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Abstract: Since the advent of Fourier Domain Mode-Locked (FDML) lasers, they have demonstrated outstanding
performance in several fields. They achieve high-speed, narrow-linewidth laser output with the new mode-
locking mechanism, which has been intensively researched in the past decades. Compared with conventional
wavelength-scanning light sources, FDML lasers have successfully increased the scanning rate of frequency-
sweeping lasers from kHz to MHz. They are widely used in optical coherence tomography, spectral analysis,
microscopy, measurement, and microwave signal generation. With the deepening research on FDML lasers,
several performance metrics have been optimized and improved, offering superior performance for FDML laser-
based applications. This paper reviews the principles and key performance indicators of FDML lasers, as well as
the recent progress made in some important applications, and highlights further research directions for FDML

lasers in the future.
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1. Introduction

FDML lasers have emerged as exceptionally attractive light sources given high scanning rate.
Proposed as high-speed sources for optical coherence tomography (OCT) in 2006 [1], they have rapidly
garnered industry interest for the fast wavelength-scanning capabilities, becoming the preferred
light sources in numerous biomedical imaging and measurement applications. Unlike conventional
wavelength-scanning lasers, FDML lasers utilize a longer intracavity fiber delay line to extend the laser
cavity. This design enables the laser cavity to store the entire scan signal, thereby circumventing the
need for repeated laser buildup associated with spontaneous emission [1]. Consequently, FDML lasers
overcome the limitations of traditional wavelength-scanning lasers, which experience scanning speed
constraints due to the buildup time of the new laser signal [2]. Through this innovative architecture,
FDML lasers have successfully elevated the scanning rate from tens of kHz to hundreds of kHz while
achieving substantial enhancements in noise performance, coherence length, and output power.

FDML lasers are extensively utilized across numerous fields owing to high-speed, narrow-band,
and highly phase-stable optical frequency scanning capabilities, along with an innovative mode-
locking mechanism. They achieve unprecedented imaging rates for densely sampled volumetric
datasets, significantly enhancing the visualization of tissue morphology [3]. Initial in vivo experiments
using FDML-based OCT systems in ophthalmology [4] and cardiology [5] have demonstrated excellent
performance, providing the exceptional temporal resolution needed to observe complex dynamics.
Furthermore, FDML lasers have proven to be efficient real-time measurement tools in high-speed
spectroscopy, successfully measuring various gas parameters, including temperature, pressure, water
concentration, and gas velocity [6]. The integration of FDML lasers with microwave photonics
has recently opened new avenues for microwave frequency measurements [7] and high-resolution
temperature sensing [8]. These developments not only showcase the extensive range of applications
of FDML lasers but also emphasize the considerable potential for future research and industrial
applications.

With the deepening of FDML research, researchers have improved the performance of FDML
lasers in many aspects. For instance, the scanning rate has been increased to MHz through buffering
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techniques [9]. The broadest scanning range to date has been achieved by employing two semicon-
ductor optical amplifiers (SOAs) in parallel with a wavelength division multiplexer [10]. As a result
of the improvements in the production and performance of FDML lasers, new advances have also
been made in various fields, including OCT, spectral analysis, metrology, nonlinear microscopy, and
microwave signal generation.

This review summarizes the performance metrics and recent advancements of FDML lasers,
highlighting key future research directions. The paper is organized into three parts: the first part
introduces the fundamental principles and main parameters of FDML lasers, the second part discusses
their development across different application scenarios, and the third part elaborates on the further
development of FDML lasers.

2. Theoretical Research of FDML Lasers

2.1. Principle of FDML Lasers

Frequency-swept laser sources typically consist of a broadband gain medium and a tunable
bandpass filter. Each time the center frequency of the filter is adjusted, the laser must re-establish
a stable mode of operation, which severely limits the performance of high-speed frequency-swept
lasers and necessitates trade-offs among sweep speed, linewidth, output power, and tuning range
[11]. This challenge is addressed in FDML lasers. In addition to the conventional gain medium and
tunable bandpass filter, FDML lasers incorporate a section of dispersion-managed fiber with varying
dispersion characteristics and lengths, serving as a delay line. Figure 1 shows the schematic of a typical
FDML laser. This design achieves low dispersion across the entire operating wavelength range and
enhances the coherence length of the scanned signal, effectively increasing the laser ring cavity time.
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Figure 1. Basic structure of an FDML laser [1]

Tunable optical bandpass filters are periodically driven with a period that matches the cavity
or its harmonic round-trip time. This approach establishes a fixed phase relationship between the
longitudinal cavity modes, allowing the transient electric field at the optical bandpass filter to contain
only those frequency components that align with the filter’s transient transmission. All other frequency
components destructively interfere [1]. When the transmission window of an optical bandpass filter is
tuned to a specific optical frequency, light from that frequency scan can propagate through the cavity
and return to the filter. Consequently, the entire frequency scan is stored in the dispersion-managed
delay line within the laser cavity, eliminating the need for laser light to be generated by spontaneous
emission.

2.2. Parameters of FDML Lasers

FDML lasers are capable of generating optical pulses with extremely short pulse widths and
high repetition rates, making them invaluable for scientific research and various applications. The
parametric specifications of FDML lasers are crucial for evaluating the performance and suitability for
FDML-based applications. Key parameters include the following:


https://doi.org/10.20944/preprints202410.2490.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 October 2024 d0i:10.20944/preprints202410.2490.v1

30f19

1. Scan rate: It is defined as the number of wavelength scans performed by the laser per unit time,
which directly dictates the imaging speed of a swept-source OCT (S5-OCT) system. The primary
advantage of FDML lasers lies in the ability to store the entire scanning signal in long fiber delays,
effectively preventing the accumulation of spontaneously emitted signals. Thus, the scan rate is
theoretically constrained only by the speed of the tunable filter.

2. Tuning range: It represents the variable extent of the laser’s output wavelength. The width of this
range significantly influences the system’s spectral resolution and detection depth. It is closely
related to the axial resolution of OCT and the precision of optical measurements.

3. Output power: It refers to the laser’s power output, which critically influences the system’s
sensitivity and image quality. High output power allows substantial reflected light from the
sample to be captured, resulting in considerably clear images and improved sensitivity.

4. Coherence length: It defines how far the laser can propagate while maintaining coherence,
directly influencing the imaging depth of SS-OCT. However, current FDML lasers often produce
output signals with dense, disordered high-frequency fluctuations, which degrade signal quality
and reduce coherence [12]. Therefore, determining how to achieve a stable output without
high-frequency fluctuations is one of the research difficulties for the future of FDML lasers.

3. Application Progress of FDML Lasers

FDML technology has already demonstrated its significant potential and application value across
various fields. It has been extensively utilized in fast OCT systems, achieving notable advancements
in ophthalmology, intravascular OCT (IV-OCT), cardiac OCT, and surgical microscope. In addition,
FDML lasers are employed in numerous applications related to spectral analysis, measurements,
microwave signal generation, and nonlinear microscopy. These applications are detailed below.

3.1. OCT

The use of FDML technology enables unprecedented high-quality OCT imaging results. Com-
pared with conventional low-speed systems, FDML technology significantly increases imaging speed,
which means not only a higher update rate but also the ability to acquire richer 3D information.
From ophthalmology to IV-OCT, cardiac OCT, and surgical microscope, the range of applications for
FDML technology continues to expand. In recent years, researchers have paid particular attention to
applications in ophthalmology and surgical microscope. These studies aim to reduce surgical risk and
advance minimally invasive surgical techniques.

3.1.1. Ophthalmology

In ophthalmology, the advent of FDML has transformed OCT technology into a vital tool for
diagnosing and monitoring eye diseases. The ability of OCT based on FDML lasers to provide high-
resolution depth imaging of ocular structures is a considerable advantage for ophthalmologists. In
ophthalmic OCT, researchers have improved the performance indicators of FDML, as detailed in
Table 1.

A buffering technique is employed following the use of an FDML laser, as shown in Figure 2, in
which multiple scans are time-division-multiplexed to enhance the scan rate, yielding unidirectional
scans at multiple times the filter drive frequency. Retinal imaging has been conducted using a pair
of detector mirrors and relay optics, achieving retinal OCT imaging at 236,000 axial scans (A-scans)
per second [13]. A combination of SOAs and ytterbium (Yb)-doped fiber amplifiers in the FDML laser
provides over 50 mW of output power [14]. Buffer stages, either 4x or 8x, further increase the scan
rate to 684 kHz and 1.8 MHz, respectively. Ultrawide-field data consisting of 1900x1900 A-scans with
approximately 70° angle of view were acquired within only 3 and 6s, respectively. The axial resolution
in tissue is 12 and 19 um.
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Figure 2. Setup of the buffered FDML laser [13]

In 2013, Klein et al. improved upon the work in [14] by using a Fabry—-Pérot tunable filter,
significantly enhancing the sweep rate and stabilizing laser operation. Intracavity dispersion was
compensated by a chirped fiber Bragg grating (CFBG), which increased the coherence length of the
FDML laser. The improved system is shown in Figure 3. This configuration allowed alignment and
averaging of 24 datasets at an axial line(A-line) rate of 1.68 MHz, ultra-dense transverse sampling at a
rate of 3.35 MHz, and dual-beam imaging on the retina with two laser spots, achieving an effective
line rate of 6.7 MHz [9].

L FOML laser ] 1 4x | 8x buffer stage |

418.1kHz roundtrip frequency 1.68MHz / 3.35MHz sweep rate

Figure 3. FDML laser cavity and buffer stage layout (4x buffering version shown).[9]

Kolb and colleagues used a buffered FDML laser similar to that in [9] but without the intracavity
Yb amplifier, achieving an effective line rate of 1.68 MHz. This system employed three different sample
arm configurations, demonstrating for the first time single-volume ultrawide-field imaging with an
field of view (FOV) of up to 100°. It also achieved 85° single-volume OCT imaging and 100° imaging
by stitching together five 60° images, representing the widest FOV OCT image with a dense sampling
pattern to date [15]. For improving the axial resolution of the MHz-OCT system while maintaining a
high imaging speed, the CFBG, SOA, and Fabry-Pérot filters used for dispersion compensation were
improved on the basis of the buffered FDML OCT structure proposed in [9]. A spectral bandwidth of
120 nm was achieved at an A-scan rate of 1.67 MHz, even 143 nm at an A-scan rate of 834 kHz [16].
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Table 1. Improvement in corresponding indicators of FDML
Improvement Indicator changes
S £ 8x buffering [14] 1.37 MHz
weep rate Using a bulk Fabry-Pérot tunable | 419 kHz repetition rate
filter, 8x buffering [9] increased to 3.35 MHz
Novel grating with a reflectivity of
50%-70%, a bandwidth of 200nm, . .
Sweep range and novel SOA with a eain 143 nm (without buffering)
. & 120 nm (4x buffering)
bandwidth of 110 nm [16]
Output power A combination of SOA Over 50 mW of output power
and Yb fiber amplifiers [14]
Coherence length CFBG [9] Improved coherence length
of FDML lasers

Objective optical assessment of photoreceptor function may facilitate the early diagnosis of retinal
diseases. As shown in Figure 4, Azimipour et al. described an adaptive optics (AO)-OCT system. By
leveraging the 3D cellular resolution of AO-OCT and the speed of the FDML laser, this system enables
the visualization of cone photoreceptors in 3D and characterizes morphological changes in individual
cone cells induced by pulsed bleaching flashes [17]. Moreover, they proposed a system that integrates
AO with scanning laser ophthalmoscopy (SLO) and OCT imaging [18]. The FDML laser’s 1.6 MHz
scan rate permits SLO and OCT to utilize the same scanner for in vivo retinal imaging. AO provides
diffraction-limited cellular resolution for both imaging modalities, enhancing the overall quality of
retinal assessment.
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Figure 4. AO-OCT system based on an FDML laser[17]
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Torzicky et al. proposed the integration of polarization-sensitive OCT (PS-OCT) with an FDML
laser featuring active spectral shaping. This innovative laser, as depicted in Figure 5, allows for forward
and backward scanning, effectively doubling the imaging speed without the need for buffering [19].
The dual-channel system simultaneously acquires data in two orthogonal polarization states during
each A-scan. As a result, the system achieves high axial resolution and deep penetration into the
choroid and sclera. It demonstrates the capability to rapidly collect large 3D datasets while producing
high-resolution 2D images.
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Figure 5. FDML source setup with polarization controller[19]

High-speed Fourier domain OCT utilizing a 1310 nm FDML laser has demonstrated effective
application in imaging the human anterior segment [20]. This system achieves an effective axial scan
rate of 200 kHz, enabling 3D imaging of the anterior segment while significantly reducing motion
artifacts, as shown in Figure 6. Karnowski was the first to employ high-speed SS-OCT for quantitative
corneal analysis [21]. Through adjusting the Fabry—Pérot filter drive frequency and scanning range, an
axial resolution of 20 ym and a tissue imaging depth of 9 mm were attained, facilitating the assessment
of the corneal surface and the iris. The 108,000 lines per second high-speed OCT device allows for
rapid 3D imaging of the anterior segment in less than a quarter of a second, thereby minimizing the
effect of motion artifacts on the final image and subsequent morphometric analysis. The combination
of a dispersion-compensated FDML laser and a 4x buffer stage OCT system ensures excellent roll-off
performance and a high imaging speed of 1.6 MHz, making it suitable for comprehensive imaging of
the entire anterior segment of the human eye [22]. Likewise, Yao et al. utilized an FDML laser with a
4x buffer stage to achieve an effective line rate of 1.66 MHz, successfully imaging Schlemm’s canal
using an achromatic lens designed for anterior segment imaging [23].
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Figure 6. Results of the quantitative corneal analysis of 3D OCT data, normal eye: (a)topography of
anterior and posterior corneal surfaces, (b)thickness map, and (c)elevation BFS (Best Fit Sphere) maps
with radius of the fitted sphere of anterior and posterior corneal surfaces . [20]

3.1.2. IV-OCT

IV-OCT is a vital technology for diagnosing and studying coronary artery disease, offering
exceptional high-resolution imaging capabilities. This technique provides a detailed view of the
microscopic features of coronary arteries without disturbing blood flow, thereby minimizing motion
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artifacts crucial for accurate vascular health assessment. An OCT system employing a fast micromotor
catheter and an FDML laser, operating at a depth scan rate of 1.6 MHz, enables intravascular imaging
at a frame rate of 3.2 kHz. This system can acquire a fully sampled 3D dataset of coronary arteries in
less than 1s [24]. Wang et al. introduced a “heartbeat OCT” imaging system that integrates a fast FDML
laser, rapid pullback, and a micromotor-driven catheter to examine coronary arteries within a single
cardiac cycle [25]. The buffer-class FDML laser increased the fundamental scan rate by a factor of eight,
achieving an in vitro imaging speed of 5600 fps at a scan rate of 2.88 MHz and enabling the first in
vivo imaging at 4000 fps. The in vivo imaging is shown in Figure 7(a). In 2019, they demonstrated
MHz intravascular Doppler OCT using a 1.5 MHz, 4x buffering FDML laser and a newly developed
motorized catheter [26]. Doppler images were reconstructed by calculating the phase shift between
adjacent A-lines. A 3D Doppler OCT dataset containing morphology and Doppler information of
the entire coronary artery could be acquired with a single pullback, which was the first in vitro 3D
intravascular Doppler imaging.

Figure 7. (a) Cross-sectional image of a healthy artery wall. The magnified part shows layered
structures as internal elastic lamina (IEL), media, and adventitia. (b) The same layers can be identified
in a co-located histological section of the artery wall.[25]

3.1.3. Cardiac OCT

In cardiac imaging, conventional OCT techniques encounter several challenges, particularly due
to the high frequency of heartbeats, which complicates the direct capture of cardiac dynamics in
temporal and spatial domains. Nevertheless, advancements in technology, specifically the application
of OCT using FDML lasers, have effectively addressed these issues. The high scanning rate and
sensitivity of FDML lasers enable the detection of minute changes in heartbeats, which are essential
for observing the complex morphodynamics of cardiac contraction.

An OCT system utilizing a buffered FDML laser can achieve ultrafast, noninvasive imaging of
embryonic quail hearts at a rate of 100,000 axial scans per second [5]. For a further enhanced imaging
speed, a resonance scanner was integrated into the sample arm, along with a dual orthogonal mirror
oscillating scanner,as shown in Figure 8 [27]. This setup achieved large-field 3D OCT imaging and
direct 4D imaging at a volume rate of approximately 43 Hz. This ultrafast OCT imaging provided
sufficient spatial resolution to visualize embryonic cardiac structures.
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Figure 8. Schematic of the OCT system and mouse embryonic imaging setup. [27]

Fu et al. presented a fiber-optic catheter-based PS-OCT system that acquires intensity and
phase-delayed images of biological tissues, including the myocardium [28]. This system employs a
polarization-sensitive SOA operating at saturation to convert the output light of an FDML laser into a
line-polarized state. This passive multiplexing of alternating polarization states eliminates the need for
active components to be synchronized with A-scan data acquisition. It is a simple way to implement
all-fiber PS-OCT using an FDML laser. The system effectively captures intensity and phase-delayed
images of highly birefringent materials, in vivo human skin, and untreated and thermally ablated
isolated porcine myocardium. In vivo images of the heart wall could also be obtained to aid in the
treatment of arrhythmias by radiofrequency ablation [28].

3.1.4. Surgical Microscope

With advancements in FDML technology, the advent of real-time 4D-OCT technology has revolu-
tionized surgical microscope. This technology offers sufficient volume size and high update frequency,
enabling surgeons to monitor tissue structure changes in real time during procedures, which signif-
icantly enhances safety and efficacy. The integration of fast OCT with rapid computing facilitates
real-time visualization of 4D-OCT images [29]. The FDML cavity incorporates a dual-fiber Bragg
grating dispersion compensation module operating at the fifth harmonic frequency of 402 kHz. With
8x buffer stages, the scan rate is increased to 3.2 MHz. Two high-speed digitizers operating in in-
terleaved mode, along with a dual GPU card and dedicated processing software, enable efficient
data processing and visualization. This system allows for OCT imaging with a real-time display rate
exceeding 1 GVoxel/s, facilitating the acquisition, processing, and 3D visualization of volumes with
either 320x320x400 available voxels at a frame rate of 26 Hz or 320x160x400 available voxels at 51 Hz
[29].

For accommodating the differing demands of real-time and non-real-time imaging, two buffer
configurations based on the buffered FDML OCT system proposed in previous research [9] were
implemented to achieve varying A-scan rates. The system supports non-real-time retinal imaging at
rates of up to 191 V/s and enables real-time retinal volumetric OCT imaging at 1.58 GVoxel/s, with a
volume size of 330x330x595 usable voxels and an impressive update rate of 24.2 Hz [30].

Gob et al. introduced a system that implements a 3D spectral scaling function within real-time
4D-OCT imaging [31]. The light output from the FDML is amplified by an 8x buffer and a boosted
SOA, which then feeds into the OCT system for real-time imaging. The online recalibration procedure
is executed by capturing the recalibration signal at the turning point of the fast axis scanner during the
OCT raster scan’s dead time. This approach allows for the OCT signal to be resampled at every frame
during real-time processing of 3D-rendered OCT images, synchronizing adjustments of the imaging
area and lateral FOV for 3D scaling. As shown in Figure 9, the system can acquire OCT datasets with
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various resolution modalities, and imaging ranges of up to 10 cm at real-time update rates exceeding 1
GVoxel/s.

Figure 9. Three discrete resolution modes: Live 4D-OCT using the high-resolution mode with 120 nm
bandwidth (a, b), intermediate mode with 17 nm bandwidth (c—f), and long-range mode with 4 nm
bandwidth (g—k). 3D views of a fingertip and a canula (a, ¢), a fingernail (b, d), a caterpillar on a leaf
(e), and a snail (f). 3D views of the researcher’s face wearing laser protection glasses (g), shaking hands
(h), and holding a cup (i). Corresponding 2D view (j) and en face view (k) of the cup scene. [31]

OCT, while renowned for its medical applications, also holds significant promise in nonmedical
fields. Adler et al. introduced an active contrast agent detection technique utilizing photothermal
modulation for high-speed OCT imaging [32]. This system employs a double-buffered FDML laser,
which allows high contrast to be observed between models with and without nanoparticles. The
future integration of molecularly targeted nanoshell contrast agents with photothermally modulated
OCT could facilitate highly sensitive and specific detection of diseases, such as cancer. FDML-based
3D-OCT systems are particularly promising for art conservation given ultrahigh imaging speed and
extensive depth range. This technology enhances the visualization of microstructural features in
base materials and can identify unique aspects of 3D punch contours that are often missed in high-
resolution photography [33]. Wang et al. developed a miniaturized, low-cost, monolithic silicon
photonic integrated SS-OCT coherent receiver using an FDML laser [34]. This receiver features dual-
polarization, dual-balance detection, as well as in-phase and quadrature detection, enabling full-range
OCT and PS-OCT.

As technology advances, OCT is expected to become increasingly valuable in nonmedical applica-
tions, leveraging its high-resolution, noncontact, and nondestructive detection capabilities to become
an indispensable tool across various fields.

3.2. Spectral Analysis

3.2.1. Scattering Spectroscopy

FDML lasers have emerged as a crucial tool for measurements in the broadband Raman jump
energy range. Karpf et al. utilized continuous and repetitive wavelength sweeping to generate
broadband, high-resolution excited Raman spectra through a novel time-encoded (TICO) concept [35].
As shown in Figure 10, in the FDML Raman microscope system proposed by [36], a fast wavelength-
swept FDML laser serves as the Raman probe, while a laser incorporating a master oscillator power
amplifier (MOPA) and Raman-shifted emission is employed as the Raman pump. The FDML-MOPA
system, which includes probe and pump lasers, produces near-infrared nanosecond optical pulses with
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adjustable pulse lengths and repetition rates. By employing the TICO-Raman concept, the researchers
successfully generated high-resolution excited Raman spectra [36]. They also achieved a nonlinear
excited Raman scatter spectrum with noise reduced to the ultimate scatter noise limit by optimizing
the matching of the pump pulse length to the detection bandwidth [37]. This approach ensured that
the excited Raman amplification effect was fully and effectively digitized.

(]
)
reference arm [ |
. . |
beam delivery unit PD2 1

Figure 10. Schematic setup of the FDML Raman microscopy system [36]

3.2.2. Absorption Spectroscopy

FDML-based high-speed spectroscopy has considerable potential for real-time spectral analysis,
offering a novel and efficient tool characterized by its high temporal resolution. Kranendonk introduced
a method for monitoring the temperature of high-speed engine gases by detecting molecular absorption
spectra [38]. This technique utilizes an FDML laser combined with a time-division-multiplexed split-
pulse data acquisition system. It monitors the temperature of high-speed engine gases by measuring
the H,O absorption spectra with a spectral resolution higher than 0.1 nm. Previously, Kranendonk
proposed using FDML lasers to derive water vapor temperatures in homogeneous charge compression
ignition engines, aiding combustion diagnostics [39].

The integration of tomography and hyperspectral absorption spectroscopy enhances traditional
absorption-based diagnostics. The TDM3-FDML hyperspectral source, composed of three time-
division-multiplexed (TDM) FDML lasers, enables simultaneous 2D imaging of temperature and H,O
concentration across 225 spatial grid points with a temporal resolution of 50 kHz [40]. In 2013, this
technique was utilized to measure temperature, pressure, H,O concentration, and gas velocity at a
temporal resolution of approximately 50 kHz over a sustained period of 2s [6], as shown in Figure 11.
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Figure 11. Temperature, pressure, H,O mole fraction, velocity, and enthalpy results obtained with the
TDM3-FDML system upstream and downstream of the turbine for two cycles of the pulsed-detonation
combustor. [6]

Yamaguchi et al. developed a fast and broadband spectroscopic measurement system using an
FDML laser operating at approximately 1550 nm [41]. This broadband FDML laser employs two SOAs
with center wavelengths of 1509 and 1554 nm, achieving a scanning bandwidth of 120 nm centered at
1544 nm, along with a high scanning rate of 50.7 kHz. This system is anticipated to be utilized for the
acquisition of gas absorption spectra in future applications.

3.3. Nonlinear Microscopy Techniques

3.3.1. Laser Confocal Microscopy

FDML lasers are extensively utilized in stimulated Raman scattering (SRS) microscopy owing to
the rapid wavelength-scanning capabilities. These lasers enable high-speed, narrow linewidth optical
frequency-scanning, which is crucial for achieving high-resolution SRS imaging. Eibl et al. developed
an excited Raman microscopy system based on the FDML-MOAP system and the TICO-Raman concept
[42]. This system detects specific Raman bands by adjusting the relative timing between the pump and
detection lasers, covering a spectral range from 750 cm ! to 3200 cm ™!, as shown in Figure 12.
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Figure 12. Broadband coverage of the system. A mixture of equal parts of cyclohexane, benzene, and
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Particularly, the fingerprint region from 400 cm™! to 2000 cm ™! allows for highly specific hy-
perspectral Raman imaging because of the presence of numerous distinct Raman bands in this area.
Hakert et al. combined a 1064 nm pump laser with a 1300 nm FDML laser to achieve highly specific hy-
perspectral Raman imaging [43]. Utilizing the TICO-Raman concept, they time coded the wavelength

of the excited Raman transition, achieving hyperspectral imaging in the range of 1500-1800 cm .

3.3.2. Optical Coherence Microscopy (OCM)

OCT and confocal scanning microscopy are powerful techniques currently used for in vivo
imaging of tissue microstructures [44]. The emergence of OCM technology combines the advantages
of confocal microscopy for high-resolution imaging and high-sensitivity coherence-gated detection. It
enables deeper imaging depth and higher contrast in highly scattering biological tissues compared with
conventional confocal microscopy. As shown in Figure 13, Huang et al. demonstrated the use of an
FDML laser with a center wavelength of 1290 nm and a scan rate of 370 kHz for scanning source OCM
imaging [45]. An objective with an effective numerical aperture of approximately 0.35 (corresponding
to a theoretical confocal gate of about 16 pm) strikes a balance between lateral resolution and depth of
field. This approach allows for the extraction of a series of high-quality, coherently gated images from
a 3D dataset. An image resolution of 1.6 um x 8 um (lateral x axial) with a sensitivity greater than 98
dB has been achieved, and cellular resolution imaging has been demonstrated in an African clawed
toad tadpole, a rat kidney, and a human colon.
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Figure 13. Schematic of a scanning source OCM system based on an FDML laser [45]

3.3.3. Fluorescence Microscopy

Two-photon microscopy is increasingly utilized in biological and medical research given its high
sensitivity, molecular specificity, and ability to penetrate deep tissues. Karpf et al. proposed a high-
speed laser scanning technique for nonlinear imaging [46]. In the system setup shown in Figure 14, the
pulse output from the FDML-MOPA laser is directed to a diffraction grating for line scanning. They
also introduced a spectro-temporal encoding technique, in which each pulse illuminates a distinct pixel
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both in time and in space. This advanced system can record fluorescence lifetimes at an impressive
rate of 88 million pixels per second, operating at an FDML scan rate of 342 kHz. This fast two-photon
microscopy is termed spectral laser imaging diffraction excitation (SLIDE) microscopy. Quasi-phase-
matched broadband frequency doubling in a sector-periodically polarized lithium niobate crystal shifts
the output of the FDML-MOPA laser to around 780 nm. Consequently, the SLIDE system enables 780
nm two-photon microimaging at a frame rate of 2 kHz [47]. This capability allows for imaging using
UV-excited dyes or endogenous autofluorescence, addressing the limitations of the previous system
[46], which was unable to utilize red dyes.
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Figure 14. Experimental device of the SLIDE system [46]
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3.4. Measurement

3.4.1. Frequency Measurement

Real-time measurement of microwave frequencies is essential in critical domains, such as radar,
communications. Although conventionl measurement methods offer high resolution, they often exhibit
high power consumption, susceptibility to electromagnetic interference, and limitations in handling
only single-tone microwave signals. In practice, however, received signals may comprise various
unknown frequency components, necessitating multi-tone signal measurements.

The frequency-time mapping technique in photon-based measurements establishes a relationship
between the frequency of an unknown input microwave signal and the time difference of the output
pulse, enabling multi-frequency measurements. Hao et al. utilized frequency-time mapping tech-
nology and the frequency sweep capabilities of an FDML optoelectronic oscillator (OEO) to achieve
microwave frequency measurements [7]. The measurement system achieved a range of 15 GHz with a
measurement error of less than 60 MHz. To further enhance the measurement range, they proposed
using an FDML OEO operating near the oscillation threshold, achieving a range of up to 16 GHz with
a measurement error of only 0.07 GHz [48].

In the improved system, an electronically controlled silicon microdisk resonator with a linewidth
of 60 pm was incorporated into the FDML loop as a tunable optical filter. The frequency information
of the microwave signal is mapped into the time domain using broadband-swept chirped pulses
generated by a laser. A low-speed oscilloscope then detects the time delay to measure the microwave
frequency. This enhanced system successfully performs single- and multi-tone microwave frequency
measurements over a range of up to 20 GHz, as shown in Figure 15, with a measurement resolution of
200 MHz and an accuracy higher than 4+ 100 MHz [49].
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Figure 15. Temporal waveform recorded by the digital storage oscilloscope when the frequency of an
input microwave signal is 20 GHz. [49]

3.4.2. Temperature Measurement

Microwave photonics, an emerging field, has recently been proposed and demonstrated for
temperature sensing. This technology, particularly based on FDML lasers, offers a novel solution for
real-time temperature measurement by converting wavelength changes in the optical domain into
microwave frequency changes in the electrical domain. Wang et al. proposed a high-speed, high-
resolution temperature sensor utilizing microwave photonics [8]. In this approach, sensing information
is encoded into the spectrum as broadband frequency-chirped optical pulses are delivered from an
FDML laser to two cascaded fiber-optic Sagnac loops. Through spectral shaping and wavelength-
to-time mapping, the encoded sensing information is converted into the time domain, enabling
high-resolution temperature sensing. This developed sensor achieves a remarkable temperature
resolution of 1.33 x 10~°°C with a sampling rate of up to 23.497 kHz.

As shown in Figure 16, Wang et al. introduced a novel temperature sensor based on an FDML OEO
and temperature-to-time mapping [50]. The bidirectional scanning microwave photonic filter (MPF)
comprises a bidirectional scanning light source and a temperature-sensitive Fabry—Pérot optical trap
filter. The MPF is critical for OEO-based temperature sensors, allowing for the mapping of temperature
changes to oscillation frequency. By incorporating a narrow-band pass filter into the FDML OEO loop
alongside the MPF, they established the desired temperature-time mapping relationship, achieving a
high sensitivity of 8.166ys/°C and a resolution of 0.03°C.
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Figure 16. Schematic of the microwave photonic temperature sensor based on FDML OEO [50]

3.5. Microwave Signal Generation

Brillouin ring cavity laser technology has advanced significantly in recent years. Laser based on
stimulated Brillouin scattering demonstrates considerable potential for applications in various fields,
including laser gyroscopes [51] and temperature sensing systems [52], owing to narrow linewidth gain,
low threshold power, and high coherence. Leveraging these properties, along with the high-speed
scanning capabilities of FDML lasers, Galindez et al. proposed an FDML-pumped Brillouin fiber laser
with tunable pulses and wavelengths [53], as shown in Figure 17. This tunable laser comprises two
ring cavities: a primary fiber ring cavity for generating FDML signals and a secondary fiber ring cavity
for amplifying Stokes signals. A spectral tuning range of 2.54 nm centered at 1531 nm was achieved by
adjusting the offset voltage of the fiber Fabry—Pérot tunable filter. In addition, through varying the
amplitude of the modulation signal applied to the fiber Fabry—Pérot filter, the Brillouin linewidth of
the laser was modified from 0.282 nm to 0.462 nm.

re 00

Pump \

Function
Generator

Figure 17. Double-ring cavity Brillouin-FDML laser [53]

4. Conclusion

As anovel mode-locking mechanism, FDML lasers address the limitations of traditional wavelength-
scanning light sources, which are often constrained by the accumulation time of signals arising from
spontaneous emissions. FDML lasers offer several advantages, including rapid wavelength scan-
ning, narrow instantaneous linewidths, fast and stable operating modes, and excellent phase stability,
making them highly promising for various applications. However, several challenges remain to be
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addressed. First, stability and noise in FDML lasers are critical issues. Frequency noise can degrade
imaging accuracy, especially during prolonged scans, which may reduce coherence and affect image
clarity. For efficient locking and stable operation, precise control of several laser parameters, including
cavity dispersion, the properties of the gain medium, and thedriving frequency of the scanning filter, is
necessary.Second, increasing output power poses another challenge. While FDML lasers can generate
high signal-to-noise ratio outputs with narrow linewidths, maintaining these characteristics while
boosting power output requires further technological advancements.Third, extending the coherence
length is a key research focus. Although FDML lasers have achieved coherence lengths of tens of
meters, further improvement is needed for deep tissue imaging and applications requiring large
imaging ranges.Lastly, the miniaturization and integration of FDML lasers present significant chal-
lenges. With increasing demand for portable and low-cost optical imaging devices, integrating FDML
lasers with other optical components into a compact system while maintaining high performance is a
current research priority.With continued technological advances, FDML lasers are expected to enable
ultrahigh-speed, high-resolution, and deep real-time imaging, remarkably contributing to a broad
range of applications.
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