<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
CCBY

Citation (APA)

Deng, Z., Chen, W., Meng, X., Yao, X, Li, L., Zhang, H., Gong, H., Li, X., Vdovin, G., & More Authors (2026).
Frequency-scanning nonlinearity suppression for FSI ranging based on a phenomenological modeling approach. Optics
Express, 34(8), 15406-15422. https://doi.org/10.1364/0OE.595572

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1364/OE.595572

n

Check for
updates

Research Article Vol. 34, No. 8/20 Apr 2026/ Optics Express 15406 |

Optics EXPRESS : N

Frequency-scanning nonlinearity suppression
for FSI ranging based on a phenomenological
modeling approach

ZHONGWEN DENG,' WENJUN CHEN,! XIAWEI MENG,2 XIN YAO,3:"
SHUWEI ZHANG,! CHENXU WANG,! HAIFENG SuN,! LIN L1,*
HENGKANG ZHANG,* HAI GONG,® L1 WANG,* XIAOPING LI,' AND
GLEB VDOVIN®7

ISchool of Space Science and Technology, Xidian University, Xi’an 710071, China

2School of Construction Machinery, Chang’an University, Xi’an 710064, China

3 National Time Service Center, Chinese Academy of Sciences, Xi’an 710600, China

4Space Optoelectronic Measurement and Perception Lab, Beijing Institute of Control Engineering, Beijing
100190, China

SHIO Technology (Huzhou) Co. Ltd., Huzhou 313000, China

6Faculty of Mechanical Engineering, Delft University of Technology, Mekelweg 2, 2628CD Delft, The
Netherlands

7School of Instrumentation Science and Engineering, Harbin Institute of Technology, Harbin 150080, China
“yaoxin@ntsc.ac.cn

Abstract: Frequency-scanning nonlinearity fundamentally limits the ranging precision of
frequency-scanning interferometry (FSI) systems based on external cavity diode lasers (ECDLs).
To address this limitation, a frequency scanning nonlinearity suppression method based on a
rate-dependent asymmetric Prandtl-Ishlinskii (RA-PI) model is proposed. By employing, for the
first time, a phenomenological modeling approach, the rate-dependent and asymmetric nonlinear
optical frequency response of the ECDL is accurately characterized. An inverse RA-PI model
is derived and implemented as a feedforward compensator to linearize the frequency scanning.
Experimental results show that the frequency-scanning linearity is improved by approximately
one order of magnitude. Consequently, the maximum standard deviation of absolute distance
measurements is reduced from 58.25 pm to 9.79 um, and the maximum relative displacement
deviation decreases from 42.97 um to 11.56 um. Furthermore, the velocity measurement precision
for dynamic targets is improved by a factor of 2.61 to 5.75.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Frequency-scanning interferometry (FSI) is a promising technique for absolute distance measure-
ment owing to its high precision, unambiguous measurement capability, and simple system
architecture [1-9]. It has been widely employed in diverse applications, including industrial
metrology [2,10], aeronautical manufacturing [11,12], autonomous navigation [13,14], and
biomedical imaging [8,15]. The performance of an FSI system is primarily determined by the
frequency scanning bandwidth of the laser source. Among available tunable laser options, the
external cavity diode laser (ECDL) is particularly attractive due to its narrow linewidth and
wide mode-hop-free tuning range [16—18]. In an ECDL, optical frequency tuning is typically
achieved by adjusting the external cavity length using a piezoelectric actuator (PEA). However,
the intrinsic hysteresis and creep effects of the PEA introduce pronounced nonlinearities into the
frequency-scanning process [19-21], which degrade phase extraction accuracy and ultimately
limit the ranging precision of FSI systems.
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Existing approaches for suppressing frequency-scanning nonlinearity can be broadly classified
into post-processing-based and active linearization-based methods. Post-processing approaches
commonly employ an auxiliary interferometer to resample the beat signal at equidistant optical
frequency intervals [9,22-24]. Although effective, the measurable range is constrained by
the optical path difference (OPD) of the reference interferometer according to the Nyquist
criterion, and extending the range requires a large OPD, typically implemented using long fiber
interferometers, which increase system complexity and reduce environmental robustness. On
the other hand, active linearization techniques aim to directly improve the frequency-scanning
linearity of the laser source. Optical phase-locked loop based methods have demonstrated
excellent linearization performance [25,26], but their implementation requires high-bandwidth
electronics, which limits the achievable scanning rate and increases system cost. Feedforward
approaches based on iterative learning control (ILC) have also been reported [13], however, the
iterative parameter update process significantly prolongs system initialization time. Analytical
pre-distortion methods have been proposed from a mechanistic perspective [20,27,28], yet their
effectiveness is often limited by simplified assumptions that fail to capture the rate-dependent
and asymmetric nature of frequency-scanning nonlinearities.

The root cause of frequency-scanning nonlinearity in ECDLs lies in the rate-dependent and
asymmetric displacement response of the PEA with respect to the driving voltage [21,29].
These characteristics motivate the use of phenomenological modeling approaches, which have
proven effective in describing PEA hysteresis behavior [30,31]. Among them, the classical
Prandtl-Ishlinskii (PT) model has been widely employed to characterize hysteresis nonlinearities
and provides an analytical inverse suitable for feedforward compensation [32,33]. However, the
conventional PI model cannot adequately represent rate-dependent and asymmetric hysteresis
effects [21,34,35].

In this work, a frequency-scanning nonlinearity suppression method for FSI ranging based
on a rate-dependent asymmetric Prandtl-Ishlinskii (RA-PI) model is proposed. For the first
time, the phenomenological modeling approach is employed to characterize the rate-dependent
and asymmetric optical frequency-scanning behavior of an ECDL. An inverse RA-PI model
is derived and used as a feedforward compensator to generate pre-distorted driving voltages,
enabling linearization of the frequency scanning. Compared with existing methods, the proposed
approach accurately captures both asymmetry and rate dependence using a simple structure with
low computational burden, without requiring additional hardware or complex post-processing.
Experimental results show that the proposed method improves the frequency-scanning linearity
of the ECDL by approximately one order of magnitude and enhances FSI performance for both
static and dynamic targets. The proposed scheme provides a simple, efficient, and broadly
applicable solution for frequency-scanning nonlinearity suppression in ECDL-based FSI system.

The remainder of this paper is structured as follows: Section 2 introduces the principle
of FSI and analyzes the impact of frequency-scanning nonlinearity. Section 3 presents the
phenomenological modeling approach based on the RA-PI model and the corresponding inverse
feedforward compensation scheme. Experimental validation of frequency-scanning nonlinearity
suppression is provided in Section 4, followed by evaluation of FSI ranging performance under
static and dynamic conditions.

2. Principle
2.1.  Principle of FSI

Figure 1 illustrates a schematic diagram of the proposed FSI ranging system. The F-P cavity and
the auxiliary interferometer are used to obtain the variation pattern of the optical frequency. The
time delay between the reference and measurement arms is defined as 7 = 2nL/c, where n is the
air refractive index, L is the optical path difference (OPD), and c is the speed of light in vacuum.
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The interference signal generated by the interferometer produces a voltage at a PD given by [12]

1(t) o< cos[e(t)] = cos[2nu(t)T(t)], 1)

where v(7) denotes the instantaneous optical frequency of the laser. When the optical frequency
is scanned over a bandwidth Awv, the distance to target L can be determined as

¢ Ap ¢ N-2r ¢ N )

T4 Av 4mn A 2n AV’ @
where N denotes the number of interference fringes counted during the frequency scanning. In
practice, Av is obtained by counting the number of the F-P signal peaks, whose free spectral
range (FSR) is known. Equation (2) indicates that accurate distance measurement in FSI relies on
a linear relationship between the optical frequency and time. Deviations from linear frequency
scanning introduce errors in fringe phase evolution, thereby degrading the ranging accuracy. This
effect is analyzed in detail in the following subsection.

(a) A

Fig. 1. Schematic illustration of the F-P cavity based FSI ranging.

2.2. Laser frequency scanning nonlinearity in FSI

Considering the presence of frequency-scanning nonlinearity, the frequency-scanning rate
dv/dt is no longer invariant. To facilitate analysis, the instantaneous optical frequency can be
approximated by a second-order Taylor expansion as

v(t) =vo + Bt + ylz, 3)

where 3 and y denote the linear and nonlinear components of the frequency scan, respectively, and
v is the initial optical frequency. Substituting Eq. (3) into Eq. (1), the phase of the interference
signal can be expressed as ¢(f) = 277(vg + Bt +yt>). Consequently, the extracted phase difference
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Fig. 2. Simulated phase evolution of the interference signal under (a) linear and (b)
nonlinear laser frequency scanning. The linear and nonlinear frequency-scanning curves are
indicated for comparison. Simulation parameters: 1y = 780 nm, FSR=1.5 GHz, L =0.07 m,
B = 3600 GHz/s, y = 2.5 x 10°GHz%/s, n=1.

Agp deviates from the ideal linear evolution. Figure 2 illustrates the simulated phase evolution
under linear and nonlinear frequency scanning, respectively.

The phase difference Ap can be decomposed into an integral part A¢pine and a fractional part
A¢g, which can be expressed as

Ap = [(tpl - ts)/(tpl = tyo) + (te — tp3)/(tv3 - tp3)]7r + 2. (€]

Frequency-scanning nonlinearity results in a nonlinear temporal evolution of the phase, as
shown in Fig. 2(b). Consequently, the estimation of A¢gp, based on Eq. (4) becomes inaccurate,
leading to a degradation in ranging accuracy.

In addition to phase distortion, frequency-scanning nonlinearity also causes spectral broadening
of the interference signal. The resulting spectral peak width can be expressed as [13]

(1+ 27”-Unl,rms)

5f =
fo T.

)]
where vy pms = 4 /2%21 vrzd(m) /N denotes the root mean square (RMS) value of the frequency-
scanning nonlinearity and 7 is the frequency-scanning period. Accordingly, the ranging
resolution can be written as

5L = cofy (1 + 2nTUn; yms)
28 2Av '
When 2ntvyms < 1, Eq. (6) reduces to the conventional bandwidth-limited resolution

0L = c¢/2Av. In contrast, when v, ,,; becomes non-negligible and the frequency-scanning

(6)
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nonlinearity dominates, the nonlinearity-limited range resolution can be approximated as

TTCTUnl rms
Av

The above analysis demonstrates that frequency-scanning nonlinearity degrades both the
ranging accuracy and resolution of FSI systems. Effective suppression of this nonlinearity is
therefore essential for achieving high-precision absolute ranging. To this end, a novel frequency-
scanning nonlinearity suppression method for ECDLs is proposed based on a phenomenological
modeling approach.

6L = (N

3. Methodology

3.1. Rate-dependent asymmetric Prandti-Ishlinskii model

The classical PI model incorporates Play operators to characterize the hysteresis nonlinearities of
the PEA. The Play operator can be expressed as

[ [u](t) = max{x(¢) — r, min{x(¢) + r, T, [u](t — 1)}}, ®)

where u(z) is the input and 7 is a positive threshold. The Input-output relationship of the Play
operator is illustrated in Fig. 3(a). As observed, classical Play operators exhibit symmetric
hysteresis loops and are therefore inadequate for accurately characterizing asymmetric hysteresis
behavior.

1.0 H
@) L0 S mmetric loops ) ] ® 10 rmetic oopy)
0.5 0.5 /
E s 0
& 9 &
8 r— 6_05 ”1,/11:771_
ry — r2a/12> h—
-0.5 ry— -1.0 T3, A3,13 —
L i 13 ot —
40 05 0 05 10 005 0 05 10
Input Input

Fig. 3. (a) Symmetric hysteresis loops of the classical Play operator with different threshold
values r; (b) Asymmetric hysteresis loops of the asymmetric Play operator with different
parameter sets (r;, A;, n;).

To address this issue, an asymmetric Play operator is introduced and defined as [29]
Ly [u](t) = max{u(t) — r,min{Au(t) + nr, T, [u](t — 1)}}, ©)

where the A and n are shape-modifying coeflicients of the asymmetric Play operator. As shown
in Fig. 3(b), the asymmetric Play operator produces hysteresis loops with pronounced asymmetry.
Specifically, A and 7 respectively determine the slope and intercept of the hysteresis loop, while
the degree of asymmetry is mainly governed by A.

In the classical Play operator, r is rate-independent. To incorporate rate-dependent hysteresis
behavior into the input—output relationship, a dynamic threshold related to the input signal
frequency is introduced. Since the hysteresis width is governed by r, the dynamic threshold is
defined as

r=a+g(iu(r)), (10)

where @ represents the rate-independent hysteresis component, and g(i«(t)) characterizes the
rate-dependent effect. The order for g(it()) determines the trade-off between model accuracy and
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complexity. In this study, a linear function is adopted, yielding

r in) = aumn’ t)pp/z + {fin» (1 1)

where u(fj,, t),, denotes the peak-to-peak value of the input signal, f;, is the input frequency, and
a and ¢ are control parameters. By incorporating the dynamic threshold, the rate-dependent API
play operator is formulated as

Fr,/l,n [u]mm t) = max{u(fin’ t) - min{/l”(fin’ t) +nr, 1—‘r,/l,n [u(fins r— 1)]}}’ (12)

where r = r(fi,). To ensure that the initial value of the rate-dependent API play operator lies
within the hysteresis loop, it is initialized as

L an[ul(fin, to) = max{u(fin, t1) — r, Aufin, t1) + nr}, (13)

where u(f;,, t) denotes the minimum value of u(f;,, ).

The schematic diagram of the proposed RA-PI model is illustrated in Fig. 4. The model
consists of two components: a memory function and a memoryless function. The memory
function is constructed as a weighted superposition of RA-Play operators and is expressed as

Ny
HIu)(fins ) = ) pi - Tram[ufin, D), (14)

i=1

where N| denotes the number of RA-Play operators, and p; = ae™?"i is the weighting coefficient
associated with the dynamic threshold ;. The parameters a and b are weight control coefficients.

Memory function
P

[:1 FMJA ['] |'_'|
> F,M%UQ ['] |._'| XPy
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X

Legl Ly
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Input
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Opt. freq

‘P[u(fd,t)]

u(f,.0" > xd,
u(f,0) ¥ xd,

L{ u(f,,0)" | xd,

Memoryless function

Fig. 4. The schematic diagram of the RA-PI model.

The memoryless function is modeled as a polynomial of the input signal and can be written as

N,
Glul(fins1) = ), ditd (in, 1), (15)
i=1

where N is the polynomial order and d; are the corresponding polynomial coefficients. By
combining the memory and memoryless functions, the rate-dependent and asymmetric hysteresis
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nonlinearity is represented by the RA-PI model as

Y[ul(fin. ) = H[u](fin. 1) + Glu](fin, 1). (16)

Consequently, when u(f;,, t) denotes the driving voltage applied to the ECDL and Y¥[u](f,, )
represents the output optical frequency, the proposed RA-PI model provides an effective
phenomenological representation of the rate-dependent and asymmetric frequency-scanning
nonlinearities induced by the PEA in the ECDL system.

3.2. Inverse RA-Pl model

In this study, an inverse RA-PI model is constructed as a feedforward compensator. Since a
closed-form analytical inverse of the RA-PI model is not directly available, the inverse formulation
is derived based on the analytical inverse of the classical PI model. The classical PI model
admits an analytical inverse, in which the thresholds and weights of the inverse Play operators are
transformed from those of the forward model [21,36]. The relationship between the thresholds z;,
weights g; of the inverse PI model and those of the forward PI model are expressed is given by

L
21 = Ports2iv1 —Zi = (Z Pj) (ris1 — 17)
J=0 s (17)
Zi-oPi Z};(l) Pj

-
qo0 = po’%

where p; and r; denote the weights and thresholds of the forward PI model, respectively.

Owing to the structural consistency between the RA-PI model and the classical PI model, the
inverse RA-PI model is constructed by extending the inverse PI formulation. The construction
procedure is summarized as follows.

a. Equation (11) and (17) are combined to derive the inverse Play operators and construct the
inverse PI model, as illustrated in Fig. 4.

b. The thresholds and weights of the inverse PI model are fitted to obtain compact parametric
expressions.
Zi = 8117+ S21+ 83
’ , (18)
qi = oi®
where s1, 52, 53, are threshold control parameters, and o~ and & are weight control parameters.

¢. To incorporate rate dependence, a linear frequency-dependent term is introduced into the
threshold expression
2i(fin) = S10° + 20 + 53 + Kfins (19)
where « is the rate-dependent threshold control parameter.

d. The inverse RA-PI model retains the same structure as the forward RA-PI model. Accordingly,
the RA-Play operator used in the inverse RA-PI model is defined as:

Q1 [V](fin 1) = max{v(fin, 1) — 2, min{ A0 (fin, 1) + 02, Dy [V](fin, 1 = D}, (20)
where z = z(f;), and u(f;,, t) represents the optical frequency input to the inverse model.

e. The memory and memoryless components of the inverse RA-PI model are expressed as

N,
PIoN(fins ) = ) i Pryay [01Fins 1), 1)
i=1

N,
O[1(fins 1) = ) 80 (fins ). (22)
i=1
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The inverse RA-PI model is therefore written as

Y[w](fin. 1) = Plv](fin, 1) + QU] (fin: 1), (23)

where T[v](fin, t) represents the driving voltage corresponding to the ECDL output v(f;,, ).
When an ideal linear laser frequency-scanning trajectory v;y(fi,, t) is applied to the inverse model,
the desired driving voltage is obtained as

ud(ﬁn’ t) = T[Ul'd](ﬁn’t), (24)
which provides the feedforward compensation for frequency-scanning nonlinearities in the ECDL.

3.3. Parameter identification of the RA-Pl model

The rate-dependent frequency-scanning curves of the ECDL under triangular-wave voltage
excitation at different driving frequencies are shown in Fig. 5(a). These measured curves are
used as observation data for identifying the parameters of the RA-PI model and its inverse. The
parameter identification scheme is illustrated in Fig. 5(b). The characterization error of the RA-PI
model is defined as

e(tk) = ‘P[u](ﬁna tk) - U(ﬁm tk)’ (25)

where u(f;,, t;) denotes measured driving voltage applied to the ECDL, and v(f;,, #;) is the
corresponding optical frequency measured by using an F-P cavity and an auxiliary interferometer
[37]. WP[ul(fin, tr) is the RA-PI model output when the input is u(f;;, t). Theindexk (k= 1,...,K)
represents the sampled data points within one complete frequency-scanning period. The parameter
vector of the RA-PI model X = {«, ¢, A;,7,a,b,d;, N1, N, } is identified minimizing the weighted
sum of squared characterization errors over different excitation frequencies

K
0= Z D Ajet)’, (26)

J
Jj=1 k=1

where @ is the objective function, J denotes the number of excitation frequency cases, and A; is a
weighting factor determined by the hysteresis percentage of the measured frequency-scanning
curve at the jy, excitation frequency, introduced to emphasize error minimization under higher
excitation frequencies [36].

The model parameters are iteratively optimized to minimize the objective function ®. The
identified parameters, together with Eq. (19), are subsequently used to characterize the rate-
dependent frequency-scanning behavior of the ECDL. The validity of the RA-PI model is
evaluated by comparing the model output with the measured optical frequency curves, as shown
in Fig. 6. The characterization performance is quantified using the root-mean-square error
(RMSE)

K
RMSE = || = 3 [[ul(fin 1) ~ v 10 @

k=1

The model output results indicate that the RA-PI model accurately reproduces the nonlinear
frequency-scanning behavior over the considered excitation frequencies.

Parameter identification for the inverse RA-PI model follows the same procedure. In this case,
the measured optical frequency curves v(f;,, r) are used as inputs, while the corresponding driving
voltages u(f;,, t) serve as observation data. The characterization error of the inverse model is
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Fig. 5. (a) Measured rate-dependent frequency-scanning curves of the ECDL under
triangular-wave voltage excitation at different driving frequencies. (b) Schematic of the
parameter identification procedure for the RA-PI model.
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defined as

er(tx) = Tw](fin, tx) — ulfin, te), (28)

where Y[v](fis, ) is the inverse RA-PI model output. The parameter vector of inverse RA-PI
model is X = {s1, 52, 53, 0, &, 4;, 7, &1, N1, N2, k} and the objective function is given as

0 = Z Z Aer(n). (29)

J K
Jj=1 k=1

The inverse model parameters are obtained by minimizing the associated objective function.
The optimized inverse RA-PI model is subsequently employed as a feedforward compensator to
determine the pre-distorted driving voltage for the ECDL. The validity of the inverse model is
evaluated by comparing the model output with the measured driving voltage, as shown in Fig. 7.
The identified parameters of the inverse RA-PI model remain valid over the considered range of
excitation frequencies.

Model Output === Meas. Opt. Freg.
(a) 3 0.05 (b) 3 0.05

Modelling error ——

Z2 - 22 S
o < o <
H 0s B 03
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Fig. 7. Comparison between the inverse RA-PI model output and the measured driving
voltage of ECDL at excitation voltage frequencies of (a) 10 Hz, (b) 20 Hz, (c) 30 Hz, and (d)
40 Hz.

4. Experimental results

4.1.  Frequency-scanning nonlinearity compensation

We experimentally evaluated the inverse RA-PI model as a feedforward compensator to suppress
the rate-dependent frequency-scanning nonlinearities of a commercial ECDL (Newport TLB6712,
780nm). Figure 8 illustrates the compensation principle. The inverse model generated a pre-
distorted driving voltage based on an ideal linear trajectory. This voltage was applied to the
ECDL, and the resulting frequency scan was measured via the beat signal phase of an auxiliary
MZI (containing a 5-m SMF reference arm) using the Hilbert Transform (HT) according to
u(t) = ¢(t)/2n7 [23]. The nonlinearity suppression was assessed using the frequency-scanning
nonlinearity 1 — 2, which is defined as 1 — 72 = 12(vpms/Av)? [38].

The ECDL was driven by AC voltages at 10, 20, 30, and 40 Hz (superimposed on a 3V DC
bias), yielding a ~75 GHz bandwidth. Beat signals were recorded by a 30 MS/s digitizer (NI
PXIe-5105). To mitigate edge effects caused by the PEA’s dynamic response in the transition
regions of the up and down scans, we analyzed the region of interest (ROI), defined as the middle
80% (approx. 60 GHz) of the scanning range.

Figures 9(a) and 9(b) compare the frequency-scanning curves with and without compensation.
The uncompensated scan exhibits significant rate-dependent nonlinearity as shown in Fig. 9(c),
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Fig. 8. Schematic of the frequency-scanning nonlinearity suppression principle using the
inverse RA-PI model.

which is effectively suppressed by the feedforward control as shown in Fig. 9(d). Table 1
summarizes quantitative performance metrics. For the up-scan segments, the values Unl rms
were reduced by an order of magnitude (e.g., from 4.35 x 108 Hz to 6.37 x 107 Hz at 10 Hz).
Correspondingly, significant reductions were observed in the down-scan segments (e.g., from
3.28 x 10°Hz to 2.71 x 108 Hz at 10Hz). The maximum residual nonlinearity was reduced
to 0.13% and 0.48% of the frequency excursion for the scan-up and scan-down segments,
respectively. Furthermore, the 1 — 7> values were improved from 10~* to 10~ for up-scan and
1072 to 107 for down-scan. According to Eq. (7), the corresponding range resolution was
improved by at least 5.28 and 12.1 times for the scan-up and scan-down segments.
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Fig. 9. Comparison of ECDL frequency-scanning curves with and without inverse RA-PI
model compensation. (a) frequency-scanning curves without compensation, (b) frequency-
scanning curves with compensation, (c) residual nonlinearity errors without compensation,
and (d) compensated residual nonlinearity errors with compensation.

Spectral analysis of the scanning interference signals is presented in Fig. 10. Without
compensation, significant spectral peak broadening was observed. After applying inverse RA-PI
feedforward compensation, the spectral peak widths were reduced by approximately 10.93, 12.77,
31.25, and 16.75 times at excitation frequencies of 10, 20, 30, and 40 Hz, respectively, confirming
effective suppression of frequency-scanning nonlinearity.

Long-term stability was evaluated by monitoring the frequency-scanning linearity over a
continuous 120-minute measurement period as shown in Fig. 11. The standard deviations of
the nonlinearity metric vy ;s were 2.34 MHz and 2.57 MHz for the up-scan and down-scan
segments, respectively, indicating stable compensation performance over extended operation.
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Table 1. Frequency-scanning nonlinearity metrics without and with compensation

Without compensation With compensation

b () Uni,rms (Hz) 1-r Unirms (H2) 1-r

Up Down Up Down Up Down Up Down

(x10%) (x10%) (x107%) (x1072) (x107) (x10%) (x1073) (x1074)

10 4.35 3.28 7.15 4.26 6.37 2.71 1.64 297
20 4.00 3.24 6.12 423 7.58 2.43 2.31 2.39
30 391 3.12 5.83 3.92 6.19 1.79 1.55 1.30
40 4.00 3.03 6.15 3.70 3.38 1.54 0.460 0.967
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(b) 20
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Fig. 10. Comparison of spectral peak widths in beat signals with and without frequency
scanning nonlinearity compensation, measured under excitation frequencies of (a) 10 Hz, (b)
20Hz, (c) 30 Hz, and (d) 40 Hz.
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Fig. 11. Long-term stability of frequency scanning linearity over a 120-minute measurement
period.
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4.2. FSl ranging performance

To evaluate the impact of frequency-scanning nonlinearity compensation on ranging performance,
the proposed inverse RA-PI feedforward scheme was integrated into an FSI measurement system,
as shown in Fig. 12. The experiments were conducted using a target prism mounted on a
motorized linear translation stage (Newport M-ILS200LM-S, travel range: 200 mm, repeatability
accuracy: =0.12 um). The pre-distorted driving voltage generated by the inverse RA-PI model
was applied to the ECDL via an arbitrary function generator (Tektronix AFG31052). The laser
frequency scanning range was monitored using an F-P cavity (Thorlabs SA200).

Frequency scanning

t i} i RR
3070 | E 109 coL RR
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Stage
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Fig. 12. Experimental setup of the FSI measurement system.

Static measurements were performed by moving the target in equidistant steps of 20 mm
across ten measurement nodes. Each node was measured for 5 s under stabilized conditions.
Distance values were calculated according to Eq. (4), and a Kalman filter-based dynamic FSI
processing method was applied to suppress vibration-induced fluctuations [39]. Figure 13(a)
shows the measured distances and corresponding standard deviations (STDs) without and with
compensation, for clarity, the error bars are magnified by a factor of 1000. The numerical results
are summarized in Table 2. After applying frequency-scanning nonlinearity compensation, the
STDs at all measurement nodes were significantly reduced, with the maximum STD decreasing
from 58.25 pm to 9.79 um. Relative displacement between adjacent nodes was further evaluated,
with results shown in Fig. 13(b) and summarized in Table 3. The displacement deviations were
markedly reduced after compensation, with the maximum deviation decreasing from 42.97 um to
11.56 um. These results indicate improved stability and accuracy of static FSI measurements.

Dynamic measurements were assessed by measuring a moving target driven at constant
velocities of 5, 10, 20, 30, 40, and 50 mm/s. Each velocity condition was maintained for 2 s.
Distance trajectories without and with compensation are shown in Fig. 14(a) and Fig. 14(b),
respectively. The velocity was estimated from the slope of the measured distance curves using
the Kalman filter-based dynamic FSI method [39]. The deviations between measured and
reference velocities are illustrated in Fig. 14(c), and quantitative results are summarized in
Table 4. After compensation, velocity measurement deviations were reduced by factors ranging
from 2.61 to 5.75 across different motion speeds. Overall, the results indicate that suppressing
frequency-scanning nonlinearity using the inverse RA-PI feedforward compensator improves
both static and dynamic ranging performance of the FSI system.
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compensation.

Table 2. Distance measurements and STDs without and with compensation

‘Without compensation

With compensation

" Li(m) STD(um) Li(m) STD(um)

1 598.3928 53.68 598.3004 6.65

2 618.3650 55.98 618.3120 7.85

3 638.3975 58.25 638.3020 7.20

4 658.3766 57.10 658.2996 9.79

5 678.3501 43.26 678.3094 6.41

6 698.3805 50.03 698.3196 7.72

7 718.3491 45.61 718.3155 5.65

8 738.3223 51.92 738.3215 7.61

9 758.3653 45.58 758.3149 6.15

10 778.3892 47.86 778.3262 7.57
Table 3. Displacement deviations with and without compensation

AL; With compensation Without compensation
ALj(mm) Deviation(pum) ALj(mm) Deviation(im)

1 19.9722 -27.77 20.0116 11.56

2 20.0325 32.54 19.9901 -9.99

3 19.9790 -20.97 19.9977 -2.37

4 19.9735 -26.50 20.0098 9.77

5 20.0304 30.43 20.0102 10.23

6 19.9686 -31.41 19.9958 -4.16

7 19.9732 -26.76 20.0061 6.07

8 20.0430 42.97 19.9934 -6.63

9 20.0240 23.93 20.0113 11.29
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Fig. 14. Experimental results for dynamic measurements. Distance trajectories (a) without
compensation and (b) with compensation. (c) Velocity measurement deviations with and
without compensation.

Table 4. Velocity measurements and deviations with and without compensation

Speed (mmys) With compensation Without compensation
Average speed (mm/s) Deviation (um/s) Average speed (mm/s) Deviation (um/s)

5 5.052238 52.24 5.016437 16.44
10 9.938197 61.80 9.976349 23.65
20 20.074228 74.23 19.986211 13.79
30 30.040987 40.99 30.012140 12.14
40 40.053478 53.48 39.990702 9.30
50 50.040809 40.81 50.010413 10.41

5. Conclusion and discussion

In this work, inspired by the effectiveness of the classical PI model in characterizing PEA
hysteresis, we proposed, for the first time, a frequency-scanning nonlinearity suppression method
for ECDLs based on a phenomenological modeling approach. Considering the rate-dependence
and the pronounced asymmetry between the up- and down-scanning segments of the ECDL optical
frequency response, we introduced an RA-PI model to accurately characterize the nonlinear
optical frequency tuning behavior. We derived an inverse RA-PI model and implemented it as a
feedforward compensator to linearize the optical frequency scanning of the ECDL. Experimental
results demonstrate that the proposed method improves the frequency-scanning linearity by
approximately one order of magnitude. Consequently, the maximum standard deviation of
absolute distance measurements was reduced from 58.25 um to 9.79 um, and the maximum
relative displacement deviation decreased from 42.97 um to 11.56 um. For dynamic targets,
velocity measurement deviations were reduced by factors ranging from 2.61 to 5.75, confirming
enhanced performance for both static and dynamic FSI ranging. This study provides a simple,
efficient, and broadly applicable solution for high-precision coherent measurement, with potential
applicability to related platforms such as LiDAR, OCT, and OFDR.

Despite these improvements, it should be noted that a strictly closed-form inverse for the
RA-PI model is currently unavailable. The inverse formulation adopted in this study is derived
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based on the analytical inverse structure of the classical PI model, which may, to a certain extent,
limit the theoretical precision of the feedforward compensation. Future work will focus on
refining the inverse modeling methodology to further improve modeling accuracy and nonlinearity
suppression performance.

Furthermore, while the RA-PI model was initially developed to address the specific frequency-
scanning nonlinearity of ECDLs, it is fundamentally a phenomenological modeling approach.
As such, the model’s structure remains agnostic to the underlying physical mechanisms and
instead focuses on characterizing observed rate-dependent and asymmetric hysteresis behaviors.
Consequently, despite the distinct physical origins of frequency-scanning nonlinearity in DFB
lasers and VCSELSs, the proposed method is expected to be readily applicable to modeling and
suppressing nonlinearities in these sources. Additionally, we plan to implement this frequency-
scanning nonlinearity suppression algorithm on FPGA platforms, to facilitate real-time operation
and broaden its engineering applications.
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