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Abstract: We propose and demonstrate a pulsed-chaos multiple-input-multiple-output (MIMO)
radar system in this paper. In the proposed MIMO radar system, multi-channel pulsed chaotic
signals are extracted from an optical seed chaos source with Delta-like autocorrelation and flat
spectrum. The seed chaos source is generated by passing the chaotic output of an external-cavity
semiconductor laser through a dispersive self-feedback phase-modulation loop and used for
MIMO radar signal generation. The cross-correlation characteristics of MIMO radar signals,
the maximum channel number of separable mixed echoes, as well as the performances of
multi-target ranging and anti-interference in the proposed pulsed-chaos MIMO radar system are
systematically investigated. The results indicate that multi-channel pulsed-chaos signals with
Delta-like autocorrelation can be simultaneously generated from the seed chaos source, and
excellent quasi-orthogonality of transmission radar signals can be guaranteed. Moreover, it is
demonstrated that the proposed pulsed-chaos MIMO radar supports multi-target ranging with a
centimeter-level resolution and can maintain satisfactory performance under low SNR scenarios
with various interferences.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Multiple-input-multiple-output (MIMO) radar has shown great advantages in high-resolution
imaging, target detection and tracking, as well as parameter estimation in recent years [1—4].
The key of MIMO radar is to employ multiple antennas for emitting orthogonal waveforms and
simultaneously use multiple antennas for receiving the echoes reflected by the targets to achieve
waveform diversity [5]. Compared with the phased-array radar that only transmits narrow beam,
the MIMO radar can transmit both narrow beam and wide beam, as such has higher controllable
degrees of freedom [6]. Since the transmitted signals of antennas are uncorrelated orthogonal
waveforms, the MIMO radar is capable to separate the individual transmission signals from the
received mixture echo waveforms, thereby the number of observation channels and degrees of
freedom in the MIMO radar is much more than the number of transceiver antennas. For this
reason, the antenna aperture of the receiver array can be enlarged, and a large-aperture equivalent
array can be obtained. Therefore, the MIMO radar shows a higher spatial resolution with respect
to the real aperture radar.

Since the orthogonality of transmitted waveforms is critical to separate and process the radar
multi-echo signals, the orthogonal waveform design is one of the most important factors for
a MIMO radar. To obtain more prominent radar performance, several types of orthogonal
waveform design methods for MIMO radar have been proposed in recent years. P. Stoica et al.,
proposed a scheme by designing a covariance matrix of the detection signal vector to maximize
the power around the target location of interest [7]. Based on some prior knowledge of the target
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response, Y. Yang and colleagues designed a MIMO radar waveform diversity scheme to estimate
the extended targets [8]. Regarding the MIMO radars without the prior knowledge, S. Sen and Y.
Chen proposed the waveform design method based on mutual information [9,10]. Moreover, C.
Y. Chen et al. proposed a waveform design method based on frequency hopping [11], and W. Q.
Wang proposed an OFDM chirp waveform diversity scheme using random matrix modulation
[12]. In addition, quadrature phase encoding waveforms and quadrature frequency encoding
waveforms have also been designed for implementing MIMO radars, in virtue of the optimization
algorithm, the genetic algorithm, as well as the simulated annealing and neighborhood search
algorithms [13-15].

Chaos waveforms generated from nonlinear dynamical systems are aperiodic, sensitive to
initial values, and have low cross-correlation peaks and low autocorrelation side-lobes. Based
on these features, chaos-based radars attracted a lot of attention recently. Up to the present,
most of the attention is focused on the digital chaos-based radar [16,17], since the generation of
digital chaos does not require complex algorithm optimization, and waveforms of any length
can be generated through simple iterations. Nevertheless, due to the electronic bottleneck, the
bandwidth of transmission signal of the digital chaos-based radar is relatively low in practice.
While the spatial resolution of radar is intrinsically determined by the effective bandwidth of the
transmission signal [18], as such the feasibility of the implementation of high-resolution digital
chaos-based radar is limited.

To improve the resolution and precision performances of chaos-based radar, using optical
chaotic signal generated by semiconductor laser (SL) as radar waveforms has been proposed
[19-33]. Under such a scenario, high resolution ranging or imaging can be achieved with one
single chaotic channel. Recently, generation of uncorrelated multi-channel chaos for MIMO radar
through electrical heterodyning a single-channel seed chaos has been reported in [33], wherein a
series of multiple uncorrelated signals are simultaneously generated from a typical optical chaos
source, namely an external-cavity semiconductor laser (ECSL) subject to conventional optical
feedback. It paves a novel way to implement MIMO radar with features of high resolution and
precision, anti-interference, as well as low probability of interception. While some crucial issues,
such as novel easily-implemented waveform design and generation of huge number of orthogonal
MIMO radar signals with single optical chaos source, the performances of ranging, tracking and
anti-interference, as well as the feasibility of applications in the fields of multi-target detection,
imaging etc., deserve thorough discussions. This motivates further investigations in the field
of MIMO radar in virtue of the features of wideband and noise-like waveforms of ECSL-based
optical chaos.

In the conventional ECSL-based chaos sources, due to the feedback light being a delayed
linear replica of the output of semiconductor laser, an obvious time delay signature (TDS) exists
in the autocorrelation function (ACF) trace of conventional ECSL-outputted chaos [34,35]. This
property would induce false side-lobes in the trace of cross-correlation function (CCF) of the
reference signal and echo signal, and then cause ranging ambiguity. On the other hand, the
spectrum of conventional ECSL-based chaos is concentrated nearby the relaxation oscillation
frequency (frp). Under such scenario, with bandwidth-limited photodetector (PD) and analog-to-
digital converter (ADC), the energy of the low-frequency band (OHz~fgo) radar signal is small,
this would result in low energy-utilization efficiency for radar application. Therefore, it is valuable
to improve the flatness of spectrum and simultaneously suppress the TDS of ECSL-based chaos
to obtain Delta-like autocorrelation, as well as explore novel multi-channel orthogonal chaos
waveform design methods for MIMO radar.

In this paper, we propose and demonstrate a pulsed-chaos MIMO radar system using a flat-
spectrum wideband optical chaos source with Delta-like autocorrelation. A novel chaos source
originated from a conventional ECSL cascaded by a dispersive self-feedback phase-modulated
loop (SFPML) is experimentally established and used for multiple quasi-orthogonal pulsed-chaos
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waveform generation. The feasibility and performance of the pulsed-chaos MIMO radar are
systematically discussed.

2. System configuration and principle

Figure | presents the schematic of the proposed pulsed-chaos MIMO radar system. This system
mainly comprises a multi-channel pulsed-chaos source module, as well as a transceiver and
processing module. In the multi-channel pulsed-chaos source module, a seed chaos signal is first
generated by passing the initial chaos outputted from a conventional ECSL through a dispersive
self-feedback phase modulation loop. Then, the seed chaos signal is split into n paths by an
optical beam splitter (OBS). On each path, the chaotic signal is delayed by an optical delay line
(DL) and then converted into an electrical signal by a PD. The delay times of DLs are set as
different to obtain time-domain non-overlapped signals for different channels. Subsequently, the
continuous chaotic signals on the n paths are synchronously pulsed by electronic switches that
are controlled by a common clock, and consequently, a series of pulsed-chaos waveforms are
obtained on each path. The pulse repetition frequency and duty cycle are determined by the
“on” and “off”” durations of the switch in each cycle. In the transceiver and processing module,
there are n sets of transceiver and processing submodules (dashed boxes) for the n channels. In
each submodule, the corresponding pulsed-chaos signal is firstly filtered as a band-limited signal
through a low-pass filter (LPF), and then divided into two parts by a power splitter (PS). One is
first mixed with a local oscillator (LO), then amplified by a radio-frequency amplifier (Amp),
and finally sent into the free space by the transmitting antenna (T). While the other part is sent
into a local signal processing module and used as the reference signal for target detection. On the
other hand, the hybrid echoes received by receiver antenna (R) are demodulated by the same LO
and then sent into the signal processing module. The local signal processing module is adopted
to detect the time delay information of each channel by calculating the cross-correlation between
the reference signal and the demodulated echo, and it can be realized by a field programmable
gate array (FPGA) or a personal computer. It is worth mentioning that the LO and the signal
processing module for all channels can be shared.

Multi-channel pulsed-chaos source Transceiver and processing module
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Fig. 1. Schematic of pulsed chaos MIMO radar system. OBS, optical beam splitter; DLs,
delay lines; S, switch; PD, photodetector; Amp, radio-frequency amplifier; LPF, low-pass
filter; PS, power splitter; LO, local oscillator; T, transmitter antenna; R, receiver antenna.

Figure 2 shows the experimental setup of the seed chaos source in the proposed MIMO radar
system. It is composed of a conventional ECSL that generates an initial chaos signal and a
SFPML that consists of phase modulator (PM), dispersive element (D), PD, variable optical
attenuator (VOA), and RF amplifier (Amp). By passing the initial chaotic signals through the
self-feedback-driving phase modulator and dispersive component, a flat-spectrum and TDS-
suppressed seed chaos can be obtained. Compared with the initial chaotic signal, the spectrum
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flatness and bandwidth of the seed chaos can be significantly enhanced, and simultaneously, the
TDS of the initial chaos can be eliminated and a Delta-like autocorrelation is obtained. In our
experiment, the bias current for DFB laser is 16.5 mA which is 1.5 times the threshold current
(11 mA), the operation wavelength of DFB laser is set as 1551.33 nm, the time delays of the ECSL
feedback loop and the SFPML are 7; = 100.2 ns and 7, = 24.34 ps, respectively. Under these
conditions, the relaxation oscillation frequency of the DFB laser is 4.27 GHz, and the effective
bandwidth of the initial chaos is about 5.82 GHz. Here the effective bandwidth is defined as
that in [36,37]. A dispersion compensation fiber with a dispersion coeflicient of 638 ps/nm is
employed as the dispersive component. The bandwidth of the phase modulator is 20GHz, and
the half-wave voltage is 3.8 V. The PM modulation depth is about 2.3. The maximum power
gain of the RF amplifier is 38 dB with a bandwidth of 18 GHz. A 20 GS/s real-time digital
oscilloscope is used to measure and record the relevant electrical signals. On the basis of the
experimentally-generated seed chaos, the investigations on the performance of the pulsed-chaos
MIMO radar are carried out by numerical simulations. In the simulation, the sampling rate of
ADC:s is set as 20GS/s, two identical equal-ripple finite impulse response (FIR) low-pass filters
with 3dB passband of 2.2GHz are adopted to match the operation frequency bandwidths of the
antennas and suppress the noise at the transceivers, the frequency of the local oscillators is set as
5GHz, the operation frequency ranges of the transceiver amplifiers and antennas are from 1GHz
to 9GHz, the pulse repetition frequency of pulsed-chaos signal extraction is 20 kHz, and the duty
cycle is 0.02.

Fig. 2. Experimental setup of seed chaos source. DFB, distributed-feedback semiconductor
laser; R, reflector; PM, phase modulator; D, dispersive compensation fiber; FC, fiber coupler;
VOA, variable optical attenuator; PD, photodetector; Amp, radio-frequency amplifier.

Figure 3 shows the schematic of the multi-channel pulsed-chaos signal extraction from seed
chaos, in virtue of the optical delay segmentation (ODS). Assuming that the number of channels
is n, the number of pulses per channel is m, and the delay of the i-th path is (i—1)T (with respect
to that of Channel 1), where T is the delay difference between the delay lines of adjacent channels,
which can be considered as the delay time step here. The initial states of the switches are off. In
each cycle of the pulsed-chaos extraction, the switch conduction time is 7 (pulse width), and the
off-time is 7,. The duty cycle of the pulsed-chaos signal is determined by n=T0/(To+ T,) and
the pulsing repetition frequency is determined by 1/(To+ T}-). The switches are turned on for
the first time at 7. To guarantee the multi-channel pulsed-chaos signals are quasi-orthogonal
(uncorrelated), it is necessary to keep the pulses of each segmentation are not overlapped in time
domain, as such the following conditions should be satisfied,

Tsl 2 (n_ 1)T
To<T

ey

In the following simulations, unless otherwise stated, the values of T and T are fixed at 1 ps.
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Fig. 3. Schematic of multi-channel uncorrelated pulsed-chaos signal generation, in virtue
of optical delay segmentation

3. Results and analysis

3.1. Characteristics of radar signals

Figure 4 presents the temporal waveforms, power spectrum and ACF traces, for the seed chaos,
the pulsed-chaos signal (position A in Fig. 1), the transmission radar signal (position B in Fig. 1)
and the back-to-back echo signal (position C in Fig. 1) for Channel 1, respectively. Here the
back-to-back echo signal is obtained by directly demodulating the transmission radar signal with
a LO signal and then filtering the demodulated signal with a LPF. The parameters of the LO and
LPF are identical to those for transmission signal generation. It is demonstrated that the temporal
waveform of the seed chaos shows irregular rapid oscillations, and its power spectrum is flat in the
range of 0 to 10 GHz (Figs. 4(al)-(a2)), which enables the proposed MIMO radar to have a low
probability of interception and high energy-utilization efficiency. Moreover, both of the TDSs
(1 and 1) for the ECSL and SFPML are completely suppressed in the ACF trace (Figs. 4(a3)).
To match the operation frequency bandwidth of the transmission antenna, the pulsed-chaos
signal is filtered by a LPF, with which the bandwidth of the baseband pulsed-chaos signal is
concentrated in 0-3 GHz (Figs. 4(b1) and (b2)). Besides, the pulsed-chaos signal maintains
excellent Delta-like autocorrelation characteristic, as that shown in Fig. 4(b3). The transmission
radar signal is generated by modulating the filtered pulsed-chaos signal with a 5 GHz sinusoidal
signal generated by a LO. As shown in Fig. 4(c2), the power spectrum of the transmission radar
signal is symmetric at 5 GHz, and the bandwidth is doubled with respect to that of the baseband
pulsed-chaos signal. Moreover, the ACF trace in Fig. 4(c3) shows that although the pulsed-chaos
signal is modulated by a sinusoidal signal, Delta-like autocorrelation can also be maintained.
Regarding the back-to-back echo signal, as shown in Figs. 4(d1)-4(d3), its temporal waveform,
RF spectrum and ACF features are much similar to the filtered baseband pulsed-chaos signal that
plays the role of reference signal for radar detection. Since the echo signal is demodulated with a
LO and then filtered by a low-pass filter with a 3 dB passband of 2.2 GHz, as such the frequency
components higher than 2.2 GHz are significantly suppressed, and the power spectrum in the
region higher than 4 GHz is almost constant, as that shown in Fig. 4(d2). In addition, it is worth
mentioning that the corresponding results for other channels are similar, but not shown here for
the sake of simplicity.

3.2. Cross-correlation analysis

Figure 5(a) shows the cross-correlation (non-diagonal) and autocorrelation (diagonal) of the
multi-channel transmission signals. Here 10 channels are taken into consideration for instance,
and the correlation length (the time length of the signal segment used for cross-correlation or
autocorrelation calculation) is fixed at Sus. The results show that the cross-correlation between
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Fig. 4. Temporal intensity waveforms (first row), power spectrum (second row) and ACF
(third row) of the seed chaos (first column), the pulsed-chaos signal (second column), the
transmission radar signal (third column), and the back-to-back echo signal (fourth column)

any pairwise channels is maintained at a very low level close to 0. That is, in the proposed
pulsed-chaos MIMO radar system, excellent quasi-orthogonality of transmission radar signals can
be guaranteed. In addition, our repeating simulations demonstrate that the longer the correlation
length, the closer the cross-correlation between pairwise-channels signals to 0. On the other hand,
when the delay time 7 is smaller than T, the pulsed-chaos signals would be overlapped to some
extent, and then the orthogonality of the MIMO radar signals would be degraded. Therefore,
it is valuable to discuss the influence of the overlapping induced by improper segmentation on
the cross-correlation of MIMO radar signals. Figure 5(b) shows the variation of the average
cross-correlation coefficient (CC) of pairwise-channels signals versus the overlap ratio. Here,
the overlap ratio is defined as 1-7/T. It is indicated that as the increase of the overlap ratio,
the average CC value increases gradually. Nevertheless, as long as the overlap ratio is smaller
than 0.2, the average CC can be maintained at a level smaller than 0.1. Therefore, it can be
concluded that the proposed pulsed-chaos MIMO radar system is robust to some overlap induced
by imperfect segmentation.

L
02 04 0.6 0.8 1
Overlap ratio

Fig. 5. (a) Correlation of multi-channel transmission signals, and (b) average cross-
correlation coefficient versus overlap ratio in an exemplary 10-channel MIMO radar system.
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3.3. Maximum number of channels

In MIMO radar systems, the received signal is a superposition of multiple signals. Under such a
case, the channel cross-interference would degrade the performance of MIMO system, as such
the maximum number of channels that supports separable echo signals in MIMO radar system
is limited. In this subsection, we discuss the maximum number of channels that the proposed
pulsed-chaos MIMO radar system supports. To quantitatively evaluate the performance of the
proposed MIMO radar system, the peak-sidelobe level (PSL) that is defined as the ratio of the
maximum sidelobe to the peak in the CCF trace of the reference signal and echo signal [19],
as well as the peak-to-standard deviation of sidelobe level (PSLgyq) that is defined as the ratio
between the CCF peak and three times the standard deviation of the noise floor in the CCF trace
[32], are calculated. Generally, a radar system can maintain a satisfactory ranging performance
when the PSL is lower than —3dB [19], and provide a ranging accuracy error in the order of
centimeter when the PSLgyq is higher than 6dB [32]. For this reason, these two parameters are
used as the reference thresholds to evaluate the maximum number of channels.

Figure 6 presents the influence of the channel number on the performance of the proposed
MIMO radar system working in the back-to-back scenario identical to that in Fig. 4(d1)-(d3).
Here two cases with different correlation lengths are discussed. It is demonstrated that although
the correlation lengths are different in Figs. 6(a) and 6(b), the variation trends of PSL and PSLyq
traces are respectively similar. Specifically, as the number of channels increases, the PSL of the
proposed pulsed-chaos MIMO radar system increases gradually, while the corresponding PSLgq
decreases. These phenomena are because of that the channel cross-interference plays the role of
noise, and the more the channels of MIMO radar system, the more serious the influence of noise,
consequently, the higher the PSL and the lower the PSLg4. Moreover, it is indicated that a longer
correlation length can support a larger channel number. When the correlation length is 0.5us, the
maximum channel number supporting a centimeter precision is about 50, while with a correlation
length of 1us, the maximum channel number can be further enhanced to larger than 80.
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Fig. 6. Performance of the proposed pulsed-chaos MIMO radar versus the number of
channels, in the cases with correlation lengths of (a) 0.5us and (b) 1ps.

To further investigate the influences of channel number and correlation length on the perfor-
mance of the proposed MIMO radar system, we present in the space of channel number and
correlation length in Fig. 7. The results indicated the variations of PSL and PSLgyq in the space of
channel number and correlation length. The results indicate that, for a fixed channel number, with
the selection of a long enough correlation length, satisfactory performance with a PSL lower than
—3dB and a PSLq higher than 6 dB can be easily achieved in the proposed pulsed-chaos MIMO
system. Moreover, the longer the correlation length, the better the performance of MIMO radar
system, and the larger the maximum number of channels. Nevertheless, in practice, since longer
correlation length requires longer calculation time, this would degrade the real-time performance
of radar detection, as such there is a trade-off between the maximum number of channel and the
real-time performance.
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Fig. 7. Influence of correlation length and channel number on (a) PSL and (b) PSLgq.

3.4. Multi-target ranging

In this subsection, we explore the multi-target ranging performance of the proposed pulsed-chaos
MIMO radar system. Figure 8 demonstrate the ranging results for three targets away from 13.2m,
13.5m, and 15m, by calculating the peak positions in CCF trace of the reference signal and
the demodulated echo signal. Here, for the sake of simplicity, the transmission loss is ignored
and only the results on Channel 1 are presented. It is indicated that all the three targets can be
simultaneously detected, and the similar CCF peaks are observed. By measuring the full-width at
half-maximums (FWHM) of the CCF peaks, the ranging resolution is about Scm, which is in line
with the theoretical estimation results D = ¢/2B, where D stands for the range resolution, ¢ stands
for the light velocity in free space, and B denotes the bandwidth of reference signal. Repeating
simulation results for other channels and different target positions are similar. Therefore, the
proposed pulsed-chaos MIMO radar can support a target resolution of Scm. The range resolution
can be further improved by expanding the bandwidth of the baseband pulsed-chaos signal.
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Fig. 8. Cross-correlation trace of multi-target ranging in the case with three targets away
from 13.2 m, 13.5 m, and 15 m, respectively. The inset shows the FWHM of the CCF peak
at 15 m.

3.5. Anti-interference performance

In practice, the performance of radar system is inevitably affected by various interferences. In
general, the typical interferences for a MIMO radar system include the Gaussian white noise
interference, the sine wave interference, the pulse interference, as well as the cross-interference
induced by the MIMO radar itself. Figure 9 presents the influence of these typical interferences
on the PSL and PSLyyq in the proposed MIMO radar system. Here SNR is the ratio of transmitted
signal power to interference power, and the frequencies of sine-wave interference and pulse
interference are set as 2.4 GHz and 2 GHz respectively, while the cross-interference induced by
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the MIMO channels are originated from the same chaos source as that shown in Fig. 1. The gray
and light-blue horizontal lines denote the reference lines that stand for the ideal case with no
interference. The results indicate that, these 4 typical interferences show similar influences on
the PSL and PSLg4q4. As the increase of SNR, the performance gradually gets better and better.
When the SNR is 10 dB, the performance is approximately identical to that of the ideal case (with
no interference). On the other hand, it is demonstrated that the proposed pulsed-chaos MIMO
radar can guarantee a satisfactory performance (PSL<—-3 dB, PSLy4 > 6 dB) even when the SNR
is as low as —24 dB, which means the proposed pulsed-chaos MIMO radar shows excellent
anti-interference capability. This is in line with the anti-interference analysis results in [20].
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Fig. 9. Anti-interference performance of the proposed pulsed-chaos MIMO radar versus
SNR, in the cases with correlation lengths of (a) 0.5us and (b) 1ps.

4. Conclusion

In this work, we propose a pulsed-chaos MIMO radar system, by extracting multi-channel
pulsed-chaos signals from a common optical seed chaos source with flat-spectrum and Delta-
like autocorrelation. The seed chaos is experimentally generated by passing the conventional
ECSL-generated chaotic signal through a dispersive SFPML. Based on the experimental seed
chaos source, the cross-correlation characteristics of MIMO transmission signals, the maximum
channel number of separable mixed echoes, the multi-target detection performance, as well as the
anti-public interference performance of the pulsed-chaos MIMO radar system are systematically
investigated. The results demonstrate that, the baseband pulsed-chaos signals show excellent
Delta-like autocorrelation feature, and the cross-correlation of transmission radar signals is
close to 0, which guarantees the quasi-orthogonality of MIMO radar signals. Several tens of
MIMO channels with satisfactory performance can be supported in the proposed pulsed-chaos
radar system, and multi-target ranging with a resolution of Scm can be achieved. Moreover, the
proposed MIMO radar system is robust to the sinusoidal interference, Gaussian white noise
interference, pulse interference and channel cross-interference. Even in the case of a SNR
smaller than —20dB, satisfactory performance can be guaranteed. This work paves a way for
implementing MIMO radar in virtue of wideband optical chaos source.
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