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We demonstrate a tunable fiber ring laser employing a two-dimensional dispersion arrangement filter, with the
lasing determined by a liquid crystal on silicon (LCoS) spatial light modulator. Lasing wavelengths can be tuned
discontinuously across the communication C-band at an addressable resolution of less than 200 MHz. We introduce
full characterization of the laser output including phase and amplitude stability and short and long-term bandwidth

measurements.
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Tunable fiber ring lasers have important applications in
optical communication systems, fiber sensors, infrared
spectroscopy, and optical instrumentation, as they offer
easy integration with these all-fiber systems [1-4]. Lasing
wavelength tuning is achieved by a filter placed inside the
ring cavity, where the tuning mechanism can be based on
a Fabry-Perot etalon [5,6], a fiber Bragg grating [7,8], or
electro-optic [9], piezo-electric [10], and acousto-optic
[11] modulators. A gain element (typically a fiber ampli-
fier) and an output coupler complete the ring cavity (see
the inset of Fig. 1). These lasers are favorably character-
ized by a high side mode suppression ratio (SMSR) and a
large tuning range, but their tuning is continuous along
the spectrum due to the filter characteristics, which is
not acceptable in certain applications such as optical
communications. This can be alleviated by extra hard-
ware to prevent laser output during tuning events, im-
pacting cost.

In the last couple of years, tunable fiber lasers based
on an intracavity, free-space, adaptive filter employing a
spatial light modulator (SLM) and a diffraction grating
were introduced [12-13]. This arrangement allows full ac-
cess to all the spectral components and enables discon-
tinuous lasing wavelength jumps. However, the tuning
performances of the reported fiber lasers were limited
due to the relatively low resolution and addressability
of the filter’s diffraction grating and SLM. We recently
presented [14] a tunable fiber ring laser employing an ex-
tremely high resolution filter utilizing a two-dimensional
(2D) dispersion arrangement [15]. With this combination,
we have demonstrated a tunable ring laser with a tuning
resolution of 200 MHz along 30 nm (the communication
C-band). This paper provides further design details and
full characterization of our 2D tunable fiber laser.

The layout and concept of the 2D filter arrangement is
shown in Fig. 1 and discussed in detail in [15]. Light is an-
gularly dispersed using a 2D optical arrangement from
two crossed gratings: a high resolution waveguide grating
router (WGR) and a free-space bulk grating. The 2D dis-
persed light is projected with a Fourier lens onto a liquid
crystal on silicon (LCoS), 2D, pixelated, phase-only
modulator. The WGR has a free spectral range (FSR) of
100 GHz and a spectral resolution of 3 GHz. The crossed
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1200 gr/mm holographic diffraction grating placed after
the WGR separates the diffraction orders in the orthogo-
nal direction. The resultant dispersion forms a contiguous
series of dispersed 100 GHz channels on the spectral plane
(Fig. 2(a)). At this plane, we place the LCoS reflective
modulator with 512 x 512 square pixels of 15 ym pitch (to-
tal size of 7.68 x 7.68 mm?), capable of prescribing phase
delays € [0, 2z]. The spatial dispersion in the WGR direc-
tion results in 512 columns spanning a 93 GHz wide
spectrum. Each column of the modulator addresses a
particular center frequency, at 182 MHz shift in center
frequency. The spatial dispersion in the bulk grating direc-
tion results in an offset of 15 pixels for successive diffrac-
tion orders (spaced at 100 GHz). Because of the limited
size of our LCoS SLM, only 30 WDM channels spaced at
100 GHz are modulated and reflected back. We set the las-
ing wavelength by attenuating all wavelengths (by setting
a linear phase ramp that reduces the coupling back), ex-
cept for the particular wavelength that is transmitted, seen
as a clear window with no phase tilt applied (see Fig. 2(b)).
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Fig. 1. (Color online) Layout of the ring laser: amplified light
goes through crossed gratings (waveguide grating router
(WGR) and bulk), which disperse the spectrum across the
two-dimensional LCoS array, enabling high resolution access
to the spectral components along the communication c-band.
Inset: layout of a ring laser based on an adaptive filter and gain
module inside the cavity.

© 2012 Optical Society of America



2 OPTICS LETTERS / Vol. 37, No. 1 / January 1, 2012

The window spans 18 pixels along the high dispersion
axis, matching the optical resolution (setting it smaller
only increases the loss). The ring cavity is completed with
a circulator (couple in and out of our filter), an erbium
doped fiber amplifier (EDFA), and an output coupler. The
first lasing experiment used a 90/10 output coupler (10%
output) placed after the EDFA, and lasing was observed
on an optical spectrum analyzer (OSA). Changing the hor-
izontal position of the window results in jumping from one
diffraction order to another, leading to a 100 GHz change
in the output wavelength (Fig. 3(a)). Changing the vertical
position of the window, along a specific diffraction order,
results in fine changes in the output wavelength with a
spectral step size of 182 MHz (Fig. 3(b)). We coarsely tune
the wavelength by selecting the WGR diffraction order
(separated by the bulk grating) and finely tune the wave-
length by selecting within the WGR diffraction order. The
insertion loss of the 2D filter arrangement is approxi-
mately 14 dB (mostly due to coupling from the planar light
circuit (PLC)); hence we use an EDFA amplifier with
22 dB gain and 18 dBm saturation power. This leads to
a gain saturated output power level of 8 dBm (using the
10% tap, i.e., 10 dB less that the EDFA saturation power),
constant along the output spectrum (Fig. 3). The SMSR is
greater than 50 dB.

We experimented with different output coupler values
and positions, using three available couplers with split-
ting values of 1/99, 10/90, and 50/50, providing five out-
put coupling values: 1%, 10%, 50%, 90%, and 99%. We also
swapped the position of the EDFA and the tap splitter. In
each of the above arrangements, we measured both the
output power and the SMSR (see Fig. 4). The highest out-
put power was measured with the 50% output tap with
the EDFA before the tap splitter, resulting in 15 dBm out-
put power (3 dB less than the EDFA saturation level due
to the 50/50 output coupler). For 1% output, we mea-
sured output of —2 dBm, e.g., 20 dB less than the satura-
tion level. Those three results imply that the EDFA
reached its saturation level. However, when we used
an output coupler of 90% and 99%, the losses of the ring
cavity were too high, the EDFA was unsaturated, and the
laser output power was lower. In the case of EDFA after
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Fig. 2. (Color online) (a) 2D spatial wavelength dispersion on
the SLM. The WGR provides high resolution on the narrow FSR.
The bulk grating separates the WGR diffraction orders. The
black lines mark the borders of a specific WGR diffraction or-
der, while the black ellipse denotes the spot size for a specific
wavelength. (b) Exemplary applied LCoS phase, attenuating
all spectral components except the lasing line, which appears
as an open window. Scanning the lasing window along the
white arrows selects the lasing frequency (horizontal transla-
tion selects WGR diffraction order; vertical translation selects
along the fast axis or within the diffraction order).
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Fig. 3. (Color online) Output of the fiber laser. (a) Laser lines
from different diffraction orders of the WGR. (b) Laser lines
from different locations of the same WGR diffraction order. In-
set: linear fit of the center frequency verses mask opened win-
dow position, resulting in a slope of 182 MHz per SLM row. The
slight deviation from linearity is caused by the uncertainty in
the lasing line position within the 3 GHz spectral window.

the coupler, we have the same curve shape but with
much lower output power due to the filter's 14 dB at-
tenuation. The SMSR depends on the EDFA location too,
where in the case of EDFA after coupler, better results
are obtained (except for the extreme cases of the 1/99
coupler, in which the output power is lower than
—20 dBm and the SMSR is therefore lower). The best per-
formance was obtained when the EDFA was placed be-
fore a 10% coupler output resulting in 8 dBm output
power and an SMSR of 58 dB.

The spectral plots of the laser output, as shown in
Fig. 3(b), do not reflect the actual laser line width, but
rather reflect the OSA resolution limit. To properly mea-
sure the laser line width, we mixed our fiber laser output
with that of a reference 100 KHz line width external cavity
laser. The reference laser was set to a slightly different
wavelength, resulting in an intermediate frequency beat-
ing between the two lasers. This was detected with a high
speed photodetector connected to a high speed real-
time scope (Fig. 5(a)). In adddition, a slow detector
was connected directly to the fiber laser to track its output
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Fig. 4. (Color online) Output power (blue line) and SMSR
(green line) of the fiber laser versus output tap value, measured
in various combinations: (a) EDFA before the coupler (results
marked with black triangles); (b) EDFA after the coupler
(results marked with red circles).
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Fig. 5. (Color online) Measuring laser line width. (a) Setup for
line width measurement using a high speed detector to measure
the beating between a reference laser and the 2D laser, while a
slow detector measures the direct output power of the 2D laser.
(b) Registered powers of the beat frequency (blue) and the out-
put power (green), with correlation between intensity spikes
and mode hops. (c¢) Spectrogram of the interferometric mea-
surement showing mode hops occurring every 1-3 ms. Fre-
quency hop is approximately 8 MHz. Inset: cross section of
the spectrogram showing instantaneous laser line width of
800 KHz. (d) Results of 10 000 measurements of laser relative
lasing frequency taken along 8000 seconds. The central fre-
quency changes are due to mode hoping and thermal drift.
(e) Histogram of the above 10000 measurements showing
the long-term frequency excursion of the laser output.

power. The detected power results are shown in Fig. 5(b).
Changes in the relative frequency between the 2D and the
reference laser are shown as “spikes” in the beat intensity,
and they correlate with power changes with a transient
duration of a few microseconds. A spectrogram of the beat
intensity measurement (Fig. 5(c)) shows that every few
milliseconds a mode hopping event occurs inside the ring
laser, with a lasing frequency hop of approximately 8 MHz.
This correlates to a fiber cavity length of 38 meters, which
is reasonable due to the EDFA fiber length. A vertical
cross section of the spectrogram (shown in the inset of
Fig. 5(c)) shows the instantaneous laser line width is ap-
proximately 800 KHz. This narrow line width can be uti-
lized in self-homodyne sensing applications. However, the
rapid mode hopping likely precludes the laser’s use in
other coherent reception applications, and in application
requiring high intensity stability. A histogram of 10 000 re-
lative frequency measurements taken with an ~1 second
interval in an uncontrolled environment gives the long
duration lasing wavelength stability bandwidth of 1.3 GHz
(Fig. 5(d)—(e)). This bandwidth is smaller than the 3 GHz
filter window, since the lasing preferentially occurs close
to the filter peak, where losses are minimal. In order to
examine the output power stability of the laser, an inten-
sity measurement was performed over 800 seconds

January 1, 2012 / Vol. 37, No. 1 / OPTICS LETTERS 3

(a)1.4

—13
3
812

Normalized Power
R~ 4

~ @

'\

A &

=

=]

=4
o

wel
-
© =

Intensity noise spectrum [dB/Hz]
’ '

)

200 400 600 800

10' 10 10° 10
Time [sec]

Frequency (Hz)

o

Fig. 6. (Color online) Laser output power measurements:
(a) Intensity measurement versus time taken over 800 seconds
sampled at 10 KHz. (b) RIN measurement results.

(Fig. 6(a)), resulting in a small change in output power
along the measurement. The power spectrum of this mea-
surement, shown in Fig. 6(b), expresses the relative inten-
sity noise (RIN) of the laser output. The spikes shown in
the RIN plot around 1 KHz are attributed to the mode hop-
ing rate, which is accompanied by intensity changes every
few milliseconds.

In summary, we demonstrated the functionality of a
tunable ring laser based on a high resolution, 2D disper-
sive arrangement and an EDFA gain amplifier. We oper-
ated the laser with various coupler ratios and EDFA
positions and found a configuration that gave maximal
output power of 15 dBm and SMSR greater than 50 dB
with a tuning ability of less than 200 MHz along the
C-band. We have measured the spectral bandwidth of the
laser, resulting in a long duration bandwidth of 1.3 GHz
and an instantaneous bandwidth of 800 KHz and output
power stability of a few percent.
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