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Abstract
The feasible resolution of angular displacement measurement by an optical angle sensor based on laser autocollimation is 
investigated. Improving the sensor sensitivity while maintaining the noise level of the sensor signal as low as possible is 
necessary to achieve high-resolution angular displacement measurement. In this paper, the contribution of each component, 
such as a photodiode, a trans-impedance amplifier, and an analog-to-digital converter in the optical angle sensor, to the noise 
level of the sensor signal is first estimated on the basis of theoretical equations. The feasible sensitivity of the optical angle 
sensor is also estimated in numerical calculations. The sensitivity of a photodiode element at the edge of its photosensitive 
area is evaluated in experiments to realize the estimation of the angle sensor sensitivity. Experimental results are applied to 
the numerical calculations. The influences of the measurement laser beam diameter, the spot diameter of the focused laser 
beam on the photosensitive area, and the focal length of the collimator objective of the optical angle sensor are also consid-
ered in the numerical calculations. Finally, a prototype optical setup is developed. Experiments are performed to demonstrate 
that a compact optical angle sensor based on laser autocollimation with a collimator objective having a focal length shorter 
than 100 mm can achieve a resolution beyond 0.001 arc-second with a bandwidth of 1 kHz. This resolution is better than 
those achieved by commercial autocollimators employing an image sensor or a position-sensitive detector. The industrial 
contribution of this paper lies in the detailed breakdown of noise components in the readout signal of an angle sensor in a 
practical condition and the systematic estimation of its feasible resolution as well as its sensitivity.

Highlights

1.  Results of calculations and experiments have demon-
strated that a resolution beyond 0.001 arc-second can 
be achieved.

2.  Attention should be paid to the edge sensitivity of a pho-
todiode element for highly sensitive angle measurement.

3.  A focused laser beam has been found to damage a pho-
todiode surface even with laser power on the order of 
milliwatts.
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1 Introduction

Angle, together with length, is one of the most important 
physical quantities in a wide range of academic and indus-
trial fields, as well as in production engineering [1]. Rotary 
encoders with a ring–disk scale are often employed in appli-
cations that require high-resolution angle measurement over 
a wide angular measurement range [2]. Meanwhile, optical 
angle sensors such as autocollimators are often employed for 
high-resolution angle measurement over a narrow angular 
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measurement range of several hundred to several thousand 
arc-seconds in applications where the axis of rotation is not 
fixed [3–6]. These sensors have often been employed to 
detect the angular displacement of moving objects, such as 
a linear slide, in precision equipment due to their capability 
to measure angular displacement independent of the work-
ing distance [7]. In recent years, autocollimators have been 
increasingly applied to precision form measurement applica-
tions based on angular information, such as the evaluation of 
pitch deviation of diffraction scale gratings [8] and the form 
measurement of large-scale optical flats [9]. For such appli-
cations, in addition to expanding the angular measurement 
range, realizing substantially high measurement resolution 
is also necessary.

Two main approaches are used to achieve high measure-
ment resolution in optical angle sensors such as autocol-
limators. The first approach is to reduce noise components 
in the sensor readout signal. The method of reducing noise 
components by adjusting the grounding environment of the 
signal processing circuit [10, 11] is common. The utiliza-
tion of the differential technique with multiple readouts of 
photodetectors [12, 13] is also effective in reducing the noise 
components of the sensor readout signal. The effects of light 
intensity fluctuations and common mode noise from light 
sources can be reduced by this technique. Thus, this tech-
nique is often employed in angle sensors with multi-element 
photodiodes (PDs), which are the subject of this paper. A 
method to remove noise components and extract only the 
relevant frequency components using the lock-in amplifier 
principle could also be an effective solution to reduce the 
influence of noise components [14].

Another approach to high measurement resolution is to 
choose a sensitive measurement principle. One method to 
increase sensitivity is to magnify the angular displacement 
of a measurement target by using a critical angle prism [15] 
or a pair of quasi-parallel mirrors [16–18]. For example, Ref. 
[17] experimentally shows that an angular displacement of 
0.002 arc-second can be detected at a bandwidth of 10 Hz. 
By contrast, this amplification method requires careful align-
ment of the laser incidence with the magnification mecha-
nism and could easily be affected by the working distance, 
limiting its application. Meanwhile, autocollimators can be 
operated with relatively easy alignment, not limited by the 
working distance, due to their simple optical configurations 
and the function of the collimator objective employed in 
the optical setup. Two-dimensional image sensors, such 
as a charge-coupled device (CCD) or a complementary 
metal–oxide–semiconductor (C-MOS), are widely used in 
commercial autocollimators as a photodetector because 
they can detect two-dimensional angular displacement over 
a relatively wide angular measurement range. On the pho-
tosensitive surface of a CCD or C-MOS image sensor in an 
autocollimator, the position change of the focused image 

per angular displacement of a measurement target can be 
increased by employing a collimator objective with a long 
focal length f. A resolution of better than 0.01 arc-second 
can be achieved by employing a collimator objective with 
f = 300 mm or longer [3, 5, 19]. However, this resolution 
increases the size of the optical head of an autocollimator.

By contrast, optical angle sensors based on laser auto-
collimation [20] employing a PD as a photodetector can 
possibly achieve a substantially high resolution. The angle 
detection sensitivity is independent of the focal length of the 
collimator objective under the condition with uniform light 
intensity distribution in the focused spot on the photosensi-
tive surface [12]; this condition contributes to the realization 
of highly sensitive angular displacement measurement by a 
compact optical system [21]. Furthermore, achieving even 
high sensitivity and realizing ultrasensitive angular displace-
ment detection is possible by reducing the diameter of the 
focused laser beam on the PD element and using the edge of 
the single-element PD to detect the laser beam. Thus far, a 
resolution of 0.001 arc-second with a bandwidth of 12.5 Hz 
has been demonstrated in experiments [22].

Improving the sensitivity of angular displacement meas-
urement while maintaining the noise level of the sensor 
signal as low as possible is necessary to further enhance 
the resolution. This paper attempts to estimate the feasible 
resolution of angular displacement measurement using an 
optical angle sensor based on laser autocollimation. First, 
the contributions of major noise sources in the optical angle 
sensor are estimated on the basis of theoretical equations. 
The feasible sensitivity of the optical angle sensor is then 
estimated. The sensitivity profile of the PD element at the 
edge of its photosensitive area is evaluated in experiments 
to estimate the sensitivity of angular displacement measure-
ment precisely. Numerical calculations are then conducted 
using the sensitivity profile obtained in the experiments to 
investigate the influences of the measurement laser beam 
diameter and the focal length of the collimator objective 
on the sensitivity of angular displacement measurement. 
Finally, a feasible resolution of the angular displacement 
measurement is estimated. A prototype of the optical angle 
sensor with a dual-element PD is also developed, and experi-
ments are conducted to demonstrate that the optical angle 
sensor based on laser autocollimation can achieve a resolu-
tion better than 0.001 arc-second.

Laser autocollimation [20], which is the measure-
ment principle of the angle sensor in this paper, is a well-
researched method [12]. By contrast, external disturbances 
could easily affect the readout signal of an angle sensor 
employing PDs as light-receiving elements. Most of the 
approaches experimentally suppressed the noise components 
in the readout signal through trial and error in adjusting sig-
nal processing circuits. In this paper, the authors summarize 
the breakdown details of noise components in the readout 



Nanomanufacturing and Metrology            (2023) 6:32  

1 3

Page 3 of 14    32 

signal of an angle sensor and its sensitivity in a practical 
environment to estimate the feasible resolution quantita-
tively. Thus, this detailed summary would be a valuable 
contribution to the industry.

2  Estimation of the Noise Components 
in the Readouts of a Dual‑Element 
Photodiode

A typical optical system configuration of an angle sen-
sor based on laser autocollimation is shown in Fig. 1. The 
laser beam from the fiber end is collimated by a collimat-
ing lens and is employed as the measurement laser beam. 
The measurement laser beam then passes through a polar-
izing beam splitter (PBS) and a quarter-wave plate (QWP). 
The polarization state of the measurement laser beam is 
adjusted so that most of the laser beam passes through the 
PBS. The PBS passes only the p-polarized component, 
which becomes circularly polarized after passing through 
the QWP and entering the plane reflector. The reflected light 
from the reflector becomes s-polarized and is reflected by 
the PBS when it passes through the QWP again. The laser 
beam reflected by the QWP is focused onto a photodetector 
by a collimator objective. The misalignment of the QWP 
and PBS could affect the power of the laser beam captured 
by the PD. However, this influence can be canceled by the 
normalization operation described below, and the sensitivity 
of the angle sensor remains unaffected. The reflected laser 
beam is focused onto a photodetector whose photosensitive 
surface is placed at the focal plane of the collimator objec-
tive. The angular displacement of the plane mirror reflector 
is detected as the in-plane displacement of the laser beam 
focused on the photosensitive surface. When a small angular 
displacement ΔθY about the Y-axis in the figure is given to 
the plane mirror reflector, the X-directional displacement Δx 
of the focused laser beam on the photosensitive surface can 
be expressed as follows:

where f is the focal length of the collimator objective, which 
is known as the design value of the angle sensor. Therefore, 
ΔθY can be measured by detecting Δx. Notably, the detec-
tion resolution and range of Δx by the PD could directly 
affect the resolution and range of angular displacement 
measurement. With the employment of a single-element PD, 
despite the limited measurement range, high resolution can 
be achieved by configuring the optical system to minimize 
the spot diameter of the focused laser beam on the photo-
sensitive surface [22].

In an optical angle sensor using a dual-element PD as 
a photodetector, Δx is detected on the basis of changes in 
photocurrents generated by the two adjacent elements and 
is converted into ΔθY based on Eq. (1). Let IA and IB be 
the photocurrents from the adjacent elements  PDA and  PDB, 
respectively, and let VA and VB be the voltage outputs after 
their conversion by ideal trans-impedance amplifiers. Under 
the condition where Δx is small, the normalized output H 
of the angle sensor can be expressed by the following equa-
tion [12]:

where K is a coefficient that is affected by the diameter of 
the measurement laser beam D, the focal length f of the col-
limator objective, and the sensitivity distribution of the PD 
element, which can all be obtained experimentally.

Figure 2 shows a signal processing circuit for a PD ele-
ment. This circuit comprises a PD element, a trans-imped-
ance amplifier, a voltage follower, and an analog-to-digital 
converter (ADC). A first-order RC low-pass filter com-
prises a resistor with a resistance of RF, and a capacitor 
with a capacitance of CF is also included in the circuit. In 
the figure, the PD element is represented as an equivalent 
circuit with a current source, a shunt resistor with a resist-
ance of R1, and a capacitor with a capacitance of C1. The 
noise in the output signal of an optical angle sensor can 
be estimated by calculating the root mean square of the 

(1)Δx = f tan 2Δ�Y ≈ 2fΔ�Y

(2)H =
VA − VB

VA + VB

=
IA − IB

IA + IB
≈ K ⋅ Δx

Fig. 1  Typical optical system configuration of an angle sensor based 
on laser autocollimation

Fig. 2  Signal processing circuit for a photodiode element
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contributions of these noise sources. In the following, the 
contribution of each noise source is estimated on the basis 
of theoretical equations.

 (a) Contribution of a PD element Thermal noise in the 
shunt resistor, photocurrent due to incident light, and 
shot noise generated by the dark current can be listed 
as contributing factors [23, 24]. The noise spectral 
density VNSD_R1-T [V/

√

Hz ] of the thermal noise due 
to the shunt resistance R1 is given by the following 
equation [24]:

where k is Boltzmann constant (approximately 
1.38 ×  10−23 [J/K]), and T [K] is the temperature. 
Thus, considering the noise gain due to the feedback 
resistor in the subsequent trans-impedance amplifier, 
the contribution of the thermal noise VN_R1-T [Vrms] 
can be given by the following equation [10]:

where R2 is the resistance of the feedback resistor in 
the trans-impedance amplifier, fcut is the cutoff fre-
quency that can be represented as fcut = 1/(2πRFCF), 
and fL is the lowest frequency. It should be noted that 
the effective bandwidth obtained by multiplying fcut 
by π/2 is applied in the equation. By contrast, the 
spectral density of shot noise INSD_PD [A/

√

Hz ] gen-
erated by the photocurrent IPD due to the irradiated 
light is given by the following equation [24]:

where e [C] is the elementary charge, A [A/W] is 
the photosensitivity of the PD element, and P [W] 
is the power of irradiated light on the PD element. 
The current flows through the feedback resistor and 
is converted to a voltage. Thus, its contribution VN_PD 
[Vrms] can be calculated by the following equation:

   It should be noted that the dark current, which is 
generally given in the specification sheet of a PD, 
could also contribute to the noise of the sensor output 
signal. However, its contribution is negligibly small 
when PD in an optical angle sensor is operated in the 
photovoltaic mode, in which the bias voltage is set to 
zero.

(3)VNSD_R1 - T =
√

4kTR1

(4)VN_R1 - T =
R2

R1

VNSD_R1 - T

√

π

2
fcut − fL

(5)INSD_PD =
√

2eIPD =
√

2eAP

(6)VN_PD = R2 ⋅ INSD_PD

√

π

2
fcut − fL

 (b) Noise generated by the trans-impedance amplifier and 
the voltage follower Noise generated by 
the trans-impedance amplifier includes current and 
voltage noises in an operational amplifier (op-amp) 
and thermal and current noises in the feedback resis-
tor. The current noise inside the op-amp should be 
considered only on the inverting input because the 
non-inverting input is grounded in the circuit. The 
spectral density of the current noise INSD_TI [A/

√

Hz ] 
is often given in the specification sheet of an op-amp 
and can be regarded as almost constant in a practical 
bandwidth. This input current noise flows through 
the feedback resistor R2 and is converted to a volt-
age. Thus, its contribution (VN_TI-I [Vrms]) can be 
calculated by the following equation:

   Next, the internal voltage noise VN_TI-V of the op-
amp is considered. VN_TI-V can be obtained by mul-
tiplying the gain noise by the spectral density of the 
voltage noise VNSD_TI [V/

√

Hz ] of the op-amp, which 
is often given in the specification sheet of the op-
amp. The contribution of the internal voltage noise 
in the frequency range above the 1/f corner frequency 
(fcor) of the op-amp, VN_TI-V(H) [Vrms], is given by the 
following equation [10]:

   Meanwhile, the contribution of the internal volt-
age noise in the frequency range below fcor, VN_TI-V(L) 
[Vrms], is given as follows [10]:

   From the above equations, the contribution of the 
internal voltage noise of the op-amp, VN_TI-V [Vrms], 
can be obtained by the following equation:

   Meanwhile, the contribution of the thermal noise 
of the feedback resistor, VN_R2-T [Vrms], is given by 
the following equation:

(7)VN_TI - I = R2 ⋅ INSD_TI

√

π

2
fcut − fL

(8)VN_TI - V(H) =

(

1 +
C1

C2

)

VNSD_TI

√

π

2
fcut − fcor

(9)VN_TI - V(L) =

(

1 +
R2

R1

)

VNSD_TI

√

fcut loge
fcor

fL

(10)VN_TI - V =
√

V2
N_TI - V(H)

+ V2
N_TI - V(L)

(11)VN_R2 - T =

√

4kTR2 ×
(

π

2
fcut − fL

)
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   The current noise of the feedback resistor should 
also be considered in applications such as angle sen-
sors where the power of light irradiated on the PD 
element is relatively large. The contribution of the 
current noise of the feedback resistor VN_R2-I [Vrms] 
is given by the following equation [25]:

where IPD is the photocurrent generated via light 
irradiation (power: P [W]) onto a PD element. The 
parameter NI is the noise index, which is defined as 
the noise per decade (0 dB) when a voltage of 1 V 
is applied to the resistor. From the above equations, 
the contribution of the feedback resistor VN_R2 can be 
obtained as follows:

   Moreover, the contribution of the voltage follower 
VN_VF is given by the following equation:

where VNSD_VF is the voltage noise spectral density of 
the op-amp employed in the voltage follower.

(12)

VN_R2 - I = IPDR2 ⋅ 10
NI

20
−6

√

log10
fcut

fL

= (A ⋅ P) ⋅ R2 ⋅ 10
NI

20
−6

√

log10
fcut

fL
× 10−6

(13)VN_R2 =

√

V2
N_R2 - T

+ V2
N_R2 - I

(14)VN_VF = VNSD_VF

√

π

2
f2 − fL

 (c) Contribution of ADC The contribution of ADC VN_ADC 
[Vrms], which converts the analog signal from the 
voltage follower to a digital signal, mainly comprises 
two major noise components: input conversion noise 
and quantization noise. The noise of the reference 
voltage during analog-to-digital conversion also con-
tributes to the readout noise. VN_ADC can be found in 
the specification sheet of a data acquisition (DAQ) 
system. VN_ADC can also be obtained experimentally 
by shorting the input terminal of the DAQ system to 
its ground terminal.

   The total noise in the voltage signal of a PD ele-
ment to be obtained under a practical experimental 
condition is estimated on the basis of Eqs. (3) to (14). 
The parameters shown in Table 1 are used in the cal-
culations. Notably, some parameters are determined 
by referring to the specification sheets of the op-
amps [26, 27] employed in the experiments described 
in the following section of this paper. The cutoff fre-
quency fcut was set to 1 kHz, and the total noise and 
signal-to-noise ratio were calculated by using the 
power P of light irradiated on the PD element and 
the resistance R2 of the feedback resistor as variables. 
Figure 3 shows the results. The contour lines in the 
figures represent the signal voltage. Particularly, the 
upper limit of the signal voltage is set at 5 V, which is 
the maximum input voltage of a typical ADC. Under 
a certain power of incident light, a large value of 
R2 increases the voltage output as well as the noise 
component. However, the calculation results of the 

Table 1  Parameters for 
estimating the signal noise of a 
photodiode (PD) element

* 1From the specification sheet of S4204 [28]
* 20 dB corresponds to 1 μV when applied 1 V
* 3From the specification sheet of AD8661 [27]
* 4From the specification sheet of ADA4522 [26]

Items Symbol Value Unit

PD shunt resistor R1 1.0 ×  1010 [Ω]
PD capacitance C1 3.0 ×  10−12 [F]
PD sensitivity
at λ = 405 nm

A 0.2 *1 [A/W]

Boltzmann constant k 1.38 ×  10−23 [–]
Elementary charge e 1.6 ×  10−19 [C]
Feedback capacitance C2 1.0 ×  10−9 [F]
Temperature T 293 [K]
Noise index of the feedback resistor NI  − 20 [dB]*2

1/f corner frequency fcor 1.0 ×  103 [Hz]
Lowest frequency fL 1.0 ×  10−2 [Hz]
Voltage noise of the op-amp in trans-impedance amplifier VNSD_TI 1.2 ×  10−8 *3 [V/√Hz]
Current noise of the trans-impedance amplifier INSD_TI 1.0 ×  10−13 *3 [A/√Hz]
Voltage noise of the voltage follower VNSD_VF 5.8 ×  10−9 *4 [V/√Hz]
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signal-to-noise ratio show that superior signal qual-
ity is obtained when R2 is set large and close to the 
maximum input voltage of an ADC. The calculation 
results also show that for the same voltage output, 
increasing the power of incident light as much as 
possible and suppressing the increase in resistance 
of the feedback resistor is effective in improving the 
signal-to-noise ratio of the voltage signal of a PD 
element.

The theoretical equations described above reveal that the 
noise component of each element can be changed depending 
on the signal bandwidth. The change in each noise compo-
nent as a function of signal bandwidth is calculated on the 
basis of the parameters summarized in Table 1. This sum-
mary is made under the condition that a silicon PD with 
a sensitivity of 0.2 A/W at a wavelength of 405 nm [28] 
captures a laser beam with a wavelength λ of 405 nm and 
a power of 2 mW. The resistance of the feedback resistor 
is set to 10 kΩ; therefore, the voltage output of the PD ele-
ment becomes 4 V. The sampling frequency is set to twice 
the signal bandwidth. Figure 4 shows the results. The figure 
reveals that the contribution of the ADC is dominant, fol-
lowed by the shot noise generated by the photocurrent due 
to incident light, current noise in the feedback resistor, and 
1/f noise of the trans-impedance amplifier. The above cal-
culations are conducted assuming the use of a commercial 
data acquisition (DAQ) system having ADCs with a 24-bit 
resolution (NI-9202, National Instruments [29]). Employing 
a DAQ system with a lower noise component than the afore-
mentioned in a general experimental environment is difficult 
from a cost perspective. On the other hand, the contributions 
of the ADC and photocurrent IPD can be reduced by lower-
ing the signal bandwidth. The total noise is calculated to be 
reduced to approximately 6.6 μVrms by lowering the cutoff 
frequency to 160 Hz.

It should be noted that attention should be focused on the 
quality of the electric power supply for the signal process-
ing circuit. In the following experiments, an ultralow-noise 
DC–DC converter module with a noise level of approximately 
30 μVrms is employed. Regarding the power supply rejection 
ratio (PSRR) of an ordinary op-amp (− 95 dB in the worst 
case [27]), the contribution of the electric power supply is cal-
culated as 30 [μVrms] ×  10−95/20 = 5.33 ×  10−4  [μVrms] [30]. 
This value is almost negligibly small compared to other noise 
components in this application.

Moreover, the influence of the light intensity fluctuations 
induced by the instability of the laser source can be reduced 
through the arithmetic operation based on Eq. (2). However, 
the influence cannot be ignored if the PD output fluctuation 
due to light intensity fluctuations is extremely large compared 
to the contributions of other noise sources.

Fig. 3  Estimated noise level and 
signal-to-noise ratio a Noise 
level b Signal-to-noise ratio

Fig. 4  Estimated noise components in the voltage signal of a photo-
diode element
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3  Estimation of the Feasible Resolution

3.1  Evaluation of the Sensitivity Distributions of PD 
Elements

Understanding the sensitivity profiles of PD elements 
employed in the angle sensor is necessary to estimate the 
sensitivity of angular displacement measurements. In this 
study, the sensitivity profiles of the elements in the dual-ele-
ment PD, which was employed in the experiments described 
in the following section of this paper, were first evaluated 
by scanning a focused laser beam over the photosensitive 
surface. Figure 5 shows the experimental setup. A laser 
beam with a wavelength of 405 nm and a power of 2 mW 
was collimated into a beam with a diameter of 6 mm and 
focused onto the photosensitive area by a lens with a focal 
length of 40 mm. Preliminary measurements with a beam 
profiler confirmed that the spot diameter of the focused laser 
beam was approximately 5.6 μm, which was close to the 
diffraction limit. The parameters for the electronic circuit 
employed in the experiments are summarized in Table 2. 
Figure 6a shows the results. Notably, the output voltage is 
negative due to the characteristics of the trans-impedance 
amplifier. The results show that the voltage output of a PD 
element changed even when the adjacent PD element was 
irradiated by the focused laser beam. Figure 6b shows the 
sensitivity profile of the edge of each PD element calculated 
on the basis of the results shown in Fig. 6a. In the following 
numerical calculations, the resolution of angular displace-
ment measurement is estimated on the basis of the sensitiv-
ity profiles shown in Fig. 6b.

3.2  Estimating the Feasible Resolution 
by Numerical Calculations

The feasible resolution of angular displacement measure-
ment is estimated by using the sensitivity profiles of the PD 
elements. From Eqs. (1) and (2), the following equation can 
be obtained:

where SM [arc-second−1] corresponds to the sensitivity of 
the angular displacement measurement. In an actual angle 
sensor, SM is obtained through a calibration process with an 
external angle sensor. Therefore, the angular displacement 
ΔθY can be obtained on the basis of the observed voltage 
outputs VA and VB of the two adjacent PD elements. SM has 
nonlinear characteristics considering ΔθY [12]; however, SM 
can be regarded as approximately linear in the region where 
ΔθY is small. According to the results of numerical calcula-
tions described below, under conditions of f = 100 mm and 
D = 10 mm or less, the range of at least ± 5 arc-seconds can 
be treated as a nearly linear region where the coefficient 
of determination R2 = 0.999 or more can be ensured during 
linear fitting.

It should be noted that, reducing the influence of fluctua-
tions in the power of the measurement laser beam as well 
as the reflectance variations of the surface to be measured 

(15)H =
VA − VB

VA + VB

≈ K ⋅ 2fΔ�Y = SM ⋅ Δ�Y

Fig. 5  Setup for the evaluation of the sensitivity distributions of adja-
cent photodiode (PD) elements

Table 2  Parameters for the trans-impedance amplifier

Item Symbol Value Unit

Feedback capacitance C2 1.0 ×  10−9 [F]
Temperature T 293 [K]
Feedback resistor R2 1.0 ×  104 [Ω]

Fig. 6  Sensitivity profiles of the adjacent photodiode (PD) elements 
a Voltage output level of the outputs of  PDA and  PDB b Sensitivity 
profiles of  PDA and  PDB
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is possible by performing an arithmetic operation based on 
Eq. (15). The standard deviation σH of the normalized output 
of the angle sensor H can be calculated by the following 
equation:

where σVA and σVB are the standard deviations of the voltage 
outputs VA and VB of  PDA and  PDB, respectively, correspond-
ing to the noise levels of the voltage outputs of PD elements 
in Vrms calculated in Sect. 2. Finally, the resolution of angu-
lar displacement measurement θres can be estimated on the 
basis of the following equation:

The feasible sensitivity and resolution of angular dis-
placement measurement by an optical angle sensor with a 
dual-element PD are estimated by numerical calculations 
based on theoretical equations. Figure 7 shows a model for 
the numerical calculations. The model assumes that angular 
displacements in a step of 0.1 arc-second are given to a plane 
mirror reflector, and the measurement laser beam with the 
diameter D reflected from the mirror reflector is focused 
by a collimator objective with the focal length f on  PDA 
and  PDB having the sensitivity profiles shown in Fig. 6b. 
Parameters in Tables 1 and 2 are applied to the numerical 
calculations. Figure 8 shows an example of the calculation 
result of the change in the normalized output H consider-
ing the angular displacement given to the mirror reflector, 
from which the sensitivity SM of the angle sensor can be 
estimated. The resolution of the angle sensor is estimated 
on the basis of Eq. (17) by using the obtained SM. Figure 9a 
shows the calculated relationship among D, f, and SM. The 
diameter d of the focused laser beam at each combination 
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of (D, f) is also represented by contour lines in the figure. D 
and d are defined as 1/e2 width. It should be noted that, SM 
is calculated on the basis of changes in H when the mirror 
reflector is subjected to an angular displacement of ± 5 arc-
seconds. Figure 9b shows the variation of SM as a function 
of D at a focal length f of 10, 30, 50, and 100 mm extracted 
from the data shown in Fig. 9a. The figure reveals that the 
sensor sensitivity is estimated to increase as d decreases. 
Thus, the sensor sensitivity can be improved by reducing 
the focused laser spot diameter d by setting the measurement 

Fig. 7  Numerical calculation model of the sensor sensitivity based on 
theoretical equations

Fig. 8  Estimated variation of normalized sensor output due to the 
angular displacement of a measurement target
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laser beam diameter D as large as possible when using a 
collimator objective with a certain focal length f. However, 
Fig. 9b shows that the contribution of increasing D to sen-
sitivity improvement decreases with f. The results shown in 
Figs. 9a and b also indicate that high sensor sensitivity can 
be achieved with a long f even with the same focused laser 
spot diameter d. This phenomenon is due to the large travel 
distance Δx of the focused laser beam per angular displace-
ment when f is long, as shown in Eq. (1). The range where 
the coefficient of determination R2 = 0.999 or higher can be 
ensured by linear fitting to the ΔθY – ΔH curve as a function 
of D at a focal length f of 20, 30, 50, and 100 mm extracted 
from the data (Fig. 9) is shown in Fig. 10. The figure reveals 
that the range of at least ± 5 arc-seconds can be treated as 
a nearly linear region under conditions of f = 100 mm and 
D = 10 mm or less.

Figure 11a shows the calculation result of the resolution 
θres based on the sensitivity presented in Fig. 9 and the stand-
ard deviations of the normalized outputs of  PDA and  PDB. 
Notably, the calculations are conducted under the condition 
that the cutoff frequency is set to 1 kHz.

Figure 11b shows the variation of θres as a function of 
D at a focal length f of 10, 30, 50, and 100 mm extracted 
from the data presented in Fig. 10a. These results show that 
high-resolution angle measurement can be achieved by set-
ting the focal length f as large as possible. In most cases, 
the resolution of an angle sensor using a segmented PD has 
been limited to 0.01 arc-second [12, 21, 31, 32] in previous 
studies. However, the results of theoretical calculations in 
this paper indicate that a resolution of better than 0.001 arc-
second can be expected by reducing the noise in the sensor 
signal as well as designing the optical system appropriately.

4  Experiments

4.1  Development of the Experimental Setup

Based on the results of the numerical calculations, an experi-
mental setup was designed and constructed on the basis of 
the numerical calculation results. Figure 12a shows a sche-
matic of the setup. A pigtail laser diode (LD) with a wave-
length of 405 nm and a power of 10 mW was employed as 
the laser source. A collimating lens with a focal length of 
11 mm and an N.A. of 0.3 was used to collimate the laser 
beam from LD to 2 mm in diameter. A beam expander was 
also employed to adjust the diameter of the measurement 
laser beam. The linearly polarized (p-polarized) measure-
ment laser beam was made to pass through a PBS and a 
QWP and was then projected onto a plane mirror reflector as 
circularly polarized light. A plate-type PBS was employed to 
avoid unwanted internal reflections. The measurement laser 
beam reflected by the plane mirror was made to pass through 
QWP again to become s-polarized light, which was then 
reflected by PBS. Finally, the measurement laser beam was 

Fig. 10  Variation of the linear region where the coefficient of deter-
mination R2 for linear fitting exceeds 0.999

Fig. 11  Estimated sensor resolution a Contour plot of the estimated resolution at each (D, f) b Variation of the sensitivity at each f as a function 
of D 
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captured by an autocollimation unit comprising a collimator 
objective and a PD.

In the autocollimation unit, the PD was placed on a two-
axis manual stage, and the collimator objective was mounted 
on a single-axis stage traveling along the laser axis such that 
the photosensitive area would coincide with the focal plane 
of the collimator objective. A dual-element PD (S4204, 
Hamamatsu Photonics K.K.) with a gap of 20  μm was 
employed and mounted directly on a signal processing cir-
cuit board to minimize the wiring length from PD elements 
to the trans-impedance amplifiers for reducing the noise in 
the sensor signal. A guarding pattern is also placed around 
the wiring from the PD elements to the inverting input of the 
trans-impedance amplifier. The parameters of the other com-
ponents used in the circuit were the same as those summa-
rized in Table 2. The voltage signals of the two PD elements 
were then captured by the DAQ system with 24-bit ADCs 
(NI-9202, National Instruments). When evaluating the sen-
sitivity of the angle sensor, the mirror reflector was mounted 
on a two-axis tilt holder, while another mirror reflector was 
placed on the back of the former mirror reflector to meas-
ure the given angular displacement with a commercial laser 
autocollimator with a resolution of 0.01 arc-second (LAC-S, 
Chuo Precision Industrial Co., Ltd.). Figure 12b shows a 
three-dimensional view and a photograph of the constructed 
optical angle sensor.

Notably, the optical head of the angle sensor can be 
designed efficiently by omitting the beam expander, which 

was employed in this paper to evaluate the effect of the 
measurement laser beam diameter D on the sensor sensi-
tivity. In some applications, angular measurement is also 
performed by irradiating the measurement laser beam onto 
a rough surface compared to these reflective mirrors. In this 
case, the waviness frequencies and their amplitudes, Sa and 
Sq, of the reflector could affect the scattering of the reflected 
laser beam, resulting in degradations of sensor sensitivity 
and resolution. In this study, a flat mirror reflector with a 
specification (λ/10 at 633 nm) compatible with commer-
cially available autocollimators was employed throughout 
all experiments.

4.2  Evaluation of the Sensor Resolution

First, the sensitivity of the constructed optical angle sensor 
was evaluated in experiments. The variation of the optical 
angle sensor output H was then observed when an angular 
displacement around the Y-axis in a step of approximately 
five arc-seconds was given to the mirror reflector mounted 
on a manual tilt stage. The cutoff frequency of the low-pass 
filter in the signal processing circuit was set to 1 kHz. At 
each angular position, the voltage signals of PD elements 
were sampled at a frequency of 2 kHz for 1 s. Figure 13a 
shows the result in the case of D = 2 mm and f = 50 mm. 
Meanwhile, Fig. 13b shows the sensor sensitivity calcu-
lated on the basis of the sensor output variation obtained 
for the range of angular displacement from − 5 arc-seconds 

Fig. 12  Experimental setup for the evaluation of basic characteristics of the developed angle sensor a System configuration b A three-dimen-
sional image and a photograph of the setup
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to + 5 arc-seconds. High sensitivity was obtained for a large 
f; this result agrees with those obtained in the results of the 
numerical calculations. This finding is thought to be due 
to the large displacement of the focused laser beam on the 
photosensitive area of PD per angular displacement given to 
the flat mirror. Meanwhile, the experimental results showed 
that the increase in D resulted in the degradation of sen-
sor sensitivity. These results are the exact opposite of those 
of the numerical analysis calculation shown in Fig. 9. One 
possible cause of this phenomenon is damage to the PD due 
to the focused laser beam, which is focused on a micromet-
ric diameter. Figure 14 shows microscopic images of the 
PD surface after the experiments. Figure 14a is the image 

obtained when the photosensitive surface is highlighted, and 
Fig. 14b shows the one obtained when the resin cover on the 
PD element is emphasized. In this experiment, repetitive 
trials were performed while the diameter D of the measure-
ment laser beam was expanded gradually. After adjusting the 
diameter, the sensitivity was evaluated after allowing time 
for the system to stabilize. Thus, the increase in D caused 
the reduction in the diameter of focused laser beam d on the 
PD, resulting in an increase in the power density of the laser 
beam that exceeded the allowable range of the resin cover 
of PD. In the series of experiments, no sensitivity degrada-
tion was observed even after repeated experiments with the 
laser beam irradiated at the same position on the PD under 
the conditions of P = 2 mW, D = 2 mm, and f ranging from 
30 to 50 mm. However, under the conditions of D = 4 mm 
or higher and f ranging from 30 to 50 mm, a sensitivity 
degradation was observed after repeated experiments with 
the laser beam irradiated at the same position on the PD. 
These results indicate that the allowable power density of 
the PD used in this study was evaluated to be approximately 
5 kW/cm2. This result suggests that the laser tolerance of 
the PD should be considered in the actual setup, and the 
focused spot on the PD cannot be designed to be extremely 
small. In this paper, considering the laser intensity tolerance 
of the employed PD, D was set to 2 mm in the following 
experiments.

The signal noise of the optical angle sensor was then eval-
uated. First, the signal noise was assessed without irradiat-
ing the laser beam onto PD. Figure 15a shows an example 
of the observed waveform of the voltage output of each PD 
element. The cutoff frequency of the low-pass filter in the 
signal processing circuit was then set to 1 kHz. Figure 15b 
shows the variation of signal noise considering the sampling 
frequency. At each sampling frequency, 10 repetitive trials 
for 1 s were performed, and the mean voltage level in Vrms 
is plotted in the figure. The maximum and minimum voltage 
levels in Vrms are also indicated in the figure. The contribu-
tion of the ADC during data acquisition was evaluated to be 
approximately 13 μVrms at a sampling frequency of 2 kHz. 
This value agrees with the estimated noise component.

Second, the signal noise of the optical angle sensor was 
evaluated while irradiating the laser beam onto the PD. The 
mirror reflector was mounted on a fixed mirror mount, and 
the voltage signals of the  PDA and  PDB were captured simul-
taneously. The measurement laser beam reflected by the 
mirror reflector focused on the midpoint of  PDA and  PDB. 
Figure 16 shows typical waveforms of the voltage outputs 
of PD elements captured under the conditions of D = 2 mm 
and f = 40 mm. The normalized output H calculated on the 
basis of Eq. (2) is also plotted in the figure. The noise levels 
of the voltage signals of  PDA and  PDB were evaluated to 
be 224 and 153 μVrms, respectively, and the RMS value of 
the normalized output HRMS was evaluated to be 3.03 ×  10−5 

Fig. 13  Sensitivity of the developed angle sensor a Variation of the 
normalized output by the angular displacement given to the mirror 
reflector b Variation of the sensitivity with respect to the angular dis-
placement given to the mirror reflector

Fig. 14  Photodiode surface damaged by the focused laser beam a 
Focused on the photosensitive surface b Focused on the top cover of 
photodiode
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under a cutoff frequency of 1 kHz and a sampling frequency 
of 2 kHz. Considering the previously obtained sensitivity SM 
(0.0426 arc-second−1), the angular resolution was evaluated 

to be 7.12 ×  10−4 arc-second. The resolution did not reach 
the value (3 ×  10−4 arc-second) estimated to be achieved 
in the numerical calculations under the ideal condition. 
However, this value was found to be better than the result 
obtained in the previous study [22], where the bandwidth 
was limited to 12.5 Hz.

Figure 17 shows the free vibration of the plane mirror 
reflector mounted on a manual kinematic mirror mount as 
measured by the developed optical angle sensor. The experi-
mental result demonstrated that the developed optical angle 
sensor could detect the small angular displacement of the 
flat mirror reflector with an amplitude of 2 ×  10−3 arc-second 
and a frequency of approximately 5 Hz.

5  Summary

A feasible resolution of an optical angle sensor based on 
laser autocollimation with a multi-element PD has been 
investigated in numerical calculations and experiments. 
First, the contribution of each noise factor has been exam-
ined on the basis of theoretical equations. The results have 
revealed the dominant noise components of angle sensors 
that can employ a reflective mirror as a target to ensure a 
sufficient amount of light incident on the PD. These com-
ponents are the signal acquisition noise in the ADC and the 
shot noise generated by the photocurrent due to the incident 
light on the PD. Afterward, the feasible sensor sensitivity 
was estimated on the basis of numerical calculations. This 
estimation considered the influences of the measurement 
laser beam diameter and the focal length of a collimator 
objective that focuses the laser beam onto PD, as well as 
the sensitivity profiles of the PD elements. The feasible 
resolution of the angle sensor with a dual-element PD has 
been estimated on the basis of the estimated noise compo-
nents and sensor sensitivity. The results have revealed that 
a resolution better than 0.001 arc-second can be achieved 
even when the focal length of the collimator objective is 
set to less than 100 mm. An optical angle sensor has been 
developed on the basis of the above calculation results, 
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Fig. 17  Waveform of the normalized sensor output when the meas-
urement laser beam was projected onto the mirror reflector mounted 
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and experiments have been performed. Attention has been 
provided to reducing the signal noise of the angle sensor 
by directly mounting a PD on a signal processing circuit 
board. Experimental results have confirmed that the signal 
noise of the angle sensor has successfully been suppressed 
to 13 μVrms with a bandwidth of 1 kHz. Moreover, the sen-
sor sensitivity has been evaluated while changing the focal 
length of the collimator objective and the diameter of the 
measurement laser beam. The experimental results have 
clarified that the PD employed in this paper cannot accept a 
focused laser beam with a power density beyond 5 kW/cm2. 
These results have also demonstrated that sensor sensitiv-
ity can be improved by employing a collimator objective 
with a large focal length. Experimental results have demon-
strated that, under the condition where P = 2 mW, f = 40 mm, 
and D = 2 mm, a resolution of 7.12 ×  10−4 arc-second can 
be achieved by the developed optical angle sensor with a 
bandwidth of 1 kHz, which is substantially better than those 
achieved by the conventional optical angle sensor based on 
laser autocollimation.

It should be noted that this paper has focused on the study 
of the feasible resolution of angle measurement. The meas-
urement range, measurement uncertainty, flatness, and sur-
face roughness of the object to be measured, as well as other 
factors, have been disregarded. Meanwhile, these factors are 
important in considering the actual applications of optical 
angle sensors and will be considered in future work. The 
establishment of a method that can realize high resolution 
over a wide angular range is desired and will be addressed 
in future work.
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