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SAR Image Formation Process and Non-stationary Errors
Influence in Aircraft Motion
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Abstract—On account of large amount of signal processing
required in SAR imagery, the early SAR designs implemented
optical processing techniques. Theground speed isbiased by the
inertial navigation unit drifts and to which SAR processing is
extremely sensitive. It can also be recovered from the GPS
technique, but this requires a GPS receiver on the ground.
Another complication is that the synthesis process is made
non-stationary by the nonlinearitiesin the aircraft motion. This
is motion compensation problem. Therefore, this paper
provides a fineresolution SAR image platform and finished the
relationship with SAR imagery errors between the stationary
and non-stationary platform to continue future motion
compensation process. A new Matlab based program for SAR
image formation is also developed in this paper and a few
visualization enhancement features facilitates processing data
and producing desired output. The SAR propertiesin range and
azimuth directions are also described. The received echo SAR
signal is described. Moreover, the smulation results and
comparison would show the way of making effects on SAR
image resolution related to the motion compensation.

Index Terms—Synthetic Aperture Radar, Range Doppler,
Motion Compensation, Image Resolution

I. INTRODUCTION

Nowadays, Synthetic Aperture Radar (SAR) [4] [5]
imaging has been widely used and has played an important
role in nation and international working as a new function of
radar. It can work all-time, all weather, gain high resolution
image of the ground target, which enhance the ability of
getting information, especially the sensing ability of war
fields. To achieve high resolution, it is necessary to transmit a
large bandwidth. The range resolution is inversely
proportional to the RF transmitted bandwidth. SAR system
works in the millimeter-wave band. Thus, a large bandwidth
can be more easily transmitted because the relative
bandwidth is low.

An important step in the ground processing of airborne
SAR imagery is motion compensation [2] [3]. SAR depends
on having accurate knowledge of the radar-target positions
which leads to a requirement that the aircraft flight path be
known to high precision. With reference to Figure 1, ease of
processing demands that the aircraft be flown along a straight
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flight path for strip mapping SAR. However, since factors
such as turbulence and pilot error make it impossible for an
aircraft to fly along this nominal straight flight path, some
motion compensation is necessary.
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Fig. 1. Sensor — target distance on the slant range plane [9].

II. SAR PRINCIPLE

SAR has some interesting properties, however, it is not
known from optical sensors. These properties are as follow:
SAR is an active imaging method, i.e., it provides its own
illumination and, hence, is implemented of sun illumination.
SAR uses microwaves that penetrate clouds and partially
canopy, soil and snow. Typical wavelengths are 3cm
(X-band), 6 cm (C-band), and 24cm (L-band). SAR uses
polarized radiation and, therefore, can exploit polarization
signatures of the imaged scatterers for obtaining more
information about the scatterer’s structure. SAR is a coherent
imaging method. This is the prerequisite for SAR
interferometry. On the other hand, this makes the radiometric
interpretation of SAR images difficulty due to the appearance
of speckle.

It has been mentioned that the propagation and reflection
of electromagnetic waves strongly depends on its frequency.
Figure 1 shows the atmospheric transmission for a wide
frequency interval. SAR systems for wide area surveillance
have to operate in frequency areas with minimal attenuation.
Beyond the Ka-band only short range systems are realizable.
Advantages of systems with a higher frequency are a reduced
system size and a simplified processing. X,- C- and L-band
are very common for airborne and spaceborne sensors.

The wavelength of transmitted signals plays an important
role also for the reflection characteristics. A rough surface
has completely different reflection behavior compared to a
smooth one. However, smoothness is a property which
depends on the relation of the surface structure size to the
wavelength. Another feature of low frequency waves is that
foliage can be penetrated thus low frequency systems are
useful in some situations.
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III. SAR GEOMETRY AND MODES OF OPERATION

The SAR system stores the received signals in a two-
dimensional data array which is parameterized in radar
position and echo signal delay which is denoted by t. As
shown in Fig. 2, the antenna moves in the direction of the
y-axis. Since the velocity of the radar signals is very large
compared to the sensor velocity, the geometry can be
assumed to be static for one transmit-receiver-cycle.
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Fig. 2. Sensor — target distance on the slant range plane.

The fine resolution SAR image is mainly focus on the
resolution cell of range and azimuth. The range resolution AR
can be calculated by ct/2 and t is denoted as pulse width. The
azimuth resolution is determined by the Doppler bandwidth
of the received signal and can be computed as L/2 and L is the
antenna length.

Depending upon the system’s configuration, SAR sensors
can acquire data in different modes. Some are totally
different systems and some are just different modes of a
system. The followings are some modes of SAR operation.
Stripmap SAR
Scan SAR
Spotlight SAR
Inverse SAR
Bistatic SAR
SAR Interferometry

IV. GEOMETRY IN RANGE
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Fig. 3. Geometry in Range

SAR data are often converted from the slant range
projection into the ground range one as shown in Figure 11. It
is noted that SAR data in ground range projection are neither
in a cartographic reference system nor geometrically
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corrected. The only way to correctly geocode SAR data is by
applying a rigorous range-Doppler approach starting from
SAR data in the original slant range geometry. Fig. 3 shows
how data is acquired across a range swath. The radar beam
has a certain beam width which is called the “elevation
beamwidth”. The beam illuminates an area on the ground
between “near range” and “far range”. At a certain
propagation time, the pulse is transmitted as a wave front,
between the two dashed lines in the Figure. The pulse
expands outward in concentric spheres, at the speed of light.

V. GEOMETRY IN AZIMUTH

As the sensor moves along its path, pulses are transmitted
and received by radar. The pulses are transmitted every
“l/PRF” of a second, where PRF is Pulse Repetition
Frequency. Since the sensor moves with the speed of Vg,
Doppler Effect has to be taken into account. The received
signal has the same waveform as the transmitted signal, but is
much weaker and has a frequency shift because of sensor’s
moving. The shift is governed by the speed of platform.
Transmitted pulses are evenly spaced. When the radar is not
transmitting it receives echoes reflected back from ground
surface. This is shown in Fig. 4.
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Fig. 4. Pulse transmission in Azimuth direction.

The frequency of the backscattered signal, which is
registered by the antenna, depends on the relative velocity
between sensor and the target. Parts of the signal, which are
reflected from targets in front of the sensor, are registered
with a higher than the emitted frequency, since the antenna is
moving towards the target. Similarly, the registered
frequency of objects that are behind the sensor is lower than
the emitted frequency. In the spaceborne case the Earth’s
rotation and curvature causes Doppler shifts which depend
on the position of the target within the imaged swath. A target
at the far range has a higher radial velocity than a target closer
to the sub-satellite track. Therefore, frequency shifts are
range dependent.

Finally, topographic differences also have an effect on the
radial velocities between sensor and targets and therefore
influence the geometry in azimuth.

VI. IMAGING ALGORITHMS

As described in introduction, there are several SAR
processing algorithms available, and each has its advantages
and disadvantages. Some of these algorithms are:

Chirp Scaling Algorithm
InSAR Algorithm

Omega-K Algorithm

SPECAN Algorithm

Range Doppler (RD) Algorithm
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The Chirp Scaling Algorithms is not much different to
Range Doppler Algorithm. The first difference is that in CSA,
a Chirp Scale factor comes in to equations which basically
affect the FM rate. However Chirp Scale factor is 1 for
satellite SAR systems, but it plays a key role in airborne SAR
systems. Second difference of CSA is that radar FM rate is
modified to handle higher squints3 [12].

The Omega-K algorithm [15] can be described in five
principal steps:

¢ Fourier transform of data

e Matched filter in range

e Matched filter in azimuth

e Stolt Mapping

e Inverse Fourier transform to find the image

The main difference is the use of position as the
independent variables in each dimension. The challenge SAR
processing poses is a non-separable, range-dependent point
spread function. A range-dependent correlation filter could
be used; however, the point spread function has a large
region of support in the spatial domain and implementing
such a filter requires an enormous amount of computation.

SAR can obtain high resolution images of the ground
targets, and it can work for all time and all weather. Data
processing of SAR is generally carried out by pulse
compression. A popular algorithm for pulse compression is
SPECAN algorithm which is computationally efficient but
cause an undesirable range dependent scaling of the image
azimuth pixel dimension. Replacing the standard Fourier
transform (FT) with an appropriate chirp-z transform can
achieve a constant azimuth pixel.

The RD [7] [8] processes the raw SAR data calculated
from to produce the SAR image space or final image. The
RDA performs matched filtering separately in the Fourier
transformed range and azimuth domains. The Fourier
transforms are calculated via fast Fourier transforms (FFTs)
for processing time efficiency. Range cell migration
correction (RCMC) is performed in the range time and
azimuth frequency domain. This domain is called the
range-Doppler domain and gives its name to the algorithm as
performing the RCMC in this domain is the defining feature
of the algorithm when compared to other SAR processing
algorithms. A Flow chart of the RD algorithm is shown in Fig.
5

Range FFT
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Fig. 5. RD Flow Chart
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A. Raw Data

As mentioned before, data is converted to range and
azimuth-frequency domain by performing Fourier
Transformation on every column of data (azimuth fft). The
next step is to transform data to 2D frequency domain. This is
done by another Fourier transformation on the rows of data
(range fft). After that range compression performs the
matched filtering on every row of range samples. The
matched filter A(¢)is designed with A(¢) = p(—t) , where p(¢)

is equals the transmitted signal.

p(t)= 4, Re c{ﬂJ explj2a e + jaket] (1)

P

where Ao is the amplitude of the transmitted signal and

Re c{t_Tl’/zj is a rectangular gate function with 7’ asthe
T
P

pulse duration time. The symbol f, is the carrier frequency,

and K is the LFM pulse chirp rate. (1) states that the signal
p(2) starts time =0 and ends at 7 = T,.

Therefore for simplicity, we will use @(?)to substitute the
gate function and let 4, =1. The echo with reflection
coefficient O, at range Ri , for i=1,2,...,I can be represented
by a sum of delayed signals as:

)= 0 att—1,)explj2af (i~ )+ jak(t -7, @

i=0
where 7, = 2R, / c is the echo delay time due to the i th

target. For a target located at (X;,);) and with a radar

position at (0,0) and assuming the radar height H=0, the delay
time can be computed as follows:
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Fig. 6. Simulation results of SAR echo

The raw SAR received signal for the simulation is assumed
to be of the form shown in (75. It is expressed by letting 7 be
time index of the received and digitized LFM signal and can
be obtained by removing the high carrier frequency through
the quadrature demodulation process which brings the signal
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to baseband [1][15].

I
55(,)= Y ot ) eerjM‘;zT,- + ke, —%)2] Q)
i=0

where n=0,1,2,...,N-1 and N is the total number of received
range samples.

B. Range Compression

Range compression is performed on each range line of
SAR data, and can be done efficiently by the use of the Fast
Fourier Transform (FFT). The frequency domain range
matched filter needs to be generated only once, and it is
applied to each range line. The range matched filter may be

computed or generated from a replica of the transmitted pulse.

In addition, the range matched filter frequency response
typically includes an amplitude weighting to control
sidelobes in the range impulse response. The steps in range
compression for each range line are Rang FFT and Rang
IFFT.

C. Azimuth Compression

After range compression, the signal energy from a point
target follows a trajectory in the two-dimensional SAR data
that depends on the changing range delay to the target as it
passes through the antenna beam. This trajectory may cross
several range bins. In order to capture all the signal energy
for azimuth compression, the signal energy from a point
target must be aligned in a signal range bin.

Azimuth compression is a matched filtering of the azimuth
signal, performed efficiently using FFT's. Note that the
azimuth FFT has already been performed at this point. The
azimuth FFT's were performed on blocks of data that overlap
in azimuth by the matched filter length. The reason for the
overlap is the throw-away after azimuth compression.
Azimuth matched filter is created similar to range matched
filter. It is also applied in the same way. The original formula
for azimuth matched filter is:

h(t)= exp{t M} (6)
c

The two-dimensional signal is first analyzed as a series
range time signals for each azimuth bin. Each range time
signal undergoes matched filtering in the range
frequency/azimuth time domain through range FFTs applied
to the range time signals. After each signal is transformed
back into the range time/azimuth time domain, the result is
the range compressed signal as the matched filtering was
performed in the range frequency domain. In order to obtain
azimuth compression, azimuth matched filtering must be
performed. The range compressed signal is then composed
into a series of signals with respect to azimuth time at
different range bins. Each azimuth signal is Fourier
transformed via an azimuth FFT.

VIL

As in the systems parameters, SAR image processing
based on RD system is implemented. Taking relevant
parameter shown in Table 1 into the equations above, we get
the synthetic aperture length Ls is 120m and Doppler

SIMULATION PARAMETERS AND RESULTS
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frequency bandwidth is 80Hz. Besides that number of
azimuth samples and time samples can be calculated as 300
and 256 respectively.

Fig.7 and Fig.8 show the complete simulation using
received single point target signals. Using the parameters
listed in Table I, we need to shorten the range chirp length
and azimuth exposure time in order to fit the simulation into a
128%256 point array. To achieve this shortening, we have
increased the range and azimuth FM rates, to keep the
bandwidths the same. Reducing the radar wavelength was
one parameter changed to achieve this.

TABLE I: PARAMETERS USED IN SIMULATION

Parameter Symbol Value
Wavelength A 0.03(m)
LFM duration T, 5(us)
LFM Bandwidth B 30(MHz)
Doppler Chirp Rate Jfoe -33.333(Hz)
Azimuth Sample A, 0.4m
Spacing
Synthetic Aperture s 120m
Length
Antenna Length L 2
Doppler Frequency
Bandwidth BDop 80Hz
Closet Range of Ry 2000m
Target
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Fig. 7. Point target simulation after range compression.
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Fig. 8. Point target simulation after azimuth compression.

Accordingly by reason of the comparison between Fig. 9
(a) and (b), it is the need for aircraft motion compensation.
This is primarily an issue with regard to airborne SAR, where
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the aircraft flight path is subject to random disturbances due
to atmospheric turbulence and airframe vibration. It is seen
that the deviations that must be compensated for are very
small. If phase errors are introduced, the azimuth beam
forming gain is reduced. The phase errors appear in the image
as a loss of resolution, a decrease in dynamic range, and an
increase in noise.

(b)

Fig. 9. Point target simulation between stationary and non-stationary state

After a careful study and analysis of RD algorithm with
simulation coded on Matlab, the basic procedure is carried
out for each of echo pulse range compression, and then RD
domain, by interpolation to eliminate the distance of
migration caused by the coupling between the distance and
direction to finalize the deal with the azimuth focus, as
follows.

In real time SAR system, the real time Doppler spectrum
transmitted over the data link becomes necessary to carry out
most of the motion compensations. Several types of radial
motion should be considered when determining motion
cancellation requirements. A constant aircraft velocity
component in the radial vr produces a displacement of the
synthetic image. For large values of vr, the displacement may
exceed the antenna beamwidth, creating a dark band across
the image. A constant component of radial acceleration ar
produces an image azimuth distortion. For high-frequency
low-amplitude sinusoidal motions, these are typical of
antenna vibrations.

The method requires that one or more stationary point
targets be included in the data. The phase history of each
reference target is estimated for the period in which the target
is in the view of the radar. The phase error, computed as the
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deviation from the theoretical phase function, is estimated
and removed from the raw data. Unfortunately, conventional
continuous phase measurement requires high signal-to-noise
ratio. To increase the effective signal-to-noise ratio of the raw
reference target data, the targets must be extracted after
matched filtering, and the resulting data must be from inverse
matched filtered. In one test data set, this phase correction
method improved the SAR image resolution by fifty percent.

VIIL

In this Paper, SAR image formation is processed using
range Doppler (RD) algorithm. Based on the purpose of the
SAR imaging processing, different processing algorithms
have well preference. According to the principles of RD
theory, the same principles apply to two dimensional FFTs ,
due to its cyclic nature, an FFT of length N (where N is even)
consider elements 0 to N/2-1 to correspond to positive
temporal or frequency samples and elements N/2 to N to
correspond to negative temporal or frequency samples. This
ordering scheme is not how the data is recorded, and is not
particularly desirable when trying to plot the temporal or
frequency samples, so the samples are often left in the
original or logical sate and the data is reformatting or shifted
to the FFT form prior to the FFT and then shifted back to the
logical state after each implementation of the FFT or inverse
FFT (iFFT).

Moreover, the measure error velocities for the near and far
slant ranges, are used to calculate values for the horizontal
and vertical velocity error components. These components
are then fed back as correction to the acceleration inputs, with
the loop time constant of several seconds. Finally, this paper
concludes from the comparison of the final image formation
between the constant target image and error putting to that of.
Therefore, it can be concluded that motion compensation is
very important for airborne SAR systems and the modified
version of range Doppler algorithm to compensate motion
errors is aimed as addition research to advance in future
work.

CONCLUSION
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