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Shared Pump Two-Stage Polarization-Maintaining
Holmium-Doped Fiber Amplifier

Robert E. Tench™, Senior Member, IEEE, Clement Romano

Abstract— We propose and report the experimental demon-
stration of a shared pump architecture for a two-stage,
broadband, high-gain polarization-maintaining Ho-doped fiber
amplifier (HDFA). The gain as high as 59 dB, a noise fig-
ure of 10 dB, a dynamic range of >43 dB, and an output power
of 4.1 W are achieved at a signal wavelength A5 of 2051 nm.
The multiwavelength performance of the HDFA is measured for
As = 2004-2108 nm. Initial comparisons of simulations with
our experimental results show a relatively good agreement for
As > 2051 nm.

Index Terms—Doped fiber amplifiers, infrared fiber optics,
optical fiber devices, holmium, polarization maintaining fiber,
2 microns.

I. INTRODUCTION

ECENTLY reported high gain Ho-doped fiber amplifiers

are important for the development of high capacity
WDM transmission systems and LIDAR applications in the
2000 nm band which require wide bandwidth, high gain,
and large dynamic range optical amplifiers. Holmium-doped
fiber amplifiers (HDFAs) are attractive for these applications
because they extend the bandwidth response toward long
wavelengths of 2000-2150 nm, a region not easily covered by
Tm-doped fiber amplifiers. Also, HDFAs have high gain for
wavelengths greater than 2050 nm, a region where Tm-doped
fiber amplifiers exhibit low gain.

Several papers have presented results for amplifiers using
single stage, single mode Ho-doped fibers. Filatova et al. [1]
demonstrated G > 35 dB and Py, = 1 W with an amplifier
pumped at 1125 nm, while Simakov er al. [2], [3] have
reported G = 40 dB, Py = 0.25 W, and noise fig-
ures NF = 7-14 dB. with HDFAs pumped at 1950-2008 nm.
In addition, we have previously shown [4] high gain, two-stage
PM HDFAs using two separate pumps with G > 60 dB,
Pout = 6.7 W, a dynamic range of >40 dB, and # = 80%.

While these results are encouraging, all the HDFAs so far
reported employ one pump source for each optical amplifier
stage, and results for PM HDFAs have been measured only
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Fig. 1. Optical architecture for the shared pump PM HDFA.

for one signal wavelength (13 = 2051 nm). In this letter,
we extend the measured performance of PM HDFAs by using
a two-stage shared pump configuration and by investigating
the performance of the amplifiers as a function of signal
wavelength Ay from 2004-2108 nm. We also extend our
analysis by introducing simulated performance of the PM
HDFA. Our studies show that the shared pump architecture
is a simple, efficient, and high performance means of building
two-stage PM HDFAs. This topology yields output power,
gain, noise figure, and dynamic range results fully comparable
with two-stage amplifiers constructed with two separate pump
sources, and allows us to build versatile two-stage amplifiers.

II. EXPERIMENTAL SETUP

Figure 1 illustrates the optical architecture of the two-stage
shared pump PM HDFA. A multiwatt PM fiber laser pump
P1 at 1941 nm is divided by coupler C1 into a 30% output
which pumps PM Ho-doped fiber F1 and a 70% output which
pumps fiber F2. A 2004-2108 nm band single frequency input
signal Pg (Eblana Photonics EP-2000 laser series) is amplified
by F1, and the output of F1 is coupled into F2 for further
amplification. F1 and F2 have lengths L1 = 3.0 m and
L2 = 2.0 m, respectively.

In this setup, the first amplifying stage functions as a
preamplifier, while the second stage is a power amplifier.
Isolators I1-I3 in the signal path ensure unidirectional opera-
tion and suppress backward ASE. Signal and pump powers and
noise figures are measured internally, and linearly polarized
signal and pump light propagate through the amplifier along
the slow fiber axis.

III. PM FIBER DATA AND APPROACH TO SIMULATIONS

Summary data for the iXblue PM Ho-doped single clad
silica fiber in our experiments are given below in Table 1.

The fiber is designed for single mode operation in the
2000 nm band with a cutoff wavelength of 1650 nm.

Figure 2 shows gain and absorption spectra for the
51,13 transition of the Ho-doped fiber, which were derived
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TABLE I
PM HoO-DOPED FIBER DATA

Fiber ID IXF-HDF-PM-8-125
Core Diameter, pm 8
Cladding Diameter, 125
pm
Numerical Aperture 0.15
Fiber Structure PANDA
Birefringence 33 x 10"
Background Loss, 0.2
dB/m
Peak Absorption, dB/m 57 @ 1951 nm
Ion Pairing Coefficient, 10 (Ref. [5])
%
°I,-°I; Radiative 9.67 (Ref. [6])
Lifetime, mS
51,-’I; Nonradiative 0.60
Lifetime, mS
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Fig. 2. Gain and absorption spectra for the Ho-doped fiber.

from measurements by iXblue and data from the literature [7].
The spectral region where the fiber exhibits significant gain
clearly extends beyond 2150 nm.

Simulations of fiber performance used the gain and absorp-
tion spectra in Figure 1 and the data from Table 1 in a
two-level Giles model [8] with a saturation parameter of
2.13 x 10" m~" s7! and internally developed code. The
ion pairing coefficient accounts for loss of excited state
ions caused by detrimental pairwise interactions [5]. In our
experiments we chose in-band pumping with 4, ~ 1950 nm,
close to the peak of the absorption as illustrated by the vertical
blue arrow in Fig. 1.

The fiber lengths L1 = 3.0 m (first stage) and L2 = 2.0 m
(second stage) were chosen by optimizing the first stage
length for maximum simulated gain, and, subsequently, the
second stage length for maximum simulated output power, for
As = 2051 nm and an available pump power of P, = 4.6 W
@ 1941 nm.

IV. EXPERIMENTAL AND SIMULATED RESULTS

Figure 3 plots the experimental gain G and noise figure NF
(points) for the two-stage amplifier as a function of input signal
power Py, for a total 1941 nm pump power Pp = 4.6 W and
As = 2051 nm. The maximum gain achieved is 59 dB, and the
noise figure is 10 dB. For G > 25 dB, the input signal dynamic
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Fig. 5. Experimental and simulated Poyt vs. Pp.

range of the amplifier is >43 dB. Simulations of G and NF,
which are shown in solid lines, agree relatively well with the
experimental data.

Figure 4 shows experimental G vs. Pp as a function of Py,
with Pg values ranging from —35 dBm to +21 dBm. The
dotted lines are polynomial fits to the data. For this amplifier,
a pump power Pp of only 1.2 W is required to achieve a
small signal gain of 25 dB, illustrating the efficient nature of
the two-stage HDFA.

In Figure 5 we plot experimental (points) and simulated
(solid line) values for output power Py as a function of Pp,
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Fig. 6. Experimental output spectra for P; = —5 dBm as a function of signal
wavelength.

for Py = +21.3 dBm at 2051 nm. Both the experimental and
simulated Py vary linearly with Pp, with optical-optical slope
conversion efficiencies (defined as the change in Py divided
by the change in Pp or # = APoyut/APp), of #exp = 54.0%
and 7sim = 71.8%. The difference between experimental and
simulated output powers in this plot is 1.3 dB. A maximum
output power of 4.15 W is achieved for Pp = 8.2 W. The
difference between experiment and simulation may be caused
by (1): Inaccuracies in the parameters used in the simulation,
and (2): physical processes such as upconversion and SiOH
impurity quenching which are not included in our two-level
theory [9], [10].

Figure 6 illustrates output spectra for the two-stage amplifier
as a function of Ag from 2004-2108 nm, for P = —5 dBm
and Pp = 4.6 W. We observe that Py, values for 2051 and
2069 nm are roughly equal, with diminished P, at the outer
limits of 2004 and 2108 nm. The optical saturation of the
amplifier is strong for 2051 and 2069 nm as illustrated by the
low ASE backgrounds for these two wavelengths. The optical
saturation parameter is less for 2004 and 2108 nm, and this
results in a higher ASE background. The operating bandwidth
of the amplifier is seen to approach BW = 80 - 100 nm,
consistent with the estimates given in [4].

Figure 6 shows that the measured optical signal to noise
ratio (OSNR) of the signals varies from 52 dB/0.1 nm at
2069 nm to 37 dB/0.1 nm at 2004 nm. For single wavelength
amplification a mid-stage ASE filter is expected to improve
output power performance as demonstrated in [4].

In Figure 7 we plot experimental (points) and simulated
(solid lines) G and NF as a function of Ag for P, = —30 dBm
and Pp = 4.6 W. The dotted lines are polynomial fits to the
data. Agreement between simulation and experiment for the
gain is good for 1y > 2051 nm. For 13 = 2004 nm a significant
deviation is apparent, with the observed gain 10-11 dB smaller,
and the observed NF 16 dB larger, than the simulation. This
difference, which is evident in the spectral plots of Figure 5,
is currently under study. It may be caused by inaccuracies in
the gain and absorption coefficients for the shorter wavelength
region of the amplifier operating spectrum. It could also be
caused by a signal wavelength close to the pump wavelength
of 1941 nm, which may produce a lower effective experimental
inversion in the fiber (compared to the simulated value).
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Figure 8 plots values of optical-optical slope conversion
efficiency # for Py, = —5 dBm. In this figure, simulated
values are given by the solid orange line, experimental data
are plotted with blue points, and the dotted blue line is a
polynomial fit to the data. For all wavelengths investigated,
the simulation somewhat overpredicts the experimental slope
efficiency. Nevertheless, the shape of the simulated curve
generally follows the data.

V. DISCUSSION

The high gain of G = 59 dB, large dynamic range of
>43 dB, and low noise figure of 10 dB for the two-stage
shared pump PM HDFA are comparable to or better than the
performance of a two-stage PM HDFA employing two sepa-
rate pump sources [4]. Compared to this previous amplifier,
the input signal dynamic range is increased by 3 dB and the
noise figure is decreased by 4.5 dB. The decrease in noise
figure is attributed to the low noise 1941 nm fiber laser pump
source used in the shared pump amplifier, in contrast to a high
amplified spontaneous emission noise MOPA pump source at
1952 nm that was employed in the first (preamplifier) stage of
the PM HDFA with separate pump sources for two amplifier
stages.

Experimental output powers as high as 4.2 W, and an
experimental optical-optical slope efficiency n = 54 %, were
achieved with the two-stage shared pump HDFA. We note that
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this value is pump power limited, and we therefore expect
to be able to scale to higher output powers by using more
powerful fiber laser pump sources. No Brillouin scattering was
observed up to the highest measured output power of 4.2 W.
This observation is consistent with a preliminary calcula-
tion of Poyr = 50 W for the onset of stimulated Brillouin
scattering [11].

To estimate the potential effect of Raman gain on HDFA
performance, we take Pp = 8W @ 1941 nm, a fiber length
of 5 m, and use the parameters from Table 1. We find [12] an
upper bound on Raman gain at 2051 nm to be 0.3 dB. This
estimate shows that Raman gain is not expected to contribute
significantly to our experimental results.

The evolution of the output spectra for 13 = 2004-2108 nm
shows that the shared pump HDFA is capable of an operating
optical bandwidth of BW =~ 80-100 nm. Future work will
investigate the performance of the amplifier for wavelength
outside of this region and also for additional signals in the
range between 2020 nm and 2090 nm.

Simulated gains and noise figures agree relatively well with
experiment for A > 2051 nm. Future simulations will concen-
trate on the region near 2004 nm where a significant deviation
between experiment and theory is observed, and study why
the optical-optical slope efficiencies are overpredicted by the
current theory.

VI. SUMMARY

We have reported the architecture, experimental perfor-
mance, and simulated performance of a shared pump, two
stage PM HDFA operating in the 2004-2108 nm spectral
region. Our new amplifier design exhibits experimental results
comparable to or better than a previous two stage PM HDFA
employing separate pump sources for each amplifying stage.
Comparison of experiment and simulation shows relatively
good agreement, with some deviations between data and
theory that are under active study. The new amplifier archi-
tecture results in a simpler, more efficient, and more compact
two-stage PM HDFA for WDM lightwave systems and LIDAR
systems, and represents a significant step forward in the design

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 31, NO. 5, MARCH 1, 2019

of multi-stage optical amplifiers for applications operating in
the 2000-2150 nm spectral region.
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