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Abstract: Frequency sweeping interferometry (FSI) based absolute distance ranging has high pre-
cision and no ranging blind area. It can be used to realize large-scale and non-cooperative target
measurement. However, the nonlinear frequency modulation of the laser seriously affects the rang-
ing accuracy. In this manuscript, a measurement method assisted by Hilbert Transform (HT) and
Chirp-z Transform (CZT) is proposed, which can realize the phase unwrapping of the beat signal, the
length reduction in the delay fiber of auxiliary optical path, and the improvement of the frequency
resolution. The narrow-band frequency suitable for HT is further studied. In the experiment, the
ranging resolution is 70 pum and the standard deviation is 12.6 um within a distance of 4005 mm.

Keywords: absolute distance measurement; FSI; HT; CZT

1. Introduction

With the dominance of no ranging blind area, non-cooperative target, and high signal
to noise ratio, the FSI is coming into prominence in the field of engineering application,
such as optical coherence tomography [1], the measurement of three-dimensional coordi-
nate [2] and parameters of rotors [3], important equipment manufacturing [4] and satellite
formation [5]. FSI is based on the Michelson interferometer, and the distance is calculated
by the beat frequency caused by the sweeping frequency and phase difference [6,7]. Hence,
the precision of FSI in absolute distance measurement will rely much on the tunability of its
laser source [8]. However, the hysteric response of piezoelectric (PZT) causes the frequency
nonlinear tuning of the external cavity diode laser (ECDL), which makes the phase error of
the interferometry signal [9-12].

Nonlinear frequency sweeping is suppressed by upgrading hardware or using a
software algorithm [13-15]. Photoelectric crystal [16], phase-locked loop (PLL) [17], and
other technologies are used for active frequency stabilization. liyama et al. [17] obtained the
frequency difference between the reference signal and the heterodyne interference signal by
a lock-in amplifier. After PLL modulation, the improvement of the linearity was estimated
to be about 10 dB. Greiner et al. [16] added an intracavity electro-optic crystal into the
resonator for frequency stabilization. The current-induced frequency modulation noise
was reduced two orders of magnitude. Kakuma [18] marked the sweeping frequency of
the laser with the special absorption frequency of the Rb cell. The gradient of interference
fringes was accurately determined by the linear least square fitting method. Theoretically,
the ranging accuracy was greater than one quarter of the wavelength. These methods are
based on upgrading of hardware, which makes the ranging system more complex.
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Furthermore, several algorithms are used to correct the nonlinear frequency sweep-
ing [19,20]. Shi et al. [21] resampled the beat signal in the measurement optical path with
the peak-valley resampling method, which realized the linearization of the frequency ramp.
The distance spectrum of the resampled signal was obtained by the fast Fourier transform
(FFT), and the measurement precision was enhanced to 50 pm within 8.7 m. Liu et al. [22]
tracked the frequency of interference signal with an extended Kalman filter. The relative
phase extraction error in the fractional part is <1.5% and the standard deviation of absolute
distance measurement is <2.4 um. In order to satisfy the equal frequency interval sampling,
sampled points are often selected at the peak and valley positions of the auxiliary path
interference signal. To satisfy the Nyquist sampling theorem, the optical path difference of
the auxiliary optical path needs to be twice as long as that of the measurement optical path.
This puts forward a strict demand on the length of the delay fiber of the auxiliary optical
path. In addition, the all-phase FFT is used to calculate the frequency information of the
beat signal. Since the accuracy of FFT is related to the number of points of the signal, the
more points involved in FFT, the higher accuracy of FFT, which is usually set to 2N points.
This reduces the calculation speed and wastes a large number of information points.

Moreover, an optical frequency comb can calibrate the sweeping frequency of a contin-
uous wave (CW) laser [23]. Jia et al. [24] corrected the nonlinearity by sampling the ranging
signals at equal frequency intervals with a microresonator soliton comb. However, this
measurement method is not suitable for industrial environments because of its complex
structure and considerately high cost [25].

In this manuscript, we expand the phase of the beat signal of the auxiliary optical
path by HT. The number of sampled points is increased with equal frequency interval in
a period, and the peak frequency of the resampled signal is refined by CZT. Compared
with FFT, the advantage of CZT is that only M points near the peak frequency need to be
calculated, which greatly reduces the calculated points and improves the calculation speed.

2. Methodology

Figure 1 shows a schematic diagram of the FSI ranging system. The triangular wave
signal produced by the signal generator is transmitted to the PZT, which is used to mod-
ulate the frequency. The laser emitted by ECDL is separated by the fiber coupler (FC1).
Furthermore, 80% of the optical power passes through the measurement optical path and
20% of the optical power passes through the auxiliary optical path. The optical power of
the measurement optical path is divided into two beams by the fiber coupler (FC2); 90% of
the optical power is incident to the retro reflector (RR) and the reflected light is combined
with the local oscillator optical power (10%) at the 50:50 fiber coupler (FC4).

FC: Fiber Coupler r-o-ToTTTTTmTmmTTO OO EEm A A A A AT I AT 1
AC: Adjustable Collimator
RR: Retro Reflector

PD: Photodiode Detector

FG: Function Generation
DF: Delay Fiber

FC1

:_Reference optical path

Driving Signal FG
PZT |
Controller

Figure 1. Schematic diagram of FSI ranging system.
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The sweeping frequency (f), the light intensity of the beat signal (), and the
relationship between the time delay (7p) and measurement distance (L) can be expressed as
Equations (1)—(3) [26],

f=at+fo 1)

Imea = Ipcos[27t(foto + atty)] )
_ Toc

L= ©

where, a is the frequency variation of laser, fj is the initial frequency, n is the refraction
index, c is the speed of light, f is the time, and Ij is the normalized light intensity.

Since the modulated signal is a triangular wave, the frequency of the beat signal is a
fixed value equals to 2a7y. Thus, Equation (3) can be rewritten as,

L= fe @

where fj,,; is the frequency of the beat signal. Similarly, in the auxiliary optical path, the
optical power is divided into two parts by the 50:50 fiber coupler (FC3) which are merged
at the 50:50 fiber coupler (FC5). The time delay (7;) in the auxiliary optical path is related
to the length of the delay fiber; the beat signal of the auxiliary optical path (I,.f) can be
expressed as Equation (5).

L = Ipcos[27(foTr + atTy)] ®)

The higher-order expansion of the actual frequency variation of the laser can be ex-
pressed as a’ = ay + Zszl a;t'1y, where g is the nonlinear frequency modulation coefficient,
R is the high-order term of nonlinear frequency modulation, and a is the slope of frequency
modulation. Equation (2) can be expressed as,

R .
Lyeq = Iy cos |?7T (foTo + aptty + Z a,'tlT())} 6)

i=1

As shown in Figure 2a, the blue dot curve represents an ideal beat signal with a fixed
period, and the blue solid curve is the actual beat signal with the unstable period. Figure 2b
shows the distance spectrum without resampling. The full width at half maxima (FWHM)
represents the ranging resolution, which is seriously widened. Thus, the effective distance
cannot be obtained from Figure 2b.

In order to suppress the nonlinear frequency modulation of the laser, we built an
auxiliary optical path in the FSI system, which is an auxiliary interferometer with a fixed
delay fiber. The beat signal of the auxiliary optical path is used to resample the beat signal
of the measurement optical path, and the resampled signal (Is») is given by Equation (7),

N

where N is the resample point at the equal frequency interval of 7r; the frequency of
resample (F!) can be expressed as Equation (8).

1
F = A 2a07y (8)
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Amplitude

The peak frequency (Fs’p) of the spectrum after resampling is shown in Equation (9),

F -k Zaor k

where k is the peak frequency point. It can be seen from Equation (7) that the nonlinearity
of frequency modulation is eliminated.
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Figure 2. Nonlinear frequency modulation. (a) the beat signal comparison, (b) widened spectrum
(FWHM) of beat signal.

In order to increase the number of resampled points, HT is used to expand the phase
of the beat signal of the auxiliary optical path. However, HT is only applicable to the
narrow-band signals. Figure 3 shows the orthogonal transformation of the HT signal.
The nonlinear frequency variation coefficient of the laser is within the first order; there
is only one oscillatory mode in the orthogonal transformed signal, which is shown in
Figure 3a. Figure 3b shows the inconsistent group delay of Hilbert transformed signal at
the nonlinear frequency variation of the laser in the second order, which leads to the change
of the orthogonal transformed (OT) signal envelop. Furthermore, Figure 3c demonstrates
the orthogonal transformed signal which has multiple oscillatory modes at the nonlinear
frequency variation of the laser, which extends beyond the third order [27]. HT is not
suitable in the case that the nonlinear frequency variation of the laser extends beyond the
second order.

Orthog

I Transformation

Orthogonal Transformation Orthogonal Transformation

(@)
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% 10° Time (s) x10° Time (s) x10°

Figure 3. Orthogonal transformation of HT signals: (a) OT signal of first order, (b) OT signal of
second order, (c) OT signal of third order.

As shown in Figure 4a, the beat signal I, (t) of auxiliary optical path is transformed 77/2
phase by HT, and the dotted line represents the imaginary part H{L,(t)} of the phase [28].
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Figure 4. Schematic diagram of HT and resampled signal, (a) the beat signal shifting 77/2 phase
by HT, (b) the subdivision phase of beat signal, (c) resampled point of beat signal of measurement
optical path.

Then, the phase of the beat signal of auxiliary optical path can be expressed as Equation (10).
(t) = w(t) - t+go = tan" [H{L(t)}/ 1r(1)] (10)

The instantaneous phase of the beat signal of the auxiliary optical path with 12 sampled
points in each period is shown in Figure 4b. The corresponding resampled point of the beat
signal of measurement optical path is shown in the red dot in Figure 4c. The resampled
signal can be represented as,

NTO
I, = Iocos (27T2Nh7r) (11)

where Nj, is the resampled point in each period. As long as 27y/N}, < T, the sampling
theorem can be satisfied, and resampled signals aliasing will not occur.

The spectrum information of beat signal is usually obtained by FFT. However, FFT
is suitable for the periodic stationary signal, which is based on the global information of
the signal. To improve the resolution of frequency, it is necessary to increase the global
sampled points of the beat signal, which enhances the useless calculation points other than
the main frequency. CZT can solve this problem with helix sampling on the unit circle in
complex frequency domain, which is suitable to focus on the local characteristics of the
signal [29]. The frequency range to be analyzed by CZT is fi, (fiin, fmax), which is refined
into sampling points (M — 1). Furthermore, the f,,;;, and f.x can be expressed as,
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o fs . 90
fmin = o (12)
_ fs[00+ (M —1)go]
frmax = = (13)

where f; is the sample frequency, M represents the number of refined points in the frequency
domain (0 < M < Lyes), Lyes is the length of the resample signal, 6y and ¢( represent the
included angle between adjacent sampling points and the phase of the starting position,
respectively. Furthermore, the resolution of frequency by CZT is defined as,

f max — f min
Roy = 128X Jmin 14
czt M_1 ( )
As long as M is large enough, the spectral resolution of CZT can be significantly
smaller. We can select appropriate fi;;, fax, and M to analyze the actual beat signal.

3. Experiment and Results

To verify the feasibility of this method, we built an FSI ranging system as shown
in Figure 5. The light source of the system is the ECDL (New Focus TLB-6700) with a
linewidth of 200 kHz. The frequency sweeping range is from 1542.5 nm to 1557.5 nm, and
the sweeping speed is 15 nm/s.

Reference optical path

Circulator .. .. Measuring optical path

Figure 5. The experimental setup.

The experiments are carried out in a constant temperature and humidity environment.
The ranging system is divided into auxiliary optical path and measurement optical path.
The change of fiber length caused by temperature change was very small, so the influence of
fiber length change on ranging accuracy can be ignored. The beat signals of the measuring
optical path and auxiliary optical path are detected by PD1 and PD2 (Thorlabs PDA10CS2).
Furthermore, the two beat signals are sampled and recorded by an oscilloscope (Tektronix
MSO 70000).

In order to study the time to frequency domain conversion efficiency of FFT and CZT,
the same resampling beat signal is processed by FFT and CZT, which is shown in Figure 6.
To facilitate the comparison of spectrum information, we normalized the amplitude. The
resampling beat single has 222,706 points. Figure 6a displays the result of running the
222,706 points FFT of the resampling beat signal. Figure 6b shows the result of FFT with
the padding at zero. The points of FFT are 262,144. Figure 6¢c demonstrates the result of
CZT of resampling the beat signal. Points (M) of CZT are 2000. Due to the spectral leakage
of FFT, the frequency resolution is limited. However, the CZT is much more flexible with
high resolution. Furthermore, the points of CZT are much less than FFT. The resolution
can be tailor-made by means of adjusting the start and stop frequencies (fi, finax) and the
number of M. Hence, CZT is used to process the resampling beat signal in this research.
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Figure 6. The comparison between FFT and CZT, (a) FFT of resampling beat signal without zero
padding, (b) FFT of resampling beat signal with zero padding, (c) CZT of resampling beat signal.

Figure 7a shows the distance spectrum with the HT subdivision resampled method
and CZT. The optical path difference of the auxiliary path optical is about 3105 mm.
Hence, four points are sampled (N, = 4) with an equal frequency interval in a period, and
the phase point interval is 77/2. The ranging resolution (FWHM) in Figure 7a is 70 pm,
which is greatly improved, compared with the result in Figure 2b. In order to provide a
quantitative estimation of the resolution enhancement with the proposed technique, the
spatial resolution experiment is performed. The pyramid is moved unidirectionally 70 um
on a displacement table (Thorlabs LPS710, which can achieve 800 um displacement with
a step accuracy of 6 nm in the closed-loop working mode). The result of displacement
measurement is shown in Figure 7b, where the red curve represents the distance spectrum
after displacement, which verifies the ranging resolution of 70 um. Since the environmental
factors (turbulence, vibration, etc.) will affect the results of a single measurement, the
average value of multiple measurements can improve the reliability of the ranging results.
After measuring 13 times, the standard deviation (¢) is 4.6 pm.

@) )

Amplitude
Amplitude

i b
YA W WY
15028 1503 15032

Distance (mm)

o .
VALARY <
AV

0 0 S
15024 1502.6 1502.8 1503 1503.2 1502.4 1503.6

Distance (mm)

1503.4 1503.6 1502.6 1503.4
Figure 7. The results of the distance measurements, (a) single point ranging resolution, (b) single

point 70 pm displacement ranging resolution.

To compare with the ranging accuracy of traditional peak-to-valley resampling meth-
ods at different distances, we moved the pyramid by a range of 1.5-4 m. Six different
distances are arbitrarily selected and 13 sets of data are taken for each distance. With the
HT subdivision resampled method, Nj, varies with the different measurement distance.
The length of the delay fiber in the auxiliary optical path is fixed, and the corresponding Nj,
issetto4,6,7,8, 10, and 12 respectively to meet the Nyquist sampling theorem. However,
the length of the delay fiber in the auxiliary optical path needs to be more than twice as
long as that of the measurement optical path with the peak-valley resampling method.
Figure 8a,b demonstrates the standard deviation (¢) and resolution of the HT subdivision
resampled and the peak-valley resampling, respectively. The red error bar represents the
standard error and blue dot is the resolution. The resolution under different measurement
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distances of two methods is the same. However, o and the standard error under the HT
subdivision resampled method are much less than those of the peak-valley resampling
method, which proves that the robustness of the HT subdivision resampled method is
higher than the peak-valley resampling method. In other words, the vibration of the envi-
ronment has a greater impact on variations in the optical path length of long fibers. As for
the peak-valley resampling method, the delay fiber in the auxiliary optical path varies with
the measurement distance, hence, the ¢ is gradually increased.
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Figure 8. Resolution and standard deviation of different absolute distance measurement, (a) different
absolute distance measurement results with HT subdivision method, (b) different absolute distance
measurement results with peak-valley resampling method.

4. Discussion

The HT resampling method can refine the equal optical frequency interval in a period.
Compared with the peak-valley resampling method used by Pan et al. [30], it significantly
reduced the length of the optical fiber and improved the measurement repeatability.

By analyzing the results of HT resampling, the relationship between measurement
error and the number of resampled points is found. As shown in Figure 8a, the ¢ could
reach the minimum value (such as the distance of 1500 mm or 3000 mm) at the resam-
pled points meeting the Nyquist sampling theory. When the resampled points are more
than the criterion of the Nyquist sampling theory, the ¢ increases. This agrees well with
the observation that more resampled points in each period means larger accumulated
sampling errors.

Moreover, the number of points which are sampled by the oscilloscope in each period
is limited. The number of resampled points in each period could not keep increasing or
the conditions for optical frequency intervals of resampled points could not be met. This
leads to the accumulation of sampling errors and affects the repeatability of the distance
measurement. Hence, the length of the delay fiber cannot be unlimitedly reduced. The
restriction can be lifted by linearly interpolating the auxiliary and measurement beat
signals. However, we should further study whether linear interpolation will cause beat
signal distortion.

To deal with high-order nonlinear frequency modulation of the ECDL, the Hilbert—
Huang transform can be exploited. The empirical mode decomposition of the Hilbert—
Huang transform can be used to decompose the interference signal to obtain the intrinsic
mode functions and residuals and to further reconstruct the interferometer signal after
filtering the high and low frequency. This is worth our future research.
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5. Conclusions

In this manuscript, we propose an FSI ranging method based on Hilbert transform
and Chirp-z transform, which can realize the phase subdivision, the increase in resampled
points, and the refinement of frequency points. This method reduces the limit on the length
of the delay fiber of the auxiliary optical path in FSI ranging system and shows great
advantages in large-scale measurement. The ranging resolution can reach 70 pm and the
standard deviation is 12.6 um over a range of 4005 mm. Compared with traditional peak-
valley resampling methods, this has higher robustness. The short delay fiber is beneficial to
reducing the impact of vibration on the FSI measurement system, making the FSI system
more practical for absolute distance measurement. At the same time, benefiting from the
HT algorithm, our method can be easily implemented in all fiber-optic systems, and the
system can be configured as a Mach—Zehnder or Michelson interferometer without adding
additional devices. Furthermore, this method contributes to the development of FSI laser
ranging with the aim of miniaturization and integration.
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