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Abstract: The key to realizing a high-performance frequency-modulated continuous wave (FMCW)
laser frequency-sweeping light source is how to extend the frequency-swept bandwidth and eliminate
the effect of nonlinearity. To solve these issues, this paper designs a broadband high-linear FMCW
frequency-sweeping light source system based on the combination of fixed temperature control and
digital optoelectronic phase-locked loop (PLL), which controls the temperatures of the two lasers
separately and attempts to achieve the coarse spectral stitching based on a time-division multiplexing
scheme. Furthermore, we uses the PLL to correct the frequency error more specifically after the
coarse stitching, which achieves the spectrum fine stitching and, meanwhile, realizes the nonlinearity
correction. The experimental results show that our scheme can successfully achieve bandwidth
expansion and nonlinearity correction, and the sweeping bandwidth is twice as much as that of the
original single laser. The full-width half-maximum (FWHM) of the FMCW output is reduced from
150 kHz to 6.1 kHz, which exhibits excellent nonlinear correction performance. The relative error of
the FMCW ranging system based on this frequency-swept light source is also reduced from 1.628%
to 0.673%. Therefore, our frequency-swept light source with excellent performance has a promising
application in the FMCW laser ranging system.

Keywords: laser ranging; frequency modulated continuous wave; scanning bandwidth expansion;
phase-locked loop

1. Introduction

Lasers, known for their exceptional collimation and coherence, enable direct measure-
ment of length and displacement. They offer significant advantages in terms of measure-
ment range, accuracy, and speed. In recent years, lasers have been increasingly integrated
into the fields of vehicle-mounted airborne radar [1,2], environmental detection [3,4], ce-
lestial body detection [5–8], and medical sensing [9,10], to name a few. Currently, laser
ranging methods encompass pulse ranging, phase ranging, triangulation ranging, incre-
mental and absolute interference ranging, and frequency modulated continuous wave
(FMCW) ranging. The FMCW laser ranging technique has been widely studied by domestic
and foreign scholars [11–13] because of its unique advantages such as high adaptability
to the measurement environment, robust resistance to noise and interference, advanced
automation capabilities, and relatively low complexity.

The frequency-swept light source is the core of the FMCW system, but several key
technical challenges remain to be addressed, such as how to correct the light source non-
linearity and how to improve the swept bandwidth. Both issues are closely related to the
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performance of the FMCW ranging system. The high-linear swept light source ensures
the accuracy of the ranging system, while the swept bandwidth directly affects the mea-
surement resolution. Common realizations for achieving broadband frequency-swept light
sources are categorized into external modulation methods [14–18] and internal modulation
methods [19,20].

External modulation methods include two coherent optical frequency combs [11], the
recirculation frequency shifting technique [15,16], and a single optical frequency comb
with dispersion elements [17,18], which require external devices or circuits to achieve
a broadband light source. For instance, Yin et al. leveraged optical frequency combs
with different spectral ranges to synthesize five narrow-band signals into a 5 GHz broad-
band signal, and achieved phase stabilization by polarization-multiplexed photoelectronic
modulators for the optical frequency comb modulation [14]. Yin et al. used a frequency-
shifted cyclic optoelectronic loop for spectral stitching through feedback modulation to
generate a broadband linear frequency modulation signal after multiple re-circulations [15],
effectively increasing the bandwidth from the original 2 GHz to 3 GHz. Furthermore, Wang
et al. proposed a tunable linear frequency modulation signal generation scheme using
an optical frequency comb and a fiber Bragg grating time-delay line [17]. By generating
multiple spectral lines with the optical frequency comb and separating them with a fiber
Bragg grating, they were able to stitch together an optical signal with a bandwidth of
32 GHz.

Internal modulation methods have achieved bandwidth extension by simultaneously
modulating the temperature and current of the laser. These techniques have been suc-
cessfully demonstrated by various researchers with remarkable results. For example,
Hefferman et al. simultaneously modulated a single DFB laser with temperature and
current and aligned the spectra using cross-correlations [19] to achieve a swept source with
a total bandwidth of 510.9 GHz. Li et al. used 10 DFBs with different output wavelengths
for spectral concatenation, supplemented by equal optical frequency interval resampling to
correct nonlinearity, and successfully increased the resolution of the system by 10 times [20].

In the above work, the implementation of external modulation techniques need to
use external devices or external loops such as optical frequency combs, frequency-shifted
cyclic photoelectric circuits, and so on. Such requirements add complexity and cost to
the design and operation of the light source system. Conversely, the internal modulation
method requires a temperature controller that can adjust and stabilize the laser’s operating
temperature accurately or multiple lasers that can provide adjacent scanning bandwidth,
which requires high requirements for device selection.

In this paper, in order to circumvent the issues mentioned above and to realize a
broadband high-linear FMCW frequency-sweeping light source system, a bandwidth
expansion method based on a coarse temperature control and optoelectronic digital phase-
locked loop (PLL) is proposed, and the PLL also offers the function of nonlinear correction
of the light source.

2. Materials and Methods
2.1. FMCW Laser Ranging Method

The FMCW laser ranging system [21] consists of a tunable laser, an interferometer, a
spatial light module, and a photodetector (PD), as shown in Figure 1. The system operates
by modulating the frequency of the FMCW laser light source. This modulated light then
passes through a coupler, which splits the beam into the reference and measurement paths.
The light from the measurement path is reflected by the target and then interferes with the
light from the reference path to produce the beat frequency signal. The frequency of the
beat frequency signal can be extracted and then inverted to the measured distance.
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Figure 1. Experimental system structure diagram.

Ideally, the frequencies of the reference beam, the measurement beam, and the beat
frequency signal in one modulation cycle are shown in Figure 2, where f1 is the frequency
of the reference signal, f2 is the frequency of the measured signal, f3 is the frequency of the
beat frequency signal, B is the sweep bandwidth, T is the modulation period, τ is the time
delay due to the optical range difference between the reference and the measured signal,
and ∆ f is the frequency of the beat frequency signal at steady state.
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Figure 2. Frequency diagrams of the reference and measurement return beams and beat signals
during a single modulation period: (a) frequency diagrams of the reference and measurement return
beams; (b) frequency diagram of the beat signal.

The frequency of the beat signal ∆ f is known from the reference signal and the
measured signal:

∆ f = f1 − f2 =
B
T

τ. (1)

τ can be calculated as follows:

τ =
∆d
v

=
n∆d

c
=

2nd
c

, (2)

where ∆d is the optical range difference, d is the distance of the object to be measured, v
is the speed of light in the medium, n is the refractive index of the medium, and c is the
speed of light. From the above two equations, the frequency of the beat signal ∆ f can be
obtained as:

∆ f =
2ndB

Tc
. (3)
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Therefore, ∆ f is proportional to the measured distance d. The inversion leads to the
desired measurement distance expression:

d =
Tc

2nB
∆ f . (4)

2.2. Wideband Light Source Implementation Method

The broadband light source system proposed in this paper consists of two tunable
lasers, a Mach–Zehnder interferometer (MZI), attenuators, amplifiers, PDs, and FPGA
development boards, etc. The system is shown in Figure 3. The FPGA manages time-
division multiplexing of the two lasers, which are independently regulated by temperature
controllers to operate at different temperatures. These temperatures are carefully selected
to facilitate the seamless merging of the lasers’ outputs after injection current modulation,
thus contributing to the realization of a broadband light source. The combined output of
the two lasers is fed into a coupler to merge the beams. The laser power is then attenuated
and the FPGA controls the amplifier to maintain the optimal power level. Finally, the light
is subsequently split into three different optical paths by another coupler: one path serves
as the output for the ranging system, another is detected with a PD to provide power
information for power equalization, and the third path passes through the MZI before
being detected with another PD, which provides the frequency for the FPGA to perform
nonlinear corrections.
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Figure 3. Sweep bandwidth expansion system.

The entire broadband light source system is controlled by four processes: spectral
stitching, pre-correction iterative algorithm, power equalization and PLL control.

2.2.1. Spectral Stitching

In this paper, a time division multiplexing scheme is used to achieve spectral stitching
to complete the expansion of the FMCW bandwidth. Figure 4 shows the schematic diagram
of the implementation of the spectral stitching process.
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When the two lasers work in time-division multiplexing, the FPGA can control the
two lasers in the t0 ∼ t1 and t1 ∼ t2 time slots, respectively, to complete the frequency
sweeping. Meanwhile, if the two lasers have the same operating temperature and modula-
tion signal, the same frequency sweep ranges L1 and L2 (dotted line) of the two lasers can
be obtained. To achieve the purpose of broadening the bandwidth by stitching their spectra,
it is necessary to control the operating temperature of the second laser and the principle is
that its initial modulation frequency is set to the maximum modulation frequency of the
first laser. Therefore, the two frequencies would be close within a small range due to the
presence of the laser noise and frequency drift. This coarse stitching is the basis for the
subsequent fine spectral stitching based on PLL control.

2.2.2. Pre-Correction Iterative Algorithm

The pre-correction iterative algorithm is used to coarsely linearize the FMCW laser
source, laying the foundation for the subsequent digital optoelectronic PLL to stably control
the laser’s nonlinearity. In references [22] and [23], it has been discussed how to use iterative
algorithms for nonlinear correction. We can derive the iterative formula:

dUd(t)
dt

=
∆ fd
∆ f0

· dU0(t)
dt

. (5)

According to the above iterative formula, we can input the ideal beat frequency
signal, the instantaneous frequency of the beat signal, and the modulation voltage at
that particular moment. By doing so, the corrected modulation voltage can be derived.
By consistently applying this iterative method, the modulation electrical signal can be
continuously refined, which enables the achievement of real-time non-linear pre-correction
throughout the laser’s operation.

2.2.3. Power Equalization

The stable output power of the laser is crucial for the stable control of the subsequent
digital optoelectronic PLL. If the power fluctuates greatly, the frequency of the square wave
signal converted from the beat frequency signal in the PLL is in error, which has a huge
impact on the PLL correction function. The principle of power equalization is as follows.

The optical power equalized by the amplifier can be expressed as:

Pout(t) = Pin(t) · K(i(t)), (6)

where Pout is the amplifier output optical power, Pin is the amplifier input optical power,
i(t) is the control signal provided by the FPGA, and K(·) is the gain coefficient.
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After power equalization by the amplifier, the optical power is stable to the ideal
optical power Pd, therefore we have:

Pout(t) ≡ Pd. (7)

From Equations (6) and (7), the control signal i(t) provided by the FPGA can be
introduced as:

i(t) = K−1
(

Pd
Pin(t)

)
. (8)

By substituting the ideal optical power, the real-time optical power and the amplifier
gain coefficient into the above formula, the corrected control signal is obtained to achieve
power equalization during amplifier operation.

2.2.4. Phase-Locked Loop

As mentioned in Section 2.2.2, the operating temperature of the laser can vary and
drift during the spectral stitching process. These variations compromise the seamless
continuity of the output optical frequency between the two lasers, leading to the emergence
of frequency and phase errors. Such discrepancies can be attributed to the nonlinearity
introduced during the spectral stitching process.

To address this issue, we propose a PLL method. Utilizing an FPGA as the core processor,
we handle the beat frequency signal obtained from the MZI and implement a PLL nonlinearity
correction algorithm. The aim of this approach is to correct errors that occur at the stitching
junction and to correct the nonlinear distortions inherent in the light source.

The PLL needs to first convert the received beat frequency signal into a square
wave signal using the over-zero comparator. The converted square wave signal is phase-
discriminated with a reference square wave signal generated by the FPGA itself to produce
an error signal. Integration of the error signal provides an adjustment for the modulation
current of the laser. This signal is then fed into the laser driver module, enabling the
achievement of both fine spectral stitching and sweep nonlinearity correction throughout
the operation of the laser.

To handle the large residual error, considering the phase error, external noise, and
other factors, this paper designs a PLL with 25 kHz loop bandwidth, 55◦ phase margin,
and 500 kHz reference signal, which enables the PLL to have a large holding range. The
narrower loop bandwidth ensures that the PLL can lock to the desired frequency even if
residual errors exist. The phase margin setting ensures system stability. The sufficiently
large holdover range allows the spectrum to remain within the holdover range when
nonlinear errors are outside the loop’s capture range, and the PLL remains locked when
the initial frequency difference is small.

3. Results and Discussion

Concerning that a single-laser based FMCW optical source is the basis of frequency
stitching operations for broadband FMCW lasers, we investigate the single-laser experiment
to optimize the output performance.

3.1. Single-Laser Experiment

Considering the response time of FPGA, drivers, and lasers, taking into account the
ranging range and accuracy of the ranging system, the modulation frequency is set to 1 ms
in the experiment. Since the total length of the fibers in the MZI used does not exceed
3 m and the fiber dispersion is small, the experiment does not take into account the fiber
dispersion contained in the MZI. And we utilize a 1550 nm tunable DFB with a sweep
bandwidth of approximately 80 GHz to accomplish the experiments on power equalization
and nonlinearity correction. The optical power level is reflected in the envelope signal
collected with the PD, and the envelope signals, both before and after power equalization,
are shown in Figure 5. After power equalization, the amplitude of the envelope signal



Photonics 2024, 11, 477 7 of 13

is significantly reduced from 1.18 V to less than 0.1 V. This result proves that the power
equalization can effectively stabilize the power.
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The residual error graph and sweep frequency graph [18], both before and after the
application of the nonlinear correction, are shown in Figure 6.
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As illustrated in the figure, the red curve represents the actual optical output frequency
over time for a single cycle, while the blue curve denotes the difference between the actual
optical frequency and the ideal swept frequency. The comparison reveals that there is
a residual nonlinearity of 9 GHz in the absence of nonlinear correction, with 1 − r2 of
1.5 × 10−1. Following the application of the iterative algorithm correction, the residual
nonlinearity is reduced to 4 GHz, and 1 − r2 is reduced to 2.9 × 10−2, indicating a slight
improvement in the performance.

Further refinement using phase-locking reduces the residual nonlinearity to 59.5 MHz
and 1− r2 to 6.6 × 10−6, with a significant improvement in performance. The spectrograms
of the beat-frequency signals are shown in Figure 7. Prior to nonlinear correction, the
peak of the beat-frequency signal spectrum appears to be considerably broader, with the
full-width half-maximum (FWHM) of 87.1 kHz. After the iterative algorithm correction,
the FWHM of the beat-frequency signal spectrum narrows to 7.9 kHz. Finally, the FWHM
is further refined to 4.1 kHz with additional phase-locking through PLLs.
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Therefore, the single-laser light source system equipped with iterative algorithms and
digital PLL corrections can effectively reduce the nonlinear effects, resulting in an excellent
FMCW laser light source.

3.2. Bandwidth Expansion Experiment

Based on the single-laser system in the previous section, two 1550 nm tunable DFBs are
used in this section to perform the bandwidth expansion experiments. These experiments
maintain the same parameters, with a sweep period of 1 ms and a sweep bandwidth
of approximately 80 GHz. Subsequently, an in-depth comparison is carried out, which
includes analyzing the spectrum of the swept light source, the beat frequency signal
spectrum, the residual nonlinear error curve of the output signal, and the frequency-swept
diagrams both before and after the bandwidth expansion. The purpose of this comparison
is to highlight the advantages and limitations of the light source in both its pre-expanded
and post-expanded bandwidth states.

The experimental setup of the spectrograph RBW is 0.1 nm and VBW is 1 kHz, and
the spectra before and after bandwidth expansion are shown in Figure 8. This figure
demonstrates the ability of a single laser to offer a sweep bandwidth of about 80 GHz, with
a sweep range extending from 193.67 THz to 193.75 THz. Subsequently, by fine-tuning
the operating temperature of the second laser, the coarse spectral stitching is achieved.
This adjustment enables the second laser to provide a sweep bandwidth of approximately
80 GHz, with a sweep range of 193.59 THz to 193.67 THz.



Photonics 2024, 11, 477 9 of 13

Photonics 2024, 11, x FOR PEER REVIEW 9 of 14 
 

 

3.2. Bandwidth Expansion Experiment 

Based on the single-laser system in the previous section, two 1550 nm tunable DFBs 

are used in this section to perform the bandwidth expansion experiments. These experi-

ments maintain the same parameters, with a sweep period of 1 ms and a sweep bandwidth 

of approximately 80 GHz. Subsequently, an in-depth comparison is carried out, which 

includes analyzing the spectrum of the swept light source, the beat frequency signal spec-

trum, the residual nonlinear error curve of the output signal, and the frequency-swept 

diagrams both before and after the bandwidth expansion. The purpose of this comparison 

is to highlight the advantages and limitations of the light source in both its pre-expanded 

and post-expanded bandwidth states. 

The experimental setup of the spectrograph RBW is 0.1 nm and VBW is 1 kHz, and 

the spectra before and after bandwidth expansion are shown in Figure 8. This figure 

demonstrates the ability of a single laser to offer a sweep bandwidth of about 80 GHz, 

with a sweep range extending from 193.67 THz to 193.75 THz. Subsequently, by fine-tun-

ing the operating temperature of the second laser, the coarse spectral stitching is achieved. 

This adjustment enables the second laser to provide a sweep bandwidth of approximately 

80 GHz, with a sweep range of 193.59 THz to 193.67 THz. 

  
(a) (b) 

Figure 8. Sweep frequency spectrum: (a) before expanding the sweep bandwidth; (b) after expand-

ing the sweep bandwidth. 

By implementing time-division multiplexing control of the light source and then op-

tically combining the output beams of the two lasers via a coupler, a broadband fre-

quency-sweeping light source with an extended bandwidth of approximately 160 GHz is 

realized. This approach effectively broadens the frequency sweep range from 193.59 THz 

to 193.75 THz. 

However, after the above coarse spectral stitching is completed, there are still fre-

quency discontinuities and phase errors at the stitching junction. This will affect the per-

formance of the broadband light source, resulting in high nonlinear errors in the second 

half of the cycle, as shown in Figure 9a at 0.5 ms. In order to reduce the nonlinear error 

generated by stitching operation, a PLL is introduced to phase-lock the two lasers, and the 

resulting residual nonlinear curves and sweep plots are shown in Figure 9b. 
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By implementing time-division multiplexing control of the light source and then opti-
cally combining the output beams of the two lasers via a coupler, a broadband frequency-
sweeping light source with an extended bandwidth of approximately 160 GHz is real-
ized. This approach effectively broadens the frequency sweep range from 193.59 THz to
193.75 THz.

However, after the above coarse spectral stitching is completed, there are still frequency
discontinuities and phase errors at the stitching junction. This will affect the performance
of the broadband light source, resulting in high nonlinear errors in the second half of the
cycle, as shown in Figure 9a at 0.5 ms. In order to reduce the nonlinear error generated
by stitching operation, a PLL is introduced to phase-lock the two lasers, and the resulting
residual nonlinear curves and sweep plots are shown in Figure 9b.
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As can be seen from the comparison in Figure 9, after PLL locking, the portion of the
high nonlinearity generated at 0.5 ms in Figure 9a quickly returns to the desired frequency
in Figure 9b, with a minimal frequency fluctuation lasting only 0.03 ms. Without phase
locking, a residual nonlinearity of 4.1 GHz exists, with 1 − r2 of 7.3 × 10−3. After the
phase locking, the residual nonlinearity is reduced to 77.2 MHz, and 1 − r2 is reduced to
2.6 × 10−6. Before locking, the spectrum of the beat frequency signal exhibits a noticeable
spread in Figure 10, with a FWHM of 150 kHz. However, after PLL locking, the FWHM
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of the beat frequency signal spectrum narrows to 6.1 kHz. This refinement in spectral
resolution demonstrates the effectiveness of the phase-locking technique in improving the
laser ranging system’s performance.
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Therefore, our proposed dual-laser light source system, which employs temperature
control, time-division multiplexing, and digital PLL corrections, is capable of achieving a
significantly expanded swept bandwidth while effectively suppressing the nonlinearities
of the lasers.

3.3. Distance Measuring Experiment

Ranging experiments based on the proposed light source system have been conducted
to evaluate the performance. The accuracy of the ranging measurements is confirmed
through the assessment of relative distances, both prior to and following any displacement,
as depicted in the spectrogram of the beat-frequency signal presented in Figure 11.
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A set of frequency differences can be obtained from the spectrograms of the spectral
signals before and after displacement, and the corresponding distance values can be
obtained by substituting the frequency differences into Equation (4). Six positions on the
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displacement platform are selected for measurement, each position corresponding to a
displacement of 20 mm. The results of the distance measurements, both before and after
the expansion of the sweep bandwidth, are presented in Table 1.

Table 1. Analysis table of distance measurement results.

Experimental Stage
Before Extending the Sweep

Bandwidth
d1/mm

After Extending the Sweep
Bandwidth

d2/mm

1 19.903 19.898
2 19.329 19.953
3 20.531 19.743
4 20.237 20.245
5 20.332 20.116
6 20.261 20.042

average error 0.01628 0.00673

As depicted in Table 1, the ranging accuracy is enhanced to the sub-millimeter level
after the expansion of the swept bandwidth. The average errors recorded before and after
the bandwidth expansion are 1.628% and 0.673%, respectively, representing a decrease of
approximately 50%. The results confirm that the dual-laser light source system is capable
of achieving enhanced ranging accuracy.

Afterwards, the distance resolution of the ranging system is also investigated. Figure 12
shows the spectra of the received signals when measuring a 1.94 mm acrylic plate before
and after the swept bandwidth expansion. As the acrylic plate used for the experiment has
no permeable or anti-transparent membrane, the resonance is generated within the acrylic
plate, causing the periodic oscillation in the spectrum.
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Figure 12. Spectrum diagrams of received signal: (a) before expanding the sweep bandwidth; (b) after
expanding the sweep bandwidth.

Prior to bandwidth expansion, the spectrum of the received signal is unable to resolve
the two spectral peaks from the reflective surfaces of the transparent acrylic plate. However,
after bandwidth expansion, the received signal spectrum clearly exhibits two distinct
spectral peaks, enabling the effective thickness measurement of the transparent acrylic plate.
The measured thickness is determined to be 1.8 mm, which corresponds to a relative error
of 0.14 mm when compared to the actual thickness of 1.94 mm. This result demonstrates
the broadband light source system’s ability in measuring smaller distances with consistent
sub-millimeter accuracy.

Consequently, the dual-laser light source system, equipped with temperature control,
time-division multiplexing, and digital PLL correction for swept-bandwidth expansion,
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has demonstrated its ability to achieve enhanced distance resolution. This technologi-
cal advance is critical for applications requiring high-precision distance measurements,
particularly in scenarios involving small dimensions or complex geometries.

4. Conclusions

In this paper, dual DFBs are used as the frequency-swept light source for the FMCW
laser ranging system. By employing temperature control and time division multiplexing,
the coarse spectral stitching was successfully performed. Subsequently, the implementa-
tion of a digital PLL facilitated fine spectrum stitching and accomplished the nonlinear
correction of the lasers, which finally achieved the purpose of linearization of the frequency-
sweeping light source while increasing the sweeping bandwidth of the light source. The
results indicated that the sweeping bandwidth of the light source has been extended from
80 GHz to 160 GHz, and the FWHM of the beat signal remains consistently at 6.1 kHz,
and the range error can be reduced by 50% compared to pre-bandwidth expansion levels.
This bandwidth expansion technique is straightforward to implement, and the nonlinear
correction performance is excellent. The concepts presented in this paper can be applied
to scale up the system by increasing the number of DFBs to four, eight, or even sixteen
channels, which could further broaden the sweep bandwidth. Such an approach holds
significant potential for advancing the development of high-performance laser ranging
systems, offering improved accuracy and reliability in various applications.
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conduct relevant literature search and conduct feasibility analysis; Z.W. (Zihan Wu) wrote part of
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