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Abstract: We use the chaotic signal generated by a field-programmable gate array (FPGA) to
establish a digital chaotic pulse lidar system, which can achieve mid-range detection and high
ranging accuracy without a complex optical structure. We employ the FPGA to generate random
sequences with different modulation rates based on different chaotic iterative equations and initial
values. By selecting the initial value and improved logistic equations, we successfully achieve
centimeter-level ranging accuracy. Experiments have proved that the digital chaotic lidar system
can effectively resist the interference of chaotic signals, square wave signals, and sine wave
signals with modulation frequencies of 10 MHz, 100 MHz, 200 MHz, and 1 GHz, showing its
strong anti-interference capability.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Light detection and ranging (lidar), benefitting from the merits of high accuracy and precision,
long-distance active imaging system, and high imaging speed and resolution, has been widely
applied in unmanned aerial vehicles, medical imaging, nondestructive examination, and remote
sensing in recent years [1–4]. According to the modulation mode of the laser, lidar systems can
be divided into pulsed lidar and continuous wave (CW) lidar systems. For conventional pulsed
lidar systems, the range of the target can be determined by the time-of-flight (TOF) of the emitted
repetitive short pulses [5,6]. However, it is vulnerable to interference and attack from malicious
hackers using the intercepted repetitive pulses [7,8].

To prevent the interference problem, new types of pulsed lidar systems, such as the chaotic
pulse position modulation (CPPM) and the photon-driven stochastic pulse position modulation
(SPPM) have been studied [9–11]. However, the rate of the PPM is not high due to the current
technical limitations. Therefore, PPM requires multiple calculations and takes long calculation
time, which is more suitable for remote fixed object measurement. In addition, modulated CW
lidar systems with excellent anti-interference performance become the focus of research in the
field of lidars, such as coherent ranging, optical chaotic and pseudorandom-modulation lidar
systems. Coherent ranging, also known as frequency-modulated continuous-wave (FMCW)
laser-based lidar maps distance to frequency using frequency-chirped waveforms and prevents
interference from sunlight and other lidar systems [12–14]. However, this technology requires
precisely chirped and highly coherent laser sources and is expensive to develop, hindering
widespread use of the lidar system. Therefore, with low cost, high-precision measurement, and
anti-interference capability, chaotic lidars based on indirect time-of-flight (iTOF) receive more
attentions, where the ranging information is achieved by calculating the cross-correlation of the
transmitted and received chaotic waveforms [15]. Compared with the pseudo-random data, the
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chaotic waveforms have no periodicity and are difficult to be predicted, therefore the chaotic
lidars show better anti-interference performance than pseudorandom-modulation lidar systems.

The optical chaotic lidar was first proposed and verified by Myneni et al. with the chaotic
semiconductor laser achieving high-precision ranging in 2001 [16]. Furthermore, the multi-target
ranging chaotic lidar, the noise suppression of the chaotic lidar, and the synchronized chaotic
lidar systems were proposed subsequently [17–20]. Recently, a new type of 3D pulse chaotic
lidar system was proposed, which uses delayed zero beat and time gating to generate pulse
homodyne chaos and improve energy utilization [21]. Although the bandwidth of the optical
chaotic signal can be easily achieved on the GHz level to obtain the accuracy and resolution of
millimeter level, the optical chaotic system requires a complicated internal optical system with
high system cost which limits its practical applications. Besides, the high accuracy not only relies
on the bandwidth of optical chaotic laser, but also the receiving devices. If the bandwidth of the
receiving devices is limited, the high bandwidth of the transmitting signal is not indispensable.
By contrast, the random sequence generated by the digital chaos equation is easy to implement by
hardware with low cost, which has been a good source candidate for radio detection and ranging
systems [22,23]. While, the experimental exploration and the anti-interference performance of
the digital chaotic lidar based on the chaos equation has not yet been reported.

In this study, we utilized the anti-interference ability of chaotic signals and built a digital
chaotic anti-interference lidar system based on field-programmable gate array (FPGA) to solve
the problems of complex optical chaotic system structure and single modulation mode. Based on
random chaotic binary signals, the system can achieve effective anti-interference performance
under the jamming of chaotic signals, square wave signals, and sine wave signals with modulation
frequencies of 10 MHz, 100 MHz, 200 MHz, and 1 GHz, while maintaining long-distance
detection of 14 m and high ranging accuracy of 8 cm. With FPGA, we can generate random
sequences with various modulation rates according to different chaotic iteration equations and
initial values. The initial values of 0.7 and improved logistic equations are selected through
simulation to successfully achieve millimeter-level ranging accuracy in the best case. Moreover,
we quantitatively analyzed system factors such as peak side-lobe level (PSL), ranging accuracy,
modulation rate, and code lengths of the digital chaotic lidar system.

2. Setup of the digital chaotic lidar system

The schematic setup of the digital pulse chaotic lidar system is shown in Fig. 1. The system
includes the digital chaotic light source, the transmitting and receiving optical system, and the
signal acquisition and processing module. The digital chaotic signal used to modulate the directly
modulated laser (DML, Xeston XGT8011-001D) can be generated by an arbitrary waveform
generator (AWG, Tektronix AWG7122C) or FPGA (Stratix V 5SGXEA7K2F40C2). Considering
the convenience of practical commercial systems, we use the signal generated by FPGA as
the signal source for the ranging experiment. However, AWG can generate arbitrary digital
modulation signals within 12 GHz bandwidth, so when testing the ranging characteristics under
interference, we use the signal generated by the AWG as the interference signal source, and the
signal generated by the FPGA as the lidar signal source. The wavelength of the DML is 1550 nm
and the optical power is 10 dBm. The voltage of the modulating signal is 1 V. A detailed analysis
of the modulating signal will be introduced in the next section.

Due to the requirements of the subsequent cross-correlation calculation, the signal source
output is split into two channels, one serving as the reference signal input to the oscilloscope
(Infiniium DSO9254A) and the other as the probe signal to modulate the DML. The delay of
their internal circuit can be processed uniformly through the calibration distance of the ranging.
For the requirement of long-distance measurement, an erbium-doped fiber amplifier (EDFA) is
used to amplify the optical signal. Considering that we only preliminary verify the feasibility of
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Fig. 1. Schematic setup of the digital chaotic anti-interference lidar system. DML: directly
modulated laser; AWG: arbitrary waveform generator; APD: avalanched photodetector;
EDFA: erbium-doped fiber amplifier; OSC: oscilloscope.

this scheme and study the characteristics of the system, the launched laser power is amplified to
200 mW.

The transmitted laser beam output by the fiber of the EDFA is emitted into space through the
collimator with a spot diameter of about 2.8 mm and a full divergence angle of about 0.69 mrad.
The target for distance measurement is a standard plate with a reflectivity of 60%. The echo signal
backscattered from the target is collected by a receiving lens with a focal length of 100 mm and a
field of view of about 84.3 mrad, which is detected and received by the avalanched photodetector
(APD, 200 MHz). After the detector converts the optical signal into an electrical signal, we
perform cross-correlation calculations between the echo signal and the local reference signal.
The distance information of the target is obtained from the peak value of the cross-correlation
curve, and then the anti-interference characteristics of the system are further analyzed.

3. Signal source generated by chaotic maps

For the traditional pseudo-random code, the m sequence as a representative can be generated
by an n-stage linear shift register and the longest possible period of the sequence is 2n − 1.
However, the disadvantage of this sequence is that the number of registers is limited, resulting
in the sequence being periodic and easy to be attacked. By contrast, aperiodic digital chaotic
coding sequence generated by FPGA with random initial values can prevent the problem of the
complex optical structure requirement and single modulation mode of optical chaotic systems
while maintaining high resolution and the effectiveness of anti-malicious attacks. To achieve
the best chaotic maps, simulation results are presented in this section. Four kinds of primary
digital chaotic sequences with arbitrary lengths are generated from chaotic maps of Chebyshev,
Logistic, improved Logistic, and Tent with random initial values. For the anti-interference coding
sequence, it is necessary to select a sequence with a high autocorrelation coefficient, a small
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autocorrelation sidelobe, a small cross-correlation coefficient, a sufficient code sequence, and
as much complexity as possible. The autocorrelation curves of these four sequences are shown
in Fig. 2. The sidelobe level of the Tent sequences is relatively higher while the other three
sequences have no significant difference from each other. Considering the complexity of FPGA
implementation, we choose the improved logistic sequence as the chaotic coding sequence, which
requires fewer logical resources. It is very convenient to generate a chaotic spread spectrum
sequence from the improved Logistic map by giving an iterative formula and initial value of a
chaotic equation.

Fig. 2. The autocorrelation curves of Tent sequence, Chebyshev sequence, Logistic sequence,
and improved Logistic sequence.

In order to facilitate the subsequent digitization processing, the Logistic mapping is usually
improved, that is, its mean value becomes zero. The improved Logistic mapping is

Xn+1 = f (Xn) = 1 − 2(Xn)
2, − 1<Xn+1<1, (1)

which is a special case of logistic mapping and can be obtained by simple derivation. The
probability density function of this mapping is

p(x) =
⎧⎪⎪⎨⎪⎪⎩

1
π
√

1−x2 , −1<x<1

0, otherwise
(2)

The mean value of the improved Logistic mapping is x − lim
N→∞

1
N

N−1∑︁
i=0

xi = 0.

Due to the sensitivity of the initial value of the chaotic equation, the PSLs with different
correlation symbol lengths can be calculated to quantify the differences of the initial value
to optimize the correlation performance. PSL, which is defined as the ratio of the maximum
sidelobe to the peak, is associated with the probability of a false signal and the ranging accuracy
in the subsequent ranging experiments [17].

PSL = 10 log
(︃
max(Ps)

P

)︃
[dB], (3)

where Ps is the sidelobe value of the correlation curve, and P is the peak value. As shown in
Fig. 3(a), the PSLs of the autocorrelation traces of the improved Logistic chaotic signal with three
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randomly selected initial values are plotted as the function of the correlation symbol lengths.
The solid lines are the fitted regressions and X1 is the initial value. It can be seen that the longer
the correlation code length is, the better the PSL effect is. While, considering the practical
implementation, the computation time can be effectively shortened by reducing the correlation
length. Therefore, through comprehensive consideration of the above two factors, the correlation
symbol length calculated in the subsequent ranging experiments L = 80 is used. As we can see,
within 850 symbol lengths, the PSL with an initial value of 0.7 performs better and more stable
than that of 0.32 and 0.1. When the correlation symbol length is 80, the variation of PSL with
the initial value X1 is shown in Fig. 3(b). It can be seen that different initial values have different
effects on the correlation of the pulse sequence, and there is no obvious regularity. However,
there is little difference in the correlation performance of different initial values. In order to
further reduce the crosstalk between lidar systems, different initial values can be selected between
different digital chaotic lidars. In addition, we found that while keeping other factors constant,
the autocorrelation results of data in different time intervals will also have subtle differences.
Therefore, the selection of the initial value will have an optimal solution only under special
circumstances. However, in practical applications, the data used for correlation calculations is
disordered and constantly refreshed. Thus, the initial value can be set within a reasonable range
(0<X1<0.5, 0.5<X1<1). While, in the subsequent experiments, considering the correlation
symbol length (L = 80) we used, the PSL performs better and more stable and remains below
−6 dB when the initial value is 0.7. Therefore, the initial value of the equation we adopted in
subsequent experiments is set at 0.7.

Fig. 3. (a) The influence of initial value on PSL with different symbol lengths. (b) The
variation of PSL with the initial value X1.

Furthermore, on the basis of optimized parameters, the chaotic system is designed by DSP
Builder according to the improved logistic iterative equation. As shown in Fig. 4(a), the model is
converted into a VHDL file through Signal Compiler to generate a Quartus II project file, which
is downloaded to the FPGA for generating the chaotic signals in real time. Since the equation
parameters are all set to signed numbers, a comparator is added after the equation model to obtain
the binary chaotic signal. The threshold is set to 0 to obtain the simulation waveform as shown in
Fig. 4(b), and its autocorrelation curve is shown in Fig. 4(c), which has a delta function-like trace
to achieve precise detection without range ambiguity expectedly.
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Fig. 4. (a) The model principle to generate the digital pulse chaotic signal. (b) The time
series and (c) autocorrelation of the transmitted waveform.

4. Experimental result

4.1. Ranging experiment

Based on the above ranging system, we performed static tests by varying the distance (2–14 m)
between the receiving APD and a targeted panel (60% reflectivity) in the laboratory. To further
demonstrating the performance of ranging, we measured the distance every 25 cm using our
chaotic lidar ranging system. Figure 5 shows the measured distance (blue spot) and corresponding
accuracy (red) computed as the difference between true (solid black) and measured distance
obtained at different ranges. As can be seen, the accuracy of distance measurement can achieve
0.2 cm in the best case. While in the worst situation, the accuracy of 8.2 cm is achieved and the
average accuracy is 4.22 cm.

Fig. 5. Measured distance (blue spot) and accuracy (red) computed as the difference
between true (solid black) and measured distance.

In our experiments, the ranging accuracy of the correlation calculation is sensitive to the signal
modulation rate and the PSL of the correlation curve which is associated with the correlation
symbol length calculated and the system noise. For comparing and analyzing the ranging
accuracy, we refer to the optical chaotic system reported in Ref. [21], in which 2 cm accuracy
is achieved when SNR (defined as the ratio of the peak amplitude in the correlation trace to
three times the standard deviation of the amplitude variations in the background) is higher than
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about 3.8 dB. While, the SNR in the ranging experiment in Fig. 5 maintains at about 3.9 dB. The
reason for the difference in the accuracy is that the signal modulation rate and bandwidth of APD
we employed are 200 MHz while that of Ref. [21] are 400 MHz. Therefore, by optimizing the
transmitting and receiving optics and employing the APD with higher bandwidth and lower noise,
we can obtain better ranging accuracy in future research. In addition, because of the limited
corridor length in the laboratory, we only tested the distance up to 14 m. This research focuses
on initially verifying the feasibility of this ranging system. Actually, the echo signal is still very
strong when we measure the distance up to 14 m in the corridor, which means we can test farther
distances.

4.2. Anti-interference experiment

To complete the investigation, the anti-interference capability is verified in this section. On the
basis of the ranging system established, we investigate the impact of chaotic signals, square
wave signals, and sine wave signals interference on our chaotic lidar system. For convenience,
the interference signal source is generated by AWG and received by APD on the same optical
path. For simulating the same type of lidar, the transmitted power of the interference signal
maintains the same as the original system. Furthermore, with the standard board placed at 8 m,
we investigate the effect of the modulation rate of the jamming signals at 10 MHz, 100 MHz, 200
MHz and 1 GHz on the anti-interference capability.

With the interference of different waveforms, the cross-correlation results are shown in Fig. 6,
which indicates that there is still an apparent peak value on the curve, thus validating the expected
anti-interference capability. However, for different interference waveforms and modulation rates,
the effects of anti-interference are also different. As shown in Fig. 6(a), without interference,
the PSL is −7.29 dB. Firstly, for the chaotic waves interference, the PSL obtained under the
interference with modulation rates of 10 MHz, 100 MHz, 200 MHz and 1 GHz are −2.06 dB,
−4.45 dB, −6.13 dB, and −7.27 dB respectively. Since the bandwidth of the system is 200
MHz, if the modulation rate of the interference signal is over 200 MHz, the amplitude of the
received interference signal will be extremely small, which means that high-frequency signals
will be filtered out. Therefore, 1 GHz interference has a slight impact on the PSL. However, as
shown in Figs. 6(b)–6(c), due to the bandwidth restriction of the APD we employed, it appears
to be so insensitive to the square waves and sine waves interference with 100 MHz and 200
MHz modulation rates where the amplitude of the received interference signal also be reduced
and the PSLs remain unchanged basically. By contrast, for 1 MHz interference signal, the
amplitude received by APD is relatively high which caused the reduction of PSL. Therefore,
For the sake of further investigating and exploring the general regularity, we further explore the
relationship between different parameters and the anti-interference effect through simulation
which is convenient to control variables.

4.3. Anti-interference analysis and simulation

On the basis of the original 200 MHz chaotic signal in the above experiments, we simulate the
interference signals with different modulation rates, waveforms, and signal to interference plus
noise ratio (SINR). The sampling rate is 2.5 Gs/s, and the correlation symbol length is 800 (4
µs). With different SINR from 1:1 to 1:5, we investigate the influence of the modulation rate at
500 kHz, 1 MHz, 100 MHz, 200 MHz and 800 MHz of the interference signal on the system
cross-correlation effects. As shown in Fig. 7, the PSL is shown to be sensitive to the SINR.
When decreasing the SINR, the PSL increases proportionally. From Fig. 7(a), for chaotic wave
interference, we can see that the PSL values obtained are higher when the modulation rate of
interference signal at 100 MHz and 200 MHz, which indicates the cross-correlation effect is
relatively worse. While, Fig. 7(b) shows that the PSL has the highest value at 1 MHz modulation
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Fig. 6. The cross-correlation results of chaotic signal with the interference of (a) chaotic
wave, (b) square wave, (c) sine wave signal at 10 MHz, 100 MHz, 200 MHz and 1 GHz
modulation rate.

rate for square wave interference. Besides, in Fig. 7(c), for sine wave interference, the worst case
occurs at the same-frequency interference of 200 MHz.

Fig. 7. The PSL of the cross-correlation results of the original 200 MHz chaotic signal
with the interference of (a) chaotic wave, (b) square wave, (c) sine wave signal at different
modulation rates and SINR.

For the above results, we can analyze the reasons through the interference of square waves.
Figures 8(a)–8(f) shows the correlation curves with the square wave interference modulation rate
at 250 kHz, 500 kHz, 1 MHz, 10 MHz, 100 MHz and 1GHz when the SINR is 1:3. As shown in
Fig. 8(a), for low-frequency interference signals below 250 kHz (4 µs), which means the code
length of the interference signal exceeds the correlation length (4 µs), the interference signal has
a small influence on the correlation result. From Fig. 8(c), when the ratio of interference code
length to the correlation length is 1:4 (1 MHz interference signal), two obvious peaks appear
in the side lobes of the correlation curve, resulting in a significant increase in PSL as shown
in Fig. 7(b). While, from Figs. 8(d)–8(f), for the high-frequency interference signals, with the
increase of modulation rate, the side lobes decreased gradually. Besides, the chaotic wave and
the sine wave interference also have similar characteristics. While, the worst situation for the
chaotic wave appears at a higher modulation rate due to the aperiodicity of the chaotic wave. For
the sine wave, as the single frequency characteristics, the worst situation appears at the same
modulation rate of 200 MHz. Therefore, the anti-interference effect can be further improved by
reducing the side lobes of the correlation curve in future investigation.
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Fig. 8. The correlation curves with the square wave interference modulation rate at (a) 250
kHz, (b) 500 kHz, (c) 1 MHz, (d) 10 MHz, (e) 100 MHz and (f) 1 GHz when the SINR is 1:3.

5. Conclusion

In this study, we establish a digital chaotic lidar system with the chaotic signal generated by
FPGA, which is capable of achieving medium-distance detection and high ranging accuracy. It is
verified by experiments that it can effectively resist the interference of different waveforms and
different frequency signals, and solve the difficulties of complex structure and single modulation
mode of an optical chaotic system. We use FPGA to generate random sequences of different
modulation rates according to different iterative equations and initial values, and select the initial
value 0.7 and improved logistic equation through simulation. Based on this digital chaotic lidar
system, centimeter-level ranging accuracy has been successfully achieved. In addition, the chaotic
signal, square wave signal, and sine signal generated by the AWG are used as interference sources
and simulated as another lidar system, which is received through APD on the optical path. By
comparing the experimental results with interference and without interference, the interference
of chaotic, square wave, and sine wave signals at modulation rates of 10 MHz, 100 MHz, 200
MHz, and 1 GHz is explored, which demonstrates the significant anti-interference effect of this
digital chaotic lidar.
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