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Abstract:

Synthetic aperture radar (SAR) based on frequency
modulated continuous wave (FM-CW) transmission is a viable
option for producing high resolution microwave imagery at low
heights. In this paper, we show detailed analytical simulation
for stripmap mode of FM-CW SAR imaging alongwith SAR
images generated from actual airborne FM-CW radar video
data collection.
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. INTRODUCTION

Airborne ground mapping is a fast expanding field
of imaging sensors witnessing need for compact, cheap,
high-resolution imaging instrumentation such as IR sensor,
radar, LIDAR, etc. [1]-[4]. Small-scale civilian programs
as wel as large military coastline monitoring and
reconnaissance missions with UAVs are driving the
demand for such sensors.

Imaging at remote ranges using UAVs and similar such
small platforms puts heavy constraint on power utilisation
and payload weight. To be of interest to the civilian
market, cost is amajor factor. Radars have the capability of
providing all weather and day-night operation. Image
resolution in conventional radar systems is dependent on
the size of the illuminated patch [5]. These limitations are
overcome using synthetic aperture radar (SAR) technology.
The azimuth resolution in SAR is unique to its case as it is
dependent only on the along track real aperture antenna
dimension. Pulsed SAR have been successfully deployed
in satellite based remote sensing as well as for airborne
missions. However, the power requirement and
synchronisation efforts to put up a pulsed SAR
instrumentation is complex while the cost and cubage are
factors deterrent for small-scale airborne applications such
asimaging at low heights with mini UAVs.

In recent years, there has been a growing interest in
frequency modulated continuous wave (FM-CW) SAR
technology for various military and civilian applications.
Compared with pulsed SAR, the combination of FM-CW
technology and SAR processing techniques have the
advantages of small cubage, light weight, cost-
effectiveness, and high resolution in the SAR image [6].
These characteristics make FM-CW SAR suitable to be
deployed as payload on small unmanned aerial vehicles
(UAV) for military (reconnaissance and surveillance
operations) aswell asfor civilian applications.

In this work, a strip-map mode of operation of the FM-
CW synthetic aperture radar (SAR) has been considered.
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We present the analytical development of the FM-CW
SAR signals at X-band. We produce both the simulation
and actual SAR image generation from raw, video data for
aFM-CW SAR sensor at C-band.

1. PRINCIPLE OF FM-CW SAR IMAGING

To appreciate how SAR images are generated and
what ground truth they depict it is important to first
understand the imaging geometry illustrated in Fig. 1. The
radar is configured for strip-map mode imaging with the
antenna mounted to side-look the scene of interest. In the
case of FM-CW SAR, the signal bandwidth B is
continuously swept over a time interval of T seconds
repetitively. For the platform moving at a constant velocity
v m/s, anumber of sweeps are transmitted for the period of
illumination over a point target. Unlike in pulsed SAR
continuous reception takes place for the FM-CW
instrument.

Since transmission as well as reception is continuous,
mixing hardware is less complex at the SAR receiver. For
the case of FM-CW transmission, the difference frequency
between the transmitted chirp and delayed version of itself
is a single frequency (beat signal). The frequency of this
beat directly corresponds to the slant-range of the target.
Thus, the de-chirped signal in frequency domain represents
the range-compressed SAR image.
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Fig. 1. FM-CW SAR geometry for stripmap imaging.

The two-way travel time 7, to a stationary target at a

cross track distance of R, ist, % with the range

resolution (cross track) being Ar =

Ble

10-14 December 2013



The transmitted waveform for the case of FM-CW SAR
is
. 1
x(t,n) = rect (%) o2mi(fet+3at?) (1)

The FM signal is swept at arate of «, f, is the carrier
freqguency and n denotes the sweep number while the
platform isin motion with a constant velocity v.

The received signal response from a stationary point
target for the »n™ sweep interval is a time delayed version
of the transmitted continuous sweep.

- i _ 1o—
r(t — t,,n) = rect (t%) ezm(fC(t ) +a(t-m)?) 2

The beat frequency (f,, = at,) corresponds to a delay
in reception for the »™ sweep from a point target and the
2 2
two-way time delay is 1, = % = M for the
range R, . The instantaneous beat frequency variation for a
stationary point target within one sweep interval due to
motion of the platform is within a single frequency bin of
beat frequency measurement. Compared to the beat
frequency change in consecutive sweeps because of change
in R, due to motion of the platform the instantaneous
change in beat frequency from the target does not affect
resolution of measurement. However, this approximation
holds only for low height of imaging. The sampled beat
signal at the SAR receiver is

sp(i,n) = rect (lT;;TT") o2 (fetn+iaTnTs—3atn?) 3
S

T, = %Swherefs is the sampling rate, 0 < i < Q, Q isthe

total number of samples per sweep interval containing
radar returns from all the range binsin the ground swath
shown in Fig. 1.
Performing a discrete Fourier transform (DFT) over (3) we
have

2fcrn+a‘rnT5Q—k+m—n—arn2)

Sy(k,n) = enj( T5Q

sin[n(arnTs—%)(Q‘;_Tsl)]

sin[n(arnTs—%)]

4

The beat frequency is given by DFT bin number k =
at,T,Q. Thus, the azimuth profile of range compressed
target is

aCDTLSt

Sp(e,m) = exp (27j G feR, + 2= (vnT)2) 5

It can be seen from the above equation that the phase
of the range compressed target is varying with the square
of the sweep index n. Simulation of phase trgjectory along
the azimuth direction for a point target is shown in Fig. 2.
Range compression causes the targets energy to lie within a
single beat-frequency or range bin.

In this three- dimensional plot the ground plane
represents the range-azimuth plane for a point target
scatterer on ground. The z-axis represents the magnitude of

NIMHANS Convention Centre, Bangalore INDIA 2

9th International Radar Symposium India - 2013 (IRSI - 13)

the samples of FM-signal shown in (5) for 1500 FM-CW
sweeps. Therefore, the coherent integration time is 15007
sec, with 7= 2msec. The FM rate of signal variation in

azimuthisk = f(vT)z.
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[

0
1500

1000 2000

1000

Azimuth sweep number Range bin position

Fig. 2. Azimuth phase profile of arange compressed point target with
1500 FM CW sweeps.

Simulation of five stationary point targets is performed at
X-Band. In Fig. 3, the profile of the target energy in the
second curve from left is more prominent. This is because
two targets are assumed to be in the same range bin at
different along track locations so that the azimuth
trajectory of two targets response gets superimposed. At
far ranges when the platform is at its maximum distance
from the targets, a shift in bin position is observed from
the curvature. Range cell migration correction similar to
the case of pulsed SAR is also in order for the case of FM-
CW SAR imaging. We perform azimuth compression in
the Doppler (frequency) domain for the range compressed
data asinput.
Assume target is at along track position n,.

S,(n) = e2mi(+K(n-nx)?) (6)

A matched filter is constructed with the reference
position n,..

Smaten(n) = e2MK=)%) @
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Fig. 3. 5stationary point targets after range compression. 2 targets
areat samerange.
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Performing the matched filter operation in azimuth in the
Doppler domain as

FYF[Sy ()] * F[Spaccn (]

Lo,(u) = o (Kx=np)IN-1]+ulg-1])
sin(n (K (n—n)+7))

’ sin(n(K(nx—nr)+%))

©)

u=KNn,—n,)

A linear relationship exists between the azimuth IDFT
bin position a which the peak occurs and the azimuth
spatial position of the point target coordinate on ground.
The impulse response function result after matched
filtering for a simulated point target is seen in Fig 4. The
position of the point target as seen from the 2-D impulse
response is the location of the amplitude peak on the x-y
planein the SAR image after 2-D signal compression.
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Fig. 4. 2-D impulse response function of a compressed point tar get.

The value of & from (4) and « from (8) give thex and y
axis positions of a compressed point target peak
respectively. Matched filtering operation for azimuth
compression is performed on the range compressed data for
the five point targets shown in Fig 3. The result of two-
dimensional point target response after range-Doppler
processing is as shown in Fig 5. Matched filtering in
azimuth is able to extract the along track locations of the
five targets from their phase histories as shown in Fig. 2.
Two targets phase trgjectory which were initialy
superimposed on asingle lineasin Fig. 3 are now clearly
visible post Doppler processing at their respective along
track locations.

The simulation shown in Fig. 6 was performed at X-
Band with an antenna length of 20cm, platform velocity
(v=25m/s), sweep time (7=2ms). The 3-dB width is
indicated by markers on the waveform.

The azimuth axis denotes the sweep number at which
the target response is maximum, giving the azimuth
position of the target in the imaging scene.

Thus, impulse response width can be calculated
as

Aaz = v * ((2041 — 2039) * T)= 10cm,

which is the synthetic aperture azimuth resolution
proportional to half the real aperture dimension.
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Fig 5 Compressed image of 5 point targetsrandomly spread
on theimaging scene.
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Fig 6 The azimuth impulse response function showing the
azimuth resolution.

[11. SIMULATION RESULTS
A sample data set (microASAR [7] data courtesy
of David G. Long at Brigham Young University [8]).has
been used to generate images to validate the agorithm
discussed in the above section.
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Fig 7 Raw sample backscatter data.

The raw datain Fig 7 is from a C-band FM-CW SAR
payload flown on an unmanned aircraft system (UAS) as
part of the Characterization of Arctic Sea Ice Experiment
2009 (CASIE-09) [9] over the Arctic Ocean from Svalbard
Island. The platform manoeuvres at an average velocity of
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30.1938 m/s a an average height of 346.5029 m. The
effective PRF is 307.292.

It is this data over which the range-Doppler processing
is performed to generate images shown in Fig 8 and Fig 9.
Multi-looking is performed to remove speckle. Underlying
ground features otherwise hidden by speckle noise are
prominently visible after multi-looking. Thus the analysis
presented in section I is validated by real images.
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Fig 8 Single look compressed FM-CW SAR image.
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Fig 9 Multi-look compressed FM-CW SAR image (8-100k).

CONCLUSION

High resolution radar imaging by FM-CW SAR
instrument is worth of experimentation for producing
imagery at low height and using very low power. We have
produced a detailed analytical model for FM-CW radar
based im aging with range-Doppler algorithm
implementation. Actual SAR image clips are produced
using the algorithm description in the paper.
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