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Abstract: Position-sensitive detector (PSD) is widely used in precision measurement fields such as flatness detection, auto-collimator sys-
tems, and degrees of freedom testing. However, due to factors such as uneven surface resistance and differences in electrode structures, the
nonlinearity of PSD becomes increasingly severe as the photosensitive surface moves from the center toward the edges of the four elec-
trodes. To address this issue, a PSD nonlinearity correction algorithm is proposed. The algorithm utilizes the particle swarm optimization
(PSO) algorithm to determine the optimal weights and thresholds, providing better initial parameters for the back propagation (BP) neural
network. The BP neural network then iterates continuously until the error conditions are met, completing the correction process. Further-
more, a PSD nonlinearity correction system was developed, and the influence of different spot sizes on PSD positioning accuracy was
simulated based on the current equation under the Gaussian spot model. This validated the robustness of the correction algorithm under
varying spot sizes. The results demonstrate that the overall optimized error is reduced by 84.51%, and for spot sizes smaller than 1 mm, the
error reduction exceeds 93.89%. This method not only meets the measurement accuracy requirements but also extends the measurement
range of PSD.
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0 Introduction time requirements, such as flatness detection'’, real-time

coaxiality measurement”, and robotic arm trajectory

Position-sensitive detectors (PSDs) are current-
distributing photoelectric devices with a continuous pho-
tosensitive surface, capable of rapidly responding to the
centroid position of a light spot irradiated on their sur-
face. Due to their high positional resolution, simple sig-
nal processing, and excellent measurement continuity,
PSDs are widely applied in scenarios with stringent real-

monitoring".

In 1960, Lucovsky ef al' derived a differential
equation describing the photoelectric potential distribu-
tion of a two-dimensional planar P-N junction based on
the continuity equation of carriers, thereby establishing
the theoretical foundation for PSD modeling. Despite
their advantages of fast response speed and high resolu-
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tion, PSDs are significantly affected by the non-
uniformity of surface resistance and substantial interfer-
ence between electrodes, which severely degrade the de-
tector’s linearity. Since PSDs measure the intensity of in-
cident light spots, the size of the laser spot and the effec-
tiveness of subsequent nonlinear optimization directly
determine measurement accuracy. Wang et al® proposed
a neural network-based correction approach for PSD, es-
tablishing a mapping between actual output and spot po-
sition with a limited dataset, which resulted in highly lin-
ear signals over a wide range. Shang et al' investigated
various light source scanning methods and concluded
that the scanning method under steady-state illumination
more accurately reflects the position information of the
incident light. Li et a/"' analyzed the impact of light
source modes on PSD positioning accuracy, identifying
spot radius and position as the primary influencing fac-
tors. Huang et al/™ demonstrated that processing PSD
output signals under strong background light interfer-
ence can effectively improve the spatial accuracy of
flashpoint position measurements. Zhang et al™ devel-
oped a PSD nonlinear correction method based on the
BP optimization algorithm, demonstrating strong gener-
alization ability and feasibility in resolving PSD nonlin-
earity by fitting actual and ideal position data using a BP
neural network. Wang ef al'” corrected the nonlinear
distortion of PSD using an improved bicubic interpola-
tion method, achieving favorable results even under dy-
namic spot conditions.

Building upon this prior research, this paper derives
a two-dimensional PSD positioning model under vary-
ing spot sizes within a Gaussian spot framework, based
on the mathematical model of the Lucovsky differential
equation. A nonlinear optimization method combining
the Particle Swarm Optimization (PSO) algorithm and
the BP neural network is proposed. By correcting mea-
surement errors based on the relationship between input
and output values, the proposed method yields predicted
values that approximate the true coordinates. Addition-
ally, the effects of different spot sizes on positioning ac-
curacy are analyzed, providing practical insights for im-
proving PSD measurement accuracy.

1 Principle of PSD

A position-sensitive detector (PSD) is a spot posi-
tion detector based on the semiconductor lateral photo-
electric effect. Its structure consists of a P-I-N junction

formed by P-type, N-type semiconductors, along with a
high-resistance I layer'". Figure 1 shows the basic struc-
ture of a pillow-shaped two-dimensional PSD, which is
an improved version of a quadrilateral PSD. The top sur-
face of the pillow-shaped PSD is a photosensitive sur-
face with arc-shaped electrodes, while the four sides are
connected to four current output terminals symmetri-
cally drawn from the arc-shaped edges. The bottom sur-
face has a common cathode. The four current output ter-
minals, X, , X, , Y, , and Y, , collect different currents
generated by the distances between the spot centroid in-
cident on the photosensitive surface and the respective
electrodes. By calculating these currents, the position co-
ordinates of the spot can be determined. The common
cathode is used to apply a reverse bias voltage during op-
eration to achieve ideal linearity.

Bias

Fig. 1 Pincushion-type PSD structure model

When incident light projects onto the photosensi-
tive surface of the PSD, forming a light spot, the lateral
photoelectric effect converts the incident light into pho-
tocurrent. The output current intensities at the four elec-
trode terminals correspond to the x and y coordinates of
the spot centroid. Using the following equations, the co-
ordinate equations with the photosensitive surface center
as the origin"” can be calculated:

(U,+U,)-(U+U,) L

x= x —x
Uy +U, +U, +U,, 2 n

(veruy) - (Ug+uy) L

- Ug+U,+U+U, 2

where Uy, ,U,, ,U,, ,U,, are the voltage values obtained
by the four current output electrodes after converting the
voltage signals by photocurrent and amplifying them, L,
and L, are the two side lengths of the 2D PSD photosen-
sitive surface, respectively, and L= L, is usually used.

2 Nonlinear Optimization of PSD

2.1 Causes of Nonlinearity

The structure of the pillow-shaped two-dimensional
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PSD consists of a single-sided resistive layer for current
distribution. In equation (1), the electrode junctions of
the pillow-shaped two-dimensional PSD are considered
idealized in terms of shape and size. However, due to
manufacturing process limitations, the PN junction mate-
rial of the PSD cannot ensure a uniform distribution of
the resistive layer. As a result, the output electrodes of-
ten exhibit variations in size and shape, leading to a non-
linear relationship between the detected light spot posi-
tion coordinates and the actual PSD output during mea-
surement. This nonlinearity increases with the distance
from the center of the photosensitive surface. Conse-
quently, the photosensitive surface of the PSD is typi-
cally divided into two regions: Zone A and Zone B.
Zone A is defined as the area within a diameter that is
40% of the boundary length of the photosensitive sur-
face centered on its center, while Zone B covers the re-
gion between 40% and 80% of the boundary length. The
positional accuracy in Zone A is superior to that in Zone
B. Therefore, when it is necessary to use the entire pho-
tosensitive surface to expand the measurement range
without compromising accuracy, it is essential to correct
for the nonlinearity of the PSD.

2.2 PSO-BP Neural Network

A BP (back propagation) neural network is a multi-
layer feedforward neural network that uses error back-
propagation. The structure of the neural network in-
cludes an input layer, hidden layers, and an output layer.
The relationship between the output and input can be
seen as a mapping. This mapping is obtained through the
transfer functions between the input layer and the hidden
layer, the hidden layers and the hidden layers, and the
hidden layer and the output layer'”. The BP neural net-
work, with its robust nonlinear modeling capability, self-
learning and adaptive characteristics, strong generaliza-
tion ability, and proficiency in handling multivariable in-
puts, serves as an optimal choice for addressing the non-
linear challenges in PSD analysis.

Due to the BP neural network’s excessive reliance
on the initial weights and thresholds, it often suffers
from poor generalization ability and is prone to getting
stuck in local optima. To enhance the effectiveness of
the algorithm, a particle swarm optimization (PSO) algo-
rithm is introduced. The PSO algorithm, proposed by
Kennedy and Eberhart, is a parallel optimization algo-
rithm inspired by the collective behavior of bird flocks

The specific steps are as follows:

and fish schools in nature!?. It is a powerful global opti-
mization algorithm with advantages such as strong
global search capability, no need for gradient informa-
tion, the ability to perform multi-objective optimization,
and the ability to balance global and local optima. Simi-
lar to the genetic algorithm (GA), PSO incorporates the
concept of interacting populations. In many applications,
PSO has been demonstrated to converge more rapidly to
the optimal solution compared with GA™. The PSO has
N individual particles combining self-experience and so-
cial experience, and the corresponding position of each
particle is a solution. The first i particle (i=1,2,---,N)
starts "flying" in the M-dimensional search space at a
random position with a certain speed, and its position
x) and V,=
-, v}, which moves towards the optimal solu-

and speed are expressed as X,=(x],x7, -
WiV,
tion in the search space, and finally reaches the global
optimum. The positions and velocities are updated from
generation j to generation j+ 1 as follows:

V(i) =whrer ()] P(7) -X(1)]

e, () P) =X () ]

X(j+1)=X(j)+V(j+1), 2
where w is the inertia weights to regulate the global
search, ¢, and ¢, are the individual learning coefficients
and the sociological coefficients respectively, », and r,
are the random numbers within the range of [0, 1] in the
iterative process, and P, and P, generate the individual
optimal solution and the global optimal solution through
each update.

However, the standard PSO algorithm tends to ex-
hibit rapid population convergence due to large inertia in
the early stages, making it prone to getting trapped in lo-
cal optima. To balance global and local search capabili-
ties, dynamically adjusted inertia weights w are used dur-
ing the search process. Shi et al'"” proposed a linearly de-

creasing inertia factor:
w

max

w

max

. min x j, (3 )
.] max

are the initial and final values of the

w=w

where w_ . and w

max min

inertia factor, j is the current number of iterations, and
Jmax 18 the final number of iterations.

Compared with the BP neural network, the PSO al-
gorithm exhibits superior global search capabilities. The
process of using PSO to optimize the BP neural network
is shown in Fig. 2.

1) Initialize the parameters of the BP neural net-
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Fig.2 Flow chart of PSO-BP model

work, including setting the weights and thresholds.

2) Initialize the parameters of the PSO, including
setting the population size, initial velocity, and position
of the particles.

3) Calculate the fitness of the particles, generating
individual best and global best values.

4) Update the velocity and position of the particles
based on the individual best and global best values. If
the stopping criterion is met, proceed to step 5); other-
wise, return to step 3) and repeat.

5) Use the optimized weights and thresholds ob-
tained from the PSO to initialize the BP neural network.

6) Compute the error through the neural network
and continuously update the weights and thresholds.

7) Check if the error meets the specified require-
ments. If not, return to step 6) and continue until the

stopping criterion is met, then terminate the training.

3 The Effect of Spot Size on PSD
Accuracy

Since the PSD photosensitive surface receives the
coordinates of the incident light spot’s center of gravity,
and the size of the photosensitive surface is limited, the
nonlinearity increases as it approaches the edges of the
photosensitive surface!'”. Therefore, it is essential to
study the impact of different sizes of incident light spots

on positioning accuracy. According to the Lucovsky dif-
ferential equation, under the ideal condition where the
spot energy is converted to photocurrent without loss,
the potential at the point (x, y) on the photosensitive sur-

face can be expressed as:

VZU(x,y):—%IS(x,y), (4)

d

where U(x, y) represents the potential at the light spot de-
tected on the photosensitive surface, V> denotes the La-
place operator, p, is the resistivity of the P layer, w, is
the thickness of the P layer, /, (x,y) is the total photocur-
rent at the light spot (x,y), and the currents at the four
electrodes of the PSD can be calculated by the following

equations:
L(xy)= (—1)"+’w“TaU(X’y)d i=1.2
WY ) = Dy ) 8x,. yj7 — L
[oU(xy) ©
oy @ [0Uxy)
I}y’(x’y)_( 1) pd! Gyj dx[,] 1’2

where x; and y; are the electrode currents, L is the length
of the edge electrodes on the PSD’s photosensitive sur-
face. Assuming the boundary length of the PSD is one
standard unit and taking the center of the PSD’s photo-
sensitive surface as the coordinate origin, the junction
potential equation can be derived from partial differen-
tial equation (4) under the condition of zero electrode po-

tential:
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+00 400

U(xy)=22 > > x

wd m=—0wn=-0

- st

dxld%] > (6)

D

where D is the effective area of the 2D PSD photosensitive surface, and the polar coordinate transformation of (6) is

performed:
U(xy)= (Oupd {J' j(sm mnx)sm(;my) xsin(mn(x0+rcos9))
‘1'”*"“’105)0 m+}’l
2
xsin(nn(y(,+rcos0))rexp(—v};z))dﬁdr]. 7

Available after integrating 6 :

U(xy 21r[0pd Z i Tsin(mnx)sin(nny)sin(mnxo)sin(nnyo)
me—on=—n| ;20 (m*+n*)n?
xrexp( )J (mnr)J,(nnr) +22 (mnr)Jz,(nnr))dr}, (8)
where J,, denotes the Bessel function and the Bessel function formula is as follows:
2 2+ 2 2..,2 2...2
rexp| — L J(mnr)J,(nmr) = iw2 exp| — (" +)ww L, mmw 9)
w? 2 4 2
mnmw’ < o [ mamw?
lo( 5 )+2;(—1) 12[( 5 )=1, (10)

where /1,, denotes the modified Type I Bessel function, and the potential is calculated by solving the integral over r:

2nl,p, & & ¢ sin (mmnx ) sin (nmy )sin ( mnx, )sin (nmy, , s\ 2 o
oteo)- e 3 5| [ mintend e twemiee) |

d m=-wn=-x

From this, the current equations for the four electrodes can be calculated:

& & nsin(mnx,)sin (nmy, )[ 1 -cos(nm)]
Il:lon;oon;o r:z(m2+n2)0n2b

2

2

I i & nsin(mmnx, )sin (nmy, )[1-cos(nn)]
v Es (-1)"'m(m*+n*) b,

(12)

& & msin(mnx, )sin (nmy, )[1-cos(mn)]
! =Iomzm:z_w r(;(m2+n2)(;czb

2

-1 i z msin (mmx, )sin (nmy, )[ 1 —cos(mmn)]
i l)mﬂn(m +n*)n*h,,,

2

2 2
where b, — 2 2exp [(mM)W}
w 4

To analyze the impact of different spot sizes on the photosensitive surface on the positioning accuracy, a simula-
tion experiment was designed to simulate the calculation of position coordinates under varying spot sizes. The photo-
current /, was set to one unit, and the length of the photosensitive surface L was assumed to be nine units. The spot
moved across the PSD photosensitive surface with a step size of 0.5 units, simulating four different spot sizes:
w=0.05, w=0.10, w=0.15, and w=0.20, generating a 17 x 17 grid of discretized data points, totaling 289 position co-
ordinates. The distribution of the simulated position coordinates for the different spot sizes is shown in Fig. 3.

As shown in the figure, within the Zone A of the photosensitive surface, different spot sizes exhibit good linearity.
However, in the Zone B, significant non-linear phenomena are observed due to edge current effects. Additionally, as

the spot size increases, the positioning accuracy of the PSD photosensitive surface significantly decreases.
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Fig. 3 Simulation of position coordinates calculation for different spot sizes

(a) at w=0.05; (b) at w=0.10; (¢) at w=0.15; (d) at w=0.20.

4 Experiment

4.1 Experimental Platform

In order to investigate the impact of different spot
sizes and non-linearity on positioning accuracy, a nonlin-
ear optimization experimental platform was established,
as shown in Fig. 4. The effective length of the PSD pho-
tosensitive surface is 9 mm x 9 mm, which is fixed on a
precision displacement platform. A semiconductor laser
is mounted on a three-dimensional moving platform,
with adjustable spot size. By controlling the three-
dimensional moving platform to scan the entire photo-
sensitive surface of the PSD with a step size of 1 mm, a
total of 100 discrete coordinate data points at 10 x 10 dif-
ferent positions were obtained. To ensure measurement
accuracy, the entire experiment was conducted under

dark background conditions.

Prétision-displace
ment platform

platform

Fig. 4 Nonlinear optimization experimental platform

4.2 Algorithm Robustness

Figure 5 compares the measured coordinate data
and the positions after nonlinear optimization. As seen in
the figure, the actual measured positions show a pincush-
ion distortion compared with the standardized grid.
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In Fig.6, (a) , (b), (c) , and (d) show the compari-
son result between the measured coordinates and the op-
timized coordinates for laser spots with diameters of 0.5
mm, 1.0 mm, 1.5 mm, and 2.0 mm, respectively. It can
be observed that as the spot diameter increases, the accu-
racy of the PSD in detecting the laser spot position de-
creases, and the degree of nonlinear distortion increases.
However, after optimization with the PSO-BP algorithm,
the linearity significantly improves.

4.3 Error Analysis

Due to the varying degrees of distortion in the
Zones A and B of the photosensitive surface, the signifi-
cance of nonlinear optimization is also affected. To
clearly distinguish the optimization significance between
the Zones A and B, we selected and compared the posi-
tion coordinates of the same light spot along the same di-
agonal under four different spot sizes.

After nonlinear optimization of the position coordi-
nates obtained from laser spots of various sizes on the
PSD’s photosensitive surface, the error can be used to
evaluate the effectiveness of linearity optimization. The
optimization results for Zone A of the photosensitive sur-
face are shown in Fig. 7. In Zone A, within 40% of the
distance from the center of the photosensitive surface,
linearity remains good. Under the condition of a spot
size of 0.5 mm, the average error after optimization in
Zone A is controlled to within 1.69 um, achieving an op-
timization level of 95.19% compared with the pre-
optimization error. As the spot size increases, the level
of optimization gradually decreases, with errors reduc-
ing by more than 85.39% when the spot size reaches
2.0 mm.

Figure 8 shows the optimization results for Zone B
of the photosensitive surface. The figure indicates that

,
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Fig. 7 Comparison of the average error of Zone A under
different spot sizes

when the spot size is below 1.0 mm, the results of non-
linear optimization are significant, with the average er-
ror after optimization reduced by more than 93.89%.
However, when the spot size reaches 2.0 mm, the optimi-
zation effect shows a significant weakening trend, and
the average error reduced by 72.58%. This indicates that
smaller spot diameters result in more concentrated en-
ergy, leading to higher positioning accuracy for the PSD.
Considering the nonlinear optimization results for vari-
ous spot sizes across both Zone A and Zone B of the pho-
tosensitive surface, the average positioning error was re-
duced by 84.51% after optimization.
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Fig. 8 Comparison of the average error of Zone B under
different spot sizes

5 Conclusion

In this paper, we derived the Lucovsky differential
equation mathematical model for the PSD and obtained a
positioning model for the two-dimensional PSD under dif-
ferent spot sizes. Through simulation, we found that as the
spot size increases, the positioning accuracy decreases. To
address the inherent nonlinear distortion issues of the
PSD, we employed a particle swarm optimization algo-
rithm to improve the BP neural network nonlinear optimi-
zation method. The optimization significantly reduced the
nonlinear errors in both the Zone A and B, effectively
eliminating the pillow-shaped distortion. Moreover, the
nonlinear distortion of different spot sizes projected onto
the photosensitive surface was reliably corrected, with an
average optimization improvement of over 84.51%, espe-
cially achieving over 93.89% for spots smaller than
1.0 mm. This greatly reduced the positioning error of the
detector. Based on the research presented, the effective us-
able area of the photosensitive surface can be increased,
and the positioning accuracy of the PSD can be enhanced,
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enabling the two-dimensional PSD to be applied in wide-

range and high-precision measurement systems.
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