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Introduction 

Quadrant photodiodes are critical components in 

optical tracking and displacement measurement 

systems. Typical applications include beam 

centering of the pick-up laser in optical data 

storage devices, bead position measurement and 

trap stiffness calibration in laser tweezers (optical 

trapping) systems, cantilever displacement 

measurement in scanning probe microscopy, and 

laser tracking in a variety of long distance 

applications such as free-space and satellite 

optical communications as well as alignment 

applications in civil engineering and mining 

industry. Moreover, quadrant photodiodes are 

among the most commonly used position 

sensitive detectors for two-dimensional beam 

centering and displacement measurement, due to 

their simple and robust design and high 

sensitivity. However, the circuitry, i.e. the analog 

signal processing chain that follows each quadrant 

photodiode, limits the characteristic of the overall 

sensing system. Therefore, special attention 

should be paid in the design of the accompanying 

circuitry. Typically, the quadrant photodiode-

based displacement measurement system is used 

outdoors (such as in civil engineering and mining 

industry), where the measurement system must 

be battery powered. Keeping in mind that such a 

measurement system is typically extensively 

used, there is a constant need to lower the 

voltage of the power supply as well as the power 

consumption, so one must pay close attention to 

the circuit design.  

In this app note we will present a low voltage, 

ultra-low power, low-noise quadrant photodiode 

circuit design for high precision displacement 

measurement based on the SLG88104V Rail to 

Rail I/O 375 nA Quad OpAmp. 

Position Measurement  

with the Quadrant Photodiode 

A measurement system’s specific requirements 

are often dependent on: precision, accuracy, 

linearity, dynamic range, and frequency 

bandwidth. Between the object whose position is 

to be measured and the quadrant photodiode, an 

optical system consisting of a light source 

(typically a laser or LED is used) and typically 

very simple passive optical components are used 

to fulfill these appointed requirements. This 

specific and simple optical system has a role in 

determining the object position, and the position 

of the light spot on the quadrant photodiode’s 

sensitive surface. The light spot irradiance 

distribution on the quadrant photodiode surface 

mostly depends on the light source used, but also 

on the object-coupling optics arrangement. 

Regardless of the light spot irradiance distribution 

on the quadrant photodiode surface, most 

algorithms for light spot position evaluation with 

respect to the quadrant photodiode center are 

based on the position measurement of the light 

spot’s center of gravity. Such an algorithm 

enables high sensitivity, high speed, and high 

resolution position measurement. Each quadrant 

photodiode consists of four matched photodiodes 

deposited on a single chip as shown in Figure 1. 

Depending on the light spot position and shape on 

the quadrant photodiode surface, each photodiode 

will generate the electric current that linearly 

depends on the amount of the captured optical 

power. Therefore, if the light spot is symmetric 

about both axes and centered in the quadrant 

photodiode center, the currents of all four 

photodiodes will be the same. If the light spot 

center is shifted from the quadrant photodiode 

center, the currents will differ.  
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In order to determine the position of the light spot 

center regarding the center of the quadrant 

photodiode, the photodiode currents must be 

processed in such a way that at the circuitry 

outputs we have the voltage signals that are 

proportional to the light spot displacements along 

both axes. Moreover, as the overall optical power 

that is captured by the quadrant photodiode 

might vary, the circuitry at its output must 

provide the voltage signal, which carries the 

information about the overall optical power. This 

signal serves as the normalization signal. In order 

to fulfill all these requirements, the corresponding 

circuitry can be successfully produced based on 

the SLG88104V Rail to Rail I/O 375 nA Quad 

OpAmp operational amplifiers. 

Direct measurement of the light spot center 

position with respect to the quadrant photodiode 

center by processing electrical current signals 

from the quadrant photodiode is not possible. 

However, by measuring these current signals, it 

would be possible to estimate only the ratios of 

positions of the light spot and the parameters of 

the irradiance distribution onto the quadrant 

photodiode surface. To determine these relations, 

it is essential to know the irradiance distribution 

on the quadrant photodiode surface. Due to the 

complex mathematical relations between the light 

spot center positions and the photodiodes 

generated electrical currents, the exact 

measurements of these ratios are not possible. 

Typically light spot movements onto the quadrant 

photodiode surface are small. Therefore, the light 

spot center positions are proportional to the 

photodiode currents in the following way: 
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where x and y are the positions of the light spot 

center along the X and Y axes, respectively, and ij 

is the electrical current acquired by the quadrant 

Figure 1. Photo of a quadrant 

photodiode with four matched 

photodiodes deposited on a single 

chip 

Figure 2. Quadrant photodiode (QPD) 

consisted of four photodiodes (PD1, PD2, 

PD3 and PD4) illuminated in a way to 

form the light spot (LS) on its surface 
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photodiode j-th quadrant, where j = 1,2,3,4, as it 

is depicted in Fig. 2. In order to eliminate the 

influence of the possible variations of the light 

source emitted power on the measurement 

process, the normalization with the overall 

captured optical power must occur, i.e. the 

current difference signals (
( ) ( )3241 iiii +−+

 and 

( ) ( )4321 iiii +−+
) must be divided by the 

corresponding signal proportional to the sum of 

the all four photodiode currents ( 4321 iiii +++
). 

The Quadrant Photodiode Circuitry 

In order to enable measurement of the light spot 

position, i.e. the position of the corresponding 

object, the circuitry that follows the quadrant 

photodiode must provide the currents difference 

signals as well as the signal proportional to the 

sum of all photodiode currents.  

 

Typical circuitry that fulfills this condition consists 

of at least seven operational amplifiers. A larger 

number of operational amplifiers can increase the 

overall power consumption as well as deteriorate 

the characteristics of the overall signal processing 

chain. In order to provide the low voltage, ultra-

low power, low-noise quadrant photodiode 

circuitry, only three operational amplifiers can be 

employed for the analog signal processing of the 

photodiode currents, while the fourth operational 

amplifier is used only for the biasing purpose. This 

relatively simple circuit is presented in Figure. 

One can notice from Figure that all needed 

arithmetic has been performed by using the 

resistive network consisting of resistors with the 

same value RL. By taking the advantage that 

quadrant photodiode anode current is equal to the 

sum of all four individual photodiode currents, the 

currents that come into three transimpedance 

amplifiers iX, iY and iΣ are given by: 
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.      (2) 

The transimpedance amplifiers convert the 

current signals into the corresponding voltage 

signals vX, vY and vΣ given by: 
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, (3) 

where RF is the feedback resistor resistance and 

the transimpedance amplifier gain. 

It is worth mentioning that the purpose of the two 

resistors RL that are connected between the 

cathode of the photodiode PD1 and ground is the 
Figure 3. The suggested quadrant 

photodiode circuitry 
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symmetrization, i.e. all four photodiodes must be 

connected to the same resistance in order to 

match their frequency responses. 

Biasing the Quadrant Photodiode 

Circuitry 

The operational amplifiers have dual power 

supply, i.e. they are biased by two voltage 

sources VDD (VDD > 0) and VSS (VSS < 0). In order 

to provide photoconductive mode of the quadrant 

photodiode, the voltage source VSS is connected 

to the common anode by the resistor RL making 

the quadrant photodiode inversely polarized. 

However, this inverse polarization adds the DC 

voltage at the output of the transimpedance 

amplifiers even if the quadrant diode isn't 

illuminated, thus introducing the measurement 

error. Therefore, two constant voltages VB and VL 

are employed to compensate the influence of the 

quadrant photodiode inverse polarization and to 

eliminate measurement error. Neglecting the 

operational amplifiers’ offset voltages and input 

currents and the dark currents of the quadrant 

photodiode, the outputs of all three 

transimpedance amplifiers must be equal to zero 

when the quadrant photodiode isn't illuminated. 

These conditions are fulfilled if the following two 

conditions are satisfied: 
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The auxiliary circuits that provide these two 

constant voltages are presented at the bottom of 

Figure. In order to be able to simply set these two 

voltages at the desired levels without using the 

potentiometers one can simply choose 

RRR == LF  where the following is obtained: 

2SSB VV −=
, 

8SSL VV =
, 

2B2B1 =RR
, and 

7L2L1 =RR
. It is important to point out that if the 

circuitry is battery powered, the drop of the 

battery voltage will not influence the voltage 

levels at the outputs of all three transimpedance 

amplifiers, irrespective of the voltage drop. 

Small Signal Analysis of the Quadrant 

Photodiode Circuitry 

When the quadrant photodiode is exposed to 

optical illumination, the photocurrents from the 

photodiodes will rush into the circuitry thus 

providing the information about the light spot 

position. The corresponding voltage signals are 

given by equation (3). However, these currents 

can influence the polarization of the quadrant 

photodiode. The inverse polarization voltages of 

the photodiodes are given by: 
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In order to keep the quadrant photodiode in the 

photoconductive mode, each of four photodiode 

corresponding inverse polarization voltages must 

be positive. Bearing in mind that for high linearity 

position measurement, 
44321 Iiiii 

 must 

be satisfied, where 4321 iiiiI +++=
, the condition 

for quadrant photodiode photoconductive mode is 

given by: 
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where 
RRR == LF  and 

2SSB VV −=
 was 

assumed. This condition limits the maximal optical 

power of the light source that illuminates the 

quadrant photodiode keeping the overall quadrant 



 
 

 

 

 

© 2022 Renesas Electronics Corporation Page 5 of 11 

Low Voltage, Ultra-Low Power, Low-Noise Quadrant 

Photodiode Circuitry for High Precision  

Displacement Measurement 

 

photodiode current below the maximal value 

defined by inequality (6). 

Noise Analysis of the Quadrant 

Photodiode Circuitry 

Due to the large number of components, there 

are a large number of noise sources in the 

quadrant photodiode circuitry presented in Figure 

which makes the noise analysis rather 

complicated and time consuming. However, if we 

take 
RRR == LF , the power spectral densities of 

the voltage noise signals 

2

Xnv
 and 

2

Ynv
 at the 

output of the transimpedance amplifiers get the 

simpler form given by: 
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where 

2

ni
 and 

2

ne
 are the power spectral 

densities of the operational amplifier input current 

and voltage noises, respectively, q = 1.6×10-19 C 

is the elementary positive charge, I is the overall 

quadrant photodiode current, k = 1.38×10-23 J/K 

is the Boltzmann constant, and T is the circuit 

absolute temperature. The power spectral density 

of the voltage noise signal at the output of the 

third transimpedance amplifier, where the voltage 

signal vΣ, proportional to the sum of each 

photodiode currents is presented, isn’t taken into 

consideration as this signal is much higher than 

other two, which are proportional to the difference 

in currents, and thus much less sensitive to the 

disturbances caused by the noise. Finally, the 

signal-to-noise ratios SNRX and SNRY at the 

transimpedance amplifiers outputs are: 
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where B is the bandwidth of interest. 

Frequency Response of the Quadrant 

Photodiode Circuitry 

Typically, photodiodes can be modeled in the 

photoconductive mode as a current source, which 

is connected in parallel with the photodiode 

parasitic capacitance. In order to eliminate 

crosstalk and measurement error at higher 

frequencies, there are some restrictions in resistor 

values.  

Crosstalk and measurement error will be 

negligible if the photodiode impedance is much 

higher than the impedance connected to the 

photodiode. Therefore, the following conditions 

must be fulfilled: 
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where ω is the angular frequency and CPD is the 

capacitance of each of four photodiodes. Bearing 

in mind that B is the bandwidth of interest, we 

have the following for the maximal value of the 

circuitry resistors: 
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Realization with SLG88104V Rail to 

Rail I/O 375 nA Quad OpAmp 

The realization of the quadrant photodiode analog 

signal processing circuitry will be based on the 

unique characteristics of the SLG88104V Rail to 

Rail I/O 375 nA Quad OpAmp operational 

amplifiers. The use of these operational amplifiers 

will enable us to design low voltage, ultra-low 

power low-noise circuitry that at its outputs will 

provide the signals proportional to the 

displacements in two dimensions. Due to the high 

sensitivity of the sensor and low-noise design, 

these signals will provide very precise information 

about the displacements reaching the nanometer 

realm. 

The complete circuitry is aimed to measure 

physical position of the object of interest. 

Typically, the frequency range of interest in the 

case of mechanical movement lies below 1 kHz (B 

≤ 1 kHz) where the typical value of photodiode 

parasitic capacitance is in the range of 10 pF (CPD 

≈ 10 pF). According to the inequality (10) the 

resistance of the resistor must fulfill R <<21 MΩ. 

If we choose R =1MΩ then the crosstalk is lower 

than 1.6%, which is, on the other side, 

significantly lower than the typical interquadrant 

crosstalk of the quadrant photodiode of 5%. The 

inequality (6) limits the maximal overall current of 

the quadrant photodiode. If we take a simple 

battery power supply having VSS=-1.5V then 

according to inequality (6) the maximal sum of 

the photodiode currents must be lower than 1μA 

(I<1μA). According to equation (3) the maximal 

amplitude of the transimpedance amplifier output 

voltage signal, which is proportional to the sum of 

photodiode currents, must be lower than 250 mV. 

This data should be taken into consideration when 

choosing the adequate light source and its optical 

power for the quadrant photodiode illumination. 

In order to test the circuit characteristics prior to 

the actual experimental verification, a simulation 

in LT Spice XVII software package has been 

performed based on the SLG88104V Rail to Rail 

I/O 375 nA Quad OpAmp operational amplifier 

spice model. The circuit model is presented in 

Figure. Besides the resistor’s value of R = 1MΩ, 

the following values of the components have been 

chosen: VDD = 1.5V, VSS = -1.5V, RB1 = 2MΩ, 

RB2 = 1MΩ, and CB2 = 220nF (this capacitance 

value has been chosen in order to keep corner 

frequency below 1Hz).  

The auxiliary circuit (simple voltage divider) that 

should provide DC voltage VL is realized as a 

simple R-2R voltage divider because the voltage 

VL is 8 = 23 times smaller than the power supply 

voltage VSS. In order to suppress the noise 

signals, the same value for the capacitance CL6 = 

220nF has been used for the first auxiliary 

circuit. One can notice that the complete circuit 

can be arranged by using resistors having the 

same resistance value.  
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Transimpedance amplifiers feedback resistors 

have typically parasitic capacitance in the range 

of 0.2pF, which can deteriorate the amplifier 

characteristics. Therefore, each feedback resistor 

has in parallel capacitance with this value.  

Finally, each photodiode has been modeled as the 

current source in parallel with the capacitance of 

10pF, which represents the typical value of the 

photodiode parasitic capacitance. 

The simulation results where it was assumed the 

pulsed illumination of the quadrant photodiode, 

i.e. the photodiode currents have been modeled 

as pulsed current sources is presented in Figure 5. 

Simulation results present the transient response 

of the circuit where (a) the light spot center is 

located in the first quadrant and (b) the light spot 

center is located in the second quadrant of the 

quadrant photodiode. 

Figure 4. The Circuit Simulation Model 

a) 
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In order to find the frequency response of the 

complete circuitry an AC analysis was performed 

individually for each current source representing 

the corresponding photodiode, and for each 

output of the transimpedance amplifiers. Table 1 

shows the simulation results where the numbers 

in the table represent the corresponding 

bandwidth. One can notice that each bandwidth is 

significantly larger than the typical 1 kHz 

bandwidth needed for capturing fast mechanical 

movement. 

 VX VY VS 

IPD1 6.7 kHz 6.7 kHz 6.8 kHz 

IPD2 2.8 kHz 3.2 kHz 5.3 kHz 

IPD3 4.8 kHz 4.7 kHz 4.5 kHz 

IPD4 3.2 kHz 2.8 kHz 5.3 kHz 

 

Table 1. AC analysis simulation results 

 

Taking into consideration the bandwidth of 

interest of about B ≈ 1 kHz and the power 

spectral densities of the transimpedance output 

voltage signals given by equations (7), one can 

obtain the 1σ noise floor of approximately 15 μV. 

 

 

Finally, according to the simulation results the 

overall power consumption of the complete circuit 

when the quadrant photodiode isn’t illuminated is 

approximately 9 μW. Bear in mind that the overall 

quadrant photodiode current is smaller than 1 μA, 

so the power consumption wouldn’t be 

significantly larger if the quadrant photodiode is 

illuminated. 

Example Implementation 

Based on the provided evaluation board for the 

SLG88104V Rail to Rail I/O 375 nA Quad OpAmp 

and the quadrant PIN photodiode QDY80P 

(http://nanosys.ihtm.bg.ac.rs/english/catal

og/qdy80p.pdf) with the active area of 80 mm2 

and the unit price of about 100 USD the test 

circuitry has been built. The photo of the proto-

board realized circuitry is shown in Figure 6. 

In order to test the circuit characteristics, the 

quadrant photodiode is exposed to the pulsed 

illumination with the help of an infrared LED that 

has a small radiation angle. One must pay special 

attention to the LED driving current as the LED 

emitted optical power must be in the range of a 

couple of μW.  

b) 

 

Figure 5. The simulation results where (a) the light spot center is located in the first 

quadrant and (b) the light spot center is located in the second quadrant 

http://nanosys.ihtm.bg.ac.rs/english/catalog/qdy80p.pdf
http://nanosys.ihtm.bg.ac.rs/english/catalog/qdy80p.pdf
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Figure 1. The photo of the circuitry where EB is the evaluation board, QPD is the 

quadrant photodiode and LED is the light emitting diode 

 

(a) Channel 1 (yellow) – vΣ and 

channel 2 (blue) – vX. 
b) Channel 1 (yellow) – vΣ and 

channel 2 (blue) – vX. 
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This low power will keep the quadrant photodiode 

in the photoconductive mode thus providing high 

linearity of the overall circuit. Depending on the 

position of the light spot on the quadrant 

photodiode active surface we perform several 

measurements of the transimpedance output 

voltage signals. These measurements are 

captured by the digital storage oscilloscope and 

presented in Figure 7.  

 

 

Figures (a), (c), and (e) represent the voltage 

signals vΣ and vX, vΣ and vY, and vX and vY, 

respectively when the center of the light spot is 

located in the first quadrant. Figures (b), (d), and 

(f) represent the voltage signals vΣ and vX, vΣ and 

vY, and vX and vY, respectively when center of the 

light spot is located in the third quadrant. 

(c) Channel 1 (yellow) – vΣ and channel 

2 (blue) – vY 

(d) Channel 1 (yellow) – vΣ and channel 

2 (blue) – vY. 

(e) Channel 1 (yellow) – vX and channel 

2 (blue) – vY 

(f) Channel 1 (yellow) – vX and channel 

2 (blue) – vY. 

Figure 7. Transimpedance amplifiers output voltage signals captured by the digital 

storage oscilloscope 
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Conclusion 

The high-precision displacement measurement 

based on the quadrant photodiode and 

corresponding circuitry has a very wide use in 

many fields of application. By introducing a low 

voltage, ultra-low power measurement system, 

which can be easily battery powered, the fields of 

application can be much broader. The circuitry 

has a very unique design that can be tested with 

different types of quadrant photodiodes, proving 

the concept of the circuit design. Moreover, the 

result of this test can be used in order to improve 

the design in a way to reach higher-precision and 

wider bandwidth. 
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