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Abstract: We report on the highly efficient non-linear optical frequency
conversion of the wavelength swept output from a Fourier Domain Mode
Locked (FDML) laser. Different concepts for power scaling of FDML
lasers by post-amplification with active fibers are presented. A two-stage
post-amplification of an FDML laser with an amplification factor of 300 up
to a peak power of 1.5 W is used to supply sufficient power levels for nonlinear conversion. Using a single-mode dispersion shifted fiber (DSF), we
convert this amplified output that covers the region between 1541 nm and
1545 nm to a wavelength range from 1572 nm to 1663 nm via modulation
instability (MI). For this four wave mixing process we observe an efficiency
of ~40%. The anti-Stokes signal between 1435 nm and 1516 nm was
observed with lower conversion efficiency. In addition to shifting the
wavelength, the effect of MI also enables a substantial increase in the
wavelength sweep rate of the FDML laser by a factor of ~50 to 0.55 nm/ns.
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1. Introduction
Recently, the introduction of Fourier Domain Mode Locking (FDML) [1–4] has helped to
overcome physical limitations of the sweep repetition rate of rapidly wavelength swept laser
sources [5]. FDML lasers have proven superior performance in a series of biomedical
imaging, spectroscopy and sensing applications [1,3,6–18]. In FDML a tunable optical
bandpass filter is driven in resonance to the optical roundtrip time of light in a several
kilometer long laser cavity. Still, up to now the FDML laser operates only around certain
central wavelengths, determined by the availability of the different gain media, i.e. 1060 nm
[14,18], 1300 nm [1,13], and 1550 nm [16,19] and their wavelength sweep rate is limited by
the mechanical response of the tunable optical bandpass filter, which typically is either a Fiber
Fabry-Perot Tunable Filter (FFP-TF) [1,20,21] or a grating based scanner with a rotating
polygon mirror [22,23].
Up to 100 nm sweep range within 2.5 µs have been demonstrated [13]. One method to
overcome limitations in the accessible wavelength range and maximum sweep rate, given by
the gain medium and the applied filter, is to utilize non-linear optical effects and frequency
conversion. In this paper we will demonstrate a 40% efficient wavelength shift of up to ~125
nm with a 50-fold increase in wavelength sweep rate. As the average output power (and
therefore the peak power) of an FDML laser is quite low (~mW), the output of the laser has to
be amplified to the watt level before non-linear effects can be observed. In this paper we
utilize the effect of Modulation Instability (MI), i.e. a four wave mixing process with
degenerate pump, in the normal dispersion regime close to the zero-dispersion wavelength
(ZDW) of a single-mode fiber [24–26]. As our FDML laser operates around 1547 nm, we
used a dispersion-shifted fiber (DSF) with a ZDW of about 1545 nm for our experiments. In
this paper we show that a small shift of the pump wavelength results in a large shift for the MI
sidebands, therefore increasing the sweep rate considerable and shifting the FDML spectrum
to another wavelength region.
2. Experimental setup and results
2.1 Experimental setup
Figure 1 shows the experimental setup with an FDML laser as primary light source. A
detailed description of the FDML laser can be found elsewhere [19]. Here, we operate it at a
central wavelength of 1547 nm and a scanning width of the filter of 100 nm. The sinusoidal
driving signal is at 56.3 kHz and the output power is 5 mW. A booster semiconductor optical
amplifier (BOA) acts as the first amplifier.
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Fig. 1. Schematic diagram of the experimental setup: Light from the FDML laser is first
amplified by the booster optical amplifier (BOA), and then by the erbium-doped fiber amplifier
(EDFA). The nonlinear effects are generated in the dispersion-shifted fiber (DSF), and detected
with the optical spectrum analyzer (OSA) and an oscilloscope (Osci).

The current of the amplifier can be modulated such that only a small fraction of the 100
nm sweep is amplified or, similar to a pulse picker, that only each nth sweep is amplified. An
erbium-doped fiber amplifier (EDFA) is used as the second stage of the amplification process.
A length of dispersion-shifted fiber (DSF) is employed as nonlinear medium. Polarization
controllers (PC) are used to optimize the performance of the different elements, and the
optical isolators (ISO) suppress spurious reflections and prevent catastrophic optical damage
by back reflection. Two channels of an arbitrary waveform generator are used to provide the
drive signal for the FDML laser, and to modulate the BOA synchronously. The outputs of the
EDFA and the DSF are measured with an optical spectrum analyzer (OSA) and an
oscilloscope (Osci).
2.2 Amplification: power scaling with erbium doped fiber amplifier (EDFA)
In order to achieve high instantaneous output power, an EDFA was chosen as second
amplification stage. With a carrier lifetime of several 10 ms, much longer than the sweep
repetition time of the FDML laser, for low duty cycles the instantaneous output power can be
much higher than the average power. The concept now was to modulate the output of the
FDML laser such that it is switched on for only a very short time. As shown in Fig. 2, there
are two approaches to realize low duty cycles for high peak powers: (a) amplifying only a
very small range of each sweep, reducing the wavelength sweep range at constant repetition
rate (referred to as mode A) or (b) reducing the sweep repetition rate, like in a pulse picker
scheme, but keeping the same sweep range (referred to as mode B).

Fig. 2. Two modes of post amplification to increase the FDML power output. Mode A:
Modulation at full repetition rate. Mode B: Modulation at reduced repetition rate.

2.2.1 Mode A: constant repetition rate / reduced sweep range
The BOA is modulated at the same frequency as the FDML laser. It is switched on for 180 ns
within each 18 µs full bidirectional sweep cycle of the laser, resulting in a duty cycle of only
1%, i.e. it amplifies 2% of one sweep direction of the sinusoidal wavelength sweep (1540.6
nm to 1544.8 nm). The 2% are the most linear part of the sweep close to the center. We chose
these parameters for several reasons: a) the amplified wavelength range lies within the high
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gain region for Modulation Instability (MI) for the DSF, b) a duty cycle of only 1% ensures
high amplification in the EDFA, c) we can choose only the linear part of the frequency sweep
of the FDML laser, and d) the repetition rate is kept at its original frequency of 56.3 kHz. The
BOA amplifies the peak power of this small part of the spectrum by a factor of 15, therefore
the peak power after the BOA is 75 mW. The remainder of the wavelength sweep is
attenuated by the BOA with an extinction ratio of more than 30 dB. The EDFA consists of 6m
of MetroGain fiber (Fibercore Ltd.) and is pumped in reverse direction by a 980 nm laser
diode with a pump power of 250 mW. The optimum length of the EDF for our application
was found by the cut-back method. Due to the short duty cycle, the EDFA amplifies the
output of the BOA to a peak power of 1.5 W but also generates some background, mainly due
to amplification of ASE generated by the BOA.
However, this background occurs only during 1% of the duty cycle, i.e. the background in
between the amplified wavelength sweeps is negligible. Fig. 3 (left) shows the output after the
BOA (trace A, red) and after the EDFA just before the DSF (trace B, blue). The average
power after the EDFA was 34 mW, with about 15 mW contained in the desired spectral range
(1540.6 nm to 1544.8 nm), and the rest in the very broad background. Fig. 3 (right) shows the
output after the DSF for 0.15 W and 1.5 W injected peak power, respectively.
2.2.2 Mode B: constant sweep range / reduced sweep rate
We also tried to amplify the whole 100 nm wavelength sweep from the FDML output, i.e.
operating the BOA with a duty cycle of 50%, but with a lower repetition rate. Due do the
structure of the gain spectrum of the EDFA, the amplification was strongly modulated across
the whole range (1497 nm to 1597 nm) with a peak power of about 0.1 W at the gain
maximum at 1555 nm. To increase the peak power we used lower duty cycles by amplifying
only 50% of every nth wavelength sweep (see Fig. 2). For n=10 the peak power at the gain
maximum reached 0.6 W, while for even larger n the increase in peak power was less than
10%. Because the energy of each sweep is already in the µJ level, we attribute this saturation
behavior to the limited number of laser active doping sites in the EDF available for
amplification.

Fig. 3. Left: Output spectra of the laser after the BOA (red) and the EDFA (blue). Right:
Spectra after DSF with lower power (red) and high power (blue). The spectral difference
reflects the converted energy, as MI only occurs with sufficient peak power.

2.3 Nonlinear optical conversion: modulation instability (MI)
To observe nonlinear effects with the amplified sweeps from the FDML laser, we employed
the effect of MI in the normal dispersion regime. For this type of four-wave-mixing (FWM),
pump photons at frequency ω are converted into two sidebands, one at frequency ωs=ω−Ω and
one at frequency ωa=ω+Ω. The frequency shift Ω is determined by the dispersion
characteristics of the fiber. Using the expansion coefficients β for the different orders of
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dispersion, in the normal dispersion regime (β2>0) MI can only occur close to the ZDW if
β4<0 [24]. The gain for the MI process also depends on Ω, as it is determined by the subtle
interplay between the Kerr nonlinearity and the Raman effect [27].
2.3.1 Nonlinear optical conversion of stationary output
The DSF used for our experiments was obtained from Fujikura (JFS-00094A), had a ZDW of
about 1545 nm, and an attenuation of 0.28 dB/km. We started with a length of 8.4 km, and by
cutting off 2.05 km we saw no noticeable decrease in the overall gain of the fiber. On the
other hand, by using the 2.05 km piece of the fiber, the nonlinear effects were barely
noticeable. Therefore all results presented in this paper were recorded with the 6.35 km piece
of DSF. To record the output spectra with an optical spectrum analyzer, the output of the DSF
was appropriately attenuated.
Figure 4 shows the spectra for six fixed wavelength λp of the FDML laser (i.e. the laser
was not operated as a swept source), namely λp=1540.8 nm, 1542.0 nm, 1543.0 nm, 1543.7
nm, 1544.2 nm, and 1544.8 nm, respectively. It can be clearly seen that the Stokes sidebands
generated by MI appear between λs=1663.1 nm and 1572.2 nm, respectively (i.e. the shortest
pump wavelength produces the sideband with the longest wavelength). The sidebands are up
to 35 dB above the background, and the conversion efficiency into the Stokes sidebands is as
high as 40% at λp=1544.2 nm (light blue) but already reduced to 20% at λp=1543.7 nm (dark
blue). Weaker peaks are also visible on the Anti-Stokes side of the pump, and the smaller
intensity can be explained by the large Raman gain for the Stokes sidebands [27]. The Raman
gain is also responsible for the broad shoulder that appears at ~1650 nm for the longwavelength Stokes sidebands. While the sidebands might not appear symmetric to the pump
on a wavelength scale especially for weak peaks on a broad shoulder, the frequency shift due
to the MI process is always symmetric about the pump frequency.

Fig. 4. Output spectra of the DSF for several fixed pump wavelengths. The longest-wavelength
Stokes peak results from the shortest pump wavelength.

We also measured the static linewidth of the Stokes sidebands. Close to the edges of our
tuning range, the linewidth increases due to the small gain but for most of the range the
linewidth of the Stokes sideband lies between 1 nm for large detunings and 4 nm for small
detunings. This trend is consistent with the theory [28], but our experimental values are larger
than those predicted (~1 nm for small detunings). This discrepancy can be readily explained
by considering small fluctuations of the core diameter that lead to a shift of the sideband
detuning, and therefore to a larger bandwidth for a long fiber [29], which in our case had a
length of 6.35 km.
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2.3.2 Nonlinear optical conversion of wavelength swept FDML laser output
To investigate the conversion of the wavelength-swept output of the FDML laser, and
distinguish MI effects from ASE background and other parasitic effects, the amplified output
of the swept FDML laser covering the region between 1540.6 nm and 1544.8 nm (1% duty
cycle, mode A) was used.
Figure 3 (right) shows the spectrum after the DSF when only 10% of the EDFA output is
coupled into the DSF (trace A, red), while trace B (blue) shows the spectrum after the DSF
with 100% coupled in but attenuated by a factor of 10 after the DSF before it enters the OSA.
For trace A the peak power in the DSF is so low that no nonlinear effects are observed.
Therefore by directly comparing trace A and trace B in Fig. 3 (right), it is evident that the
nonlinear effect of MI has efficiently converted the pump light to a spectral range from 1550
nm to more than 1670 nm. While for trace A the pump wavelength region contains more than
90% of the total energy, in trace B about 45% of the total energy lie in the wavelength range
of just the Stokes sideband. This indicates a conversion efficiency of ~40%. The gain for most
Stokes wavelengths was about 25 dB while the gain for the Anti-Stokes wavelengths was only
in the order of 10 dB. It can also be seen in Fig. 3 (right) that the gain for the Stokes sideband
shows some modulation. To improve the flatness of the gain curve, the BOA could be driven
with a time dependent (and therefore frequency dependent) signal that compensates for the
frequency dependent gain of the MI process, similar to the concept demonstrated in [9].
We did not determine the dynamic bandwidth of the Stokes sidebands for the wavelengthswept case, because, due to the high sweep speed, it is difficult to directly measure the
instantaneous linewidth in this case. But there is no indication that the instantaneous linewidth
in the swept case should be different from the linewidth in the stationary case as discussed in
section 2.3.1.
These results imply that an efficient conversion of the FDML wavelength sweep is
possible. While the laser sweeps from 1540 nm to 1544 nm, an output sweeping from 1550
nm to 1675 nm is generated. This is the first demonstration of non-linear optical frequency
conversion of the output of an FDML laser. Compared to an average sweep rate of just 0.011
nm/ns of the FDML laser, the wavelength sweep rate of the Stokes MI line has increased 50fold to 0.55 nm/ns, i.e. ~100 nm in 180 ns.
3. Conclusion and outlook
In this paper we demonstrate for the first time non-linear optical frequency conversion of the
rapidly wavelength swept output of an FDML laser. Two key features of the observed
wavelength conversion are of general importance for FDML technology: (a) the wavelength
shift makes spectral regions accessible which cannot be realized directly with the available
gain media, (b) the non-linear wavelength response of the MI sidebands can provide an
increase in sweep rate; in our case 50-fold.
The observed process showed a conversion efficiency of ~40% at the Stokes sideband,
generating wavelength sweeps from ~1570 nm to ~1670 nm within 180 ns. The rate of 0.55
nm/ns represents the fastest wavelength sweep rate generated with an FDML laser to date.
The required output power for pumping the MI process was realized by a fiber postamplification stage. Different strategies to achieve high peak power from FDML lasers with
rare earth doped fibers are demonstrated and discussed. The peak output power of 1.5 W
represents the highest output power generated with FDML lasers to date.
Compared to the sinusoidal frequency sweep of the FDML laser itself, the frequency
sweep generated by the MI process for mode A is much more linear. Furthermore, the
nonlinearity in the sweep rate due to the nonlinear frequency shift generated by the MI
process can be compensated by driving the filter of the FDML laser non sinusoidally, similar
to the concept presented in [10].
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By utilizing high-power EDFAs it should also be possible to obtain these nonlinear effects
in continuous-wave experiments, e.g. scanning the FDML laser with the same repetition rate
but only over the region from 1540 nm to 1544 nm. Several stages of EDFAs might be
necessary to avoid backwards propagating ASE.
In the future, there are several potential applications of the demonstrated setup. A shift
towards longer wavelengths could be used to perform optical coherence tomography in
biological tissue around 1670 nm. Due to the local absorption minimum of water at this
wavelength, a better penetration might be achieved. The increased sweep rate in combination
with external optical buffering [13,14] might pave the road for ultra high speed OCT systems.
Since a ~100 nm wavelength sweep within 180 ns was observed, theoretically a wavelength
swept light source with a 5.5 MHz sweep repetition rate could be realized. Furthermore, as the
presented sweep rate (or equivalently: the chirp of the output waveform) is high enough, an
efficient temporal compression with a dispersion compensating fiber might be envisioned for
the generation of high power ps or fs pulses; even though the wavelength-shifted light will not
be fully coherent, due to the partial coherence of the FDML laser [16,30] and the relationship
between the phases of the pump and the sidebands for the MI process, the wavelength-shifted
light will also be partially coherent, therefore potentially allowing compression.
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