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Abstract: A photonics-based broadband phased array radar is demonstrated to realize high-
resolution imaging based on digital beamforming. This photonics-based phased array radar
can achieve a high range resolution enabled by a large operation bandwidth, and can realize
squint-free beam steering by digital true time delay (TTD) compensation. In addition, the
photonic dechirp processing applied in the receiver can alleviate the hardware requirements
for data sampling and storage, and hence remarkably enhance the real-time signal processing
capability. In a proof-of-concept experiment, target imaging by a photonics-based 1 x 4
phased array radar that has a bandwidth of 4 GHz (22-26 GHz) is demonstrated, of which the
range and azimuth resolution is measured to be 3.85 cm and 2.68°, respectively. The proposed
scheme provides good solution to overcoming the bandwidth limitation and implementing
high-resolution imaging in a phased array radar.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Radar imaging plays an important role in many applications such as security check, automatic
driving, ocean monitoring and so on [1,2]. As a promising technology, target imaging by
beamforming with a phased array radar can achieve a high azimuth resolution without
mechanically moving the radar platform. While, current phased array radars usually work in a
narrow band, which severely limits the range resolution of the radar. The main factors
limiting the operation bandwidth of a phased array radar include: i) the bandwidth of
electrical devices and subsystems is limited, e.g., the bandwidth of a DDS is constrained to a
few GHz [3]; ii) the main-beam squint problem makes it difficult for a phased array radar to
operate at a broad frequency band [4].

To overcome the bandwidth limitation of electronic systems, microwave photonic
technologies have been proposed and extensively investigated [5,6]. Until now, many
photonics-based broadband radars have been demonstrated with the potential to improve the
range resolution of a traditional radar by an order of magnitude [7-10]. Based on these
systems, high resolution inverse synthetic aperture (ISAR) imaging is demonstrated [11-13].
In addition to monostatic radars, photonics-based broadband distributed and multiple-input-
multiple-output (MIMO) radars have also been successfully demonstrated [14,15]. Provided
the radar bandwidth can be greatly enhanced by microwave photonic technologies, the main-
beam squint problem due to the aperture effect and the aperture traverse delay still constrains
the operation bandwidth of a phased array radar. To achieve squint-free beam steering in a
broadband phase array radar, true time delay (TTD) technique is required. Thanks to the low-
loss transmission property, photonics-based TTD schemes applying optical fiber delay line
have been proposed [16-20], of which the operation principle has been proved feasible.
However, these schemes suffer from high complexity, large volume and poor stability.
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Besides, the TTD resolution is usually limited, e.g., a resolution of ~69 ps was achieved in
[17]. These factors severely hinder the practical applications of photonic TTD techniques.

In this paper, we propose a photonics-based broadband phased array radar for high
resolution imaging based on digital beamforming. The radar transmits a broadband linearly
frequency modulated (LFM) signal generated by photonic frequency multiplication. In each
receive channel, photonics-based dechirping is implemented to obtain the 1D range profile.
After digitally compensating for the TTD, digital beamforming is performed to construct a 2D
image. The proposed photonics-based phased array radar achieves a high range resolution
thanks to the large operation bandwidth. Besides, it solves the main-beam squint problem by
simple digital TTD compensation, avoiding the use of complicated physical TTD network
and also strengthening the processing flexibility. Furthermore, the broadband photonic
dechirp processing alleviates the hardware requirements for digital sampling and storage in
each receiver, and enhances the signal processing capability for real-time and high-resolution
imaging.

2. Principle of the photonics-based phased array radar
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Fig. 1. Setup of the photonics-based phased array radar. LD: laser diode; OC: optical coupler;
DPMZM: dual-parallel Mach-Zehnder modulator; EDFA: erbium-doped fiber amplifier; PD:
photodetector; EA: electrical amplifier; PA: power amplifier; LNA: low noise amplifier;
MZM: Mach-Zehnder modulator; LPF: electrical low-pass filter; ADC: analog-to-digital
converter.

Figure 1 shows the setup of the photonics-based phased array radar with 1 transmitter and N
receivers. A continuous-wave (CW) light emitted by a laser diode (LD) is sent to a dual-
parallel Mach-Zehnder modulator (DPMZM), which is driven by an intermediate frequency
(IF)-band LFM signal generated by a low-speed electrical signal generator. By properly
setting the bias voltages of the DPMZM, the output optical signal only includes the + 2nd
order modulation sidebands [21]. After power amplification by an erbium-doped fiber
amplifier (EDFA), this optical signal is split into N + 1 branches by an optical splitter. The
signal in the first branch is sent to a photodetector (PD) to implement optical-to-electrical
conversion, and an LFM signal is generated, of which the frequency and bandwidth are
quadrupled compared with the IF-band LFM signal. The optical signal in the other N
branches is used as the reference signals of the radar receivers. The generated LFM signal is
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amplified by an electrical amplifier (EA) and passed through a band-pass filter (BPF) to
suppress the out-of-band noises and spurs, before emitted to the detection area through a
transmit antenna. The radar echoes reflected from the target are collected by the receive
antennas of the N receivers, which compose a uniform linear array (ULA) with an element
spacing of d. The signal collected by each antenna is first amplified by a low noise amplifier
(LNA) and then fed to an MZM to modulate an optical reference signal. The output signal
from each MZM is sent to a PD to perform photonic frequency mixing. This way, photonics-
based de-chirping of the received radar echo is implemented [8]. The de-chirped signal is
filtered out by a low-pass filter (LPF) and sampled by an analog-to-digital converter (ADC).
The obtained N-channel digital signals are sent to a digital signal processing (DSP) unit.

In the DSP unit, to deal with the aperture effect, which causes the broadband beam
squinting in traditional phased array radars, digital TTD compensation is implemented. To do
this, a point reference target is used to obtain the time delay difference between the four
receive channels. Firstly, the 1D range profile corresponding to each receiver is calculated by
performing Fast Fourier Transformation (FFT), which can be expressed as [8]:

R ={F[S®]} (1)

f=2krlc
where F(-) denotes the FFT operation, S{¢) is the sampled de-chirped signal of the i-th
receiver (i =1, 2, ..., N), k is the chirp rate of the transmitted LFM signal, and c¢ is the wave
propagation speed. In obtaining Eq. (1), the frequency of the spectral peak corresponding to
the point target in F[S,(f)] are also obtained. By comparing the frequency of the spectral peak
in each receiver with that of the referenced receiver of the ULA, the true time delay between a
specific receiver and the referenced receiver can be obtained by:

T =AMk @)

where Af; is the frequency difference between the spectral peak of F[Si(?)] in the i-th receive
channel and spectral peak in the referenced receive channel of the ULA. Once the true time
delay is known, digital TTD compensation can be implemented in frequency domain by:
N — . 27T,
R (n={F[s®] -} 3)

where j is the imaginary unit. After digital TTD compensation, a 1D range-profile matrix can
be obtained as:

R(=[R(r) R,(r) .. Ry(r)] “)

The steering vector matrix is given as

27z fe(N-1)dsin8/c

CD(H) :[1 e2lrﬁdsin19/c (5)

where f;, and @ denotes the center frequency of the transmitted signal and the scanning angle
in azimuth, respectively. Finally, radar imaging realized by digital beamforming can be
implemented by

1(r,0) =R(r)- ©"(6) (6)

where (-)" denotes the transposition operation. In practical applications, by sweeping the
azimuth angle at different range-resolution units based on Eq. (6), a 2D image can be derived.
The range-resolution is determined by the radar bandwidth, i.e.,

c
Lyps= E ™)
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where B is the bandwidth of the transmitted LFM signal. The azimuth resolution is given as
[22]

1 0.886¢
Orps = ———
cosf, Nd-f,

®)

where 6, denotes the desired beam angle with respect to the normal of the antenna array.

In this photonics-based phased array radar, broadband LFM signal generation and
processing can be implemented because of the use of microwave photonic techniques, which
ensures a high range resolution. In realizing squint-free beam steering, simple and flexible
digital TTD compensation is applied to avoid the complicated physical TTD network required
in analog beam steering. The photonic dechirping is a broadband zero-IF frequency mixing
process, of which the output dechirped signal locates in the low frequency region. This
property not only alleviates the hardware requirements for data sampling and storage in each
receiver, but also enhances the real-time signal processing capability for the digital TTD
compensation and digital beamforming.

3. Experimental demonstration

To verify the feasibility of the proposed photonics-based phased array radar, an experiment is
carried out by establishing a 1 x 4 phased array radar. In the experiment, the CW light source
is generated by an LD (TeraXion NLLO04) at 1550.51 nm with a power of 17 dBm. The
DPMZM (Fujitsu FTM7962EP) has a 3-dB bandwidth of 28 GHz. It is driven by a
continuous-wave IF-LFM signal generated by an arbitrary waveform generator (Tektronix,
AWG70001A). The bandwidth and repetition rate of the IF-LFM signal is 1 GHz (5.5-6.5
GHz) and 100 kHz, respectively. After biasing the DPMZM at the quadrupling mode, the
output signal is monitored by an optical spectrum analyzer (Yokogawa AQ6370C, resolution:
0.02 nm). Figure 2(a) shows the measured spectrum, where two frequency sweeping + 2nd-
order optical sidebands are generated with the optical carrier suppressed by 20 dB. This
optical signal is amplified by an erbium doped fiber amplifier (EDFA, Amonics Ltd.) with a
gain of ~20 dB, and an OBPF (Yenista, XTM-50) is followed to suppress the undesired
sidebands and the amplification of spontaneous emission (ASE) noise. Then, the obtained
optical signal is split into two branches by a 50:50 optical coupler (OC). The signal from one
branch sent to a broadband PD (u2t XPDV2120RA, bandwidth: 40 GHz) to perform optical-
to-electrical conversion. The generated LFM signal has a bandwidth of 4 GHz, covering a
frequency range of 22 GHz to 26 GHz. This LFM signal is first amplified by a broadband EA
(CONNPHY, CMP-0.1G40G-3020-K), and then filtered by a band-pass filter (operation
bandwidth: 22-26 GHz). The electrical spectrum of the generated LFM signal is measured by
an electrical spectrum analyzer (ESA, R&S FSV40), as shown in Fig. 2(b), in which the
temporal waveform of the LFM signal measured by a real-time oscilloscope (Keysight DSO-
X 92504A, sampling rate: 80 GHz) is included in the inset. As shown in Fig. 2(b), the LFM
signal covering 22-26 GHz is successfully generated and the signal-to-noise ratio (SNR)
reaches 47 dB.
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Fig. 2. (a) Optical spectra of the frequency quadrupling modulated signal; (b) spectrum of the
generated LFM signal in 22-26 GHz (RBW = 300 kHz, inset: waveform of the LFM signal).

Fig. 3. Photograph of the antennas and target in the experiment.

The generated LFM signal is emitted to the detection area through a horn antenna, of
which the operation bandwidth and gain is 18-26.5 GHz and 20 dBi, respectively. The radar
echoes are collected by four receive antennas having the same parameters with that of the
transmit antenna. The ULA composed by the four receive antennas has an element spacing of
6.2 cm, and the spacing between the transmit antenna and first receive antenna is 15 cm, as
shown in Fig. 3. In this case, the far-filed condition is satisfied when the target is separated
from the radar by over 2 meters. In each receiver, the echo signal is amplified by a LNA
(CONNPHY) and used to drive an MZM (Fujitsu FTM7938, bandwidth: 40 GHz). The output
signal from the MZM is sent to a PD (CONQUER Inc., bandwidth: 10 GHz) to implement
photonic frequency mixing. The dechirped signal is filtered by an LPF having a bandwidth of
100 MHz. Then, the dechirped signals are sampled by a four-channel real-time oscilloscope
(Agilent, DS09404) with a sampling rate of 500 MSa/s in each channel.

First of all, a metallic plane with a size of 6 cm x 7 cm is used as the target, which is
placed at a distance of about 2.1 m from the ULA (6, = 0°). According to Egs. (7) and (8), the
theoretical resolution of the image is 3.75 cm in range direction and 2.57° in azimuth
direction. In the experiment, the target has a size much smaller than that determined by the
distance and the azimuth resolution. Thus, it can be treated as a point target to perform the
digital TTD compensation. Figures 4(a)-4(d) show the sampled waveforms of the four
dechirped signals in a temporal period of 10 ps, based on which four 1D range profiles are
calculated according to Eq. (1). Here the low-frequency envelope in Fig. 4(d) is generated due
to the imperfect performance of the PD in the fourth receive channel. While, this does not
affect the radar performance since its frequency is much lower than the frequency of the de-
chirped signal. After digital true time delay compensation, the obtained four 1D range profiles
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are shown in Figs. 4(e)-4(h). As can be seen, in each curve, a peak corresponding to the target

is observed at the distance of 2.099 m.

6

14 . — T 6 : - —
@ TR ()] Rx2| T() |’ Rx3]
S | | | S i S ' | s
g 10 % §4 g

8
) g 53 g
s 6 3 k] g
g 4 | > o 2 A B o

2 > >

0 0 H 0

0o 2 _4 6 8 10 o 2 a4 6 8 0 4 10

Time (us) Time (us) Time (us)
__1of(e) Rx1 1.0{(f) x2)  1.09(9) x3
5 o8 2.099 5 08 2.099 ’; 08 2.099 3
3 © < <
~ 0.6 T 06 T 06 T 0.6
o [ [ [
2 04 2 o4 2 04 2 04
2 2 & g2 & 02 & 02
0.0+ 0.0 U, ~ 0.0 0.0 st Mar Al b Aot
4 4 4 4
Range (m) Range (m) Range (m) Range (m)

Fig. 4. The sampled waveform of (a) Rx1, (b) Rx2, (¢) Rx3 and (d) Rx4; and the 1D range
profiles after digital TTD compensation of (e) Rx1, (f) Rx2, (g) Rx3 and (h) Rx4.

Based on Egs. (4)-(6), a 2D image is constructed by sweeping with a step of 3.75 cm (the
theoretical range resolution) in the range direction and a step of 0.01° in the azimuth
direction. The obtained image with a total viewing angle of 32° is shown in Fig. 5(a).
Obviously, three bright spots appear at a distance of 2.099 m. The central spot is the target
image formed by the main lobe of the beam, while the other two are duplications due to the +
Ist-order grating lobes. In this experiment, because of the large volume of the horn antennas,
the element spacing (d) of the ULA is 6.2 cm, which is about 4.96 times of the central
wavelength. Thus, grating lobes are inevitable in the obtained image. According to the theory
in [22], the angles of the + 1st grating lobes are estimated to be + 11.631°, which are
consistent with the result in Fig. 5. In practical applications, the grating lobe images can be
eliminated by applying small-size antennas to get a small value of d or applying the unequally
spaced phased array technique [23,24]. In Fig. 5(a), the arcas with weak brightness are due to
the sidelobes, which is determined by the rectangular envelops of the sampled singles shown
in Fig. 4. Then, the point spread function (PSF) [25] of the established phased array radar is
analyzed through the central spot area in Fig. 5(a). Figures 5(b) and 5(c) show the profiles of
the PSF along the range direction and the azimuth direction, respectively. Through the full
width at half maximum (FWHM) of the two curves, the range resolution and azimuth
resolution are estimated to be 3.85 cm and 2.68°, respectively, which are very close to the
theoretical values. It should be noted that, the sidelobes in azimuth profile in Fig. 5(c) has a
strong amplitude, because they are actually the superimposition of the lobes beside the main
and grating lobes. In practical applications, by eliminating the grating lobes or separating the
grating lobes from the main lobe, amplitude of the sidelobes can be reduced.
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Fig. 5. (a) Imaging result of the single metallic plane, (b) profiles of the PSF along the range
direction, (c) profiles of the PSF along the azimuth direction.

Based on the established photonics-based phased array radar, imaging of multiple targets
is also demonstrated. In the experiment, four metallic planes with a size of 6 cm X 7 cm are
used as the targets. The photographs in Figs. 6(a)-7(c) show the four metallic planes placed at
different positions. The constructed images are also shown in Fig. 6. In the image results of
Fig. 6, the grating lobes are not shown by setting the viewing angle to be ~13.6°. As can be
seen, despite of the existence of sidelobes in these images, the position of each metallic plane
can be well recognized, and the patterns composed by the four metallic planes are clearly
displayed.
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Fig. 6. (a), (b) and (c) Photographs of the four metallic planes placed in different positions, and
the corresponding imaging results.

4. Discussion and conclusion

For the proposed phased array radar, the range resolution can be irproved by choosing a
large operation bandwidth. Due to hardware constraints, a 4-GHz bandwidth phased array
radar is demonstrated in the experiment, which leads to a range resolution of 3.85 cm. While,
the LFM signal generation and processing in this system can achieve a much larger
bandwidth, e.g., a photonics-based Ka-band radar with a bandwidth of 12 GHz has been
demonstrated to achieve a range resolution as high as 1.3 cm [26]. As for azimuth resolution,
it is determined by the number of receive elements once the element spacing is fixed. To
show this property, a two-target (two metallic planes) imaging experiment is implemented.
Figure 7(a) shows the image obtained by the four-element receive array as previously
demonstrated, while Fig. 7(b) shows the image obtained by a two-element receive array
having the same element spacing. Comparing the results in Fig. 7, it is obvious that the image
obtained by the four-element receive array has a much higher azimuth resolution.
Specifically, the azimuth resolution is decreased from 2.68° to 5.87°, when the element
number changes from 4 to 2. Therefore, the azimuth resolution can be improved by applying
more receive elements to form a larger equivalent radar aperture, e.g., a 102-element phased
array can achieve an azimuth resolution of 0.1°.
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Fig. 7. Imaging results by (a) a 4-element phased array radar, (b) a 2-element phased array
radar.

In conclusion, we have demonstrated a photonics-based phased array radar for high-

resolution imaging based on broadband digital beamforming. In the experiment, a photonics-
based 1 x 4 phased array radar with a bandwidth of 4 GHz (22-26 GHz) was established. The
range and azimuth resolution of the phased array radar were evaluated, and imaging of
multiple targets are also demonstrated. The results can verify the feasibility of the proposed
system, which is a promising solution to implementing broadband beam steering and imaging
in a phased array radar.
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