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Abstract: The wide application of displacement measurement in high-precision equipment produc-
tion and high-precision metrology is placing increasing pressure on the resolution of heterodyne
interferometers. However, as the core component of an interferometer, since measurement electronics
includes the cross-physical process of photoelectric conversion, its resolution is rarely evaluated,
either on an individual level or as a whole. Therefore, in this paper, we propose a picometer resolution
test method for measurement electronics, that uses intensity modulation signals based on an AOM to
replace the beat frequency interference signals, and an ordinary commercial guide rail to equivalently
generate the pm-level displacement of the heterodyne interferometer under laboratory conditions.
Based on the detailed analysis of the type of noise in the test device, the correlation between the
light intensity and the nonlinear error was established, and nonlinearity was suppressed to 10%
of the original level. Furthermore, this test method allows one to perform a 0.1 mrad phase step
test at 1 MHz signal frequency, equivalent to a 2.5 pm resolution test in a double-pass heterodyne
interferometer. Simultaneously, it can be directly applied to the resolution test for measurement
electronics with a center frequency in the range of 1 MHz to 20 MHz.

Keywords: heterodyne interferometry; measurement electronics; resolution; intensity modulation;

nonlinear error

1. Introduction

In the fields of ultra-precision machining and high-precision displacement measure-
ment, heterodyne interferometers have been widely used for sensor calibration [1-3],
ultra-precision measurement [4,5], and semiconductor processing [6,7] due to their advan-
tages of high resolution, traceability, non-contact measurement, and high dynamic range.
The resolution of a heterodyne interferometer can be inferred through its ability to distin-
guish the minimum displacement, and it has been improved to the nanometer [8,9] or even
picometer level [10,11]. The measurement of displacement in a heterodyne interferometer
is essentially realized via the phase interpolation of optical interference signals in electronic
circuits. Therefore, one of the main types of error in heterodyne interferometers is electrical
errors caused by measurement electronics [12-14]. This means that the resolution of the
measurement electronics determines the highest theoretically achievable resolution of a
heterodyne interferometer.

The resolution of measurement electronics is mainly affected by the following three
aspects. Firstly, in the process of transforming the interference signal from optical to
electrical, the photodetector will introduce noise, resulting in a decrease in signal qual-
ity. At present, there are numerous studies that have been conducted to obtain high
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signal-to-noise ratio signals through auto-self-gain [15] and noise optimization design [16].
Secondly, different phase calculation principles will also result in differences in resolution.
At present, many different phase unwrapping methods [17-19], such as pulse filling and
phase-locked amplification, have been proposed to improve resolution. Finally, there is a
form of accommodation between the above two factors; that is, the signal-to-noise ratio of
the electrical signal from the photodetector should be sufficient to achieve the highest reso-
lution of the phase meter. At present, commercial measurement electronics often integrate
these two parts [20,21], thereby suppressing noise and improving resolution. Therefore,
with regard to the above studies, how to completely and effectively test the resolution of
measurement electronics is a critical issue.

The currently used test methods can be divided into three categories, namely, electrical
methods, methods based on the PZT stage, and equivalent methods. Within electrical methods,
a signal generator is used to offer electrical signals as ideal interference signals [8,9,12,17-19]
to directly test the resolution of the phase meter. However, it is evident that this method
ignores the influence of noise on the resolution during the photoelectric conversion process.
Regarding the second type of method, a PZT stage [22] is used to generate nanoscale dis-
placements to test the resolution of measurement electronics in a real interferometer [23,24].
However, the effects of temperature fluctuations, environmental interference, and vibration
will be combined in the measurement results. Thus, such a method can only be used
to test the resolution of nanometers or even tens of nanometers and requires complex
environmental control and isolation design. Finally, the equivalent method involves the
use of a linear guide rail to directly introduce a phase shift into the optical interference
signal, which can generate an equivalent displacement of picometers [12,25]. However, this
method is only applicable to a resolution test at a fixed frequency, and there are obvious
nonlinearities that have not yet been resolved.

In order to evaluate the resolution of measurement electronics at the picometer level,
through this paper, we propose a resolution test method without nonlinearity. Through
this study, we found and solved the problem of nonlinear error caused by light intensity
fluctuations and replaced the heterodyne interference signal with an intensity modulation
signal with controllable amplitude, frequency, and low phase jitter. Finally, this method
allows for a resolution test of up to 2.5 pm for any measurement electronics with a center
frequency in the range of 1 MHz to 20 MHz.

2. Resolution of Heterodyne Interferometer

The typical heterodyne interferometer principle is shown in Figure 1. The reference
and the measurement interference signals can be expressed as follows:

L <1 + L +2v/I1pcos2rt(f1 — f2)t + ¢rol, 1)
Iy o< It + I +2+/I1 I cos 27t (f1 — f2)t + @mo + Apx + @y, )

where I; and I, and f; and f, refer to the amplitudes, and frequencies of the two single-
frequency beams, respectively; ¢, and @y, refer to the initial phase of interference signals;
and ¢, refers to the phase error due to air refractive index perturbations, vibrations [26,27],
and so on. The phase change caused by the displacement of the target can be described as

4mtng,Ax
Apx = Ta , @)
2
where Ax denotes the displacement of the target and #n, represents the index of refraction.
After the photoelectric conversion of the photodetector and further phase calculation
performed by the phasemeter, the phase measurement result can be expressed as follows:

A(Px/ =A@y + @1+ Qe + Py, 4)
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where ¢, and ¢, represent the errors originating from the two photodetectors and phaseme-
ter. When the above three errors in Equation (4) are small enough to make A¢," and Ag,
close enough, the phase change caused by the movement of the target will be resolved by the
interferometer, and Ax will be referred to as the resolution of the heterodyne interferometer.

RR2

Laser BS A

P1 P2

\
PDmI PDrCf Measurement electronics

Phasemeter

Figure 1. Schematic of the heterodyne interferometer. BS, beam splitter; P1 and P2, polarizers; PBS,
polarized beam splitter; RR1 and RR2, retroreflectors; PDy, and PD,¢, photodetectors.

In practice, the errors caused by vibrations and air turbulences in the heterodyne
interferometer can reach tens of nanometers [28,29], hindering the observation and isolation
of errors of measurement electronics that are only at the sub-nanometer level.

Within measurement electronics, photodetectors are a large source of error. In addition
to thermal noise and shot noise [14-16], the most significant impact is the deviation caused
by changes in photoelectronic delays [30,31]. Changes in light intensity will cause the
internal bias voltage of the photodiode to fluctuate, thereby affecting the transit time of
photoelectrons [32]. Therefore, the relationship between the phase shift and light intensity
in a photodiode can be described as

B
{1 - [Up/ (U= j(h+ )}

where U, and U denote the reverse bias and breakdown voltage of the photodiode, re-
spectively, and i, j, g represent the coefficients related to the photodiode. Therefore, the
fluctuations in light intensity will cause changes in the phase shift, thereby introducing a
nanoscale measurement error [30,31].

Finally, the error of the phasemeter depends on the signal-to-noise ratio of the electrical
signals output by photodetectors, which is shown in Equation (6).

©)

Pedelay =

tAC
SNR = Ishot + idark +4kTB/ Ry ’ ©
where i z¢ is the AC photocurrent signal; ig,o; and iy, are the shot noise current and dark
current, respectively; k is the Boltzmann constant; T denotes the absolute temperature; and
Ry is the load resistance. When the amplitudes of the signal decrease, SNR deteriorates as
well, which will increase the phase measurement error [18].

Furthermore, the center frequency of measurement electronics depends on the fre-
quency difference of the dual-frequency laser, which is distributed in the range of 0.5 MHz
to 20 MHz [8,12]. However, the increase in signal frequency makes the influence of the
error from the phase meter more significant, insofar as the resolution may be different
under different center frequencies.

Following the analysis of factors affecting the resolution in the heterodyne interfer-
ometer, three aspects should be considered carefully in the resolution test of measurement
electronics. Firstly, the test signal must possess sufficiently small noise. Secondly, the errors
due to changes in light intensity coupled in photodetectors should be considered seriously.
Finally, the resolution under different signal amplitudes and frequencies should be tested
in detail.
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3. Theory
3.1. Principle of the Test Method

The schematic diagram of the resolution test method for the measurement electronics
is shown in Figure 2. The collimated light output by the He-Ne laser is converged to
the working area of the AOM (acousto-optic modulator) through a convex lens. The
modulation of the incident light intensity is driven by the signal from the signal generator,
which is expressed as:

s = M + N cos(27Ft), (7)

where M, N, and F denote the bias, depth, and frequency of the modulation, respectively.
The modulated light is re-collimated by another convex lens with the same focal length and
split into two parts at the NPBS. One is used as the reference signal, and the other is taken
as the measurement signal after the reflection of a retroreflector. They can be expressed
as follows:

Igr = aliy[M + N cos(2mFt + $ro + P aom)], ®)

Iom = (1 —a)L;y[M + N cos(27tFt + o + paom + 1 + Apx)], 9)

where a denotes the splitting coefficient of the NPBS; ¢,9 and 4,9 represent the initial phase
of reference and measurement signals, respectively; ¥ 40p and 11, denote the phase errors
caused by the modulation and optical structure, such as air refractive index fluctuations
and vibrations; and Ay refers to the phase change of the modulated signal caused by the
movement of the retroreflector, which can be expressed as follows:

4, AX

" (10)

At,bX =
where AX denotes the displacement of the target and Ar represents the wavelength of the
modulation signal. Since the measurement electronics is a phase-sensitive sensor, it cannot
distinguish the source of the phase change. Therefore, for the measurement electronics,
the phase change of the modulated signal can be equivalent to the phase change in the
interferometer. Let Equation (10) be equal to Equation (3) and expressed as:

4rmn,AX  4mngAx
Ap A

(11)

It can be seen that there is a ratio between AX and Ax, which can be expressed as:

A oMy

AX A c (12)

Conve§ AOM C/onvex NPBS RR. AX - Spots

I RIS . “= . idistribution
He-Ne Laser A —
1 4 "

Qr . N Qm
Driver 3
!PDref Bro, Intensity
' | ’ | Measurement change
Signal Phasemeter  electronics \/\/\M
Generator

Figure 2. Schematic of the resolution test method for heterodyne interferometer measurement
electronics. NPBS, non-polarized beam splitter; RR, retroreflector.

As shown in Equation (12), this is the zoom factor in [25], which represents the scaling
factor from the displacement in the testing device to the displacement in the interferometer.
However, compared with the funding of the previous research, the zoom factor can be
flexibly adjusted by changing the frequency of modulation. For example, when AX in
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Equation (12) remains constant and the modulation frequency is reduced by half, the
equivalent displacement in the interferometer is reduced by half. Therefore, this method
can ensure that the displacement of the retroreflector is equivalently reduced by eight to
nine orders of magnitude for the measurement electronics and enables higher resolution
tests at lower frequencies.

3.2. The Key Performance Indicators of the Test Method

In this section, we mainly expound the key performance indicators to ensure an
effective and complete resolution test for the measurement electronics from three aspects:
noise analysis of the testing device, suppression of nonlinearity, and the resolution test
abilities under different signal amplitudes and frequencies.

From Equations (8) and (9), the actual phase change of the modulated signal in the
testing device can be expressed as follows:

APy = APx + Paom + YL+ @e + @p. (13)

The phase error from the optical structure is in the same order of magnitude as the
one in Equation (4). However, because of the zoom factor in Equation (12), its equivalent
error in displacement is reduced by eight to nine orders of magnitude and can, thus, be
ignored. This also shows that, compared with the design of using an AOM to achieve
frequency shifting [10], this method has stronger anti-interference ability and does not
require complex environmental control and isolation. Furthermore, due to the specialty of
AOM modulation by diffraction, there is only a phase transfer from the signals of the signal
generator to intensity modulation signals. Thus, the phase error of modulation mainly
comes from the frequency stability of the signal generator and the modulation system,
which is +1 ppm and +1.5 ppm, respectively. When the signal frequency is 20 MHz, the
phase error is around 3.5 prad, which is equivalent to the displacement error of 0.09 pm in
a double-pass heterodyne interferometer and can, thus, be ignored.

Moreover, the fluctuations in light intensity coupled in the photodetectors will cause
changes in photoelectronic delays. As depicted in Figures 2 and 3, this stems from the
non-parallelism between the directions of light and movement, the non-ideal alignment
of the photodetector, the straightness of the guide rail, and the far-field divergence of the
Gaussian beam. The Gaussian beam intensity can be expressed as

Io = Afexp|-27%/w(X)], (14)

where A( denotes the amplitude of light, r represents the distance from a point on the plane
to the center of the beam, and w(X) denotes the beam radius of displacement at X. The
simulation of light intensity change with target movement is shown in Figure 4a. According
to Equation (5), the phase shift in the photodetector and equivalent displacement deviation
are shown in Figure 4b. Obviously, without careful treatment and adjustment, changes in
light intensity can cause nano-level nonlinear errors in the resolution test process.

Due to the above, an autocollimator was used to minimize the angle between the
direction of light and movement to 0.1 mrad, and the position of the second convex lens
was adjusted to reduce the far-field divergence angle of the beam to around 0.2 mrad. In
this way, nonlinear error can be suppressed below tens of picometers.

Finally, compared with a dual-frequency laser, light intensity modulation accom-
plished by an AOM provides more convenience for the change in signal amplitudes without
fluctuation in average light intensity. Thus, this advantage gives the testing device the
ability to test the influence of signal amplitudes on the resolution. Moreover, in order to
make the testing device widely applicable to the resolution test for measurement electron-
ics with different center frequencies, the modulation bandwidth was broadened by the
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optical configuration shown in Figure 5. The modulation bandwidth [33] can be expressed

as follows:
205
B = e cos QBmgg . AGBmgg, (15)

where v; refers to sound velocity, and 6p,4g, and Ap,4¢, denote the Bragg diffraction angle
and the divergence angle of the incident beam. Through the first convex lens shown in
Figure 5, the radius of the incident beam is reduced with the increase in its divergence angle.
After measurement by a CCD, the minimum beam radius behind the first convex is 78 um
and the divergence angle is 2.2 mrad. Thus, according to Equation (15), the modulation
bandwidth is around 26 MHz, which can fully cover the center frequency range of most
measurement electronics.

Figure 3. Geometric scheme showing the causes of light intensity fluctuation. d, distance between
two light spots; wy and w», radius of two light spots; PD, photodetector; v, angle between beam
direction and RR movement direction; RR, retroreflector.
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Figure 4. Simulation results of light intensity variation (a) and the equivalent displacement deviation
(b) during the movement of the retroreflector.
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4. Experiments and Results
4.1. Experiment Setup

To ascertain the feasibility and adaptability of the proposed method, a resolution
testing device was built as shown in Figure 6. The He-Ne laser (Melles Griot, model:
25-STP-912) provides a single-frequency beam with a wavelength of 632.8 nm as the light
source. After passing through a convex lens with a focal length of 10 cm, the output beam
is modulated by the AOM (Gooch & Housego, model: AOMO 3110-120). The utilized
linear guide rail (BOCI Company, model: MTS104) equipped with a retroflector possesses
a 200 mm range of motion and a 0.0025 mm displacement resolution. The measurement
electronics under examination is composed of two 450 MHz high-bandwidth, low-noise
photodetectors (Thorlabs, model: APD430A2), a high-precision self-developed phasemeter,
and a host computer. It is worth mentioning that the phasemeter possesses a phase
resolution of 0.77 mrad in the 2.5 MHz-37 MHz bandwidth, which is equivalent to the
displacement resolution of 19 pm in the double-pass heterodyne interferometer [18].

s ——

= y Lwh e e . e
B W Linear guide rail § ‘

Ry ¢ E—— e

= T

Figure 6. Experiment setup of the testing device.

4.2. Stability of the Testing Device

In order to verify whether the noise of the testing device can guarantee the test at
pm-level resolution, the reference and measurement signals were connected to the lock-
in amplifier (SR844) through photodetectors to perform the stability experiments. The
phase measurement results covering a period of half an hour were recorded at 1 MHz
and 20 MHz frequencies, respectively, as shown in Figure 7. For the results of 1 MHz
signals, the peak-to-peak value of the phase variation was less than 0.67 mrad (17 pm).
After using 500-point average filtering, the peak-to-peak value was reduced to 0.45 mrad
(11 pm), and the standard deviation was 0.14 mrad (3.8 pm). And, for the results of 20 MHz
signals, the peak-to-peak value of the phase variation was less than 1.05 mrad (29 pm).
After using 500-point average filtering, the peak-to-peak value was reduced to 0.7 mrad
(18 pm), and the standard deviation is 0.15 mrad (3.8 pm). The noise of the lock-in amplifier
was ~0.087 mrad; therefore, the short-term jitters in the results reflect the noise from the
testing device, and the long-term drift may be due to temperature change and stress release.
Moreover, the deterioration in phase stability from Figure 7a,b is due to the increase in
the signal wavelength, which is inevitable, and it is still small enough to support the
picometer-level resolution test.
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Figure 7. Phase stability of the testing device at signal frequencies of 1 MHz (a) and 20 MHz (b).

Therefore, the equivalent stability results of 3.8 pm in the double-pass heterodyne
interferometer prove that the testing device possesses noise performance at the pm level,
which can fully support high-resolution tests for measurement electronics.

4.3. Nonlinearity Suppression

In a previous study [25], a very serious nonlinear error occurred that was not solved
by the authors. To verify the correctness of the error source analysis and the suppression
effect of nonlinear error, we allowed the linear guide rail to move at a constant speed of
2.5 mm/s and recorded the measurement results of the measurement electronics and signal
intensity output by the measurement photodetector simultaneously. Since the gain of the
photodetector is fixed, the electrical signal intensity can reflect the light intensity coupled
in the photosensitive area of the detector. To avoid the possibility that the phasemeter
may possess nonlinearity [13,34], two different phasemeters with 1 MHz and 5 MHz center
frequencies were used. As shown in Figures 8 and 9, the nonlinear errors are very obvious
without the proposed treatment and adjustment. However, after suppression, they were
reduced from £0.34 nm and £60 pm to £0.03 nm and +7 pm in 1 MHz and 5 MHz,
respectively, which is about 10% of the original level. Moreover, Figures 8b and 9b show the
variation in the light intensity and nonlinear error at different guide rail positions. The light
intensity is different at different positions, and, thus, the phase shift of the photodetector
is also different, which introduces nonlinear errors. In addition, under both frequencies,
the correlation between the nonlinear error and the light intensity variation can be clearly
seen, which proves that in the fluctuation of light intensity is the source of nonlinear
error. Moreover, this correlation is consistent with the findings of previous studies [30,31].
Therefore, by paying careful attention to the variation in light intensity, the testing device
solves the problem of nonlinearity in the resolution test. And the nonlinear error is greatly
suppressed, with a minimum level of £7 pm.
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Figure 8. Test results of linear motion at the center frequency of 5 MHz. (a) Measurement results of
measurement electronics, and (b) changes in light intensity and nonlinear error with the movement
of the retroreflector.



Photonics 2024, 11, 331

90f13

—_
(=}

Phase variation (mrad)
o (S

15 g . .
5 Before adjustment - - - - Ideal 300 % 300 Before adjustment 10
<4 After adjustment £ =1 : g
£ 10 ) = g & 200 After adjustment E
1 5 2 5 =
S S2  E 100 g
= 23 v =
g5 ZE & £
s Se £ 0 5
@ ] = =
3 58 5 ®
£ 0 R ~100 5
5 3
: : . . g2 —200 . . . .
0 100 200 300 400 500 100 200 300 400
Time (s) Time (s)
(a) (b)

Figure 9. Test results of linear motion at the center frequency of 1 MHz. (a) Measurement results of
measurement electronics, and (b) changes in light intensity and nonlinear error with the movement
of the retroreflector.

4.4. Resolution Test under Different Conditions

In order to conduct a comprehensive, universal resolution test of measurement elec-
tronics, testing devices should be able to perform resolution tests under different signal
amplitudes and frequencies.

First, by maintaining the modulation bias and reducing the modulation depth, the
signal-to-noise ratio of the signals” output by the photodetector was attenuated gradu-
ally. The resolution test was performed under three different signal amplitudes of 0.85V,
0.35V, and 0.1 V, and the results are shown in Figure 10. It can be seen that, as the signal
amplitude decreases, the noise of the measurement results increases, and the displacement
steps are no longer clear to completely indistinguishable. Thus, using the testing device, it
can be established at which signal amplitude the resolution of measurement electronics
will decrease and fail.

Original data
Filtered data
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Time (s) Time (s)
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Figure 10. Resolution test results of measurement electronics with the center frequency of 5 MHz
under different signal amplitudes of 0.85 V (a), 0.35 V (b), and 0.1 V (c).

Furthermore, three phasemeters with center frequencies of 1 MHz, 5 MHz, and
20 MHz were selected to form the measurement electronics to test the universal appli-
cability and ultimate resolution of the testing device. Figure 11 shows the resolution test
results of measurement electronics with a 1 MHz center frequency, and the red curve is
the result of 500-point average filtering. The phase steps of 0.2 mrad and 0.1 mrad can be
clearly distinguished, which means that the measurement electronics possess a resolution
of 2.5 pm in a double-pass heterodyne interferometer.
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Figure 11. Resolution test results of the measurement electronics with different center frequencies.
(a) The 5 pm resolution test results at a center frequency of 1 MHz; (b) the 2.5 pm resolution test
results at a center frequency of 1 MHz; (c) the 38 pm resolution test results at a center frequency of
5 MHz; and (d) the 19 pm resolution test results at a center frequency of 20 MHz.

The resolution test results of measurement electronics with 5 MHz and 20 MHz center
frequencies are shown in Figure 11c,d, respectively. Three phase steps of 1.5 mrad can be
clearly seen in Figure 11c, which means that the resolution of the measurement electronics
with a 5 MHz center frequency is 38 pm. Moreover, three clear phase steps of 0.77 mrad
are shown in Figure 11d, which proves that the phasemeter in [18] truly possesses a
displacement resolution of 19 pm. This result also indirectly proves the effectiveness of the
resolution test using the testing device.

5. Discussion

In actual conditions, the intensity modulation using the AOM is not linear, as shown in
Equations (8) and (9). The diffraction efficiency of the Bragg diffraction in the acousto-optic
modulator can be expressed as [33] follows:

B IQ/ . o|m [LMyPs
17,1 = E = SIn’ [X 2H 12 (16)

where L and H denote the length and width of the transducer, respectively; M, denotes
the quality factor of the acousto-optic material; and P; is the driving power, and can be
expressed as follows:

P =m?-s?, (17)

where m represents the transfer coefficient. Thus, the modulated light intensity can be
expressed as follows:
Ig' = Lysin®(n-m-s). (18)



Photonics 2024, 11, 331 11 of 13

By putting Equation (7) into Equation (18) and performing the Taylor expansion at the
modulation bias, the modulated signal can be described as:

Io" = A+ Bcos(2mFt) 4 Ccos(47Ft) + D cos(67Ft) + 0 {Nr’ cos3(27'th)} , (19
where A, B, C, and D denote the amplitudes of harmonics and can be expressed as follows:

A =1+ n?m2N2 cos(2nmM)]
B = — 1 (2nmN + n®m3N®) sin(2nmM) 20)
C = L n2m2N? cos(2nmM) ’
D = —%n3m3N3 sin(2nmM)

It is evident that the sinusoidal light intensity modulation signal output by the AOM
possesses multiple harmonics. However, in the proposed testing device, since only the lin-
ear modulation region is used, harmonics distortion is very low according to Equation (20).
Moreover, in contrast to periodic nonlinearity in the heterodyne interferometer [35,36], the
harmonic frequencies in the testing device are far away from the center frequency, and
the harmonics in Equation (19) are basically filtered out by the analog and digital filters in
the measurement electronics. Therefore, it is not necessary to worry about the modulation
nonlinearity of the AOM in the proposed resolution test method.

6. Conclusions

In this study, through the analysis of the noises and errors affecting the resolution of a
heterodyne interferometer, we emphasize the challenges and demands of the resolution
test for measurement electronics. A picometre-level resolution test method for heterodyne
interferometer measurement electronics is proposed, which solves the issue of nonlinearity
and possesses extensive applicability. The experimental results show that the noise of
the testing device is better than 0.15 mrad, which is equivalent to the noise of 3.8 pm
in a double-pass interferometer. Moreover, the nonlinear error of the testing device is
suppressed to 10% of the original, whose minimum level is +7 pm and is much smaller than
the £ 0.2 nm residual error in the previous method [25]. The testing device can generate
a minimum phase step of 0.1 mrad at 1 MHz, which means that it can test the resolution
of measurement electronics up to 2.5 pm in a double-pass interferometer. Compared with
the level of 18.5 pm noted in a previous method [25], a certain degree of improvement
was achieved. Finally, we verified both the resolution test’s ability under different signal
amplitudes and its adaptability to any measurement electronics with a center frequency in
the range of 1 MHz to 20 MHz. The future development directions of the test method are
as follows: testing the resolution of any phase point in the whole cycle of measurement
electronics through two modulation devices, and using laser diode intensity modulation
combined with optical fibers to make the structure of the testing device more concise.
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