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FY13 Ql Progress Report: Advanced Digital Signal Processing for Hybrid Lidar 

This document contains a Progress Summary for FY13 Ql and a Short Work Statement for FY13 
Q2. 

Progress Summary for FY13 Ql 

A spatial fihering approach to reduce the effect of backscattering continued to be investigated. Work to 
date based on RangePinder simulations and post-processing of Navy experimental data has shown that 
the use of delay line cancelers in single and dual-tone modulated hybrid lidar-radar leads to an increase 
in usable range of approximately 35%. Additionally, reductions in range error on the order of 10%-20% 
were observed for a single-tone system, and reductions on the order of 60% observed for a dual-tone 
system. 

Mr. Paul Perez reported some of this work at the Oceans 2012 conference in October (reference 
provided below). A more comprehensive summary report of the spatial filtering approach is presented "^ 
here. With ONR approval, Mr. Paul Perez completed his effort on the ULI project and Mr. David lUig, a 
Ph.D. candidate at Clarkson University, replaced him. Mr. Perez successfully completed his Master of 
Engineering Degree. Mr. lUig will continue to advance the spatial filter work and will investigate 
several new signal processing techniques that have been identified including a frequency domain 
approach to reducing backscatter. 

P. Perez, W. D. Jemison, L. Mullen, A. Laux, "Techniques to enhance the performance of hybrid lidar- 
radar ranging systems," Oceans, 2012, vol., no., pp.1-6, 14-19 Oct. 2012 

Summary of Spatial Filtering Work 
Spatial filtering has been identified as a backscatter reduction technique to enhance the usable range of 
hybrid lidar-radar in a turbid underwater environment. In a highly scattering enviromnent, many photons 
reaching the detector will have scattered off particulates in the water, while relatively few photons 
reaching the detector will have made the round-trip to and from the object of interest. This will cause the 
system to detect an object whose range is near the volumetric center of the scattering region, rather than 
the detecting the range to the object of interest. • \^ 

A similar problem is encountered in through-the-wall radar imaging (TWRI), in which radar clutter 
obscures the desired object return [1,2]. Researchers in these areas have shown that the clutter has lower 
spatial frequencies than the object, meaning that the clutter return can theoretically be filtered out by a 
spatial filter without negatively impacting the target return. The backscatter in the turbid underwater 
environment is analogous to the clutter in these radar scenarios. An early solution to this problem 
traditional MTI radar was the use of delay line cancelers, with more recent work focusing on more 
sophisticated signal processing solutions such as FFT-based filters. The main idea behind the delay line 
canceler is that the clutter signal is a low frequency signal, which can be attenuated by a high-pass 
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differentiator. Further modifications can be made to delay line cancelers to fine-tune the behavior, such 
as widening the clutter rejection region. - . 

Delay Line Cancelers 
We have investigated two kinds of delay line cancelers for hybrid lidar-radar. These two filters and their 
responses will be briefly characterized, followed by discussion of experimental results achieved with 
these filters. The simplest fiher is the single delay line canceler, shown below in Figure 1. This filter is a 
simple differentiator which rejects the DC component of the return signal, which is assumed in our 
scenario to correspond to the scattering contribution of the return. In this filter, the output signal is 
calculated as the difference between the current input and a spatially delayed previous input: 

•^our(2,0 = ^/^(z, t) - 5,w(z + Az, t) 

5/JY {Z, t) 0 "^ ^OUT(Z> 0 

Az 
Figure 1. Single delay line canceler 

When applying this filtering approach to a turbid underwater environment, the attenuation of such an 
environment must be taken into consideration. Received power is attenuated according to 

where P is the power received by the detector, PQIS the power transmitted by the source, c is the beam 
attenuation coefficient, and z is the distance traveled in the underwater channel. Assuming that the 
transmitted signal is intensity-modulated with a complex sinusoid, then the input and output signals take 
the following forms: 

SouTiz. t) = Si^iz, t) - e-'^'Sti,{z, t) 

where o) = 2nf is the fi-equency and /c = y is the spatial frequency of the signal. With this choice of an 

input signal, the complex system transfer function H can be computed: 

//(Az, c) = 1 - e-'^^ cos{kAz) + je'''^^ sm{kAz) 
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The single delay line filter's dependency on the underwater environment is emphasized by the 
attenuation coefficient c. If c is changed, then the filter's transfer function will also change even when 
the spatial delay Az is held constant. This implies that the filter will need to be tuned for optimal 
operation in different turbidities. The magnitude and phase responses of the fiher can be derived firom 
the complex transfer ftinction and are: 

M(Az,c) = Vl + e~2^^^ - 2e-^^^cos(/cAz) 

/   e-'^^ sinikAz) 
OCAz.c) = atan ZTK; TTT^ \1 — e '^'^^ cos{kAz) 

The magnitude and phase responses for this filter are plotted in Figure 2 and Figure 3, respectively, for 
selected values of c. The horizontal axis is shown as a factor of the transmitted signal's wavelength. 
Note that for the limiting (clear water) case of c = 0, the filter response reduces to the classical single 
delay line fiUer known in the radar community, which is periodic with period A and suggests an optimal- 

delay of AZopt = -, in the sense that this is the first point at which point the signal magnitude is 

maximum. On the other extreme, as c becomes large (high turbidity), the filter converges towards a 
high-pass filter with a relatively flat passband region. Additionally, as c increases, the optimal delay 

from an amplitude perspective shifts below - with reduced amplitude compared to the c = 0 case. The- 

optimal delay for selected values of c is summarized in Table 1, along with the magnitude gain and 
phase shift at these delay points. 

Single Delay Line Canceler Magnitude Response 

Az (factor of wavelength) 

Figure 2. Magnitude response of single delay cancaler for selected aUenuation coefficients 
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Figure 3. Phase response of singSe delay canceler for .selected attenuatson coefficients 

Tabie 1. Optimal delays for selected attenuation coefficients 

c (m-^) 0 1 2 3 4 5 

l^Zovt 0.500* A 0.455* A 0.425* A 0.402* A 0.385* A 0.371 *A 

M{AZopt,c) 2.0 1.58 1.35 1.22 1.14 1.09 

0(AZopt,c) 10.00° 9.74° 6.40° 3.79° 2.15° 1.21° 

The second filter explored is the double delay line canceler (also known as the triple pulse canceler). 
This filter was designed to have a broader rejection region in the vicinity of DC [1]. It is essentially a 
cascade of two single delay line cancelers in series, as shown in Figure 4. Assuming that the transmitted 
signal is intensity-modulated with a complex sinusoid, then the input and output signals for the double 
delay line canceler take the following forms: 

SOUT(Z> t) = S,[,(z, t) - 2e-'^'S,^(iz + Az, t) + e-^'^'Si^iz + 2Az, t) 

With this choice for an input signal, the system transfer function H and the magnitude and phase 
responses can be expressed as 

H{Az,c) = 1 - 2e-'^^ cos(kAz) +j2sin(jAz) + e'^'^'cos(2kAz) - je'^"^'sinilkAz) 

M{Lz, c) = Vl + 2e-c^2 + e-4cAz _ cos(Mz) [46"^^^ - 4e-2cAz cos(kAz) + 4e-3cAz] 
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?-^^^ s\n(kAz) f    2e-^^^ smikAz) - e-^ 
0(Az, c) - atan ^^ _ ^^_^^^ cos(kAz) + e'^'^' cos(2kA: 
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Figure 4. Double delay line canceler ' .   ■ 

The magnitude and phase responses for the double delay Une canceler can be seen below in Figure 5 and 
Figure 6, respectively. Due to the widened cutoff region near DC for the double delay line canceler, the 
optimal delays have been shifted to slightly from the values seen for the single delay line canceler. As 
for the single delay line canceler, at the limiting case of c = 0, this filter reduces to the classical double 
delay line canceler which is periodic with period A and suggests an optimal delay of Az^pt = 0.5625 *  
A, in the sense that this is the first point at which point the signal magnitude is most amplified. For 
higher values of c, the magnitude response converges towards a high-pass filter with a relatively flat 
passband. It is worth noting that the phase response of the double delay line canceler is not linear, even 
for the case c = 0. The optimal delay for selected values of c is summarized in Table 1, along with the 
magnitude gain and phase shift at these delay points. 

Double Delay Line Canceler Magnitude Response 

0.5 1 1.5 2 2.5 : 
Az (factor of wavelength) 

Figure 5. Magnitude response of double delay canceler for selected attenuation coefficients 
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Double Delay Line Canceler Phase Response 

Az (factor of wavelength) 

Figure 6. Phase response of double deiay canceler for selected attenuation coefficients 

c (m-1) 0 1 2 3 4 5 
^Zovt 0.563* A 0.474 * A 0.406* A 0.354* A 0.317* A 0.293* A 

M(AZopt>c) 4.00 1.96 1.41 1.20 1.11 1.06 
0(AZopt,c) 26.36° 26.93° 18.91° 13.18° 9.17° 6.30° 

Preliminary Simulation and Experiment Results 
Both the single and double delay line cancelers have been tested in simulation and on experimental data. 
Simulations were performed using the Underwater RangeFinder simulator produced by ATMOTOOLS 
[3]. RangeFinder allows the user to specify transmitter and receiver parameters, object properties, and 
water channel optical properties. RangeFinder was used to verify that the delay line cancelers would 
reduce the impact of scattering, both in terms of reducing error of ranging measurements and also by 
extending the useful range of the system. Experimental data was provided Dr. Linda Mullen's research 
group at Patuxent River Naval Air Station and was processed by the spatial fihers in custom MATLAB 
software. 

Initial experimental validation was performed using data collected at 10 centimeter intervals in a 3.6 
meter long water tank at varying turbidities [4]. In this preliminary experiment, the single delay line 
canceler was applied to previously collected data in an attempt to reduce the ranging error. The spatial 
filtering delay was set to one-half of the wavelength, although this was not the optimal delay position for 
all turbidities used. For single-tone experiments, an improvement of a 10-20% reduction in error was 
observed. However, for the dual-tone experiments, the delay line canceler typically reduced ranging 
error by approximately 60% compared to the baseline data; for some measurements the error reduction 
increased to almost 80%. The single-tone approach inherently possesses higher range resolution than the 
dual-tone approach, while the dual-tone approach trades increased unambiguous range for reduced range 
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resolution. Thus we would expect that spatial filtering could have a more substantial impact on a dual- 
tone ranging system. Indeed, it appears that spatial filtering of dual-tone data can reduce the ranging 
error almost to that of a single-tone approach, while still enabling the usage of the enhanced 
unambiguous range of the dual-tone approach. 

A second set of experimental data was collected for a single-tone experiment with a modulation 
frequency of 140 MHz and an attenuation coefficient of c = 1.6 m~^ [5]. In this case, ranging was only 
performed over 50 centimeters with an object distance between one meter and 1.5 meters. Without 
filtering, the single-tone approach had an average error of 3.3 centimeters. When applying the single 
delay line canceler, the average error was reduced to 1.1 centimeters. The double delay line canceler was 
also observed to achieve a reduction in error, decreasing the average error to 1.6 centimeters. These 
results are substantially better than seen with the longer range experiments shown in [4]. It is possible 
that performance degrades somewhat for the delay line cancelers as range is increased in a single-tone 
system, which may account for this discrepancy. 

A^econd analysis was perfomied in which the single^ and double delay line cancelers were used to       - 
attempt to increase the usable range of a previously collected experimental data set. First, simulations 
were performed in RangeFinder for comparison to simulation results obtained without the spatial filters. 
This comparison is summarized in Table 2, with simulation data collected in a relatively turbid scenario 
of c = 1.6 m~^. The first three rows contain data collected without filtering shown in [6], while the 
spatial filtering data come firom [5]. The low frequency 20 MHz single-tone is severely impacted by 
scattering and can be used as a baseline reference for this reason. The higher fi-equency single-tone 
extends the usable range by a factor of slightly more than two, while the dual-tone approach extends the 
usable range by a factor of somewhat less than two. The delay line canceler methods both extend the 
usable range by a factor of 2.65 compared to the baseline. In addition, this represents an increase of 
approximately 35% over the maximum usable range achieved in the single- and dual-tone approaches 
used with this particular dataset. 

Table 2. Method comparison for Raogefinder simulation at c =1.6 m.~ 

Maximum Usable Range Relative 
improvement Scenario Meters Attenuation 

lengths 
Single-tone at 20 MHz 1.70 2.72 1.00 
Single-tone at 160 MHz 3.50 5.60 2.06 
Dual-tone at 160, 180 MHz 3.10 4.96 1.82 
Single delay line canceler at 160 
MHz 

4.50 7.20 2.65 

Double delay line canceler at 160 
MHz 

4.50 7.20 2.65 
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Conclusions 
A class of spatial filters has been applied to extend the usable range of single- and dual-tone hybrid 
lidar-radar ranging systems while simultaneously reducing the error of those ranging measurements. 
This preliminary work has shown that the use of delay line cancelers leads to an increase in usable range 
of approximately 35% over single- and dual-tone systems without these filters. Additionally, reductions 
in error on the order of 10%-20% were observed for a single-tone system, with reductions on the order 
of 60% observed for a dual-tone system. These results are particularly promising considering that there 
are more powerful spatial filtering techniques available than those that have been used to this point, 
suggesting that it may be possible to realize further performance increases. 
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Short Work Statement for FY13 Q2. 

A new hybrid lidar-radar technique based on frequency domain reflectometry has been identified and 
will be explored in FY13 Q2. This technique has the potential to increase the unambiguous range of 
hybrid lidar-radar. 
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