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Abstract. We propose a simple technique to determine the
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ferent applications. © 2007 Society of Photo-Optical Instrumentation
Engineers.
�DOI: 10.1117/1.2721533�

Subject terms: ranging; optical devices; image sensors.

Paper 060862LR received Nov. 2, 2006; revised manuscript
received Dec. 30, 2006; accepted for publication Jan. 8, 2007;
published online Apr. 5, 2007.

Range sensing is essential in several applications: from
machine vision to aids for the visually impaired and colli-
sion avoidance systems. Any range sensor can be used to
obtain spatial information of its surroundings. Actually it
may be possible to obtain a three-dimensional image by
scanning the line of sight of the range sensor.1 Many range
sensors at different stages of development are described in
the literature. We can find range sensors based on ultra-
sound, microwaves, or optics.2 Optical range sensors offer
better directionality due to the short wavelength of light
and are, therefore, better for three-dimensional image for-
mation. Optical range sensors can be active or passive. Ac-
tive devices emit a light signal and collect the backscattered
wave from the object of interest; whereas passive ones use
the optical illumination from their surroundings. Active op-
tical range sensors are based either on time-of-flight
measurements3 or on triangulation schemes.4 Some active
optical range sensors are well developed but are too costly
for many applications. Besides, active range sensors de-
pend on the backscattering coefficient of the object, and
this can be very low for many surfaces, particularly for
large oblique angles of incidence. In this respect, a passive
optical range sensor could be better for some applications.
Passive optical range sensing is possible with stereo vision5

or focus sensing.6 Stereo vision requires complicated image
processing and is limited to applications in which one has a
priori information of the scene. Passive focus sensing is
well developed for its use in digital cameras; however, it is
generally too slow for real-time applications. There is an-
other option for passive optical ranging that may be called
optical differentiation.7 It consists of taking two or more
different photometric measurements from the light radiated
by the object and deriving the range from these measure-
ments. In principle, optical differentiation offers the possi-
0091-3286/2007/$25.00 © 2007 SPIE l
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ility of developing fast and inexpensive range sensors. To
ur knowledge, little work has been devoted to this option.
n this letter, we propose a simple technique of this type.

The basic principle in which the proposed technique is
ased is the following. In most cases, the surface of an
bject is rough and the light reflected or radiated by it is
cattered in all directions and has a very short coherence
ength, �c. The surface can be subdivided in small elements
ith dimensions on the order of �c. The Sommerfeld’s ra-
iation principle ensures that the energy flux radiated from
ach surface element seen from a distance R��c will de-
ay with the factor 1 /R2. For most types of surfaces, the
ngular distribution of the light reflected by any surface
lement is smoothly distributed over a wide angular range.
n the other hand, the light radiated by any surface element
f the object is incoherent with respect to that radiated by
ny other surface element. If the entrance aperture of an
ptical device is small enough, so that to a good approxi-
ation the energy flux coming from any surface element of

he object of interest is constant across the device’s aper-
ure, then the optical device sees the object as an effective
ollection of point sources, all with an independent bright-
ess and color. Now, an optical range sensor will have a
mall but finite angle of vision, and when directed to an
rbitrary object, it will collect light from a portion of all the
quivalent point sources. If we now think of a device that
as the same response function to the light coming from
ny of the equivalent point sources within its cone of vi-
ion, the signal is equivalent to that of a single point source
ith an average brightness and color. In this case, the prob-

em reduces to determining the distance to a point source.
he only limitation is that the surface elements seen by the
ensor should be rough and reflect light diffusely. Specular
eflections from a surface element could cause errors be-
ause the effective point source condition may not be
atisfied.

The passive ranging device we propose uses an iris of
adius a, a lens of radius larger than a, and a photodetector
f radius p�a as shown in Fig. 1. The iris is placed in front
f the lens at a distance d1 and centered on its optical axis.
he photodetector is placed behind the lens at its focal

ength f , also centered with the optical axis. The half angle
f the cone of vision, �, is given by �=arctan �p / f�. We
ssume that f is much smaller than the distance to the ob-
ect, So, so that the light from an equivalent point source on
he surface of the object focuses to a point on the detector.

ig. 1 Schematic drawing of the system illustrating the cone of vi-
ion �thin full lines� and light cone accepted by the system �dashed

ines�.
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Let us consider first an isolated point source along the
optical axis of the system as shown in Fig. 1. For simplicity
here, let us assume the point source radiates isotropically in
all directions a total optical power of Po. The radius of the
accepted cone of light at the lens plane is rl=a+d1 tan �,
where � depends on the distance to be measured, So, and is
given by �=arctan�a / �So−d1��. It is not difficult to see that
the fraction of the total optical power received by the de-
tector is given by

Pd = a2�1 +
d1

So − d1
�2 Po

4So
2 . �1�

The photocurrent signal at the detector, id, is proportional to
Pd. To obtain a signal independent of Po but dependent on
the distance to the object, So, we must obtain a second
photometric signal with the iris at another position, d2.
Then, the output signal, s, is conveniently defined as the
ratio of the difference and the sum of the signals at the
detector

s =
i1 − i2

i1 + i2
, �2�

where by i1 and i2, we denote the photocurrent signals at
the detector for the iris at a distance d1 and d2, respectively.
The only requirement to obtain i1 and i2 is that the iris
borders should not “cut” the cone of vision of the detector
at neither of the two positions, d1 and d2. Using Eq. �1� in
Eq. �2� and assuming So�d1, d2 yields, to first order in the
ratios d1 /So and d2 /So,

s �
d1 − d2

So
. �3�

For point sources off the optical axis by a small angle, �,
the received power is given by Eq. �1� plus a correction
term of order �2. For an extended object covering totally or
partially the cone of vision of the sensor, all the equivalent
point sources contributing to the signal make an angle with
the optical axis of ���. Now, if the cone of vision is
sufficiently narrow, the correction term is negligible. There-
fore, the power received by the photodetector in the device
is given by Eq. �1� but with Po replaced by an average
taken over all the equivalent point sources lying within the
cone of vision.

To develop a fast range sensor with the described prin-
ciple, one should measure i1 and i2 simultaneously. This
can be accomplished by a double system. In one system,
the iris is at a distance d1 from its corresponding lens and,
in the second one, at a distance d2. Both systems must be
aligned so that they have the exact same cone of vision.
This can be done with a beamsplitter, which divides the
light coming from the object of interest in two, sending one
half of the light into one system and the other half into the
other. Processing the signal s from i1 and i2 can be done in
real time analogically with operational amplifiers.

To test the proposed principle for range sensing, we as-
sembled an experimental prototype using a thin lens of fo-
cal length f =15 cm and diameter of 2.5 cm. We used a
silicon photodiode with off-the-shelf electronics as the pho-
todetector and fixed it close to the focal length of the lens

centered along the optical axis of the system. We used an t
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ris with a circular aperture of 1 cm diameter mounted on a
ail carrier on an optical rail aligned along the optical axis
f the lens. The distance between the lens and the iris was
djustable from 2 cm to about 12 cm. Because the detector
as not sensitive enough to daylight, we used a bright

ight-emitting diode �LED� as the test object for range mea-
urement. The signal s was calculated from two photomet-
ic measurements, one with the iris at d1=10.5 cm and the
ther at d2=5.5 cm. Figure 2 shows the signal s for a few
ifferent distances to the LED. The actual experimental
ata for s had a constant offset of 0.007, which was added
o the plotted values in the figure. This offset was probably
ue to a misalignment of the iris. For comparison, we show
he theoretical curve of s versus So given by Eq. �4�. We
an appreciate a good agreement between the experimental
ata and the theoretical curve. The reproducibility of the
xperimental data for s was limited due to the mechanical
ystem used to displace the iris. In general, it was less than
bout 5%. Subsequent experiments with different light
ources showed similar results.

The signal s was measured with the LED at a fixed
istance So but at different positions around the optical axis
nd across the cone of vision. It was found to be constant
ithin the reproducibility limits of our experimental mea-

urements. The full angle of the cone of vision was deter-
ined to be about 2.9 deg. The signal-to-noise ratio in our

xperiments with the LED was about 80 dB. If the elec-
ronic noise were the only source of error, the estimated
esolution of the experimental prototype at 7 m is less than
% and better for shorter distances. However, the lower
esolution in our experiments was less due to the mechani-
al setup. Although the experimental prototype can cer-
ainly be improved considerably, we believe the present
esults demonstrate the feasibility of using the proposed
rinciple to develop inexpensive passive optical sensors.
or indoor applications with a regular lamp or daylight, it
ill be necessary to improve the sensitivity of the detector.
ost probably using an avalanche photodiode will be

dequate.
Let us consider that the resolution is limited by random

oise currents, �i1 and �i2, added to the photometric sig-
als. Using Eqs. �1�–�3�, and after some algebra, one finds

ig. 2 Experimental data of the signal for versus the distance. The
ull curve is calculated with Eq. �4�.
he following relation to the first order in �i1 and �i2,
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�So

So
� 2

So

�d1 − d2�
�i

īd

, �4�

where �i= ��i1−�i2� /2 and īd is the average value of the
photocurrents i1 and i2. Let us define the resolution as the
distance uncertainty, �	So�min, normalized by the distance.
The distance uncertainty can be taken as three times the
rms value of the equivalent distance noise, that is,
�	So�min=3��So�rms. Then the resolution is given by three
times the rms value of Eq. �4�. This equation shows that the
resolution in distance worsens proportionally to the dis-
tance to be measured and is proportional to the relative
noise in the detectors.

The theoretical limit to the resolution is dictated by the
shot noise in the photodetectors. It is well known that its

Fig. 3 Shot-noise limit to the resolution versus the optical power
received by the sensor for B=100 Hz, 
=0.4 A/W, So=10 m, and
d1−d2=10 cm.
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ms value is given by ��i�rms
2 =2q
P̄dB, where q is the elec-

ron’s charge, B is the bandwidth of the system, and 
 is the
esponsivity of the photodetectors.

In Fig. 3, we plot the resolution versus the average op-
ical power received by the sensor, Pd, assuming: B
100 Hz, 
=0.4 A/W, So=10 m, and d1−d2=10 cm. We
an appreciate, in the graph, that at 10 nW of received
ower, the resolution at a 10 m distance is about 5.5%. It
ould take a received power of 1 �W to reduce the uncer-

ainty to about 0.5% at a 10 m distance. The assumed band-
idth of the measurement means that the time used to take
measurement is 10 ms. From Eq. �4�, we can see that the

esolution improves for shorter distances. For example at
m and 10 nW of optical power, the resolution would be

.55%.
From our results, it appears possible to develop range

ensors based on the proposed technique for distances from
few centimeters to about 10 m. Further analysis and ex-

erimentation is needed to fully evaluate the potential of
his technique. As mentioned earlier, a practical device will
equire a double system and electronic processing of the
utput signal.
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