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Microwave Photonic Imaging Radar With a
Sub-Centimeter-Level Resolution
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Abstract—Microwave photonic radars enable fast or even real-
time high-resolution imaging thanks to its broad bandwidth. Nev-
ertheless, the frequency range of the radars usually overlaps
with other existed radio-frequency (RF) applications, and only
a centimeter-level imaging resolution has been reported, making
them insufficient for civilian applications. Here, we propose a
microwave photonic imaging radar with a sub-centimeter-level
resolution by introducing a frequency-stepped chirp signal based
on an optical frequency shifting loop. As compared with the con-
ventional linear-frequency modulated (LFM) signal, the frequency-
stepped chirp signal can bring the system excellent capability of
anti-interference. In an experiment, a frequency-stepped chirp
signal with a total bandwidth of 18.2 GHz (16.9 to 35.1 GHz)
is generated. Postprocessing the radar echo, radar imaging with
a two-dimensional imaging resolution of ~8.5 mm X ~8.3 mm
is achieved. An auto-regressive algorithm is used to reconstruct
the disturbed signal when a frequency interference exists, and the
high-resolution imaging is sustained.

Index Terms—Frequency-stepped chirp signal, microwave
photonics, radar, ultra-high resolution.

I. INTRODUCTION

ADARS have the capability of providing weather inde-

pendent and day-and-night detection, which play more
and more important roles in civilian applications [1]. To realize
accurate target feature extraction, ultra-high-resolution imaging
is extremely desirable in applications like foreign objects de-
bris (FOD) detection on runways, security check, autonomous
drive and so on [2]-[4]. In imaging radar systems, broadband
waveforms are required to realize ultra-high range resolution
[5], [6]. However, generation of the broadband signals in the
electronic domain requires multi-stage frequency multiplication
and upconversions, which would deteriorate the signal quality
and significantly increase the system complexity [7]. Even if the
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broadband waveform can be produced, it is challenging for elec-
tronic approaches to process it with small latency. Microwave
photonics is a feasible solution to the problem mentioned above
for its distinct features of wide bandwidth, low transmission
loss, and excellent electromagnetic interference immunity [8]—
[16]. Previously, a digital radar with a photonic transceiver was
demonstrated using a passive mode-locked laser (MLL) with
ultra-low timing jitter [17], which showed the feasibility of
microwave photonic radars for practical applications. However,
the bandwidth was limited to several tens of MHz and the range
resolution was in the order of meters due to the low repetition
rate of the passive MLL. To improve the bandwidth, a vari-
ety of microwave photonic radar architectures were proposed.
By applying wavelength-to-time mapping, a chirp signal with
a bandwidth up to 30 GHz was obtained [18]-[21], but the
time-bandwidth product of the generated chirp signal is rather
small, which is not suitable for radar applications with long-
distance detection. In addition, de-chirping of the broadband
signal with a very small time duration may output a signal with a
frequency of several GHz, leading to a huge amount of data after
the analog-to-digital converter (ADC). A logic-operation-based
photonic digital-to-analog converter, which was applied to a
W-band microwave photonic imaging radar, could generate a
chirp signal with a bandwidth of 8 GHz, leading to a range
resolution of 1.9 cm [22]. However, the bandwidth was limited
by the bit rate of the digital drive signal, making it difficult
to further improve the range resolution. Broadband chirp sig-
nals generated via microwave photonic frequency multiplica-
tion were also adopted in microwave photonic imaging radars
[23]-[26], where a bandwidth of 12 GHz and a range resolution
of 1.3 cm were achieved [26]. Further improving the range
resolution to the sub-centimeter-level or even millimeter-level
requires the generation and processing of a chirp signal with
an instantaneous bandwidth of larger than 15 GHz. However,
similar to the electronic methods, many unwanted harmonics
that cannot be eliminated by filters will be generated, and the
signal-to-noise ratio of the signal will be degraded.

The aforementioned microwave photonic imaging radars with
high-resolution mainly adopt a chirp signal, also known as
linear-frequency modulated (LFM) signal, which is one of the
most widely used waveforms in wideband radars due to its
excellent pulse compression capability [27], [28]. By de-chirp
processing the echoes, a signal with a frequency that is much
smaller than the original chirp signal is achieved, so a low-speed
ADCl s sufficient to sample the signal in the receiver. Fast or even
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real-time imaging is therefore enabled because the amount of
datais small [29], [30]. However, with the increase of the radar’s
operating bandwidth, the frequency ranges of the radars may
overlap with other applications, such as communication devices
and automotive radars. A frequency-stepped chirp signal has
both advantages of the chirp signal and the frequency-stepped
signal [28], which may be employed to achieve high-resolution
detection under interference scenarios. Although researchers in
both the electrical and optical areas have tried the frequency-
stepped chirp signal in radar systems [31]-[33], only few seg-
ments of chirp signals were generated and exploited, which
presented with a limited resolution.

In this paper, we propose and experimentally demonstrate a
microwave photonic imaging radar with a sub-centimeter-level
two-dimensional resolution, in which a frequency-stepped chirp
signal is generated and processed in the optical domain. By
utilizing an optical frequency shifting loop (OFSL) based on
carrier-suppressed single sideband (CS-SSB) modulation [34],
we successfully generate and transmit nine segments of sub-
pulse with an individual bandwidth of 2.2 GHz and a center
frequency difference of 2 GHz between two adjacent subpulses.
Much fewer unwanted harmonics are produced in this work than
the conventional microwave photonic frequency multiplication
method. In the receiver, optical de-chirping and data fusion are
applied to extract high-resolution target features. There are many
ways to achieve data fusion. Bandwidth synthesis based on
the de-chirp receiving mode is one of them [35], [36], which
combines the sampled data of the de-chirped sub-signals to
achieve a high range resolution. A signal equivalent to the result
de-chirped from one chirp signal with a bandwidth of 18.2 GHz
is obtained by the bandwidth synthesis algorithm, and radar
imaging with a resolution of ~8.5 mm X ~8.3 mm is achieved.
Considering the situation of existence of interference, we can
remove the disturbed signal and reconstruct the missing data by
using the auto-regressive (AR) algorithm thanks to the abundant
apriori information introduced by the large operating bandwidth
of the system [37]—-[39], bring the system excellent capability of
anti-interference.

II. PRINCIPLE

Fig. 1 shows the schematic diagram of the proposed mi-
crowave photonic radar system. A continuous-wave (CW) light
with a frequency of fy from a laser diode (LD) is divided into
two branches by an optical coupler (OC, OC1). In the upper
branch, a pulsed light with a period of T}, and a pulse width
of T,y is generated through an optical switch driven by an
electrical pulse train. The pulsed light, serving as the optical
seed source, is injected into an OFSL, which mainly comprises
a dual-parallel Mach-Zehnder modulator (DPMZM), an optical
amplifier (OA), and an optical bandpass filter (OBPF, OBPF1).
The DPMZM, which is an integrated device consisting of two
sub-MZMs (MZM-a and MZM-b) and a parent-MZM (MZM-c),
is driven by two radio-frequency (RF) signals with a fixed phase
difference of 90°, as shown in Fig. 1(b). Considering the small-
signal modulation condition, CS-SSB modulation (+1%-order
sideband) can be achieved by biasing MZM-a and MZM-b
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Fig. 1. (a) Schematic diagram of the proposed microwave photonic radar
system. (b) Configuration of the DPMZM. (c) Frequency-time diagrams and
(d) optical spectra at several key points. LD, laser diode; OC, optical coupler;
MZM, Mach-Zehnder modulator; DPMZM, dual-parallel MZM; DOMZM,
dual-output MZM; OA, optical amplifier; OBPF, optical bandpass filter; RF,
radio-frequency; CS-SSB, carrier-suppressed single-sideband; PD, photodetec-
tor; BPD, balanced PD; PA, power amplifier; TA, transmit antenna; RA, receive
antenna; LNA, low noise amplifier; ADC, analog-to-digital converter; DSP,
digital signal processor.

at the null transmission point, and MZM-c at the quadrature
transmission point. The OA is used to compensate for the loop
loss, and OBPF1 is used to control the bandwidth of the OFSL
and to reduce the spontaneous emission from the OA. Assuming
that the frequency of the RF signal is Af, the optical signal in
the loop will frequency shift from the previous one by Af in
each cycle. The maximum number N,,, of frequency-shifted
pulses in a period is mainly limited by the bandwidth Boppr1
of OBPF1, and Ny,.x = [Bospri/Af] + 1, where [x] denotes
the largest integer no more than x. It is necessary to ensure
that the trailing edge of the previous optical pulse signal has
left the OFSL before the leading edge of the optical pulse signal
is injected into the loop, 0 Tp,; > Niax 1, and Tt, > T, where
T, is the circulation time of the loop. As a result, the optical
pulsed signal coupled out from OC3 can be expressed as

Moo 1 t — nlj

- L
FEorst, = Epy, E rect (T - )
n=0 P
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exp{j2n[fo + (n+ DASI(t = nTr) + ¢n} (1)

where Epr, is the amplitude of the pulsed light, ¢, is the
initial phase of the nth optical pulsed signal, and rect(x) is the
rectangular function, which is given by rect(x) = {1, |x] < 0.5;
0, |x| > 0.5}.

In the lower branch, the CW light is modulated by a nar-
rowband electrical chirp signal through CS-SSB modulation.
Here, the CS-SSB modulation is implemented by cascading an
MZM and an OBPF (OBPF2), where the MZM is biased at
the null transmission point to perform carrier-suppressed double
sideband modulation, and the —1%-order sideband is filtered out
by OBPF2. Assuming the center frequency and the chirp rate
of the chirp signal are f, and k, the output optical signal in the
lower branch is written as

t— Tcr
Essp = Ecw Zn:rect <TZV)

exp{j2n(fo — fo — k(t = nTe)/2](t — nTe)} (2)

where Ecw is the amplitude of the optical signal, 7., and T¢
are the periods and the pulse widths of the chirp signals.

The two branches are combined again via OC4 and further
divided into two parts. One portion is sent to a photodetector
(PD) to generate a frequency-stepped chirp signal. Each optical
pulsed signal generated by the OFSL should temporally coincide
with that generated by the CS-SSB module in the lower branch to
generate a suitable frequency-stepped chirp signal, as shown in
the frequency-time diagram E of Fig. 1(c), where the horizontal
and vertical axes represent the time ¢ and the instantaneous
frequency f, respectively. Therefore, the conditions of T}, =
MT,, = M1y, and Ty, > Tcy, should be satisfied, where M is an
integer. The frequency-stepped chirp signal can be given by

Nax—1 (t . Tchr>
Z rect | ——— |-
TCW

n=0
cos{27(fen + k(t —nTe)/2](t — nTer) + on} (3)

where fo, = fe+ (n+ 1)Af. Afterward, the frequency-
stepped chirp signal is amplified via an electrical power amplifier
(PA) and then sent to the free space via a transmit antenna.

The other port of OC4 is connected to a dual-output MZM
(DOMZM), which is biased at the quadrature transmission
point. The radar echo gathered by the receive antenna is aug-
mented via a low-noise amplifier (LNA) and is exploited to
drive the DOMZM. Assuming that the temporal delay be-
tween the reference signal and the echo signal is 7. After the
DOMZM, a frequency pair at fy + (n + 1)Af and fy + (n +
1)Af—kr, and another frequency pair at fy—f. —k(t—nT,) and
Jo—fe—k(t—nT..—T7) are generated. The output optical signals
of the DOMZM are detected by a low-frequency balanced pho-
todetector (BPD) with a narrow bandwidth, so that the undesired
high-frequency signals could not be generated. The de-chirped
signal generated at the BPD can be expressed as

Mo 71 t—nTe — 7
t t —— " ).
s(t) Z rec( pp— )
n=0

I(t)
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Fig.2. (a)Ilustrations of the waveforms of s,,_1 (¢), sy, (¢) and sy, (¢ + Tey —
Af/k), where the blue line represents s,_1 (), the red line denotes s, (t) or
sp(t + Ter — Af/k), the solid line is the actual waveform, and the dotted
line corresponds to the interpolated waveform. (b) The principle of bandwidth
synthesis. Solid line, transmitted signals; dash line, received signals; dot line,
de-chirped signals.

cos{27[kT(t —nTe) — k'7'2/2 + fenT]} “)

For convenience, the nth de-chirped sub-signal in (4) is written
as

5p(t) o cos{2m[kT(t — nTer) — kT2/2 + fenT]}

= cos{2n[kT(t — nTe) — kT°/2 4 fe(nonyT + AfT]}
(5

Time-shifting s,,(t), we have
sp(t+Tor — Af/k)

o cos {2m{kr[t — (n — 1)Ter] — k7% /24 fo(n-1)7}}
(6)

As can be seen, the expression of s, (t + T, — Af/k) is
exactly the same as that of s,,_1(¢). Assume that the de-chirped
sub-signals are infinite in the time domain, as shown in Fig. 2(a),
where the blue line represents s,, 1 (¢), the red line denotes s,, (¢)
or $,(t + Ter — Af/k), the solid line is the actual waveform,
and the dotted line corresponds to the interpolated waveform. As
can be seen, the waveforms of s,,_1(t) and s, (t + Ter — Af /k)
are completely coincident, so the de-chirped sub-signals can be
combined into one signal in the time domain after a suitable
time-shift. The synthetic de-chirped signal is equivalent to a
signal de-chirped from a chirp signal with a large bandwidth,
i.e., bandwidth synthesis is achieved.

The principle of bandwidth synthesis can be illustrated in
Fig. 2(b). First, we de-chirp N subpulses with stepped center
frequencies to obtain N low-frequency de-chirped sub-signals.
Then, the N low-frequency sub-signals are combined together to
obtain a signal equivalent to that de-chirped from a chirp signal
with a bandwidth of fr—fi, where fr and f; are the terminal
frequency and the initial frequency of the N subpulses. It should
be noted that the case of Af < Bcpiyp should be satisfied, where
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Fig. 3. Illustration of the signal gap filling after de-chirping.

Behirp 1s the individual bandwidth of the subpulse. Otherwise,
it would generate discontinuous phases at the joint points of
the synthetic signal because the sub-signal duration after de-
chirping is less than T,.

To achieve an ultra-high range resolution, a large operating
bandwidth is desired. However, due to the scarcity of spectrum
resources, the frequency ranges of wideband radars may overlap
with other existed RF applications, causing the radar to mal-
function if interference exists. With a known frequency band
of the interference signal, the frequency interval Af between
the subpulses can be adjusted to avoid the interference band, or
the data in the corresponding subpulse can be discarded. These
operations will lead to gaps in the synthetic signal, resulting in
phase discontinuities and creating false peaks in the frequency
domain. To conduct high-resolution imaging, this missing data
must be reconstructed. Thanks to the large operation bandwidth
of the proposed radar, much more a priori information can be ob-
tained. The signals on both sides of the signal gap are de-chirped
from the subpulses in the lower and upper bands, and represented
using the AR model, where an all-pole signal model is applied
[37]-[39]. The parameters of the model, such as the model order,
poles, and coefficients, can be estimated by theoretic information
criteria, root-MUSIC (multiple signal classification) algorithms,
and a linear least-squares. Then, the signal gap is accurately filled
through the adjusted model, as shown in Fig. 3. Therefore, the
proposed radar can work normally under interference. However,
the interference bandwidth cannot be infinite. When detecting
complex targets, the bandwidth without interference should be
above 15% to have an accurate target feature extraction [39].

After analog-to-digital conversion, the low-frequency de-
chirped signals can be processed quickly in the digital signal
processor (DSP). It is well known that the range resolution R of
radar is determined by bandwidth B of the chirp signal via R =
¢/2B, where c is the wave propagation velocity [5]. Therefore, the
proposed microwave photonic radar can achieve an ultra-high
range resolution because large equivalent bandwidth can be ob-
tained by combining the sub-signals de-chirped from a number
of narrowband subpulses. If an inverse synthetic aperture radar
(ISAR) imaging algorithm is used, fast or even real-time radar
imaging with an ultra-high resolution can be implemented [6].

III. EXPERIMENTS AND RESULTS

An experiment is carried out based on the setup in Fig. 1. A
light wave at 1550.1 nm (fy, = 193.399 THz) with a power of
16 dBm from a laser source (TeraXion PureSpectrum-NLL) is
equally split into two branches by OC1. The upper branch is
sent to a 200-MHz acousto-optic modulator (AOM), which acts
as a switch and is driven by an electrical pulse with a period of
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Fig. 4. (a) The output optical spectra of the AOM and the DPMZM. (b) The

response of OBPF1 and the output optical spectrum of the OFSL. (c) The output
optical spectrum of the CS-SSB module.

71.96 ps and a pulse width of 5 ps. The output spectrum of the
AOM is shown as the blue curve in Fig. 4(a).When the electrical
pulse is at a high level, the AOM outputs an optical signal with a
frequency shift of 200 MHz. On the contrary, when the electric
pulseis atalow level, the AOM has no optical signal output. Thus
a pulsed light with a period of 71.96 us and a pulse width of 5 us
is generated. The pulsed light is injected into the OFSL, which
consists of a DPMZM (Fujitsu FTM7961), an erbium-doped
fiber amplifier (EDFA, Amonics AEDFA-PA-35B), an OBPF
(Yenista XTM-50, OBPF1), two OCs and a 1-km fiber to achieve
a circulation time of 5.14 us. A 2-GHz RF signal with a power
of 13 dBm generated by a signal generator (Agilent E§257D)
passes through a 90° hybrid before it is applied to the DPMZM
working at the CS-SSB modulation mode. When the OFSL is
open, the output optical spectrum of the DPMZM is shown as
the red curve in Fig. 4(a). As can be seen, the frequency of
the output is increased by 2 GHz as compared with the input.
Boppr is set to 16 GHz, as shown as the blue curve in Fig. 4(b).
After carefully adjusting the pump power of the EDFA, the loop
loss is compensated. The output optical spectrum of the OFSL
is shown by the red curve in Fig. 4(b), in which 9 optical comb
lines with a power fluctuation of less than 1 dB are observed.
The lower branch of OC1 is connected to an MZM, which
is biased at the null transmission point. A 2.2-GHz-bandwidth
chirp signal (14.7 to 16.9 GHz) with a period of 5.14 us and
a pulse width of 3.3 us generated by an arbitrary waveform
generator (AWG, Keysight §195A) are introduced to the RF port
of the MZM. The chirp signal from the AWG output is captured
by a 32-GHz real-time oscilloscope (Keysight 93304A) with a
maximum sampling rate of 80 GSa/s, and short-time Fourier
transform (STFT) analysis is performed to the recorded data,
leading to a frequency-time diagram shown in Fig. 5(al). The
corresponding spectrum is measured by an electrical spectrum
analyzer (Keysight N9O10A, bandwidth 44 GHz) with a reso-
lution bandwidth (RBW) of 3 MHz, with the result shown in
Fig. 5(bl). The MZM and a following OBPF form a CS-SSB
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Fig. 5. (a) The frequency-time diagrams and (b) the electrical spectra of (1)
the input chirp signal and (2) the output frequency-stepped chirp signal. The
inset in (a2) is the zoom-in view of the seventh subpulse.

module, and the output optical spectrum is shown in Fig. 4(c).
The signal from the CS-SSB module and the optical signal from
the OFSL are amplified, combined and further split into two
branches. One branch is sent to a 40-GHz PD with a responsivity
of 0.65 A/W to generate the frequency-stepped chirp signal,
which is amplified by a PA before being sent to a horn antenna
for radiation. The frequency-time diagram and the electrical
spectrum of the generated frequency-stepped chirp signal are
shown in Figs. 5(a2) and 5(b2). Nine subpulses covering a
frequency range from 16.9 GHz to 35.1 GHz with a center
frequency interval of 2 GHz can be seen in Fig. 5(a2). The ninth
subpulse is severely distorted due to the limited bandwidth of
the oscilloscope. It is worth noting that several weak harmonic
signals are generated due to the inadequate suppression of the
optical carrier by the DPMZM in the OFSL. The performance
deterioration of the radar system caused by these harmonic
signals can be ignored in the experiment because its power is
very weak. By employing a DPMZM with a higher extinction
ratio, the power of the harmonic components can be further
decreased.

The other branch of OC4 is connected to the optical input port
of a DOMZM (Eospace AX-1x2-0MVS). The echoes collected
via the receive antenna are augmented by an LNA and then fed
to the RF port of the DOMZM, which is biased at the quadrature
transmission point. Then, the optical signal modulated by the
electric echo signal beats at a BPD (Thorlabs PDB450C-AC)
embedded with LNAs to generate a de-chirped signal. The de-
chirped signal is further converted into a digital signal by the
real-time oscilloscope. Since the frequency is low, a sampling
rate of 100 MSa/s is exploited. A suitable time shift is introduced
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signals.

to the component de-chirped from the individual subpulse via a
digital processing algorithm to achieve bandwidth synthesis.
To investigate the range resolution of the proposed radar
system, a cable is used to connect the PD and the DOMZM
via an LNA to simulate the detection of a single target while
isolating the impact of the external environment. According to
(6) the de-chirped sub-signals are time-shifted and combined to
obtain synthetic signals. By applying the fast Fourier transform
(FFT), the spectrum of the synthesized signal after de-chirping is
obtained. Fig. 6(a) shows the obtained spectra when the number
N of de-chirped sub-signals used in the synthesis is 3, 6, and
9 (i.e., the corresponding equivalent bandwidth is 6.2 GHz,
12.2 GHz, and 18.2 GHz). When there are two targets, we
can calculate their distance JL by the frequency difference Jf
between the peaks of the two main lobes in the de-chirped signal
spectrum, i.e., L = §fcT/2B, where T and B are the pulse width
and the bandwidth of the chirp signal. However, when the two
main lobes are very close, they cannot be distinguished. The
minimum distinguishable frequency difference 0fy,;, for two
targets depends on the main lobe bandwidth. Ideally, the 3.92-dB
bandwidth of the main lobe is dfs5. 9o = 1/7, resulting in a range
resolution of R = df3.92¢T/2B = ¢/2B [5]. Therefore, we first
evaluate the range resolution of the system by measuring df3.9s.
As can be seen, the more de-chirped sub-signals are used in
the synthesis, the narrower the main lobe is, i.e., the higher the
range resolution is. Fig. 6(b) shows the comparison of theoretical
and experimental results of range resolution when different
numbers of de-chirped sub-signals are used in the synthesis.
As illustrated, the two lines match very well. When the number
of signals used in the synthesis is 9, 0f3 g2 is 37.4 kHz, and the
corresponding range resolution is calculated to be 8.4 mm, which
is an error of 0.2 mm from the theoretical resolution (8.2 mm).
Then, two metallic plane targets (2 cm x 2 cm) spaced 8.5 mm
apart, as shown in Fig. 7(a), are detected by the proposed radar
to calibrate the range resolution of the radar. Fig. 7(b) shows
the obtained spectra when the number of de-chirped sub-signals
used in the bandwidth synthesis is 3, 6, and 9 (i.e., the cor-
responding equivalent bandwidth is 6.2 GHz, 12.2 GHz, and
18.2 GHz). Two peaks located at 7.665 MHz and 7.703 MHz
can be observed, whereas only one peak can be observed in
other curves. The frequency difference between the two peaks
is 38 kHz, corresponding to a measured distance of 8.52 mm,
which shows that the two targets can be distinguished with an
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Fig.7.  (a) The picture of the targets. (b) The measured spectra when different
numbers of de-chirped sub-signals are used in the synthesis.
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Fig. 8. (a) The picture of the target and results of the ISAR demonstration
when ()N =3, (c)N=6,(d)N=09.

error of 0.02 mm, validating again the sub-centimeter-level range
resolution of the proposed radar.

To further investigate the radar detection performance, ISAR
imaging experiments are conducted. The target is a slanted letter
“V” with a side length of 9.8 cm and an angle of 53° composed
of aluminum particles, which are placed on a rotator with a
rotating speed of 360°/s. The distance between the rotator and
the antennas is about 1.5 m. The picture of the target is shown in
Fig. 8(a). The frequencies of the de-chirped signals are located at
around 7.5 MHz and the sampling time is set to 0.11 s. Under this
setting, the viewing angle for every ISAR picture is 39.6°, and
the cross-range resolution is ~8.3 mm [6]. Thus, a 2-D imaging
resolution of ~8.5 mm X ~8.3 mm can be obtained when N =9.
Figs. 8(b) to 8(d) show the ISAR images constructed when the
number N of the de-chirped sub-signals used in the synthesis
is 3, 6, and 9 (i.e., the corresponding equivalent bandwidth
is 6.2 GHz, 12.2 GHz, and 18.2 GHz). As can be seen, the
resolution is improved significantly as N increases.

In addition, we test the situation assuming the radar is dis-
turbed by an interference signal in the range of 22.9 to 25.1 GHz.
To remove the interference, we set the amplitude of the fourth
de-chirped sub-signal to zero. If the signal gap is not filled with
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Fig. 9. The ISAR image when the radar is interfered. (a) Before and (b) after
using the AR algorithm.
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Fig. 10.  The output optical spectra of OC4.

the reconstructed data, it will create false peaks in the frequency
domain, which in turn produce a very blurred ISAR image,
as shown in Fig. 9(a). It should be noted that it is difficult to
reconstruct the missing data when there is little prior informa-
tion. Fortunately, the proposed system has a large bandwidth
and can get enough prior information to reconstruct the missing
data. The missing data can be reconstructed by the AR algorithm
and filled into the signal gap. ISAR imaging can be applied to
the gap-filled signals to obtain an ultra-high-resolution image,
as shown in Fig. 9(b), which is almost the same as the previous
image without interference. This shows that the proposed radar
exhibits good anti-interference ability.

It is worth noting that the highest frequency of the frequency-
stepped chirp signal is mainly limited by the PD bandwidth.
High-frequency signals, such as W-band (75 to 110 GHz), can
be generated by using a broadband PD. The total bandwidth is
limited by OBPFI, so a larger bandwidth can be achieved by
increasing Boppr1. The two lights separated by OC1 can be
replaced by two phase-locked lights with a frequency interval of
58 GHz, and Boppri1 can be increased to 34 GHz. After carefully
adjusting the system, an optical spectrum as shown in Fig. 10
can be achieved at the output port of OC4. As can be seen,
the system has the potential to generate a frequency-stepped
chirp signal covering the entire W-band. After de-chirping and
data fusion processing, a range resolution of 4.3 mm could be
envisaged.

IV. CONCLUSION

In conclusion, a sub-centimeter-level resolution imaging radar
has been proposed and demonstrated with a frequency-stepped
chirp signal generated by an optical frequency shifting loop.
An 18.2 GHz bandwidth and an 8.5 mm range resolution are
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achieved whereas the use of the large-bandwidth electronic de-
vices to generate and process broadband chirp signals is avoided.
Radar imaging with a two-dimensional (range and cross-range)
imaging resolution of ~8.5 mm x ~8.3 mm is implemented, and
the anti-interference ability of the system is verified. In addition,
the system has the potential to generate W-band signals, which
may enable radar imaging with a higher resolution.

(1
(2]

(3]

[4]

[3]
(6]
(71

(8]
[9]
[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

thorized licensed use limited to: NANJING UNIVERSITY OF AERONAUTICS AND ASTRONAUTICS. Downloaded on December 14,2020 at 09:06:01 UTC from IEEE Xplore. Restrictions appl

REFERENCES

M. Skolnik, Radar Handbook, 3rd Ed. New York, NY, USA: McGraw-Hill,
2008.

S. Futatsumori, K. Morioka, A. Kohmura, K. Okada, and N. Yonemoto,
“Design and field feasibility evaluation of distributed-type 96 GHz FMCW
millimeter-wave radar based on radio-over-fiber and optical frequency
multiplier,” J. Light. Technol., vol. 34, no. 20, pp. 4835-4843, Oct.
2016.

D. M. Sheen, D. L. McMakin, and T. E. Hall, “Active millimeter-wave
and sub-millimeter-wave imaging for security applications,” in Proc. Int.
Conf. Infrared, Millimeter, Terahertz Waves, Houston, TX, USA, 2011,
pp. 1-3.

R. H. Rasshofer and K. Gresser, “Automotive radar and lidar systems
for next generation driver assistance functions,” Adv. Radio Sci., vol. 3,
pp- 205-209, Mar. 2005.

M. Henri, “The principles of synthetic aperture radar,” in Proc. Synthetic
Aperture Radar Images, 2008, pp. 25-55.

V. C. Chen and M. Martorella, Inverse Synthetic Aperture Radar Imaging:
Principles, Algorithms and Applications. Herts, U.K.: SciTech, 2014.

P. Ghelfi et al., “Photonics in radar systems: RF integration for state-
of-the-art functionality,” IEEE Microw. Mag., vol. 16, no. 8, pp. 74-83,
Sep. 2015.

J. Capmany and D. Novak, “Microwave photonics combines two worlds,”
Nat. Photon., vol. 1, no. 6, pp. 319-330, Jun. 2007.

J. Yao, “Microwave photonics,” J. Light. Technol., vol. 27, no. 3, pp. 7-8,
Feb. 2009.

J. D. McKinney, “Technology: Photonics illuminates the future of radar,”
Nature, vol. 507, no. 7492, pp. 310-311, Mar. 2014.

D. Zhu, “Photonics-based microwave image-reject mixer,” Photon., vol. 5,
no. 2, pp. 6.1-6.12, Feb. 2018.

G. Serafino et al., “Toward a new generation of radar systems based
on microwave photonic technologies,” J. Light. Technol., vol. 37, no. 2,
pp. 643-650, Jan. 2019.

S. Preussler, F. Schwartau, J. Schoebel, and T. Schneider, “Photonically
synchronized large aperture radar for autonomous driving,” Opt. Express,
vol. 27, no. 2, pp. 1199-1207, Jan. 2019.

J. Cao et al., “Photonic deramp receiver for dual-band LFM-CW radar,”
J. Light. Technol., vol. 37, no. 10, pp. 2403-2408, May 2019.

X. Ye,F.Zhang, Y. Yang, and S. Pan, “Photonics-based radar with balanced
1/Q de-chirping for interference-suppressed high-resolution detection and
imaging,” Photon. Res., vol. 7, no. 3, pp. 265-272, Mar. 2019.

Z.Tang, Y. Li, J. Yao, and S. Pan, “Photonics-based microwave frequency
mixing: Methodology and applications,” Laser Photon. Rev., vol. 14,no. 1,
Jan. 2020.

P. Ghelfi ez al., “A fully photonics-based coherent radar system,” Nature,
vol. 507, no. 7492, pp. 341-345, Mar. 2014.

Y. Li, A. Rashidinejad, J. M. Wun, D. E. Leaird, J. W. Shi, and
A. M. Weiner, “Photonic generation of W-band arbitrary waveforms with
high time-bandwidth products enabling 3.9 mm range resolution,” Optica,
vol. 1, no. 6, pp. 446454, Dec. 2014.

W. Zou, H. Zhang, X. Long, S. Zhang, Y. Cui, and J. Chen, “All-optical
central-frequency-programmable and bandwidth-tailorable radar,” Sci.
Rep., vol. 6, no. 1, Jan. 2016.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 38, NO. 18, SEPTEMBER 15, 2020

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

S. Zhang, W. Zou, N. Qian, and J. Chen, “Enlarged range and filter-tuned
reception in photonic time-stretched microwave radar,” IEEE Photon.
Technol. Lett., vol. 30, no. 11, pp. 1028-1031, Jun. 2018.

S. Wang et al., “Dual-band THz photonic pulses enabling synthetic mm-
scale range resolution,” IEEE Photon. Technol. Lett., vol. 30, no. 20,
pp. 1760-1763, Oct. 2018.

S. Peng et al., “High-resolution W-band ISAR imaging system utilizing a
logic-operation-based photonic digital-to-analog converter,” Opt. Express,
vol. 26, no. 2, pp. 19781987, Jan. 2018.

R. Li et al., “Demonstration of a microwave photonic synthetic aperture
radar based on photonic-assisted signal generation and stretch processing,”
Opt. Express, vol. 25, no. 13, pp. 14334-14340, Jun. 2017.

F. Zhang et al., “Photonics-based broadband radar for high-resolution and
real-time inverse synthetic aperture imaging,” Opt. Express, vol.25,no. 14,
pp. 16274-16281, Jul. 2017.

A. Wang et al., “Ka-band microwave photonic ultra-wideband imaging
radar for capturing quantitative target information,” Opt. Express, vol. 26,
no. 16, pp. 20708-20717, Aug. 2018.

Y. Yao, F. Zhang, Y. Zhang, X. Ye, D. Zhu, and S. Pan, “Demonstration of
ultra-high-resolution photonics-based Ka-band inverse synthetic aperture
radar imaging,” in Proc. Opt. Fiber Commun. Conf. Expos., San Diego,
CA, USA, 2018, pp. 1-3.

F. Gini, A. De Maio, and L. Patton, Waveform Design and Diversity for
Advanced Radar Systems. London, U.K.: Institution Eng. Technol., 2012.
M. A. Richards, Fundamentals of Radar Signal Processing, 2nd ed. New
York, NY, USA: McGraw-Hill, 2014.

J. Mittermayer, A. Moreira, S. Member, and O. Loffeld, “Spotlight SAR
data processing using the frequency scaling algorithm,” IEEE Trans.
Geosci. Remote Sens., vol. 37, no. 5, pp. 2198-2214, Sep. 1999.

G. Jia, M. Buchroithner, W. Chang, and X. Li, “Simplified real-time
imaging flow for high-resolution FMCW SAR,” IEEE Geosci. Remote
Sens. Lett., vol. 12, no. 5, pp. 973-977, May 2015.

P. Ghelfi, F. Laghezza, F. Scotti, D. Onori, and A. Bogoni, “Photonics for
radars operating on multiple coherent bands,” J. Light. Technol., vol. 34,
no. 2, pp. 500-507, Jan. 2016.

J. Tian, J. Sun, G. Wang, Y. Wang, and W. Tan, “Multiband radar signal
coherent fusion processing with IAA and apFFT,” IEEE Signal Process.
Lett., vol. 20, no. 5, pp. 463-466, May 2013.

S.Peng, S. Li, X. Xue, X. Xiao, D. Wu, and X. Zheng, “A photonics-based
coherent dual-band radar for super-resolution range profile,” IEEE Photon.
J., vol. 11, no. 4, Aug. 2019, Art. no. 5502408.

Y. Zhang, C. Liu, K. Shao, Z. Li and S. Pan, “Multi-octave and re-
configurable frequency-stepped radar waveform generation based on an
optical frequency shifting loop,” Opt. Lett., vol. 45, no. 7, pp. 2038-2041,
Apr. 2020.

X. Nie, D. Zhu, and Z. Zhu, “Application of synthetic bandwidth approach
in SAR polar format algorithm using the deramp technique,” in Proc. Prog.
Electromagn. Res., 2008, pp. 447—460.

X. Zhang, W. Zhai, and Y. Zhang, “A prototype for stepped-frequency
SAR dechirp imaging system and experimental verification,” in Proc. Asia
Pacific Microw. Conf., 2009, pp. 1208-1211.

K. M. Cuomo, “Ultrawide-band coherent processing,” IEEE Trans. Anten-
nas Propag., vol. 47, no. 6, pp. 1094-1107, 1997.

X. Xu and J. Li, “Ultrawide-band radar imagery from multiple incoherent
frequency subband measurements,” J. Syst. Eng. Electron., vol. 22, no. 3,
pp. 398404, Jun. 2011.

B. Hussain, A. Malacarne, S. Maresca, F. Scotti, P. Ghelfi, and A. Bogoni,
“Auto-regressive spectral gap filling algorithms for photonics-based highly
sparse coherent multi-band radars in complex scenarios,” in Proc. IEEE
Radar Confer. (RadarConf18), Oklahoma City, OK, USA, 2018, pp. 0993—
0998.




<<
  /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 true
  /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


