Optik - International Journal for Light and Electron Optics 293 (2023) 171453

Contents lists available at ScienceDirect

Optik

pssir : >
ELSEVIER journal homepage: www.elsevier.com/locate/ijleo

Check for

The performance analysis of the laser heterodyne ultra-high i
frequency detection based on the optical phase-locked loop

Chunhui Yan™"", Dong Yao ™", Lingtong Meng *”, Hanyu Wang ",

Hangang Liang ", Chunming Jiang *-"

# Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Science, Changchun 130033, China
Y Key Laboratory of Airborne Optical Imaging and Measurement, Chinese Academy of Sciences, Changchun 130033, China

ARTICLE INFO ABSTRACT
Keywords: The performance of the laser heterodyne ultra-high frequency detection based on the optical
Laser heterodyne phase-locked loop is analyzed through theoretical calculations and numerical simulations,

Ultra-high frequency detection
Optical phase-locked loop
Residual phase variance

considering the residual phase error and carrier stability. Appling the Wiener—Khinchin theorem,
a general expression of the residual phase variance with essential affecting factors is derived.
Furthermore, we define the error gain factor based on the ultra-high frequency carrier stability,
which consists of the amplitude deviation and frequency deviation. Then the model of the
demodulation output with the amplitude deviation and frequency deviation is presented. Ac-
cording to numerical simulation results, we acquired the variation curve of the residual phase
variance with the loop bandwidth and the performance of the carrier signal stability. For the
residual phase variance expression, the minimum variance corresponding to the optimal pa-
rameters can be obtained through the numerical simulation. The simulation experiment proves
that the numerical results are consistent with the theoretical analysis. Our model for evaluating
the influence of the carrier stability on the heterodyne ultra-high frequency detection can provide
powerful support for improving the demodulation accuracy. The quantitative analysis of the
paper will be available for theoretical basis and guidance for laser heterodyne detection based on
optical phase-locked loops.

1. Introduction

Laser heterodyne vibration sensors for high frequencies have been investigated since years for characterizing RF-MEMS devices
such as high performance filters, switches and resonators[1,2]. The sensitive and non-contact measurement of these micro vibrations
in RF-MEMS devices is critical for quality control and process optimization. Ultra-high frequency(UHF) micro-nano devices based on
micro/nano-electromechanical system have an important application in many fields such as life science, mobile communication, radio
frequency identification, automotive electronics[3-6]. The vibration characteristics of these devices are an important indicator of
product qualification rate, so the demand for UHF vibration characteristics measurement of micro-nano devices becomes more and
more urgent.

Laser Doppler vibrometers (LDV) provide a sensitive and contactless measurement technique for UHF vibrations, but are limited in
GHz heterodyning by the efficiency drop of acousto-optic frequency shifters. Heterodyning by frequency-offset locking of two lasers in
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an optical phase-locked loop (OPLL) overcomes this limitation[7,8]. Laser heterodyne techniques based on the OPLL are well applied
to UHF vibration analysis of RF-MEMS in the range of MHz to GHz[9]. As an optical non-contact measurement method, the laser
Doppler UHF vibration measurement technique not only has high resolution in the order of picometers, but also can realize full
bandwidth real-time response of target vibration spectrum and vibration morphology, becoming a forward technique in UHF micro
vibration measurement field.

The micro-vibration measurement relies on the laser-Doppler effect, which transduces the target vibration at the measurement
point into a phase modulation of the echo light. The measurement beam generates Doppler phase modulations and carries the vibration
information of the target. Heterodyne detection techniques realize the spectrum shift through the carrier modulation, thus isolating the
target vibration signal from the low-frequency environmental interference. Relevant researchers pursue the generation of a UHF
carrier signal for laser heterodyne detection system by frequency-offset locking of two semiconductor lasers in an optical phase-locked
loop[10,11]. Through high-precision feedback control of electrical signals, OPLL can realize accurate regulations of UHF carrier
signals and achieve a dynamic frequency difference by the phase locking between two or more independent lasers.

Required bandwidth and center frequency are often dominated by the vibration frequency rather than by the Doppler frequency
when the detection target has the vibration characteristics of UHF and small amplitude[12]. For a precise reconstruction of small
vibration amplitudes, the heterodyne-carrier frequency must exceed the maximum vibration frequency of the target. Further, the
electronic sampling bandwidth has to be larger than twice the maximum vibration frequency of the target to ensure that the sampled
signal is not distorted. The performances of the laser heterodyne UHF detection system depend on not only the laser source, surface
roughness, and the matching process of the measurement beam and local oscillator beam (the reference beam) but also the rest of the
system, such as the phase-locking accuracy and demodulation algorithm.

Some researchers have presented many methods for estimating the system performance of the laser heterodyne UHF detection
system. Robert Kowarsch et al. discussed the collapse of the heterodyne carrier at vanishing mutual coherence due to interferometer
delays and the transition to shot-noise-limited detection[7,8]. Moritz Giesen et al. considered the influence of optical crosstalk between
different measuring beams in the laser Doppler 3D vibrations measuring system[13]. Li et al. explained and analyzed the nonlinear
LDV distortions caused by a strong second-order ghost reflection originating from lens flares[14]. However, there is no quantitative
analysis of the residual phase error and frequency stability seen in relevant papers, which are important factors in analyzing the
performance of the laser heterodyne UHF vibration measurement systems. Therefore, we presented a comprehensive model for
estimating the influence of the UHF carrier instability on the laser heterodyne detection.

In this paper, we firstly introduced the laser Doppler technique and the basic structure of OPLL. The combination of two techniques
can provide a dynamic carrier signal for the UHF micro vibration detection. Then we discuss the variance of the residual phase error
between the phase-locked output light and the master laser, which is the principal parameter that indicates the phase-locking accuracy.
Besides, we define an error gain factor consisting of the amplitude deviation and frequency deviations, which characterizes the
calculated phase with the deviation. Based on the factor, we established the model of the demodulation output and investigate the
influence of the carrier stability on the reconstruction of target vibration characteristics through the theoretical derivation. The nu-
merical results and calculation conclusion have the potential application for the device parameter selection of the laser heterodyne
UHF detection system based on the OPLL.

2. Laser heterodyne UHF detection
2.1. Laser Doppler technique

The laser Doppler technique is the basis of laser heterodyne UHF vibration measurement. A LDV system relies on the deterministic
phase modulation caused by the temporal modulation of the optical path difference due to the laser-Doppler effect. The backscattered
light of a moving target in the laser heterodyne detection system contains the information of its velocity and displacement. The
instantaneous velocity of the moving target determines the Doppler frequency shift, and the modulation phase of the measurement
beam depends on its displacement. The Doppler shift is generated through a variation of optical path differences. Therefore, the ac-
curate extraction of Doppler shift is directly related to the accurate reconstruction of target vibration characteristics.

Usually, the reference beam is obtained with a beam splitter from the same laser as the measurement beam. The electrical field of
the measurement beam is phase-modulated through the motion of the target. Obviously, the signal intensity on the surface of the
photodetector is determined by relative phase of the heterodyning light waves. The differential phase of the photocurrent signal
contains three parts: carrier phase, modulation phase caused by the target vibration and stochastic phase generated during the laser
transmission. At the photodetector, the photocurrent generated by the beat signal of the measurement beam (power P, and mean
frequency fn) and the reference beam (power P, and frequency f;) is written as[15,16].

Ai(t) = 2K~/ PP, cos[2x(f,, — )t + Agp (1) + @,(1)], 1)

where K = 5q/hv is the photoelectric conversion parameter of the detector in terms of quantum efficiency #, the electron charge g,
Planck’s constant h, mean frequency of laser v, the Doppler modulated phase Agj(t), and the phase difference between the mea-
surement beam and the reference beam ¢,(t). This intermediate frequency (IF) is denominated as the heterodyne carrier frequency f, =
\ fm — f,|. This frequency shift is conventionally introduced by an OPLL in the laser heterodyne UHF detection system.

For a displacement s(t) of the moving target (parallel to the incident measurement beam) relative to the LDV (containing sender and
receiver), this modulation phase can be written as[12,17].
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Fig. 1. The representation of the 1&Q signal in a vector diagram (a) and arctangent demodulation process (b). LPF: Low-pass Filter. BPF: Band-
pass Filter.

47s(t)
A

App(1) = (2)
with the laser wavelength A. This equation is also suitable for estimating the laser-Doppler effect even at ultra-high modulation fre-
quencies. A phase modulation generates a frequency modulation at the same time. According to the fundamental relationships de(t)/dt
= 2zf and ds(t)/dt = v(t), we can get the corresponding frequency shift with respect to the central frequency[12].

2v(t)

Afp = Pl

(3)

which is commonly referred to as the Doppler frequency shift. The velocity parameter v(t) should be the radial velocity of the target
parallel to the laser direction. The instantaneous frequency of the heterodyne signal correctly preserves the directional information
(positive and negative signs) of the velocity vector. Therefore, we can estimate the vibration direction according to the positive or
negative value of the Doppler frequency shift.

Egs. (2) and (3) demonstrate that the vibration displacement s(t) and velocity v(t) of the target are encoded in the phase and
frequency modulation of the detector output signal, directly related to the laser wavelength A. In order to recover and reconstruct the
vibration characteristics of the target, the phase generated carrier (PGC) technique is utilized to demodulate the photocurrent signal
[18-20]. A proven standard signal decoding method for the laser heterodyne detection system relies on calculation of the phase angle
by the arctangent method. The arctangent algorithm extracts the modulation phase angle through a signal pair containing in-phase (I
signal, amplitude U;) and quadrature (Q signal, amplitude U,) components, whose voltage amplitudes depend on the interferometric
phase angle ¢(t)[12]:

{ u () =U; cos o(1) . (4
uy (1) = Uy sin (1)

Such a signal combination is called an I&Q baseband signal due to no frequency offset. In the baseband, the signal pair carrying the
complete Doppler information is essential. Although the absolute value of displacement s(t) is represented by each component, its sign
can only be recovered from both signals in combination. In Fig. 1, we show the representation of the I&Q signal in a vector diagram and
arctangent demodulation process. It can be inferred that the displacement s(t) of the target vibration can be directly obtained by the
arctangent approach. The velocity and acceleration information of the target can be recovered by first order differential and second
order differential processing of the phase.

In the case of an ideal heterodyne detection, both baseband signal amplitudes are equal, i.e., U; = Uy, and the relative phase shift is
exactly 90°. And the I&Q format is an ideal starting for the Doppler signal decoding. Recovering the target displacement s(t) simply
requires the calculation of the phase angle ¢(t) from the sampled instantaneous voltage values of the I&Q signals based on the trig-
onometric relationship tan @ = sin a/cos a. But in the actual situation, there is always a slight deviation because of the chip precision,
the laser and optical phase-locking accuracies or the background noise. In Section 3, we will analyze the influence of this deviation on
the demodulation accuracy.

2.2. The structure of optical phase-locked loop and phase-locking accuracy

The technique of heterodyning by frequency-offset locking between two or more laser sources with an OPLL has established itself in
many fields of application, such as coherent optical telecommunication, coherent combining, terahertz photonics, gravitational wave
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Fig. 2. The basic structure of an optical phase-locked loop in the heterodyne detection system.
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Fig. 3. The phase propagation model of the linearized OPLL. The phase of the local oscillator ¢;,(s) in (a) is equivalent to the ¢, (s) = ¢'s,(s)/Kpp
in (b).

detection and interferometry[21-24]. Heterodyning by offset-locking in an OPLL was shown in the 1960s for remote sensing and
communication[25]. This optical device by frequency-offset locking can provide the ultra-high frequency carrier signal for the laser
Doppler UHF detection system. The basic structure of the OPLL for the heterodyning detection is shown in Fig. 2. The optical
phase-locked device mainly consists of the master laser (the reference laser), the slave laser (the measurement laser), the photode-
tector, the phase sensitive detector (PSD), the local oscillator and the loop filter.

BS is non-polarizing beam splitter. fyy, and fg;, are the mean frequencies of the master and slave lasers respectively. Kpp and Kpsp are
the DC gain of photodetector and phase sensitive detector respectively. The photodetector detects the mixing signal between the
master laser and slave laser. The phase sensitive detector compares this frequency difference to the frequency fio of the local oscillator.
The frequency error f, is fed back to the tunable slave laser by the loop filter. In lock, the frequency difference of the slave laser in
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respect to the master laser is locked to the frequency of the local oscillator. Thus, the local oscillator determines this frequency dif-
ference and the heterodyne carrier frequency generated by an OPLL is[7,8].

fe = lfur —fsi| = fro- ()

When the phase-locked loop works stably, the frequency of the slave laser matches the frequency of the master laser shifted by the
frequency of the local oscillator. Hence, the mixing signal between the master laser and slave laser always tracks the frequency of the
local oscillator. Theoretically, the frequency difference between the mixing signal and the local oscillator signal maintains dynamic
stability. If the frequency of the local oscillator signal changes, the mixing signal will automatically track it within a certain frequency
range under the control of the phase-locked loop and thus to achieve dynamic synchronization between the slave laser and the master
laser.

The phase propagation model of the linearized OPLL is shown as Fig. 3. ¢, and ¢g; are the phase of the master and slave lasers
respectively. ¢, is the phase error caused by the shot noise of photodetector. The transfer function of the filter is denoted by F(s). The
OPLL system can be represented by a linear system and the input signal of the linear system is the differential phase between the master
laser and the slave laser. The open-loop transfer function of an OPLL in Laplace domain is[26].

G(s) = KppKpspF(s)
- KppK, K K
Ij G(s) = PD Psr)(2 15 + 2)7 ©)
) s
F(S) = K1 + T

where Kj is the gain coefficient of the proportional path through the filter and K> is the coefficient of the integral path through the
filter. In order to deeply analyze the performance of phase-locked loop, we need to give the closed-loop transfer function and error
transfer function[26]:

CGls)  KepKespF(s)
H(S) a 1+ G(S) n s+ KPDKPSDF(S)
1 s @
E(s)=1—H(s)

T1+G(s) s+ KppKpspF(s)

We quantify the performance of the OPLL in the heterodyne detection system by the variance of the residual phase error between
the phase-locked optical output and the master laser. When an OPLL is in lock, the phase of the slave laser is related to the phases of the
master laser and the local oscillator. In Laplace domain, the phase of the locked slave laser is given by[7].

@5 (5) = H(s)par (5) + E () (). 8

In lock, the variance can be expressed in the frequency domain by the Wiener—Khinchin theorem
+00
é=A S (Ndf ©)

where S} (f) is the power spectral density function of the variance, including three parts: the phase noise introduced by the laser, the
shot noise introduced by the photodetector and the crosstalk between the data-detection- branches and phase-lock-branches of the
receiver. The phase noise, the shot noise and the crosstalk processes are independent from each other. Here, the power spectral density
function in the whole OPLL is given by[8,27].

2

1
1+ G(s)

G(s)
1+G(s)

501 (S04 +55)] +| \ [5227) + 52 10)

where s = j2zf in steady-state, S’;’L (f) and SZL (f) are the power spectral density functions of the phase ¢, and ¢g, respectively, S'(f)
and ij (f) are the power spectral density functions of the shot noise and the crosstalk. In general, whether Sﬂl‘f”“ (f) or SZL (f) consists of
two components: white noise Syn(f) and flicker noise Sgy(f). Assume that the linewidth of the master and slave lasers is Aw, then
Swn(f) can be written as[28].

2
SWN(f) :% an

where ‘2’ represents the sum of two laser linewidths. Sgy(f) can be written as[28].
Ku
Sen(f) = - (12)

K, is a constant used to characterize the magnitude of the flicker noise. The power spectral density function of the shot noise in Eq.
(10) is expressed as[28].
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N (F) = 13
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where g is the charge of an electron, R is the photodetector responsivity and Py, is the optical power of the measurement beam. And the
power spectral density function of the crosstalk is given by[28].

sin zfT 2
i)

S5(f) = 2Ttan2(ppm( a4

where T is the bit duration and ¢, is the phase deviation created by the phase modulator. According to the above derivation, the
variance of the residual phase error can be expressed as

oo 1 > 4w K, G(2af) 1P| ¢ sin /T
2 _ o e 2
=] |romn (nfz +f3> * ‘1 +GG2ap)| |2k, AT q’”"( AfT ) - (15
The OPLL noise bandwidth B, is defined by[29,30].
+o00 ) 2 + 0 G(IZﬂf) 2
B, */0 |H(j2xf)| df*/o T4 G2 df. (16)

In general, there is a following approximate expression for a common second-order OPLL[28].

2 n 23640 N 8.71K,  ¢B, N ZBntanz(ppm.
¢ B, B,>  2RP, Ry

a7)

Ry, (bit/s) is the system bit rate. According to the above relationship, this proves that the variance of the residual phase error is
mainly affected by four factors: the laser linewidth Aw, the noise bandwidth B,, the optical power of the measurement beam P,, and the
phase deviation ¢, created by the phase modulator. Note that there is an optimal value B, to minimize the variance of the residual
phase error for given values of Aw, Ky, P, Ry and g,

The loop bandwidth defined previously is limited due to the phase-detector nonlinearity, the local oscillator fluctuations, the loop
noise, etc. The input phase modulation within the loop bandwidth is tracked by the phase loop with small error. But the input phase
modulation without the loop bandwidth fails to track phase modulation with almost 100% error. For the special case of the OPLL
control system, the phase loop is out of lock due to excessive oscillator fluctuations or loop noise. At modulation frequencies near the
loop bandwidth, error amplification occurs which impairs the stability of the OPLL.

2.3. The stability of the UHF carrier signal

The phase difference between the master laser and slave laser is compared by a mixer to the desired heterodyne carrier signal
generated by the local oscillator. Obviously, the local oscillator affects the stability of the whole phase loop including the frequency
stability and the amplitude stability. The frequency of the UHF carrier signal will vary with the local oscillator fluctuations. In Fig. 4,
we show the demodulation process of the phase modulated signal caused by the target vibration in the laser heterodyne UHF detection
system based on the OPLL. The frequency deviation of the local oscillator is transmitted in the phase of the carrier signal through the
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phase-locked loop system.

The frequency error f, = Lfc _fLO| mentioned in Section 2.2 refers to the deviation between the frequency of the carrier signal
generated by the OPLL and the designed value of the carrier frequency controlled by the local oscillator. Assume that the frequency
deviation caused by local oscillator fluctuations of baseband signals 1&Q is f,; and f, respectively, the amplitude deviation between
two baseband signals is AU[17].

u;(t) = U cos2a(f, + fu)1] 18)
uy(t) = (U + AU)sin[2x(f, + fo)1]
where U is the amplitude of the baseband signal theoretically. From the demodulation process of the carrier signal, it can be seen that
the photocurrent signal Ai(t) is mixed by sinusoidal and cosine carrier signals respectively. Then we can use a low-pass filter to remove
high-frequency components and retain low-frequency components. Two baseband signals can be expressed as

{ 1(r) = |[4i () ( * hpp| = K\/P P, - U cos[Ag(t) — 2f,1] 19)
‘[ (0] * hLPF| = PP, (U + AU)sin[Ap(t) — 2xf,,1]

where Ap(t) = 4”5 0 4 @4(t). When measuring ultra-high frequency vibrations on MEMS, the approximate formula in the reference[17]
will no longer be applicable. Through the arctangent demodulation algorithm, we can get
0() U~+AU cos[Ap(t) — 2af.,1]

tan Ag,, (1) = VOB X cosldg (1) — 2fu] x tan[Ap(t) — 27f, 1] (20)

where Ag,(t) is the calculated value with the phase deviation. Now we define the error gain factor in the heterodyne UHF detection
system based on the OPLL as

U+AU  cos[Ap(t) — 2xf,t]
v - cos[Ap(t) — 2af.l]

5— 1)

And then the phase error due to the carrier instability can be written as
Ap, = Apoy — Ap = 2.yt + f(6)

5 tan(Ag — 27f.,1) . (22)

5) = arct
J(6) = arctan | = an? (g — 21fugt)

First of all, we have to make it clear that the amplitude deviation AU is small relative to the whole amplitude of the baseband signal.
The frequency deviation caused by the local oscillator fluctuation of baseband signal 1&Q is approximately equal. In other words, the
error gain factor § is an infinitesimal quantity. We can expand f(6) function by Taylor series at § = 0 to obtain

4 1 " 1 !
F(6) = FO) +£(0)3+31"(0)8" +2f"(0)8" +0 (&) (23)
where 0(6%) represents the high-order infinitesimal of the error gain factor 6. Then we can get
1 1 1
A =Ag + 3 sin(24¢)8 + [ 7 sin(24¢") + 3 sin(4A(//)} 5+

24

3 3 3 N
{12 sin(24¢) — 5 sin(44¢’) + 2 sm(6A(p)}§ +0(8%)

Ag' = Ap — 2xf,,t

From the theoretical derivation of the modulation phase, there are higher harmonic components associated with the error gain
factor 6 in the calculated value Ag,_,(t). Because of the frequency stability and the amplitude stability, the modulation phase is not
accurate. The arctangent is an important demodulation method in the phase generated carrier technology. We can obtain the
displacement s(t) of the target by the arctangent demodulation algorithm. The local oscillator in the OPLL is an important source of the
phase error. Therefore, we should suppress oscillator fluctuations to the greatest extent possible. Our model considers the carrier
instability caused by the local oscillator, but there are other factors that make the demodulation accuracy worse, such as the laser
intensity noise, the loop noise of the OPLL, laser linewidth and so on. This is also the work we need to further improve.

3. Numerical results
3.1. The variance of the residual phase error

The phase noise creates a residual phase error between the phase-locked optical received signal and the reference signal emitted by
the master laser. The OPLL performance in the laser heterodyne UHF detection may be characterized by the variance of the residual
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Fig. 5. The relationship between the variance of the residual phase error 62 of the optical phase-locked loop and the loop bandwidth B, for several
values of different parameters.

Table 1

The theoretical values given by the expression (17).
Parameter Values
Aw/Hz 10K 100 K 1M 1M 1M 100 K 100 K
Kq/Hz? 5 x 108
R/ A/W 0.5
Pp/dBm -50
Ry/bit/s 10M 10M 10M 10M 10M 2M 50 M
pm/” 1 1 1 0.2 3 1 1
62 in/rad? 2.73 x 1073 8.52x 1073 0.027 0.0132 0.0733 0.0175 5.16 x 102
By min/Hz 1.995 x 107 5.5 x 107 1.74 x 108 3.6 x 10° 6.0 x 107 2.99 x 107 8.99 x 107

phase error defined as the Eq. (9), which is related to the OPLL transfer function. With the assistance of theoretical analysis, it is known
that the approximate expression of the variance of the residual phase error can be simulated by numerical results. In Fig. 5, the
relationship between the variance of the residual phase error 62 of the optical phase-locked loop and the loop bandwidth B, for several
values of different parameters is shown.

According to the numerical simulation results, the variance of the residual phase error 62 increases gradually by increasing the laser
linewidth A and the phase deviation ¢,,, created by the phase modulator. However, the variance of the residual phase error o2
decreases as the system bit rate Ry, increases. For determining the parameter value of Aw, Kq, Pm, Ry and @, there is a minimum
variance of the residual phase error. In this case, there is an optimal value for the loop bandwidth B,,. Table 1 lists the major design
parameters given by expression (17). And we obtain the optimal values of the variance of the residual phase error 62 and the loop
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Table 2

The parameters for the numerical simulations.
Parameter Values Unit
Photocurrent Ai(t) 1 mA
System sampling rate F 1000 M Hz
Sampling time length 1x107* s
Frequency of the Carrier Signal f, 100 M Hz
Frequency of the Target Vibration f,; 20M Hz
Amplitude of the Target Vibration ¥ 1 nm
Laser Wavelength 1 1550 nm
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Fig. 6. The time variation curve of the demodulated output signal s(t) with the different random distribution function of the amplitude deviation.
(a): Random uniform distribution, AU/U = 1 x 10~3; (b): Random uniform distribution, AU/U =1 x 10~2; (c): Standard normal distribution, AU/U
=1 x 1073; (d): Standard normal distribution, AU/U = 1 x 1072,

bandwidth B,,.
BER (bit error rate) is an indicator to measure the accuracy of the data transmission within a specified time. It is known that the
error rate due to the noise in the laser heterodyne communication system is

RP,sin’p,,
BER = Q| 2| ——* (25)
Ryq
where Q(-) is the Q-function defined as[28].
o) = b e 2da (26)
2n B

We can get the theoretical value of BER by substituting parameter values in Table 1 into the formula above. If R, = 10M and ¢,
= 3’ (other parameters shown in Table 1, then we can get the bit error rate BER = 2.44 x 10~°). Obviously, the bit error rate is in-
dependent of the loop bandwidth from the formula (25). But this does not mean that the loop bandwidth B, can be any unlimited
values. In fact, the phase deviation ¢,, created by the phase modulator and the bit error rate R, are important factors affecting the
optimal loop bandwidth. If the loop bandwidth value is not appropriate, the system’s phase noise will exceed the system’s tolerance,
which will lead to an increase in the system’s bit error rate.

3.2. The performance of the UHF carrier signal stability

It can be seen from the previous introduction in Section 2.3, the stability of the UHF carrier signal mainly caused by the local
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Fig. 7. The time variation curve of the demodulated output signal s(t) with the different random distribution function of the frequency deviation.
(a): Random uniform distribution, f; = f,; = 10Hz; (b): Random uniform distribution, f,; = f.; = 100Hz; (c): Standard normal distribution, f,; = feq
= 10Hz; (d): Standard normal distribution, f,; = foq = 100Hz; (e): Standard normal distribution, f,; = 0, f = 100Hz; (f): Standard normal dis-
tribution, f; = 0, foq = 100Hz.

oscillator is the main factor affecting the demodulation accuracy. We will compare the simulation value of the demodulation output
phase in the laser heterodyne UHF vibration measurement system with the theoretical value in Eq. (24) to investigate the influence of
the frequency and amplitude instability of the carrier signal on the demodulation accuracy. The parameters used in the numerical
simulations are given as Table 2. Suppose that the target makes a simple harmonic vibration with a small amplitude:

v(t) =V sin(2xf,t) 27)

Sufficient and necessary conditions for the UHF carrier signal stability with constrained control variable are discussed in this
section. Through the simulation of the laser heterodyne UHF detection system, time variation curves of the demodulated output signal
s(t) with the different random distribution function are shown in Figs. 6 and 7. The precondition for the validity of simulation results is
that the OPLL system is assumed to contain only one of the amplitude deviation and frequency deviation and not the other. We assume
that the amplitude deviation and frequency deviations obey the random uniform distribution in the interval [0, AU or f.] or the
standard normal distribution with the mean f; and the variance AU or f,. From the demodulation results, we can know that the phase
generated carrier technique based on the arctangent method can accurately reconstruct the target vibration characteristics when there
are no deviations or a small deviation. The demodulation output becomes worse with the increase of the amplitude deviation or the
frequency deviation. The probability distribution of the amplitude deviation will also affect the demodulation output, and the standard
normal distribution of the amplitude deviation will have greater impact on the demodulation output than the random uniform dis-
tribution. Besides, there is a time cumulative error which increases with the time no matter how small the amplitude deviation or the
frequency deviation is.

10
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Fig. 8. The theoretical calculated value of demodulated output signal scy(t) given by the expression (24). (a): AU/U =1 x 1072,f; = foq = 0; (b):
AU/U = 0,feq =0, fo = 100Hz; (c): AU/U = 0,fs = 0, foq = 100Hz; (d): AU/U = 0,fsi = foq = 100Hz.

We can recover the theoretical calculated value of demodulated output signal s.4(t) from the calculated phase by Ag,,;(t) = “"SCT"I(‘).
The theoretical calculated value of demodulated output signal s.(t) given by the expression (24) is shown in Fig. 8. Through the
frequency and amplitude deviations caused by the local oscillator, we numerically analyzed the influence of the instability of the UHF
carrier signal on the demodulation accuracy. According to the calculated results, the variation trend of numerical results s.4(t) is
consistent with simulated results s(t). And the difference between numerical and simulated results is related to these factors such as
laser linewidths of master laser and slave laser, OPLL transfer function and the filter performance of the demodulation process.

Based on above numerical results, we investigate the influence of the residual phase error and the UHF carrier instability on the
laser heterodyne UHF detection system. If we want to achieve a high-precision reconstruction of the target vibration, we need to
narrow the laser linewidth, reduce the phase deviation created by the phase modulator, increase the system bit rate and select the
appropriate loop bandwidth. Besides, the heterodyne-carrier stability mainly controlled by the local oscillator of the OPLL is decisive
for the phase demodulation. In other words, we can improve the demodulation accuracy by reducing the frequency and amplitude
deviation of the local oscillator.

In contrast to the literature already available[7,8], the numerical analysis findings presented in this article offer a more
comprehensive assessment and serve as a quantitative benchmark for evaluating the performance of laser UHF vibration measurement
systems. Our research has enhanced the understanding of factors influencing performance in the realm of laser heterodyne UHF vi-
bration measurement and has established a more accurate phase demodulation output model for heterodyne detection systems.
Through the establishment of the error gain factor, a comprehensive examination is conducted to assess the influence of residual phase
error and carrier stability on laser heterodyne difference detection. Additionally, an alternative is presented to enhance demodulation
precision, which can be estimated by the fourth harmonic component in Eq. 24.

4. Conclusion

In summary, the variance of residual phase error and the stability of ultra-high frequency carrier signals have been investigated as a
means to characterize the performance of the laser heterodyne detection through a numerical simulation. By utilizing an approximate
expression for the variance of residual phase error, the optimization and adjustment of four key factors, namely laser linewidth, noise
bandwidth, optical power of the measurement beam, and phase deviation induced by the phase modulator, enable the determination
of the minimum value for this variance. Table 1 shows the minimum variance of residual phase error under given conditions and its
corresponding minimum loop noise bandwidth.

We proposed a concept of the error gain factor based on the UHF carrier stability, which consists of the amplitude deviation and
frequency deviation. We assume that the amplitude deviation follows a uniform random distribution and a standard normal distri-
bution, and discuss the time-variation curve of the demodulation output with amplitude deviations of 1% and 0.1%, frequency de-
viations of 10 Hz and 100 Hz as simulation parameters. Through comparative analysis of simulation experiments, we found that as
long as there is a deviation between two baseband signals, the demodulation output will experience cumulative errors that increase
over time, which also verifies the validity of the theoretical analysis.
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Furthermore, we propose a high-precision demodulation output model with high-order harmonic components to evaluate the
performance of laser heterodyne ultra-high frequency vibration measurement systems. The Taylor series expansion of the error gain
function provides a quantitative parameter selection guidance for the higher precision demodulation of laser heterodyne detection.
The numerical results suggest that quantitative analysis of laser heterodyne UHF detection performance based on optical phase-locked
loops can be achieved through the variance of residual phase error and the deviation of two baseband signals.
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