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Abstract 

This paper proposes a phased array photodetector chip scheme based on phase difference filtering for grating encoders, aiming 

to address the bottleneck of traditional grating encoders in balancing precision and miniaturization. The core innovation of the 

proposed method lies in its optimized signal processing and structural design. The method further subdivides each field in the 

four-field column method into multiple row combinations with different phases, and weakens high-order harmonic components 

through the phase arrangement relationship between row combinations, thereby improving the quality of Moiré fringe signals. It 

meets the demand for a compact array layout while ensuring good photoelectric conversion efficiency. To ensure the scheme’s 

feasibility and integration, the research adopts a cross-disciplinary integrated approach that combines optics, mechanics, and 

electronics. It integrates technologies such as phase difference filtering and optoelectronic integration into the development of 

photodetectors, and designs a dedicated integrated optoelectronic chip based on the developed detector. The research verifies the 

scheme through a rigorous three-step process: theoretical modeling, structural innovation (to design the folded-line array layout 

for compactness), and process verification (to ensure compatibility with standard semiconductor manufacturing processes). 

Simulation results confirm that the developed folded-line array photodetector exhibits excellent orthogonality in photoelectric 

signal conversion, a key indicator of measurement accuracy. Meanwhile, the chip’s compact array layout reduces its overall 

volume by approximately 30% compared to traditional discrete detector modules, while maintaining a high photoelectric 

conversion efficiency of over 85%. 
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1. Introduction 

In the process of the global manufacturing industry's 

transformation and upgrading, the construction of a technol-

ogy-powered country, and the national high-quality devel-

opment, grating encoders, as precision optical instruments 

integrating multi-disciplinary technologies, play an increas-

ingly crucial role. They are not only core basic components of 

high-end computer numerical control (CNC) machine tools, 

intelligent manufacturing equipment, and new weapon sys-

tems but also important indicators to measure the moderniza-

tion level of a country's manufacturing industry [1, 2]. 

At present, international research on grating encoders focuses 

on industrial products and steadily progresses toward high reso-
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lution, lightweight, high precision, and miniaturization. For 

example, the hybrid grating encoder designed by Germany's 

HEIDENHAIN for the Galileo Telescope has a precision of 

0.036 arcseconds, and the global standard precision of miniatur-

ized products in the industrial field has reached 1 arcsecond. 

Enterprises in Germany, the United States, and Japan have 

formed mature product series [3]. In contrast, some key technical 

indicators of domestic products are close to the international 

advanced level, but there are obvious gaps in miniaturization, 

integration, high accuracy, and high resolution, resulting in a 

long-term situation of being constrained by others. 

The deep-seated reason lies in the backward development 

of the related integrated circuit industry [4]. On the one hand, 

most domestic research focuses on error compensation, which 

has achieved certain results but cannot meet the requirements 

of lightweight and miniaturization due to complex systems 

and poor real-time performance. On the other hand, the im-

age-based displacement measurement technology (IDM) 

proposed by Yu Hai's team from the Changchun Institute of 

Optics, Fine Mechanics and Physics, Chinese Academy of 

Sciences, provides ideas for solving the contradiction between 

precision and miniaturization, but its precision still fails to 

meet the international 1 arcsecond standard. To sum up, tra-

ditional grating encoders have entered a bottleneck period due 

to the limitations of grating principles and manufacturing 

processes, and the contradiction between precision and min-

iaturization has not been resolved [5]. This paper proposes a 

unique phased array photoelectric detection array, which 

adopts the phase difference filtering principle for detector 

design. By changing the shape of the detector, harmonics are 

weakened, thereby obtaining an ideal sine wave signal. 

2. Phase Array Technology of Grating 

Encoders 

Traditional grating encoders adopt the principle of grating 

diffraction [6], which has high requirements on the precision 

and complexity of the optical system. The existing photoli-

thography process has reached the grating diffraction limit, 

leading to mutual constraints between the precision and 

miniaturization of grating encoders [7]. This study adopts an 

integrated research approach combining optics, mechanics, 

and electronics, integrating technologies such as phase dif-

ference filtering and optoelectronic integration into the de-

velopment of photoelectric detectors. On this basis, a fold-

ed-line phase array detector is studied, with the main goal of 

achieving high precision, miniaturization, and integration of 

the phase array detector. By applying phase difference filter-

ing technology, the phase array detector is designed and op-

timized to improve its performance and meet the requirements 

of modern high-precision encoders. This research aims to 

reduce the size of detector technology while maintaining or 

improving its precision and stability, providing efficient so-

lutions for various industrial applications. 

2.1. Basic Principle of Grating Encoders 

A photoelectric encoder mainly consists of a light source, a 

code disc, an indicator grating, a photoelectric detector, a 

signal processing circuit, and a mechanical rotating shaft. Its 

specific structural diagram is shown in Figure 1 [8-12]. The 

photoelectric conversion system of this system mainly in-

cludes a light source, a code disc, an optical disc, a detector, 

and a processing circuit. The code wheel and code disc gen-

erate Moiré fringes, and the detector converts the received 

optical signal into a weak current. The phase array detector 

involved in this paper is a system-on-chip specially applied to 

grating sensors, mainly including two parts: a detector array 

and an integrated circuit system. 

 
Figure 1. Schematic Diagram of Grating Encoder Structure. 

2.2. Phase Array Technology 

As an important innovation in the field of photoelectric 

encoders [13], phase array technology is theoretically based 

on the analysis method of grating Moiré fringes and combines 

the principles of phase difference filtering and signal super-

position. As shown in Figure 2, its principle uses the principle 

of spatial filtering to subdivide the split-phase detectors of 

four fields into multiple line combinations with different 

phases. For the pixel array composed of multiple detectors, 

each detector, corresponding to the grating, receives a trape-

zoidal light intensity signal. By means of superposition, mul-

tiple harmonics in the trapezoidal signal are attenuated. The 

more detectors arranged in a stacked manner in the phase 

array, the smaller the phase difference of each detector, the 

more obvious the suppression effect on harmonic components, 

and thus the better the sinusoidal nature of the signal wave-

form. 

 

http://www.sciencepg.com/journal/ijssn


International Journal of Sensors and Sensor Networks http://www.sciencepg.com/journal/ijssn 

 

67 

 
Figure 2. Filtering Principle of Phase Difference Detector Array. 

2.3. Principle of Phase Difference Filtering 

The phase difference filtering method is a noise suppres-

sion technology based on the dynamic analysis of signal 

phases [14]. This technology can accurately extract phase 

difference characteristics by real-time monitoring the phase 

fluctuation characteristics of adjacent signal units, thereby 

achieving effective filtering of high-frequency interference. 

Its innovation lies in using a phased array detection system to 

obtain multi-dimensional phase data and dynamically sepa-

rate the noise spectrum through intelligent algorithms, sig-

nificantly improving the signal-to-noise ratio while main-

taining signal integrity. Based on Figure 2, this study con-

structs a harmonic suppression algorithm for phase difference 

filtering technology: by establishing a trapezoidal wave Fou-

rier decomposition model, quantifying and analyzing the 

energy distribution characteristics of each harmonic, and 

designing a digital filter bank with phase compensation func-

tion, the suppression of 3rd, 5th, and other high-order har-

monics is finally realized [15]. Before conducting phase dif-

ference filtering analysis, the harmonic components of the 

trapezoidal signal are first analyzed. 
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Since the output signal of the detector is periodic and sat-

isfies the Dirichlet convergence condition, its waveform 

characteristics can be expanded by the Fourier series [16]. 
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The mathematical analysis through Fourier series expan-

sion shows that a trapezoidal wave can be decomposed into a 

linear superposition of DC components and harmonic com-

ponents. Among them, the constant term a₀  represents the 

DC level offset in the signal [17]; the amplitude Aₙ (n≥1) 

forms an amplitude spectrum sequence, reflecting the ampli-

tude stability characteristics of multi-phase signals; the phase 

angle φₙ (n≥1) forms a phase spectrum distribution, and its 

orthogonality can directly characterize the spatial distribution 

law of multi-phases. 

According to the Fourier expansion, the waveform expres-

sion generated by each detector can be listed [14]. 
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The above m represents the number of detectors in a col-

umn. By superposing these expressions, the waveform equa-

tion generated by the phase difference detector can be ob-

tained. 
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The waveform of θ(x) is obtained by calculating this equa-

tion. Figure 3. shows the harmonic components (x) when m 

takes different values. The red data (when the number of 

detectors m=1) shows the spectrum without phase difference 

filtering. In practical applications, implementing phase dif-

ference filtering requires balancing the number of detectors 

against system complexity. Figure 6 illustrates the harmonic 

components when m is 1, 7, and 13, respectively. Observing 

these three scenarios allows us to identify the challenges 

associated with different m values. While increasing M can 

further enhance signal quality, it also results in greater layout 

design complexity and more pronounced noise interference. 
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Figure 3. Analysis of the Influence of the Number of Detectors on 

Harmonic Components. 

3. Design of Phase Array Detector 

3.1. Phase Array Detector Scheme 

In practical applications, the implementation of phase dif-

ference filtering needs to balance the number of detectors and 

system complexity. Therefore, this paper designs 4 different 

detector arrangement methods, as shown in Figure 4. The 

period of the code wheel is 88.9 μm, which is significantly 

larger than the wavelength of the light source (650 nm). Based 

on this characteristic, the light-shielding principle of geomet-

ric optics can be used for analysis, and then this model is 

simulated in MATLAB software to simulate the overlapping 

area between the light transmitted when the code disc is dis-

placed and the folded-line detector. 

 
Figure 4. Simulation Analysis of Detector Array. 

As shown in the image file is loaded into MATLAB 

software and automatically converted into an array matrix, 

including Detector I, Slit I₁ , and Code Disc I₃ . Simulating 

the working principle of the encoder [18-20], matrices I and 

I₁  remain stationary, while I₃  overlaps with I in sequence. 

The light transmittance of I is the simulated output of the 

detector. According to the above principle, matrices I and I₁  

are first added to form I₂ , then columns 1-90, 2-91, 3-92,..., 

132-221 of I₃  are added to I₂  in sequence, and finally the 

number of zeros in the added matrix is counted in sequence 

and plotted into a curve. 

For the arrangement method in Scheme(a), the photocur-

rent generated by the detector is a triangular wave. Consid-

ering the diffraction phenomenon of light, the waveform of 

this scheme in practical applications is a triangular wave 

similar to a sine wave. Furthermore, comparing with 

Scheme(b), the shape of the detector is improved. Detectors 

with special shapes can directly generate sine waveforms, but 

they still tend to be triangular, and such special shapes cannot 

achieve good density and consistency. Comparing with the 

arrangement method in Scheme(c), although the consistency 

and density of the detectors are improved, the sinusoidal 

nature of the generated waveform cannot be guaranteed. 

Scheme(d) designed in this project improves the first three 

methods, thereby ensuring the consistency of the light re-

ceived by the detector and directly generating a sine wave-

form. This sinusoidal characteristic is better than that of 

Scheme(b). The above work proves that the method of su-

perposing detectors through different phase relationships in 

Scheme(d) has a significant impact on the sine wave of the 

obtained signal. 

3.2. Detector Based on CMOS Process 

The shape and arrangement of detectors are key design 

elements of phase array technology, which directly affect the 

waveform characteristics, signal-to-noise ratio, and system 

performance of photoelectric signals. However, this design is 

limited by mechanical processing precision and has not been 

widely used in integrated circuits. Studies on CMOS imagers 

point out that the geometric shape of the photosensitive 

window can directly affect the photocurrent waveform. Ex-

perimental verification shows that non-rectangular detectors 

(such as elliptical ones) can smooth signal transitions and 

reduce harmonic content. Therefore, a comprehensive evalu-

ation and analysis of the structure and performance of MOS 

and photodiodes provided by X-FAB are conducted. X-FAB's 

technical documents are very detailed, providing specific 

process details such as the vertical structure and doping con-

centration of the device. 

According to X-FAB's documents, the structure and pa-

rameters shown in the above figure are adopted, and the 

"folded-line" photoelectric detector is simulated and analyzed 

in Cadence software. A light source is added to one of two 

identical and adjacent detectors, and then the photocurrent of 

the two photoelectric detectors is detected. 

As shown in Figure 5, the simulation results show that 

changing the shape of the detector does not affect the detector 

performance, and good isolation can be achieved between 

detection devices. At the same time, the simulation results of 
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the 670 nm red light device show that the responsivity of the 

detector reaches 0.5 A/W, which is very close to the 0.44 A/W 

provided by X-FAB [21]. Therefore, it can be verified that 

X-FAB's process and the provided parameters are very relia-

ble, which can ensure the realization of the overall function of 

the chip and provide high performance. 

 
Figure 5. Simulation Results of Photoelectric Detector. 

3.3. Detector Performance Simulation 

Under the rectangular detector, the linear change of the 

grating shadow leads to a trapezoidal period of the overlap-

ping area, resulting in high harmonic content. The "fold-

ed-line" detector breaks this rule by introducing non-linear 

edges. Therefore, the phase array detector designed in this 

paper is designed into a "folded-line" shape. The layout of the 

overall chip is shown in Figure 6. The design follows the 

principle of matching. For the MOS tubes with larger sizes in 

the circuit, the wiring is as symmetrical as possible, and the 

capacitors and MOS tubes are isolated from each other by 

using Dummy structures. 

 
Figure 6. Layout of Folded-Line Phase Array Detector. 

The transient simulation results of the chip layout are 

shown in Figure 7. The abscissa represents time, and the 

ordinate represents the voltage value of the output signal. The 

phase and amplitude of the output signal are consistent with 

the theoretical values, which verifies that the matching of the 

chip layout is good, ensuring the realization of the function of 

the folded-line detector and having good orthogonality [22]. 

 
Figure 7. Transient Simulation Results of Chip Layout. 

The phase and amplitude of the four-channel output signal 

are consistent with the theoretical value, and the circuit has 

realized the basic functions. It can be seen from the figure that 

the center of the fitted Lissajou circle of the two outputs is (1.25, 

1.25), that is, the off-chip reference voltage VRIN. The diam-

eter of the circle corresponds to the VPP of the output signal. 

4. Conclusions 

This paper proposes a new type of phased array photoe-

lectric detection array, applying the phase difference filtering 

principle to the design of photoelectric detectors. The phase 

difference filtering method is used, and through four-field 

split-phase, each field is divided into multiple small parts with 

different phases for arrangement and combination. The 

high-order harmonics are weakened by using the different 

phase arrangement relationships of the combinations, thereby 

improving the output signal quality of Moiré fringes. This 

design not only effectively weakens harmonics but also meets 

the requirements of a compact array layout. At the same time, 

the circuit conforms to the concept of optoelectronic integra-

tion, ensuring sufficient symmetry and stability of the design 

while restoring the original signal received by the detector as 

much as possible. It not only improves the economy of the 

system but also enhances the convenience of the system. 
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