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Doppler Shifting Technique for Generating
Multi-Frames of Video SAR via
Sub-Aperture Signal Processing

Chul Ki Kim

Abstract—The signal processing technologies of synthetic aper-
ture radar (SAR) have been vastly studied as diverse measure-
ment modes for various applications. One of the technologies is
Video-SAR (ViSAR). Itis a land-imaging mode where a sequence of
images is continuously formed on the spotlight mode. We propose
a new signal processing method to generate the multi-frames of
VIiSAR using Doppler shifting technique via sub-aperture process-
ing. The method is based on our designed wide-angle antenna,
which is a corrugated horn shape with low side lobe and Gaussian
beam pattern. This wide-angle antenna receives a wide Doppler
band along the azimuth direction. Based on the characteristics of
the antenna, we separate the wide Doppler band into each chirp
pulse signal. Each of these separated signals has a different center
time. Through each chirp pulse signal in Doppler domain, the
proposed method generates each frame of video at a high frame
rate. The proposed ViSAR processing can show high efficiency with
low computation and without a fixed coordinate system. Moreover,
it can also visualize a wider area on stripmap mode than the
conventional ViSAR mode, and can derive the video results based
on Range Doppler Algorithm (RDA). These advantages can lead to
reduce economic costs and simplify the operating ViSAR system.
We have performed the practical experiments using X-band chirp
pulse SAR system mounted on an airplane to verify the proposed
method.

Index Terms—Airborne SAR, Sub-aperture processing, ViSAR,
Wide Angle Antenna, Doppler shifting technique.

|. INTRODUCTION

N ORDER to overcome the disadvantages of optical surveil-

lance system, which is greatly influenced by climate chang-
ing and the brightness of light, SAR has been studied as a
solution for accurate detection. The reason is that SAR is able
to monitor the area of interest throughout day and night under
al weather conditions. In addition, the SAR can be diversely
applied depending on the purpose, such as a stripmap mode (or
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standard mode), a spotlight mode (or high-resolution mode), a
scan mode, enhanced mode, etc. In the recent research of SAR,
ViSAR has been studied for monitoring the area of interest
and moving target detection in real-time. In contrast to the
conventional SAR image, which focuses on a specific area at
atime, ViSAR shows the video image using SAR measurement
along the sequentia time. Moreover, ViSAR is mostly used to
sense a scene of interest while the airborne radar platform is
either flying by or circling it in spotlight mode [5], [13], [19],
[20]. An airborne radar platform for ViSAR is widely used in
military service and space science fields. It isthe most effective
method than other SAR platforms (e.g., automobile, satellites)
in scouting and detecting the area of interest in the air without
the restriction of movement.

One of the method for ViSAR processing is to generate sub-
apertures for producing frames of video with afixed coordinate
system[31]. Sub-aperturein ViSAR havethe advantageto avoid
the duplication of signal processing in each frame and hence
it reduces the computation complexity. And it can be applied
into diverse fields by finding the information of the signal in
the sub-aperture [17], [18], [29]. However, there still requires
an enormous amount of computation to generate all frames, as
the number of scenesin video increases. In order to arrange the
continuousframesof ViSAR from sub-aperture, all of framesare
constructed with the same resol ution and image quality based on
afixed coordinate system such asthe common ground output co-
ordinate system (GOCS) [5] and local output coordinate system
(LOCS) [3], [5]. The coordinate system is also used for SAR
imaging process in range-Doppler domain, which is verified
between the scene center and the aperture center with range
direction. However, there are still some issues and additional
process [22], [23] to be supplemented in geometric correction
for consecutive images [26], [27]. Moreover, ViSAR systems
form an image in afixed ground coordinate system and provide
feasibility and flexibility with arbitrary flight formation by ap-
plying back-projection (BP) agorithm. It has the advantage of
persistent sub-aperture processing [ 18], [20]. However, BPalgo-
rithm requiresthelargeamount of computation overheadin SAR
signal processing due to the azimuth-wise interpolation loops
and pixel-wise accumulation loopstherein. To overcomethedis-
advantage of general BP algorithm, fast back-projection (FBP)
[19]-21], [24] and fast-factorized back-projection (FFBP) [25]
have been studied for simple and efficient signal processing.
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In this paper, we have proposed a new signal processing
method to generate the frames of ViSAR on airborne SAR
platform, using the multi-segment application without a fixed
coordinate system, i.e. Doppler shifting technique. In other
words, we separate the received Doppler frequency band of each
chirp pulsesignal by the shifted windowing technique. To obtain
more frames in the proposed method, it is advantageous that
SAR raw data have a wide Doppler band along the azimuth
direction. Therefore, we design a wide-angle antenna, which
has a Gaussian-beam pattern with low side lobes. In general, the
azimuth and range data are neither processed nor compressible
in the frequency domain without an arrangement of each frame.
However, we apply thismethod to extract the framesfor ViSAR
only by separating the received Doppler band and it shows that
each frame has a different center time [34], which indicates the
time order of the video image. In addition, the results can be
generated without afixed coordinatesystemineachframe. It also
leadsto ahighframerate of ViSAR. In other words, the proposed
method offers a convenient signal processing with ahigh frame
rate as compared to other conventional methods [5], [12], [18],
[20]. This method executes a multi-frame signal processing,
based on a Range Doppler Algorithm (RDA). Although the
conventional RDA uses a serial process, we improve it to the
parallel processfor the proposed ViSAR signal processing. And
RDA can reduce the amount of computation as compared to BP
algorithm for ViSAR. While the required operation number of
traditional BP algorithm is proportional to N® [20], traditional
RDA requires the amount of 5N. It can lead to increase speed
and be a better approach to implementing real-time processing
technology in future work. To verify our proposed method, we
have performed experiments using an airborne X-band radar
system to obtain ViSAR raw data. With the benefit of wide
scanning and multi-segment of Doppler shifting technique on
an airplane platform, we were able to arrange successive frames
along the azimuth direction, called as time-sequential images
[2]. To that end, we have proposed a new frame construction
for ViSAR, which is a shifting the Doppler window from
sup-apertures and improve the efficiency and performance of
the signal processing. Moreover, the proposed method has the
advantagesthat we can obtain ViSAR in an easy-to-use stripmap
mode, which is standard operating SAR mode. And also, we
can apply it to rea-time observation with a small amount of
computation which can achieve reducing economic costs with
minimizing the constraints of the target frequency band. Thus,
reducing the burden on hardware system design.

This paper organized as follows. Section |1 introduces the
fundamental theory of RDA processing for SAR. Section |1 pro-
vides a new frame construction scheme for ViSAR on airplane
platform. Section IV presents the processed resultsto verify the
proposed techniqueinthe practical experiment with thedesigned
wide-angleantenna. Finally, wedemonstrate the conclusionsfor
the proposed method in Section V.

1. SAR SIGNAL ANALYSIS MODEL IN RDA

The RDA isone of the methods to compress a SAR raw data
using the matched filters of the range direction and azimuth
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Airborne-SAR flight mode for chirp pulse radar.
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direction. Asshownin Fig. 1, RDA has been used in a stripmap
mode with chirp pulse signals. The basic signal processing of
RDA consistsof range and azimuth compressions, and range cell
migration (RCM), as shown in Fig. 2. The estimation method
of Doppler signal can also be applied to obtain high-resolution
imagesin SAR experiment. Although the image quality caused
by the Doppler frequency variation is insignificant for the
ground experiment (Automobile-SAR), it iscritical to estimate
the accurate Doppler frequency in the case of arborne and
spaceborne SAR. The reason is that fast measurement speed
and large distance from the target to radar cause an inaccurate
change in Doppler chirp band [1]. Therefore, it is important to
estimate Doppler chirp pulse signal, using the magnitude and
phase information of received signal from the algorithm such as
average cross-correlation coefficient (ACCC), multi-look cross-
correlation (MLCC) and multi-look beat frequency (MLBF) [1],
[2]. The received chirp pulse signals in the range and azimuth
directions, respectively, are described as follows:

2R janfoR(D) 0 1?
Srange (T7 77) :A'rwr |:T - (77):| 674 f(iR - EJWKT [T7 ZR‘:n }

c

(N
Sazimuth (T7 77) = Aawa (77 - nc) ejQﬂf"]C (T)ejﬂ-Ka (T)n2 (2)

Authorized licensed use limited to: Korea Advanced Inst of Science & Tech - KAIST. Downloaded on September 08,2020 at 07:31:01 UTC from IEEE Xplore. Restrictions apply.



3992

where, T and ) are the range and azimuth time, respectively. w,.
and w, are thewindow functions of each chirp pulsesignals, A,
and A, aretheamplitude, f, and f,,, arethe center frequency of
chirppulsesignal, and K. and K, arethechirprateof thesignal.
In the previous sentence, subscript r and a stand for range and
azimuth direction, respectively. R(n) in (1) isthe instantaneous
slant range. For the range matched filter, the system parameters
such as center frequency and chirp rate of pulse signal are
used to compress the raw datain the range direction. Likewise,
after RCM of SAR data, the performance of resolution for the
matched filter in azimuth direction can be determined according
to K, and f,,_. Hence, based on RDA signal processing [1], the
final SAR image signal, Sfina(7,7) isderived as follows:

.47 fo Rg
B f)

Sfinal (Ta 77) = AOpT (T - CO) DPa (77) 6( !

32 fnen

(©)
where, Ry is the distance of the first signal in range-direction.
Asanairplane platform for SAR, the errors of the matched filter
in azimuth direction are vulnerable by the SAR measurement
environment such asactual speed, changing ratein distancefrom
the radar to target, and motion vibrating conditions. Whereas,
the matched filter of range direction is verified accurately from
the transmitted system parameter and the loop-back chirp pulse
signal. Therefore, it is more important to estimate the accurate
‘matchedfilter’ intheazimuthdirection (Doppler direction) than
the range direction. In other words, accurate estimation results
lead to the high quality of the video frames from the received
Doppler band. For this reason, we focus on the accurate estima-
tion method to obtain aclear ViSAR imagefrom awide-Doppler
band.

I1l. PROPOSED VISAR GENERATION SCHEME THROUGH
MULTI-SEGMENT APPLICATION

This section describes the proposed technique that is well
suited in ViSAR signa processing. The conventional ViSAR
createsthevideo image using atype of BPalgorithmin spotlight
modewith acoordinate system and sorted raw datain chronolog-
ical order. Inthispaper, we generate the multi-segment frames of
ViSAR by estimating Doppler parameters and applying them to
Doppler shiftingtechnique. Itisoperated on RDA whiletheradar
platform is flying by side looking at the scene. To demonstrate
our proposed process, we will explain the overal process of
technology at I11-A. And then, at 111-B, the important mathe-
matical Doppler formation in received data is analyzed before
understanding the proposed method. At 111-C, we describe the
generation method of the final ViSAR image processing, based
on the analysis of 111-B.

A. Overall Progress of Proposed Method

Different from the conventional processing method for
ViSAR, we present amodification of the RDA agorithm suitable
for ViSAR. To apply thismodified RDA in ViSAR, thefirst step
is to fabricate a wide-angle antenna as shown in Fig. 3. This
antennaisproperly designed to haveawider beam anglewithlow
sidelevel than aconventional SAR antenna. In SAR processing,
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Fig.3. Theradiation pattern of the proposed antennafor wide-angleat X-band.

the total beam angle of antenna is related to the resolution of
an image, quadratic phase error, and interference of unexpected
signa. Therefore, the narrow beam angle of antenna improves
the performance of SAR processing in general. However, this
type of antenna has limitations in narrowing the measurement
range and producing multiple scenes of ViSAR. In this work,
we have generated multiple frames using an antenna with a
wide beam angle, by utilizing its wide Doppler band. The
following sections B and C will introduce how to generate the
frames in detail. Therefore, we designed a new antenna with
a wide-angle and low side lobe to minimize the disadvantage
of a general wide-angle antenna. In particular, our designed
antenna can receive clear Doppler information, since the low
side lobe level reduces the interference from an unexpected
direction. In addition, it causes expanding the available angle
of aperture due to low sidelobe gain. Fig. 3. showsthe radiation
pattern of the proposed antenna. Thus, the raw data, which have
various Doppler information from a wide-angle antenna, can
be processed to multiple frames for the video image. Fig. 4
illustrates the phenomenon caused by the expansion of the
antennabeam angle. In asquint mode, Doppler bandwidth from
the antenna can be described as follows [1]:

2V, cos 04

O
b\ b

Afdop = ‘

(4)
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where 6,,, is the 3-dB width of the antenna beam width, 6,
is squint angle for measuring the target, Vs is the velocity of
the measurement platform and A is the wavelength of center
frequency in the chirp pulse signal. Equation (4) indicates that
the expansion of the antenna beam width can be proportional to
the wide Doppler frequency band. Thus, to utilize the received
data from a wide-angle antenna, we need to study an accurate
Doppler estimation method to separate thewide Doppler band as
oneof the segmentsfor theframeof ViSAR. Inour case, Doppler
data are received as several superimposed chirp pulse signals
because of the wide reception range of the antenna, shown as
Fig. 6(a). Therefore, we need to apply an accurate estimation
algorithm for the separation of the received Doppler data along
each azimuth direction. Accurate estimated Doppler parameters
become an important foundation to generate the frames of video
inour proposed method. Among the various Doppl er estimation
methods, we utilize the modified ACCC and MLBF agorithm
with the weighted window for generating each sub-frames. For
this reason, in the received signals by our wide-angle antenna,
Doppler chirp pulses can be represented by the sum of equation
(2) in the azimuth direction, shown as (5):

m
. . 2
Sazimuth (7-7 77) = Z Aqwq (77 - 770) 632ﬂfn0(7’n)€]ﬂK“(T’n)n

n=1
©)
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Fig.6. (&) Thecharacteristics of received bandwidth 1) from the conventional
antenna and 2) the proposed antenna with wide-angle, (b) the separated chirp
signalsin wide-angle of antenna.

where, ‘n’ is the Doppler chirp number along the azimuth
direction and 7. is the beam center offset time. Doppler chirp
pulsesignal isapproximate as exponential sbased onthe Doppler
centroid frequency and Doppler Chirp rate. Asthe squint angle
of antenna changes, the relative range of the radar and target
on the same platform also changes. Thus, the Doppler centroid
frequency and the Doppler chirp rate are defined in (6) along
the azimuth direction, respectively. Also, in Fig. 6(b), weillus-
trate the picture of Doppler chirp signals through a wide-angle
antenna.

2‘/5 sin (Gg(n))
A

2V32c05308(n)
AR (7)

1

fnc (T7n) = Ko (Tvn)

n=1,2,3,4, - -(shift order along the azimuth direction)
(6)

where, Ry(7) is the slant range along the range sample time.
These parameters are important to explain the multi-segment
application method for generating theframesof ViSAR. In other
words, each Doppler chirp pulse signal generates each frame of
video through the Doppler shifting technique. Fig. 2 and Fig. 6
show the analysis difference between the conventional method
and the proposed method. We will describe the detailed genera
tion processin Section[11-B and I11-C. Additionally, considering
the residual phase error in the estimated Doppler information,
the cross-correlation technique [6]-{8] is applied for the com-
pensation in each frame. After finishing the compensation, we
proposethe modified processof RCM and azimuth compression,
based on the Doppler information. To help in understanding the
overall process, the proposed RDA algorithmisshowninFig. 5.
After this section, we will introduce the formulations of the
method in Fig. 5, called Doppler shifting technique, in detail to
demonstrate the enhanced performance.
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B. Doppler Formulation for ViSAR imaging

As mentioned above, one of the important points in the
proposed technique is to estimate and arrange each Doppler
frequency within the whole aperture of a wide-angle antenna.
This Section I11-B is important to lead the parameters for the
azimuth-matched filter in the part of azimuth compression.
Therefore, as shown in Fig. 5, there are 8 steps before dividing
into a number of frames of ViSAR.

1) Pre-Processing: removing theinterference signalscaused

by transmitting and receiving antennas.

2) ACCC Processing: estimating Doppler centroid fre-
guency of each sub-aperture based on the modified ACCC
algorithm.

3) Range Compression: convolution between raw data and
range matched filter.

4) MLBF Processing: Measuring the ambiguity of Doppler
frequency through the modified MLBF a gorithm.

5) Cross-correlation Technique: Compensating the resid-
ual phase error in each Doppler chirp signal by cross-
correlation technique.

6) Range Cell migration with SRC: Range phase interpo-
lation with a squint-angle through RCM.

7) 2D windowing & Azimuth Compression: Convolution
the received Doppler signals with azimuth matched filters
along the azimuth angle in each sub-aperture.

8) In addition, the phase gradient algorithm (PGA) is
added in the case, the motion compensation is required
due to the unexpected measurement environment.

Weestimatethe Doppler parameters (by 2themodified ACCC
and ®MLBF) so that raw-data is separated into each frame
of ViSAR after YRange compression. And, based on these
estimated parameters, the process of generating aViSAR image
will bedescribed in ?Azimuth Compression. Steps 1), 5), 6) and
8) are the additional procedures required to obtain high-quality
SAR images. Thus, we focus on how to generate the frames of
ViSAR in the proposed multi-frame signal processing asfollow.

First, as shown in Fig. 6(a), the received signal is constructed
by the sum of the Doppler frequencies in awide aperture of the
antenna:

s (m,m) =

jar foR(rm) _2R(r,m)1? . : 2
= ej‘n'KrT = } E wnej27rfnc(‘nn)ejﬂ’Ka(‘r,n)n

n

Aw,e
(7

We use asquinted equival ent range model in (7) to reducethe
error of relative distance between radar and target [9], [ 14]-{16].
The total slant ranges for Doppler band between airplane and
target in each sub-aperture can be expressed as

= Z \/7"2 + (Vn)? = 2rVncosb,, (8)

where r is the distance between the sub-aperture center and
target, 6,, is the corresponding equivalent squint angle, V is
the equivalent speed of an radar platform. Based on equation
(7), Doppler centroid frequency can be estimated by the ACCC
algorithm in the 2D-FFT domain. ACCC agorithm is one of

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 68, 2020

the developed methods for estimating the Doppler centroid
frequency. The advantage of the ACCC agorithm is that it can
estimate the phase difference without phase wrapping problem
[1]-{4]. The ACCC formulation is defined as the sum of the
correlation between two successive azimuth signals from raw
data. Since our designed antennareceives awide Doppler band,
we estimated each center frequency of each interval in Doppler
domain. We construct theweighted signal in case of subsampled
data, as our main concept:

$n (n) = IFFT [window,, {FFT (s ())}] ©
(TL = 017 027 s 791171011)

Each weighted signal by the window can be estimated at the
respective center frequency by the ACCC agorithm. In addition,
theinterference of the overlapping signalscan be minimized due
to thewindowing sized by the cal cul ated Doppler bandwidth[1].

Therefore, the ACCC algorithm, as follows (10), expresses
the correlation phase of the weighted signals:

dé (n)
;(ﬁaccc,n - W|n:ﬂ1-ﬂ72ﬂ73“'ﬁn AT)

> e =

PRF

(’I’L: 01792;---59n—10n) (10)

where f; is baseband Doppler centroid frequency and PRF
indicates abbreviation of ‘ Pulse Repetition Frequency’. Anisa
samplinginterval, ¢, ... istheaverage phaseincrement, wrapped
within the interval (—m,+r]. Some results of the estimated
Doppler centroid frequency are shown as the orange line in
Fig. 7(a), which has an ambiguous signal. These ambiguous
signals occur when the frequency is generated beyond the band-
width of PRF. Therefore, after range compression, we estimate
the ambiguity number to recover the exact signals by MLBF
agorithm [1], [2], [4], [11], [12]. In the proposed method, we
need to modify the MLBF algorithm of FFT type[10] to estimate
the accurate ambiguity number in frequency domain.

Zﬂ: fabsolute,ncm = Z Afr fbem‘ n

(TL = 01,92,...,911,19[1) (11)

where fopsolute.n, 1S absolute Doppler centroid frequency, A f,
is a look size of chirp pulse bandwidth and f..; is the beat
frequency from the MLBF algorithm. Processing MLBF al-
gorithm, we determine the parameters of the received signals
to introduce a beat frequency in equation (11). One of the
parametersisthe cutoff look size of thesignal. It needsto define
the size of aweighted windowing, considering the interference
of the surrounding signals. The power of the interested chirp
signa is similar to the unexpected peripheral signals. It leads
inaccuracy to estimate the beat frequency. Thus, we guard the
target signal with windowing from the interference of the unex-
pected peripheral signals. Based on experimental data, thisstudy
estimates the beat frequency after 1) setting the look size to near
the peak energy and 2) cover the weighting function in each
look of chirp. The final step in the modified MLBF algorithm,
it chooses the significantly high magnitude sample to estimate
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Fig. 7. The result of Doppler centroid frequency from ACCC algorithm in
the measured data of practical experiment. (@) Comparison with and without
ambiguity, (b) Doppler centroid frequency after ACCC and MLBF processing,
and (c) Configuration of estimated Doppler signals with windowing in the
aperture of awide-angle antenna.

the beat frequency. Fig. 8(a) and (b) show the results between
the conventional MLBF and the proposed MLBF, respectively.
It is clear that the beat frequency estimated by the modified
MLBF agorithmisamore accurate result than the conventional
MLBF agorithm. Doppler ambiguity humber is determined by
the difference between baseband Doppler centroid frequency
and absolute Doppler centroid frequency [1]. Based on these
results, we can arrange the exact Doppler centroid frequency in
each chirp pulse band as follow:

Do frew = (f{%,n + Mamb,nPRF)

o (12)
(n="01,0z,---

) 911—1 en)

3995

where f,,_ is Doppler centroid frequency of chirp pulse band,
M .y 1S @ambiguity number. To analyze the above equation, we
exploit the actual experimental raw data that will be verified
in the next section. Fig. 7(a) demonstrates that the estimation
process as shown by the blue line can recover accurate Doppler
centroid frequency. In Fig. 7(b), the estimated Doppler value
without thewindowing showsalarge deviation of 450 Hz, which
varies from 800 to 1250 Hz. The large deviation decreases the
quality of SAR image through RCM, secondary range com-
pression (SRC), and azimuth compression. Therefore, based on
our main concept, superimposed Doppler chirp pulse signals
can be estimated, having a deviation of about 20 Hz in the
bandwidth between 850 and 1250 Hz as shown in Fig. 7(c).
In other words, the estimated Doppler centroid frequencies of
each chirp pulse signa are obtained by shifting the window
through the polynomial fitting as shown in Fig. 7(b) and (c). In
this section, we show each Doppler band from the superimposed
signalsfrom awide-angle antennato generate frames of ViSAR.
Fig. 9 shows one of the framesin ViSAR, comparing the results
with/without our proposed method. For theabovereason, it leads
to large Doppler variation and each frame of ViSAR cannot
be focused accurately. Thus, the wide Doppler band can be
separated into the exact several bands. The estimated Doppler
signals are defined from (6) to the following equation:

fne(mm,z) (T)
= Foo (7,00)+ fo, (1, 02) 4+ fo. (73 0n1)+ F. (7, 60)

=D fne (r,00)

n=1,2,3,4,...(shift order along the azimuth direction)
(13)

where, 6,, isthe beam anglein the wide-beam antenna, as shown
in Fig. 6(b). Based on the accurate Doppler centroid estimation,
it also requires to apply the exact Doppler chirp rate, K,(7,n)
under variable environmental conditions [3]-{5]. It leads the
expected resolution of each frame of video, using the azimuth-
matched filter that fits with each Doppler chirp pulse signal.
Shown as (6), the velocity of the airplane (V) is one of the key
parameters to introduce the Doppler parameters. Therefore, we
need to find accurate velocity in Doppler parametersto increase
the quality of SAR images. In this method, the incident vel ocity
in each Doppler band is different because each Doppler band
has a different incident angle of the antenna. In other words,
the correction of velocity is necessary to improve image quality
for each frame. To find the accurate Vs, the proposed a gorithm
includes a cross-correlation technique for estimation Doppler
chirp rate in each frame. If S(7,n) isa2-D signal constructed
in range and azimuth, the cross-correlation function is defined
asfollows[7], [§].

00

(SLookl * 5Look2) (Tvu 7]) g/ Szookl (Tn)SLookQ (Tnv 7]+w) dw
—00

(n=1,2,3,4,...,mazimum range cell)
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Fig.9. Output frame of ViSAR using (a) accurate and (b) inaccurate Doppler
parameter estimation.

After the range compression, the cross-correlation function
divides the chirp pulse frequency into two looks (look-1 and
look-2) based on the Doppler centroid frequency. These looks
have different phase information, having Vs + AVer0r [33].
To compensate for this phase difference, the cross-correlation
values between the two looks are compared until the smallest
correlation value is reached. The modification of velocity in
each range line optimizes the cross-correlation value to remove
AVe,ror- The final estimated V,; can be variable over a range,
such as avector component. RCM, SRC and azimuth compres-
sion are performed by the Doppler parameters from the result of
the cross-correl ation estimation.

In the next step, we introduced how the estimated Doppler
information in a wide-angle angle of antenna is arranged in
the time sequence of video and how to calculate the azimuth-
matched filters, which produce the frames of ViSAR based on
the estimated Doppler parameters. Finally, we will generate the
final ViSAR image viathe proposed technique in detail.

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 68, 2020
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Estimation of beat frequency in azimuth plane from overlapped Doppler band. (a) The conventional MLBF and (b) the proposed MLBF.

C. ViSAR Imaging Process

After the Doppler estimation process to separate each chirp
pulsesignalsintheazimuth frequency band, we proposeaway to
generate frames of ViSAR aong the azimuth direction. Fig. 10
shows the principle and process for video frames according to
the antennabeam angle. In Fig. 10(a), the elapsed time between
the radar and target is proportional to the angle of an antenna
in wide beam width. It means that the angle of the antenna
(from ¥, to 1J5) increases the elapsed time (¢; to ) along
the azimuth direction. Thus, considering this phenomenon, the
Doppler parameters in equation (6) can also be redefined as a
function, which varies with time:

Fo () =3 F0 (0(t)) = 2V sin (0 (tn))

A
2V2cos30 (t,) !
R VNI
n=1,2 3, 4, ---(shift order)

(14)

By this concept, the Doppler centroid frequency, which varies
with angle, follows the time sequence. Besides, the range equa-
tion of RCM (14) and the form of cross-coupling of SRC (16)
must be cal culated with Doppler frequency changes, considering
ahighorder model caused by thehigh squint [1]. Theseprocesses
help to get high-quality imagesof the squinted raw data. Itisalso
the time-ordered equations as shown bel ow:

1—=D(fy(tn), Ve (7T
Y Rea(fy(ta)) = Ro=Roy { D (fif(ti) ,)Vr (T(»))

(15)

r2

_4 fr
Hge(fr) = Z e T Kare(Ro. fn(tn))

n

(16)

To generate the sub-images of ViSAR, the azimuth-matched
filters for each Doppler chirp pulse signal are derived as shown
in the following equation:

j47rRO(T)D(f/V](t’n)YV"(T)).fC
Hazi’muth (f7]7 tn) = Z € ¢ (17)
n

Authorized licensed use limited to: Korea Advanced Inst of Science & Tech - KAIST. Downloaded on September 08,2020 at 07:31:01 UTC from IEEE Xplore. Restrictions apply.



KIM et al.: DOPPLER SHIFTING TECHNIQUE FOR GENERATING MULTI-FRAMES OF VIDEO SAR VIA SUB-APERTURE SIGNAL PROCESSING

( Flying Path

Range direction

- ____________;,
Azimuth coverage area

Fig. 10.

where, f,, is Doppler frequency, f. isthe center frequency and
c is light speed, and D(f,(t,), V;-(7)) is migration factor in
high-squint mode [1]. The convolution between the processed
signals and the azimuth-matched filters generate each desired
scene in time-order. It means that each Doppler chirp signal
is separated by the azimuth-compression. Thus, it produces
continuous frames of a video with a time sequence according
to the angles because each frame has a different elapsed time
[34]. To help understand the process, we describe the process
of generating frames in Fig. 10(b). As it makes Doppler chirp
bands according to the beam angles, we can separate them
fromthetotal received Doppler frequency spectrum. Overlapped
Doppler chirp pulsebandsin Part A aresignal-processed into the
sub-images of Part B according to the angles of sub-aperturein
antenna. After part B, each sub-image produceframesof ViSAR,
through azimuth-compression. Under the results of part B, we
can reconstruct the frames as a continuous display. Continuous
display of imagesin Part CindicatesViSARintheobserved area.
In the end, we can apply the phase compensation algorithm,
called PGA [35], to minimize the phase error of the received
signal. However, in the verification experiment, PGA cannot
show asignificant difference in the results because of the stable
measurement conditionsintheairplane. Thus, this paper focuses
ontheanalysisof the proposed ViSAR frame generation method.
Nevertheless, a phase compensation algorithm is necessary at a
higher resolution SAR image and unstable measurement envi-
ronment.

In addition, analyzing the final results, we can also determine
the frame rate of ViSAR by our proposed concept as follow:
2V, cos P 1

\ bw TO
where ~,, isthe overlapping number, o, isazimuth resolution
and T; istheexposuretime of target inawide-angleantenna. 6,,,,
is abeam width that can be received by the antenna used in the
ViSAR experiment. The frame rate of (18) indicates how many
images can be generated in the area of interest for a second,
shown as Fig. 11. In the proposed multi-segment method, the

(18)

Frame rate = v,0res
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Fig. 11. The overlapped Doppler region for the area of interest.

frame rate is proportional to how many frames are overlapped
at the target during the exposure time (75). Azimuth resolution
is a parameter that determines the interval between overlapped
Doppler bands. Moreover, it is also very important how much
the antenna for ViSAR can receive the signals from the target.
In our experiment, we can generate the high-frame rate (5Hz
at X-band in the airborne platform) in the desired wide band
based on the proposed method. It has a higher result than the
frame rate calculated by atypical equation in[5], [32] (2 Hz at
X-band in the same condition of the airborne platform). From
these results of the overall process, the proposed technique can
derivevideo SAR imagesefficiently at ahigh frame rate without
afixed coordinate system.

IV. EXPERIMENT AND RESULTS

To evaluate the proposed algorithm, the X-band SAR system
is designed for the practical experiment. The X-band radar sys-
temiscommonly used for military and government systems. We
carried out the experiments on an airplane to observe theterrain
in the Republic of Korea such as fields, sea, and mountains.
Table | shows the specifications of the X-band SAR system for
the measurement of ViSAR. Based on the system, we cover
a 1.7 km in stripe range line by one-pixel resolution (0.5 m).
Simultaneously, each range resolution of a target is supported
by 0.75 mresolution. In azimuth direction, aone-pixel resolution
i50.042 m and each azimuth resolution is supported by 0.15 m.

AsshowninFig. 12, two antennas areinstalled, oneisfor the
transmitter and the other is for the receiver, respectively. The
stop-and-go method produces the azimuth frames of a ViSAR
image. To prove the validity of the proposed technique in the
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TABLE|
X-BAND SAR SYSTEM SPECIFICATION
System Parameter Value w400 o e
Airplane Model Citation jet 1+¢525 il
Center Frequency 9.65 GHz 2]
Chirp signal Bandwidth 200MHz o
Range/Azimuth Resolution 0.75m/0.15m ginidd “ -
Chirp pulse duration 20 psec 20
PRF 2000 Hz _ o
Operating mode Stripmap ) ' s
Airplane Velocity <320 km/h
Flying height <1.5km Fig. 13. (a) Flying path and (b) Flying height in practical experiment.
Squint angle = 7° Windowing #1
Look angle 70° ~ 75° Pramedl. e
Overall angle of antenna 30° g Basge = “im. - hel
Polarization Single-Pol (Linear) g | Windowing#3 | IR
E Frame #3
8 —
]
i :
& :
g | I
Pulsed repetition interval ﬂ] I time domain
Range lm'_\p;ln:tlnle mterval
Fig. 14. Received raw data cube from the X-band SAR system.
Aissuth (Flying path}
£
i
(b) (c)
Fig.15. (&) The SAR dataintimedomain after range compression, (b) Range-

Fig.12. Thepicture of SAR measurement setup: (a) Airplane appearance, (b)
inside view, and (c) outside view.

diverse experiments, we obtain the data at the flying height of
1 km, 1.2 km and 1.5 km for 1 hour and record the airplane
route by GPS, illustrated in Fig. 13(a) and (b), respectively.
Scene #1 and #2 are places to fly through the rice field and
small mountains, Scene#3 isthe airfield, which has the moving
components and Scene#4 isthe place for solar power plant. The
measured raw data of scene#1, #2, #3 and #4 are clear evidence
that the proposed method is valid for ViSAR processing.

After reviewing for missing signals in the received data, the
designed SAR system arranges and preprocesses the raw data
according to the format to decrease the noise. The received raw
data cubes are described in Fig. 14. The raw data consist of
18753 samples in each pulse and 17504 azimuth pulses. The
data, used for the proposed method, can be arranged uniformly

Doppler domain, and (c) time domain after RCMC, respectively.

without any missing samples. For accurate signal processing,
the proposed algorithm should be applied after converting it to
arange-Doppler domain. Then, Fig. 15(a) shows that the high
squint angle of antenna tilts the raw data after RC. Fig. 15(b)
in Doppler domain and (c) in time domain show the results of
compensating the squint phase through RCM and SRC based
on the proposed ACCC and MLBF agorithm. Finally, through
azimuth compression with the matched filters for each sub-
frames, we produce the outcome of ViSAR images as shown
in Fig. 16. It leads 5Hz frame rate in each video scene. As seen
inFig. 16(a)—(d), it can be confirmed that the scenery inthe area
of interest moves according to the time order. Since the radar
reproduces the actual observation in real time, we can observe
the area of interest in the video. Particularly from Fig. 17(a) to
(e), moving components in the white circle line can be observed
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Fig. 16. Fina Video SAR image (5Hz frame rate): (a) Mountains and fields #1, (b) Mountains and fields #2, (c) Airfield #3, and (d) Solar power plant #4 in
Taean-gun, Republic of Korea.
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Fig. 17.

ontheflight road of scene#3. Sinceeach separated Doppler chirp
signal has a different center time, we can monitor the moving
targets whose position changes [34]. Along with each Doppler
signals, we can not only obtain avideo of SAR image but also
detect moving targets. However, if amoving target moves more
than acertain speed compared to the SAR radar, amoreadvanced
agorithm is needed to detect it [34]. In future work, we will
improve the proposed method for a moving target, based on a
single channel GMTI agorithm [29], [30]. To summarize the
results so far, the proposed method on RDA can generate the
video imagesat ahigh framerate and observethe moving targets
in an easy and less complex manner than other conventional
ViSAR techniques.

V. CONCLUSION

In this paper, we propose a new signal processing method to
generate focusing frames of ViSAR on the airborne platform
through the multi-segment application of Doppler shifting tech-
nique within wide Doppler bandwidth. The proposed technique
introduces the Doppler parameter estimation and Doppler shift-
ing technique to generate the frames of ViSAR. The proposed
focusing algorithm can work with a wide-angle antenna, which
can receive wide Doppler bandwidth. Since the wide Doppler
bandwidth has diverse information, we can aso monitor the
wide area of interest along the azimuth direction. For multiple
processing of Doppler centroid frequencies, Doppler parameters
are utilized to construct the sub-frames in parallel through
the azimuth-matched filters. Based on the proposed Doppler
method, it is easy to handle and generate the images of video at
a high frame rate with low complexity and stable performance
without a fixed coordinate system. Moreover, we can apply it
in real-time ViSAR signal processing as implementing ViSAR
without changing mode or operating system. This process can

Target 1

(b}

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 68, 2020

Target 1 ; Target 2

e

Target 2

Target 1 Target 2

Fixed Target

The moving componentsin scene #3 (a) frame #1, (b) frame #13, (c) frame # 34, (d) frame #55, and (€) frame #90.

reduce the burden on the hardware system and the iterative
work, which makes each frame of video. Finally, we can obtain
clear video SAR images and observe the wide-interested area
than conventional spotlight mode. In addition, the real data
experiment al so verifiesthefeasibility of thismethodin practice.
The combination of ViSAR and multi-segment application of
Doppler shifting technique with a wide-angle antenna could
make the synergy, which is attractive for an advanced ViSAR.
And, it can be applied even on other SAR platforms (e.g., au-
tomobile, satellite) and various operation mode (e.g., spotlight,
enhanced, scanSAR mode, etc.). In line with the global trend
of miniaturized satellites (CubeSat, MicroSat, etc.), this paper
suggests the possibility of developing acheap cost & small size
system by applying the proposed signal processing. For further
research, the proposed method should be applied on GMTI for
the Doppler shifting technique to obtain the more accurate shape
of moving components in the frames of ViSAR.

REFERENCES

[1] I.G. Cumming and F. H. Wong, Digital Processing of Synthetic Aperture
Radar Data. London, U.K.: Artech House Inc., 2005.

[2] J.C. Curlander and R. N. McDonough, Synthetic Aperture Radar Systmes
and Sgnal Processing. NewYork, NY, USA: Wiley, 1991.

[3] S. Norvang, “Estimating the Doppler centroid of SAR data,” |EEE Trans.
Aerosp. Electron. Syst., vol. 25, no. 2, pp. 134-140, Mar. 1989.

[4] S. Li, “Improved doppler centroid estimation algorithm for satellite SAR
data” M.S. thesis, Dept. Elect. Comp. Eng., British Columbia Univ.,
Vancouver, CAN, 2005.

[5] R.Hu, R. Min, and Y. Pi, “A video-SAR imaging technique for aspect-
dependent scattering in wide angle” |IEEE Sensors J., vol. 17, no. 12,
pp. 3677-3688, Jun. 2017.

[6] Y. Tang, C. Wang, H. Zhang, and Y. He, “An auto-registration method
for space-borne SAR images based on FFT-shift theory and correlation
analysisin multi-scale scheme,” in Proc. |EEE Int. Geosci. Remote Sens.
Symp., 2013, pp. 3550-3553.

[7] Y. Yue, X. Zhang, and S. Jun, “Motion compensation method for Transla-
tiona Variant Bistatic SAR using auto-correlation variance,” in Proc. IET
Int. Radar Conf., 2009, pp. 1-4.

Authorized licensed use limited to: Korea Advanced Inst of Science & Tech - KAIST. Downloaded on September 08,2020 at 07:31:01 UTC from IEEE Xplore. Restrictions apply.



KIM et al.: DOPPLER SHIFTING TECHNIQUE FOR GENERATING MULTI-FRAMES OF VIDEO SAR VIA SUB-APERTURE SIGNAL PROCESSING

(8l

(9

(1]

(1]

[12]

[13]

[14]

[19]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[29]

[26]

[27]
(28]

[29]

(30]

(31

Authorized licensed use limited to: Korea Advanced Inst of Science & Tech - KAIST. Downloaded on September 08,2020 at 07:31:01 UTC from IEEE Xplore. Restrictions apply.

K. Ouchi and Seong-In Hwang, “Improvement of ship detection accuracy
by SAR multi-look cross-correlation technique using CFAR,” in Proc.
|EEE Int. Geosci. Remote Sens. Symp., 2010, pp. 3716-3719.

J. B. Wang, “Refined ECS Algorithm for high-resolution spaceborne
spotlight SAR data processing,” in Proc. Asia Pacific Radio Sci. Conf.,
2004, pp. 250-253.

S. Li and I. Cumming, “Improved beat frequency estimation inthe MLBF
doppler ambiguity resolver,” in Proc. IEEE Int. Geosci. Remote Sens.
Symp., 2005, pp. 3348-3351.

B. C. Sew, Y. K. Chan, and C. S. Lim, “Modified multilook cross cor-
relation (MLCC) agorithm for Doppler centroid estimation in synthetic
aperture radar signal processing,” Prog. Electromagn. Res. C, val. 20,
pp. 215-225, 2011.

T. Yamaoka, K. Suwa, “Radar video generated from synthetic aperture
radar image” in Proc. |IEEE Int. Geosci. Remote Sens. Symp., 2016,
pp. 6509-6512.

A. Damini and B. Bagji, “A videoSAR mode for the x-band wideband
experimental airborne radar,” in Proc. SPIE Proc.: Algorithms Synthetic
Aperture Radar Imagery XVII1, 2010, Paper 76990E.

Y. Wang, J-W. Li, and J. Chen, “A parameter-adjusting polar format
agorithm for extremely high squint SAR imaging,” |EEE Trans. Geosci.
Remote Sens., vol. 52, no. 1, pp. 640-650, Jan. 2014.

M. Xing, Y. Wu, and Y. D. Zhang, “Azimuth resampling processing for
highly squinted synthetic aperture radar imaging with several modes,”
IEEE Trans. Geosci. Remote Sens., vol. 52, no. 7, pp.4339-4352,
Jul. 2014.

G. Wang, L. Zhang, and Q. Hu, “A novel range cell migration correction
agorithm for highly sguinted SAR imaging,” in Proc. CIE Int. Conf.
Radar, Oct. 2016.

Y. Sun, X. Jing, S. Sun, and H. Huang, “ The Subaperture secondary range
compression algorithm for near space squint SAR,” in Proc. |IEEE Int.
Symp. Signal Process. Inf. Technol., Dec. 2013, pp. 338-343.

J. Miler, E. Bishop, and A. Doerry, “An application of back projection
for video SAR image formation exploiting a subaperture circular shift
register,” Proc. SPIE, vol. 8746, Apr. 2013, Art. no. 874609.

E. Bishop, R. Linnehan, and A. Doerry, “Video-SAR using higher order
Taylor termsfor differential range,” in Proc. |[EEE Radar Conf., Philadel-
phia, PA, USA, May 2016, pp. 1-4.

X. Song and W. Yu, “Processing video-SAR data with the fast back
projection method,” |EEE Trans. Aerosp. Electron. Syst., vol. 52, no. 6,
pp. 2838-2848, Dec. 2016.

A. F. Yegulap, “Fast backprojection algorithm for synthetic aperture
radar,” in Proc. |IEEE Radar Conf., Waltham, MA, USA, Apr. 1999,
pp. 60-65.

H. S. Stone, M. T. Orchard, E.-C. Chang, and S. A. Martucci, “ A fast direct
Fourier-based algorithm for subpixel registration of images’, |EEE Trans.
Geosci. Remote Sens., vol. 39, no. 3, pp. 760-776, Jul. 2003.

S. Leprince, S. Barbot, F. Ayoub, and J. P. Avouac, “Automatic and pre-
cise orthorectification, coregistration, and subpixel correlation of satellite
images, application to ground deformation measurements’, |EEE Trans.
Geosci. Remote Sens,, val. 45, no. 6, pp. 15291558, Jun. 2007.

P. O. Frolind and L. M. H. Ulander, “Evaluation of angular interpolation
kernelsin fast back-projection SAR processing,” |EE Proc.-Radar, Sonar
Navigat., vol. 153, no. 3, pp. 243-249, Jun. 2006.

L.M.H. Ulander, H. Hellsten, and G. Stenstrom, “ Synthetic-apertureradar
processing using fast factorized back-projection,” |IEEE Trans. Aerosp.
Electron. Syst., vol. 39, no. 3, pp. 760-776, Jul. 2003.

C. Gu, W. Chang, “An efficient geometric distortion correction method
for SAR video formation,” in Proc. 5th Int. Conf. Modern Circuits Syst.
Technologies, May 2016.

W. Chang, J. Li, and Z. Zhao, “ Consecutive images formation for airborne
SAR,” in Proc. |EEE CIE Int. Conf. Radar, Oct. 2011.

S. Pamand A. Wahlen, “Real-time onboard processing and ground based
monitoring of FMCW-SAR videos,” in Proc. 10th Eur. Conf. Synthetic
Aperture Radar, Jun. 2014.

S. Liu and Y. Yan, “A single-channel SAR-GMTI agorithm based on
sub-apertures and FrFT,” in Proc. Second Int. Conf. Spatial Inf. Technol.,
Nov. 2007.

D. Pastina and G. Battistello, “Change detection based GMTI on single
channel SAR images,” in Proc. 7th Eur. Conf. Synthetic Aperture Radar,
Jun. 2008.

L. Jan and Z. Running, “An efficient image formation algorithm for
spaceborne video SAR,” in Proc. |EEE Int. Geosci. Remote Sens. Symp.,
Jul. 2018.

(32

(33]

(34

(39]

4001

H. Yanand X. Mao, “Framerate analysis of video synthetic aperture radar
(ViISAR),” in Proc. Int. Symp. Antennas Propag., Oct. 2016.
C.K.KimandS. O. Park, “ A modified stripmap SAR processing for vector
velocity compensation using the cross-correl ation estimation method,” J.
Electromagn. Eng. ci., vol. 19, no. 3, pp. 159165, Jul. 2019.

K. Ouchi, “On the multilook images of moving targets by synthetic
aperture radars” IEEE Trans. Antennas Propag., vol. AP-33, no. 8,
pp. 823-827, Aug. 1985.

D. E. Wahl and P. H. Eichel, “Phase gradient autofocus-a robust tool for
high resolution SAR phase correction,” |EEE Trans. Aerosp. Electron.
Syst., vol. 30, no. 3, pp. 827-835, Jul. 1994.

Chul Ki Kim was born in Gang-neung, Korea, in
July 1989. He received the B.S. degree in electronic
engineering from Soongsil University, Seoul, Korea,
in 2014, the M.S. degree in electrical engineering
from Korea Advanced Institute of Science and Tech-
nology, Dagjeon, in 2016, and is currently working
toward the Ph.D. degree in electrical engineering at
KoreaAdvanced Institute of Science and Technology
(KAIST).

His current research interests include Radar sys-
tem design, Synthetic Aperture Radar (SAR), and

Electromagnetics.

K

Muhammad Tayyab Azim was born in Pakistan, in
May 1987. He received the B.E. degree in avionics
engineering from NUST, Pekistan, in 2009, and the
M.S. degree in electrical engineering from the Uni-
versity of Surrey, in 2011, and is currently working
toward the Ph.D. degree in electrical engineering at
KoreaAdvanced Institute of Science and Technology
(KAIST). His research interests include electromag-
netics, antenna design and microwave components
design.

Ashish Kumar Singh (Member, |EEE) received the
B.Tech. degreein electronics and communication en-
gineering from Madan Mohan MalaviyaUniversity of
Technology, Gorakhpur, India, in 2008, the diploma
in embedded system design from Centrefor Develop-
ment of Advanced Computing (CDAC), Noida, India,
in 2009, and the M.Tech. degree in electronics and
communication engineering from Haldia Institute of
Technology, Haldia, India, in 2012.

Hereceived the Ph.D. degreein mechatronicsfrom
Gwangju Institute of Science and technology (GIST),

Gwangju, Korea, in 2018. Currently, heisaPostdoctoral Researcher at the Korea
Advanced Institute of Science and Technology, Dagjeon, Korea. His current
researchinterestsincluderadar signal processing, FPGA based signal generation
and processing, beamforming, and radar system design.

Seong-Ook Park (Member, |IEEE) was born in
KyungPook, Korea, in December 1964. He received
theB.S. degreefrom KyungPook National University,
Korea, in 1987, the M.S. degree from the Korea Ad-
vanced Institute of Science and Technology, Dagjeon,
Korea, in 1989, and the Ph.D. degree from Arizona
State University, Tempe, in 1997, al in electrica
engineering.

From March 1989 to August 1993, he was a Re-
search Engineer with Korea Telecom, Dagjeon, work-
ing with microwave systems and networks. He later

joined the Telecommunication Research Center, Arizona State University, until

September 1997. Since October 1997, he has been with the Information and
Communications University, Dagjeon, and currently as a Professor at the Korea
Advanced Institute of Science and Technology. His research interests include
mobile handset antenna and analytical and numerical techniques in the area of
electromagnetics.

Dr. Park isamember of Phi Kappa Phi.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


