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Abstract: A tri-state optical signal detector (TOD) is designed in this article to improve the accuracy
and stability of decoding results of the ternary optical computer (TOC). The TOD consists of three
modules: a light-sensing module, a voltage divider module, and a data latching and conversion
module. First, a voltage divider circuit with adjustable resistors is used to achieve parallel optical–
electrical signal conversion for each LCD pixel on a photosensitive sensor plus a latch structure.
Second, the problem of the parallel storage of data after photoelectric conversion is solved. Third,
a transcoding circuit from the output signal of the TOD to the input signal of the tri-state optical
encoder (TOE) is given. The experimental results show that the tri-state optical signal detector
designed in this paper is effective and feasible.

Keywords: ternary optical computer; photosensitive sensor; photoelectric conversion

1. Introduction

As the research on ternary optical processors has intensified [1–8], TOCs have moved
into the stage of application [9,10]. Each TOC has a large number of processor bits, and the
processor bits are divisible, spliceable, and reconfigurable for computational functions.
Considering the current user habits of electronic computers, the advantages of both optical
computers and electronic computers can be brought into full play by working together.
Therefore, it is necessary to follow the non-computing components such as the peripheral,
control, and storage components used in modern electronic computers as much as possi-
ble, meaning the physical method of expressing information must allow fast conversion
between optical and electrical signals. Based on this background, and under continuous
research, an encoder that enables electrooptical signal conversion [1,11,12] was integrated
with the TOC, while the TOD (also called decoder) that enables electro-optical signal
conversion remains independent of the TOC.

The studies on decoders have proceeded as follows. The structure and working
principle of a tri-state optical signal detector using a light-sensing unit for photoelectric
conversion were first proposed by Jin [1]. Sun [11,13] completed the experiment by de-
coding one bit of three-value light after using the commonly used separation element
(i.e., spinner) for light separation. Zuo [14] investigated the problems with the high-speed,
reliable, and real-time sampling and image acquisition of optical operator results using an
optical decoding simulator, and designed a USB-type image acquisition system, followed
by the implementation of a decoding system for a three-value optical computer using a
CMOS image sensor and an embedded system [15]. Xue [16] designed a data acquisition
control system according to the decoder’s data acquisition characteristics, and performed
automatic control, data transmission, status management, and data display for the decoder.
The above studies for tri-state optical signal detectors have all involved serial decoding.
Yehqiang [17] proposed a parallel photoreceptor array decoder designed for the SD11
(composed of the Chinese abbreviation of Shanghai University and the machine number).
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The paper proposes a method of detecting and latching the state of the light signal using a
phototube plus latch structure, achieving the first fully parallel photoreceptor decoding
process. However, the parallel photoreceptor array decoder is only for the SD11 system,
and two sets of the same detection structure must be used to judge the output result of one
operator bit, which greatly increases the production cost of the decoder.

The commercially available photoelectric conversion devices [18,19] are not suitable for
TOCs, so the decoder system can only be developed by the team independently. The current
decoder uses a camera to capture the result picture of the optical computer, and then
transmits this back to the electronic computer via the software to decode the gray value of
the picture. The decoding result is then sent to the optical computer for the next calculation,
and the above process is repeated until the end of the operation, when the final result is
transmitted to the electronic computer. The whole process is slow and less stable, which
is the biggest obstacle to improving the overall performance of the TOC and achieving
integrated manufacturing. To solve the above problems, the authors studied the current
TOC prototype, the SD16 system, and designed a tri-state optical signal detector to remove
the last obstacle for the integrated manufacturing of the TOC, naming the TOC equipped
with this detector SD22.

2. Materials and Methods
2.1. Structure of the Ternary Optical Processor

The TOC uses null light (W), horizontally polarized light (H), or vertically polarized
light (V) to represent the three-value information. In SD16, one processor bit consists of
four layers of polarizers sandwiched by three layers of liquid crystals, and 192 processor
bits constitute a module of the optical operator of SD16 [20]. The structure of the processor
bits is shown in Figure 1.
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Figure 1. The liquid crystal structure of the processor of the SD16 system.

The first, second, and third layers of polarizers are vertically polarized and can only
pass vertically polarized light. The polarization orientation of the fourth polarizer is about
30 degrees from the vertical direction, and its function is to convert the two light signals
with an orthogonal polarization direction from the operator to two different brightness
levels. The polarization orientation of the fourth polarizer is about 30 degrees from the
vertical direction, and its function is to convert the two light signals with orthogonal
polarization direction from the operator to two different brightness levels.

Since the liquid crystals from columns V, H, and W in Figure 1 have the same function,
this paper takes column V’s liquid crystals as an example; when the signal of the control
light path is not considered, there are two types of rotation modes for each layer of liquid
crystals, so there are 8 types of rotation modes for three layers of liquid crystals, and the
corresponding output light state and light brightness of the 8 types of rotation modes are
given in Table 1.
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Table 1. Spin light mode, output light state, and light brightness comparison table.

First
Polarizer
Layer 2

First Liquid
Crystal
Layer

Second
Polarizer

Layer

Second Liquid
Crystal Layer

Third
Polarizer

Layer

Third Liquid
Crystal
Layer

Fourth
Polarizer

Layer

Light
Brightness

V 0 1 W 0 W 0 W Dark light state
V 0 W 0 W 1 W Dark light state
V 0 W 1 W 0 W Dark light state
V 0 W 1 W 1 W Dark light state
V 1 V 0 W 0 W Dark light state
V 1 V 0 W 1 W Dark light state
V 1 V 1 V 0 H secondary bright state
V 1 V 1 V 1 V Strong bright state

Note: 1 0 indicates the control signal is not given, and the liquid crystal keeps rotating the light (such as changing
V light to H light); 1 indicates the control signal is given, and the liquid crystal does not rotate the light. 2 The 1st,
3rd, 5th, and 7th columns are the light states after the light passes through the polarizer.

The polarizer used in SD16 does not absorb blue light, and because of the angle of
the polarizer, when the final result of the optical processor is observed with the naked eye,
the V light is white, the H light is light green, and the W light is blue, as shown in Figure 2.
Figure 2 shows the top view of the whole optical processor, consisting of 192 operator bits,
each with 3 columns of pixels, so there are 576 liquid crystal pixels from the top view.
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2.2. Theory of Three-State Optical Signal Detectors
2.2.1. Photoelectric Conversion

The main objective of this study is to accurately convert the 576 polarized optical
signals from an optical operator to the corresponding electrical signals.

Ideally, the same polarized light would be presented with the same light intensity
on the top LCD of each processor bit. The optical operator of the SD16 uses a backlight
board as the light source [12], which in theory should be a uniform-intensity light source.
However, the structure of the backlight board determines that it is not a uniform light
source. There are seven LED beads inside the backlight board, and their positions are
shown in Figure 3. They are concentrated on one edge of the backlight board, and the
light source of the LED beads is reflected to other parts of the backlight board through the
internal reflection film. This causes the light intensity near the LED beads to be stronger,
while away from the LED beads, the light intensity is weaker, ultimately presenting the
inconsistent light intensity of the LCD pixels.
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Figure 3. The location of the light source.

Since the actual light intensity of the liquid crystal pixels is not uniform, this study
uses “point-to-point sensing”, i.e., each liquid crystal pixel has its own corresponding
photosensitive sensor and photoelectric conversion circuit. An LCD pixel will present three
light intensities, so two bits of data are needed to represent them. In this paper, we specify
11 for V light, 10 for H light, and 00 for W light.

According to this provision, this paper uses a voltage divider circuit in the photoelectric
conversion circuit part to process the electrical signal from the photosensitive sensor, and the
specific circuit implementation will be described in detail in Section 2.3.1.

2.2.2. Data Conversion

The polarization state of the optical processor becomes a set of raw electrical signals
after the photoelectric conversion, which still needs to be transcoded to become the input
of the optical encoder or the final output that is transmitted back to the electronic computer.
In SD16, the input data of the tri-state optical encoder is represented by 10 for V-light, 01 for
H-light, and 00 for W-light, while the decoder output of one processor bit requires 6 bits of
data for V-light, H-light, and W-light.

Since V-light and H-light do not appear simultaneously in three LCD pixels of one
processor bit, we provide the tri-state light signal detector output data, tri-state light
encoder input data, and the correspondence between the three states of light, as shown in
Table 2.

Table 2. Correspondence of the light state, light color, and input and output data.

Light State Light Color The Input of
Encoder The Output of Decoder

V one white light pixel and two
blue light pixels 01 110000, 001100, 000011

H one light green light pixel
and two blue light pixels 10 100000, 001000, 000010

W three blue light pixels 00 000000

According to Table 2, we propose a circuit logic structure to convert the decoder output
of one processor bit to the encoder input, as shown in Figure 4. In Figure 4, A~F correspond
to the outputs of the tri-state optical signal detectors in Table 2, G and H are the output
signals of the input data after the or gate, Z and N correspond to the inputs of the tri-state
optical encoders in Table 2.
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2.3. Design of Three-State Optical Signal Detectors
2.3.1. Design of Decoding Circuit for One LCD Pixel

The decoding circuit of one pixel is shown in Figure 5, where Rb is the protective
resistor of the photosensitive sensor Rg, which senses the light intensity of the liquid
crystal. When the liquid crystal pixels show different polarization states, the electric current
information from Rg is different, i.e., the current through Rg is positively correlated with
the light intensity. First, we connect two fixed circuits R1 and R3 at the negative terminal
of Rg and access the adjustable resistor R2 in the middle of the two fixed resistors. We
set the voltage divider output points V1 and V2 in the middle of Rg and R1, and R1 and
R2. We connect V1 and V2 to inputs 1D and 2D of latch 74HC573. The addition of the
adjustable resistor R2 improves the flexibility and fault tolerance of the circuit.
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Figure 5. Decoding circuit for one LCD pixel.

The circuit can be described as follows. When the measured pixel is white, V1 > V2 > 3.5 V,
and the latch output is 11; when the measured pixel is light green, V1 > 3.5 V, V2 < 3.5 V,
and the latch output is 10; when the measured pixel is blue, V2 < V1 < 3.5 V, and the latch
output is 00.

2.3.2. Parallel Design of 576-Bit LCD Pixel Decoding Circuit

The tri-state optical signal detector is composed of 576 one-bit pixel decoding circuits
connected in parallel, as shown in Figure 6. In Figure 6, there is a percentage that represents
the ratio of the actual resistance of the adjustable resistor to the maximum resistance, where
50% means that the resistance of this adjustable resistor is half of the maximum resistance.
In the actual circuit, we will adjust this ratio as needed.
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Figure 6. The 576-bit parallel decoder circuit.

The parallel circuit can be divided into three arrays: the photoreceptor array, voltage
divider array, and latch array. The photoreceptor array consists of 576 parallel-connected
photosensitive sensors. The voltage divider array is responsible for the conversion of the
electrical signals acquired by the photoreceptor array, while the input active terminal OE
and the output active terminal LE of all latches in the latch array are connected in parallel,
which can allow the complete synchronization of the operation timing. Considering
the workload of this experiment, only the decoder is discussed here to obtain the valid
photoelectric conversion information, and the output part of the latching array is omitted
in Figure 6. Due to the large number of components in the decoder, a layered design was
carried out for the physical design.

2.3.3. Layered Design of Tri-State Optical Signal Detector

The hierarchical design idea for the tri-state optical signal detector is shown in Figure 7.
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Figure 7. Layered design of the tri-state optical signal detector.

The first layer is the light-sensitive layer. Each photosensitive sensor on the light-
sensitive layer corresponds to the liquid crystal pixels of the optical processor and is mainly
responsible for converting light signals into electrical signals. Considering the maintenance
convenience and cost, we adopt the stitching idea proposed by Shi Yehqiang [17]; that is,
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16 photoreceptor circuits form a photoreceptor module with a small-scale integration degree,
and then 36 photoreceptor modules are stitched together to form the whole photoreceptor
layer. Therefore, if any component is damaged, you only need to replace the small module
where the damaged component is located.

The second layer is the voltage divider resistor layer; the purpose of this layer is to
divide the current information obtained from the conversion of the photoreceptor layer
and obtain the electrical signal corresponding to the light intensity information of the
liquid crystal pixels. The third layer is the latch layer, where the latch-active LE and the
output-active OE of the latch are connected in parallel and controlled by signals. After
the LE receives a valid latch signal, the latch will simultaneously latch the electrical signal
from the voltage divider resistor layer, and then output the latch “1” and “0” information
after the OE receives a valid signal from the output. The fourth layer is the data conversion
layer, the function of which is to convert the decoded raw data coming from the latch layer
into the input of the optical encoder. If the decoding result is already finalized at this point,
the final result is output directly to the electronic computer.

Since the functions of the latch layer and data conversion layer can be performed by
FPGA, the physical design of the three-state optical signal detector focuses on the first
two layers. Considering the splicing problem, the two layers are subdivided into the
photoreceptor layer, protective resistor layer, and voltage divider resistor layer, and the
layers are connected by connectors, as shown in Figure 8.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 12 
 

 
Figure 7. Layered design of the tri-state optical signal detector. 

The first layer is the light-sensitive layer. Each photosensitive sensor on the light-
sensitive layer corresponds to the liquid crystal pixels of the optical processor and is 
mainly responsible for converting light signals into electrical signals. Considering the 
maintenance convenience and cost, we adopt the stitching idea proposed by Shi Yehqiang 
[17]; that is, 16 photoreceptor circuits form a photoreceptor module with a small-scale 
integration degree, and then 36 photoreceptor modules are stitched together to form the 
whole photoreceptor layer. Therefore, if any component is damaged, you only need to 
replace the small module where the damaged component is located. 

The second layer is the voltage divider resistor layer; the purpose of this layer is to 
divide the current information obtained from the conversion of the photoreceptor layer 
and obtain the electrical signal corresponding to the light intensity information of the 
liquid crystal pixels. The third layer is the latch layer, where the latch-active LE and the 
output-active OE of the latch are connected in parallel and controlled by signals. After the 
LE receives a valid latch signal, the latch will simultaneously latch the electrical signal 
from the voltage divider resistor layer, and then output the latch “1” and “0” information 
after the OE receives a valid signal from the output. The fourth layer is the data conversion 
layer, the function of which is to convert the decoded raw data coming from the latch layer 
into the input of the optical encoder. If the decoding result is already finalized at this point, 
the final result is output directly to the electronic computer. 

Since the functions of the latch layer and data conversion layer can be performed by 
FPGA, the physical design of the three-state optical signal detector focuses on the first two 
layers. Considering the splicing problem, the two layers are subdivided into the 
photoreceptor layer, protective resistor layer, and voltage divider resistor layer, and the 
layers are connected by connectors, as shown in Figure 8. 

 
Figure 8. Installation design of the three-state optical signal detector. Figure 8. Installation design of the three-state optical signal detector.

In Figure 8, the photoreceptor layer consists of 36 small photoreceptor modules, each
of which is mounted to the protective resistive layer using pins. It should be noted that the
photosensitive sensor on the photosensitive layer needs to be aligned with the liquid crystal
pixels. The protective resistor layer and the voltage divider resistor layer are connected
vertically, and there are more connection lines between the layers, so the connector used
is a 288-pin memory slot. The memory slot is installed in the protective resistor layer, so
the interface will be designed in the form of a memory stick when designing the voltage
divider resistor layer. For subsequent installations, Figure 8 will be rotated 90 degrees
counterclockwise for physical installations.

3. Results

This experiment was conducted on the SD16 system, which is shown in Figure 9.
The purpose of the experiment was to obtain the range of voltage divider resistance values
and record them to determine the size of the adjustable resistors that should be installed in
the decoding circuit of each partition, and finally to achieve the accurate decoding of the
brightness of each LCD pixel.
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3.1. Experimental Preparation and Experimental Steps

Before the experiment, 576 liquid crystal pixels were divided into 9 regions according
to the mounting position of the light source of the optical operator, and selected test points
within each region according to the distance from the light source, as shown in Figure 10.
The light source is not photographed in Figure 10 because the light source was hidden at
the time of production, and the reader should note that the actual light source is shown
directly above in Figure 10.
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The position of the light source is above the liquid crystal array shown in Figure 10,
so region 2 is closest to the light source and has the strongest light intensity; regions 1 and
3 are on both sides of the light source and have slightly weaker light intensity; region 5 is at
a suitable distance from the light source and has stable light intensity; regions 4, 6, 7, 8 and
9, are farther away from the light source and have weaker light intensity. This experiment
produced nine mutually independent tri-state light signal detection circuits, the purpose of
which is firstly to correspond to the partition; secondly to test the discrete nature, stability,
and sensitivity of the light-sensitive sensor used in the experiment; and thirdly so that the
independent light-sensitive circuit can be flexibly moved on the pixels in the area to which
it belongs to facilitate the experiment.

In this experiment, a CXDSMD023 photosensitive sensor model was used to make a
light-sensitive tube, and tape was wrapped around the top to shade the light, as shown in
Figure 11.
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In the experiment, the tube is fixed above the liquid crystal pixel, and the vertical
distance between the tube and the liquid crystal is about 1 mm. After the preparation
process, the optical processor will randomly output the calculation results used for the test,
followed by the tri-state optical signal detector for the display of its corresponding LCD
pixels for photoelectric signal conversion. If the LCD pixel shows white light, the latch will
eventually output 11; if the LCD pixel shows light green light, the latch will eventually
output 10; if the LCD pixel shows blue light, the latch will eventually output 00. Next,
the corresponding voltage dividing resistance value of the LCD pixels in each area is
determined, and the adjustable resistor is adjusted according to the output of the latch
during the experiment, so that the latch finally outputs the correct result.

For recording purposes, each LCD pixel is numbered. Using the numbered bits of the
optical operator processor bits as a reference, an example of the liquid crystal numbering of
processor bit 0 and processor bit 1 can be given, where from left to right the liquid crystal
pixels are numbered 0–1, 0–2, 0–3, 1–1, 1–2, and 1–3, and the processor bits are numbered
as shown in Figure 12.
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After numbering the liquid crystal pixels, we can record the code of the liquid crystal
pixel selected for the experiment in each sub-area in the experimental record book and
perform the following experimental steps:

1. We use a 5 V power supply for the nine detection circuits, and the photoreceptor
circuit latch input enables terminal LE in parallel, using an electrical signal control,
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while the output of each latch OE is also connected in parallel to the ground, so that it
is effective. The latch output is connected to a multimeter tuned to the voltage range,
which makes it more intuitive to view the values and easy to adjust the resistance
values of the adjustable resistors;

2. We fix the head of the tube at 1 mm directly above the LCD pixel;
3. The optical processor randomly outputs the test results and sends an input enable

signal to the latch, which latches the signal and outputs it, and the output result is the
voltage value displayed on the multimeter;

4. We record the resistance value and voltage value of each photoreceptor circuit. If the
collected LCD pixels are white, the latch should output 11, corresponding to voltage
values of the multimeter of 3.5 V with 3.5 V; if this is not correct, then we can adjust
the resistance value until the output is correct and record this resistance value. If the
collected LCD pixel is a light green light, the latch should output 10, corresponding to
a voltage value of the multimeter of 3.5 V with the actual voltage value (not the full
3.5 V); if this is not correct, then we can adjust the resistance value until the output is
correct and record the resistance value. If the collected LCD pixels are blue, the latch
should output 00, corresponding to the voltage values of the multimeter, which should
be two actual voltage values (not the full 3.5 V); if this is not correct, then we can
adjust the resistance value until the output is correct and record the resistance value;

5. We repeat step 2, move the photosensitive sensor of the detection circuit to the next
liquid crystal pixel, and repeat steps 3 and 4 until the voltage dividing resistance
portion of the selected liquid crystal pixel is adjusted;

6. We repeat the test 3 times for all data, and take the minimum resistance value and the
maximum resistance value.

3.2. Experimental Results

According to the above experimental steps, the results of the random output of the
optical processor were tested repeatedly to obtain the data in Table 3.

Table 3. Voltage division resistance table.

Test Area
Maximum
Resistance

Value of R1 1

Minimum
Resistance
Value of R1

Maximum
Resistance Value of

R2 + R3

Maximum
Resistance Value of

R2 + R3

1 180 2 K 390 K 400 K 750 K
2 100 K 250 K 500 K 800 K
3 160 K 370 K 430 K 750 K
4 100 K 250 K 500 K 800 K
5 80 K 180 K 300 K 700 K
6 80 K 250 K 470 K 790 K
7 180 K 390 K 400 K 750 K
8 100 K 250 K 490 K 800 K
9 180 K 390 K 400 K 750 K

1 The unit is Ω. 2 Zeroed out the last digit of the data.

The minimum and maximum resistance values recorded in Table 3 are related to the
brightness and darkness of the LCD pixels. Low resistance means stronger light intensity
and large resistance means stronger light intensity.

Taking into account the existence of errors and according to the data in the table,
we reduced the fixed resistance of each area of the voltage divider resistor layer by a certain
percentage and enlarged the adjustable resistor resistance by a certain percentage, then
determined the resistance value in each area as follows:

• In the corner of the 3, 7, 9 test area, the weakest light intensity can be set to R1 by a
100 K fixed resistance, R2 is set to a 1 M adjustable resistance, and R3 is set to a 500 K
fixed resistance;
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• In the edge of the 2, 4, 6, 8 test area, the light intensity is slightly stronger, R1 can be
set to a 50 K fixed resistor, R2 is set to a 1 M adjustable resistor, and R3 is set to a 400 K
fixed resistor;

• Near the light source in the area of 1, 5, the liquid crystal light intensity is the strongest,
R1 can be set to a 10 K fixed resistor, R2 is set to a 1 M adjustable resistor, and R3 is set
to a 100 K fixed resistor.

We can determine the voltage division resistance value within each division, and we
can solder according to the determined resistance value during the actual board-making
process. Therefore, after installation, only minor adjustments are required to achieve the
correct photoconversion of the 576 LCD pixels.

In addition, the “white noise” factor in the experiment will also affect the experimental
results; that is, the light intensity of other liquid crystals around a liquid crystal pixel
will interfere with the detection of that liquid crystal pixel by the photosensitive sensor.
By comparison, it was found that the light source around the sensor tube head can avoid
the influence of “white noise” in the case of complete isolation, so it is necessary to do a
good job of isolation measures to avoid light leakage.

4. Conclusions

It was verified that the tri-state light signal detector designed in this paper can convert
the tri-state light signal from the optical processor into an electrical signal, and then the
voltage divider circuit converts the electrical signal into an electrical signal corresponding to
the tri-state light after dividing the electrical signal, the electrical signal result is latched by
the latch, and the latch outputs the data after receiving the output enable signal. This success
further promotes the integrated manufacturing of three-value optical computers, but the
experiments in this paper do not involve the subsequent processing of the latched data,
and further experiments are needed to achieve parallel transcoding of the data.
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