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Abstract—We report the broadband spectral performance of
a three-stage, high gain, single mode, high output power (25 W)
polarization-maintaining (PM) hybrid Ho-doped and Tm-doped
fiber amplifier at signal wavelengths of λs = 2004–2108 nm. The
three-stage amplifier consists of a two stage high gain Ho-doped PM
single clad preamplifier stage followed by a Tm-doped PM double
clad power amplifier. We employ narrow linewidth (<2 MHz),
single frequency, discrete mode, packaged InGaAs/InP based laser
sources to study the performance of our amplifier in a master
oscillator-power amplifier (MOPA) configuration. Measurements
are made over a broad wavelength range that is determined by care-
ful selection of the properties of the Ho-doped and Tm-doped fibers
in the three amplifier stages. No nonlinear effects, such as stim-
ulated Brillouin scattering (SBS) or stimulated Raman scattering
(SRS), are observed at any signal wavelength in our measurements.
We compare the experimental results with steady-state simulations
of both the Ho-doped preamplifier and the TDFA booster and find
good agreement between data and simulations for gain, noise figure,
output power, and output optical spectra.

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

I. INTRODUCTION

N EW developments in LIDAR [1], atmospheric sensing [2],
[3], and WDM transmission experiments [4]–[7] highlight

the need for studies of the optical bandwidth and wavelength
dependence of multi-watt, large bandwidth, high dynamic range
polarization-maintaining optical amplifiers in the 2–2.1 μm
band. As an example of the current state of reported devices,
Engin et al. [8] describe a packaged two-stage single mode PM
TDFA using all double-clad Tm-doped fibers with 25 W output
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power at first stage input signal powers of 1–5 mW (0–+7 dBm).
This 2051 nm TDFA was designed with space qualified LIDAR
applications as a target. No measurements of optical bandwidth,
noise figure, or input signal dynamic range were given in [8]. For
non-packaged devices, Goodno et al. [9] have presented a single
mode TDFA setup yielding 608 W of output power at 2040 nm
signal wavelength, also without studies of optical bandwidth or
input signal dynamic range.

Recently we have demonstrated a combined single clad-
double clad Tm-doped fiber amplifier with greater than 20 W
single mode output and a dynamic range of >20 dB in the 2 μm
band [10], and a >25W output 2 μm PM hybrid single mode
HDFA/TDFA with a dynamic range of 34 dB and an estimated
(but not directly measured) high output power optical bandwidth
of 80 nm [11], [12]. Both demonstrations were carried out at a
single input wavelength of 2051 nm.

In this paper we move our experimental and theoretical inves-
tigations to the detailed signal wavelength dependence of a PM
hybrid HDFA/TDFA with a single clad Ho-doped preamplifier
[13]–[21] and a double clad Tm-doped power amplifier [10]–
[12]. In addition, we now extend our studies on the performance
of the three stage amplifier, presenting for the first time experi-
mental broadband results for hybrid amplification between 2004
and 2108 nm. In particular we directly measure the operating
optical bandwidth of the hybrid amplifier. Comparisons of ex-
periment with steady-state simulations of amplifier performance
are also given. We find that our hybrid Ho-Tm-doped design
provides a single mode PM fiber amplifier with a combination of
broad operating bandwidth, large output optical signal-to-noise
ratio, high input signal dynamic range, and an output power Pout

of 28.5 W at λs = 2069 nm.
The structure of our paper is as follows: In Section II, we sum-

marize the performance of the single frequency 2000 nm band
semiconductor laser sources used to measure the performance of
the optical amplifier. The experimental setup and architecture for
our hybrid PM HDFA/TDFA is given in Section III. Section IV
contains experimental and simulated results for the performance
of the broadband high gain Ho-doped preamplifier. In Section V,
we show the experimental and simulated performance of the
full hybrid PM broadband HDFA/TDFA. Finally, Section VI
discusses the results of our studies and compares our new
amplifier design to previous results from the literature.
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Fig. 1. Typical 2004 nm packaged DM LIV at 25 °C (top) and optical spectrum
at 80 mA, 25 °C. RBW = 0.1 nm.

II. PERFORMANCE OF THE 2000 NM BAND SINGLE

FREQUENCY LASER SOURCES

The 2000 nm band discrete mode (DM) laser diodes used
as sources in our experiments operate over a wide temperature
range with robust single frequency lasing [22]–[24]. A typical
LIV curve at 25 °C and an optical spectrum at 80 mA, 25 °C for
a packaged 2004 nm DM laser device are shown in Fig. 1, with
typical values of threshold current of 16mA and SMSR of 43 dB.
Performance of all the laser sources from 2004 to 2108 nm is
comparable or better than the data in Fig. 1. Measured linewidths
of the single frequency laser sources are ≤2 MHz.

The wavelength varies with chip temperature at a rate of
0.11 nm/°C and with a bias current tuning rate of 0.015 nm/mA,
in a manner similar to the behavior of a more complex DFB
laser structure. The typical stable wavelength tuning range of
a 2004 nm DM laser diode is 1.2 nm at 25 °C. The output of
the internally isolated laser package is a polarization maintain-
ing fiber (Coherent/Nufern PM1950) terminated in an FC/APC
connector. The optical isolation of >30 dB prevents feedback
from interfering with the narrow linewidth operation of the laser.

The six fixed wavelength 2000 nm band DM laser devices are
chosen at 2004, 2022, 2051, 2069, 2093, and 2108 nm to fully
span the entire anticipated operating spectral band of the hybrid
Ho-Tm doped fiber amplifier. While a tunable laser source
could potentially have been used, such a source is not currently
available in our laboratory. We observe that the six wavelengths
chosen will present a full and complete experimental picture of
fiber amplifier performance.

Fig. 2. Experimental setup for hybrid PM HDFA/TDFA.

We also observe that significantly higher packaged output
powers of 20 mW and more can be achieved by incorporating
an integrated curved tapered semiconductor optical amplifier
after the DM laser structure [25].

III. EXPERIMENTAL SETUP FOR HYBRID PM HDFA/TDFA

The optical design of our hybrid PM HDFA/TDFA is shown in
Fig. 2. A single frequency input signal at wavelengths of 2004–
2108 nm is coupled into a preamplifier consisting of two fiber
stages, F1 (3.0 m) and F2 (2.0 m) of PM Ho-doped fiber, iXblue
IXF-HDF-PM-8-125. Output from a multi-watt fiber laser P1 at
1941 nm is split by coupler C1 (30%/70%) and is sent to both
F1 and F2 via the WDMs. The preamplifier output provides the
signal input to power stage.

F3, a 6.0 m length of double clad PM Tm-doped fiber (iXblue
IXF-2CF-Tm-PM-10-130). Two multimode multi-watt 793 nm
laser sources from BWT Photonics are coupled into F3 by means
of the 2 × 1 pump combiner PC1, to achieve the necessary
high pump power of >50 W needed to generate ≥25 W of
output signal power. Isolators I1—I3 suppress backward ASE,
prevent self-lasing that might be caused by residual reflections,
and ensure unidirectional operation of the optical amplifier. The
total pump power at 1941 nm coupled into the core of F1 and F2
is designated PP1, and the total pump power at 793 nm coupled
into the cladding of F3 is designated PP2. In our measurements,
input signal power is designated as Ps and output signal power
as Pout. Ps is measured at the input of F1 and Pout is measured at
the output of F2 or F3 (yielding internal measurements of gain,
noise figure, and input and output power). Linearly polarized
signal light propagates though the fibers and components in the
amplifier on the slow fiber axis.

IV. BROADBAND PERFORMANCE OF HIGH GAIN PM HDFA
PREAMPLIFIER: SIMULATIONS AND EXPERIMENTAL RESULTS

Our approach to design simulations for the HDFA pream-
plifier is given in detail in [14], [15] and we present only a
summary here. Table I shows the relevant physical parameters
for the iXblue PM single clad Ho-doped fiber.

Simulations of single-clad Ho-doped fiber performance used
the gain and absorption spectra in [15] and the data from Table I
in a two-level Giles model [26] with a saturation parameter
of 2.13 × 1018 m−1 s−1 and the addition of ion pairing. The
population and propagation equations employed are described
in [26] and its references. The ion pairing coefficient accounts
for loss of excited state ions caused by detrimental pairwise
interactions [27]–[29]. In our experiments and modeling, we
chose in-band pumping with λp = 1941 nm, close to the peak
of the fiber absorption band.
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TABLE I
PARAMETERS OF SINGLE CLAD PM HO-DOPED FIBER

Fig. 3. Experimental and simulated G and NF vs. Ps for the Ho-doped
preamplifier stage, at λs = 2069 nm. The points are data and the lines are
simulations.

The fiber lengths L1 = 3.0 m (first stage) and L2 = 2.0 m
(second stage) in the Ho-doped preamplifier were chosen by op-
timizing the first stage length for maximum simulated gain, and,
subsequently, the second stage length for maximum simulated
output power, for a signal wavelength of λs = 2051 nm and an
available pump power of PP1 = 4.6 W at 1941 nm.

We begin with comparison studies of the experimental and
simulated performance of the two stage PM Ho-doped preampli-
fier. Fig. 3 shows the experimental (points) and simulated (solid
lines) values of gain G and noise figure NF for the HDFA vs.
input power Ps for a signal wavelength λs of 2069 nm. The graph
indicates that agreement between data and simulation is rela-
tively good for G with a maximum experimental gain of 57.1 dB
and a maximum simulated gain of 59.1 dB. While the functional
dependence of G with Ps is predicted well by simulation, the 2 dB
difference between simulation and theory for small input signals
is not expected and is under active investigation. Agreement of
experimental and simulated NF vs. Ps is good, with a minimum
measured NF of 6.7 dB and a minimum simulated NF of 7.1 dB.
The experimental NF increases for Ps ≥ −5 dBm because a
narrowband optical filter was not installed between the single
frequency laser source and the input of the optical amplifier [30],
and, therefore, the background broadband spontaneous emission
of the laser diode creates an apparent and false increase in the
measured NF value for high input powers. The measured input

Fig. 4. Pout vs. PP1 as a function of Ps for the Ho-doped preamplifier stage.
The points are data and the dashed lines are linear fits to the data.

Fig. 5. Experimental output spectra for the Ho-doped preamplifier, for Ps =
−5 dBm and PP1 = 4.6 W@ 1941 nm.

signal dynamic range of the preamplifier for G ≥ 40 dB is 26 dB
as shown in Figure 3.

Fig. 4 plots the experimental variation of Pout vs. PP1 for
values of Ps ranging from −35 dBm to +19.2 dBm at λs =
2069 nm. Here the points are data and the dashed lines are linear
fits to the data. The highest input power of +19.2 dBm was
achieved by using a separate PM booster amplifier (not shown
in Figure 2) after the DM laser source. As illustrated by the graph,
the measured output powers vary linearly with PP1 for all values
of Ps studied. With Ps =+19.2 dBm, an optical-to-optical slope
efficiency η (defined as η=ΔPout/ΔPP1) of 47.5% is achieved.
This illustrates the good power conversion efficiency of the PM
Ho-doped preamplifier. For Ps ≥−20 dBm, output powers of 1
W or greater are available to seed the following power amplifier
stage.

In Fig. 5, we show the experimental output spectra of the
amplifier for six input signal wavelengths of 2004, 2022, 2051,
2069, 2093, and 2108 nm for an input signal power of −5 dBm.
For these spectra the pump power PP1 was set at its maximum
value of 4.6 W @ 1941 nm, and the resolution bandwidth (RBW)
of the optical spectrum analyzer was 1.0 nm. We observe that the
maximum optical signal to noise ratio (OSNR) of 52 dB/0.1 nm
is achieved at a signal wavelength of 2069 nm. The polarization
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Fig. 6. Experimental saturated output power vs. λs for the PM HDFA pream-
plifier. The points are data and the dashed line is a polynomial fit to the data as
a guide to the performance of the preamplifier.

extinction ratio (PER) at the output of the HDFA preamp is
≥20 dB [15], [16].

Comparison of our results at 2069 nm with the high gain Ho-
doped fiber amplifier in [18] shows that we achieve a small signal
gain of 57 dB compared to 41 dB in [18] where a double pass
configuration instead of a two stage configuration is employed.
Our maximum output power with a two stage configuration and
0 dBm input signal power is 1.6 W compared to the value of
0.25 W in [18]. The higher gain and larger output power result
from our use of an optimized two stage configuration as well as
1.4 × higher pump power at 1940 nm.

Fig. 6, which plots saturated output power for Ps = −5 dBm
as a function of λs, shows that the 3 dB (50%) output power
operating bandwidth BW of the HDFA is approximately 88 nm
(from 2016 to 2104 nm). Here the points are data and the dashed
line is a polynomial fit to the experimental data. Since the six
wavelengths chosen for the measurement are equally spaced and
fully cover the operating span of the amplifier, we observe that
the polynomial fit is expected to fairly represent the experimental
spectral performance of the HDFA. The high OSNR and wide
BW of the preamplifier make it an ideal source to seed the power
amplifier, as we will see in the next section where we investigate
the performance of the full three stage PM HDFA/TDFA.

The 3 dB saturated operating bandwidth of the Ho-doped fiber
amplifier in [18] is estimated to be ≥90 nm from the spectral
data presented. This agrees well with our approximate measured
value of 88 nm and indicates that quite broad operating band-
widths are possible with Ho-doped fibers made with different
chemical compositions and manufacturing processes.

V. BROADBAND PERFORMANCE OF THE HYBRID PM
HDFA/TDFA: SIMULATIONS AND EXPERIMENTAL RESULTS

Simulation of the double-clad TDFA under 793 nm pumping
is represented using a three-level energy model (3H6, 3F4, and
3H4) of the thulium ion. This simplified model of the Thulium ion
is based on a study of the literature; only the relevant transitions
were kept. It includes the absorption, gain, and nonradiative
transitions between the different levels. Ion–ion interactions

TABLE II
PARAMETERS OF DOUBLE-CLAD PM TM-DOPED FIBER

Fig. 7. Experimental and simulated G and NF at 2069 nm as a function of Ps

for the hybrid HDFA/TDFA. The points are data and the lines are simulations.

are also considered: the well-known 2-for-1 effect and its op-
posite effect [31]. The steady-state performance simulation is
achieved through solving the set of population equations and
propagation equations along the active fiber [32]. The accuracy
of our simulation software was demonstrated over multiple
double-clad amplifier topologies using different active fibers,
pumping schemes, and seed wavelength or power [33].

Parameters of the iXblue double-clad Tm-doped fiber (given
in Table II) were either selected from the literature and manufac-
turer’s data sheets as representative or measured [34] to simulate
this active fiber in our software. The fiber length L3 = 6 m in the
Tm-doped power amplifier was chosen by maximizing the sim-
ulated hybrid HDFA/TDFA efficiency with the available 793 nm
pump power and the optimized output of the preamplifier.

We begin our experimental and simulated investigations of
the performance of the full hybrid HDFA/TDFA by plotting G
and NF as a function of Ps for λs = 2069 nm. As illustrated
in Figure 7, where the points are experimental data and the
solid lines are simulated values, the measured small signal gain
at Ps = −35 dBm is 69.8 dB and the simulated small signal
gain is 70 dB. The excellent agreement between calculations
and experiment for G is apparent from all measured values of
Ps up to the maximum of +3.6 dBm. For small signal noise
figure, the experimental value is 7.5 dB and the simulated value
is 6.4 dB. The discrepancy between these two results is under
investigation. We note that the functional dependence of NF
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Fig. 8. Experimental and simulated Pout vs. PP2 as a function of Ps at 2069
nm for the hybrid HDFA/TDFA. The points are data and the lines are simulations.

on Ps is represented quite well by the simulated values in
comparison to the experimental data. As illustrated in Fig. 7,
the input signal dynamic range for the amplifier is 40 dB for the
criterion of G≥ 40 dB. Such a high value of input signal dynamic
range is important in applications where the input signal power
is low, e.g., for amplification of pulsed input signals with a low
duty cycle.

In Fig. 8, we study another important characteristic of the
hybrid HDFA/TDFA: the variation in output power Pout as a
function of second stage pump power PP2 with input signal
power Ps as a parameter, for λs = 2069 nm. Here the points
are data and the solid lines are simulations. We observe that
the agreement between simulation and experiment is quite
good over the entire range of measured input signal powers
Ps (−35 to 0 dBm) and second stage 793 nm pump powers
PP2 (0 to 53.6 W), which validates our approach to calculating
the performance of the hybrid amplifier. A maximum Pout of
28.5 W is experimentally observed for Ps = 0 dBm and PP2

= 53.6 W. No nonlinear effects, such as SBS, were observed
in our measurements, as illustrated by the completely linear
behavior of the output power with respect to pump power, up
to the highest power levels studied. We note that this maximum
observed output power is pump power limited, and we expect
that output powers of 50–100 W can be readily achieved by
increasing the levels of second stage pump power PP2.

From the results in Fig. 8, we can calculate the optical slope
efficiency of the hybrid amplifier for the maximum values of
PP1 and PP2. The optical slope efficiency is defined as η =
(ΔPout/ΔPP2), and the variation of η with Ps is plotted in Fig. 9
for λs = 2069 nm. Here the points are data and the dashed line is
a polynomial fit to the data, as a guide to the eye. As illustrated by
Fig. 9, η ≥ 50% for Ps ≥−15 dBm. This high asymptotic slope
efficiency achieved for relatively low values of input power is
caused by the high gain compression of the three-stage amplifier,
a feature which is desirable for applications with low signal input
powers. This behavior is also consistent with our previously
reported experiments and simulations at λs = 2051 nm [11].

For the 25 W output power double clad TDFA in [8], an inter-
nal η of 58% is reported at 3–5 dBm internal input signal power

Fig. 9. Experimental optical slope efficiency vs. Ps for the hybrid
HDFA/TDFA. The points are data and the dashed line is a polynomial fit to
the data.

Fig. 10. Experimental optical output spectra for the hybrid HDFA/TDFA.
RBW = 1.0 nm.

at 2051 nm. Our measured value of η = 54% at 0 dBm internal
signal input power is consistent with the measurement in [8].
These results indicate that both amplifiers experience significant
2-for-1 pump to signal power conversion in the amplification
process [10].

We now turn to experimental measurements of the output
spectrum of the hybrid amplifier as a function of λs. Fig. 10
shows measured output spectra with maximum values of PP1

and PP2 and Ps = −5 dBm, for six values of λs (2004, 2022,
2051, 2069, 2093, and 2108 nm.) These spectra represent the
performance of the amplifier in a highly saturated mode, and we
observe that significant levels of output power are achieved for
all of the measured signal wavelengths.

To investigate the measured optical bandwidth of the hybrid
amplifier under saturation, we plot the peak experimental output
powers from Fig. 10 in the graph of Fig. 11. Here the input signal
power Ps=−5 dBm (yielding a fully saturated amplifier) and the
pump powers PP1 and PP2 are at their maximum values. In this
graph the points are data and the dashed line is a polynomial fit as
a guide to the behavior of the data. As illustrated by the horizontal
arrow, the measured 3 dB (50%) output power bandwidth of
the amplifier is approximately 89 nm (from 2009 to 2098 nm).
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Fig. 11. Experimental saturated output power vs. wavelength for the hybrid
HDFA/TDFA. The points are data and the dashed lines is a polynomial fit to the
data as a guide to the performance of the hybrid amplifier.

This wide operating bandwidth is consistent with the measured
spectral gain and absorption curves for the Ho-doped and Tm-
doped fibers, and also agrees well with the measured output
power bandwidth of approximately 88 nm for the Ho-doped
preamplifier as illustrated by Fig. 4.

Preliminary measurements indicate that the PER at the output
of the hybrid amplifier is ≥17 dB for λs = 2069 nm.

Our next investigation is a comparison of simulation and
experiment for the output spectrum of the amplifier. We start
at a signal wavelength of λs = 2004 nm in the low region of the
amplifier’s operating band, as illustrated by Figure 12(a). Here
the experimental spectrum is plotted in blue and the simulated
spectrum is in red. We observe that the agreement between sim-
ulation and measurement is quite good over the full wavelength
range studied (1950–2150 nm) and over the full dynamic range
of the data (>70 dB). Similarly good agreement is achieved
for a mid-range wavelength of λs = 2069 nm and a high range
wavelength of λs = 2108 nm as shown by Figures 12(b) and
12(c). For all three spectra, Ps = −5 dBm (fully saturated
amplifier performance), PP1 = 4.6 W @ 1941 nm, and PP2

= 53.6 W @ 793 nm. The excellent match between calculation
and experiment again validates our approach to simulating the
performance of the hybrid HDFA/TDFA.

In Fig. 13 we show experimental (points) and simulated (solid
lines) small signal G and NF as a function of λs, for Ps =
−35 dBm. We find that the comparison of data and simulation is
relatively good over the full wavelength range studied, with ex-
cellent agreement for G at λs ≥ 2022 nm. For NF, the functional
dependence of the data is predicted well by the simulations.
This behavior indicates that the population equations, propaga-
tion equations, physical parameters, and physical assumptions
discussed in Sections IV and V fairly and accurately represent
the behavior of the HDFA preamplifier and the TDFA power
amplifier.

The largest differences between simulation and experiment
are found at λs = 2004 nm, a spectral region where the pump
wavelength of 1941 nm for the Ho-doped fiber preamplifier is
closest to the signal band of 2004–2108 nm. We discuss the

Fig. 12. (a) Simulated and experimental output spectra for λs = 2004 nm.
RBW = 1.0 nm. (b) Simulated and experimental output spectra for λs =
2069 nm. RBW = 1.0 nm. (c) Simulated and experimental output spectra for λs
= 2108 nm. RBW = 1.0 nm.

context of these differences between simulation and experiment
in Section VI.

We observe that the hybrid HDFA/TDFA studied in this
paper has active fiber lengths for stages F1, F2, and F3 that
are optimized for a signal wavelength of 2051 nm [10], [11],
[14], [15]. Because of the optimization for the middle range
of possible signal wavelengths, the active fiber lengths are
somewhat too long for high performance at signal wavelengths
around 2004 nm, and somewhat too short for high performance
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Fig. 13. Simulated and experimental small signal G and NF vs. signal wave-
length for the hybrid amplifier. The points are data and the lines are simulations.

at signal wavelengths in the region of 2108 nm. Optimized
operation in different wavelength bands can be accomplished
by appropriately adjusting the active fiber lengths using our
simulator. We note that a mid-stage wavelength bandpass filter
can improve the performance of the amplifier in targeted signal
wavelength regions [15].

We also observe that the output spectral band covered
by the Ho-doped fiber preamplifier depends strongly on the
pump wavelength chosen [18]. With our pump wavelength of
1940 nm, the operating band for the HDFA preamp roughly
overlaps the operating band for the TDFA power amplifier.
Increasing the HDFA pump wavelength to 2000 nm or greater,
while also increasing the lengths of the active fibers in the HDFA
preamp and the TDFA power amplifier, would shift the spectral
operating band of the HDFA preamp and the complete hybrid
HDFA/TDFA to markedly higher operating wavelengths. This is
because the more completely absorbed pump light in the longer
fibers would cause high wavelength spontaneous emission to
build up and act as a higher wavelength secondary pump source,
leading to higher wavelength emission and amplification [18].
This would enable access to higher output wavelengths with
significant output powers in the region of 2130 nm.

VI. DISCUSSION

In all of our amplifier measurements, the signal light in the
2 μm band propagates through the fibers on the slow axis.
This choice was made to be consistent with standard industry
practices for PM amplifiers. In the Ho-doped fiber preamplifier,
the 1941 nm fiber laser pump source is polarization-maintaining,
and linearly polarized pump light propagates through the HDFA
preamp on the slow fiber axis. Future work will investigate the
effect of orthogonal pump and signal polarizations on the per-
formance of the Ho-doped fiber preamplifier. The second stage
multimode pumps at 793 nm are coupled into the multimode
cladding of the double-clad Tm-doped fiber F3 and as such do
not need to be polarization maintaining.

In our studies of simulation and experiment for amplifier gain
G, we observe that agreement between simulations and data for

the HDFA preamp is relatively good, and that the agreement for
the full HDFA/TDFA amplifier is excellent. In the case of noise
figure NF, we observe some differences between the simulations
and the experiments for the full hybrid HDFA/TDFA, particu-
larly at λs = 2004 nm. We note that the following factors may
influence the accuracy of our simulations for noise figure and
gain:

1) Our gain and absorption curves for the Ho-doped fiber
in the preamplifier are derived both from measurements
by the manufacturer iXblue and from the literature [15],
[16]. Future studies will be carried out to directly measure
the gain and absorption curves for the Ho-doped fiber, to
remove potential sources of uncertainty in the absorption
and emission data which are currently estimated from
reports in the literature and initial measurements from
the manufacturer of the Ho-doped fiber. Inaccuracies here
may account for the 2 dB difference observed for small
signal gains in the preamplifier data shown in Fig. 3, and
for the differences between simulated and experimental G
and HF at 2004 nm signal wavelength for the full hybrid
amplifier.

2) Our measurement of NF is carried out without a narrow
bandpass filter between the semiconductor laser source
and the input port of the fiber amplifier. The function of
this bandpass filter is to remove the spontaneous emission
background of the laser source. Future experimental stud-
ies will incorporate a narrow bandwidth optical filter to
remove effects of the background of the laser source on
measurements of NF for high input signal powers [30].

Simulations of Pout vs. Ppump at 2069 nm for the hybrid
HDFA/TDFA show excellent agreement with the experimental
data.

No stimulated scattering processes, such as SBS and SRS, are
seen during the course of our measurements, as indicated by the
fully linear behavior of Pout vs. Ppump. (Significant backwards
Brillouin scattering would cause a significant sublinear varia-
tion in Pout vs. Ppump and no such behavior was seen.) This
observation is consistent with an estimate [16] for the threshold
power Pth of SBS for the double clad TDFA power booster of
Pth ≥ 150 W.

The directly measured operating bandwidth of≈89 nm for the
hybrid HDFA/TDFA agrees well with the value of 80 nm pre-
viously estimated [11] from a single wavelength measurement
and also with the value of ≥90 nm for the HDFA in [18]. To our
knowledge, this is the first direct experimental measurement of
the operating bandwidth of a hybrid HDFA/TDFA design. Such
a wide operating bandwidth is highly advantageous in a variety
of applications, particularly for LIDAR and spectral sensing.

VII. SUMMARY

In summary, we have designed and demonstrated a new and
innovative broadband hybrid 2 μm band PM HDFA/TDFA
consisting of a high gain, low noise figure Ho-doped fiber
preamplifier with moderate output power followed by a double
clad Tm-doped fiber amplifier booster stage with much higher
output power. Our amplifier design exhibits high small signal
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gain (70 dB), low noise figure (7.5 dB), large input signal
dynamic range (40 dB), a PER of ≥17 dB, a wide directly
measured operating bandwidth of ≈ 89 nm (2009–2098 nm),
and a high Pout of 28.5 W at 2069 nm. The broadband ampli-
fier measurements were conducted with high performance PM
packaged InGaAs on InP discrete mode laser sources exhibiting
1–5 mW of fiber coupled output power and narrow linewidths
of ≤2 MHz.

Detailed simulations of the performance of both the single
clad Ho-doped fiber preamplifier and the double clad Tm-doped
booster amplifier agree relatively well with the experimental data
for G, NF, Pout, dynamic range, and optical BW. This overall
agreement between simulation and data validates our approach
to calculating the performance of the amplifier.

We note that the maximum output value of 28.5 W is pump
power limited, and we expect that output powers of 50–100 W
can readily be reached with higher power multimode 793 nm
pumps in the TDFA booster stage.

Finally, our experimental demonstrations of the new ampli-
fier architecture, combined with our validated simulations of
amplifier performance, open the way for future innovative and
broadband hybrid amplifier designs in the 2000 nm band for a
variety of applications including LIDAR, atmospheric sensing,
spectroscopy, and WDM transmission systems.
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