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We present a detailed analysis of the optical field dynamics in a Fourier domain mode-locked (FDML) laser. We
employ a numerical simulation based on the FDML evolution equation, describing the propagation of the optical
light field. The temporal evolution of the instantaneous power spectrum at different points in the laser cavity is
investigated. The results are carefully validated against experimental data, yielding good agreement. Deeper in-
sight is gained into the role of the physical effects governing FDML dynamics, such as gain recovery and linewidth
enhancement in the semiconductor optical amplifier, dispersion and self-phase modulation in the optical fiber,
and the sweep filter action. © 2012 Optical Society of America
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1. INTRODUCTION
Recently, there has been a growing interest in swept laser
sources with high sweep rates, driven by various applications,
such as optical coherence tomography (OCT) [1,2] and
sensing applications [3]. Conventional tunable lasers are in-
herently limited in their sweep frequencies due to the com-
paratively long buildup time of the lasing action within the
cavity [4]. In Fourier domain mode-locked (FDML) lasers
[5], this limitation is not present, enabling very high sweep fre-
quencies. This is achieved by employing a tunable intracavity
bandpass filter that is driven synchronously to the round trip
time of the light in the laser cavity. Therefore, lasing does not
have to build up repetitively but instead is only limited by the
response time of the tunable bandpass filter. A record sweep
rate of above 5 MHz has been achieved using a 325 kHz FDML
laser and multiplying the sweep repetition rate by the so-
called buffering technique [6–8]. Besides restrictions in the
tuning speed of the filter, no fundamental sweep speed limita-
tions arise in FDML. In principle, many types of rapidly tun-
able filters can be applied, such as sampled grating distributed
Bragg reflector based filters [9], rotating polygon mirror based
filters [10], filters based on resonant galvanometer mirrors
[11], micro-electro-mechanical systems (MEMS)-based tun-
able Fabry–Perot filters [12], etc. Typical instantaneous line-
widths of <0.1 nm, corresponding to a coherence length of
several millimeters up to centimeters [13], together with the
high sweep rates currently make the FDML laser the system
of choice for many high speed OCT and sensing applications
[6,13–28]. To date, other very promising approaches that do
not suffer from the inherent limitation of sweep speed have
not achieved the combination of speed, tuning range, low
noise, and output power. A 5 MHz swept source realized by
temporally stretching an ultrashort laser pulse achieved an ex-
tremely wide tuning range but had too high noise for high qual-

ity OCT imaging [29]. A wavelength swept amplified
spontaneous emission (ASE) source achieved >300 kHz tun-
ing rate but also exhibited too much noise to fully achieve shot
noise limited detection in OCT [30,31]. Tunable VCSELs with a
MEMS mirror achieve up to 760 kHz sweep rate [32–34] with
very good coherence length but smaller sweep range and out-
put power than FDML lasers. Classical swept lasers for OCT
have been demonstrated at sweep rates up to 400 kHz [35].

It has been shown that FDML is a real stationary laser op-
erating regime [36], not only a form of ASE light source
[30,31]. However, it is not yet fully understood how the phy-
sical effects governing the FDML dynamics, such as the gain
and sweep filter action, interact to form the steady state light
field in the laser cavity. In the following, we study in detail the
steady state evolution of the cavity field, identifying the role of
each optical element in the laser cavity for the stationary op-
eration. For our analysis, we employ our recently developed
theoretical model of FDML operation, which has been shown
to yield both the instantaneous optical power and power spec-
trum in good agreement with experiment [36,37]. Based on
this model, we simulate the instantaneous power spectra at
different times and at various positions within the laser cavity,
isolating the effect that each of the optical cavity elements has
on the laser dynamics. From these time and space resolved
data, a deeper understanding of the steady state FDML opera-
tion can be obtained.

The paper is organized as follows: In Sections 2 and 3, the
experimental setup and simulation approach are described,
and the effects leading to a broadening of the measured line-
shapes are discussed. In Section 4, we theoretically and ex-
perimentally investigate the spatiotemporal evolution of the
light field in the laser cavity by simulating the instantaneous
lineshape profiles at different times and positions in the laser
cavity. The obtained results provide an improved insight into
the FDML dynamics.
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2. EXPERIMENTAL SETUP
The laser setup is based on a polarization maintaining (PM)
sigma ring geometry, as shown in Fig. 1. We use a solid state
optical amplifier (SOA, Covega Corp., “BOA 1132”) as a gain
medium, with the gain maximum located at 1320 nm. The two
isolators (ISO) before and after the SOA ensure unidirectional
lasing. Using a polarization beam splitter (PBS), the light is
coupled into 1.7 km of single mode fiber (SMF) serving as
a delay line, and it is back-reflected, employing a Faraday ro-
tating mirror (FRM). This leads to an effective cavity length of
3.4 km, corresponding to a round trip time of T � 17.32 μs.
The sweep filter is driven synchronously to the cavity round
trip time, i.e., with a sweep rate of 57.7 kHz. A tunable band-
pass filter (FFP-TF, Lambda Quest, LLC.) with a bandwidth of
0.156 nm is used, driven sinusoidally with a sweep range of
105 nm around 1320 nm. The light can be coupled out at three
different positions within the laser cavity, numbered 1 to 3.
This enables us to probe the light field at different positions
within the laser cavity. In order to extract the instantaneous
power spectrum, the laser light from any of the three outcou-
plers is fed into an electro-optical modulator (EOM), as shown
in Fig. 1(a). The EOM is also synchronized to the round trip
time and is triggered with pulses of 1.6 ns length, serving as
time gate for the laser light. The optical spectrum analyzer
then extracts the instantaneous power spectrum from these
gated light pulses. Compared to the full round trip time, this
pulse duration corresponds to an almost “instantaneous”
spectrum. However, there occur several effects that can
broaden the measured instantaneous linewidth compared to
the theoretical value by up to 4 GHz [37,38]. The broadening
of the spectra due to the finite time gating of 1.6 ns, resulting in
increased measured linewidths due to the sweep filter dy-
namics and Fourier broadening, has been taken into account
in our simulations.

3. SIMULATION
Starting from the evolution equation for the field envelope
u�z; t� in the FDML laser [36],

∂zu � �g�ω0��1 − iα� − a�ω0� � iω2
0D2 � iω3

0D3 − iD2∂
2
t

� iγjuj2 − as�i∂t��u; (1)

the laser is modeled using a split-step Fourier algorithm [39].
The very large time-bandwidth product associated with the
frequency-swept light field is drastically reduced in Eq. (1)
by using the swept-filter reference frame [36]. Because the
0.156 nm wide filter blocks all light far outside the passband,
not the entire spectral sweep bandwidth has to be taken into
account; instead, a spectral window of 2.8 nm around the filter
center frequency is here considered, corresponding to
500 GHz. Since the temporal simulation window is adapted
to the round trip time T � 17.32 μs due to the implicit periodic
boundary conditions of the algorithm [36], the frequency re-
solution is Δf � 1∕T � 57.7 kHz. Thus, about 8 million grid
points are used, as compared to 300 million without switching
to the swept-filter reference frame. All relevant physical ef-
fects are contained in the simulation, such as the self-phase
modulation γ, dispersion effects (second and third order dis-
persion, D2 and D3), and the linewidth enhancement α [40] of
the gain medium. The coefficients a�ω0� and g�ω0� represent
the frequency-dependent loss and gain, respectively, and are
functions of the time dependent sweep filter center frequency
ω0�t�; g also accounts for gain saturation effects. The term
−as�i∂t�u represents the sweep filter action.

In Fig. 2(a), ω0�t� as well as the corresponding wavelength
λ�t� is shown, and in Fig. 2(b) the simulated power after the
SOA is displayed as a function of time. The power spectrum in
the swept-filter reference frame is given by jU�z; f �j2, where
U�z; f � denotes the Fourier transform of u�z; t�, and f is the
frequency coordinate relative to the center frequency of the
sweep filter. By dividing the round trip time into subintervals
and Fourier transforming the output power in each of these
intervals separately, we can examine the temporal evolution
of the instantaneous power spectrum. The number of the in-
tervals should be sufficiently high to obtain a good temporal
resolution. On the other hand, in order to avoid Fourier broad-
ening of the instantaneous power spectra, the subintervals
should not be too short. We choose 16 subintervals with a
duration of 1.08 μs each, so that the effect of Fourier broad-
ening is still negligible.

Fig. 1. (Color online) (a) Setup for the measurement of the instan-
taneous linewidth using an electro-optical modulator (EOM) and an
optical spectrum analyzer. (b) FDML laser setup with three outcou-
plers (numbered 1 to 3), where light is extracted for the linewidth
analysis.
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Fig. 2. (Color online) (a) Time dependent sweep filter center fre-
quency and wavelength and (b) simulated power over time.

Todor et al. Vol. 29, No. 4 / April 2012 / J. Opt. Soc. Am. B 657



The finite time-gating of 1.6 ns (FWHM) in the measurement
setup in Fig. 1(a) leads to Fourier broadening, as well as spec-
tral broadening due to the sweep filter dynamics during the
measurement. As discussed above, both effects can be sup-
pressed in the simulation: The time gating is chosen long en-
ough as to avoid Fourier broadening, and the field envelope u
in Eq. (1) is described in the swept filter reference frame
where the frequency axis moves along with the sweep filter
center frequency. However, for direct comparison of the simu-
lated and the experimentally measured spectra, the effects of
finite time gating should be considered in the simulation. For
the implementation of these effects, the relation between the
complex field envelope u in the swept filter reference frame
and the untransformed envelope function A has to be
used [36],

u � A exp
�
i
Z

t
ω0�t0�dt0

�
: (2)

The sweep filter is driven by a cosine function, given by
ω0�t� � −�Δω∕2� cos�2πt∕T�. For a measurement at time t0,
we can use a Taylor expansion and write the integral in the
exponent of Eq. (2) as

Z
t

t0

ω0�t0�dt0 � ω0�t0��t − t0� �
1
2
∂ω0

∂t

����
t�t0

�t − t0�2 �…; (3)

where the first term induces merely a spectral shift in the
Fourier domain and is not further considered, while the sec-
ond term induces spectral broadening. We therefore obtain
for the gated field envelope the relation

A � u · exp
�
−
�t − t0�2
2σ2 −

i
2
∂ω0

∂t

����
t�t0

�t − t0�2
�
; (4)

with the Gaussian pulse duration σ � 1.6 ns∕2∕ ln �2�1∕2 �
0.961 ns. The power spectrum is given by jA�z; f �j2, where
A�z; f � denotes the Fourier transform of A�z; f �, and the fre-
quency axis is here centered around the sweep filter center
frequency at time t0.

An additional effect that has to be considered is that the
experimentally obtained power spectra are averaged over sev-
eral thousands of round trips, thus eliminating fluctuations
which arise during the short gating time. In order to take into
account this effect, we average the simulated gated spectra
over 20 nonsubsequent round trips by evaluating every tenth
spectrum, starting from round trip 900 to ensure convergence
of the simulation. This proves sufficient for eliminating fluc-
tuations. On the other hand, averaging turns out to be un-
necessary for the simulated spectra obtained without gating,
since their fluctuations are eliminated due to the much longer
time intervals over which the spectra are extracted. Further-
more, the optical spectrum analyzer used in the experimental
setup shown in Fig. 1(a) has a finite resolution of 20 pm, cor-
responding to a spectral width of 3.5 GHz at 1310 nm. To
imitate this effect, the obtained numerical spectra are smooth-
ened over 4000 points. The power dependence is not investi-
gated here, but instead power and gain levels typical for OCT
imaging applications are chosen.

In Fig. 3, the simulated instantaneous power spectrum after
the SOA at t � 5.3 μs is shown for gating and averaging con-

sidered (dotted curve) and without taking these effects into
account (dashed curve), and compared to the experimental
data (dash-dotted curve). The FWHM values are 13.77 GHz,
10.13 GHz, and 15.81 GHz, respectively. As can be seen, the
consideration of the time gating in the simulation is essential
for a precise comparison to experiment. Without the inclusion
of these effects, the simulated FWHM linewidth does not
match the experimental data very well, as expected. Further
simulations show that by substantially reducing dispersion
and self-phase modulation within the cavity, and by imple-
menting narrower sweep filters, the instantaneous linewidth
can be considerably reduced. Preliminary results indicate that
in the optimum case, linewidths down to the inverse duration
of one sweep direction could be achieved; in this case this
corresponds to 100 kHz.

4. TEMPORAL AND SPATIAL EVOLUTION
OF THE OPTICAL CAVITY FIELD
In Fig. 4, the simulated temporal evolution of the instanta-
neous power spectra is shown after the SOA. The spectra
change with time but show an overall shift toward negative
frequencies. In this section, we theoretically and experimen-
tally investigate the temporal evolution of the spectral proper-
ties, as well as the spatial evolution along the resonator axis.
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Fig. 3. (Color online) Instantaneous power spectrum at t � 5.3 μs
after the SOA for the simulation with gating considered (dotted
curve), for the simulation without gating (dashed curve), and as ob-
tained from experiment (dash-dotted curve). The sweep filter trans-
mission (solid curve) is shown for comparison.

-20
-10

0
10

20

0

5

10

15

0

0.5

1

Frequency [GHz]

Time [µs]

S
pe

ct
ra

l p
ow

er
 d

en
si

ty
 [a

rb
. u

.]

Fig. 4. (Color online) Simulated temporal evolution of the instanta-
neous power spectrum after the SOA over a full round trip without
gating included.
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In particular, we investigate how the interplay of the various
effects leads to the formation of a steady state light field.

A. Discussion of the Spectral Shaping Effects
FDML simulations indicate that the temporal and spatial evo-
lution of the laser field, here characterized by its instanta-
neous power spectrum, is dominated by the gain dynamics
including linewidth enhancement, the dispersion and self-
phase modulation in the optical fiber, and the sweep filter ac-
tion [36,37]. In the following, we investigate how each of these
effects contributes to the spectral shaping of the light field.

First, we analyze the contribution of the linewidth enhance-
ment factor to the spectral shaping, which has been observed
to cause a shift of the power spectral peak to lower frequen-
cies [37]. This effect is here more closely investigated. We can
solve Eq. (1) keeping only the term associated with the optical
gain, and obtain

u � u0G�1−iα�∕2; (5)

where the total power gain is related to the gain coefficient
by integrating over the length of the gain medium,
G � exp�2 R g�ω0�dz�. For the modeling of the gain dynamics,
we have to consider both the saturation behavior and the
spectral dependence [36], which is done by using an ansatz

G�t� � G0�ω0�t��
1� Pav�t�∕Psat�ω0�t��

: (6)

The spectral dependence enters through the frequency-
dependent peak gain G0 and saturation power Psat. The
saturation is modeled based on a quasi-instantaneous gain
saturation approach [36], accounting for the finite carrier life-
time in the SOA that governs the gain recovery dynamics, as-
suming a typical value τc � 380 ps [41]. In this approach, the
saturation level of the gain at a time t is not directly deter-
mined from the instantaneous optical power P�t� but rather
based on a moving average value

Pav�t� � τ−1c
Z

t

−∞

P�τ� exp��τ − t�∕τc�dτ: (7)

In this way, relaxation processes in the gain medium, which
lead to a noninstantaneous gain recovery for changes of the
optical power on timescales faster than the carrier lifetime,
can be adequately taken into account [36]. Such fast changes
can arise due to the complex FDML dynamics themselves, and
are also induced by ASE and other noise sources. For the si-
mulated optical power shown in Fig. 2(b), these high fre-
quency contributions are largely suppressed because of the
smoothing applied there, corresponding to a sampling rate
of 500 MHz to imitate the experimental measurement setup.
However, these contributions give rise to a broadened instan-
taneous linewidth, as shown in Fig. 3. We investigate the in-
fluence of the linewidth enhancement factor, taking a
Gaussian spike P0 � u2

0 � Pg exp�−t2∕T2
g� where the peak

power is set to Pg � 10Psat and Tg is chosen so that the cor-
responding power spectrum has a FWHM value of 10 GHz,
similarly to the observed instantaneous linewidths [37]. In
Fig. 5(a), the Gaussian spike P0�t� and the moving average
value Pav�t� obtained from Eq. (7) for τc � 380 ps is shown.
As can be seen, the relaxation process induces an asymmetry

in the form of a slow decay of Pav�t�. In Fig. 5(b), the power
spectrum of the Gaussian input pulse is shown along with the
output power spectrum after the gain medium, obtained with
Eq. (5) for α � 5. The peak of the output spectrum is shifted by
−3.6 GHz. Further simulations show that the shift is almost
exclusively due to the linewidth enhancement, i.e., the imagin-
ary part of the term (1 − iα) in Eq. (5), and not the real part
corresponding to the amplification. In other words, the com-
bination of linewidth enhancement and the recovery dy-
namics in the gain medium leads to the spectral red shift.

Nowwe focus on the dispersive effect in the optical fiber. In
previous simulations we found that if the sweep rate is de-
tuned with respect to the round trip time of the light within
the cavity, the third order dispersion D3 causes a spectral
asymmetry, which is however greatly reduced for the non-
detuned case considered here [37]. In the following, we inves-
tigate the time dependent influence of dispersion for no detun-
ing. Considering only the relevant terms in Eq. (1), we can
obtain a closed analytical solution. For the propagation
through a dispersive fiber of length L, the field envelope at
the end of the fiber is given by

u�z� L� � u�z� expfi�ω2
0�t�D2 � ω3

0�t�D3�Lg � u�z� exp�iϕ�t��:
(8)

Here we have neglected the term −iD2∂
2
t u, which by itself

does not affect the power spectrum. As described in Section 3,
the instantaneous power spectrum at a time t0 is obtained by
dividing the round trip time into subintervals and Fourier
transforming the output power in the corresponding interval
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Fig. 5. (Color online) (a) Gaussian input pulse and the correspond-
ing averaged power obtained from Eq. (7) as a function of time.
(b) Power spectrum of the Gaussian input pulse and output power
spectrum after the gain medium.
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separately. In the subinterval centered around t0, the expo-
nent in Eq. (8) can be approximated by a Taylor expansion

ϕ�t� ≈ ϕ�t0� � ∂tϕ�t0��t − t0� �… (9)

Though the zeroth order term ϕ�t0� just represents a constant
phase shift, the first order term contains ∂tϕ�t0�, which corre-
sponds to the instantaneous frequency, inducing a spectral
shift by the amount

δf � −∂tϕ�t0�∕�2π� � −
1
2π �2D2ω0�t0� � 3D3ω2

0�t0��∂tω0�t0�L
(10)

in the Fourier domain. It should be pointed out that dispersion
as a linear effect does not change the photon energy but
causes an additional delay of the optical field in the fiber. Be-
cause of the sweep dynamics, this re-timing of the optical field
leads to an additional spectral shift of the instantaneous
power spectrum with respect to the sweep filter center fre-
quency, as described by Eq. (10). In Fig. 6, the spectral shift
δf according to Eq. (10) as a function of t0 is shown for a single
propagation through the optical fiber with D2 � −276 fs2∕m,
D3 � 12183 fs2∕m, and L � 3400 m. Since the center wave-
length in our simulation is 1320 nm, which is close to the zero
dispersion point D2 � 0, the influence of D3 is dominant.

The self-phase modulation in the optical fiber is well known
to induce spectral broadening [39]. For a very slowly varying
output power level, as in the ideal FDML laser, this effect
might be negligible. However, in real operation, the optical
power exhibits high frequency fluctuations as discussed
above. As a consequence, self-phase modulation has a consid-
erable influence on the instantaneous power spectrum. In the
following, we investigate this effect, using a Gaussian spike as
a model for optical power fluctuations. Considering only the
relevant term in Eq. (1), we obtain the solution

u�z� L� � u�z� exp�iγju�z�j2L�: (11)

The effect of the self-phase modulation is illustrated in Fig. 7
for γ � 0.00136 W∕m and again a fiber length of L � 3400 m,
assuming the same Gaussian input pulse as in Fig. 5, here with
a peak power of 200 mW. Though self-phase modulation does
not induce a frequency shift, it causes spectral broadening.

Next we investigate the effect of the sweep filter, which, as
we will show in the following, acts as a bandpass filter and
balances the frequency shift induced by the dispersion and
the linewidth enhancement. We solve Eq. (1) in frequency do-
main, keeping only the term associated with the sweep filter
and using ω � 2πf , and obtain the pulse envelope in Fourier
domain

U�ω� � ts�ω�U0�ω�: (12)

The sweep filter is modeled as a lumped optical element,
where the transmission characteristic is related to the sweep
filter coefficient by integrating over the length of the sweep
filter [36], with

ts�ω� � exp�−
Z

as�ω�dz� � T1∕2
max∕�1 − 2iω∕Δ�: (13)

Here, we choose Δ � 0.169 ps−1, corresponding to a Lorent-
zian filter with an FWHM bandwidth of 0.156 nm. The effect of
the sweep filter is illustrated in Fig. 8 for the same Gaussian
input pulse as in Fig. 5 but shifted by −10 GHz relative to the
sweep filter center frequency. The low-frequency wing of
the spectrum is “cut off” by the sweep filter, which induces
an effective shift of the output spectrum toward higher
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frequencies. Similarly, spectra centered around positive fre-
quencies are effectively shifted to lower frequencies, thus re-
ducing the spectral shift. Furthermore, the sweep filter acts as
a bandpass, narrowing the linewidth of the instantaneous
power spectrum.

Because of its complex transmission characteristic [see
Eq. (13)], the filter induces not only absorption but also a
frequency-dependent phase offset φ � arctan�2ω∕Δ�. Ap-
proximating the phase by a first order Taylor series expansion
in analogy to Eq. (9), U�ω� in Eq. (12) acquires an additional
linear phase, which corresponds to a delay of the optical field
in time domain. Because of the sweep dynamics, this re-timing
of the optical field is associated with an additional spectral
shift. However, for the sweep filter parameters of the investi-
gated laser, this time delay amounts to only 10 ps at the center
and even less in the wings of the filter, corresponding to a
maximum frequency shift of 30 MHz, which is much smaller
than the effective shift caused by the sweep filter absorption.
We have confirmed this by comparing simulations with and
without considering the phase in Eq. (13), yielding very similar
results and thus showing the negligible influence of these
phase contributions.

The resulting instantaneous power spectra in steady state
operation are thus determined by a balance between the fre-
quency shift induced by dispersion and linewidth enhance-
ment on the one hand, and the compensating effect of the
sweep filter on the other hand.

B. Analysis of the FDML Dynamics in Steady State
Operation
In order to better understand the interplay of the various op-
tical cavity elements leading to the formation of a steady state
light field, the temporal evolution of the instantaneous power
spectrum at various points in the cavity is monitored. The si-
mulation results are shown in Fig. 9 for the mean frequency
and FWHM linewidth, extracted from the obtained spectra
without gating. In Fig. 9(a), the temporal evolution of the
mean frequency, extracted from the obtained power spectra,
is shown after the SOA, the fiber, and the sweep filter. By com-
paring the results after the sweep filter and the SOA, it can be
seen that the SOA causes a negative frequency shift at all
times. This is due to the linewidth enhancement, as shown
in Fig. 5. The fiber dispersion induces a negative frequency
shift during the forward sweep and a positive shift during
the backward sweep, as illustrated in Fig. 6. However, the line-
width enhancement dominates, leading to negative mean fre-
quency values at all times. Finally, the sweep filter partly
compensates for this negative shift, stabilizing the operation
and leading to the formation of a steady state. In Fig. 9(b), the
temporal evolution of the FWHM linewidth is shown, as
obtained for a single round trip. The sweep filter acts as a
bandpass [see Fig. 8], thus narrowing the linewidth and com-
pensating for the broadening induced by the SOA and the fi-
ber. The linewidth maxima coincide with the power maxima
in Fig. 2(b). The reason is that the phase offset due to self-
phase modulation, and thus the resulting spectral broadening,
depends on the optical power, see Eq. (11). The investigated
setup operates at around 1320 nm close to the zero dispersion
point D2 � 0. For lasers operating at different wavelengths,
the second order dispersion can play a major role. To inves-
tigate this effect, simulations have been performed using the

value of D2 at 1550 nm (anomalous dispersion regime) and at
1060 nm (normal dispersion regime). In both cases the overall
linewidth increases significantly, and also the linewidth
change during a round trip is more pronounced. For the D2

at 1550 nm, the instantaneous linewidth varies between
7.10 and 27.15 GHz, and similar values are obtained for the
D2 corresponding to 1060 nm.

C. Comparison to Experiment
In order to verify the validity of our simulation approach, we
compare the numerical results to the experimental data. To
enable a quantitative comparison, we include in our simula-
tions the experimental effects of time gating, averaging, and
limited measurement resolution, as described in Section 3.
First, we extract the FWHM linewidth of the simulated and
experimental spectra as a function of time. In Fig. 10, the the-
oretical and experimental linewidth is plotted versus time.
The experimental data indicate an asymmetry of the linewidth
evolution for the forward and the backward sweep, with max-
ima obtained at around 4.3 μs and 13.7 μs, the positions where
the sweep filter speed is maximum. This trend is also con-
firmed for the simulations with gating included, which yield
reasonable qualitative and quantitative agreement with the ex-
periment. The simulation data without gating reveal a much
smaller linewidth dependence, demonstrating that the ob-
served maxima are mainly due to the fast sweep filter
dynamics at these positions, leading to a maximum broaden-
ing effect during the finite time gating.

In the following, we compare the instantaneous power at
various positions in the laser cavity. The time is fixed to
t � 5.3 μs. In Fig. 11, the experimental (dashed curve) and
theoretical (dotted curve) spectral power density is plotted
after the SOA, the fiber and the sweep filter, respectively.
Since the instantaneous power spectrum is measured on an
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Fig. 9. (Color online) Simulation results for the temporal evolution
of (a) mean frequency and (b) linewidth.
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absolute frequency scale and the time dependent sweep filter
center frequency at the measurement time is not known with
sufficient accuracy, it is not possible to determine the fre-
quency shift of the experimental power spectra. Thus, the
frequency axis of the experimental spectra is chosen so that

the experimental and simulated peak positions coincide. In
Fig. 11(a), the FWHM spectral width after the SOA is 15.81
GHz for the experimental spectrum and 13.77 GHz for the si-
mulated spectrum, respectively. The mean frequency of the
simulated spectrum is located at −2.28 GHz with respect to
the sweep filter reference frame. In Fig. 11(b), the spectral
power density is plotted after the SMF. The FWHM is
13.82 GHz for the experimental data, and 13.83 GHz for the
simulation, respectively. The simulated mean frequency shift
is −2.39 GHz. Figure 11(c) shows the instantaneous power
spectra after the sweep filter. Now the FWHM is 12.68 and
13.19 GHz for the experimental and theoretical data, respec-
tively, while the simulated mean frequency shift is −1.71 GHz.

Altogether, the results displayed in Figs. 10 and 11 show
good qualitative and quantitative agreement between the si-
mulation and experiment, confirming the validity of the cho-
sen simulation approach. The inclusion of optical gating,
averaging over several round trips, and limited measurement
resolution in the simulation enables us to evaluate the addi-
tional linewidth broadening caused by these effects, thus al-
lowing for a closer comparison with experiment, and an
assessment of the influence of these effects on the experimen-
tal data. Remaining deviations between theoretical and ex-
perimental results are mainly ascribed to uncertainties in
some of the used laser parameters. For example, the relaxa-
tion time and linewidth enhancement factor of the SOA may
deviate somewhat from the assumed typical values. Further-
more, the spectral features depend strongly on the detuning of
the sweep filter with respect to the cavity round trip time [37].
While the zero detuning point can be exactly fixed in the si-
mulation, it can only be approximately determined in the ex-
periment based on criteria such as the maximum obtained
output power.

5. CONCLUSION
In conclusion, the paper provides an answer to the question,
why FDML lasers operate in a stationary regime. A quantita-
tive analysis is given about which effects balance each other,
leading to a stable spectrum and output power:

(1) A red shift of the instantaneous power spectrum to-
ward lower frequencies is caused by the linewidth enhance-
ment of the SOA in combination with the gain recovery
dynamics. Also the dispersion induces a time dependent spec-
tral shift. These effects are counterbalanced by the asym-
metric absorption of the tunable spectral bandpass filter.
For a red-shifted spectrum, the sweep filter transmission func-
tion causes an effective shift to higher frequencies by reducing
the low-frequency spectral wing.

(2) Self-phase modulation in the long fiber delay line
causes a spectral broadening, and also the linewidth enhance-
ment and dispersion influence the instantaneous power spec-
trum. The broadening is counterbalanced by the bandpass
filter, narrowing the spectrum again by the repetitive filtering
event at each round trip.

For these investigations, a detailed analysis of the optical
field propagation in the FDML laser is presented. The tempor-
al evolution of characteristic spectral parameters at various
positions in the cavity, such as the frequency shift and the line-
width, is investigated, yielding the described insight into the
formation of a steady state light field. All relevant physical
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Fig. 10. (Color online) Simulated and measured temporal evolution
of the linewidth. Shown are simulation results with gating considered
(dashed curve) and without gating (dotted curve), as well as experi-
mental data (crosses).
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effects are considered in our model. A comparison of numer-
ical results to experimental data shows good agreement, va-
lidating the theoretical model. These new insights represent
an important step toward understanding the fundamental me-
chanisms governing the steady state dynamics in the FDML
regime, and are helpful toward a further optimization of the
FDML laser.
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