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3-D Multi-Input Multi-Output (MIMO) Pulsed Chaos
Lidar Based on Time-Division Multiplexing

Jun-Da Chen ", Kuan-Wei Wu, Hsin-Lin Ho

Abstract—In this study, we propose and evaluate a 3D
multi-input multi-output (MIMO) pulsed chaos lidar based
on time-division multiplexing. By time-gating a chaos waveform
sequentially at different times, chaos-modulated pulses for
different channels that are uncorrelated with each other can be gen-
erated. To quantitatively evaluate the anti-interference/jamming
capability, we investigated the detection performance of the MIMO
chaos lidar under different jamming strengths and overlapped
ratios between the jamming and the signal pulses. The overall
detection probabilities of the chaos lidar and a conventional
time-digital-converter-based pulsed lidar under the influence
of interference/jamming were compared and we found that the
chaos lidar exhibits strong resistance to the interference/jamming.
Employing the 3D MIMO chaos lidar developed, we demonstrate
3D imaging under the influence of interference/jamming. By
simultaneously scanning 2 different channels with overlapped
field-of-views (FOVs), 3D images with large-FOV/low-resolution
and small-FOV/high-resolution were obtained at the same time.

Index Terms—Semiconductor lasers, chaos, laser Radar,
jamming, interference suppression, optical feedback, MIMO
system.

1. INTRODUCTION

IDAR has the unique advantage of providing high-
L accuracy depth information up to a very long detection
range. In recent years, 3D lidars have been widely used in appli-
cations such as autonomous vehicles, augmented reality/virtual
reality, industrial automation, and simultaneous localization and
mapping [1]-[4]. Conventional pulsed lidars use repeated op-
tical pulses as the light source. They measure the time-of-flight
of the pulses reflected from the target to obtain depth infor-
mation [5], [6]. Although the concept is simple, using pulses
without any specific patterns makes these lidars vulnerable to
interference and malicious jamming [7]. To mitigate these issues,
correlation-based lidars such as random-modulation continuous-
wave (RM-CW) lidars [8]-[10] and chaos lidars [11]-[14] that
utilize modulated light with specific patterns have been pro-
posed.
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An RM-CW lidar emits light modulated with pseudo-random
binary sequences. By calculating the cross-correlation between
the transmitted and received sequences, the range of the target
can be determined. Although RM-CW lidars can mitigate the in-
fluence of interference and jamming, high-speed optoelectronics
are required to generate and modulate the codes.

Without the need for high-speed modulators and electronics
for pattern generation and modulation, CW chaos lidars gen-
erate chaos-modulated light by utilizing intrinsic laser dynam-
ics. [15]-[19]. They have no range ambiguity and are intrin-
sically resistant to interference and jamming because of their
noise-like waveforms.

Despite these unique features, the correlation-based lidars
with modulated CW waveforms typically have relatively low
signal-to-noise ratios (SNRs) especially when the output power
is limited by eye-safe regulations (average power less than
10 mW at 1550 nm) [20]-[23]. Although it is possible to in-
crease the SNR by increasing the accumulation time window of
detection, the detection throughput will be limited making them
not suitable for real-time high-speed 3D imaging that requires
fast detection with high throughput.

To take advantage of both the pulsed and modulated CW
lidars, we proposed and studied a 3D pulsed chaos lidar system
that utilizes chaos-modulated pulses to improve the SNR [24]-
[27]. By employing a pulsed master oscillation power ampli-
fier (MOPA) scheme and quadrant avalanche photodetectors
(APDs) [28], [29], high-speed 3D imaging at a throughput of
100 kHz, a frame rate of 10 Hz, and a field-of-view (FOV)
of 24.5 x 11.5 degrees have been demonstrated. While the
detection performance of the single-input single-output (SISO)
chaos lidar system keeps being improved, its FOV is still limited
by the mechanical turning angle of the micro-electro-mechanical
system (MEMS) mirror and the physical parameters of the
receiving optics. Moreover, the throughput and precision are
also limited by the peak power and the energy of the generated
pulses.

To increase the FOV and the throughput, multiple SISO lidars
can be integrated into a multi-channel lidar [30], [31]. In con-
ventional pulsed lidars, to avoid interference between channels,
the FOV of each adjacent channel must be limited to reduce the
overlapped region and the pulses of each channel must be emitted
in sequence outside other’s detection time windows to avoid
ambiguity. When integrating with chaos lidars, the interference
between the channels can be significantly mitigated.

In this study, we developed a MIMO 3D pulsed chaos lidar
based on time-division multiplexing. By time-gating a CW chaos
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Fig. 1.

Schematic of a MIMO 3D pulsed chaos lidar based on time-division multiplexing. LDC: laser diode controller; TEC: temperature controller; SL:

semiconductor laser; PMC: polarization-maintaining fiber coupler; VA: variable optical attenuator; PM: power meter; ISO: isolator; FGB: fiber Bragg grating; BOA:
booster optical amplifier; BPF: band-pass filter; FG: function generator; FC: fiber coupler; EDFA: Erbium-doped fiber amplifier; APD: avalanche photodetector;

OSC: oscilloscope; PC: personal computer.

waveform at different times, we can generate multiple channels
of chaos-modulated pulses with low correlation to each other.
We investigated the correlation property of the pulses generated
under different relative delay times 7., and pulsewidths PW.
We evaluated the peak to standard deviation of sidelobe level
(PS Lgtq), precision, and detection probability of the lidar under
different relative jamming strengths and overlapped ratios to
quantify its anti-interference/jamming capability. We compared
the chaos lidar with the time-to-digital converter (TDC) based
lidars and quantitatively evaluated their overall detection prob-
ability. For demonstration, we present 3D imaging under mali-
cious jamming and demonstrate multi-channel 3D imaging with
simultaneous large-FOV/low-resolution and small-FOV/high-
resolution scanning.

II. EXPERIMENTAL SETUP

Fig. 1 presents a schematic of a MIMO 3D pulsed chaos
lidar based on time-division multiplexing (TDM). The system
mainly comprises a multi-channel chaos light source, an optical
transceiver, and a signal acquisition and processing module.

In the multi-channel chaos light source module, we use
a 1550-nm single-mode semiconductor laser (Shengshi Op-
tical SWLD-155005P8-FC/APC-PM) subject to optical feed-
back from a fiber mirror as the chaos laser. With a feedback
strength &y, (defined as the ratio between the reflected and
emitted optical fields) of 0.017 and a feedback time delay 7y, of
65 ns controlled by the variable optical attenuator (VA) and the
fiber length, the laser outputs CW chaos that has a broadened
spectrum. We used a power meter (PM) to monitor £ , and aniso-
lator (ISO) to avoid any unwanted feedback. To better match with
the detector bandwidth, we used a fiber Bragg grating (FGB;
IXblue IXC-FBG-PS-1550-1-ATH-PM-C, linewidth <1 GHz)
to reduce the linewidths of the chaos waveforms and thus en-
hance the modulation depth for better detection capability [29].

To generate multi-channel chaos-modulated pulses, we can
divide the laser output into the number of channels needed with

fiber couplers. For this experiment, we used a 50:50 fiber coupler
to split the CW chaos into two channels and then send them into
the corresponding booster optical amplifiers (BOA, Thorlabs
BOAI1130P) for pulse generation. By adjusting the relative
onset delay times between the two pulse drivers (AeroDIODE,
CCS-std) with the function generator (FG; Agilent 81150 A),
we generated uncorrelated chaos-modulated pulses with the
modulations time-gated from different parts of the CW chaos
waveform. We then sent these pulses into the band-pass filters
(BPF; Fiber Optic M-AD-1) to reduce the amplified sponta-
neous emissions from the BOAs and use two erbium-doped
fiber amplifiers (EDFAs) (Channel 1: GIP CGBC1E3128001 A;
Channel 2: GIP EFAS1EB 128002 A) to amplify them in a pulsed
MOPA configuration [28]. To record the waveforms of these two
input pulses with channel 1 and channel 2 as the references, we
used fiber couplers before the EDFAs to split the lights and
detect them with two identical avalanche photodetectors (APD;
Thorlabs APD430 C, 400 MHz). Here the input pulses of channel
1 and channel 2 arrive at the respective APDRef; and APDRego
sequentially with a relative channel delay time 7, set by the
FG. A multi-channel variable optical attenuator was also used
to adjust the optical power in each optical path.

In the optical transceiver module, we used a two-axis MEMS
mirror (Mirrorcle S6249) in each channel to scan the light
emitted from the chaos light source. In channel 1 and channel
2, we used APDg; and APDsg», respectively, identical to those
used for the references to detect the output pulses from the
backscattered light as the signals.

In the signal acquisition and processing module, we used an
oscilloscope (Tektronix MSO58) to simultaneously acquire the
waveforms of the reference and signal at a sampling rate of
1.25 GHz. To measure the range of a target, we first used the
second-order Chebyshev high-pass digital filter with a cutoff
frequency of 1 MHz to remove the square-wave modulation
in the waveforms that define the widths of the pulses. By
calculating the lag time of the cross-correlation peak between
the input pulse from the reference and the output pulse from



CHEN et al.: 3-D MULTI-INPUT MULTI-OUTPUT (MIMO) PULSED CHAOS LIDAR BASED ON TIME-DIVISION MULTIPLEXING

Time-division multiplexing

0600209

APD_ .. *APD APD .. *
(@)  Pulsewidth PW (b) Ref1 S ©) Refl
€———-> <---->
= Correlation peak =
cw- o | MM S s
h o © ©
chaos 3 © ©
3 S 5
£ Channel 1 Channel 2 Q Q
Chaos- < ) )
(2] (]
modulated Wm o o
pulse (S, O | sy
Time T Lag time Lag time
Maximum sidelobe (a.u.) 3x Std. of sidelobes (a.u.) SSLsw (dB)
00 T 1 500 1 00 5
(d) B _
0 400 7 0.8 o 400 0.8 © 400 4
£ £ £
< 300 06 5 300 06 = 300 -3
S i) °
% 200 04 % 200 04 % 200 2
o ° o .
=] j =]
100 0.2 100 ) 0.2 100 $ (0] 1
0 elvoesioseoloseelonee 0 0 0 0.‘7"..| clavaals (I
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500

Delay time ta (nS)

Fig. 2.

Delay time T« (ns)

Delay time ta (ns)

(a) Schematic illustration of multi-channel chaos-modulated pulses generated by time-division multiplexing. (b) Cross-correlation between the reference

and signal pulses of channel 1. (¢) Cross-correlation between the reference pulse of channel 1 and the signal pulse of channel 2. (d) Maximum sidelobe, (e) 3 times

the standard deviation of sidelobes, and (f) S'S Lgtq under different PW and 7y,.

the signal with a personal computer, the range of the target can
be determined. While some time-delay signatures (TDS) could
exist in the cross-correlation trace inherited from the nature of
the feedback scheme, we found that they hardly have any influ-
ence in lidar applications since only the strongest peak is being
recorded. Not to mention that the TDS can always be effectively
mitigated or shifted out of the detection window by optimizing
the operational parameters or the feedback schemes [19], [32],
[33]. In searching for the peak, we incorporated the Spline
interpolation [34] to achieve better precision in this study. To
automatically and continuously acquire ranges to render 3D
images, the FG sends trigger signals to synchronize the pulse
drivers, the MEMS mirrors, and the signal acquisitions in each
module.

III. CHARACTERISTICS OF MULTI-CHANNEL CHAOS

To prevent interference between channels, the operation con-
dition to generate input pulses with minimized cross-correlation
must be first characterized. As presented in Fig. 2, we investi-
gated the correlation properties of the input pulses generated
with different PW and 7., between the channels. Fig. 2(a)
illustrates the schematic of multi-channel chaos generated by the
TDM. By time-gating different parts of the CW chaos that have
uncorrelated oscillation waveforms, chaos-modulated pulses
differing from one another can be generated. While multiple
uncorrelated pulses can be generated in sequence to be used for
several channels, we only demonstrate the case with 2 pulses
for simplicity. For channel 1, the pulses from channel 2 can be
viewed as the interference (or jamming).

Figs. 2(b) and 2(c) illustrate the cross-correlations between
the signal pulse and the reference pulse of channel 1 and the
signal pulse of channel 2 and the reference pulse of channel

1, respectively. The values of the correlation peak and the
maximum sidelobe exhibit how similar they are and the lag
times of 7; and 79 indicate the relative delays between them.
We calculated the PSLgq (the value of correlation peak to 3
times the standard deviation of the sidelobes level) to evaluate
the detection capability and the S\S Lgtq (the value of maximum
sidelobe to 3 times the standard deviation of the sidelobes level)
to quantify the robustness against interference/jamming.

Figs. 2(d)—(f) present the maximum sidelobe, 3 times the
standard deviation of the sidelobes, and the S.SLgq obtained
from the cross-correlations between the signal pulse of channel 2
and the reference pulse of channel 1 under different 7}, and PW.
Here the pulse repetition frequency is 100 kHz, the correlation
length is the same as the pulsewidth and the average output
power of both channels from the EDFA is 10 dBm. As presented
in Fig. 2(d), when 7., = 0 (no time separation when time-gating
the two pulses), the cross-correlations between the pulses from
the two channels are over 0.8 (1 means that the pulses in the two
channels are completely identical) for different PW, where the
discrepancy between the pulses is mainly because of the noises
from the EDFAs and the APDs. As 7, increases from O to the
diagonal when 7., = PW (0% overlap between the two pulses),
the similarity of the two pulses decreases, and the correlation
descends to a level of approximately 0.2. For 7.;, > PW, the two
pulses are completely separated without any overlapping and the
two channels do not effectively interfere with each other. Note
that the correlation increases again when the PW is shorter than
about 80 ns even when the two pulses have 0% overlap. It is
due to the shorter correlation lengths that are associated with
the shorter pulsewidths [14].

As can be seen in Fig. 2(e), 3 times the standard deviations of
the sidelobes are mostly below 0.2 for different 7., and PW. For
PW shorter than about 80 ns, similar to that shown in Fig. 2(d),
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(a) PSLgtq, (b) precision, and (c) detection probability under different relative jamming strengths and overlapped ratios. The white dashed lines indicate

a relative jamming strength of 0 dB. The black dashed curve in (c) indicates the boundary where the detection probability is 90%.

the value slightly increases to approximately 0.4 because of the
shorter correlation lengths.

As illustrated in Fig. 2(f), the SSLgq (showing the ratio
between Figs. 2(d) and 2(e)) is mostly O dB below the diagonal
(0% overlap) when 7., > PW. From the obtained results, we
know that by time-gating the pulses with a relative channel
delay time of 7., > PW, interference between the channels
can be minimized. For the following assessment and demon-
stration, we generate pulses with PW of 100 ns for a better
range precision [28] and 7., of 200 ns (100 ns time separation
between pulses) between channel 1 and channel 2 for minimal
interference.

IV. DETECTION PERFORMANCE UNDER INTERFERENCE AND
JAMMING

To quantify the detection performance under the influence of
interference and jamming, Figs. 3(a)-3(c) show the PSLgtq,
precision, and detection probability of one of the channels in the
MIMO chaos lidar for different relative jamming strengths and
overlapped ratios. Here the pulses from channel 1 are considered
as the main signal and the pulses from channel 2 received by
channel 1 at APDg; are viewed as interference or jamming. The
relative jamming strength is the ratio between the SNR of the
jamming signal to the SNR of the main signal. The overlapped
ratio is the portion of the main signal pulse that is overlapped
with the jamming pulse in time. We set the SNR of the main
signal to 8 dB and varied the SNR of the jamming signal from 1
to 19 dB to obtain a relative jamming strength of —7 to 11 dB.
The maximum jamming strength examined here is limited by
the saturation power of the APDs used. To precisely vary the
overlapped ratio continuously, we captured the jamming pulses
of different strengths separately and then reproduced them with
the main signal pulses with different overlapped ratios through
digital signal processing. We have verified that these results are
similar to those if the jamming pulses were actually overlapped
with the main signal pulses. In Fig. 6, we present a demonstration
of when the jamming and signal pulses are received by the
APDg; at the same time with actual overlapping.

As demonstrated in Fig. 3(a), with or without overlapping,
the PSLgq exceeds 4 dB when the relative jamming strength
is small. When there is no overlap (overlapped ratio of 0), the
PSLgq can be maintained at a high level; greater than 4.5 dB

even when the relative jamming strength reaches as strong as
11 dB. In contrast to a conventional TDC-based pulsed lidar
that typically fails to detect when the relative jamming strength is
above 0 dB, the chaos lidar clearly exhibits its advantages in anti-
interference and anti-jamming. Even for the most extreme case
when the interference/jamming pulse is completely overlapped
with the signal pulse (overlapped ratio of 100%), the P.S L4 can
still be maintained above 3 dB for a relative jamming strength
of 0 dB (indicated by the white dashed line).

By taking the standard deviation from 100 measurements,
Fig. 3(b) illustrates the precision of ranging under different
relative jamming strengths and overlapped ratios. While the
precision is governed by both the SNR and the bandwidth of the
signal [35], [36], the precision indicates the same trend as that
of the corresponding PS Lyq. As can be seen, when there is no
overlapping, the precision of the chaos lidar can be maintained
at a very low value of 0.18 cm even when the relative jamming
strength is as high as 11 dB. For the extreme case of 100%
overlapping, the precision is still under 1.03 cm for a relative
jamming strength of 0 dB (indicated by the white dashed line).
Compared to some commercial 3D pulsed lidars with precisions
in the range of several centimeters [24], [30], [31], the chaos lidar
possessed a better precision even when under the influence of
interference or jamming.

To evaluate the probability of a valid detection, in Fig. 3(c) we
plot the detection probability of the chaos lidar under different
relative jamming strengths and overlapped ratios. The valid
detections account for those detections that have a range error
of less than half of the sampling size. In this study, the sampling
size is 12 cm associated with the sampling rate of 1.25 GHz.
As can be seen, when the overlapped ratio is O, the detection
probability is maintained at 100% (the reddish region) even
when the relative jamming strength is as high as 11 dB. While the
detection probability gradually decreases as the overlapped ratio
or the relative jamming strength increases, for an overlapped
ratio of 100%, the detection probability can still hold at 100% for
arelative jamming strength of 0 dB. The boundary of the highest
jamming strength for the detection probability to be maintained
higher than 90% is also plotted (black dashed curve).

From these results, we present that the MIMO chaos lidar is
robust to interference and jamming. Although only the results of
one of the channels (channel 1) in the MIMO chaos lidar under
the influence of interference/jamming (from channel 2) is shown
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to prove the concept, the system can easily be expanded into a
MIMO lidar with more channels without interfering with each
other and yet be robust to jamming.

V. OVERALL DETECTION PROBABILITY

While we have discussed the detection probability when the
jamming (or similarly the interference) pulse is overlapped with
the signal pulse, the occurrence probability (OP) of the jamming
pulse to overlap with the signal pulse in a practical scenario
should also be taken into consideration.

Figs. 4(a)—4(c) present the three possible scenarios of jam-
ming: the jamming pulse arrives (a) inside the detection time
window and has overlapped with the signal pulse either partially
or completely, (b) inside the detection time window without
overlapping with the signal pulse, and (c) outside the detection
time window. Here we use the signal pulse from channel 1 as
the main signal and the pulse from channel 2 as the jamming
signal. 71 and 79 are the lag times of the main signal pulse from
channel 1 and the jamming pulse from channel 2 received by
the same APD g;; PRI is the pulse repetition interval; Time
window T 'is the receiving time window of the detector for signal
processing, which also determines the maximum detection range
of the system. The OPs of these 3 scenarios can therefore be
expressed as (2 x PW)/PRI, (T-2 x PW)/PRI, and (PRI-T)/PRI,
respectively. Since the PW in a pulsed lidar is usually much
shorter than the PRI to gain a higher peak power for a better
SNR, the OP for the pulses that have overlapped is typically low
as illustrated in Fig. 4(a).

Figs. 5(a) and 5(b) present the detection probability of the
chaos lidar and the TDC-based pulsed lidar when the jamming
pulse arrives at the detector at a different 5. Here we use 7 =
2.5 us, T =15 pus, PRI = 10 us, PW = 100 ns, and a relative
jamming strength of 3 dB as an example.

As can be seen in Fig. 5(a), for 75 between 2.4 to 2.6 us,
the jamming pulse overlaps with the signal pulse. The detection
probability of the chaos lidar (blue circles) drops from 100%
with minimal overlap to the lowest value of approximately
80% when the jamming pulse overlaps with the signal pulse
completely when 7o = 71 = 2.5 pus. As for the TDC-based lidar,
when the jamming pulse is considered stronger than the signal
pulse, no valid detection can be made (i.e. detection probability
is 0) other than when 79 = 7. In fact, for » = 71, false detection
of the jamming pulse at 75 just happens to be at the same position
as the signal pulse at 7.
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example. (a) is a zoomed-in view of (b) at the vicinity of 71 = 2.5 us. (c)(d)
D P, of chaos and TDC-based lidars at different relative jamming strengths and
time windows, respectively.

For the entire span of a PRI, as presented in Fig. 5(b), the
chaos lidar has a detection probability of 100% except in the
vicinity around 7o = 2.5 ps as discussed in Fig. 5(a). As for the
TDC-based lidar, valid detection can only be made when the
jamming pulse is outside of the detection time window.

To account for both the detection probability and the occur-
rence probability, we evaluate the overall detection probability
(DP,) of these lidars:

PRI

= Z DP(Tl,Tg) X OP(Tl,TQ),

To=0
where DP, is the sum of the DP multiplied by the OP for
different 75. Here we assumed that 7; is within the detection
time window and 7, is randomly positioned in the PRI. While
the respective D P, of the chaos lidar and the TDC-based lidar
are 98% and 50% for the cases presented in Figs. 5(a) and 5(b),
respectively, we plot more comprehensive mappings of their
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and channel 2 is considered as the interference or jamming source. (b) Photograph of a wooden hand and its 3D rendering obtained using the acquired point cloud

(c) without jamming, and jammed with overlapped ratios of (d) 0%, (e) 30%, (f)
for the ratio of pixels that have valid detection of the hand.

DP, in Figs. 5(c) and 5(d) for the cases with different relative
jamming strengths and detection time windows.

Fig. 5(c) depicts the DP, of the chaos lidar under differ-
ent relative jamming strengths and time windows. As can be
seen, when considering both the DP and the OP, the DP,
is maintained at a very high level above 98% even when the
relative jamming strength is 11 dB, which is much stronger than
the signal. By contrast, as presented in Fig. 5(d) for the D P,
of the TDC-based lidar, the D P, drops significantly when the
detection encounters jamming that is stronger than the signal.
Unlike the chaos lidar that can tolerate a significant amount of
jamming benefited by the specific chaos-modulated waveforms
used, the TDC-based lidar can escape from the influence of
jamming only when the jamming pulse happens to arrive at a
time outside of the detection time window. Therefore, as can
be seen in Fig. 5(d), for a relative jamming strength above
0 dB, the D P, decreases as the time window 7 increases. When
T = PRI = 10 ps for a corresponding maximum detection range
of 1500 m, the DP, of the TDC-based lidar is essentially 0.
While different system operation parameters tailored to different
applications and scenarios can be used, in general, we show
that the D P, of the chaos lidar is much higher than the TDC-
based lidar when experiencing strong jamming or equivalent
interference.

VI. DEMONSTRATION OF 3D IMAGING UNDER THE INFLUENCE
OF INTERFERENCE OR MALICIOUS JAMMING

In Fig. 6, we demonstrate 3D imaging under the influence of
interference and malicious jamming with different overlapped
ratios. Fig. 6(a) depicts a scenario of the chaos lidar where
the detection of channel 1 is being constantly interfered by
channel 2. Here channel 2 can be viewed as an interference or
malicious jamming emitting similar waveforms. As can be seen
in Fig. 6(b), we placed a wooden hand 5 m away from the lidar

60%, and (g) 100%, respectively. D P} 4 is the detection probability accounting

as the target. We set the average output power of channel 1 (main
signal) to 10 mW which resulted in the received signal having
an average SNR of 9 dB at the center area of the target and 4 dB
at the edge of the hand. To ensure a very strong interference or
jamming, we adjusted the output power of channel 2 so that the
SNR of the received signal from channel 2 (considered as the
interference or jamming signal) is 10 dB, which is stronger
than the main signal across the whole scanning region. With
a relative jamming strength between 1 to 6 dB, false detections
are expected in a TDC-based lidar if the jamming pulses happen
to arrive within the detection time window.

Fig. 6(c) presents the 3D rendering of the wooden hand
obtained using the acquired point cloud without jamming. The
image has aresolution of 100 x 100 pixels taken ata PRI = 10 us
(detection throughput or pixel rate of 100 kHz). The profile of
the hand and the details of the fingers are clearly depicted. In
this image, all pixels on the hand have a valid detection where
the range errors are all less than half of the sampling resolution
in depth. As the result, the detection probability accounting for
those pixels on the hand D P}, 4,4 is 100%.

Figs. 6(d)-6(g) present the 3D rendering of the wooden hand
obtained by using the acquired point cloud with jamming pulses
when the main signal and the jamming pulses are 0%, 30%,
60%, and 100% overlapped in time. The corresponding D P; a4
are 100%, 83%, 75%, and 65%, where the black dots in the
plots indicate the pixels without valid detection. As can be seen,
D Ppang of 100% is achieved when the signal and the jamming
pulses are not overlapped even under such strong jamming. As
the overlapped ratio increases, the detection on the edge of the
target is prone to fail because of the lower SNR of the main
signal. Nevertheless, even under the most extreme case of an
overlapped ratio of 100% (meaning that at every scanning pixel,
the jamming pulses all arrive exactly at the same time as the
main signal pulses), the contour of the hand is still observed and
the D Py ang is kept higher than 65%.
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(a) Photograph of a person seating in the laboratory environment and the (b) Front and (c) Bird’s-eye views of its 3D rendering obtained using the

acquired point cloud. (d) Photograph zoomed in on the face, the (e) Front, and (f) Side views of its 3D rendering obtained using the acquired point cloud. The
large-FOV/low-resolution (blue box) and small-FOV/high-resolution (red box) images are scanned simultaneously. The FOVs, image resolutions, and angular
resolutions are 20 x 20 degrees, 128 x 128 pixels, and 0.16 x 0.16 degrees for the low-resolution scan and 5 x 5 degrees, 128 x 128 pixels, and 0.04 x 0.04
degrees for the high-resolution scan, respectively. The person is seated approximately 5 m away from the lidar. The color in the 3D images depicts the depth.

VII. DEMONSTRATION OF MULTI-CHANNEL IMAGING WITH
FOV OVERLAPPED SCENES

To avoid interference, a conventional multi-channel pulsed
lidar must either limit the FOV of each adjacent channel, emit the
pulses of each channel at different times outside other’s detection
windows, or scan each channel with a particular pattern without
overlapping each other on the same spot at the same time.
By contrast, with a low correlation between each channel, the
MIMO chaos lidar can scan a scene with channels overlapping
each other but without interference.

In the demonstration presented in Fig. 7, we scanned a scene
with two channels from the MIMO chaos lidar with overlapped
FOVs. By scanning the two channels simultaneously, 3D images
with large-FOV/low-resolution and small-FOV/high-resolution
are obtained at the same time.

Figs. 7(a)-7(c) depict a photograph of a person seated 5 meters
away from the lidar in a laboratory environment and the front and
bird’s-eye views of its 3D rendering obtained using the acquired
point clouds. In the large FOV scan within the blue box, the FOV
is 20 x 20 degrees, the image resolution is 128 x 128 pixels,
and the angular resolution is 0.16 degrees both horizontally and
vertically. To have such a large FOV, in this channel a quadrant
APD (Idealphotonics QPD-1000) was used in the transceiver
module to increase the detection area [29]. As can be seen, the
posture of the person, the iron cabinet on the right, the optical
table on the left, the cardboard, and the boxes behind are all
clearly depicted.

By scanning simultaneously inside the red box shown in
Fig. 7(a), the point clouds with a smaller FOV but higher
resolution focus on the person’s face are obtained. Figs. 7(d)-7(f)
depict a photograph zoomed in on the face and the front and
side views of its 3D rendering obtained using the acquired point
clouds. In this small FOV scan, the FOV is 5 x 5 degrees,
the image resolution is still 128 x 128 pixels, and the angular
resolution is therefore increased by 4 times to 0.04 degrees
both horizontally and vertically. Despite its low reflectivity and
scattered nature, 3D images of the face with details in the orbits,
nose, ears, and lips were obtained.

VIII. CONCLUSION

In summary, we developed a 3D MIMO pulsed chaos li-
dar based on time-division multiplexing. By time-gating chaos
waveform in sequence at different times, chaos-modulated
pulses uncorrelated to each other can be generated when the
relative channel delay time 7., exceeds the pulsewidth PW. By
using these pulses as the input pulse of each channel, interference
among different channels can be mitigated. The PS L4, preci-
sion, and detection probability under different relative jamming
strengths and overlapped ratios were studied to quantify the
anti-interference and anti-jamming capability. To consider both
the detection probability and the occurrence probability for the
jamming pulse to actually overlap with the signal pulse, the
overall detection probabilities of the chaos lidar and TDC-based
pulsed lidar were analyzed and compared. For relative jamming
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strengths up to 11 dB, the overall detection probability of the
chaos lidar can still be maintained above 98%.

For the first time, we demonstrated 3D imaging using
MIMO chaos lidar under the influence of interference and
malicious jamming. Moreover, by simultaneously scanning 2
different channels with overlapped FOVs, 3D images with
large-FOV/low-resolution and small-FOV/high-resolution were
obtained at the same time. From a system point of view, the
detection throughput (pixel rate) was also doubled when the two
channels are operated simultaneously. While we only show the
results with 2 channels, MIMO chaos lidar with more channels
can be easily realized. Moreover, we also studied an alternative
scheme based on wavelength-division multiplexing which will
be reported separately.
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