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This paper presents new position-sensitive matrices of photosensitive elements. The photosensitive
elements of the proposed matrix can be manufactured, depending on the required spectral range, based on
Si, AsBs solid solutions, etc. Depending on the required technical characteristics, PN photodiodes, PIN pho-
todiodes, or avalanche photodetectors can be used as photosensitive elements. The main advantage of the
proposed optical coordinator is a special topology of connection of sensitive elements. The interlaced con-
nection of rows and columns allows to significantly reduce the number of information outputs, expand the
dynamic range, and achieve greater manufacturability of the device without significant loss of the signal
component. The periodicity of the topology makes it possible to find the position of a light spot, determine
its center, and accurately track the movement of the spot along the coordinator without the use of micro-
mechanical centering devices. The “checkerboard” topology of the sensitive elements and method of gener-
ating output signals are discussed. Such an arrangement makes it possible to simultaneously determine
two coordinates at the same time. Methods for determining the center of a light spot are presented as well.
The overlap of the area of the sensitive element by the light spot is proportional to the output current sig-
nal. Therefore, it is possible to determine the center of the light spot by solving a two-dimensional geomet-
ric problem. The distribution of errors in determining the center was calculated using the method of find-
ing the barycenter in dynamic and statistical modes for different light spot configurations. Direction-
finding characteristics were analyzed. A topology of connection that allows to expand the dynamic range of
the measurement was submitted.
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1. INTRODUCTION

Precision optical coordinators are widely used to de-
termine micromovements. The main task of the optical
coordinator is to precisely determine the spatial posi-
tion of the light spot, usually formed by a laser diode or
LED with collimating optics and the corresponding
radiation spectrum. Usually, such systems use one- or
two-dimensional position-sensitive photodetectors (PSD):
CCD; active pixel sensors (APS), which include CMOS
Image Sensors (CIS) [1-4]; photodiodes based on the
lateral effect [5-9]. All of the above types of detectors
have a number of technical disadvantages (low speed,
sensitivity and accuracy, exposure to light), which in
some cases, restrict their use. It is better to use quad-
rant photodiodes (QPD) for precise determination of the
coordinates of the light spot [10-12].

2. FORMULATION OF THE PROBLEM

The four-quadrant photodetector has a good resolu-
tion of the position of a light spot (high steepness of the
direction-finding characteristic) in a relatively small
range (movement does not exceed the size of the radius
of the light spot) relative to the center. Therefore, the
functional diagram of the optical coordinator, based on
the four-quadrant photodetector, must necessarily in-
clude a tracking system. Precision tracking systems are
specially used to maintain the light spot in the center of
the four-quadrant photodiode [13]. Optical coordinators
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of this type are used in many measuring systems, where
it is necessary to determine the coordinates of a light
spot very accurately. For example, the optical coordina-
tor for determining the coordinates of a reflected beam
from a cantilever in an atomic force microscope is ar-
ranged according to this scheme. To increase the cap-
ture area of the tracking system, it is necessary to form
a light spot of larger diameter. At the same time, the
steepness of the direction-finding characteristic (de-
pendence of the amplitude of the output signals of the
photosensitive elements on the position of the light spot
on it) and, consequently, holding accuracy of the light
spot in the nominal position depends on the size ratio
between the light spot and quadrants of the photodetec-
tor. Reducing the diameter of the light spot increases
the measurement resolution of the optical coordinator.
In this case (as in the case of a four-quadrant photode-
tector), it is necessary to use X-Y micromanipulators for
greater tracking accuracy of the optical coordinator.
Thus, providing both a large width of the capture area
and high accuracy of determining the coordinates of the
light spot at the same time are contradictory require-
ments that cannot be realized using a four-quadrant
photodetector as a position-sensitive element. For this
reason, these optical coordinators always require an
initial precision alignment of the light beam position.

In some cases, extremely high requirements are im-
posed on the dynamic range of optical coordinators, which
are practically unattainable with known construction
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schemes. In known schemes for constructing optical
coordinators, the optical system focuses radiation into a
spot whose size is smaller than one photosensitive ele-
ment. It turns out that at the required minimum level
of the optical signal, it is impossible to meet the re-
quirements for the signal-to-noise ratio, and at a given
level of the maximum optical signal, the photosensitive
elements of the matrix would be destroyed.

3. THE GOAL OF THE WORK

The purpose of this work is to develop a position-
sensitive photodetector array for an optical coordinator
with a large capture area and high accuracy in deter-
mining the position of the light spot, if possible, with a
minimum number of processed signals from a position-
sensitive element, i.e., essentially creating a precision
optical coordinator without a tracking system and ini-
tial alignment of a light beam. It is also necessary to
develop a photosensitive matrix with an extended dy-
namic range for measuring the position of a radiation
source with an optical signal not normalized in power.

4. PHOTOSENSITIVE ARRAY TOPOLOGY

To create an optical coordinator without a tracking
system, it is necessary to resolve the contradiction
between the accuracy of determining the position of the
light spot and the capture area of the optical coordina-
tor. To solve this problem, a new method is proposed for
determining the coordinates of the light spot and using
a position-sensitive matrix of photosensitive elements
with a special topology of photosensitive elements in-
terconnections, which simultaneously provides both a
high slope of the direction-finding characteristic and a
wide capture zone of the tracking system. According to
the proposed topology, the photosensitive elements are
arranged in rows and columns like a "checkerboard",
and the photosensitive elements located on the "white"
fields are connected into columns, and those located on
the "black" fields — into rows (Fig. 1).
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Fig. 1 - Diagram of a position-sensitive matrix of photosensi-
tive elements
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Photocurrents of elements of each row (column) lo-
cated after one are summed up. Thus, at the outputs of
the proposed matrix, signals are generated equal to the
sum of photocurrents from the elements of the corre-
sponding rows (columns) of this matrix:

3
]Zk—l = Ei I(2k—1),(2l—1) ’ @)
3
I2k = le Izk,21 > 2
2.
IzH = 1;—:1 Izk,(zm) ’ 3
3
Izz = ]Z:l [(2k—1),21 ’ 4)

where m is the number of matrix rows, n is the number
of matrix columns,

E=1,23,."2 1-1,2,3,..,% .
2 2

Note that in such a matrix, the number of rows and
columns is not limited by the requirement of multiplici-
ty 4 but can be arbitrary.

5. DETERMINATION OF COORDINATES USING
MATRIX. ANALYSIS OF DIRECTION-
FINDING CHARACTERISTICS

5.1 Determining Coordinates Using a Matrix

The regularity of the sensitive elements allows to
bind the optical coordinator to the Cartesian coordinate
system and turn the search for x and y coordinates into
a solution of a geometric problem. The requirement for
the size of the light spot is the diameter, the value of
which is greater than one element of the sensitive ma-
trix. This requirement is the minimum threshold for
the simultaneous determination of coordinates in two-
dimensional space.

The spot diameter can be varied (Fig. 2), therefore
the following classification is proposed: 1p, 2p, ..., Np,
where p denotes the area of 1,2, ..., N sensitive ele-
ments. The maximum value for the spot to overlap the
element’s area is 2401.
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Fig. 2 - 2p, 3p, 4p, 5p light spot configurations
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The output photocurrent of the sensitive element is
proportional to the overlap of the element’s area by the
light spot. So, it can be assumed that the position of the
energy center of the spot is in the region of the ele-
ments with the highest output signal.

The direct detection method consists in alternating
scanning of /-elements to determine a preliminary spot
size and radiation distribution along the X-axis and k-
elements along the Y-axis, followed by normalization
with respect to the sum of the total radiation power P.

An 8 x 8 simplified matrix of sensitive elements with
an element size of 10 x 10 conventional units and a tech-
nological gap of 2 conventional units is presented (Fig. 3).
The light spot has a 5p configuration and a uniform dis-
tribution, the diameter value is 23 conventional units.
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Fig. 3 — Simplified matrix of the sensitive elements

Due to the scheme of the optical coordinator (Fig. 1)
and the simplified matrix (Fig. 3), the following results
are presented.
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Fig. 4 — Spatial distribution of radiation

Using this method, it can be argued that the size of
the light spot is approximately 3 x 3 elements wide.
According to the distribution graph, the coordinates of
the energy center are located near the 50 % P point and
the accuracy of its determination depends on the ap-
proximation errors and light spot configuration. To
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improve the precision, this method requires a decrease
in the size of the sensitive elements or an increase in
the spot diameter, which in some cases is not rational.
Also, this method is not applicable if part of the spot is
outside the sensitive part of the optical coordinator.
However, this method can be used to roughly determine
the spot size and its center at the stages of setting up
the optical coordinator.

Table 1 — Matrix output

Output signal Spatial distribution
No | Rows (X) | Columns (Y) | Distance | %P X %PY
1 0 0 10 0 0
2 0 24 22 0 0
3 0 100 34 0 0
4 0 24 46 0 0
5 53 0 58 26 16
6 102 0 70 76 84
7 49 0 82 100 100
8 0 0 94 100 100

Centroid method is to find the barycenter of the fig-
ure, which was formed as a result of the overlap of the
spot and the sensitive elements. In turn, the center of a
fully filled element (xo; yo) can be calculated as:

— xn+xk.

0o~ 4
Lo ®)

_Jn k

Yo 9

Xn, Yn, Xk, Yk are the coordinates of the element sides.
The centroid of a plane figure (xc; yc) can be calcu-
lated by geometric decomposition:

X, = szési :

3 é (6)
Y, = i1 .

S,

Xi, ¥i, S; are the coordinates and areas of each part.

To calculate the error and for further analysis,
software was created to simulate the determination of
the center of the light spot in dynamic and statistical
modes. To calculate the error in statistical analysis, a
randomly specified position of the spot is used in the
given coordinates of the matrix, where the number of
positions is 500. For dynamic analysis, the position of
the spot changes slightly and randomly in a given di-
rection, simulating work in real conditions. The results
are given below (Fig. 5).

For the dynamic mode, the results were averaged
and collected in a Table 2.
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Fig. 5 — Static error distribution for 1p, 2p, 3p, 4p, 5p spot
configurations

Table 2 — Average overlap errors

Overlap Average error, %

1p 19

14
2p 12

10
3p 9.4
4p 4.8
5p 1.1

Therefore, the spot with overlap configuration 5p has
the greatest accuracy, but configurations 4p and below
are of the greatest interest. Further research will be
conducted to improve their accuracy and the calculation
algorithm. It is also planned to develop an algorithm
for calculating the center of the spot, part of which
extends beyond the sensitive area of the coordinator.

5.2 Analysis of Direction-finding Characteristics

By the direction-finding characteristics of the opti-
cal coordinator, we mean a set of dependences of the
electrical signals FEi and FE;j from the outputs of the
position-sensitive matrix of photosensitive elements
with a special topology of interconnections, on the basis
of which the coordinator is built, on the angular coordi-
nates a, B of the beam incident on the matrix:
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FEi (a, p);
FEi,(a, p);

FEj(a,p);

FEjy(a, B o

FEiy(a,B);  FEjy(a,p)

The direction-finding characteristics FEi and FEj of
the optical coordinator are completely determined by
the corresponding direction-finding characteristics FSi
and F'Sj of the position-sensitive matrix:

FSil(xo,yo); FSj1(xo>yo);

ESiy(xp,y0);  FSjy(x0,50); ®)

FSizv(-”o;.V())? FSjN(xovyo)

Here FSi is the total electrical signal from the ma-
trix output corresponding to its i-th row; FS;j is the total
electrical signal from the output corresponding to its
Jj-th column; x is the linear coordinate of the center of
the light spot O along the axis perpendicular to the
direction of the matrix rows; y is the linear coordinate
of the center of the light spot O along the axis perpen-
dicular to the direction of the matrix columns.

In this case, it is sufficient to determine the direc-
tion-finding characteristics FSi and FSj of the position-
sensitive matrix on the interval in the matrix plane
corresponding to a square with a half-period size d of
the matrix for the coordinate plane Oxy with the origin
at the center of the matrix element:

P
(0} 27 2 ’

yoe] 4,4
0 27 2|

The periodicity and evenness/oddness of the direc-
tion-finding characteristics FSi and FSj of the position-
sensitive matrix of photosensitive elements with a
special topology of interconnections is manifested in the
following properties:

[ FSi (x,+d,50) = FSj;(50,%0);
FSi;(x5,y0+d) =FSj; 1(50,%0);
FSi;(xy+d,y,+d) =FSi; 1(x5,50);
FSj,(xo+d,y0)=FSi; 1(¥9:%0);
FSj,(x5,y0+d) = FSi;(y5,%0);

| FSj;(xp +d, 50 +d) = FSj;_ (x4, 50)

)

(10)

[ FSi;(x, +2d,y5) = FSi; 5(x0,50);
FSi; (x,y0+2d)) = FSi;(x45,Y0);
FSi;(xy+2d,y,+2d) = FSi;_,(x,50);
FSj;(xo+2d,y,) = FSj;(x0,0);
FSj;(xg, 50 +2d)) = FSj;_4(x0,Y0);

| FSj;(xp +2d,y0 +2d) = FSj;_»(x0,Y0)

11)

where i is the row number of the matrix element on
which the center of the light spot with coordinates x, y
is located; j is the column number of the matrix ele-
ment on which the center of the light spot with coordi-
nates x, y is located.
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The optical signal on each matrix element is the
luminous flux incident on the photosensitive area of the
element, proportional to the illuminated area of this
element. The electrical signal-response from each pho-
tosensitive element of the matrix is proportional to the
optical signal arriving at it. Photocurrent I;; from each
matrix element is determined by the integral

Y2 %2
L=k | [ E(xydxdy. (12)
¥ xl;

Here i, j is the address of the matrix element by the
row and column numbers; k is the coefficient of propor-
tionality (current photosensitivity); E(x, y) is the illu-
mination in the spot; x1;j, x2i; are the coordinates of
the left and right boundaries of the photosensitive area
i, j of the element; ylij, y2i; are the coordinates of the
upper and lower boundaries of the photosensitive area
i, j of the element.

In the mathematical model, we consider a matrix of
photosensitive elements of a square shape of size axa
with gaps of width ¢ between them, on the surface of
which an optical signal arrives in the form of a circular
light spot of diameter D with a normal (according to the
Gaussian) distribution of illumination E in it. In this
case, the illumination at an arbitrary point of a round
light spot is determined by the formula:

x2+y?

15

o2z ’

where Eo is the illumination at the center of the light
spot; ois the Gaussian distribution parameter; x, y are
the coordinates of an arbitrary point in the Cartesian
coordinate system with the origin in the center of the
light spot O. Then the electrical signal-response from
each photosensitive element of the matrix according to
(11) is determined by the integral

E(x,y)=E, 13)

¥2, X2 1 _x2+9/2
Ii,j:kj. j E,———e %0 dxdy. (14)

1 %l oN2rx

If we consider the direction-finding characteristics
of such a matrix as the dependence of the output elec-
trical signals on the coordinates of the center of the
light spot on the matrix, then it can be argued that
these characteristics are described by periodic functions
with a period corresponding to the spatial period of a
matrix with a checkerboard structure:

T=2a+t). (15)

To study the direction-finding characteristics, it is
sufficient to investigate the dependence of the output
electrical signals from the matrix on the coordinates of
the center of the light spot, which moves within the
matrix area with dimensions 7' x 7.

For the functional representation of the direction-
finding characteristics of the position-sensitive matrix
of photosensitive elements, the obtained dependences
are approximated by a known technique, for example,
by a polynomial of two variables of degree 2(n — 1).
Polynomials that interpolate the dependence of the
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direction-finding characteristics (3) of the matrix are
graphically represented as a surface in the Cartesian
rectangular coordinate system Oxyz. In this case, the x
coordinate of each surface point in the 3D graph corre-
sponds to the x coordinate of the center of the light
spot, the y coordinate corresponds to the y coordinate of
the center of the light spot, and the z coordinate — to
the value of the corresponding dependence of the direc-
tion-finding characteristics of the matrix (the total
electrical signal from the corresponding outputs of rows
and columns of the matrix).

To increase the dynamic range of the optical coordi-
nator, a fundamentally new topology of interconnections
of light-sensitive semiconductor elements of a position-
sensitive matrix was proposed [14]. The photosensitive
elements of the proposed matrix can be made depending
on the required spectral range based on Si, AsBs solid
solutions, etc. An increase in the dynamic range is
achieved due to the fact that a light spot with a size of
at least 2 x 2 matrix elements is formed on the matrix
surface; to increase the speed, PIN, MPM or MDP, ava-
lanche photodetectors can be used as photosensitive
elements. Photosensitive elements are organized in
rows and columns according to the proposed topology
(similar to the previous topology). The electrical signals
from the elements of each row (column) are summed up,
and the electrical signals from the elements of adjacent
even (odd) rows (columns) are subtracted (Fig. 6).
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Fig. 6 — Schematic diagram of a position-sensitive array of
photosensitive elements with an extended dynamic range

Due to this, electrical signals are generated at each
of the matrix outputs, proportional to the difference in
illumination of all photosensitive elements of adjacent
even (odd) rows (columns) of such a matrix. The use of
the proposed interconnection topology makes it possible
to determine simultaneously both coordinates of the
light spot on one matrix of N x M elements with an
accuracy of one matrix element. At the same time, for
processing analog signals from a 4N x 4M matrix, only
2N + 2M independent channels are enough to amplify
the signal. To convert the received signals into a digital
code, 4N x 4M comparators and two encoders (with 4N
and 4M inputs, respectively) are used. Note that these
same encoders easily solve the task of transforming
these coordinates (for example, from coordinates rela-
tive to the matrix to coordinates relative to the carrier
of this matrix).
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6. CONCLUSIONS

The original position-sensitive matrix elements with
a direction-finding characteristic comparable to a four-
quadrant photodetector is proposed for the optical coor-
dinator without using a precision tracking electrome-
chanical system for holding the light spot near the center
of the photodetector element. In this case, there is also
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Marpunsa ¢poTouyTIMBUX €JI€MEeHTIB 1J11 BU3HAYEHHA KOOPIHUHAT JIsKepeia
OIITUYHOI'O BPIIIpOMiHIOBaHHSI

B.I'. Bepounpxkwuii, B.C. Aaronmok, A.O. Bopourko, JI.M. Koponesuu, JI.B. Bepouusrmuii, J[.0. Hosixos

Hauionanvruti mexuiunutl ynisepcumem Yrpairnu «Kuiscokuil nonimexniunuil incmumym Ieops Cikopcvio2on,
npocnexm Ilepemoeu, 37, 03056 Kuis, Yrkpaina

V¥ pobori mpejcraBieH] pe3yabTaTA JOCTIIKEeHDb II0I0 PO3POOKN KOHCTPYKITI MATPHUIL CBITJIOUYTINBUAX
eJIEeMeHTIB Ha OCHOBI TBepAux po3umHiB Si ta cuoiyk AsBs y Burismi p-n-doromionis, pin-doromionis abo
naBuHHMX QoTompuiiMadis. OCHOBHOI MepeBaro 3ampolIoHOBAHOI MATPHUIIL € 0COOJIHNBA TOIOJIOTIA 3'eTHAH-
Hs YyTIUBHUX eseMeHTiB. [leperuierere 3’eTHAHHS PSAKIB 1 CTOBIIIIB JIO3BOJISIE 3HAYHO CKOPOTUTH KiJIBKICTH
BUXITHUX JAHUX, POSIIMPUTH TUHAMIYHUN J1aa30H 1 JOCATTH OLJIBINOI TEXHOJIOTYHOCTI IPUCTPOIo 0e3 3HAa-
YHHUX BTpAT KOMIIOHeHTa curHairy. IlepioguyHicTs TOIoJIOril 03BOJISIE 3HAXOMWTH IIOJIOMKEHHS CBITJIOBOI
IJIAMU, BU3HAYATH 11 IIEHTP 1 TOYHO BIJCTEMYBATH PYX ILISAMU B30B¥K KOOPJAMHATOPA 0€3 BUKOPUCTAHHS Mi-
KPOMeXaHIYHUX TPUCTPOIB. OOroBOPIOETHC TOIIOJIOTIS «ITAX0BOI JIONMIKKMY YYTJIMBHX €JIEMEHTIB Ta CIIoCiO re-
HEepyBaHHS BHXITHUX CUTHAJIB. Take po3ramryBaHHs Ja€ MOKJINBICTD BUSHAYATH JBl KOOPIAMHATH OJHOUYAC-
Ho. [IpencraBiieHl Tako:x MeToqM BH3HAYEHHS IIEHTPY CBITJIOBOI misMu. llepexpurrss obsracti 4yTiimBOro
eJIeMeHTa CBITJIOBOKI ILJISAMOK IIPOITOPITiiHEe CUTHAJIy BUXIIHOTO cTpyMy. IlokasaHo, 110 IIEHTpP CBITJIOBOI
IJISMU MOKHA BU3HAYUTH, BUPINIMBIIK JBOBUMIPHY €OMETPHYHY 3a7ady. Po3mofisa moxuboxk mpu BU3HA-
JeHHI IIEHTPY PO3PAXOBYBABCS 34 JIOIIOMOTOK METOJy 3HAXO/KeHHs OAPUIIEHTPY B IMHAMIYHOMY TA CTATHC-
TUYHOMY PERUMAaX IJIs PI3HUX KOHQIrypaliil cBiT/oBuX IiaM. [IpoaHaIi3oBaHO XapaKTePHUCTAKKA BU3HA-
JeHHS HANPAMKY CUTHaJy. [IpejcraBieHa TOmosorisa 3'€JHAHHS JIJIs1 POSMINPEHHS JUHAMIYHOIO J1ara3oHy

BUMIPIOBAHbB.

Knrouoeri cnora: Onruunwnii koopaurarop, [losumiiinouyriuea matpuiist, Qoromion, [Ipucrpiit 3 uyTausic-
Ti0 110 mostoskenHst (ITYII), Merox BusnHauennst koopnuaar, Keagpaurai doromionn (KO), Xapakrepucrurn

BU3HAYEHHS HAIPSIMKY.
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