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a b s t r a c t 

Speckle noise has always been a particularly tricky problem in improving the ranging capability and accuracy of 

Lidar system especially in harsh environment. Currently, effective speckle de-noising techniques are extremely 

scarce and should be further developed. In this study, a speckle noise reduction technique has been proposed 

based on independent component analysis (ICA). Since normally few changes happen in the shape of laser pulse 

itself, the authors employed the laser source as a reference pulse and executed the ICA decomposition to find the 

optimal matching position. In order to achieve the self-adaptability of algorithm, local Mean Square Error (MSE) 

has been defined as an appropriate criterion for investigating the iteration results. The obtained experimental 

results demonstrated that the self-adaptive pulse-matching ICA (PM-ICA) method could effectively decrease the 

speckle noise and recover the useful Lidar echo signal component with high quality. Especially, the proposed 

method achieves 4 dB more improvement of signal-to-noise ratio (SNR) than a traditional homomorphic wavelet 

method. 

© 2017 Elsevier Ltd. All rights reserved. 

1. Introduction 

Lidar is an active photoelectric imaging technology developed based 
on traditional radar. It employs laser as a detection source, photosen- 
sitive elements as receiving devices, and a photoelectric detector the 
bridge for signal post-processing. Regarding the benefits achieved by 
the special radiation source, Lidar possesses incomparable superiorities 
of higher resolution, stronger anti-electronic interferences, anti-stealth 
capabilities, and more abundant imaging contents, leading to be widely 
used in both civil and military fields. The airborne and spaceborne Li- 
dars often consist of laser altimeters and CCD cameras. Herein, the laser 
altimeter is utilized to detect the target ranges by time of flight (TOF) of 
backscatters, while the CCD camera captures the intensity distribution 
of the target. After registration and fusion of the range and intensity in- 
formation, three-dimensional (3D) image of the target has been finally 
reconstructed [1–3] . 

During the actual detection process of Lidar, the echo signals are 
normally contaminated by several noises including atmospheric turbu- 
lence, atmospheric attenuation, diffuse reflection, detection noise, back- 
ground solar noise, etc. Among these different kinds of noises, atmo- 
spheric turbulence and diffuse reflection are the main sources of mul- 
tiplicative noise [4–6] . In optical imaging, multiplicative noise is pre- 
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sented in the form of randomly distributed dark and bright spots, which 
are called speckle. For a harsh detection environment or a particular tar- 
get, speckle phenomenon becomes especially severe, imposing negative 
effects on the ranging precision and hiding the details of target. In or- 
der to address this challenge, herein, we attempt to propose an effecient 
speckle noise reduction technique. 

Currently, most of de-noising methods such as wavelet de-noising, 
empirical mode decomposition (EMD) and Kalman filtering method that 
applied to Lidar are only applicable for reducing additive noises rather 
than speckle noise [7–9] . Recently, coherence accumulation, nonlinear 
filtering, homomorphic wavelet, and independent component analysis 
(ICA) has been introduced as speckle noise suppression techniques [10–
16] . However, most of these techniques represented unsatisfactory per- 
formance. For instance, Bowers et al. [16] proposed the optical phase 
conjugation into the DIAL Lidar system in order to remove the phase 
differences of the diffuse light rays. Next, these light pulses within the 
entire detector aperture were averaged to eliminate the speckle noise. 
In essence, this is a coherence accumulation method, representing sig- 
nificant disadvantages. First, a greater laser power is required since the 
stimulated Brillouin scattering device is used, which undoubtedly in- 
creases the cost. Second, the pulse accumulation principle itself contains 
some disadvantages. For a certain number of pulses, the signal-to-noise 
ratio (SNR) improvement is proportional to the square root of the num- 
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Fig. 1. Schematic diagram of Lidar system. 

ber of pulses averaged. However, this improvement cannot approach to 
infinity for a constant increase of pulses due to the loss of accumulation. 
To conclude these two disadvantages, sufficient observed pulses are re- 
quired for an effective improvement of SNR while this improvement is 
limited. 

In this paper, we focus on a de-speckle solution for the focal-plane ar- 
ray Lidar (or TOF Lidar). Different from other types of Lidar, TOF Lidar is 
generally used for rapid 3D mapping of a target without scanning using 
TOF measurements. Thus, the de-speckle solution is supposed to satisfy 
the real-time and high-frame requirements. Therefore, a self-adaptive 
pulse-matching ICA (PM-ICA) method is proposed. As a novel de-speckle 
approach, PM-ICA makes full use of laser source instead of multiple ob- 
served samples by continuous detection [16–18] . In addition, a logical 
interpretation parameter called local mean square error (MSE) has been 
defined and employed to successfully execute the self-adaptability of 
the algorithm. By a comparison with a traditional method, the proposed 
PM-ICA technique has been demonstrated to be such robust approach 
to greatly enhance the de-speckling performance. 

2. Lidar system and noise characteristics 

2.1. Lidar system 

The principle of Lidar is based on time of flight detection. Generally, 
Lidar system consists of transmitter, receiver, and data processing sys- 
tem. The transmitter continuously emits the laser pulse to the target and 
uses a scanner to detect the whole surface. The laser propagates through 
the atmosphere and interacts with the target surface. The receiver col- 
lects the weak backscatters with the collecting camera, then produces 
electrical echo signal using a photo-electronic detector, and finally dig- 
itizes the echo signal with the data acquisition system. Consequently, 
the time interval of flight Δt can be derived and finally the range can be 
determined by 𝑟 = 𝑐Δ𝑡 ∕2 where c represents the velocity of light. 

In fact, the principle of Lidar lies in extracting the time of flight 
from the echo signal. In other words, the unknown information to be 
detected is the time of flight while the pulse signal bandwidth is basically 
unchanged. Hence, the source of emission pulse can be recorded as a 
reference signal for post-processing. Accordingly, the structure of a Lidar 

system which employed in this study, is shown in Fig. 1 . At the emission 
side, the pulsed laser produces the laser source which is projected and 
scans the target surface through the angle scanner. The receiver collects 
all backscatters and employs an APD array to capture the echo signals 
of multiple points. The echo signals are digitally recorded by a data 
acquisition system and then transferred to PC for signal processing and 
image reconstruction. As shown in Fig. 1 , different from traditional laser 
altimeter, the Lidar system records the laser pulse as the reference signal 
as well. 

2.2. Noise characteristics 

The echo signals acquired by the Lidar receiver are not ideal and 
cannot be directly used for range determination. In fact, the laser is sub- 
jected to contamination by many kinds of noises, involving atmospheric 
effects (i.e., atmospheric turbulence, atmospheric attenuation, etc.), tar- 
get interaction (i.e., speckle, etc.), and detection noise (i.e., background 
solar noise, dark current, electronics readout noise, etc.). In general, 
the noises can be classified into two types: multiplicative and additive 
noises. In the field of optical imaging, the multiplicative noise is man- 
ifested by speckle, which results from propagation through inhomoge- 
neous medium or reflection on rough surface. 

As the random movement of atmospheric particles changes the atmo- 
spheric refractivity and results in the non-linear transmission of laser, 
intensity fluctuations namely speckle arises. The radius of one turbu- 
lence cell can be described as [4,5] : 
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where S denotes the value of the detected signal, S av is the time average 
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𝑝𝑜 int 
means the effective turbulence fluctuations after target 

averaging. Furthermore, 𝜎2 po int = 1 . 23 ⋅ 𝐶 2 
𝑛 
⋅ ( 2 𝜋∕ 𝜆) 7∕6 ⋅ ( 2 𝑅 ) 11∕6 where 𝐶 2 
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represents the turbulence constant, R is distance to the target and 𝜆
is the laser wavelength; 𝛾𝑡 arg 𝑒𝑡 = ( 𝜌𝑙 ∕ 𝑟 𝑒𝑓𝑓 ) 7∕3 where r eff is the radius of 
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