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Abstract—Compressive Sampling and Sparse reconstruction 
theory is applied to a linearly frequency modulated continuous 
wave hybrid lidar/radar system. The goal is to show that high 
resolution time of flight measurements to underwater targets can 
be obtained utilizing far fewer samples than dictated by Nyquist 
sampling theorems. Traditional mixing/down-conversion and 
matched filter signal processing methods are reviewed and 
compared to the Compressive Sampling and Sparse 
Reconstruction methods.  Simulated evidence is provided to show 
the possible sampling rate reductions, and experiments are used 
to observe the effects that turbid underwater environments have 
on recovery. Results show that by using compressive sensing 
theory and sparse reconstruction, it is possible to achieve 
significant sample rate reduction while maintaining centimeter 
range resolution. 

Keywords—FMCW Lidar; Compressive Sampling; Sparse 
Reconstruction; Frequency Chirp; 

I. INTRODUCTION 
Accurately measuring an object’s range relies on 

calculating the Time of Flight (ToF) between when a signal 
was transmitted and subsequently received after roundtrip 
propagation. A linearly Frequency Modulated Continuous 
Wave (FMCW) waveform, also known as a chirp, is a class of 
signals where the time-shifted spectral content can be used to 
determine the range to an illuminated object [1, 2]. While 
traditionally used in Radar/Sonar applications, this class of 
waveforms can also be applied to lidar systems which have the 
benefits of a highly directive illumination source that can be 
modulated with wide bandwidth radar waveforms. An 
additional benefit is that by encoding a blue-green laser with a 
radar waveform, radar modulation, demodulation, and signal 
processing techniques can be applied to scenarios that are 
typically not accessible to radar systems, such as those in the 
underwater environment. The underwater channel however 
imposes significant absorption and scattering challenges when 
using optical signals. Photons which are scattered back towards 
the receiver before ever reaching the object compete with the 
received signal power from the target and decrease SNR. 
Photons which have been scattered in the forward direction can 
lead to a loss of spatial resolution due to beam spreading. A 

subsequent increase in propagation path can also lead to pulse 
stretching which reduces range resolution. Research has shown 
that the effects of scattering and absorption can be reduced by 
intensity modulating blue-green laser sources at frequencies 
exceeding 100MHz [3]. The challenge is that as the bandwidth 
of these systems increase, traditional sampling theorems dictate 
the need for wide bandwidth digitizers to accurately capture the 
signal at the receiver. Therefore, the desire for modulating a 
laser at high frequencies and wide-bandwidths is accompanied 
by the need for high-speed digitizers which increase a systems 
cost and complexity.  

To develop alternate techniques for processing wideband 
signals, it is important to note that the recovery of the received 
wideband signal is not the goal for ranging systems. The 
desired information of interest is the range, or equivalently the 
ToF, between transmitted and received signals. It has been 
proposed that compressive sensing theory and sparse 
representations can be used reduce the amount of data that 
needs to be collected for radar imaging systems [4, 5]. In this 
paper, it will be shown that under the assumption that there are 
a finite number of reflecting objects to be detected, 
compressive sampling (CS) theory and sparse recovery 
algorithms can be used to exploit the inherently sparse nature 
of FMCW lidar systems. The anticipated benefits include a 
lower required digitization rate which reduces the total number 
of samples needed to be collected without sacrificing system 
performance, specifically range resolution, in various 
underwater environments.  

II. COMPRESSIVE SAMPLING 
If a signal is or can be represented by far fewer non-zero 

than zero elements it can be classified as a sparse or 
compressible signal [6, 7]. These classes of signals are 
characterized by their support which is defined as number of 
non-zero elements. Common examples include Dirac pulses 
which are inherently sparse, or sinusoids which are 
compressible in the Fourier domain. CS theory implies that by 
solving a convex minimization problem, it is possible to 
reconstruct such signals given only a small set of incoherent 
projections [7]. A generalization of the CS and sparse recovery 
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signal levels when scattering losses were high. The integrated 
signals were processed in three different ways to obtain the 
magnitude of the received signal and range to the target. The 
first processing method, highlighted in Fig. 2, mixes the 
digitized transmitted and received signals, calculates the mixed 
signal spectrum, and then finds the peak spectral value and 
frequency which can then be related to the magnitude and 
range information, respectively. The second processing 
method, introduced in Fig. 3, uses the digitized transmit signal 
to implement a digital matched filter, where the peak value and 
time index of the matched filters output is proportional to the 
magnitude and range. The third processing method, shown in 
Fig. 8, was used to implement the CS and sparse recovery 
method. The measurement vector was created by resampling 
the received signal at a rate of 125MHz, corresponding to a 
down-sampling factor of 32. The use of averaging enhanced 
the SNR to >5dB ensuring that for this chosen decimation 
factor, we would expect to achieve a recovery probability of 
~100%, as seen in Fig. 6.  The sensing matrix was previously 
created as highlighted in Equation (5), using the known chirp 
parameters and down-sampling factor. To solve the ℓଵ  norm 
minimization problem shown in Equation (2), the OMP 
algorithm was implemented with an expected support of one, 
and the recovered value and index of the single non-zero 
element was used to determine magnitude and target range. 

D. Experimental Results 
For each processing method, the measured magnitudes and 

ranges were plotted as a function of the known target locations. 
The measured results for signals collected in clean water (c≈0.2 
m-1), are shown for the mixed signal, matched filter, and CS 
processing methods in Fig. 9a, 9b 9c respectively. When 
looking at the magnitude plots, the results show the 
propagation loss that is expected as the path length increases. 
In observing the target range measurements, the first notable 
result is the accurate recovery of the target’s range using the 
compressive sensing method and a sampling rate that is a 32 
times lower than needed to record the raw chirp waveform (Fig 
9c). Additionally the resolution of the CS method is equivalent 
to that of matched filtering, and both are a significant 
improvement when compared to the mixed signal method. This 
result is to be expected given that mixed signal method suffers 
from a frequency binning that is proportional to the bandwidth 
of the transmitted chirp. When using this processing method, a 
range resolution of approximately 14cm is observed. For the 
matched filtering method, the individual time bin size is equal 
to the sampling period, while for the CS method, the size of a 
single time bin is equal to the temporal resolution of the stored 
sensing matrix. For the results presented here, the stored 
sensing matrix’s temporal resolution was the same as the 
sampling period used in the matched filtering method leading 
to a range resolution of approximately 2cm. 

The experiment was completed again in a significantly 
more turbid environment (c≈7.0 m-1) to amplify the effects of 
scattering. Results presented in Fig. 10a, 10b, and 10c use the 
same order as in the previous Fig. 9. When observing the 
magnitude plots for all methods and comparing them to the 
previous clean water data, a significantly steeper exponential 
decay is observed due to the increased amount propagation 
losses due to scattering. More importantly, these figures show 

that the resolution of the different methods is unaffected by the 
turbid underwater environment, and exact recovery using CS 
and sparse recovery is still successful. It is also shown that, 
even when provided sufficient SNR through integration, all 
methods succumb to the effects of scattering at similar ranges. 
The effects of forward scattering are evident through the 
systematic range bias seen in the measured range for all 
processing methods. This is due to the effective increase in 
propagation path due to the small angle forward scattering 
which causes the measured range to be larger than the actual 
target range. Backscatter effects can be seen at the farthest 
target ranges where the measured range values no longer track 
the actual target range. 

V. CONCLUSION 
Through a reformulation of the chirped FMCW lidar 

problem, a detailed analysis was completed to show how 
compressive sampling theory and sparse recovery can be used 
to determine the range to illuminated objects. Using 
simulations it was shown that, under various SNR conditions, 
these methods can achieve exact recovery of an objects 
location using sampling rates significantly lower than the 
Nyquist frequency.  Furthermore, through experimental 
evidence, it was proven that these methods can be directly 
applied to current FMCW lidar systems to reduce the number 
of samples and the rate that they must be collected. The 
experimental evidence was obtained in both clear and turbid 
underwater environments, and it was shown that resolution and 
operational ranges were not adversely affected when compared 
to more established methods. While analytical proof for exact 
recovery has not yet been provided, the reported empirical 
evidence shows the potential benefits of CS theory and sparse 
recovery in terms of the reducing the sampling rate 
requirements of the digitizer, without sacrificing system 
resolution or performance in turbid underwater environments. 
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