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Abstract: We demonstrate a fiber Bragg grating (FBG) array based wavelength calibration
scheme for Fourier domain mode-locked (FDML) laser. The wavelength interval and the
temperature feedback module of the FBG array are designed to ensure the reference stability of
the wavelength calibration scheme. Combined with the calibration scheme, the FDML laser with
a tunable wavelength range of ∼60 nm, a center wavelength of 1300 nm and a sweep frequency of
39.63 kHz is built up to demonstrate its feasibility. The FBG wavelength demodulation based on
the calibrated FDML laser system shows a wavelength resolution of 2.76 pm and hourly stability
of 10.22 pm.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The concept of the swept laser was first proposed in 1997 [1]. It has developed into a wide
variety, including the use of grating rotating polyhedral mirror [2], grating galvanometer [3],
fiber Fabry-Perot tunable filter (FFP-TF) [4] as filter devices and the dispersion tunable swept
laser [5]. But the sweep speed of short cavity swept lasers is limited by repeating the process of
spontaneous emission.

In 2006, R. Huber et.al proposed the concept of Fourier domain mode-locked (FDML) lasers
based on a kilometer-length delay fiber and traditional tunable filter [6]. Using FDML technology,
the maximum scanning rate limit caused by the photon lifetime of the laser cavity can be overcome
by driving the optical filter synchronously with the optical round-trip time of the intracavity light
wave. FDML laser has the advantages of MHz sweep speed [7], and a large tuning range of
hundreds of nanometers [8]. FDML laser is widely used in optical coherence tomography (OCT)
systems and has made remarkable achievements in retinal imaging, angiography and embryo
imaging [9–11]. The FDML laser also provides a new method to measure spectrum in the time
domain, as an important part of the spectrometer [12]. It plays an important role in optical fiber
sensing [13] and spectroscopy [14–16].

Currently, the FDML laser has nonlinear problems. This nonlinear problem, temperature
fluctuations and drive voltage fluctuations of the filter jointly cause the laser wavelength drift
[7,17]. Here we refer to them collectively as the nonlinear problem. The nonlinear problem can be
solved by particle swarm optimization algorithm and neural network modeling in low-frequency
operation [18,19]. It becomes difficult in high-frequency operation (tens of kHz), which is
the case with most proposed FDML lasers. Some scientists have proposed solutions to the
nonlinear problem in FDML laser, including using gas cell or interferometer to calibrate the
wavelength [20]. The wavelength band of the gas cell calibration method is strictly limited.
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Interferometer calibration methods include the comb filter, the Fabry-Perot etalon, the Mach-
Zehnder Interferometer (MZI) and the Sagnac interference loop [21–23]. These methods are
affected by polarization, which causes peak finding difficult, reducing system accuracy and
stability. In 2021, a high-speed spectrometer with FDML laser, Mach-Zehnder Interferometer
(MZI), single peak filter and comb filter is proposed as the FBG interrogation tool [15], which
achieved stability of 100 pm in 54 nm at 59.59 kHz and an average wavelength resolution of
21.85 pm. This wavelength calibration scheme is the highest resolution and stability achieved so
far, but there is still a lot of room for improvement by reducing the polarization effect

Here, we propose a FBG array based wavelength calibration scheme for FDML laser. It has
the characteristics of high accuracy, high stability, simple structure and easy packaging. The
FBG reduces the effects of polarization. We have comprehensively considered the environment
temperature, the delay of each optical path, the spatial position of different FBGs, and the FBG
interrogation method. Combined with the FBG array, the FDML laser achieved a scanning
frequency of 39.63 kHz within 60 nm around the central wavelength of 1300 nm. We achieved a
wavelength calibration resolution of 2.76 pm and the stability of continuous operation for one
hour is 10.22 pm.

2. Principle and experiment

The traditional swept laser can be produced only by transmitting the longitudinal mode of
frequency through the narrow-band filter. When the center frequency of the narrow-band filter
is tuned in the frequency sweeping process, each new frequency position of the filter must
generate laser radiation by spontaneous emission. The maximum frequency tuning rate that
can be achieved is limited by the characteristic time constant of enhancing laser activity in the
cavity, and the FDML laser overcomes this limitation by adding a delay fiber to the traditional
swept laser. When the transmission window of the optical bandpass filter is adjusted to the same
optical frequency, the light from the primary frequency scanning propagates through the cavity
and returns to the filter. In this structure, all wavelength modes can form resonances in the cavity
at the same time, so as to obtain a quasi-continuous output. Therefore, the sweep speed only
depends on the tuning speed of the filter.

The Schematic diagram of the FDML laser is shown in Fig. 1 in the central area. The FDML
laser is a ring cavity structure composed of a semiconductor optical amplifier (SOA, InPhenix,
Inc.) with a gain maximum centered at 1300 nm as a gain medium, and a FFP-TF (Lambda
Quest) with a fineness of 977.5 and a free spectral range of 137 nm at 1300 nm as the sweep filter.
The temperature coefficient of the FFP-TF used is lower than 1 nm/℃. The limit drive frequency
of FFP-TF is 40 kHz. Two optical isolators (ISO) ensure unidirectional lasing. A single-mode
optical fiber (YOFC, FullBand) is used as delay optical fiber with a total length L= 10.2 km
and an effective refractive index neff = 1.466, loss of 0.33 dB/km. The fundamental frequency is
obtained at the scanning frequency of FFP-TF fdrive= 19.815 kHz. The stable drive signal of the
FFP-TF is provided by the signal generator (RIGOL, DG1062Z). Because the filter is a capacitive
load with a low impedance of 0.4 µF. Using the signal generator alone will cause distortion and a
narrow voltage range. Therefore, a power amplifier module (PA, OPA549) is added at the back
end of the signal generator. At the output optical coupler (OC), 20% of the optical signal is
converted into the electrical signal by a photodetector (PD, Thorlabs, PDB450c) and displayed
by an oscilloscope (OSC, Tektronix, MSO64) to characterize the scanning signal and 80% of the
output signal is returned to the ring cavity. The experiments were conducted on a shockproof
platform with heat dissipation and temperature control. The tunable wavelength range of the
FDML laser, shown in Fig. 2. (a), can be detected by an optical spectrum analyzer (OSA, Ando,
AQ6317C). The obvious distortion comes from the scanning speed difference of the FFP-TF
dived by a sine function voltage and the mismatch between the tunable speed of the FDML laser
and the scanning speed of OSA. The output laser intensity can’t be well demonstrated because of
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the fast tuning speed of the laser wavelength, which can be detected by PD and shown in Fig. 2.
(b). The transient intensity curve of the FDML laser, including forward sweep (short to long
wavelength) and backward sweep (long to short wavelength). The FDML laser with a sweep
speed of 39.63 kHz, a center wavelength of about 1300 nm, and a range greater than 60 nm can
be obtained.

Fig. 1. Schematic diagram of the Fourier domain mode-locked (FDML) laser.

Fig. 2. (a) Optical spectrum of the FDML laser output measured at different moments of
operation time, (b) The FDML laser output power temporal evolution during one scamming
cycle.

Since the FFP-TF in the FDML laser is a capacitive load, there are the following problems
when measuring spectrum directly with the FDML laser: (1) FFP-TF is nonlinear, including
hysteresis and creep; Hysteresis is most severe at the start and end voltages. (2) FFP-TF is affected
by temperature and other environmental factors. The above problems lead to the uncertainty of
the output laser wavelength of the FDML laser. It can be seen from Fig. 2. (a) that the spectrum
of the FDML laser continues to drift with the increase of operation time, and the moving range
is within 5 nm, which is caused by the nonlinearity of the filter. Due to the nonlinearity of the
voltage-to-wavelength relationship, converting voltage to wavelength in linear relationships is
inaccurate. Here, we propose the FBG array as a wavelength calibration method. The FBG array
is composed of 15 FBGs connected in series from short wavelength to long wavelength. The
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wavelength of the FBG array measured by OSA is used to calibrate the wavelength of the FDML
laser. The parameters of the FBG array are shown in Table 1. As shown in Fig. 1, the laser output
and the FBG array reflection signal (see the optical path calibration area) are detected in parallel.
These two signals keep synchronous output in time to realize wavelength calibration. Since a sine
signal is used to drive FFP-TF, the nonlinearity at both ends of the spectral range covering the
FBG array wavelengths is more serious than that in its middle. To improve the utilization of the
FBG array, the arrangement method of dense at both ends and sparse in the middle is adopted.

Table 1. Parameters of the 15 FBGs
Wavelength

(nm)
1269.56 1273.03 1276.08 1280.30 1285.14 1290.10 1295.28 1300.20 1305.44 1309.80 1315.22 1320.16 1323.21 1327.02 1330.16

Reflectivity
(%)

98.9 95.0 97.9 94.6 95.9 96.8 95.2 95.2 92.5 99.8 97.9 94.1 96.8 92.3 98.5

Loss (dB) 0.09 0.12 0.36 0.26 0.31 0.44 0.31 0.31 0.26 0.30 0.31 0.31 0.31 0.35 0.40

Nonlinearity is more severe at the peaks and valleys of the drive signal. The FBG array of
different wavelength densities is used to ensure overall accuracy. The FBG spacing in the middle
(40 nm) part of the spectral range is 5 nm. Four FBGs are located in the 10 nm range at each end
of the FBG array. There are Fifteen FBGs in the range of 1270-1330 nm. Then the FBG array is
sealed to avoid the disturbance of environmental factors such as vibration. To avoid the influence
of temperature, a temperature sensor module with an accuracy of 0.1 ℃ is added as temperature
compensation.

The results of the FBG array calibration optical path in the time domain are shown in Fig. 3.
Both the laser output and the calibration channels are collected on the OSC through the 100 MHz
bandwidth PD respectively. The power distribution in Fig. 3. (b) is caused by the FDML
laser power distribution in the ring cavity, the reflectivity and the loss of 15 FBGs. The short
wavelength (25µs) travel a shorter distance than the long wavelength (0µs) and is less affected
by the loss. The detailed reflectivity and loss of 15 FBGs are listed in Table1. As shown in the
signal processing part of Fig. 1. To ensure the time synchronization of each signal, accurate time
compensation is necessary. Time compensation includes the delay between each optical path
and the delay of each FBG. The time of calibrating the optical path reflects the change in laser
wavelength and the wavelength value of the laser can be calculated. Here, we use band-pass
filtering to remove the system noise effect. Using the centroid algorithm, the reflected light
power is used as the weighting coefficient, and the weighted average value is calculated, which
directly reflects the power distribution, so as to obtain the time point corresponding to the central
wavelength. The time-wavelength relationship is obtained by polynomial (with third degree)
fitting. Finally, obtained the time-wavelength curve in the range of 60 nm is shown in Fig. 4. (a).
Of course, At 39.63 kHz sweep frequency, the wavelength dependency can fall behind from the
drive voltage. This causes the FFP-TF voltage-to-wavelength hysteresis loop shown in Fig. 4. (b)
which is to be taken into account during the design of the FDML laser.

FDML lasers based on the wavelength calibration scheme can be used for spectrum measure-
ment. To test wavelength calibration accuracy and stability, we selected 11 FBGs at different
positions in the range of 60 nm. Both the central wavelength and spectral shape of these FBGs are
measured. Characterization of average wavelength resolution and system stability with standard
deviation and fluctuation range of 11 FBGs. The driving signal which provided the operation of
the system was kept unchanged for 60 minutes. Three FBGs from the 11 FBGs located in the
beginning, in the middle and at the end of the spectral range 1270-1330 nm: FBG1 (1274.8 nm),
FBG2 (1309.7 nm), and FBG3 (1324.9 nm). Figure 5. (a, b, c) shows the temporal evolution of
the central wavelength for three of these FBGs. As seen the standard deviation of the central
wavelength for FBG2 which is located in the middle band is 2.14 pm. FBG1 and FBG3 located
at both ends reveal the larger standard deviation, 2.62 pm and 3.46 pm, respectively. Since the
number of FBGs at both ends is denser, the standard deviation of the three FBGs is not much
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Fig. 3. Output from FFP-TF driver (a) the FBG array (b) and single FBG (c).

Fig. 4. (a) Time-wavelength curve obtained by fitting, (b) FFP-TF voltage-to-wavelength
hysteresis loop.

Fig. 5. Wavelength resolution and system stability test: temporal evolution of central
wavelength (a, b, c) is the yellow curve and 3 dB bandwidth for three FBGs (d, e, f) is the
blue curve.
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different. The fluctuation range of the central wavelength of the three FBG is 1274.82± 0.006
nm, 1309.75± 0.005 nm and 1324.95± 0.009 nm. Figure 5. (d, e, f) shows the fluctuation of
the 3 dB bandwidth of three FBGs. The 3 dB bandwidth is the pulse width shown in Fig. 3. (c)
converted from the time-wavelength curve. The bandwidth of FBG2 is 0.21± 0.004 nm, and the
standard deviation for one-hour running is 1.69 pm. Figure 6 summarizes the standard deviation
of central wavelength and 3 dB bandwidth of 11 FBGs with different wavelengths within 60
minutes. The central wavelength and 3 dB bandwidth of 11 FBGs have a maximum fluctuation
range of ±10.22 pm under continuous operation for one hour. The results between OSA and the
FDML laser based system are well matched. In the system, the FBG array structure we designed
successfully solved the nonlinearity problem, enabling accurate measurement of wavelengths
in the time domain. The system continuous operation for one hour has obtained an average
wavelength resolution of 2.76 pm and stability of 10.22 pm, which has been confirmed.

Fig. 6. Spectral resolution of all 11 FBGs during 60 minutes of the system operation, and
commercial OSA test results.

3. Conclusion

In conclusion, we propose a calibration method that ensures accurate detection of the wavelength
of the FDML laser system. The system has the capability of high speed and high precision
spectrum measurement, which is very useful for FBG sensor demodulation. Within the scanning
frequency of 39.63 kHz and the whole spectral range of 60 nm, the average wavelength calibration
resolution of 2.76 pm and stability of 10.22 pm have been achieved at continuous operation for
one hour.
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