of moving point reflectors were
estimated.
    Because all the point reflectors were stationary and inside the main beam, their monopulse ratios versus true azimuth
angles are close to the linear part of the monopulse response curve (Fig.4). The deviation from the sloping line is a
measure of the error in position estimate at the application of the monopulse method. As shown by the graph, the
position error is of the order of a single resolution element for this simplified case. Without the high azimuth resolution
obtained by Doppler SAR processing, point reflectors in the same range cells but at different azimuth positions would
interfere and degrade the position estimate derived from the monopulse measurement.
    If one of the point reflectors had a radial movement, changing the azimuth position in the SAR imagery, its
monopulse ratio would deviate from the MP-ratio line in Fig.4. The translation required in azimuth to fit the MP-ratio
line represents the position correction required in the SAR imagery of the moving reflector.
    In Fig. 5, the left part of the SAR imagery contains two moving targets, which have been translated to the left
compared with the stationary reflectors to the right. The linear part of the estimated monopulse ratio of the stationary
reflectors is used as a reference for correction of the azimuth position of the moving targets.

MP-
ratio

                                Azimuth cell
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Figure 5. SAR imagery with two moving targets to the left and stationary ones to the right. Below the MP-ratio versus azimuth pixel
number and summed  in range. The true azimuth position of the moving targets can be estimated using the monopulse slope of the
stationary reflectors as a reference.

6.  CLUTTER SUPPRESSION AND TARGET POSITIONING USING DPCA

6.1     Introduction
   An highly improved clutter suppression is achieved by using three parallel antenna channels along the flight path.
Moving targets with low radar cross-section can  be detected, and by monopulse technique, the target direction can be
estimated correctly. The method is called Displaced Phase-Centre Antenna (DPCA). Let us start from Fig. 6 using two
physical antennas that are separated ∆x along the flight path and moving with velocity vx along the x-axis. In antenna A
and C, transmitting/receiving occurs in the same antenna. Between A and C, a virtual antenna B is formed by
transmitting in A and receiving in C, or vice versa. We first discuss the case of stationary reflectors in the scene (vR=0)
and then the effects of a moving target. Let R0 denote the distance RB at time t0. The following three signals are then
measured at A, B and C:

                  UA(t0) = Aexp[j2π∆xsin(θ)/λ+jφ0]            (24)

                  UB(t0)= Aexp[jφ0]                                      (25)
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                     Figure 6. Definition of DPCA-geometry.

                  UC(t0)= Aexp[-j2π∆xsin(θ)/λ +jφ0]          (26)

where φ0 = 4πR0/λ.  At time t1=t0+τ the antennas have moved the distance vxτ along the x-axis. The received signals are
derived by multiplying (24)-(26) by exp[jφ1]= exp[-j4πvxτsin(θ)/λ]

   UA(t1) =Aexp[j2π∆xsin(θ)/λ-j4πvxτsin(θ)/λ+jφ0]    (27)

   UB(t1) = Aexp[- j4πvxτsin(θ)/λ+ jφ0]                        (28)

   UC(t1)=Aexp[-j2π∆xsin(θ)/λ- j4πvxτsin(θ)/λ+jφ0]   (29)

6.2 Clutter suppression
    If the delay is τ=∆x/(2vx), we realize that the antenna A at time t1 is at the same position as antenna B at t0. Similarly,
antenna B at time t1 is at the same position as antenna C at t0.  As a result, the signal differences U1 = UB(t0) - UA(t1) and
U2 = UC(t0) – UB(t1) are both zero. By selecting the pulse time interval τ=∆x/(2vx), we can to a high degree suppress the
stationary ground clutter contribution in channels U1 and U2.

6.3    Moving targets
    If there is a moving target in the scene, U1 and U2  will no longer be zero. As a result, moving targets can be detected
even at high clutter levels. The phase factor, we are multiplying the signals from the target at time t0 in order to model
the signals at time t1 is now exp[-j4πτ(vxsinθ+vR) /λ], forming the difference signals

               U1 = Aexp(jφ0)[1 – exp{j2π∆xsin(θ)/λ - j4πτ(vxsinθ+vR) /λ}]                (30)

               U2 = Aexp(jφ0)[exp{-j2π∆xsin(θ)/λ} - exp{-j4πτ(vxsinθ+ vR) /λ}]      (31)

If τ=∆x/(2vx) is selected to achieve ground clutter suppression

                U1 = Aexp(jφ0) [1 – exp{-j4πτ vR) /λ}]      (32)

                U2 = Aexp{jφ0-j2π∆xsin(θ)/λ}[1 - exp{-j4πτ vR) /λ}]        (33)
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The target direction is derived from the monopulse ratio S= ∆/Σ, where the difference and sum signals are formed from
∆=U1-U2 and Σ=U1+U2, respectively. From (32) and (33), we derive

                            U = j tan[π∆xsin(θ)/λ]                     (34)

    Concluding, DPCA is a very important technique for surveillance of moving targets in high clutter environment. By
using a large antenna along the fuselage divided into two or three sub-apertures, an excellent target pointing accuracy
can be achieved.

6.4     Extended DPCA
    Above, the antennas were assumed to follow the same flight path. If the antenna array is turned an angle θm relative to
the velocity vector, a detailed analysis [21] shows how the delay time required for efficient clutter suppression depends
on the observation direction θ. Only when the antenna elements are following the same track in space, the θ-dependence
disappears and the delay becomes τ = ∆x/(2vx).

Figure 7. Simulated difference SAR-image using DPCA against a stationary scene. A moving target will pass the difference filter
with low attenuation.

7.   SPACE TIME ADAPTIVE SIGNAL PROCESSING

7.1    Introduction
     A further extension of DPCA is Space Time Adaptive Signal Processing (STAP), where signals are detected
simultaneously in parallel antenna channels [4]-[6]. From the data sampled in both space and time, an adaptive signal
processing is performed reducing ground clutter and interfering/jamming signals.
     Compared with the DPCA method further improvements are obtained, such as lower restrictions in the position of the
antenna elements and extended freedom in adaptive beam forming. By combining spatial and temporal filtering, target
and clutter can be  more efficiently separated.
     Figure 8 shows target and clutter in the space/time spectrum, where the normalized doppler frequency and the
azimuth angle variable sin(ϕ) define the axes; ϕ=0 represents a direction perpendicular to the velocity vector of the
SAR-platform. The doppler frequency of the ground clutter is related to sin(ϕ) linearly. As a result, the clutter spectrum
is distributed diagonally and is modulated by the antenna beam pattern. If either time- or space filtering is applied, the
clutter and target responses are projected onto the frequency or the azimuth axis.
     By using two-dimensional space-time filtering, the slow target with low radar cross-section can be detected, although
hidden in the main beam clutter when only one-dimensional filtering is applied. The optimum two-dimensional filter
would be the inverse of the clutter spectrum with a narrow stop band along the diagonal.

.

∆D
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7.2     Signal processing
    Let us assume that M time samples of the signals received from the scene are detected in N parallel space channels
forming a vector X with NM elements. A covariance matrix is formed from the measured vector by averaging the data
samples over a large number of range cells.

                         C = Av{X .XH}                                     (35)

The optimum filter vector for suppression of clutter and interference is obtained from

                         W = C-1 .S / [SH . C-1 .S]                       (36)

where S is the steering vector for a given doppler frequency and direction. Alternative near-optimum forms of the filter
vector are discussed in [4]-[6] and [8]-[9].

The unknown target parameters can be estimated from the Maximum Likelihood method based on the measured
signal vector x(t) and the signal model s(t;vx,vy,raz), where vx and vy are the target velocity components and raz denotes
the target position in azimuth. The ML-estimate is obtained from the parameter set (vx,vy,raz) minimizing

            D(vx,vy,raz) = � | x(t) - s( t;vx,vy,raz)|2 dt             (37)

The possible accuracy is limited by the Cramer-Rao bounds.

 fd

                           Main beam

                                                                             sin( ϕ)

Figure 8: Space-time filtering (fd, sinϕ) extracts the target in high ground clutter. For one-dimensional filtering, the target response
would be hidden in the main clutter beam.

8.  HIGH-RESOLUTION IMAGING OF MOVING TARGETS

8.1  Non-rotating target motion
    The smearing effect at high-resolution imaging of moving targets can be highly reduced, if the received signal is
mixed with a modified reference point target response that takes into account the true range variation of the target,
which requires that the target velocity vector is known or is estimated. In the general case, the range variation of the
moving target reflector contains several unknown parameters, such as velocity and acceleration components in range and
cross-range

                S(t)= exp[j2kRT(t; vTR, vCR, aTR, aCR )]          (38)

    Main-beam
    clutter

Target
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    In principle, the search for parameter values giving maximum correlation with the received signal means an
estimation of the unknown parameters, and from those the target can be imaged with improved resolution. Since this
search procedure is highly time consuming, a set of moving target candidates are first detected and selected from the
SAR-imagery.
    When a dominant reflector occupies the resolution element, the moving target can be focused by observing the
instantaneous frequency and from that the reconstructed phase history of the echoes during the observation period.  The
distance target/radar is approximately described by (8). The corresponding doppler signal can then be modelled as a two
parameter chirp
                           s(t)=Aexp(j2πfdt)exp(jµt2)                     (39)

where fd=2vR/λ and µ=2πaR/λ and the first factor defines the target displacement in azimuth and the second factor
generates the smearing of the moving target.
    By estimation of the instantaneous frequency f(t) and from that the phase function ϕ(t) by integration, we can generate
a corrected reference signal Sref(t)=exp[-jϕ(t)], by which the received signal is mixed and the smearing chirp is
eliminated or highly reduced. The instantaneous frequency can be detected using a time-frequency analysis by means of
the short-time Fourier Transform or the Wigner-Ville distribution [10].
     As an alternative, the parameters µ and fd of (39) are estimated using the Maximum-Likelihood method and from that
ϕ(t)=fdt+µt2. The accuracy for an additive noise model is limited by the Cramer-Rao bounds [9] as

                           σ2(fd) = (3/2π2)T-2SNR-1                        (40)

                           σ 2(µ) = (40/π2)T-4SNR-1                       (41)

where SNR is the signal-to-noise ratio and T is the time of measurement. Autofocusing methods can also be applied for
imaging moving targets [13] based on polynomial modelling of the instantaneous phase and an estimation of the
polynomial coefficients by product high-order ambiguity functions.
    As pointed out above, the smearing of the moving target can be highly suppressed by correlating the target response
and a reference waveform with variable target velocity components. By varying the target velocity components a
correlation peak is found, giving maximum target response and a more well-focused target image. As pointed out by
Soumekh [18], the target velocity parameters can be reduced to one by introducing the relative speed of the target with
respect to the radar.
    Let the target coordinates be (x,y) in the spatial domain and its velocity components (vx,vy).The monostatic SAR
signature in the fast-time frequency ω domain and the synthetic aperture slow-time u domain is then

s(ω,u)=exp{-j2k[(x-vxτ)2+(y- vyτ- vrτ)]1/2} (42)

where τ=u/vr, k=ω/c and vr is the velocity of the radar along the y-axis.  By introducing the motion transformed
coordinates X=xcosθ+ysinθ, Y= -xsinθ+ycosθ with θ= arctan[vx /( vy + vr)], s(ω,u) can be expressed as

s(ω,u)=exp{-j2k[X2+(Y-αu)]1/2} (43)

where the parameter α represents the relative speed of the target

 α=[vx
2+(vy +vr)]1/2 /vr (44)

By varying the parameter α at the SAR-processing, the optimum α value can be found giving minimum target smearing
and maximum correlation between the reference and the target signal [18].

8.2      Manoeuvring targets
    The standard algorithms for moving compensation are based upon the assumption of a rigid body motion with no
target rotation. For manoeuvring aircraft and vehicles, this assumption is not fulfilled, and to restore the fine resolution
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the algorithms involved must measure and compensate for the relative displacement and rotation movements between
the phase centre of the antenna and the target reflectors. Such algorithms have been studied extensively during the last
few years [12]-[17].
    A representative example is the algorithm described in [12], which requires the presence of multiple prominent point
reflectors at the target. The processing starts by selecting a prominent target reflector represented by a streak peak in
range. Its phase value is measured for each pulse, and from that the range between the scene centre and the moving
reflector during data collection is derived.  This information is used to make the prominent reflector the new scene
centre. In the second part of the algorithm, the relative rotation is estimated using a second prominent reflector. Its
signal history is compressed in range and its phase is measured and unwrapped. The phase variation is a direct measure
of the target rotation to within a scale factor.
  By this technique, a small target is focused. Fine resolution imaging of extended targets such as large ships might
require polar formatting of the pulses as well. For that purpose a third prominent reflector is tracked and its phase is
measured and unwrapped. The quadratic phase component provides an estimate of the angular spacing between the
pulses.
   A dominant blurring mechanism is the cross-coupling between range and doppler due to linear range migration of the
scatterers. In [16], this effect is eliminated for all moving targets, regardless of their unknown velocity, by rescaling the
time axis in the range-doppler space. In [17], it was also shown that joint time-frequency transforms, such as the short-
time Fourier transform and the Wigner-Ville distribution, are efficient means for reducing the blurring effect in ISAR-
imagery of manoeuvring targets.

9.  CONCLUSIONS

   Moving targets have significant effects upon the SAR-imaging performance. The target velocity in range generates a
target displacement in cross-range. Both velocity components give smearing in range and cross-range degrading the fine
resolution of the image. These effects can be estimated and corrected for, and some main methods involved have been
discussed. By the use of DPCA/STAP processing in combination with monopulse, moving targets with low radar cross-
section can be detected, imaged and correctly positioned even in high clutter environment.
   In some areas, such as STAP, ISAR and focusing on manoeuvring targets, extensive work is going on. Blurring effects
induced by random rotation movements of aircraft and terrain vehicles is a great challenge for future research.
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