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828 kHz retinal imaging with an 840 nm Fourier
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Abstract: This paper presents a Fourier domain mode locked (FDML) laser centered around
840 nm. It features a bidirectional sweep repetition rate of 828 kHz and a spectral bandwidth of
40nm. An axial resolution of ~9.9 um in water and a 1.4 cm sensitivity roll-off are achieved.
Utilizing a complex master-slave (CMS) recalibration method and due to a sufficiently high
sensitivity of 84.6 dB, retinal layers of the human eye in-vivo can be resolved during optical
coherence tomography (OCT) examination. The developed FDML laser enables acquisition
rates of 3D-volumes with a size of 200 x 100 x 256 voxels in under 100 milliseconds. Detailed
information on the FDML implementation, its challenging design tasks, and OCT images obtained
with the laser are presented in this paper.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

With the aim of studying human tissue in-vivo, OCT is mainly used in medical fields where a
non-contact method is preferred since it can generate non-invasive depth-resolved images with
micrometer resolution [1]. For instance, OCT is highly valued in ophthalmology because it
can resolve retinal structures in-vivo non-invasively and contact-free [2]. Most OCT systems
on the market are based on spectral-domain OCT (SD-OCT) [2]. It has proven its ability to
distinguish retinal layers with ~5 pm axial resolution and ~100 dB sensitivity [3—6]. These
SD-OCT systems mainly operate at a center wavelength of 850 nm rather than in the 1050 nm
range, which is more standard for swept-source OCT (SS-OCT) systems. One reason is that
SD-OCT usually uses silicon-based line scan cameras. Also, 850 nm is a long enough wavelength
to be in the non-visible region, allowing comfortable viewing during eye examinations. Low
water absorption, better transversal resolution, and better axial resolution at shorter wavelengths
for the same bandwidth are other reasons for the interest in 850 nm devices compared to 1050 nm.

In flying-spot technologies (where the laser beam scans the sample pixel by pixel), SD-OCT
setups are limited in terms of speed by the readout time of the camera sensor. Different alternatives
have been used to overcome this limitation, such as using multiple spectrometers and cameras
[7]. However, these implementations require complex and more expensive systems. Regarding
non-flying-spot, full-field OCT has progressed in volume rate by illuminating and acquiring the
data of the whole sample in one single shot. This way, 1 kHz volume rates can be obtained
[8]. This high speed however, induces a decrease in the system’s sensitivity due to shorter
integration times. Crosstalk between different pixels caused by multiple scattering [9] might also
corrupt full-field images if not corrected like in [10]. Additionally, in such systems, balanced
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detection to suppress the noise of the light source is more difficult to implement due to the need to
secure pixel-to-pixel correspondence between two 2D cameras. This is not an issue for SS-OCT.
SS-OCT is more attractive due to its simplified set-up that can also achieve high volume rates
(400 Hz) without impacting the sensitivity [11,12]. Performances of SS-OCT depend principally
on the wavelength tunable light source used for imaging. Most ophthalmic systems using swept
sources take advantage of the better penetration depth in choroid at 1060 nm. At this wavelength,
the water absorption exhibits a local minimum that allows for high-quality imaging and deeper
penetration because of lower scattering at longer wavelengths [13—18]. However, 1060 nm
OCT images often yield lower contrast in the upper retinal layers compared to 850 nm systems.
Additionally, in the 1060 nm band, it is difficult to increase the axial resolution further than ~4
um due to water absorption [19,20]. Shorter wavelength swept sources would not be limited in
bandwidth by the water absorption and better transverse resolution can be achieved, making them
interesting for studying the human retina [1,21-24]. Although imaging at shorter wavelengths
is attractive for the reasons mentioned above, 850 nm SS-OCT of the human retina in vivo has
only been reported at moderate speeds [25-28]. This is due to several challenges (detailed in the
following section) in implementing 850 nm swept sources compared to sources at 1060 nm.

Several 850 nm swept sources have already been demonstrated with different performances.
Some with a high A-Scan rate, like at 90.9 MHz using a photonic time stretch laser but at
reduced sensitivity (45dB) [29]. An A-scan rate of 998.5 kHz has been demonstrated using
akinetic operation dispersion tuning and dual-mode locking [30], but at decreased axial resolution
(4 nm bandwidth) and imaging range (1 mm). Different vertical-cavity surface-emitting lasers
(VCSELSs) have also been presented. Some with thermal tuning of a micro-electromechanical
system (MEMS), which limits the repetition rates to 0.70 kHz [31,32], or one based on current
modulation achieving a sweep rate of 50 kHz with a tuning bandwidth of 4.5 nm and a sensitivity
roll-off of -3dB at more than 2.5cm [26]. Faster VCSELs have been developed using an
electrically pumped MEMS, enabling a tuning bandwidth of over 37.7 nm at a frequency of
350-430 kHz [33]. Fabry-Pérot filters (FFP-TF) are used in other demonstrations [27,34], and
have shown promising results. These lasers demonstrate good axial resolution but a low repetition
rate due to the filter’s maximal 1 kHz driving frequency. External cavity tunable filters can also
give good performance regarding axial resolution (~7 um) and sensitivity (96 dB) [28], as well
as polygon scanner setups with a sensitivity above 90 dB and a 10 um axial resolution [25,35,36].
840 nm swept sources currently manufactured by Exalos Inc. and Superlum Ltd. have a wide
bandwidth of over 60 nm but have a limited repetition rate of 20 kHz and ~2 kHz, respectively.
Chen & al. demonstrated retinal images using an 845 nm swept source with a repetition rate of
30 kHz but a limited coherence length of ~2 mm [25].

Fourier domain mode locked (FDML) lasers (design detailed in section 2) are, on the other
hand, favored for their long coherence length - besides their high sweep rates [37,38]. Thanks to
their long fiber cavity, a complete sweep is optically “stored” in the laser for several hundreds of
roundtrips, improving the coherence of the laser. However, to enable a good phase matching of
the modes during each sweep and the spectral window of the FFP-TF, the chromatic dispersion
inside the laser cavity must be minimized, as explained in [39-43]. As mentioned above, FDML
lasers are also well-known for their high speed and ability to reach multi-MHz sweep rates,
which is important for reducing the impact of motion artifacts [44,45]. Recently, a 13.4 MHz
FDML laser using optical buffering has been reported at CLEO-Europe-2023. FDML lasers
are currently manufactured at 1060 nm, 1300 nm, and 1550 nm for different applications like
skin and ophthalmic imaging [15,46—48], stimulated Raman spectroscopy [49], or are being
used for instance in elastography for brain cancer thanks to their high phase stability [50]. Their
high sweep rate has also enabled non-linear imaging at high frame rates using Spectro-temporal
encoding instead of inertial scanning [51,52]. As research devices, FDML lasers have also been
reported at 1200 and 1400 nm at CLEO-Europe-2023. Recently, the improved performance
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of semiconductor optical amplifiers (SOAs) around 840 nm opened the door for developing an
FDML laser at 840 nm [53]. This wavelength brings up new challenges like high loss in optical
components, lower SOA gain and higher chromatic dispersion.

This paper focuses on the development steps of the laser. A thorough characterization of the
performance parameters is presented, along with the challenges overcome to achieve FDML
operation at this wavelength. Since an important application of the laser might be retinal OCT,
we lay a special emphasis on the performance characterization of parameters relevant to OCT
and included preliminary images.

2. 840 nm FDML laser

2.1. Challenges

In FDML lasers, spectral filtering is obtained using an FFP-TF whose driving frequency matches
the inverse round-trip time of the light circulating in the cavity. A fiber spool optically stores and
delays the sweep to obtain a sweep frequency around the resonance frequency of the FFP-TF,
which is in our case 2 X 414 kHz. Due to the ~500 m long fiber cavity, chromatic dispersion is
significant and must be compensated for good performance as mentioned previously [39—43]. To
ensure a remaining chromatic delay below ~200 fs like in [41], a chirped fiber Bragg grating
(cFBG) is used, designed to compensate for the dispersion at best inside the cavity. To guarantee
the best performance of cFBGs, an accurate chromatic dispersion measurement set-up was
assembled in a previous work to measure the fiber’s dispersion used in the laser at the wavelength
of interest [54]. The measurements have been performed around 850 nm for Hi780 fibers and
around 1080 nm for Hi1060 fibers. We measured that the 1% order dispersion is three times higher
around 850 nm than at 1060 nm, - 100.2 ps-nm™ '-km~ ! and - 33.7 ps-nm~!-km™! respectively.
Manufacturers of cFBGs are generally limited by the length of their phase masks, achieving a
maximal compensation of ~1,200 ps. This may highly restrict the bandwidth of cFBGs. For
instance, if one wants to compensate with only one cFBG the whole chromatic dispersion present
in 500 meters of Hi780, the bandwidth will be 24 nm at most. To avoid this limitation, several
cFBGs can compensate each a fraction of the dispersion. However, each cFBG requires a
circulator. Circulators at 840 nm introduce polarization mode dispersion (PMD) and loss, which
should be avoided if possible. Due to the birefringence of the internal crystal of a circulator and
other effects, both axes of the light can experience different path lengths leading to modulations
in the spectrum. Several experiments have been tested to investigate and quantify the PMD [53].
Theoretically, PMD can be compensated by aligning the light with one axis of the circulator
using polarization controllers. However, due to the use of cFBGs, the PMD becomes wavelength
dependent, complicating the compensation. Several ideas have been put forward, using for
instance, a custom polarization controller or a polarization-maintaining (PM) 780 patch cord.
Unfortunately, the idea of using several circulators makes these solutions not usable due to higher
frequency PMD. PM-circulators could be used, but they increase the loss in the laser, which is
undesirable. Semiconductor optical amplifiers (SOAs) available at 840 nm have low small signal
gain (~22 dB), which implies that further loss should be avoided as much as possible to enable
lasing.

2.2. FDML set-up description

Figure 1 shows a schematic diagram of the 840nm FDML laser. It uses three cFBGs to
enable compensation of the chromatic dispersion over a large bandwidth of 72 nm. Each cFBG
compensates for a third of the total dispersion introduced by the ~500 m fiber spool. Circulators
enable the use of cFBGs by routing the backscattered light from the cFBG with 90% reflectivity,
to the following optical components in the laser cavity. Polarization controllers are placed at each
circulator input to manage PMD and optimize for maximum optical power and bandwidth. An
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SOA with a small signal gain of 22 dB is used in this setup as a gain medium (SOA_1, Superlum
Ltd., SOA-372-DBUT-SM). An isolator is added at the input of the SOA_1 to prevent parasitic
lasing that could arise from a low isolation loss of the last circulator. A 90/10 coupler is used as
a monitoring port to monitor the power circulating in the cavity in order to avoid going above
the catastrophic optical damage (COD) threshold of the SOA_1. Several components have been
spliced together to limit the overall amount of losses in the laser cavity to 19 dB. The laser’s
output is directed towards a booster stage, which increases the output power from 1.7 mW to
17 mW. Due to the use of a PM-SOA (SOA_2) as an amplifier, an in-line polarizer in series with
a PM-circulator is used to reduce the PMD introduced by the booster stage.

FDML

f Booster

Polarizer

@ PM Circulator

 soa_2
!

Boosted Output

Fig. 1. FDML laser set-up accompanied by its booster stage. SOA: semiconductor optical
amplifier, PC: polarization controller, cFBG: chirped fiber Bragg grating, ISO: isolator, FS:
fiber spool, FFP: fiber Fabry-Pérot filter.

2.3. Laser characterization

The spectrum at the output of the 840 nm FDML laser and at the output of the booster stage
are shown in Fig. 2. A tuning bandwidth of 40 nm full width at half maximum is achieved in
both cases. A wider bandwidth can be achieved, however as the gain shape of the SOA_2 in the
booster section (Superlum Ltd., SOA-372-PM) drops significantly with increasing distance from
the gain maximum, the bandwidth achieved at -3 dB will be narrower.

A
o

Amplitude [dBm]

— FDML Laser output
— Booster output 4

o
o

-65
820 830 840 850 860 870

Wavelength [nm]

Fig. 2. Spectra at the FDML laser output in grey and at the booster stage output in red after
a passing through an isolator and a coupler.
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The spectral shapes exhibit ripples. Despite using PM components, they are more pronounced
after the booster output (red) than in the FDML cavity (grey). The in-line polarizer cannot
cancel the ripples over the entire range because of the wavelength dependency of the PMD.
Although ripples and a drop of intensity in the short wavelength of the spectrum, the coherence
length at 1.4 cm decreases by 6 dB only, as shown in Fig. 3. This corresponds to a frequency of
~700 MHz. The measurements have been performed using a Mach-Zehnder interferometer, a
40 GS/s, 20 GHz oscilloscope (Lecroy Teledyne, Wavemaster 820Zi-b), and a 23 GHz balanced
photodetector (Optilab, BPR-23-M). The recalibration of each optical path difference (OPD) uses
the inverted phase of the fourth (light green) OPD obtained using a Hilbert function. Before
extracting the phase of the fourth OPD, a low-pass filter is applied to its interference (sampling
frequency: 40 GHz, cut-off: 400 MHz). After recalibration of the phase, an FFT is performed,
and all peaks are plotted together. Both sweeps, backward (decreasing wavelength) and forward
(increasing wavelength) show the same roll-off.

OCT imaging depth [mm]

0 1 2 3 4 5 6 7 8 9 10
0 T T T T T T T T T T

N N S R N R
|
1511 H

-20 1

-25

MM‘ M '\“% A” W“" ‘IM “‘a H& I‘;}" Ulh "“ WW W ‘,,. Wl

600 700 1000
Frequency [MHZz]

Norm. Magnitude [dB]

Fig. 3. Sensitivity roll-off. An OCT imaging depth of ~7 mm corresponding to a frequency
of 700 MHz can be approximated. Calibration is effectuated using the fourth (light green)
optical path difference.

The noise of the laser has also been studied at the output of the laser, as shown in Fig. 4. A
low-pass filter is applied to the signal in post-processing (sampling frequency: 40 GHz, low
cut-off: 2.6 GHz). A short section of reduced intensity noise is noticeable in both sweeping
directions, giving strong indications of sweet spot operation [41,55,56]. As mentioned above,
minimizing the chromatic dispersion further improves sweet spot operation by reducing the
number of intensity dips [39,41,43,55-57]. However, a clear, visible sweet spot is necessary
to measure and compensate residual dispersion very accurately, which is more challenging to
achieve here due to high losses, lower gain, and low COD threshold of the SOA_1. Due to the
low COD, the gain in the laser is limited to a driving current of ~160 mA out of a maximum
of 250 mA. The steep edge in the center of both sweeps, where the noise abruptly decreases,
stays low for some time and is again followed by a higher noise region (Fig. 4, red box), can be
explained by the fact that noise in FDML lasers with sweet spot operation is governed by the
linewidth enhancement factor which is a nonlinear effect [58]. When adjusting the frequency of
the laser hertz by hertz to locate the best sweet spot, the steep edge will follow step by step until
the frequency is too distorted to detect any reduced intensity noise. For instance, if increasing
the frequency by one hertz, the edge will move one step towards longer wavelengths if a forward
sweep is considered. This behavior can be used to precisely determine remaining intra-cavity
dispersion. The forward and backward sweeps are similar in noise and power.
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Fig. 4. Amplitude of the noise for both sweeping directions (forward on the left and
backward on the right) at the direct output of the FDML laser.

The boosted output of the FDML has an output power of 17 mW, a tuning bandwidth of 40 nm,
and the coherence is sufficient for an OCT imaging range of 7 mm at -6 dB sensitivity roll off.
The imaging process is described in detail in section 3. Since FDML lasers have a bidirectional
sweep operation due to the sinusoidal drive of the FFP-TF as shown in Fig. 4, both sweeps can be
used for imaging due to their high similarity. A repetition rate of 828 kHz is then possible and
used in the next section.

3. Imaging
3.1. OCT set-up

In Fig. 5, a schematic diagram of the OCT instrument equipped with our FDML source is depicted.
Light from the FDML laser is directed toward an 80/20 fiber directional coupler, where 20% of
the optical power is conveyed toward the sample arm. The light is then coupled to free space
using a fiber collimator (F220APC-850, Thorlabs). It is deflected by two galvanometer scanner
mirrors (Cambridge Technology, 6210 H) and directed towards a telescope whose output is a 1.5
mm diameter collimated beam. The other 80% of the light is directed towards the reference arm
of the interferometer. The splitting ratio of the coupler ensures a safe power level on the retina
while more efficient collection of light from the sample, i.e. 80%. The backscattered light from
the sample and reference arm interfering at the 50/50 coupler is detected by a custom-designed
balanced silicon photodetector from Wieserlabs. Each photodiode has a responsivity estimated
tobe 0.33 A/W at 850 nm. The balanced photodetector has an electronic bandwidth of 600 MHz.
A 12-bit waveform digitizer board then acquires the signals at a rate of 4 GS/s (AlazarTech,
ATS9373) before using the complex master-slave (CMS) procedure to generate images [59,60].
For calibration purposes (computation of the functions describing the unbalanced dispersion in
the interferometer as well as the sweeping non-linearity), a model eye including a 19 mm focal
length lens (AC127-019-B-ML, Thorlabs) and a flat metallic mirror was employed. The optics of
the sample arm are mounted on a motorized stage enabling pupil tracking using two cameras.
The length of the sample arm can be adjusted via the computerized stage to change the focal
point through the layers of the retina.

All channel spectra (cropped interference signal) must be mathematically transformed ahead
to obtain every A-Scan. For this purpose data must be resampled and reorganized if a Fourier
transform is used. Instead, the photo-detected signal is processed employing the CMS method. At
a calibration stage (Master), using a mirror as a sample, several channeled spectra are acquired for
different OPD values. A minimum of two is necessary, in the experiment here, five are acquired
sequentially equidistant of 0.5 mm in OPD, starting from ~0.5 mm. Based on the protocol
described in [59-61], the five channeled spectra allow inferring two functions, g and A, responsible
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Fig. 5. Schematic of the imaging set-up. The light at the output of the booster enters the
sample and reference arms, which are recombined by a 50/50 coupler. BPD: balanced
photodetectors, HPF: high pass filter.

for the sweep non-linearities and unbalanced dispersion in the OCT set-up, respectively. Once g
and h are known, equivalent complex channeled spectra are calculated for each OPD of interest,
called masks and placed in memory. At the measurement stage (Slave), the sample (the eye)
replaced the mirror and the acquired channeled spectrum (CS) obtained is multiplied with the set
of masks, M;(k) from the memory:

Kinax

A@) = ), CS(Mi(k) M

k=kin

The results are integrated over the wavenumber k and each multiplication delivers the amplitude
of the A-scan for the value of each OPD associated to each mask. Due to temperature instabilities,
the inference of functions g and % had to be repeated several times to avoid any laser drift during
the measurement that would influence g and / and thus, the image quality and resolution. The
laser is not thermally insulated so the frequency has to be readjusted occasionally to maintain
sweet spot operation [41].

3.2. Laser performance

The sensitivity of the interferometer driven by the FDML was measured with different reference
arm power levels that show a plateau at 84.6 dB around 200 pW as demonstrated in Fig. 6. This
plateau (instead of a distinct maximum) indicates shot noise limited performance as explained in
[62]. The calculation following [14] gives a theoretical sensitivity of 86.9 dB, with a responsivity
of our silicon detector at 850 nm of 0.3 A/W and a power on the sample of 1.2 mW, which was
the value used for imaging. The 2.3 dB difference between our measured sensitivity value and
the theoretical sensitivity might be due to deviations in the spectral shape, inaccurate power
measurements, inaccuracy in the assumed analog detection bandwidth, or other parasitic effects.
The maximum permissible exposure (MPE) value for a stationary, collimated beam on the cornea
calculated using IEC 60825-1 and ANSI 136.1 is 0.8 mW for 840 nm [63,64]; however this is
considering a non-scanning system. Due to continuous scanning without interruptions during an
examination, the retina can be exposed with a higher average power of 1.2 mW [65].

The phase stability of the laser has been measured over 1,000 consecutive forward channeled
spectra in a common path configuration using a glass plate thickness of 235 um introduced
halfway through in the reference path, as presented in Ref. [66]. Two different glass thicknesses
are used before the measurement to create the masks used for signal processing [59,60]. A
20 GHz oscilloscope (Lecroy Teledyne, Wavemaster 820Zi-b) was used to acquire 1,000 sweeps
with 80 GS/s in a single shot. A trigger phase-locked with the filter of the FDML is saved in
the meantime and used in post-processing to separate each sweep. Such a strategy is employed
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here to avoid a jitter noise that the trigger from the acquisition card could generate. Once all
forward sweeps are cropped, the CMS protocol is performed, the interference noise is removed,
and an iFFT is used to obtain the linearized signal. The phase is then computed using a Hilbert
transform (Fig. 7 (A)). The standard deviation of each point over the sweep is calculated following
the method in [66]. As shown in Fig. 7 (B), the laser has an average standard deviation of
14 mrad over 1,000 sweeps. Due to an optimization of the filter frequency to approach sweet spot
operation in the middle of the sweep, the phase instability is lower in this region.

86

Sensitivity [dB]
o0 o0 [oe]
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Fig. 6. Sensitivity of the laser measured with different reference arm power levels.

Figure 7 (C) presents the superposition of the phase evolution, expressed by g, along the
forward and backward sweep. For both curves, coefficients of determination obtained by using
linear fits are above 0.9983. These coeflicients could easily increase towards 1.0 by modulating
the laser and selecting a narrower, more linear part of the driving signal of the FFP-TF. The g
functions are being compared, and the results are shown in Fig. 7 (D). It is clear that both sweeps
can be used for imaging due to their similar power level and phase behavior; however, for correct
imaging in depth, separate masks need to be employed on each sweep. As a demonstration, Fig. 7
(E) shows A-scans in which correct masks are used for two forward sweeps, where good axial
resolution is achieved, as well as forward masks employed for two backward sweeps, leading to a
degradation in terms of axial resolution and height of the peaks.

Axial and lateral resolution have been measured and compared with theoretical values. The
axial resolution was experimentally measured when imaging the model eye. 7 B-Scans are
acquired by altering the length of the reference arm by 0.5 mm OPD between each. Data
processing was mapped from linear scale to grey scale. Figure 8 shows all peaks at different
depths and a Gaussian fit of the first and last one that gives an evolution of the axial resolution
from 12.8 um to 12.5 um. An average of 13.16 um for all peaks is obtained over the entire range.
The calculation gives an axial resolution of 10.58 um in the air for a top-hat optical spectral
shape around 840 + 20 nm following [67]. The difference of ~ 2.5 pm comes from the fact that a
Hanning window is used in the data processing, which will worsen the axial resolution. A lateral
resolution of 17.54 ym was measured by imaging a 1951 USAF Resolution Target (Thorlabs,
R1DS1P), with a fast scanner at 500 Hz driven by a triangular signal of 0.3 V amplitude and a
slow scanner at 2.5 Hz as a sawtooth, 0.2 V amplitude. Please note that this measurement does
not fully account for the lateral resolution achievable on the retina by eye lens aberrations in the
eye.

3.3. Imaging

Retinal images acquired with our 840 nm FDML laser are presented here; all imaging settings are
shown in Table 1. All images were acquired on the same healthy volunteer with an optical power
of 1.2mW at the cornea. All imaging experiments were performed at the University of Kent,
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Fig. 7. Phase stability of the laser. (A) Spectral phase for 1,000 forward sweeps, inset:
zoom into its fluctuation. (B) Standard deviation for variation of phase among all 1,000
sweeps. (C) comparison of the phase obtained from the g matrix, used for recalibration
of the forward and backward sweep. (D) shows the g variation between the forward and
backward sweep phases in (C). (E) Four A-Scans were acquired using either a forward or a
backward laser sweep. Each A-Scans acquired with a backward sweep have been multiplied
with a theoretical forward mask, while each A-Scans acquired with a forward sweep have
been multiplied with the right mask (i.e., theoretical forward masks).
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Fig. 8. Axial resolution measured for 7 different depths, showing a quasi-constant ~12.8
um resolution over the range.

where the ethical approval to image the human retina in-vivo was obtained. Two galvanometer
scanners are used to acquire B-scans and volumes (set-up in Fig. 5).

Figure 9 shows the macula region of the subject acquired using the unidirectional forward
sweeping of the FDML laser, which corresponds to a rate of 414,000 axial scans per second.
The fast lateral scanner (along the horizontal) was driven at 200 Hz, with an amplitude of 2V,
yielding a field of view of 12 mm with 1,000 points. An oversampling factor of ~ 2 is obtained
since the lateral resolution of the system is estimated to be 24 um. 20 consecutive frames have
been used for averaging in (A) and 5 in (C). All three brighter layers under the external limiting
membrane are visible in the non-averaged image (B). Although the layers are distinguishable
without averaging, a 20 times average helps to obtain a better contrast on the ganglion cell layer
from the inner plexiform layer and to see the external limiting membrane, as shown in Fig. 9 (A).

Table 1. Acquisition settings of the OCT setup used for each presented figure. FOV: field of view.

X-Y scanners setting

Fig. n° Sweep acquisition Oversampling
Frequency FOV Volume rate

Figure 9. (A-B-C) Unidirectional 2 200 Hz 12 mm n/a
Figure 10. (A-B) Unidirectional 1.6 200Hz 15.5mm n/a
Figure 10. (C-D) Bidirectional 1 800 Hz 12 mm n/a
Figure 11. (A) Unidirectional 2 200Hz 7.8 mm 1Hz
Figure 11. (B) Unidirectional 1 1 kHz 5 mm 10Hz
Figure 11. (C) Unidirectional 5 200 Hz 3.2mm 1Hz
Figure 11. (D) Unidirectional 2.5 500Hz 4 mm 1Hz

Wider B-Scans have been acquired by increasing the galvanometer scanner amplitude to 3 V at
a frequency of 200 Hz, the oversampling decreased to 1.6, and the acquisition time is 5 ms. The
fovea and the optic nerve now fit within the same B-Scan image, as shown in Fig. 10. Figure 10
(B) is an unaveraged frame of the averaged image stack in (A). The three brighter layers under the
external limiting membrane can again be appreciated, as well as the choroid. Figure 10 (C) and
(D) are acquired using the bidirectional sweeping of the filter, which corresponds to 2x 414 kHz,
resulting in an A-Scan rate of 828,000 per second. All layers depicted in the previous imaging
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Fig. 9. Retinal OCT imaging focused on the macula. (A) is 20 times averaged, (B) is
obtained without average, and (C) is 5 times averaged. RPE: retinal pigment epithelium.
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Fig. 10. Widefield retinal images of the optic nerve and the fovea. (A) and (B) are acquired
at a rate of 414,000 axial scans per second, 20 times average and non-average, respectively.
(C) and (D) are acquired using the laser’s bidirectional sweeping, leading to a rate of 818,000
axial scans per second. (C) is 19 times averaged, and (D) is non-averaged.
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can still be seen at this higher repetition rate. However, as mentioned in section 3.2, two sets of g
and h were used, one for each sweep. This led to a slight frequency shift between the forward
and backward A-scan. A correction of 3 pixels is applied to each backward sweep, leading to the
images (D) in Fig. 10. Image correction has such a small impact on the visibility of layers that it
is not discernible.

En-face OCT aggregated en-face, similar to confocal or fundus images and 3D images, are
presented in Fig. 11. The fundus images are obtained by superposing all en-face OCT images
together for all masks [68]. In (A), an average of 8 such equivalent confocal images show the
optic nerve and the macula. Each of the 8 volumes took 1 s, and the fast and slow scanners were
driven at 200 Hz (triangular) and 1 Hz (sawtooth) frequency, respectively. The CMS approach
employed here allowed for en-face OCT and confocal images to be displayed in real-time. For
instance, Fig. 11 (B) has been acquired in 100 ms. The volume (B) and (D) have been flattened
in post-processing for a better rendering. They are presented with three en-face images separated
each by 10 frames. In each image, vessels can be seen, as well as smaller capillaries.

Fig. 11. En-face OCT and confocal images of the optic nerve and the macula regions
acquired at a rate of 414,000 axial scans per second. (A) 8 times averaging of confocal images
of the optic nerve and the macula. (B) flattened 3D of the optic nerve with 3 corresponding
en-face spaced by 10 frames. (C) confocal images of the macula. (D) flattened 3D of the
macula with 3 corresponding en-face spaced by 10 frames.

4. Conclusion

In this work, we demonstrated an 840 nm FDML laser whose performance was demonstrated by
imaging the human eye. Bidirectional sweeping was used to acquire images at a rate of 828,000
axial scans per second. Thanks to a tuning bandwidth of 40 nm, an axial resolution in water
of 9.89 um is achieved, enabling decent distinction of retinal layers in depth. The sensitivity
of 84.6 dB might limit the quality of the image compared to images achieved with a 1060 nm
FDML laser reaching ~90 dB sensitivity [69]. However, most of the layers of interest are already
discernible. A long roll off length of the point spread function can be achieved if the source has
low intrinsic noise. This indicates good “instantaneous” coherence length. 1300 nm research
FDML laser devices have already proven > 10 cm sensitivity roll-off at -6 dB [37]. We achieved
with our new source a roll-off of 1.4 cm, which is more than sufficient for retinal imaging, but
it might not be sufficient for full eye length measurement. The roll-off of the laser might be
improved in the future by even more accurate dispersion compensation in the laser cavity. Also,
a higher small signal gain SOA might improve the performance with respect to the spectral
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sweep bandwidth and it would decrease the overall noise of the laser. The phase stability of
the laser having a standard deviation of time jitter of 25 ps over 1,000 sweeps makes it usable
for phase-resolved techniques, such as OCT angiography [70], which has already been shown
with a 1060 nm FDML laser in [71]. A stable lateral phase during volume acquisition could be
obtained by optical buffering and reach megahertz repetition rate. This will be of interest for
opto-retinography [72,73], or will enable aberration correction less affected by movements like in
holography [74]. We experienced that the CMS method might be more robust against amplitude
noise in the calibration trace than the phase extraction based on Hilbert transform. Also due to
the acquisition of several recalibration traces at different depths in CMS, the concept might be
more independent of timing miscalibration and phase rotation of the electronics. We also have
demonstrated the benefits of using an FDML laser in conjunction with the CMS method, with
two main aspects; first, due to the high sweep to sweep stability of the FDML laser, k-clocking is
not necessary, and bidirectional sweeping can be achieved after acquiring calibration traces for
only one forward and one backward sweep. This makes potential future overall systems costs
much more affordable since the super high-speed analog to digital converter is a major cost factor.
Secondly, the depth selection enabled by CMS is highly efficient in producing real-time en-face
images at low computational cost.
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