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Two-Stage Performance of Polarization-Maintaining
Holmium-Doped Fiber Amplifiers

Robert E. Tench
Thierry Robin

Abstract—We report the experimental demonstration and
record performance of two-stage broadband, high gain
polarization-maintaining (PM) Ho-doped fiber amplifiers (HDFAs)
at a signal wavelength of ., = 2051 nm. We begin by presenting a
new PM Ho-doped fiber with core diameter 8 ;zm, a PANDA struc-
ture, a cutoff wavelength of 1650 nm, and a peak absorption of
57 dB/m at 1951 nm. Next, we consider architectures for high gain
PM HDFAs. Here we demonstrate G = 60 dB with a dynamic range
of >40 dB and noise figures as low as 10 dB. We then investigate
configurations for high output power PM HDFAs. With one stage,
we measure P,,,; = 3.45 W and an optical-optical slope efficiency
1 = 69%. With two stages, we obtain P,,; = 6.7 W and n = 80%.
The potential bandwidth of the high power PM HDFA is BW =
100 nm (7.5 THz). An optical signal-to-noise ratio of 58 dB/0.1 nm
is achieved, and the polarization extinction ratio is >20 dB. Ini-
tial comparisons of simulations of gain and output power with our
experimental results show relatively good agreement.

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

I. INTRODUCTION

TMOSPHERIC sensing [1], LIDAR [2], [3], and also high
A capacity WDM transmission system experiments [4]—[7]
in the 2000 nm band all illustrate the need for wide bandwidth,
high gain optical amplifiers in this region. Holmium-doped fiber
amplifiers (HDFAs) are quite attractive in this area because
they extend the bandwidth response toward long wavelengths
of 2000-2150 nm. In addition, HDFAs exhibit high gain for
wavelengths greater than 2050 nm, a region where Tm-doped
fiber amplifiers have been found to exhibit low gain.
Several recent papers have reported results for both amplifiers
and lasers using single stage, single mode Ho-doped fibers.
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Filatova et al. [8] demonstrated G > 35 dB and P,,; = 1 W
with an amplifier pumped at 1125 nm, while Simakov et al.
[9], [10] have reported G = 40 dB, P,,; = 0.25 W, and noise
figures NF = 7-14 dB with HDFAs pumped at 1950-2008 nm.
Hemming et al. [11] have demonstrated a Holmium-doped fiber
laser operating at 2090 nm and pumped at 1950 nm with an
optical-optical slope efficiency of 87%.

While these recent results are encouraging, we propose here
to extend and enhance the performance of existing HDFAs by
using a two-stage PM configuration. A combination of high gain
and large dynamic range are highly desirable for amplifiers in
LIDAR systems. For this reason, it is important to design HD-
FAs which exhibit these characteristics. A large dynamic range
is important because the single frequency semiconductor laser
sources available in the 2000-2150 nm region exhibit relatively
low output powers of only a few mW CW. Also, the primary
applications of CO, sensing at 2051 nm and LIDAR, as well
as the secondary application of transmitter power booster am-
plifiers in WDM transmission systems, can require a linearly
polarized output. Therefore, the design and development of PM
Ho-doped fiber is an important topic for research and develop-
ment.

In this paper, we propose and demonstrate a new PM Ho-
doped fiber, and new two-stage PM HDFA architectures de-
signed for low average power laser signals. The new PM fiber
is designed for full compatibility with components and devices
used in current optical amplifier architectures. Our subsequent
experimental investigation demonstrates PM HDFAs in one-
and two-stage configurations for a signal wavelength of Ay =
2051 nm and pump wavelengths A, ~ 1950 nm. Our single
clad, single mode PM HDFAs [12] achieve a unique combi-
nation of record performance with gain G = 60 dB, a band-
width BW of 100 nm (7.5 THz), an optical signal to noise
ratio of OSNR = 58 dB, an optical-optical slope efficiency of
1 = 80%, an output power P,y = 6.7 W, and dynamic range
> 40 dB.

The organization of our paper is as follows: first, we report on
a new PM Ho-doped fiber designed for high gain amplification
in the 2000-2150 nm wavelength band. Next, we consider a two-
stage amplifier architecture to optimize gain and dynamic range.
Finally, we evaluate a two-stage amplifier optimized for optical
power conversion efficiency and high output power. We also
compare experiment and simulation, with a two-level model,
using fiber spectral data derived from the manufacturer and
from the literature.
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Fig. 1. Refractive index profile of the slow and fast axis of the PM HDF.

II. DATA FOR THE POLARIZATION-MAINTAINING
HoLMIUM-DOPED FIBER

The fiber was manufactured at iXblue Photonics and its design
targeted 5 main characteristics: high core absorption at pump
wavelength, high power conversion efficiency (PCE), high core
transparency at the signal wavelength, single mode operation
above 1900 nm, and finally a large birefringence for robust
polarization operation. The preform was manufactured using
the well-known Modified Chemical Vapor Deposition (MCVD)
technique [13] and more precisely the solution doping variant
for rare-earth addition to the silica based core. We chose the
alumino-silicate core composition which limits, for large rare-
earth incorporation, detrimental effects on PCE such as ion-
pairing and clustering [14].

The refractive index profile of the fiber is given in Figure 1.
The numerical aperture calculated from the profile is found to
be 0.15 which, with a fiber core diameter of 8 ym yields a cutoff
wavelength of 1650 nm ensuring single mode operation with
negligible bending losses at both pump and signal wavelength.
The holmium core doping level was 0.5 Wt-% resulting in a
core absorption of 57 dB/m at 1950 nm.

In terms of core transparency, we optimized the doping pro-
cess to ensure minimum hydroxyl (OH) content. We measured,
using the classic cutback method at 1380 nm, an OH con-
tent of 0.02 ppm ensuring negligible excess OH absorption at
2050 nm [15]. The background losses of the fiber were found
to be 4 dB/km at 1310 nm but could not be precisely mea-
sured due to the high residual rare-earth absorption at the signal
wavelength. We thus manufactured a passive fiber with identical
core composition, with the notable exception of Holmium, and
identical opto-geometric parameters and found the background
attenuation at 2050 nm to be below 100 dB/km. Finally, we
used a panda structure to obtain polarization maintaining oper-
ation for the final fiber, presented in Figure 2, which exhibits a
birefringence of 3.3 x 107

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

Fusion splice losses between this fiber and Coherent/Nufern
PM1950 passive polarization-maintaining fiber were 0.1 dB or
less.

Fig. 2.
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Photograph of the end face of the PM HDF. The cladding diameter is
125 pom.

TABLE I
PM Ho-DOPED FIBER DATA

Fiber ID IXF-HDF-PM-8-125
Core Diameter, pm 8
Cladding Diameter, pm 125
Numerical Aperture 0.15
Fiber Structure PANDA
Birefringence 3.3 x10%
Background Loss, dB/m 0.2
Peak Absorption, dB/m 57 @ 1951 nm
Ion Pairing Coefficient, % 10 (Ref. [15])
517-5Is Radiative Lifetime, mS 9.67 (Ref. [19])
517-5Is Nonradiative Lifetime, 0.60
mS
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Fig. 3.  Gain and absorption spectra for the Ho-doped fiber.

Figure 3 shows gain and absorption spectra for the °I;-Ig
transition of the Ho-doped fiber, which were derived from mea-
surements by iXblue and data from the literature [13]. The spec-
tral region where the fiber exhibits significant gain clearly ex-
tends beyond 2150 nm.

Simulations of fiber performance used the gain and absorption
spectra in Figure 3 and the data from Table I in a two-level Giles
model [16] with a saturation parameter of 2.13 x 108 m~! s,
The ion pairing coefficient accounts for loss of excited state
ions caused by detrimental pairwise interactions [17]. In our
experiments we chose in-band pumping with A, ~ 1950 nm,
close to the peak of the absorption as illustrated by the vertical
blue arrow in Figure 1.
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Fig. 5. Gain and NF for the first stage of the high gain PM HDFA.

III. EXPERIMENTAL SETUP FOR HIGH GAIN
AND HIGH OuTPUT POWER PM HDFAS

The experimental configuration for the PM HDFAs studied is
shown schematically in Figure 4.

Here, a multiwatt PM pump P1 at =1950 nm is combined in a
multiplexer (WDM1) with a 2051.45 nm single frequency input
signal P; (Av < 1 MHz, Eblana Photonics EP2051) which is
then amplified by F1. Light from another multiwatt PM pump
P2 at = 1950 nm is combined in WDM?2 with the output signal
from F1 which is amplified by F2. The PM Ho-doped fibers,
F1 and F2, have L1 = 1.8 m or 3.0 m, for high output power
and high gain configurations, respectively; L2 is kept constant
at 2.0 m.

In this setup, the first amplifying stage F1 functions as a
preamplifier, while the second stage F2 is a power amplifier.
Isolators I1 and I3 in the signal path ensure unidirectional op-
eration and suppress backward ASE. Two interstage signal path
elements are used: either a wideband isolator 12, or an ASE
filter made of circulator C1 and a 1 nm wide reflection FBG
centered at 2051.45 nm. Signal and pump powers and noise fig-
ures are measured internally, and linearly polarized signal and
pump light propagate through the amplifier along the slow fiber
axis.

IV. HIGH GAIN PM HDFA: EXPERIMENTAL
RESULTS AND SIMULATIONS

Our first studies were for a high gain PM HDFA with L1 =
3.0 mand L2 = 2.0 m. Figure 5 plots the experimental gain and
noise figure (points) as a function of input signal power Py for
the first stage of the high gain HDFA, for a pump power P1 =
1.6 W @ 1941 nm from a PM fiber laser source. Input powers
greater than 0 dBm were achieved by amplifying the Eblana
source with a Tm-doped fiber amplifier. A small signal gain G
of 40 dB was observed, and the noise figure NF was constant
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Fig. 6. Gain and NF for the two-stage high gain PM HDFA.

with Py at 10 dB across the dynamic range of the amplifier.
Definitions of G and NF for the amplifier are given in detail in
Eqns. 1-4 of [18].

For G > 25 dB, the dynamic range of the first stage amplifier
is > 30 dB. Simulations of the first stage gain and noise figure,
using the parameters from Table I and the spectra from Figure 3,
are shown in solid lines. The gain agrees reasonably well with
the data, while the measured noise figure is somewhat higher
than the simulated value of 4.4 dB. This NF discrepancy is
under active investigation. We note that the simulated noise
figure value of 4.4 dB is higher than the theoretical limit of 3 dB
for a high gain amplifier because of the proximity of the pump
wavelength of 1941 nm to the signal wavelength of 2051 nm
which creates a less than total inversion in the two level system.

Experimental data for the two-stage high gain HDFA are
plotted in points in Figure 6. Here two interstage elements were
used: isolator I1, with gain data shown in blue, or circulator
C1/FBG, with gain data shown in red. For these data, P1 =
1.6 W @ 1952 nm from a PM MOPA source, and P2 = 5.0 W
@ 1941 nm from a PM fiber laser source. A maximum gain of
60 dB was observed for the interstage BPF, and this was reduced
to 52 dB with interstage isolator 12. For G > 25 dB, the two-
stage amplifier had a dynamic range of > 40 dB. A noise figure
of 14.5 dB was measured for the two-stage high gain HDFA
(orange points). We attribute this high noise figure to excess
low frequency ASE noise on the MOPA pump source used for
P1, and this large value of noise figure is under investigation.

Simulations of gain and NF for the two-stage high gain HDFA
are shown in solid lines in Figure 6. We observe that the gain sim-
ulations diverge somewhat from experimental measurements for
low values (<—20 dBm) of Pg. The calculated NF of 4.4 dB is
the same as for the first amplifier stage as expected from theory.

V. HIGH OUuTPUT POWER PM HDFA: EXPERIMENTAL
RESULTS AND SIMULATIONS

Our next investigations were for a high output power PM
HDFA designed for Py > 0 dBm. With these relatively high
input power levels in mind, L1 was shortened to from 3.0 to
1.8 m, and L2 remained 2.0 m. The interstage optical element
was isolator 12 only.

Figure 7 shows plots of output power P, vs. pump power
Ppy, for several levels of Py, for the first stage F1. The
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experimental data in Figure 7 are represented by points, and
the dashed lines are polynomial fits to the data. At the maxi-
mum input power of Py = 21.5 dBm, a maximum P,,; of 3.45 W
was achieved for Pp; = 5.0 W @ 1941 nm. These data yield
a high optical-optical slope efficiency of 1 = 69%, where n =
APq,+/AP,, is the ratio of change in the output power P, to
change in the pump power P;,.

A comparison of simulation and experiment for the first stage
of the high power amplifier is given in Figure 8. Here P, =
21.5 dBm, the experimental data are given by points, and the
solid curve is the simulation. Agreement between experiment
and simulation is good, with a maximum deviation of 0.4 dB at
the highest pump power of 5.0 W.

Figure 9 shows P,,; vs. Ppo, as a function of Pg, for the two-
stage high power HDFA configuration. For these measurements,
Pp; =1.6 W @ 1952 nm. The experimental data are represented
by points, and the dashed lines indicate linear fits to the data.
As shown by the values in Figure 9, a maximum output power
of 6.7 W was achieved with a slope efficiency 7 of 80%. To our
knowledge, this represents the highest slope efficiency so far
reported for a PM Ho-doped fiber amplifier.

In Figure 10, we plot a comparison of experiment and simu-
lation for the two-stage high power PM HDFA. For these data,
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Fig. 10. Comparison of experiment and simulation for the two-stage high

output power configuration.

Py = 21.2 dBm, and Pp; = 1.6 W @ 1952 nm. The experi-
mental data are plotted with points and the simulation is given
by the solid curve. Again, we note that the agreement between
experiment and theory is good, with deviations of 0.4 dB at
Ppy = 8.0 Wand —0.1 dB at Ppy = 0.4 W.

From the output power data in Figures 7 and 9, we derive
values of slope efficiency 7 for the one- and two-stage configu-
rations, as shown in Figure 11. Here the experimental data are
plotted in points, and the dashed lines are polynomial fits to the
data. Using a threshold of 50% for slope efficiency as a criterion,
we find that the required input powers are P; > +11 dBm and Py
> —10 dBm for one and two stages, respectively. This behavior
is caused by the significant gain compression that occurs in the
two-stage configuration, and illustrates the considerable advan-
tages of two-stage optical amplifier architectures. We note that
the slope efficiency reaches an asymptotic maximum of 80%,
indicating that the two-stage configuration is optimized for high
power conversion efficiency.

Now we turn to measurements of the long-term stability of
output power for the two stage HDFA configuration. Figure 12
shows a measurement of P, vs. time for an elapsed time of six
hours at P,y = 6.7 W. The measured variation in P, over six
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Fig. 13.  Output spectrum for the two-stage high output power PM HDFA.

hours is 2% p-p, a value which is consistent with measurements
made on other 2000 nm band fiber amplifiers in our laboratory
[20]. This measurement demonstrates the long-term stability of
our amplifier design.

Finally, we look at the output spectrum of the two-stage high
power HDFA. As illustrated in Figure 13, for Py, = 6.7 W,
the measured optical signal-to-noise ratio (OSNR) is 58 dB/0.1
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nm. This is a good operating value for power amplifiers in LI-
DAR and lightwave transmission systems. The estimated oper-
ating spectral bandwidth of the amplifier is found to be 100 nm
(7.5 THz) by measuring the width of the background ASE spec-
trum under the peak of the optical signal [18]. The polarization
extinction ratio (PER) of the two-stage PM high power ampli-
fier is > 20 dB and is determined by the performance of output
isolator I3.

In all of our measurements, no stimulated Brillouin scatter-
ing or other nonlinear effects were observed, up to the highest
experimental value P,y = 6.7 W CW.

VI. DISCUSSION

In our experimental setup, the slow axis of the PM fiber was
chosen to be consistent with the standard industry choice for axis
of propagation. The linearly polarized pump laser at 1941 nm
was aligned with the slow axis to investigate amplifier per-
formance with co-linearly polarized pump and signal sources.
Future experiments will study the effect of orthogonal pump
and signal polarizations as well as the effect of an unpolarized
pump source.

The high measured internal gains of 60/52 dB achieved with
the two-stage architecture represent a significant advance in the
state of the art, compared to previous results [8]—-[10]. Such
a high small signal gain is promising for LIDAR applications
where the power of the single frequency source laser at 2051 nm
may be limited to 1 mW or less. Amplification to output powers
of 5 W or greater will increase the achievable signal-to-noise
ratio achievable in LIDAR systems. We note, for example, that
the maximum transmitted laser output power in [1] was 100 mW,
and that 5 W output power would increase the system signal-to-
noise ratio by a factor of 50 (see Eq. 10 in [1]).

Simulations of gain for the one-and two-stage high gain HD-
FAs show relatively good agreement with experiment. Simula-
tions of noise figure do not agree as well with experimental data.
The origin of these differences may be as follows:

1) Our data for absorption and gain coefficients are derived
both from initial measurements by the manufacturer and
from published data on representative Ho-doped fibers in
the literature. Future simulations will be carried out using
coefficients measured solely for the PM Ho-doped fiber
under investigation.

2) The choice of pump wavelength A, versus signal wave-
length A needs to be more fully studied, to determine the
effect of these two parameters on noise figure.

3) The amplitude noise characteristics of the pump sources
require more thorough characterization. In particular, the
low frequency ASE intensity noise of the 1952 nm MOPA
pump source employed for P1 in the two-stage high gain
HDFA will be investigated and its effect on the noise figure
of the amplifier will be determined.

For the high output power two-stage configuration, the ob-
served slope efficiency of 80% and output power Py, = 6.7 W
represent significant improvements over previously reported
experimental results [8]-[10]. Initial simulations of output
power performance agree well with the experimental data.

Authorized licensed use limited to: University at Buffalo Libraries. Downloaded on March 31,2021 at 14:44:34 UTC from IEEE Xplore. Restrictions apply.



TENCH et al.: TWO-STAGE PERFORMANCE OF POLARIZATION-MAINTAINING HOLMIUM-DOPED FIBER AMPLIFIERS

We observe that the initial simulation results for gain and
output power agree relatively well with the experimental data.
Our simulation capability therefore enables the future theoreti-
cal design of high gain, large dynamic range, high output power
two stage PM HDFAs.

The estimated operating bandwidth of 100 nm (7.5 THz),
which is derived from a measurement of the width of the back-
ground ASE spectrum below the signal peak [18], is highly
promising for multiwavelength WDM transmission applications
of the two-stage high power amplifier. Previous work in this area
has demonstrated operating optical bandwidths of around 40 nm
(3 THz) [6]. Future experiments and simulations will directly
determine the operating bandwidth of the one-and two-stage PM
HDFAs, using multiple wavelength single frequency sources in
the 2000-2150 nm region.

VII. SUMMARY

We have reported the design, experimental performance,
and initial simulations of one- and two-stage polarization-
maintaining high gain and high output power Holmium-doped
fiber amplifiers.

We first introduced a new polarization maintaining Ho-doped
aluminosilicate fiber with a peak absorption of 57 dB/m at
1951 nm, a PANDA fiber structure, a background loss of 0.2
dB/m at 2000 nm, and a birefringence of 3.3 x 10~*.

Next, we presented the performance of one- and two-stage
high gain PM HDFA configurations. With these amplifiers, we
achieved a one stage gain of 40 dB, a noise figure of 10 dB, and a
dynamic range of >30 dB. For the two-stage high gain amplifier,
we achieved gains as large as 60 dB, a noise figure of 14.5 dB,
and a dynamic range > 40 dB. The high NF for the two-stage
amplifier is attributed to a noisy 1952 nm MOPA pump source,
an issue which will be corrected in future experiments.

Finally, we described the optical efficiency of one-and two-
stage high output power PM HDFA configurations. For one
amplifier stage, we achieved an output power of 3.45 W and a
slope efficiency n = 69%. For two amplifier stages, we achieved
Pout = 6.7 W and 17 = 80%. The long-term power stability of
the amplifier was measured to be 2% p-p over a time interval
of six hours. From the output spectrum of the amplifier, we
obtained an OSNR of 58 dB/0.1 nm and an estimated operating
bandwidth of 100 nm (7.5 THz). The polarization extinction
ratio of the two-stage high power PM HDFA was > 20 dB.

For both the high gain and high output power amplifier config-
urations, we presented initial simulations of HDFA performance
using spectral data from iXblue and from the literature. The ini-
tial gain and output power simulations agree relatively well with
the measured amplifier performance.

No stimulated Brillouin scattering, or other nonlinear effects,
were observed up to the maximum P,y = 6.7 W.

Taken together, the measured and simulated characteristics
of the one- and two-stage PM HDFAs represent a significant
advance in Ho-doped fiber amplifier design, and point the way
toward future improvements in atmospheric sensing, LIDAR,
and high capacity DWDM lightwave system experiments in the
2000-2150 nm region of the spectrum.
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