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Abstract—This paper presents the development of unmanned
aerial vehicle (UAV) -based Circularly Polarized Synthetic Aperture
Radar (CP-SAR) raw data processing system for the experimental JX-2
UAV. First, we present the design and outline of CP-SAR system,
followed by derivation of resolution and raw data rate value from axial
ratio and geometry. Following the signal processing requirements, we
propose to use mobile heterogeneous platform for on-board raw SAR
data processing system. Then we describe the raw data processing steps
based on Range-Doppler Algorithm for stripmap mode UAV SAR.
Experiment results using a middle-end CPU-GPU mobile
heterogeneous hardware development kit with CUDA programming
interface and raw data input from actual UAV mission demonstrate the
capability of the proposed mobile heterogeneous platform for SAR
processing on-board JX-2 UAV.
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I. INTRODUCTION

SYNTHETIC Aperture Radar (SAR) is a renowned technology
in remote sensing offering the ability to observe earth during
day and night under all weather conditions [1]. It offers high
resolutions images for various remote sensing applications such
as geosciences, climate change, environmental monitoring, two
three and four dimensional mapping, change detection, disaster
mitigation up to planetary explorations [2].

Currently available SAR sensor mostly utilized linearly
polarized wave which produces horizontal and vertical
polarization combinations namely HH, HV, VH and VV in full
polarization mode. Different with this trend, a SAR system that
uses elliptical polarized wave is currently under development by
the Center for Environmental Remote Sensing in Chiba
University. The usage of elliptical polarized wave in a system
called Circularly Polarized SAR (CP-SAR) is expected to open
new possibilities in remote sensing applications offered by this
scattering phenomena. TABLE 1 lists the various experiments and
studies in remote sensing proposed by CP-SAR polarimetry [3].
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Presently we are developing the CP-SAR sensors for various
electromagnetic wave bands (L, C and X bands). Initially, the
sensors will be deployed on Unmanned Aerial Vehicle (UAV)
before launched on microsatellite. UAV was selected due to its
cost-effective development, lower risk, and agile operations,
compared to conventional aircrafts and satellites [4]. However,
small sized and lightweight UAV has major limitations related
to the sensor payload: size, weight and power (SWAP), which
dictates the further development of the sensor [S][6].

TABLE 1 CP-SAR OBJECTIVES

Field Item Details
Scat‘termg o Studying scattering mechanism from
mech'amsm of CP vegetation, cryosphere, soil and
microwave rocks, desert, etc.
Basic SAR Li reul arizati
Experiments * Linear versus circular polarization
Interferometry interferometric SAR
e DEM extraction using CP wave
Axial ratio image . Veget‘atlon,_geolo.glc, cr_yo_sphere
mapping using axial ratio image
o Forest/non-forest area classification
Land cover o Paddy field/wet land extraction
mapping e Mangrove area mapping
® Snow - iceberg detection
e Earthquake
S‘AR‘ Disaster monitoring| e Volcano eruption
Applications e Flood, forest fire, landslide, etc.
Cryosphere o Iceberg, glacier,
monitoring o Arctic routing
o il spill
Ocean monitoring * Oil spi o
e Ocean wave monitoring

A small UAV named Josaphat laboratory experimental UAV
(JX-2) becomes the platform for CP-SAR sensor under
development. This platform will have ground speed of
approximately 30-40 m/s with operating altitude of 1-4 km and
flight endurance up to 4 hours. The UAV has wing span of 6 m,
body length of 4.75 m, and total weight of 146 kg including 25
kg payload, i.e. the SAR sensor, ground positioning system
(GPS), inertial measurement unit (IMU) and data
communication link. Figure 1 shows JX-1 UAV, the predecessor
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of JX-2 UAV which has similar specification and payload
capacity.

Besides the antennas, signal generator, and the radio
frequency, the raw data processor subsystem inside a Synthetic
Aperture Radar (SAR) system is another important part that
determines the final SAR image quality. Its main objective is to
convert raw data produced by the sensor into two dimensional
image ready for various remote sensing applications. This image
formation tasks are wusually done digitally using high
performance computing (HPC) system due to the complex
computations and large amount of data involved. Desktop
computers with CPU and GPU, clusters of networked computers
and super computers comprise the vast majority of hardware
platforms used for processing raw SAR data [7]-[10]. In current
work, we developed raw data processing system to convert raw
data from CP-SAR sensor on-board JX-2 UAV into two
dimensional image. The processing makes use of the Range
Doppler image formation algorithm for stripmap mode SAR
which is one of the most popular and mature frequency domain
processing algorithm [11].

Depending on its system specification, SAR sensors
generally produce large amount of raw data during operations.
Due to the complex computation of the image formation
algorithm, processing large amount of raw data into images
requires high performance computing which is usually done on
the ground station instead of on-board the platform.

Although rapid digital computers are currently already
available, highly desirable feature such as real-time processing
F-SAR image without using super computer is still rapidly
evolving under development.

Limitations on size and weight of payload have made it
difficult to use conventional HPC for SAR processing onboard
UAV. Consequently, high performance embedded computing
(HPEC) such as special purpose digital signal processors
(DSPs), application-specific integrated circuits (ASIC), field
programmable gate array (FPGA) and lightweight single board
personal computers become a suitable solution candidates for
this problem [12]-[14].

Miniaturization of SAR sensor system is an answer to the
challenge of SWAP on lightweight SAR platforms. Currently
there are efforts to develop smaller SAR sensor subsystems
including smaller antennas, radio frequency (RF) subsystem,
signal generators and raw data processing. Onboard raw SAR
sensor data processing (or onboard SAR processing) as one of
key part of SAR sensor system is also significantly influenced
by this challenge [5][15]-[19].

The mobile heterogeneous computing platform which
integrates CPU and application-specific accelerators such as
GPU and DSP, offers opportunity to accelerate
compute-intensive application using low powered processor
with light-weight form factor [20]. As part of the CP-SAR
development effort, we are exploring the potential of using
CPU-GPU computing available on mobile heterogeneous
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computing platform to develop on-board SAR raw data
processing systems for JX-2 UAV.

Despite the facts that such heterogeneous computing
platforms with CPU and GPU as those available on desktops and
servers are widely available and have been used for accelerating
SAR raw data processing, minor approach has been done to use
the mobile heterogeneous computing platform for on-board
SAR processing. Mobile heterogeneous computing platforms
which integrates energy efficient CPU and GPU, provides
opportunity to accelerate SAR processing onboard lightweight
UAYV platforms with SWAP limitations.

The current work focused on the feasibility of using mobile
heterogeneous computing platform for processing raw SAR
data. We report on the development process of implementing the
SAR processor and its runtime performance compared to the
speed of raw data generation.

Figure 1 Ilustration of JX-1 UAV with SAR Payload

The remainder of this paper is organized as follows. Starting
with background discussion on the CP-SAR development status,
stripmap SAR, Range Doppler algorithm, and a brief
introduction to the mobile heterogeneous CPU/GPU platform
architecture and Compute Unified Device Architecture (CUDA)
programming paradigm, then we present the algorithm design
and implementation strategies. This is followed by discussion of
the implementation of the SAR processor on mobile
heterogeneous CPU/GPU platform. Finally, we use actual SAR
data from CASIE 2009 [21] and [22] to examine the
performance of our implementation and present the resulting
image, followed by discussion and conclusion.

II. DEVELOPMENT OF CP-SAR SYSTEM FOR UAV

This section presents a brief introduction to the CP-SAR
system outline, axial ratio and geometry, resolutions, raw data
generation rate, and signal processing requirements.

A. System Outline

In terms of system requirement, the JX-2 CP-SAR is a
frequency-modulated pulse radar working in L-band with a
center frequency of 1.27 GHz. It will be operated at flight
altitudes of 1 to 4 km, operating in the stripmap SAR acquisition
mode with off-nadir angles between 40° to 60°. The system is



designed to be able to produce SAR image with 1 to 10 m
ground resolutions. The pulse duration is designed to be 3.9 to
23.87 ms with PRF of 1000 Hz with interleaving RHCP and
LHCP transmit polarization in the full circular polarimetric
mode.

On-board the JX-2 UAV platform, the SAR sensor's
transmitter and receiver antennas are positioned on the right side
of the UAV. Each antenna consists of right-handed CP (RHCP)
and left-handed CP (LHCP) subunits forming a four panel with
the total size of 1.5 m in elevation and 0.4 m in azimuth direction
[3][23]. A block diagram of the system is shown in Figure 2. The
CP-SAR sensor system is composed of a chirp signal generator,
RF Module, CP antenna, analog-to-digital converter/data
recorder, SAR processor, motion sensing module and data
downlink module. The CP antenna is connected to the RF
module, while the motion sensing module contains an inertial
measurement unit (IMU) that receives position signals from
GPS antenna. In order to communicate with the ground station, a
data link antenna is connected to the data downlink module.

Chirp Generator RF CP SAR Antenna

|

N osertar < Motion Sensing (e GPS Antenna
Recorder
SAR Processor Data Downlink Data Link
Antenna

Figure 2 Block diagram of CP-SAR System on JX-2

TABLE 2 CP-SAR SYSTEM SPECIFICATION

Parameter Symbol Value
Operating altitude H 1—4km
Platform speed v 100 km/h
Center frequency F 1.27 GHz
Wavelength A 0.2362 m
Off nadir angle 6 40° - 60°
Antenna Width w 0.75m
Antenna Height L 04 m
Azimuth beam width Brocp 7.94°
Range beam width Ocrcp 29.78°
Ground Resolution (Rg) Org Im
Ground Resolution (Az) Oaz Im
Swath width Wer 1000 m
Observation length Lo 5km
PRF PRF 1000 Hz
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The RF subsystem consists of a transmitter, receiver, local
oscillator, and low noise amplifier, weighing approximately 10
kg. The transmitter mixes the 150 MHz bandwidth chirp up to
1.27 GHz for transmission. The receiver and local oscillator are
used to mix the RF radar return from the antenna to an offset
baseband, and amplify it so that it can be sampled by the ADC
subsystem.

The signal generator subsystem generates chirp signal as the
input for RF subsystem. It is implemented using a field
programmable gate array (FPGA) to enable rapid modification
to the generated chirp signal. The chirp signal generator must be
able to generate chirp signal with various configurations
depending on the mission requirement such as flight height and
platform speed. The parameters of generated chirp signal that
can be modified are: chirp bandwidth, pulse duration and pulse
repetition frequency (PRF). Direct digital synthesizer (DDS)
technique is used for the chirp signal generation process because
it has many advantages compared to its analog counterpart.
Figure 3 shows an example of real and imaginary components of
the chirp signal created by the signal generator subsystem [24].
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Figure 4 Block diagram of CP-SAR System on JX-2




The analog-to-digital converter (ADC) and data recorder
subsystem handles the sampling and down-converting of signal
received by the CP antenna. After down-converting to the
baseband, the data are stored in a solid-state drive (SSD)
storage. These data are known as raw SAR data or phase
histories, and will be processed further using signal processing
technique in order to produce a SAR image. Figure 4 shows the
photographs of chirp generator subsystem, analog-to-digital
converter/data recording subsystem, and the SAR processor on a
compact single PC board.

B. Axial Ratio and Geometry

An active microwave sensor can be operated in one of the
three polarization modes of linear, elliptical or circular
polarization. An essential parameter that differentiates circularly
polarized wave and its linear counterpart is the axial ratio (AR)
value, which is defined as the absolute ratio between the major
and minor axis length of the electric field amplitude, as shown in
Figure 5 [25].

_ major axis length 04

IRl minor axis length OB — M
R(dB) = 201log|R| )
g = arccot(—R) —45 < e<45 3)

In Figure 5, ¢ is the ellipticity angle and 7 is the tilt angle of
the wave. The value of € is from -45° to 45° and that of t is from
0° to 180°. The value of t is related to the orientation of plane
polarization vector of the microwave. When ¢ is equal to 0, the
elliptical shape will degenerate into a straight line, or called as
linear polarization (LP). This LP wave is horizontal polarization
(HP) when t is equal to 0 and vertical polarization (VP) when t
is tilted to 90°. According to (1), the value of R is 1 for circular
polarization, infinite for linear polarization, and between one
and infinite for elliptical polarization. The value of R is usually
represented in decibel as in (2).

With respect to the SAR geometry, the difference between
CP-SAR geometry and LP is in the definition of beamwidth of
the antenna. In the conventional LP-SAR, the 3-dB half power
antenna beamwidth is defined as an angular range in which the
value of antenna gain is no less than -3 dB from the peak value.
The 3-dB half power beamwidth can be estimated as

2
Oer-1p = 0886 )

2
Baz-1p = 08867 ®)

where and 8,,_; p are the half power beamwidth in the elevation
direction and azimuth direction, respectively; W is the antenna
width, L is antenna length and A is the radar wavelength.

Two important parameters of the SAR system are related
with the value of half power beamwidth, namely, the value of
0.;_pp determines the ground swath width, while the value of
O4z—yp does the synthetic aperture length. This latter
relationship can be written as
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Lsa—1p = Rg " 0gz_1p (©)

R, A L
0 - ~2 )

Oaz-1p = ~
az—-LP 2Lsa—LP 2

where R, represents the nearest distance to the target in azimuth
plane view [11].

Figure 5 Polarization ellipse showing the major and minor axes
with the definitions of angles € and ©

Figure 6 shows the geometry of CP-SAR sensor onboard an
airborne platform. Here, 6.,.cp is the 3-dB AR beam-width in the
range direction. Since the beam-width of CP antenna is
determined by the AR value, the CP-SAR geometry is also
dictated by this value. The main difference of CP-SAR
geometry from that of LP-SAR is that the calculation is using
the circular version the beam-width.

The relationship between the circular and linear polarization
beam-width can be expressed as

eel—CP < gel—LP (8)
eaz—CP < gaz—LP (9)

where 0,;_cp is the elevation AR beamwidth, and 6,,_.p is the
azimuth AR beamwidth. In our implementation, we define
circular polarized antenna as an antenna with the value of AR
less than or equal to 3 dB. This is due to the difficulty of
implementing antenna with AR value of zero which represent a
completely circular polarization [23].

A. Resolutions and Raw Data Generation Rate
On the basis of the definition of CP-SAR geometry, the CP
synthetic aperture length (LSA-CP) and the azimuth resolution
(842—cp) can be defined as

Lsq—cp = Ro " Baz—cp (10)
B cp = Ry- 4 _ Ry -4 (n
2Lsa—CP 2Lsa—CP
and the ground range resolution can be defined as
2
%r = 3B sine, (12)



where ¢ is the velocity of light, B is the radar bandwidth, and 6;
is the incidence angle. The ground swath width can be given
approximately as

w ~ eel—CPRm
- P ~
gr-¢ cos 6;

13)
This indicates that the ground swath width is determined by the
elevation angle (8,;_cp), center slant range (R,,,) and incidence
angle (6;) [26].

The amount of data received during data acquisition is
dependent on the minimum flight distance, L,, which related to
the synthetic aperture length, Lg,.cp, from (10). Figure 7 shows
that the minimum flight distance, L,, is equal to the desired
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image length, Ly, added with two times the half of synthetic

aperture length:
La = LO + LS(Z—CP (14)

Using this value of minimum flight distance and the platform
velocity (v), the data recording time, #p, can be expressed as

1s)

which shows the time duration in which the SAR data are
acquired.
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Figure 7 CP-SAR flight distance and time
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Figure 8 CP-SAR flight distance and time

Figure 8 illustrates the concept of the total imaged area on
the ground when the UAV moves from timet =0tot = tp.
The observed area is denoted as ABCD, which causes the
backscattering signal from ground area illuminated by the
air-borne radar from time ¢t = 0 to t = t,. The area of imaged
plane can be expressed by the product of the flight distance and
desired swath width.

(16)

Aimage = Wgr-cp~ Lq

C. Sampling Requirements

One of the major requirements of JX-2 CP-SAR is the
ground resolution in range and azimuth direction, which is 1 m
by 1 m. These values will dictate the values of other parameters,
especially those related to the signal acquisition: pulse
bandwidth, pulse length, and pulse repetition frequency (PRF).

In the RF subsystem, the sampling window start time
(SWST) is calculated using the minimum and maximum values
of the range between sensor and target. As depicted in Figure 9,
the minimum range is the near range, R,, and the maximum
range is Rp.x, Which is defined as

L 2
Rz +( sa—CP)
f 2

The minimum and maximum range is used to derive the
value of start and stop sample time given as

an

2R
tstart = Tn (18)
2R
tstop = g‘“" +1, (19)

The sampling window stop time is determined by Ry, and
the pulse length 7,,. The value of #, must be larger than the
pulse length to avoid collision with the end of the pulse. The
time to switch the antenna operation from transmitting to
receiving mode is known as the switch time 7, , and this
imposes the limitation of the system [26] so the start time of
receiving must satisfy
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Cstart = Tp + Tsw (20)

In our current design, T, is 3 us. Another limitation on the
pulse length is that the product between pulse length and
bandwidth (time-bandwidth product) must be bigger than 100
[27].

@1

Finally, we have the sampling interval as the difference
between sampling stop time value and the sampling start time

7, B > 100

tsi = Cstop — Cstart 22)

The number of samples in range (r) and azimuth (m)
directions determine the amount of raw data produced by the
data recorder and how much data produced per second or data
rate. This data rate, in turn, determines the minimum processing
speed that the SAR processor must provide in order to be able
to process the data in real time.

The number of samples in range direction depends on the
sampling frequency used in the system. The CP-SAR uses
in-phase and quadrature (IQ) modulation where the ratio
between sampling frequency and pulse bandwidth is typically
equal to 1.2 [11]:

ok
B

The sampling frequency is inversely proportional to the
sample spacing of the pulse:

=12 (23)

24

The number of samples in the range direction can be
calculated as the proportion between the sampling interval (21)
and the sample spacing:

n = 5t

At

Using the same principle, the number samples in the
azimuth direction can be calculated by first calculating the

sample spacing in azimuth direction, 4s,,, which is equal to the
effective platform velocity divided by the PRF:

25

Asy, = (26)

v
PRF

The down-sampling rate, K, is estimated using the value of
PRF and Doppler bandwidth, BD [28]:

PRF
K, <——— 27)
1.2 Bpop
21] ' 6 —CP
bop = —2E ©3)



Thus, the Doppler bandwidth directs the sampling
requirements that define the lower limit of the PRF. The
azimuth sample spacing after pre-summer filter value is equal
to the value of azimuth sample spacing in (26) multiplied by the
down-sampling rate. In CP-SAR design, the maximum value of
K, is used to obtain the azimuth sample spacing after
presuming.

du =K, - 4S,, (29)

with the number of sample in azimuth direction with the length
of L can be obtained as [28]
Cdu

The number of samples in the range and azimuth directions
is related directly with the size of raw data, D,

m (30)

(E2))

Here m is the number of sample in azimuth, n is the number
of samples in range and s, is the size of one sample point,
which is in our implementation equal to two bytes for a
complex sample point.

Dgize = M * N * Sgige

The data acquisition time required for an area with the
azimuth length of L can be calculated as the ratio between the
flight length La, and the effective platform velocity v:

tp = -2 ¢2)

where L, is defined in (14). The value of fp is then used to
calculate the estimated data rate per analog to digital sampling
channel as
Dsize
tp
By combining (24), (32), and (33), the data rate can be
estimated as

Drate = (33)

1.21]9 —CPTL 1.2179 —CPt f
Drate — ;Z — (11 SLJS (34)
This shows that the data rate is proportional to the platform
velocity, azimuth beam-width, sampling interval, and sampling
frequency, and inversely proportional to the radar wavelength.

III. CP-SAR RAW DATA PROCESSOR

This section presents the development of CP-SAR
processing system for the JX-2 UAV. First, we present the
algorithm called the Range Doppler algorithm (RDA) that is
used for the SAR image formation, followed by an overview of
the mobile heterogeneous platform and the implementation of
the CP-SAR processing system on this platform.

A. Range-Doppler Algorithm

The Range-Doppler algorithm (RDA) is one of the oldest
and the most commonly used algorithm for processing SAR
data. The first successful application of this algorithm is for
processing SEASAT-the first satellite-borne SAR mission-data
in 1976. RDA is computationally efficient and, for typical
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spaceborne imaging geometries and it is an accurate
approximation to the exact SAR transfer function. Thus, the
algorithm is phase-preserving and Single Look Complex (SLC)
images formed with RDA can be used for advanced
applications such as interferometry [29].

To achieve block processing efficiency, RDA uses
frequency domain operations in range and azimuth directions,
while maintaining the simplicity of one-dimensional
operations. It takes advantage of the approximate separability
of processing range and azimuth directions, allowed large
difference in time scales of the range and azimuth data, and by
the use of range migration correction (RCMC) between the two
one-dimensional operations in order to compensate the
migration effect.

The RCMC operation is done in the range time and azimuth
frequency domain to also gain block processing efficiency.
This domain is known as "range Doppler" domain, because
azimuth frequency is the same with Doppler frequency. The
algorithm is called range Doppler algorithm because the
RCMC, as the unique feature of this algorithm, is executed in
this domain.

A key feature of this algorithm lies in the fact that the
processing of energy from point targets, at the same range but
different azimuth, is transformed to the same location in
azimuth frequency domain. Therefore, correction of one target
trajectory in this domain resulted in an effectively corrected
family of target trajectories that have the same slant range of
closest approach.

To achieve efficiency in implementation, the matched filter
convolution process in range and azimuth directions are
implemented as multiplication in frequency domain. RDA able
to accommodate range variant matched filtering and RCMC
operation with relative ease, and all operations are performed in
one dimensional data arrays to achieve simplicity without
losing efficiency.

Currently there are several variants of RDA available. For
example, in order to handle data with a moderate amount of
squint, in 1984, NASA added a secondary range compression
(SRC) step before RCMC is done. Using SRC, the algorithm is
able to compensate the range and azimuth coupling of target's
phase history and helps to remove phase distortions in case of
SAR with squinted or large aperture datasets.

Figure 9 gives a block diagram of the basic RD algorithm
which suited for processing data from relatively small squint
angle and aperture lengths antenna.

The following are the general processing steps of RD
algorithm:

1. Range compression is performed with fast convolution
when the data are in the azimuth time domain. In other
words, a range FFT is performed followed by a range
matched filter multiply, and finally a range IFFT, to
complete the range compression.

2. An azimuth FFT transform the data into range Doppler
domain, where Doppler centroid estimation and most of the
subsequent operations are performed.



3. RCMC, which is range time and azimuth frequency
dependent, is performed in the range Doppler Domain,
where a family of target trajectories at the same range are
transformed into one single trajectories so that they now run
parallel to the azimuth frequency axis.

4. Azimuth matched filtering can be conveniently performed
as a frequency domain matched filter multiply at each range
gate.

5. The final step in azimuth IFFT to transform the data back to
the time domain, resulting in a compressed image.
Detection and look summation can be done at this stage, if
desired.

Data received from the radar system are referred to as signal
data or raw data. The raw data are first demodulated to
baseband, so that the nominal center frequency is zero. The
demodulated radar signal s, (7, 1), received from a point target
can be modelled as (35).

2
So(T,m) = 4y - w, <y—@)'wg “(m—nc)

" <_J'41Tf0CR(n)> exp <_i ik, (Y _ ZRC(H)> ) (35)

where 4,, ¥, Ne, N, Oo(T), ©s(M), fo» Ky, R(1) are an arbitrary
complex constant, range time, azimuth time reference to closest
approach, beam center offset time, range envelope (a
rectangular function), azimuth envelope (a sinc-squared
function), radar center frequency, range chirp FM rate, and
instantaneous slant range, respectively.

The two omega terms model the magnitudes of the range
and azimuth signals, and are often neglected in the signal
analysis. The instantaneous slant range R(n), is given by:

R(m) = ,’RS + Voznz

where R, is the slant range closest approach.

(36)

For this target, the azimuth time 7 is referenced to zero
Doppler. When multiple targets are considered, a common
absolute time 17, is needed, such asn = 0 at the start of data
acquisition.

In range compression, range FFT is performed followed by
a range matched filter multiply. Range IFFT is then performed
to the data after the range matched filter multiply, where the
range matched filter phase G(f;) is defined as

s1(z,n) = IFFT{FFT{s,(t,mG(f;) }
G(fy) = exp{—jmK, 7%}

Second step of RDA is azimuth FFT. In this stage, azimuth FFT
is performed on the data, which transforms the data into range
Doppler domain (7, f,).

s;(T. fy) = FFT{s1(z,n)}

Ja7)

(38)
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Third step of RDA is RCMC which performed by a range
interpolation operation in the range Doppler domain. In
RCMC, an interpolation is implemented based on the sinc
function. The data are corrected by the amount given by RCM,
which is defined in

s3(%, fy) = RCMC{s,(z, )} (39)
A2Rof2
AR(f) = =gy (40)

Azimuth Compression is the fourth step of RDA. In azimuth
compression, azimuth matched filtering is performed on the
data at each range gate in range Doppler domain. Azimuth
matched filter phase H,,(f;) is as defined in

S4(T'ﬁ7) = 53(T'ﬁ7) 'Haz(fn) (41)

_ i
Hey(fy) = exp(—j S (42)
K, = ZVTZ (43)
“ AR,
ss(T,m) = FFT{S4(T,ﬁ7)} (44)

Compare to other algorithms, RDA is relatively simple and
can be adapted to most SAR processing tasks with the best
trade-offs between accuracy and complexity. Many find it the
easiest to understand and implement although its accuracy is
not the highest. RDA can also be easily implemented in an
efficient pipeline architecture where all operations are done in
one dimension at a time. However, in terms of beam-width and
squint angle, RDA has restrictive limitations. RDA also has
high computation load as the interpolator used for RCMC is a
time consuming operation [11].

B. RDA for LFM-CW SAR

Actual raw data from the JX-2 CP-SAR is not yet available
because the system is currently under development. In order to
test the functionality of the raw data processing system, sample
raw data, processed images, and Matlab scripts from
microASAR mission courtesy of David G. Long at Brigham
Young University is used [21][22]. The microASAR uses linear
frequency modulated continuous wave (LFM-CW), which has
different signal characteristics compared to our pulse-based
SAR, leading to differences in RDA implementations.

There are two major differences between conventional RDA
and the LFM-CW version: range compression and range cell
migration correction. In LFM-CW radar, range compression
can be done by zero padded FFT of each chirp, which is simpler
than the convolution method in pulsed radar in (37) of the
previous section. In current implementation, due to the low
flight geometry, the processing can be simplified by omitting
the RCMC steps completely.

In range Doppler processing, to optimize the low altitude
data, a hyperbolic azimuth chirp is used instead of parabolic as



the azimuth reference function. The conventional parabolic

reference function is defined as:
“m?-v?  2f -vi-m
Je _2e 45)
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where m = [N, /2...N,/ 2] is the pulse index, N, is the
number of pulses, fc is the carrier frequency, ¢ is the speed of
light, PRF is the pulse repetition frequency, and v is the along
track velocity.

The hyperbolic version of this reference function can be
expressed as:

Azyy,(m) = exp{—j - (2n - f. - (M) + K, - 2(m))} (46)

where K, is the frequency chirp rate and t(m)is

2

t(m) =2 |2 + (mv 47)

)

and mv/PRF is the azimuth displacement.

Figure 9 shows the range processing flow of CASIE SAR
data. Before range compression, the raw data must be
preprocessed to interpolate gaps between individual transmitted
signal in order to create a uniform sampled data. Preprocessing
also involved the process of zeroing the first 30 samples to
avoid artifacts induced by transient RF signals caused by the
switching of the transmitter and antenna side lobe suppression
using Taylor window [22]. After zero padding of each received
signal to the value of N=4096, with N is the sample number, the
range compression is carried out by FFT operation of each
sample. The result must be truncated in half to remove the
negative frequency portion from the range compressed data.
The range compressed data then ready for further processing in
azimuth direction depicted in Figure 10.
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Figure 9 Range Processing Steps
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Figure 10 Azimuth Processing Steps

The processing in azimuth direction consists of azimuth
compression implemented using multiplication in frequency
domain between each azimuth samples with range dependent
azimuth reference function in (46). An additional range
compensation step by scaling the pixel value with the cubic of
range distance is added to approximately compensate for range
roll-off effect in the image.

C. Mobile Heterogeneous Computing Architecture

Heterogeneous computing refers to the use of different
computing processing cores to maximize performance [32].
Several previous researches focused on the advantages of
heterogeneous = multiprocessors  concerning  processing
throughput, power consumptions, and Amdahl’s law mitigation
over its homogeneous counterpart [30]-[33]. Nowadays, the
heterogeneous computing paradigm has also been applied to
mobile computing areas where size and energy consumption
become a key factor [34]. Mobile devices such as laptops,
smartphones or tablet is equipped with integrated multicore
CPU and application-specific accelerators such as GPU and
DSP, and became ubiquitously available.

In this research, we explored the feasibility of implementing
on-board SAR processor for JX-2 UAV using NVIDIA Jetson
TK-1 mobile heterogeneous computing platform hardware.
Jetson TK-1 is powered by NVIDIA Tegra K1 mobile
processor with quad core 4 plus 1 ARM Cortex processor, 2 GB
of RAM, 16 GB of on-board storage and various peripherals
and 10 ports (Figure 11). It has the 5”-by-5" dimension, weighs
120 gr (excluding the power supply unit) and is equipped with
USB 3.0, Gigabit Ethernet and PCle x1 port.

The platform runs Linux for Tegra (L4T) operating system
derived from Ubuntu 14.04 distribution, including Common
Unified Device Architecture (CUDA) 6.5 Toolkit for software
development, OpenGL 4.4 drivers and NVIDIA integrated
development software on Windows and Linux/Unix Platform.



The GPU architecture of Tegra K1 GPU (codenamed
Kepler) is similar with the desktop/server Kepler GPU
architecture with additional optimization for mobile usage. The
Jetson-TK1 platform with Tegra K1 SoC includes a 192 cores
GPU with theoretical performance of 300 GFLOPS and 15
Watts maximum power consumption [35].

192 Cores 4+l
Cortex
Kepler GPU ALS
Video Video ;
2x ISP ARM 7 Encoder Decoder Audio
Security Dual

UsB Fhgine HDMI Display UART
LY SpI 125
DsHl/gsw, E.MMC DDR3L <pio 2e

Figure 11 Jetson-TK1 Architecture

Compared to other embedded solution such as FPGA,
Custom ASICS and DSP processor, Jetson TK1 offers easier
programming model using standard C/C++ with additional
CUDA extension. It comes with free tool suite including editor,
debugger, and profiler to support the embedded software
development. Until recently, this platform has been used for
various embedded applications such as robotics, augmented
reality, = computational  photography,  human-computer
interface, and advance driver assistance systems [35].

D. Software Implementations

We have implemented two version of raw data processing
using RDA to run on the mobile heterogeneous platform
(TaBLE 3). The first implementation called RDA-1, was written
using GNU Octave scripts. The second implementation
RDA-2, was written in C++ programming language and
ArrayFire library with NVIDIA CUDA SDK. This
implementation uses the GPU to accelerate processing.

The processing code for the data set that we use in this work
was created using Matlab programming language; we used a
numerical software called GNU Octave to replace Matlab as the
reference implementation platform. GNU Octave is selected
because it provides mathematical and signal processing
function required by our SAR processing routine.

Another major consideration is because it provides
extensive graphical plotting capabilities for data visualization
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and manipulation. GNU Octave is also free and open source,
making it a low-cost solution for Matlab replacement. Not to
mention that Octave supports most Matlab programming
language constructs, making most Matlab program portable
with Octave. Due to this high compatibility between Octave
with Matlab instructions, only minor modifications of existing
Matlab code is required during this process.

For the GPU software development process, we utilize the
open source ArrayFire programming library for CUDA.
ArrayFire is a software library that enables a software
developer to create data-parallel programs in various
programming language. It provides high-level matrix
abstraction to allow rapid development of software on top of
low-level GPU APIs such as CUDA, OpenCL, and OpenGL
[36].

TABLE 3 JX-2 AND MICROASAR COMPARISON

Parameter JX-2 SAR MicroAsar
Frequency 1270 MHz 5428.76 MHz
Velocity 100 km/h 36 — 540 km/h
Altitude 1 -4 km 1.5-3km
Bandwidth 150 MHz 80 — 200 MHz
PRF 1 kHz 7—-14kHz
Swath width 1000 m 300-2500 m

The actual raw data that we use is from microASAR UAV
sample dataset [21][22], which has been chosen to test the RDA
implementation due to its relatively similar flight geometry
with IJX-2 SAR.

Chirp Generator RF CP SAR Antenna

|

=g Motion Sensing GPS Antenna
Recorder
SAR Processor Data Downlink Data Link
Antenna

FIGURE 2 Block diagram of CP-SAR System on JX-2

TABLE 2 lists the comparison between of CASIE and JX-2
SAR parameters.

The original raw data is formatted in 64 bit double precision
and stored in Matlab’s .mat formatted file. The phase histories
data consist of 3884 range lines, with 1702 samples for each
line representing 13 seconds of SAR data acquisition. To
reduce memory usage during processing and maximize the




number operation per second, we have implemented the
software using 32 bit single precision floating point number.
This due to the capability of Tegra K1 GPU deliver
performance up to 300 GFLOPS for single precision and 13
GFLOPS for 64 bit double precision.

The process of reading input signal data and writing output
image is handled using MatlO library. This library simplifies
the loading and saving matrix, array and numbers into Matlab
compatible .mat file. Using this library enables us to
interchange data between Matlab/Octave and C++ programs,
and allows us to visualize processing result rapidly using
Matlab/Octave graphics plotting functions.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

TABLE 4 shows the specifications of the experimental setup.
To test the software implementations, we use Jetson TKI
mobile heterogeneous development platform, a small (5x5 in?)
development board for embedded and mobile applications
(Figure 12). It is powered by the Tegra K1, a mobile processor
featuring a CUDA-capable GPU. It has a GK20A Kepler GPU
with 192 cores and a quad-core ARM Cortex-A15 32bit CPU. It
has 2GB of system RAM and runs Ubuntu Linux version 14.4.

TABLE 4 SOFTWARE IMPLEMENTATIONS

RDA-1 RDA-2

Language Octave C++

CPU Core 1 1

Use GPU No Yes

Compiler - GNU G++
Matio library No Yes

ArrayFire No Yes
CUDA SDK No Yes

Data size | Float (32 bit) | Float (32 bit)

TABLE 5 EVALUATION HARDWARE SPECIFICATION

Parameter Value
Name Jetson TK-1
CPU 4+1 Cores
CPU Architecture ARM Cortex-15
GPU NVIDIA Tegra K1
GPU Architecture Kepler
No. of GPU Cores 192
GPU memory size 2GB
Compute capability 3.2
Ubuntu Linux version | 14.04 (32 bit)
Kernel version 3.10.40-gdacac96
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Figure 12 shows the two dimensional view of the raw data.
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Figure 12 Raw SAR Data
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As described in Figure 9, before range compression using
zero padded FFT, a preprocessing step is required to make the
data uniformly sampled, removing RF noise, and suppressing
antenna side lobe using Taylor window. The raw data with
removed noise and suppressed side lobe is depicted in Figure
13.
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Figure 13 Preprocessed Data




Azimuthsample no

3
2.5
2
1.5
1
0.5

500 1000 1500 2000 2500 3000 3500 4000
Range sample no

Figure 14 Range compressed data
after zero padded FFT and Truncation (absolute value)
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Figure 16 (a) Azimuth chirp filter (real), and
(b) Azimuth chirp filter (imaginary used for azimuth compression

After zero padded FFT in the range direction with the
number of sample equal to 4096, we have the range compressed
data in complex value. After zero-padding each chirp to 4096
values and computing the FFT, which resulting a 4096-by-4096
elements matrix, the redundant negative frequency half of the
range compressed data can be discarded by truncation
operation creating a 2048%x4096 complex single valued matrix
(Figure 14).

Azimuth processing in RDA is carried out by creating an
azimuth filter from parabolic azimuth chirp according to (46)
with azimuth slow time value from (47). After convolution
between the range compressed data (Figure 14) with azimuth
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filter (Figure 15), the azimuth compressed data is obtained
(Figure 17). The convolution operation is carried out by
multiplication between range compressed data and complex
conjugate of azimuth filter in frequency domain involving pair
of FFT and IFFT operation.
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Figure 17 Magnitude value of Single Look Complex (SLC) image
from sample dataset

TABLE 6 shows the runtime execution result of two
implementation of RDA, RDA-1 the Octave version and
RDA-2 the C++ version. In general, RDA-2 shows shorter
execution latency except for the following steps: Load Data,
Interpolate Missing Data and Calculate Azimuth Chirp. Our
initial analysis indicates that there is a possibility of
performance degradation of RDA-2 for processing that
involves disk read-and-write operation. We also found the
possibility of performance improvement in the future by doing
detailed runtime profiling of each steps to pinpoint the
processing bottleneck.

Although the RDA-2 implementation shows significant
speed-up compared to RDA-1, using currently available data,
we could not make direct comparison between the two
implementation. This is due to the major difference in the
programming implementation between Octave, which is an
interpreted language, and C++, which is compiled
programming language. In order to make fair comparison and
to show valid speed up value, we propose further RDA
implementation using the same C++ programming language
running on CPU and the one running on the CPU and GPU.

TABLE 6 RUNTIME EXECUTION RESULTS

RDA-1 RDA-2
(sec) (sec)

Load Data| 0.453367 | 5.324360
Compute Geometry | 0.004375 | 0.012857
Interpolate Missing Data | 5.491740 | 0.299552
Range Compression | 1.155760 | 0.043489
Calculate Azimuth Chirp | 12.42320 | 6.076900
Azimuth Compression | 8.867780 | 1.184680
Total | 28.396222 | 12.941838

Based on runtime execution measurement result, RDA-2
version is able to process raw SAR data approximately in 12.94
seconds. This total processing time value is slightly under the
SAR sensor data production time which is 13 seconds.



Although it showed the potential of this platform for near
real-time processing of SAR data on-board the UAV platform,
further investigation is required in order to optimize the
processing time especially those related to data loading and the
calculation of azimuth chirp.

V. CONCLUSION

This work presents the development of raw data processing
system for airborne Circularly Polarized Synthetic Aperture
Radar on-board JX-2 Unmanned Aerial Vehicle using mobile
heterogeneous computing platform. It employs Range Doppler
algorithm and parallel processing enabled by GPU on the
mobile computing platform to accelerate the raw data
processing.

The CP-SAR specific parameter for determining resolutions
and data generations has been introduced. Based on CP SAR
geometry and axial ratio we derived the image resolution and
raw data generation rate, followed by the calculation of
sampling requirements which play important role in SAR
processing.

The Range Doppler algorithm is implemented rapidly on
mobile heterogeneous computing platform with CPU-GPU
processor using existing programming language, tools and
libraries. Experimental result showed its lightweight, small and
compact form factor is highly potential for SAR processing
on-board JX-2 UAV. The raw data processing on mobile
heterogeneous computing platform reliably generate single
look complex image (SLC) from actual UAV SAR mission and
feasible for future JX-2 CP-SAR raw data processing.
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