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1 Introduction crossing count and computes its ratg (twice the fre-

Some homodyne laser radar prototypes have been proposefuency for a signalx(t), as
in previous literature. For instance Rddehd Churnside®

presented prototypes with optical mixing taking place in-

side the laser oscillator. Liskow et &lpresented a very 1
interesting discussion on the effect on the probability of )‘0_;
detection and probability of false alarm of the transmitted

laser beam width. More recently, Gatt efaheoretically

and experimentally presented the influence of the different \yneres, (w) is the power spectral density at).

noise sources in the velocity measurement precision. For a normalized sinusoidal signal plus a white Gaussian
We have reportétla prototype based on a HeNe laser additive noisen(t):

with optical mixing taking place on the surface of an exter-
nal avalanche photodiod@PD). This enables performing
optical homodyning between signals whose frequencies dif- — i
fer in more than 300 MHz, while the prototypes based on a X(t)=sin(wot) + (1), @
HeNe laser that use the laser as a mixer cannot perform
mixing between signals whose frequency differ more than
~100 kHz (Ref. 7).

In this paper, we present the performance assessment of
the system presented in Ref. 6. In Sec. 2 some consider-
ations of signal-frequency counting are discussed; they S (w)= —[ 8(w— wg) + 8w+ wy)]
conclude that the frequency cannot be directly measured if 4
the SNR is not high enough, which is our case. Section 3

1/2

ffoowzsx(w) dw

.5(w) do @

whereS,(w) can be written as

N
describes the subsystem used to count the frequency of the =2 for |w| <BW
received signal, based on the spectrum analyzer principle. +{ 2 3
In Sec. 4 the methodology for performance assessment is 0 for |w|>BW,

defined, and finally, Sec. 5 describes the experimental re-

sults. More detailed results can be found in Ref. 8.
where BW is the measuring system bandwidth, considered
as an ideal filter, antl, is the bilateral noise power spec-

2 Noise Effects in Frequency Estimation tral density. Note thalN, can be related to the SNR at the

In a coherent laser radar system, many noise mechanismdnPut of the system, considerindt) normalized:
must be born in mindsee, for example, Ref.)5In the
following we consider that, as a result, the electrical output
signal is affected by an additive Gaussian white noise Neo—
(AGWN). 0
Many authors have modeled the process of frequency
counting in an AGWN environment. For instance,
Papouli% describes the frequency counting as a zero- We can now compute the raig:

1

2 SNR BW @
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Fig. 1 Prototype optics layout (Ref. 6). Distance to target (m)
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According to Eq.(5), when the SNR takes a high value, the & -40 7]
frequency count is correctly made; for low SNR values, the &
obtained count does not correspond to the desired value bui C%L -45
to the system bandwidth. a n " " n n
Reference 6 includes preliminary measurements ob- -50 ' ' ' ' '
tained with a homodyne laser radar system that can be seet 55
in Fig. 1. The signal and noise power measures can be seer g 2 4 6 8 10 12
in Figs. 2a) and 2b). These measurements have been taken Distance to target (m)
using a spectrum analyser using a resolution bandwidth (b)

(RBW) equal to 100 kHz. The maximum signal power _ _
measured is-30 dBm, overcoming a noise floor spectral Fig. 2 Doppler signal power for the target rotating at (a) 400 rpm
power densityNy= —50dBm/(100 kHz). This means that, and (b) 1300 rpm (Ref. 6).
considering a total system bandwidth B¥200 MHz, our
system presents an SNR-10dB, not allowing for
straight frequency counting.

The use of spectrum analysis techniques makes the fre-
quency estimation of signals in a noisy environment easier -
by reducing the system input bandwidth. The measures pre-
sented in this paper are made using these techniques.

3 Signal Conditioning and Acquisition and Stop sweep
Frequency Counter Subsystem Doppler Counti
. ountjng
The laboratory setup includes a specific subsystem that per- Signal Ad hoc enablg Frequency
forms the signal conditioning and acquisition and also the [ Spectrum b Control block fmmmgt  counting
frequency counting. Figure 3 shows the general scheme of Analyser _JVidgo block

this subsystem. It will be denominated by carrier seeker in l oupe jinpm
the following.

First, the Doppler signal coming out of the photoreceiver ,
of the laser radar system is introduced inaxh hocspec- First LO
trum analyzer module. We use this module to extract the gig. 3 General scheme of the signal conditioning and acquisition
Doppler signal spectral peak from the noisy output of the and frequency counter subsystem (carrier seeker).
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photoreceiver. Our past experience measuring with a gen- N=1.143e+004
eral purpose spectrum analyzer suggested the following op- 890 ' i
erating parameters:

7001
1. intermediate frequendyfF): 150 MHz
2. RBW: 600 kHz
3. first local oscillator sweeping range: 160 to 250 MHz

[22]
[=]
o

lementary counts
[4)]
o
(=]

4. second local oscillator frequency:150 MHz a00l
The subsystem includes a frequency-counting unit whose @
main characteristics are o 300

Lo

1. prescaler: 10 2 200}

2. crystal reference frequency: 2.018 MHz 100}

3. counting interval: 507.4us (1024 reference clock ’| H

pulses 0 L
) 19.5 20 205 21 215
4. number of bits: 14 Doppler shift (MHz)

5. maximum measurable frequency' 320 MHz Fig. 4 Histogram of elementary counts with the target rotating at

According to the previous figures, tle hocspectrum ana- constant speed.

lyzer can detect signals whose frequency is in the band
between 10 and 100 MHz. When a signal peak is detected
at its output, the sweeping stops. The control block then target is always illuminated by the laser transmitter. &No
orders the frequency counting block to begin counting the priori calculations are made and all the results come from
frequency of a sample taken from the first local oscillator, €xperimental data.

located between 160 and 250 MHz: thus, the frequency Gatt et aP presented both theoretical and practical con-
counting block has at its input a signal with a good SNR siderations of the dependence on the SNR of the precision
value and whose frequency is related, in a known way to in velocity estimate, applied to different short and long
the Doppler signal frequency. range vibrometers that measure Doppler frequencies that do

The frequency counts obtained by the carrier seeker ot exceed 250 Hz,
from a target in a certain observation interval are called In our experiment, Doppler shifts produced by the de-
elementary counts and they must be preprocessed. We havéected target speed are in the range between 20 and 70
observed that the elementary counts obtained when the firstMHz, corresponding to velocities between 6 to 22 m/s. For
local oscillator sweeps in an ascendant way are slightly detecting such Doppler shifts, the mixing cannot take place
smaller than the real signal frequency, while counts ob- inside the laser resonatee Refs. 1 and)7so an external
tained in descendent sweepings are slightly greater than thePhotodetector devicgas shown in Fig. lmust be used.
correct value. This biasing can be appreciated in Fig. 4, We tested the system behavior for four differeotnt-
where the elementary counts obtained in a certain observaing intervals 50, 100, and 500 ms and 1 s. A statistically
tion interval are presented in a histogram. To avoid this relevant number of individual count attemptswere per-
prob|em’ the preprocessing software averages the Countg‘ormed, so that mean and standard de\{iation values could
obtained during the observation interval in ascending and be calculated. Individual counts that differ more than 2
descending sweeps Separate|y' Ca|cu|ating afterward theViHz from the statistical median were discarded as out of
semisum of both values: the result will be called an indi- range and considered as fails, so they are not presented in
vidual count in the rest of the paper. If the subsystem has
not been able to obtain all the components to calculate an
individual count, a fail is written down.

The successive individual count values are presented to
the system operator; statistical calculations based on these
data are also presented.

Before every measuring session, the carrier seeker was
thoroughly calibrated with the aid of a microwave fre-
quency synthesizer.

Pul

Disk
4 Methodology for Performance Assessment
Two main figures were used to assess the performance of -
our system: the probability of detection estimdg and
the standard deviation in velocity estimatisnin this sec-
tion, both are defined. | __ N 1 |
Liskow et al* presented a rigorous theoretical definition @ ®)

of probability of detection. In this section, a somewhat dif-

ferent definition is used, adapted to a system in which the  Fig. 5 Laboratory targets: (a) disk target and (b) belt target.

8 cm

+DC motor __———
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Fig. 6 Histograms of individual counts with the disk target at nominal distance 6 m, an incidence angle
of 30 deg, and rotating at 444 rpm.

the histograms. We defined the probability of detection es- to the calculated tolerance, and we evaluated the corre-
timatePp as the ratio of accepted individual counts divided sponding loss in performance figures.
by the total number of attempts!). The standard deviation in frequency estimatgis cal-

In Ref. 6 a criterion of tolerance in distance was defined. culated as the standard deviation of the accepted counts. It
It took into account the possibility that the target was lo- can be related to the standard deviation in velocity estima-
cated at a distance different from the nominal one. This tion by the Doppler effect formula.
would imply that the transmitted laser beam does not have  The accuracy of the experimental data was checked with
its waist on the target surface. Departures from the nominal an alternative system.
distance provoke losses in the detected Doppler signal and .
thus, a performance worsening that is expected to diminish® Experimental Results
Pp . We performed measurements with the target located atMeasurements were made on two different targets: a disk
the nominal position and displaced a certain distance, equaltarget and a belt target. The disk target was already de-
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Fig. 7 Histograms of individual counts with the disk target at nominal distance 6 m plus 80 cm of
tolerance displacement, incidence angle of 30 deg, and rotating at 444 rpm.
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Interv: 50 ms, N=232, Pd=0.1509 Interv: 100 ms, N=244, Pd=0.4139
15 m=51.85MHz ] 15[ m=51.84MHz
® 5=0.06656MHz " $=0.06825MHz
g c
g 10 3
G ks
o 2
g 5 £
=1 =]
-4 =z
0
51.4 6 51 .8 52 2 514 516 518 52 52.2
Doppler sh|ft (MHz) Doppler shift (MHz)
Interv: 500 ms, N=100,Pd=0.99 Interv: 1 s, N=100,Pd=1
15 m=51.93MHz ] 15 r m=51.97MHz
" 5=0.04788MHz ” $=0.03576MHz
5 5
810y 810
k] G
2 g
£ 5 € 5
3 3
z z
0 + 0 .
51.4 .6 51 8 52 52.2 514 616 518 52 52.2
Doppler shift (MHz) Doppler shift (MHz)

Fig. 8 Histograms of individual counts with the disk target at nominal distance 6 m, incidence angle of
30 deg, and rotating at constant speed 1260 rpm.

scribed in Ref. 6. It is a 25-cm-radius disk whose cylindri- tem is available to monitor the angular speed of the pulleys,
cal surface is covered with paper, material with a high scat- so the indicated values have been calculated from the nomi-
tering value. Its maximum rotating speed is approximately nal data of the electric motor.
1300 rpm. The disk target includes a module that performs
angular speed measurements.
The procedure to determine the incidence angle on the ) .
target surface shows a random error as hightdsdeg, so ~ >-1 Measurements with a Disk Target
the accuracy of the measures is affected. In some of theAlthough the measures with the disk target were performed
measurements presented, this error is indicated. at distances up to 7 ms, at this distance the tolerance is
The belt target consists in two parallel 6-cm-radius pul- severely reduced. Thus, the measurements presented here
leys and a continuous belt whose surface displacement willwere taken at a maximum distanck6m for measures at
be monitored. The pulleys rotate at a maximum speed of constant speed. The measures at variable speed were taken
~1800 rpm. Both targets are represented in Fig. 5. No sys-at a 3-m distance.
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Fig. 9 Histograms of individual counts with the disk target at nominal distance 6 m plus 80 cm of
tolerance displacement, incidence angle of 30 deg, and rotating at constant speed 1260 rpm.
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Fig. 10 Histograms of individual counts with the disk target at nominal distance 6 m, incidence angle
of 45 deg, and rotating at constant speed 444 rpm.

5.1.1 Measurements at constant speed we attribute this effect to the reduction in the relative

The first series of measurements were taken with the diskWeight of elemental measurements out of range. The stan-
rotating at approximately 444 rpm, corresponding to a lin- dard deviation of the frequency estimat@arked in the

ear speed of the target rim of 11.6 m/s. Figure 6 presentshistograms as) is smaller than 0.07 MHz, equivalent to a
the measurements taken with the target at the nominal po-standard deviation in speed 6f4.4 cm/s. _

sition with an incidence angle=30 deg, measured from An error bias can be appreciated when comparing the
the normal to the rim surface at the incidence point, for four mean of the measured Doppler shif&l.4 MHz is a rep-
different values of the observation interval: 50, 100, and resentative valuewith the expected valu€l8.4 MH2) cor-

500 ms, and 1 s. The four-histogram series shows the in-responding to the target rim speed. We attribute this error to
crement of the estimated probability of detection with the an undesired angle variation of about 5.5 deg.

observation interval. Also, the medamarked asm) of the Figure 7 presents analogous measurements for the target
detected counts reduces slightly when the interval grows; displaced 80 cm farther than the nominal distance. As we
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Fig. 11 Histograms of individual counts with the disk target at nominal distance 6 m plus 40 cm of
tolerance displacement, incidence angle of 45 deg, and rotating at constant speed 444 rpm.
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Fig. 12 Histograms of individual counts with the disk target at nominal distance 6 m, incidence angle
of 45 deg, and rotating at constant speed 1260 rpm.

can see, this fact provokes a reduction of the estimatedinterval. The standard deviation remains under 0.1 MHz
probability of detection that is noticeable mainly in the (equivalent to~6.3 cm/s for this incidence angle vajJer
short-interval histograms. According to this result, the sys- all cases. A better accuracy is found in these two figures
tem is fully operative even when the target is displaced (the expected Doppler shift value is 52 MKzue to a
from the nominal position, but only with long observation smaller error in the determination of the incidence angle.
intervals. Another effect is the degradation of the standard  Figures 10—13 present analogous results when incidence
deviation: for a 500-ms interval it is 0.19 MHequivalent angle isp =45 deg. For this incidence angle, the maximum
to a speed~12 cm/g, due to some spurious measurements. theoretical tolerance in distance is 40 cm, as stated in Figs.
A systematic error in the determination of target rim speed 11 and 13. According to Ref. 6 an extra reduction of de-
is detected, similar to that of Fig. 6. tected Doppler signal power is expected, mainly due to the
Figures 8 and 9 present the measurements taken whernreduction in the backscattering; nevertheless, the probabil-
the rotating speed of the target is increased to 1260 rpm,ity of detection figures remain quite acceptable, except for
equivalent to a rim linear speed33 m/s. The theoretical  the Fig. 13, where the combination of relatively high speed
and practical results included in Ref. 6 concluded that the and target out of nominal position results in a nonoperative
Doppler signal peak power detected should decrease whersituation. In the worst case, a standard deviation value of
the rotating speed increases. Comparing Figs. 6 ahdi®
with the target at the nominal distanceno worsening in
probability of detection can be appreciated; this is probably Interv: 100 ms, N=7079, Pd=0.8431
because the reduction in detected signal power is not ' ' ' ' ' '
enough to reduc®p . On the other hand, comparing Figs. 160+
7 and 9, a severe reduction Bf, can be observed, because
of the combination of the two effecftarget displaced from
its nominal position and increased rotating speede
could not even obtain one individual count for the 50-ms
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Fig. 13 Histograms of individual counts with the disk target at nomi-
nal distance 6 m plus 40 cm of tolerance displacement, incidence Fig. 14 Sequence of individual counts obtained with the disk target
angle of 45 deg, and rotating at constant speed 1260 rpm. speed varying.
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Fig. 15 Histograms of individual counts with the belt target at nominal distance 1 m, incidence angle
of 60 deg, and belt constant speed 5 m/s.

~0.2 MHz (equivalent to~9 cm/s for this incidence angle better than those of the previous section, resulting in a
value still can be guaranteed for all cases. The expected probability of detection of 84% for an observation interval
value of Doppler shift for Figs. 10 and 11 is 26 MHz, and of 100 ms.

for Figs. 12 and 13 it is 73.7 MHz, so that pointing errors

around=*5 deg can be inferred. 5.2 Measurements with a Belt Target
. The belt of the belt target presents a vibration that provokes
5.1.2  Measurements at variable speed high dispersion of the detected frequency of the Doppler

Figure 14 presents the measurements taken from the rotatsignal, when observed in a spectrum analyzer. In Ref. 8,
ing speed when it changes its velocity. This target shows adispersion values over 2.5 MHzquivalent to a velocity
high value of inertia momentum, making impossible any ~1 m/9 are reported. This fact, that can be easily observed
abrupt change in velocity. The results can be seen in Fig. 14when performing measurements of moving cables, for ex-
(including some out of range measurements due to wrongample, makes the carrier seeker subsystem especially use-
detections Note that the distance and angle conditions are ful. The reduced value of the scattering coefficient of the
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Fig. 16 Histograms of individual counts with the belt target at nominal distance 1 m, incidence angle
of 60 deg, and belt constant speed 8.2 m/s.
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Fig. 17 Histograms of individual counts with the belt target at nominal distance 1 m, incidence angle
of 60 deg, and belt constant speed 11.5 m/s.

belt surface means that the measuring distances cannot expler shift detection, similar to those of the measurements
ceed 1 m; the reduced value of the pulley diameters makesmade on the disk target, were detected; we also attribute
it necessary to increase the incidence angle to 60 deg tothese errors to pointing inaccuracy.

produce Doppler shifts over the minimum value of 10

MHz. 5.2.2 Measurements at variable speed

The belt target responds very rapidly to power supply volt-
5.2.1 Measurements at constant speed age changes, so that quick speed variation can be obtained.
Figures 15, 16, and 17 show the measurements taken forFigure 18 shows the Doppler shift values detected. The
belt linear speed values 5, 8.2, and 11.5 m/s, respectively.dotted aspect of the trace is due to count failing periods,
Apart from the good values of the probability of detection, Which results in a probability of detection as low as 62%.
note that the standard deviation of the measurements is dralNevertheless, the speed evolution curve can be easily inter-
matically improved to values under 0.2 MHz7.3 cm/3, polated.
similar to those of the disk target. Systematic errors in Dop-

6 Conclusions
The performance assessment of a homodyne laser radar

Interv: 100 ms, N=1242, Pd=0.6192 prototype for surface displacement monitoring was pre-
10 ' ' ' ' ' ' sented. The prototype uses a conditioning, acquisition, and
100} . frequency counting subsysteicarrier seeker based on the
% spectrum analyzer principle, to overcome the high noise

level of the Doppler signal.

80t : Measurements presented include constant and velocity
measurements of both a disk and a belt target. The prob-
701 ability of detection estimate has good values for the high
80} ] values of the observation intervie500 ms while at short
intervals (50 and 100 mksthis performance figure is very

Measured Doppler shift (MHz)

5oy dependent on distance to target or position tolerance. The

40t 1 standard deviation in velocity estimation is better than 10

30 T A K .o / il ap ] cmis.

L R ! '\l‘. “, e AR Nevertheless, some unavoidable pointing errors made it
o | N R Doy ] impossible to assess the accuracy of the system.
10 — N - '
0 20 40 60 80 100 120 140
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