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Abstract—Optical position-sensitive detectors are simple photodiodes capable of detecting the centroid position
of a light spot projected on their surface. The position information is calculated from the relative magnitudes of
a few photocurrent signals provided by the PSD. In a quadrant detector (QD),photocurrents are derived by
projecting a light spot on four photodiodes placed close to each other on a common substrate, while thelateral
effectphotodiode(LEP)isasinglephotodiodeinwhichembedded resistive layers are used to generate the position-
sensitive signal currents. The linearity of a lateral effect PSD mainly depends on the quality of the active area.
The p-n junction PSD is designed with a p-doped layer and the MOS PSD with a channel which will act as a
current divider for the generated photo current. Uneven resistivity over the active area of the PSD will also
result in an uneven distribution of the generated photo current and thus cause an error in the determined
position. The quality and uniformity of the active layer of the PSD is determined duringthe manufacturing
process. Thus accurate, high quality processing is the first and most important step when manufacturing high
linearityPSDs.

Index Terms—position sensitive detectors, PSD, nonlinearity, photocurrents.

l. Background

PSDs are widely used in commercial and industrial ap- plications where low-cost or high-speed
position sensing is needed. LEPs are probably mostly used in optical distance meters based on the triangulation
principle [1]. Such sensors are used in various kinds of height, thickness and vibration measurements needed in
industrial fabrication processes, for example, as well as in inexpensive cameras to provide the target distance
for the autofocus mechanism [2][3]. In addition to distance measurements, triangulating sensors are used for
switching various domestic devices such as electric fans, air conditioners, water taps and sanitary facilities on
and off by detecting the presence of a human body [2][3][4]. Other applications include miscellaneous types of
position, motion, vibration, alignment, levelling and angle measurements and beam tracking applications
[51[6]1[7]. QDs are mostly used as centring indicators rather than as linear position sensors. Large quantities of
them are used in CD-ROMs and audio players, for example, to centre and focus the pick-up laser beam on the
disc track to be read [8]. Other uses include various kinds of precision instrumentation and robotic, military
and aerospace tracking applications [9][10][11]. Imaging detectors such as CCDs are sometimes used for light
spot position sensing instead of PSDs, particularly in instrumentation applications requiring the utmost accuracy
and sensitivity. It is obvious that the mass production of low-cost CMOS imagers and the rapid development of
digital signal processing ICs together will partially replace PSDs in some of the traditional applications
described above. It should be noted, however, that it is not easy to replace a two-dimensional PSD with an
imaging detector in applications where the measurement speed exceeds the standard video frame rate or where
a low signal processing load (low power consumption) is required [14]. The sensors presented in the present
paper belong to this category.

The reflected beam sensors proposed in this paper are in principle similar to the laser spot trackers

used in aerospace and military applications, which use active illumination and a misfocused QD receiver to
measure the angular displacement of a laser spot from the optical axis of the receiver. Receiver misfocusing is
needed to enlarge the tracking FOV and conse- quently to maintain continuous, stable tracking [12]. Similar
techniques have also been experimented with for geophysical measurements [13].
In this paper, a tracking sensor is implemented for a 3D coordinate meter in order to point its measurement
beam automatically towards a marked point on the object surface. A practical sensor implementation based on
a focused QD re- ceiver, coaxial illumination and a small sheet reflector provides comparable accuracy with
manual aiming when the object to be measured has diffuse reflectance properties. The practical operating
environment may also include specularly reflecting objects, however, in which case sufficient tracking
accuracy may not be achieved, due to strong background reflections. The polarisation filtering proposed for
reducing this error has proved to be effective and technically feasible.
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1. METHODS

A reflected beam sensor is composed of an optical transceiver and a reflector. The transmitter
illuminates the mea- surement field with a uniform beam, the divergence theta of which equals the angular
field-of-view (FOV) of the receiver, and the light reflected from the target is focused on the PSD located at the
focal plane of the receiver optics.

A block diagram of a typical signal processing circuitry is depicted in Fig. 1. The illuminator
(LED, laser diode etc.) is on/off-modulated in order to distinguish the signal from background illumination.
The PSD provides four current signals the relative amplitudes of which are proportional to the light spot
position on its surface. These current signals are amplified and their amplitudes detected using four iden- tical
signal conditioning channels, each of which consists of a transimpedance preamplifier, postamplifier,
synchronous demodulator and A/D converter. To cope with signal level variations, the postamplifier may
include variable gain, or the transmitter power may be variable. Wang, C., et al. done a significant research on
sensing noise mitigation and calibration [15]. Here, the position calculation is performed numerically.
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Fig. 1. Block diagram of the signal processing circuitry of a reflected beam sensor.

The position information is derived from the optical signal powers received by the quadrants the electrical
contributionof which then serves to define the relative position of thelight spot with respect to the centre of the
device. Ivan,l., et al. set the foundations of systems like this [16]. The contacts are positioned at the opposite
edges of the sheets,and the contact pairs of the sheets are oriented perpendicularly to each other. The photon-
generated current carriers divide between the contacts in proportion to the resistance of the current paths
between the illuminated region and the contacts. The position of a light spot centroid can be deduced fromthe
currents of the contact pairs, since the resistances are directly proportional to the lengths of the current paths
[17]. Calculation of the spot position is based on the same principle in both cases: subtracting the opposite
signals in the direction of the measured axis and dividing this result by the sum ofthe samesignals.

Despite the apparent similarity, there are two important differences that affect the properties of the PSDs, and
consequently their suitability for different sensing applications. The first is the effect of spot size and shape on
the extentof the measurement span and the behaviour of the lateral transfer characteristics within this span,
andthesecondis the difference in their noise levels and correspondingly in the achievable precision[18].

A Limits of measurementaccuracy

The limits for the measurement accuracy are set bythe achievable signal to noise ratio (SNR) and the
reflector background contrast, defined as the ratio of the powers ofthe signals received from the reflector and
theilluminated background. The former determines the achievable precision and the latter the lower bound for
systematic errors.Also,the distortion errors have a significant effect on the PSD measurements. The distortion
rectifying method introduced by Rahimi, M., et al. solved these problems and set the foundations for this paper
and other similar works [19]. Meanwhile, the research of Rodiguez-Navarro,D.,etal.ontheerrors in calculation of
the point of incidence on the PSD sensor surface introduced a complete error analysis for improvingthe
measurement accuracy[20].

B. PrecisionoftheLEPandQDreceivers

The incremental sensitivity of the LEP and QD receivers depends on the lateral transfer
characteristics and signal cur- rent distribution (head-or-tail-current v. head-and-tail current) of the PSDs, on
noises originating from the PSDs,preamplifier and background, and on the noise correlation between signal
channels. This has been investigated thoroughly by Dianyou, D., et al. [21]. The results of the analysis,
including the above factors, are presented in this paper. First the relation between the SNR and precision is
determined (noise sensitivity), and thenthedominatingnoisesourcesareevaluated,andfinallythe precisions of the
LEP and QD receivers are compared under conditionsoflowandhighbackgroundillumination.
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C. Predominant internal noisesources

The noise of the signal processing circuitry originates from the PSD and the transimpedance
preamplifier, which is typically constructed using an operational amplifier (op amp)(Fig. 2). When properly
designed, the op amp makes essentiallyno contribution to the total noise of the preamplifier, and if shot noise
due to background illumination is also neglected, the main noise contributors are the thermal noise of the
feedback resistance Rf in the case of the QD and that of the interelectrode resistance Rie in the case of the LEP
[22].

Fig. 2. Main noise sources of a LEP receiver.

The value of thefeedbackresistanceofaQDreceiveris basically fixed by the desired preamplifier bandwidth,
the unity-gain bandwidth of the op amp and the photodiodecapacitance. The phase lag caused by the
photodiode capacitanceis compensated for with the feedback capacitance to provide stable operation. The
feedback capacitance then determines the bandwidth of the preamplifier together with the feedback resistance,
and in this way fixes the value of the feedback resistance and the noise level accordingly. This has been
extensively examined by Gugg,C., etal.[23].

1. ProposedSensor

The first sensor, comprising a focused QD receiver and asmall piece of sheet reflector, was developed
for short-rangeindustrial tracking and displacement sensing applications. Thesecond sensor is composed of a
focused LEP receiver and aCCR, and has been employed for aim point trajectory measurement in long-range
shooting practice performed outdoors.In tracking applications no systematicerroris caused bythe background
reflections as long as the background reflectivity is uniform, since the centroid positions of the reflectorimage
and the background are the same [24]. A non-uniformbackground reflectivity causes error, however, which can
beroughly approximated by assuming thatthehalf circles ofthe illuminated background (Lambertian) have
different butuni form reflectivities. This has been discovered by outstanding
works of Welch, D. et al. [25].

The operating principle of the pointing system resembles that of automated total stations. During
measurement execu- tion the nominal coordinates included in the design database of the measured object are
used to point the transceiver optics roughly towards the target, after which the tracking system is used to point
the rangefinder beam accurately at the centre of a cooperative mark placed at the desired measurement point.
The operating range depends on the application, varying typically from 3 to 30 m in assessing the
manufacturing accuracy of ship blocks, for example. The pointing accuracy should be comparable to manual
measurements, in which aiming accuracy comparable to or better than that provided by angle encoders is
typically achieved. Thus automatic pointing should have an accuracy of better than 0.5 mm at 10 m, for
example. Finally, the time needed for pointing should obviously be much shorter than that taken for manual
aiming (about 30
s) and preferably short by comparison with that needed for the coordinate measurement itself (less than 5 s).

V. SensorAccuracy

The reasoning behind the determination of an appropriate size for the tracking and acquisition FOVs
and the reflector to fulfil the design goals are explained in here. Due to the stationary target, it is possible
in principle to achieve stable and accurate pointing irrespective of the extent of the tracking FOV and the speed
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of the servo system [26]. This means that misfocusing is not needed in order to adjust the size of the tracking
FOV. The size of the acquisition FOV depends in turn on the search strategy and on the degree of positional
uncertainty of the reflector being searched for. The principle used here for finding the reflector was simply to
make the acquisition FOV large enough to cover this positional uncertainty when the receiver was pointed
towards nominal reflector position. With ship block measurements, for example, the nominal coordinate values
and the position of the actual mark typically differ a few cm at the most, which means that the acquisition
field should cover a lateral field of a few micrometres throughout the operating range. The coordinate meter
optics is shown in Fig. 3.

According to the above, a suitable combination of FOV and reflector size can readily be found to fulfil the
design
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Fig. 3. The coordinate meter optics.

goal set for manufacturing accuracy control applications. The performance of the pointing system is also
affected by the sensor construction, however, and by the various non-idealities of practical components.

Note also that the background of the reflective marks may not be diffuse but specular, and thus larger pointing
errorsthan those predicted by the diffuse model are possible in practice.

V. Discussion

The principle proposed here provides a potential means for implementing high-speed 2D
displacement sensors with micrometre precision. Unlike a conventional reflected beam sensor, it provides
position information which is proportional to the linear rather than angular displacement, and scaling which is
range-invariant and solely determined by the size  of the reflector. This means that the stand-off distance can
vary within a large range and that the measurement field of the sensor can be tuned for a particular
measurement task simply by using a square-shaped reflector of known side length that is long enough to cover
the amplitude range of the displacements to be measured. In practice, the extent of the measurement field can
range from a few millimetres to several micrometres. Although, an adaptive local scanning method such as one
introduced by Rahimi, M. et al. can significantly reduce the scanning time needed for the mentioned field [27].
The results of our works show that a sensor composed of standard components, having a measurement field
of about 1 cm and using a stand-off distance of a few millimetres can provide a bandwidth of several kHz, a
precision that is limited to the level of a few micrometres by noise fluctuations, an inherent scaling accuracy of
a few % and integral non- linearity better than 1%. This confirms the similar findings by Xu, G. et al. [28]. Only
relative coarse focusing and orienting of the reflector are needed when the sensor is set up. Accurate receiver
focusing is not needed if oversized reflectors are used, and thus the simplest means of focus adjustment should
be sufficient. This is based on the very interesting founding of Sun, Z. et al. [29]. It is also relatively easy to set
up proper rotational orientation for a reflector using coaxial viewing optics with a suitable reticle, for example.
However, Setting up the observation angle may prove somewhat more complicated, as shown by Liu, Y.et al.
[30]. The main drawback concerning the practical performance of the proposed method was the powerful effect
of noise fluctuations on the achievable preci- sion, which would have been one or two orders of magnitude
better at a distance of a few micrometres without noise effects. Note, however, that since the spectrum of noise
fluctuations is typically concentrated well below the 100 Hz region, it should be possible to measure vibratory
displacements above 100 Hz with a precision determined by the electrical SNR simply by using high-pass
filtering to remove the effect of noise fluctuations . Note also that averaging should provide an improvement in
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precision below the 100 Hz region if the measured displacement is repetitive. The displacement of a
sinusoidally vibrating loudspeaker coil measured with the experimental sensor system from a distance of 2.5 um
is presented in Fig. 4.
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Fig. 4. Displacement of a sinusoidally vibrating signal measured with the experimental sensor system. No averaging or filtering was used to
remove the effect of air currents.

The measured and calculated standard deviations in the case of one PSD and an accurately focused
LEP receiver within a distance range from 50 to 300 mm are depicted in Fig. 5. The results obtained with a
direct beam sensor are also included for a reference. The experimental results for the reflected beam sensor are
approximately twice as inaccurate as those predicted before, and also 1.4 to 2.1 times worse than those for the
direct beam sensor, although the calculations suggested that they should have been slightly better (about 20%).
Only asmall part of the difference between the measured and calculated values was estimated to be due to the
non-idealities of the measurement setup. A possible explanation for the difference could be that the geometric
optics formulation, which is based on the assumption of weak turbulence, gives results that are too optimistic
under the intermediate turbulence regime representing the upper boundary of the validity range. Another
possible reason is that beam wander off the receiver aperture occasionally reduces the effective aperture size
and thus may well affect the angle-of-arrival variance observed at the receiver. This is result follows other
research about this problem [31]. Comparison with other experimental results was not possible, since none
seem to have been published before.
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Fig. 5. Calculated and measured standard deviations in the lateral displacement results obtained with a direct beam sensor and a focused
reflected beam sensor in intermediate noise turbulence.
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The performance improvement factors and test results of the PSDs can then be summarised. The best
candidates for long- range displacement sensing applications are the phototransistor PSD, tracking PSD and
digital PSD. The tracking PSD pro- vided the best overall performance, with a 40-fold improve- ment in
sensitivity and two-fold improvement in linearity over a LEP. The phototransistor PSD and the digital PSD
provided 10-fold improvement in sensitivity along with equal or better linearity. Since the prototypes were
designed without extensive optimisation, the performance reported is believed to indicate a safe
underestimation in each case. This topic is brought to  a close below by discussing the feasibility of the
proposed PSD concepts as starting points for the development of actual sensors for long-range displacement
sensing applications.

The phototransistor PSD provided 10-fold and 5-fold improvements in sensitivity and linearity,
respectively, which as such would provide a good starting point for the single chip PSD development work.
Unfortunately, the gain of CMOS- compatible phototransistors seems to degenerate rapidlyas the feature size
of CMOS technology decreases, which together with the lowering of primary responsivity also makes the
phototransistor PSD obsolete. The excellent linearity and sensitivity, however, prove the feasibility of the basic
concept and mean that successful use of it would simply call for other means of signalamplification.

Although the tracking PSD provided the best overall performance, the digital PSD is considered to be
the most promising candidate for displacement sensing applications in general. Besides providing better
sensitivity and lower front-end power consumption than a LEP, it tolerates much lower reflectorbackground
contrast due to individual pixel processing than the other PSDs and makes it also possible to measure multiple
spot positions simultaneously. The latter could be used to improve precision in the turbulence-limited case by
averaging the positions of multiple reflectors, for example, or to measure lateral displacement without knowing
the target distance by attaching two or more reflectors with known lateral separation to the target. The
performance of the digital PSDs isalso expected to improve as the minimum feature size of CMOS technology
decreases. The one-micron technology usedfor implementing the prototypes provided a 10-fold improvement in
sensitivity relative to a conventional LEP, but the present leading edge technologies (less than 0.2 um) should
facilitate 10 um pixel size and basically a 40-fold improvementin sensitivity simultaneously with a 5-fold
improvement in measurement accuracy. The 20 um spot diameter needed in such a case would also optimise
measurement precision in a turbulent environment. Further experimental work is needed, however, to confirm
the estimatedperformance.

VI. Conclusions

The tracking PSD provided the best overall performanceof all prototypes by providing a 40-fold
improvement in sensitivity and two-fold improvement in linearity relative toa LEP. An additional improvement
in sensitivity and linearity by a factor of four may be achieved if the minimum gap step is set to one pixel width
instead ofthefourpixelwidths used in the prototype. This would also effectively minimise the turbulence
sensitivity of the PSD by making it possible to reduce the spot size below 0.1 mm. The performance of the
tracking PSD will suffer from a responsivity reduction as the feature size of CMOS technology becomes
smaller, but due to the fact that the sensitivity improvement is mostly based on geometrical scaling (d vs. ds ),
the responsivity reduction will probably be more than compensated for by the possibility of reducing the spot
size as the photodiodes become smaller.Low preamplifier power consumption should also be achievable, since
the voltage noise specification for the preamplifier core amplifier is relaxed compared with a LEP due to the
high- impedance nature of the PSD. The main disadvantage of the tracking PSD is that it does not solve the
fundamental problem related to simple PSDs, that is sensitivity to low reflector backgroundcontrast.

According to the above, highly precise measurements should be possible with the proposed
sensorconstructions. The lateral extent of the measurement field is typically 10%to 10°times that of the smallest
resolvable displacement, and the sensing distance typically 10°to 10%timesthatlevel. The corresponding ratios
related to the systematic error dueto finite contrast are of the same order. based on these, the performance of
practical sensor implementations in tracking and displacement sensing applications can be significantly
improved.
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