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Laser Transmitter for Undersea Communications
Using Third-Harmonic Generation of Fiber-Laser

System at 1.5 �m
Pavel Polynkin, Rostislav Roussev, M. M. Fejer, N. Peyghambarian, and Jerome Moloney

Abstract—We report a viable laser transmitter for free-space
undersea communications. An all-fiber, picosecond, Watt-level
master-oscillator-power-amplifier (MOPA) system at 1.5 �m
based on rapid amplification of mode-locked pulses in heavily
Er : Yb codoped phosphate fiber is combined with fiber pigtailed
lithium niobate intensity modulator (pulse picker), to construct
a fully integrated eye-safe transmitter operating at 65-Mb/s data
rate, that can be used in intermediate-range (few kilometers)
atmospheric communication links. For undersea use, the output
of the MOPA system is frequency-tripled into the blue-green
transparency window of ocean water. The wavelength conversion
occurs in a simple single-pass setup utilizing a sequence of two
periodically poled lithium niobate crystals, both of which are
operated at room temperature. The conversion efficiency from
fundamental to third harmonic reached 14% and resulted in
generation of 140 mW of average power at 518 nm. The conversion
efficiency can be straightforwardly increased threefold using prop-
erly antireflection-coated optics in the free-space part of the setup,
and the data rate can be scaled up into the gigabit-per-second
range by using a faster mode-locked oscillator in the MOPA
system.

Index Terms—Mode-locked fiber lasers, nonlinear wavelength
conversion, optical undersea communications, periodically poled
crystals.

I. INTRODUCTION

LASER transmitters operating in the wavelength range from
350 to 580 nm, the blue-green portion of spectrum around

the Jerlov absorption minimum for shallow to mid-depth ocean
water [1], serve as a key element of any practical underwater
optical-communication (OCOMM) system. Interest in marine
OCOMM is still evolving, and we anticipate that future un-
dersea communication systems will utilize two types of blue-
green laser sources: medium-power, a high data-rate source for
high-capacity short-range optical links with total propagation
distance up to 100 m, and high-power lower data-rate transmit-
ters for communications over hundreds of meters. The present
letter reports a demonstration of the optical source of the first
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kind, suitable for short-to-medium range undersea communica-
tions. A suitable source for this application must have output
optical power in the hundreds of milliwatts, high-beam quality,
and allow for intensity modulation at high rates.

Blue-green laser transmitters for OCOMM-type applications
have generally relied on frequency-converted infrared (IR)
solid-state lasers [2]. Tremendous progress made in the last
decade in development of high-power IR fiber-laser sources
makes them viable and potentially cost-effective candidates for
this application. Direct conversion of an Er : Yb codoped fiber
source operating at 1.5 m into blue-green is a particularly
attractive approach, because a variety of low-cost fiber-optic
components developed for telecom applications are available
for construction of the fiber-laser system. In addition, com-
mercial high-speed lithium niobate modulators that are the
best choice for modulating fiber lasers at relatively high data
rates, can withstand much higher optical power throughputs at
1.5 m, compared to the currently available 1- m devices. Fi-
nally, the system based on third-harmonic generation (THG) of
a fiber-laser source at 1.5 m can serve as a versatile dual-band
OCOMM transmitter, since the modulated fiber source itself
can be used as an eye-safe transmitter for communications
above water.

Efficient THG of various pulsed fiber lasers at 1.5 m
using periodically poled lithium niobate (PPLN) has been
demonstrated as a cascade of two second-order nonlinear pro-
cesses—second-harmonic generation (SHG) that doubles the
frequency of the 1.55- m laser, and sum-frequency generation
(SFG) that mixes the SHG signal with the residual 1.55- m
fundamental to produce the third harmonic in the green. To our
knowledge, the highest efficiency of such conversion, 34%,
has been achieved using a -switched fiber-laser system [3],
but -switched sources are not suitable for communication
applications due to their limited pulse repetition rates. Using a
system with an ultrafast fiber oscillator and two fiber amplifiers
at 1.5 m, THG of subpicosecond pulses resulting in generation
of 55 mW of average power in the green with corresponding
conversion efficiency close to 10% has been recently reported
[4].

We have recently demonstrated a fully integrated picosecond
fiber-laser system at 1.5 m based on a short heavily doped
phosphate–glass active fiber [5]. Rapid amplification of pulses
in such fiber alleviates problems associated with nonlinear
effects in the fiber amplifier such as self-phase modulation
and stimulated Raman scattering. High-power, nearly trans-
form-limited picosecond pulses were generated directly from
the fiber amplifier without using complex chirped pulse ampli-
fication techniques.
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Fig. 1. Schematic diagram of the picosecond MOPA system at 1.5 �m.
EOM: Electrooptic modulator. FBG: Fiber Bragg grating. SESAM: Semi-
conductor saturable absorber mirror. PC1 and PC2: Polarization controllers.
PMF: Polarization-maintaining fiber.

In this letter, we report combining the above all-fiber system
with a pulse-picker for encoding digital information onto the
fundamental pulse train, and a THG module for efficient wave-
length conversion into the green by cascaded SHG and SFG in
two PPLN crystals. The result is, to our knowledge, the first
demonstration of a high-average power, high-repetition rate, pi-
cosecond blue-green source that can be a practical laser trans-
mitter for emerging marine OCOMM systems. Our picosecond
source has a fully integrated all-fiber construction, narrow op-
tical bandwidth that facilitates efficient wavelength conversion
and allows for rejection of background light in the undersea
communication links, and high average power, which all are de-
sirable features for high-data-rate marine communication appli-
cations. In preliminary experiments, 140 mW of average power
was generated at 518 nm, with overall conversion efficiency
from fundamental to the third harmonic of 14%.

II. EXPERIMENTAL SETUP

The all-fiber picosecond master-oscillator-power-amplifier
(MOPA) system used to generate the fundamental pulse train
at 1.5 m is shown schematically in Fig. 1 [5]. The passively
mode-locked master oscillator generates picosecond pulses at
a fundamental repetition rate of 65 MHz, with average power
between 20 and 100 mW, which is subsequently boosted to
over 1 W in a single amplification stage. The output beam is
diffraction-limited due to single-mode fibers used throughout
the system. The gain in the oscillator and in the amplifier
is produced by heavily doped side-pumped phosphate–glass
Er : Yb fiber. Due to the extremely short length of the amplifier
(less than 25 cm for the gain fiber and the output fiber pigtail
combined), the amplifier does not introduce substantial distor-
tion in the temporal or spectral shape of the output pulses; the
pulses remain close to transform-limited after amplification.

The system can serve as a simple eye-safe transmitter for
free-space communications applications. For encoding digital
information onto the fundamental pulse train via pulse picking, a
commercial fiber-pigtailed lithium niobate intensity modulator
is spliced into the system after the master oscillator stage. The
modulator has insertion loss below 2 dB, and can safely with-
stand the 20–100 mW of incident optical power.

We found that when the mode-locked master oscillator was
run at 100-mW average power, its central emission wavelength
could be tuned from 1554.5 to 1557.0 nm by adjusting the po-
larization state inside the fiber cavity of the oscillator with a
manual polarization controller (PC 1 in Fig. 1). For reasons not
yet fully understood, this wavelength tuning is accompanied by
a growth of the emission bandwidth from 0.7 nm at 1554.5 nm
to 2.3 nm at 1557.0 nm. By recording the nonlinear autocorrela-
tion of the pulses, we verified that throughout the entire tuning
range, the master oscillator produces virtually perfect hyper-

Fig. 2. Free-space part of the setup.

bolic secant pulses with pulsewidth ranging from 1.1 to 3.8 ps
and time-bandwidth product between 0.32 and 0.35.

To optimize the THG conversion efficiency, the polarization
of light generated by the MOPA system is adjusted by using
another polarization controller placed in front of the fiber am-
plifier (PC 2 in Fig. 1). Due to the short length of the amplifier,
the output polarization is stable.

The wavelength conversion into green occurs in a simple
single-pass setup schematically shown in Fig. 2. The light from
the MOPA is collimated and focused onto a 0.5-mm-thick
1 mm-long 5 mol-% MgO-doped PPLN crystal (PPLN1).
The crystal has a poling period of 19.15 m, suitable for
quasi-phase-matching (QPM) of the SHG of the 1555-nm
pump at room temperature (22 C). The duty cycle of PPLN1
is 50%. The focused spot size of 45 m inside PPLN1 is four
times larger than that for optimum focusing in the low-conver-
sion limit.

The second harmonic at 777.5 nm, generated in PPLN1,
and the residual fundamental, are refocused onto the second
PPLN device (PPLN2 in Fig. 2) with a single lens L3. The
estimated spot size of light at 1.5 m inside the crystal is
25 m. The thickness and the length of this device are 285 m
and 3 mm, respectively. Unlike PPLN1, the material for PPLN2
is near-stoichiometric vapor-transport equilibrated (VTE)
0.3 mol-% MgO-doped LiNbO [6]. The lower doping level
simplifies short-period poling, while the proper combination
of doping and VTE allows us to eliminate the photorefractive
sensitivity. Chip PPLN2 has a period of 7.15 m chosen for
first-order QPM of SFG of 518.3-nm light at 24 C. The
measured temperature bandwidth is 10 C for the 3-mm-long
crystal. Due to the somewhat less than optimum poling process,
the duty cycle of PPLN2 is 65%–70%. Further optimization of
the process will allow for more efficient 50% duty cycle.

The output signal is collimated with the lens L4 and the dif-
ferent colors are spatially separated with a prism. All-optical el-
ements in the system are uncoated except for the lenses L1 and
L2, which are antireflection-coated at 1.55 m.

III. EXPERIMENTAL RESULTS AND DISCUSSION

For the wavelength-conversion experiments, we operated
the MOPA system at an average power of 1 W, corresponding
to a pulse energy of 15.4 nJ, and tuned the central emission
wavelength to 1555 nm. The optical bandwidth of the generated
pulses was 0.91 nm, as shown in Fig. 3 (top). By recording the
autocorrelation of the output pulse train, we verified that the
pulses were virtually perfect hyperbolic secants with pulsewidth
of 2.9 ps, time-bandwidth product of 0.33, and negligible CW
background. The peak pulse power at the output of the amplifier
was 4.7 kW. The short amplifier in the MOPA system did not
introduce any measurable distortion of the temporal or spectral
shape of the pulses.

The optical spectra of the generated second and third har-
monic are shown in Fig. 3. As expected, the nonlinear pro-
cesses result in bandwidth increases in the frequency domain,
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Fig. 3. Optical spectrum of 1.5-�m MOPA (top), second harmonic (middle),
and third harmonic (bottom).

accompanied by a corresponding temporal pulse compression.
Assuming that the pulse shape remains a hyperbolic secant upon
nonlinear conversion, we estimate the pulsewidth of the second-
and third-harmonic pulses at 1.6 and 1.5 ps, respectively.

Although up to 400 mW of SHG could be generated from
PPLN1, the overall conversion efficiency of SFG to green was
maximized when the wavelength of the fundamental was tuned
away from the perfect phase-matching for the SHG. At that
point, the SHG power in front of PPLN2 was 260 mW. Further,
an average power of 140 mW at 518 nm was measured after the
wavelength-separating prism, corresponding to an overall con-
version efficiency of 14% from fundamental to third harmonic.
The green pulses had an energy of 2.15 nJ and a peak power of
1.3 kW. The system was operated at the maximum green power
for several hours and no signs of the crystal degradation were
observed.

We estimate that the loss of third harmonic due to reflections
at uncoated optical surfaces (the exit facet of PPLN2, the lens
L4, and the prism) was 1.36 dB. Therefore, the average and
peak green power inside PPLN2 were 190 mW and 1.8 kW,
respectively. Reflections at PPLN1, L3, and the front facet of

PPLN2 reduced the fundamental and the SH power available for
SFG mixing by 2.2 and 1.7 dB, respectively. By using properly
coated optics the overall conversion efficiency can be increased
two- to three-fold. Further optimization of the focusing and the
crystal lengths is possible. A substantial simplification of the
system layout can be achieved by combining the QPM gratings
for SHG and SFG on a single PPLN chip [7], [8]. Furthermore,
repetition rates considerably higher than the present 65 MHz
are possible by using a faster master oscillator in the MOPA
system. Several suitable high-rate mode-locked oscillators with
fundamental repetition rates up to 10 GHz have been recently
demonstrated using short laser cavities based on highly doped
soft-glass active fibers [9], [10].

IV. CONCLUSION

We have reported a demonstration of a viable laser transmitter
for marine OCOMM applications. Both PPLN crystals used for
nonlinear wavelength conversion were operated at room tem-
perature without signs of photorefractive effects. Lightly doped
VTE-LiNbO was used for the first time, without problems, to
generate picosecond pulse trains in the green with 1.3 kW peak
power and 140-mW average power. Straightforward optimiza-
tions of the system will simplify the layout and result in im-
proved performance.
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