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ABSTRACT
A novel high-precision pulsed ranging method is developed. It involves preliminary transformation of photon detector
signals (convolution), analog-to-digital sampling, software processing by deconvolution, digital filtering, pulse shape
retrieving and pulse center determination. The method is effective for arbitrary pulse durations (shorter or larger than
the sampling step) and is low sensitive to the shapes of the reflected pulses. Using 20 MHz/8 bits ADC, an experimental
timing accuracy is achieved of 600 ps ( 10.2 the ADC-sampling step) for single measurements and of 30-50
PS (.' i0— iø- times the sampling step) in averaging regime.
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1. INTRODUCTION
The range determination is a basic function of lidars. The most important advantage of pulsed laser ranging methods is
their multi-target performance and capability to detect range-resolved lidar profiles carrying information about the
interaction media. Thus, the improvement of the range-measuring accuracy is of essential importance to the creation of
novel high-resolution lidar systems. The timing accuracy ST ofpulsed ranging techniques varies typically from 0.l'r,, to
,z, (z is the pulse duration). Previously1, we developed a pulsed CO2 -laser ranging system, where a ratio t5T/z,<0.01
was realized using long pulses (z, 500 ns >>iT ; bT is the sampling interval). This higher ranging accuracy
( SR = c5T/2 cm, c is the speed of light) was achieved by an ADC-sampling of the reflected pulses and by
applying a specialized set of mathematical transformations to the acquired raw data. The application of this technique is
limited by the requirement that � (2 ÷3)i.T.

In the present work a novel high-precision ranging method is proposed and demonstrated experimentally. It is effective
for arbitrary pulse durations (shorter or larger than the sampling step) and is low sensitive to the shapes of reflected
pulses. The method is based on preliminary transformation of photon detector signals (convolution), ADC-sampling,
deconvolution and a set of mathematical transformations of the deconvolved signals. The ranging system, which uses
this method, consists of a pulsed laser diode, a receiving photodiode and linear preamplifier, a convolving circuit and an
analog-to-digital converter (ADC), the latter two integrated on a single electronic plate within the computer tower.
Operation of the entire system is controlled by specialized software. For 20 MHZ/8 bits ADC (T =50ns) and = 7 ns,
the experimental timing accuracy achieved is 5T 600 Ps (for single measurements) and 87' � (30 ÷50) ps (in
averaging regime).

2. BLOCK-SCHEME OF THE RANGING SYSTEM AND DESCRIPTION OF THE METHOD
The block-scheme of the ranging system is shown in Fig. 1 .It comprises a laser diode (1), an optical receiver (2) (photon
detector and linear amplifier), a resonator (3) for convolution, an ADC (4) and software processing blocks (8-10). The
laser emission is shaped by a pulse generator (5) triggered by the controlling software (6). The duration (z = 7 ns) of
the pulses emitted is quite shorter than the sampling step iT = 50 ns, which hampers the correct direct digitizing of the
pulses received by the ADC because there is a high probability of missing some of the pulses due to their random
arrivals with respect to the ADC sampling instants. That problem has been avoided by converting (convolving) the
pulses received (before the sampling) into decayed oscillations of a relatively long duration 'rr>>EtT. To perform the
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convolution, a resonator (�=1 MHz) is used comprising a RC resonant ifiter and a wide-band operational amplifier2.
The received pulses are then recovered by numerical deconvolution. The pulse delays (and ranges) are determined by
the centers of the retrieved pulses after a set of mathematical transformations.

Figurel: Block-shematic of the optical system

The conversion of the photon detector/amplifier output (received) signal S(t) into a decayed oscillation of frequency fl
and decrement f3is described by the convolution with the resonator response funct1onfR(t)=exp(-f3t)cos(f t). The output
convolved signal F(t) is given by

F(t)= JfR(t-)S(t)di . (1)

The duration of F(t) is of the order of the resonator relaxation time 'r,. and, thus, F(t) can be precisely digitized and
stored (see Fig.2). The convolved signal carries all the necessary information about the time delays3 and the areas of the
photodetector pulses4. Performing a deconvolution of the sampled signal F(Tk) with the response function fR(Tk), one
can retrieve the detector output signal Sd(Tk) (shown in Fig.3); Tk =kLT, k=l . . .K, and K is the length of the time series
of the recorded signal. The advantage of the above-described procedure over direct sampling is its excellent
performance at short pulses (Z,<L\J) without losses and dead-time effects.
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Figure 4: Sampled pulse shape after the shape retrieving
procedure with a factor P = iT/b$=50
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Figure 2: Decayed oscillation excited by the received signal Figure3: Deconvolved received pulse after digital filtering
after sampling with a 20 MHZ/8 bits ADC (AT=50 ns)

The accuracy in a direct calculation of the pulse-center delays using retrieved pulses S€(Tk) is of the order of the
sampling step iXT because of the small number of samples per pulse duration. In order to improve that accuracy, one
needs to know more precisely the shapes of the retrieved pulses. For this purpose, one can apply retrieving procedure
based on the sampling theory, which restores the discrete deconvolved signal with a finer step ,t � T . Theretrieving
formula is given by

kJch sin[wN(T —T,)J
Sr (Tk )= V d(T ) , (2)p k WNG1'kk)

where is the Nyquist frequency, T,=Tk+(p-1)it, p = 1. . .P, P = iT/it; k1 and kh are, respectively, the lower
and the upper limits of the selected time window. It should be noted that the bandwidth of the retrieved signals Sr(Tk)
remains the same as that of the deconvolved series Sd(Tk). Choosing P>>1, one can describe the pulse shape with a
precision better than the ADC step AT (Fig. 4). As a result, the pulse limits can be determined more precisely by
comparing them to a predefmed threshold.

T [5r(O5Tr1' v = (3)

C j=j1 i=il

200
Time (in the number of samples At)

The delay of the pulse center T =Ric(R is the range to the object) can be further calculated by the expression

The instants T are replaced meanwhile by the index i using the relation iAt =(k-1)AT+pAT, i=l .. .1, I=PK, where i1 and
z are the limits of the pulse after its retrieving, and 5Tris the threshold (within 0.3 to 0.7 of the maximum amplitude).

3. EXPERIMENTAL ANALYSIS OF THE LASER RANGING SYSTEM
The performance of the method was tested experimentally by electric and optical pulses. Here we present some of the
results obtained, which demonstrate excellent efficiency for high-precision range measurements. The experimental
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estimate of ther.m.s. error 6T is very important. The histograms of the distribution of the measured time delays TR for
constant distance R in the case of single pulse measurements (a) and averaging over 100 (b) and 300 (c) single
measurements are shown in Figs.5a-c, respectively. The single-measurement accuracy is estimated to be of the order of
700ps. In averaging regime, it becomes higher — of the order of 30-50 ps, which corresponds to 0.9-1 .5 cm ranging
accuracy. The experimental ratio M of the sampling step to the r.m.s. accuracy is very high (M=AT/8T1O3). These data
also demonstrate the good temporal stability of the entire system. Fig.6 illustrates the improvement of the temporal
(ranging) accuracy in averaging regime. As expected, the fitted curve is a hyperbolic function, which displays the pure
averaging regime without additional instabilities during the measurement. These data can be used to estimate the
limiting accuracy of this method if the best comercial type ADC (say, 4GHzI8bits5 )is used, assuming the same SNR
(typically of the order of 100 in the above experiments) as well as the same temporal stability for the entire system. For
4GHz ADC, we have iT = 250ps that corresponds to a limiting accuracy (8T) iXT/M —0.2 - 0.3 ps and a ranging
accuracy in the micrometer scale. One may conclude that the limiting accuracy of our pulsed method is commensurable
to the accuracy of the best FM laser rangetmnders6using 100GHz modulation bandwidth.

The measurements of the time delay as a function of the distance between the emitter and the receiver with the method
presented here are demonstrated in Fig.7 for decreasing (a) and increasing (b) distance. For each range position, 100
successive measurements have been averaged. In both cases, the r.m.s. timing error 61' along the distance (calculated by
a fitting curve) is of the order of SOps. This corresponds to 1.5cm overall ranging error (0.75 cm in backscattered
regime).
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FigureS: The histogram of the distribution of the measured time delays TR for constant distance R in the case of single pulse
measurements (a), averaging over 100 (b) and 300 (c) single measurements.

4. CONCLUSIONS
As shown experimentally, the method developed offers an excellent timing accuracy and is capable of providing a very
precise range measurement by using a typical pulsed technique. The essential advantages of our method include: timing
accuracy more than lO times better than the ADC sampling step; true pulsed regime of operation without using
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Figure 7: Measured time delay T(for 100 averaged shots) as a function of the distance R between the laser emitter and the photon
detector in the case of decreasing (a) and increasing (b) the distance.

coherent (interferometric) techniques; effective operation when pulsed light is scattered from rough surfaces without
using mirrors or retroreflectors; simple electronics, combined with sophisticated software; no limitations to the
maximum operational distance. The limiting accuracy of this method is estimated to be below 1 ps. In conclusion, the
proposed method provides a very good basis for developing very high-resolution laser radars for many new applications
of remote sensing such as optical noncoherent tomography, spatial positioning using optical methods, range
measurements for robotics, etc.
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