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ARTICLE INFO ABSTRACT

Keywords: We demonstrate the photonic-assisted high-resolution synthetic aperture radar imaging applying broadband
Microwave photonics photonic signal generation and a modified incoherent back projection (BP) imaging algorithm. The radar
Radar

transmits linear frequency modulated (LFM) signals generated by period-one oscillation in an optically injected
semiconductor laser. Since the signal bandwidth is greatly enlarged compared with traditional electric radars, a
significantly improved imaging resolution can be achieved. Besides, we use a modified incoherent BP imaging
algorithm with self-amplitude weighting and multiplicative tomography weighting, to further increase the
imaging resolution and to suppress the undesired high-energy artifacts and background interferences. An
experiment is carried out. Based on the established radar with a signal bandwidth as large as 12 GHz, high-
resolution and clear images of different scenes are successfully constructed, through which the advantages
of the proposed scheme over traditional BP imaging system can be soundly verified. The demonstrated
scheme provides a good solution to enhance the performance of the incoherent BP imaging algorithm and
simultaneously overcome the radar bandwidth limitation. It would find applications where high-resolution

Back projection algorithm
High-resolution imaging

radar imaging is needed.

1. Introduction

High-resolution radar imaging plays an important role in many
applications such as automatic driving, security check, environmen-
tal monitoring and so on [1,2]. Synthetic aperture radar (SAR) is a
good solution to improving the imaging resolution by constructing an
equivalent large observation aperture. Among the various SAR imaging
algorithms, incoherent back projection (BP) algorithm is a common
time-domain imaging method that has been widely used in through-
the-wall radar, airborne radar, and ground penetrating radar, etc. In
an incoherent BP imaging system, by calculating and compensating the
round-trip time delay between the radar and target, the echo informa-
tion is synchronized in time domain and then superimposed layer by
layer on the imaging pixels [3,4]. Compared with other SAR imaging
methods, incoherent BP algorithm is simple to implement and free
from complicated signal processing such as motion compensation [5].
Generally, the image quality of an incoherent BP imaging system is
determined by the radar resolution and its capability to suppress the
undesired contaminations, such as the high-energy artifacts and the
background interferences that are generated when constructing the
image layer by layer [6]. Recently, we proposed a modified incoherent
BP imaging algorithm with self-amplitude weighting and multiplicative
tomography weighting [7]. This method can effectively suppress the
undesired high-energy artifacts and background interferences. At the
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same time, the imaging resolution can be improved through super-
resolution processing, i.e., the self-amplitude weighting. Performance
of this method was investigated based on an electrical radar suite
having a bandwidth of 3.8 GHz, in which the undesired contaminations
were effectively suppressed and the imaging resolution was obviously
improved. While, this imaging resolution is still not enough to meet
the requirements in many applications such as target recognition. To
further improve the imaging resolution, the bandwidth of the radar,
which essentially determines the range-resolution, should be further
enlarged. This is hard to implement because the bandwidth of current
electrical signal generators is usually limited within several GHz [8,9].
Fortunately, the emerging microwave photonic technology provides
promising solutions to generating and processing broadband radar
signals for radar applications [10-15]. With photonic-assisted radars,
coherent inverse SAR (ISAR) imaging with a resolution better than 2 cm
has been successfully demonstrated [16-18].

In this paper, we demonstrate the photonic-assisted high-resolution
radar imaging with modified incoherent back projection algorithm.
This is the first time that the photonic signal generation is introduced to
an incoherent BP imaging radar. Specifically, the proposed radar trans-
mits broadband linear frequency modulated (LFM) waveforms gener-
ated by period-one (P1) oscillations in semiconductor lasers. Thanks
to the use of photonic technologies, the radar bandwidth can easily
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Fig. 1. (a) Schematic diagram of the radar imaging system, (b) Structure of the LFM
signal generator. ML: master laser; ATT: optical attenuator; PC: polarization controller;
SL: slave laser, PD: photo-detector; CIR: optical circular; MZM: Mach-Zender modulator;
PS: power splitter; EA: electrical amplifiers.

go beyond 10 GHz, and the resultant high range resolution detection
capability for each radar aperture can greatly enhance the resolution
of the final image. In the experiment, a photonics-based radar having
a bandwidth as large as 12 GHz is established, based on which high-
resolution and clear BP images of different scenes are successfully
demonstrated.

2. Principle

Fig. 1(a) shows the schematic diagram of the proposed radar imag-
ing system. The radar transmits a broadband LFM signal generated
based on an optically injected semiconductor laser working in the
period-one (P1) state [19-21]. The detailed structure of the LFM signal
generator is shown in Fig. 1(b), where the master semiconductor laser
(ML) provides a continuous wave (CW) light and it is injected to a
slave semiconductor laser (SL) through an optical circulator (CIR).
The polarization state of the injected light is tuned by a polarization
controller (PC) to be aligned with that of the SL, so that a good
optical injection efficiency can be ensured. After properly setting the
injection strength and the detuning frequency between the ML and the
free-running SL, P1 state can be excited [22]. By sending the output
signal from the SL to a photodetector (PD) to implement optical-to-
electrical conversion, a single-frequency (f,) microwave signal can be
generated. When the detuning frequency is fixed, the P1 oscillation
frequency f, increases almost linearly as the optical injection strength
increases. A periodical near-sawtooth electrical signal S(t) is applied to
perform intensity modulation of the injection light through a Mach-
Zender modulator (MZM1). With this method, a microwave LFM signal
can be generated. In this process, the nonlinearity between the output
frequency and the injection strength has been compensated by specially
designing the electrical control signal S(¢) [21]. Thus, the obtained LFM
signal would have a good frequency modulation linearity. To transmit
pulsed radar signals, a second Mach-Zender modulator (MZM2) is used
before the PD to function as a pulse carver, which is realized by
driving MZM2 with a two-level electrical signal C(t) to implement on—
off keying modulation. Thanks to the widely frequency-tuning property
of P1 oscillation, the generated LFM signal can have a very broad
bandwidth over 10 GHz. Besides, the bandwidth, center frequency,
repetition rate and duty cycle of the generated LFM signal can be tuned
by adjusting the parameters of S(t) and C(t). Then, the obtained LFM
signal is split into two branches by an electrical power splitter (PS).
The signal in one branch is used as the probe, which is amplified by an
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electrical amplifier (EA) before emitted to the air through a transmit
antenna (Tx). The signal in the other branch is used as a reference.
This reference signal and the radar echo collected by a receive antenna
(Rx) are captured and digitalized simultaneously by a two-channel
analog-to-digital-converter, which is implemented by a multi-channel
real-time oscilloscope in our experiment. By changing the position of
the antenna pair, a synthetic radar aperture having an enlarged size
can be constructed.

The digital signals collected by different sub-apertures are sent to
the digital signal processing (DSP) unit. In the digital signal processing
(DSP) unit, pulse compression is first performed by simple cross corre-
lation between the reference signal and the echo signal [23]. By doing
this, the 1D pulse compression image for the mth sub-aperture (m = 1,
2, ..., M, M is the number of sub-apertures) is obtained, which can be
denoted by R,,(t) with t being the round-trip time delay along the range
profile. After interpolating the 1D pulse compression image to make it
coincide with the image pixels in the desired imaging region [4,5], the
1D coarse image corresponding to the mth sub-aperture is obtained as
R, (1;;), where t;; is the round-trip time delay between the mth sub-
aperture and the image pixel at the coordinate of (x;, y;). In traditional
BP imaging, the coarse images obtained by different sub-apertures are
accumulated layer by layer to get the final image. The amplitude at the
image pixel (x;, y;) is

M
A y) = D) R, (1) 1
m=1

In the image obtained based on Eq. (1), the targets appear in the pixels
where the pulse curves of multiple 1D coarse images intersect. In order
to increase the quality of the image, we proposed a modified incoherent
BP imaging algorithm with self-amplitude weighting and multiplicative
tomography weighting [7]. Here, the self-amplitude weighting is to
introduce a self-amplitude related weight to the coarse image obtained
by each sub-aperture, which achieves super resolution detection by
sharpening the peak in the range profile. The output of the image pixel
at (x;, yj) is given as
M
Ay = Y [Ru)]” @)
m=1
where « is a positive integer larger than one. This method can effec-
tively improve the coarse image resolution. In Eq. (2), the multiple
coarse images are accumulated to get the final image, in which high-
energy artifacts and background interferences still exist due to the
mutual contamination between different layers. To solve this problem,
multiplicative tomography weighting is proposed to construct the final
image by
M
A ) = [ [Ratt)]” ®3)
m=1
In Eq. (3), the amplitudes of the single-layer coarse image to be
considered are treated as the weights to the previous cumulated results,
i.e., a multiplicative operation is adopted. This way, the artifacts and
background interferences can be effectively suppressed, and the target
can be clearly distinguished from the non-target area.

It should be noted that, although a large « and/or M is helpful to
get a high resolution, the amplitude contrast between different targets
may be excessively enlarged. If oversized ¢« and M are used to detect
targets with different radar cross sections (RCS), the detected amplitude
of targets with smaller RCS will be much less than those with larger
RCS. Thus, « and M should be properly chosen to achieve a high
resolution while maintaining an acceptable contrast between different
targets. This can be implemented though certain amount of attempts
based on the imaging results of traditional BP method. On the other
hand, the proposed algorithm can be used as a supplementary method
to traditional BP algorithm, to distinguish the targets with much higher
resolution in a desired area. In addition, this problem can be alleviated
by combining the proposed algorithm with other signal processing
method, such as the fast BP imaging algorithm [24], in which not all
the sub-apertures are used to construct the final image.
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Fig. 2. (a) Measured waveform of the generated LFM signal, (b) the waveform of a single pulse, (¢) time—frequency curve corresponding to a periodic waveform (d) autocorrelation

results of signal (Insets: the amplified autocorrelation peak).
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Fig. 3. (a) Photograph of the experimental setup (vertical view of the targets), and the images obtained by (b) traditional BP algorithm, (c) the self-amplitude weighting BP
algorithm and (d) self-amplitude weighting combined with multiplicative tomography weighting.

3. Experimental demonstration

A photonics-based radar system is established based on the setup in
Fig. 1. The CW light at 1544.012 nm generated by the ML (Agilent
N7714A) has a power of 15.8 dBm. The SL is a DFB laser (Actech
LD15DM) with a free-running wavelength of 1544.145 nm. It is biased
with an electrical current of 32 mA, which is about 5 times of the
threshold. The injection strength of the ML is controlled by an MZM
(Lucent 2623NA; Bandwidth: 10 GHz), that is driven by a control signal
S(t) generated by arbitrary waveform generator (Agilent 81150A; Band-
width: 120 MHz). The repetition rate of the control signal is 1 MHz.
After the SL, another MZM (Lucent 2623NA, Bandwidth: 10 GHz) is
followed to implement on-off-keying modulation. The switching signal
applied to the second MZM is periodically encoded by “1 0 0 0”
with a temporal period of 1 ps for each bit, and it is synchronized
with the control signal S(t). Under proper optical injection, the SL

works in P1 state. By optical-to-electrical conversion through a PD (u2t
XPDV2120RA; bandwidth: 40 GHz), a pulsed LFM signal that has a
bandwidth of 12 GHz (15-27 GHz) is generated having a duty cycle
of 25% and a temporal duration of 1 ps for each pulse. Fig. 2(a)
shows the waveform of the generated LFM signal captured by a real-
time oscilloscope (Keysight DSO-X 92504A; Sampling rate: 80 GSa/s).
Fig. 2(b) shows the waveform of a single LFM pulse. The corresponding
instantaneous frequency recovered by Hilbert transformation is shown
in Fig. 2(c). As can be seen, a pulsed LFM signal covering the frequency
range of 15-27 GHz is successfully generated. The pulse compression
ability of the LFM signal is analyzed by performing autocorrelation with
the result shown in Fig. 2(d). In Fig. 2(d), the autocorrelation peak has
a full width at half maximum (FWHM) of 102 ps, indicating a pulse
compression ratio as high as 9804 is achieved. The generated LFM
signal is amplified by an EA (Agilent 83020A) before transmitted to
the detection area through a horn antenna. The radar echo is collected
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Fig. 4. (a) Close-range photographs of targets, images obtained by experiment with (b) traditional BP algorithm and 1 GHz bandwidth signal, (c) traditional BP algorithm and

12 GHz bandwidth signal, (d) the modified BP algorithm and 12 GHz bandwidth signal.

by another horn antenna and sampled together with the reference LFM
signal by two channels of the real-time oscilloscope (Sampling rate: 80
GSa/s for each channel).

To investigate the imaging performance, two metal sheets are used
as the target, as shown in Fig. 3(a). In the experiment, positions of the
antenna pair are changed to form a uniform linear array with 11 equally
spaced apertures having a total length of 35.36 cm. The two metal
sheets both have a size of 4.7 cm X 6.7 cm, and they are separated by
3.54 cm along the range direction. Fig. 3(b) shows the image obtained
using traditional BP algorithm, where serious background interferences
are observed, making it hard to distinguish the target and the possibil-
ity for missed inspection is increased. When self-amplitude weighting
algorithm is applied with a being 3 in Eq. (2), the constructed image is
shown in Fig. 3(c). As can be seen, the intersecting area of multiple
coarse images becomes more focused than the result in Fig. 3(b),
because the coarse image resolution is enhanced. While, the artifacts
and background interferences due to mutual contamination between
different layers still exist. When self-amplitude weighting is applied
combined with the multiplicative tomography weighting, the obtained
image is shown in Fig. 3(d). In Fig. 3(d), the background interferences
and artifacts are removed and the two targets are clearly separated
without overlap. This result can verify the advantage of the proposed
BP imaging algorithm over the tradition BP imaging algorithm.

Then, radar imaging of a complex target is demonstrated, in which
the target consists of 7 metal sheets composing a “V” shaped letter, as
shown in Fig. 4(a). In this case, a linear array with 17 equally spaced
sub-apertures with a total length of 56.57 cm is adopted. To show the
advantage of applying photonics-based broadband LFM signals, radar
imaging by transmitting an LFM signal having a bandwidth of 1 GHz,
which is comparable with the current electrical signal generators, is
performed as a comparison. The 1-GHz bandwidth LFM signal is also
generated by the optically injected semiconductor laser and it covers
a frequency range of 22.3-23.3 GHz. Fig. 4(b) shows the constructed
image with traditional BP algorithm. As can be seen, the low resolution
of narrow-band coarse image causes all the small metal sheets to be
overlapped in the final image. In addition, there are strong background
interferences and artifacts in the image. When the radar transmits LFM
signals that have a bandwidth of 12 GHz (15-27 GHz), the image
obtained with traditional BP algorithm is shown in Fig. 4(c). Compared

with the image in Fig. 4(b), the resolution is obviously improved,
indicating the imaging performance is enhanced by applying photonics-
based broadband radar. However, there is still much overlap between
different components of the target, and the impact of background
interferences and artifacts is still serious. Fig. 4(d) shows the image
obtained by the modified BP algorithm with « being 3. As can be
seen, the resolution in Fig. 4(d) is much better than those in Fig. 4(b)
and (c). In Fig. 4(d), the artifacts and background interferences are
well suppressed, and positions of the 7 metal sheets can be clearly
distinguished, although slight errors appear in azimuth direction. By
increasing the number of sub-apertures to further improve the detection
resolution in azimuth direction, more accurate measurement can be
guaranteed.

4. Conclusions

We have demonstrated a high-resolution radar imaging system that
generates broadband waveforms based on an optically injected semi-
conductor laser and adopts a modified incoherent BP algorithm to
construct the image. Performance of the proposed scheme is investi-
gated through photonics-based radar imaging with a signal bandwidth
as large as 12 GHz. The results show that the broad signal band-
width combined with the proposed BP algorithm achieves much better
resolution over traditional BP imaging system and good background
suppression. Therefore, the proposed method provides a good solu-
tion to overcoming the radar bandwidth limitation and improving the
imaging performance.
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