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Shot-Noise Limited, 10 MHz Swept-Source Optical
Coherence Tomography for Retinal Imaging
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and Adrian Podoleanu , Senior Member, IEEE

Abstract—Akinetic swept-sources are essential for high-speed
optical coherence tomography (OCT) imaging. Time-stretched su-
percontinuum (TSSC) lasers have proven to be efficient for multi-
MHz swept-sources. However, lack of low-noise broadband lasers
and of large dispersion devices in the water low-absorption band at
1060 nm have limited the biomedical applications of TSSC lasers.
In this letter, an approach to tune the wavelength around 1050 nm
over 90 nm with low-noise at 10 MHz is presented. This is based
on all-normal dispersion (ANDi) supercontinuum dynamics, and
employs a long chirped fiber Bragg grating (CFBG) to time-stretch
a broadband pulse with a duty cycle of 93% . Retinal images are
demonstrated, with a sensitivity of 84 dB - approaching the shot
noise limit. We believe this high-speed low-noise swept-source will
greatly promote the development of OCT techniques for biomedical
applications.

Index Terms—OCT, Swept-source, supercontinuum, time-
stretch, biomedical imaging.

I. INTRODUCTION

R ETINAL optical coherence tomography (OCT) imaging
is crucial for identifying diseases such a glaucoma and

age-related macular degeneration (AMD) [1], [2]. There is an in-
creasing demand for high acquisition speed OCT to improve the
clinical throughput, to overcome motion artifacts from moving
samples, and to obtain additional information such as that pro-
vided by OCT angiography (OCTA) [3], [4], [5]. Swept-source
OCT (SS-OCT) is the most promising technology for achieving
high-speed flying spot imaging, already demonstrating MHz
A-scan rate [6].
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The major challenge of flying spot SS-OCT resides in the
light source. The most widely used operations principles em-
ploy micro-electromechanical system (MEMS) vertical cavity
surface emitting laser (VCSEL) [7], or Fabry-Pérot tunable
filters [8]. Due to mechanical constrains, their sweeping-rate
is limited to the MHz range and their tuning curve is nonlinear
in wavenumber, necessitating additional signal processing steps.
Higher sweep rates have been achieved with high-order buffer-
ing, which multiplies the sweep rate but also increases assembly
complexity, posing challenges for manufacturing at scale.

For further increase of the sweeping rate, akinetic swept-
sources have been developed, based on dispersion for broadband
time-stretching. One version of this implementation, stretch-
pulse modelocking (SPML), places the stretcher inside the cav-
ity of an active mode-locked laser [5], [9]. While promising,
SPML lasers require an expensive intensity modulator as well
as triggering of extreme precision.

A second version of the time-stretching is to use a stretcher
outside the laser cavity. The sweeping rate of such systems is
determined by the repetition rate of the laser oscillator, which
can easily be designed between 10-100 MHz. This offers more
freedom in the design of the swept-source, as the sweeping
bandwidth (laser bandwidth) and the sweeping rate (dispersive
stretching) are decoupled. Using this method, 100-400 MHz
swept-sources have been demonstrated [10], [11]. However,
existing publications employ lasers with a spectrum centered
at 1550 nm, which is not practicable for biomedical imaging
due to the considerable water absorption. For this reason, it is
of interest to develop such system at 1060 nm where the local
minimum of the water absorption spectrum already attracted
attention in imaging the retina in the human eye.

Adapting the system for the 1060 nm band raised two chal-
lenges. Firstly, the generation of stable, broadband, low-noise
laser pulses at these wavelengths was not obvious. Secondly,
supported by the mature telecommunication market, efficient
dispersive elements such as long single mode fiber (SMF),
dispersion compensating fiber (DCF) and chirped fiber Bragg
gratings (CFBG) have been developed at 1550 nm. These offered
considerable amount of dispersion with low attenuation, which
is not available at other wavelengths.

To tackle the first challenge, the use of incoherently broad-
ened supercontinuum has been considered [12]. However, the
significant relative intensity noise (RIN) of these incoherently
broadened spectra prevented high-quality OCT imaging. Recent
research into supercontinuum dynamics in all-normal dispersion
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Fig. 1. Schematic of the time-stretched supercontinuum pulse swept-source
structure and pulse evolution. ML laser, mode-locked laser; HWP, half-wave
plate; Pol, polarizer; AL, aspheric lens; CIRC, circulator; CFBG, chirped fiber
Bragg grating; SOA, semiconductor optical amplifier.

(ANDi) fiber demonstrated the production of temporally coher-
ent light that is spectrally flat, with low RIN [13], [14], [15]. We
previously reported the use ANDi supercontinuum combined
with time-stretching to create a 40 MHz swept-source for SS-
OCT at 1060 nm [16]. However, the stretcher then used was a
2.8 km long SMF, leading to high attenuation and limited disper-
sion that gave low sensitivity and short axial range. Recent devel-
opment of long, broadband CFBG at 1050 nm enabled stretching
of pulses over 100 ns which opened the door for an efficient
supercontinuum-based time-stretched swept-source at 10 MHz.

This letter details enhancements to the system described
in [16] including reduced laser noise, increased efficiency, lower
losses, and a more compact stretcher. These improvements en-
able the demonstration of real-time in vivo retinal imaging with
improved sensitivity.

II. TIME-STRETCHED SUPERCONTINUUM SWEPT-SOURCE

Fig. 1 presents the schematic of the time-stretched swept-
source structure. A commercial mode-locked laser (NKT Pho-
tonics, Origami 10 HP) generated 220 fs pulses at a repetition
rate of 80 MHz with a central wavelength at 1050 nm. The
repetition rate of the laser was then reduced to 10 MHz using a
pulse-picker based on a commercial acousto-optic modulator
(AOM) (G&H, AOMO 3200-1113). A balance in the AOM
parameters had to be found to maximize its raising speed, while
preserving high diffraction efficiency. The AOM was triggered
using the mode-locked laser internal photodiode signal and the
pulse-picker gate time-delay was optimized to reduce the am-
plitude of the adjacent peaks that would otherwise add artifacts
to the OCT signal.

The beam was then coupled into a polarization maintaining
(PM) fiber (Coherent, PM980), with a dispersion parameter D
of -43 ps/km/nm at 1050 nm and a nonlinear parameter γ of
3.9 · 10−3 W−1m−1 . Due to the strong intensity of the electric
field, the spectrum first broadens through self-phase modulation
(SPM), and then through optical wave breaking (OWB) [17].
The short duration of the mode-locked laser pulses prevent
noise from modulation instabilities and Raman scattering. To
prevent polarized modulation instabilities (PMI) in the fiber
that would seed intensity noise [18], the polarization of the
light was aligned on the fast axis of the PM fiber using a

Fig. 2. (a) Spectrum at 3 points along the system. (b) Sweep linearity in
wavenumber (wavelength axis non linear). (c) Intensity noise measurement (red),
detector noise level (dashed black), swept-source spectrum (blue). (d) Time trace
of the swept-source output. (e) Channeled spectrum at the interferometer output
and sweep phase (black). (f) Axial resolution measurement with gaussian fit
(black).

zero-order half-wave plate (Thorlabs, WPH10M-1053). A po-
larizer (Thorlabs, GTH10M) further ensured the linearity of the
polarization state. To ensure the spectral broadening covering the
time stretcher 100 nm bandwidth, we used simulations based on
the generalized Schrödinger equation (GNLSE) optimizing the
fiber length and laser peak power. 5 m of PM980 fiber were used,
ensuring that SPM-generated spectral ripples are smoothed by
the OWB. An average power of 102 mW at 10 MHz was used,
reduced to 45 mW (18 kW peak power) at the fiber input due to
attenuation from polarization optics and fiber coupling losses.
The black curve of Fig. 2(a) presents the produced spectrum with
a bandwidth of 60 nm at FWHM, 110 nm at −10 dB. Compared
to heavily structured spectrum of the anomalous dispersion
supercontinuum reported in the literature, the ANDi supercon-
tinuum exhibits a smoother spectrum with sharper edges [14].

The spectrally broadened pulses are then stretched in time
using a broadband circulator (Opneti, HPCIR-3-1064-900-4-1-
NE-1 W) and a long CFBG (Proximion, CB-HB005-B0930FA).
The grating had a transmission bandwidth Δλ of 100 nm
centered at λ0 = 1050 nm, and a dispersion parameter D =
930 ps/nm. This stretches the pulse to Δt = D ·Δλ = 93 ns,
where the steep spectral edges produced by OWB translates to a
duty cycle of 93% in the time domain as shown in Fig. 2(d). The
sweep linearity was assessed by filtering part of the spectrum
with a monochromator, measuring the filtered spectrum with an
optical spectrum analyzer (Yokogawa AQ6373B), and determin-
ing the time delay to a fixed reference using a 5 GHz photodiode
(Thorlabs DET08CFC/M) and a 12 GHz sampling oscilloscope
(Picotech Picoscope 9200). A linear regression applied to the
data, as presented in Fig. 2(b), demonstrated a high sweep
linearity in wavenumber with a coefficient of determination R2
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of 0.99998. Thus, data resampling before FFT processing is not
required in this system.

A key advantage of the long CFBG is its low attenuation-
to-dispersion ratio. The combined attenuation of the circulator
and CFBG was measured at 7.1 dB, resulting in 8.7 mW at
the swept-source output. In comparison, achieving the same
dispersion with over 18 km of step-index fiber (Coherent 980XP)
would result in more than 46 dB attenuation. Although this
power suffices for OCT imaging of highly reflective samples, op-
tical amplification proved necessary for SS-OCT of biomedical
samples exhibiting high scattering. A broadband semiconductor
optical amplifier (SOA) (Innolume, SOA-1020-110-HI-27 dB)
was used to enhance the swept-source average power to 37 mW.

We notice a spectral reshaping by the stretcher with higher
attenuation of the low wavelengths, reducing the bandwidth to
55 nm at FWHM and 100 nm at −10 dB. Significant spectral
modifications were observed after the SOA, reducing the band-
width to 35 nm at FWHM and 90 nm at −10 dB. This is due
to polarization mode dispersion (PMD) in the circulator and
long CFBG, revealed by the SOA gain, which is exclusively for
the S linear polarization. PMD compensation across the entire
bandwidth with a polarization controller is impractical due to
wavelength-dependent birefringence in the CFBG. Future ex-
periments could address this by writing the CFBG on a PM fiber.

ANDi supercontinuum dynamics are recommended for low-
noise broadband generation. Their recent use in time-stretched
swept-source systems warrants investigation of noise transfer.
Fig. 2(c) presents a measurement of the RIN of the swept-
source output. 10,000 consecutive sweeps were recorded using
a 2.5 GHz photodiode (Thorlabs, PDB482C-AC) and a 20 GHz
oscilloscope (Teledyne Lecroy, WaveMaster 820Zi-B). The RIN
was calculated using [19]:

RIN(λ) =
σ(λ)

μ(λ)
(1)

The measured RIN is as low as 1.2% . Notably, it remains slightly
above the photodetector noise floor, which could be attributed
to amplified spontaneous emission (ASE) in the SOA, with a
specified nominal noise figure of 5 dB.

III. 10 MHZ SWEPT-SOURCE OCT

Fig. 3(a) presents the structure of the OCT system used to
characterize the OCT performance using the swept-source. This
system adopts an asymmetric design to optimize light collection
from the sample, a critical aspect when imaging low reflectivity
samples. An InGaAs 22 GHz balanced photodetector (Optilab,
BPR-23-M) and a 20 GHz oscilloscope digitized the interference
signal. A 400 MHz high-pass filter removes the DC signal.
To limit dispersion imbalance, the reference and sample arms
lengths were precisely matched. At the system input, a 95/05
fiber coupler and a fiber Bragg grating with a 0.1 nm bandwidth
centered at 1090 nm reflect a limited part of the spectrum. The
reflected light was detected with a 5 GHz photodiode and used
as a trigger for the OCT system.

The interference signal was processed using the Complex
Leader Follower OCT processing (known in the literature as

Fig. 3. (a) Schematic of the SS-OCT set-up. SS, swept-source; C, fiber coupler;
FBG, fiber Bragg grating; AL, aspheric lens; PC, polarization controller; PD,
photodetector; BPD, balanced photodetector; OSC, Oscilloscope. (b) Roll-off
measurement. The yellow and the green areas respectively represent the OCT
axial range achievable with the 20 GHz OSC used for characterization, and with
the 2 GHz DAC used for the retinal imaging. (c) Phase noise measurement.

Complex Master Slave (CMS)) method [20]. Thirty interference
signals were recorded at various optical path differences to accu-
rately measure the static and depth-dependent phase. From these,
10,000 eigenvectors were synthesized, each corresponding to a
specific depth with 0.55 μm spacing. While the PDM-based
structure reduced the PSD at certain wavelengths, it did not
hinder phase extraction of the masks. A Hamming apodization
was applied to the synthetic masks to limit side lobes in the
A-scan. Fig. 2(e) and (f) show a recorded channeled spectrum
and an A-scan, respectively, with an axial resolution in air of
δz=14.6 μm, consistent with the theoretical resolution.

A roll-off measurement is presented in Fig. 3(b), with 10 dB
axial range of 3.56 mm. Phase stability is crucial for many
applications. Using a common path interferometer, we measured
a phase noise of 20.7 mrad, consistent with other reports on high
sweep rates [21], as presented in Fig. 3(c). Long-term phase
stability was assessed over two hours by periodically generating
Ascans with previously recorded masks. The Ascans’ FWHM
varied by less than 5%, with no significant thermal dependency
observed in the phase sweep. To demonstrate retinal imaging,
the imaging system was modified as presented in Fig. 4(a). The
fiber output of the sample arm was mounted on a motorized
stage, enabling pupil tracking and control of the sample arm
length by adjusting the focal point. The beam was deflected by
galvanometer scanner mirrors (Cambridge Technology, 6210H).
A telescope was integrated to maximize lateral resolution, with
dispersion compensation glass rods in the reference arm. The
lateral resolution, measured using a 1951 USAF target, was ∼
19.69 μm (group 4, element 5).
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Fig. 4. (a) OCT set-up used for retinal imaging. DC, dispersion compensation
glass; DAC, digital-analog converter. (b) Sensitivity of the SS-OCT system
(measured and theoretical).

Real-time visualization is critical for eye positioning control.
Therefore, a 12-bit waveform digitizer (AlazarTech, ATS9373)
with a 4 GS/s acquisition rate was incorporated for live process-
ing. A balanced photodetector (Thorlabs, PDB482C-AC) with
smaller bandwidth but better noise performance was used. A
new calibration was performed using a model eye composed of
a 19 mm aspheric lens (Thorlabs, AC127-019-B-ML) and a flat
silver mirror. The sample power was 3.9 mW.

Fig. 4(b) shows the sensitivity measurement for multiple
reference power, reaching up to 84 dB which corresponds to
the shot-noise limited sensitivity, calculated as [22]:

Sshot−noise = 10 log10

(
ρ Psample

e fsweep

)
− IL (2)

with ρ = 0.72 A/W the photodiode responsivity at 1060 nm,
Psample the optical power incident on the sample, e the elemen-
tary charge of the electron, fsweep the sweeping rate, and IL the
loss on the way back to the photodetector.

Fig. 5 demonstrates in vivo imaging of a human retina with
an en face view and a volume view. The area imaged is 6.75 mm
by 8 mm. The x-axis galvoscanner is driven with a 1.5 kHz
triangular signal. The data are recorded during the forward scan
and processed during the backward scan, leading to a B-scan
acquisition time of 0.33 ms. Each B-scan contains 2200 A-scans,
and each volume consists of 500 B-scans. This leads to a volume
rate of 4.5 Hz. The optic nerve is well-defined, and blood vessels
are clearly distinguishable.

A faster volume acquisition rate can be achieved with a faster
scanner on the x-axis, such as a resonant scanner. Further im-
provement of the OCT system could also exploit the high B-scan
rate for OCTA imaging. Finally, using a 10 MHz pump laser and
all-PM components (circulator and CFBG) would simplify the
swept-source and improve its performances.

IV. CONCLUSION

In this letter, a swept-source for shot-noise limited multi-MHz
OCT applications is presented, specifically geared towards high-
speed retinal imaging at 1060 nm. It is based on the combination

Fig. 5. (a) Assembly of 500 en face views of a human retina with color coded
depth. (b) Volume of the same retina with a cut showing B-scan of the optic
nerve.

of ANDi supercontinuum dynamics that provides broad, smooth
and low noise spectrum with time-stretching. A high tuning
speed of 10 MHz is achieved with a 93% duty cycle, a sweep
linearity higher than R2=0.99998, and low intensity noise. The
capabilities of this source for SS-OCT were demonstrated, and
high-speed in vivo human retina imaging was showcased. This
method opens a promising path toward high acquisition speed
OCT, reducing the effects of object movement, as required for
OCT of the eye, surgery monitoring and OCTA. More work
would be required to further optimize the pump laser.
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