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We report the experimental performance and simulation of a multiwatt two-stage TDFA using an L-band
(1567 nm) shared pump source. We focus on the behavior of the amplifier for the parameters of output power
Pout, gain G, noise figure NF, signal wavelength λs , and dynamic range. We measure the spectral performance of
the TDFA for three specific wavelengths (λs � 1909, 1952, and 2004 nm) chosen to cover the low-, mid-, and
upper-wavelength operating regions of the wideband amplifier. We also compare the performance of the two-
stage shared pump TDFA with a representative one-stage shared pump amplifier. A comparison of experimental
results with simulation is presented. © 2018 Optical Society of America
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1. INTRODUCTION

The broad bandwidth (BW) of single clad (SC) thulium-doped
fiber amplifiers (TDFAs) has been demonstrated for different
wavelength bands in applications ranging from telecommuni-
cations and lightwave systems [1–6] to spectral sensing,
LIDAR, and short pulse generation [7–10]. Design optimiza-
tion of amplifier architecture is critical for the practical realiza-
tion of wideband, compact, and efficient TDFAs for these
applications. Recently, we have reported results showing that
SC-TDFAs can provide a combination of large gain (G) and
high output power (Pout) over extended BWs [11–14]. In this
work, we investigate the optimization of tandem SC amplifier
topologies for wideband TDFAs. In particular, we focus on the
simulation and experimental performance of a tandem (two-
stage) SC-TDFA using an L-band (1567 nm) shared fiber laser
pump source. We highlight the amplifier performance in the
key areas of high Pout�>2 W�, high G�>60 dB�, low small
signal noise figure (NF, <4 dB), and large dynamic range
(>35 dB). We also evaluate the wavelength behavior of the
SC-TDFA by measuring its performance at three specific wave-
lengths (1909, 1952, and 2004 nm), which are chosen to cover
the low-, mid-, and upper-wavelength operating regions of the
amplifier spectral response. We then contrast the performance
of our tandem amplifier with that of a recent single-stage SC-
TDFA. In comparing the topologies, we illustrate and discuss
the tradeoffs for optimizing the TDFA configuration in a
specific operating band.

The paper is organized as follows: Section 2 presents our
experimental setup, a two-stage TDFA with a fixed pump
coupling ratio between co-pumping and counter-pumping in
the active fibers. Section 3 covers the dependence of experimen-
tal amplifier performance on signal input power (Ps), total Pp,
and signal wavelength (λs). Section 4 compares measurement
and simulation of the TDFA performance. Section 5 contrasts
our simple TDFA design with performance of a one-stage
shared pump design in Ref. [14]. Finally, Section 6 discusses
design parameter tradeoffs for different TDFA architectures
and applications.

2. EXPERIMENTAL SETUP FOR THE SHARED
PUMP AMPLIFIER

The optical design of our two-stage single pump TDFA is
shown in Fig. 1. A single frequency 2 μm input source
(Eblana Photonics) is coupled through isolator I1 and wave-
length division multiplexer WDM1 into the active fiber F1.
Pump light from a multiwatt fiber laser P1 at 1567 nm is split
by coupler C1 with a coupling ratio of 30%/70%. The two
pump signals co-pump fiber F1 (30%) and counter-pump fiber
F2 (70%), respectively. The signal output is coupled through I2
into F2, and the signal output of F2 then passes to the output
through WDM2 and I3. I1–I3 ensure unidirectional operation
and suppress backward ASE. F1 is 4.3 m, and F2 is 2.0 m of
IXBlue Tm-doped SC silica fiber (IXF-TDF-4-125-v1). For
the data reported in the experimental plots of Section 3, input
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and output signal powers, and co-pump and counter-Pp, are,
respectively, referenced to the inputs and outputs of F1 and F2
(internal G, power, and NF measurements.) Both internal and
external performances of the amplifier are reported in the com-
parisons of Section 4. Optical power and optical spectra were
measured with a Yokogawa AQ6375B optical spectrum
analyzer (OSA).

3. EXPERIMENTAL AMPLIFIER PERFORMANCE
(INTERNAL)

The first plot of experimental amplifier performance is in
Fig. 2, which shows the variation in internal Pout as a function
of total internal Pp for various levels of internal Ps at a λs of
1952 nm. For the maximum Ps of 1.6 dBm, Pout �
1.82 W at a total Pp of 3.61 W. The slope efficiency η for this
input power, defined as η � ΔPout∕ΔPp, is 54.2%. This slope
efficiency is for the total amplifier, that is, for the total perfor-
mance of Stage 1 and Stage 2. The optical-optical power con-
version efficiency at this point is 1.82 W/3.61 W � 50.4%.
The difference between slope efficiency η and optical-optical
power conversion efficiency is caused by the zero crossing or
threshold of the Pout curve, which crosses the Pout axis at a
Pp of ≈0.28 W. Because of this threshold, the slope efficiency
η can be significantly greater than the optical-optical power
conversion efficiency.

Figure 3 plots the evolution of internal G as a function of Pp
for various levels of Ps at 1952 nm. The G is defined in the
following way:

G�λs� � Pout�λs�∕Ps�λs�: (1)

Note that G increases with increasing Pp as expected, and that
the maximum G observed for Ps � −35 dBm is 56.9 dB. For
Pp � 3.61 W, the 15 dB G saturation point occurs
for Ps ≈ −7 dBm. We note that G � 50 dB can be achieved
for a Pp of only 1.2 W, illustrating the high G performance
of the TDFA for low Pp.

Having established baselines for amplifier performance at
λs � 1952 nm, we next investigate G and the NF as a function
of λs.

For these studies, NF is defined by Eqs. (2)–(4), using the
optical method of measurement [15,16]:

N eq�λ� � PASE�forward, λs�∕�2hc2Δλ∕λ3s �G�λs�, (2)

F�λs� � �1∕G�λs�� � 2N eq�λs�, (3)

NF�dB� � 10 log�F �λs��: (4)

Here, PASE (forward, λs) is the forward amplified spontaneous
emission (ASE) power from the output of the TDFA measured
in the resolution BWΔλ of the OSA, h is Planck’s constant, and
c is the speed of light in vacuum. G�λs� is defined in Eq. (1).
N eq is the equivalent NF and F is the linear NF for the am-
plifier.

As an example of how to calculate the internal NF using
Eqs. (1)–(4), we start with the two representative OSA output
spectra from the TDFA for λs of 1952 and 2004 nm that are
shown in Fig. 4. The internal input power for each of these
spectra was −25.13 dBm at 2004 nm∕ − 25.35 dBm at
1952 nm, and the resolution BW of the OSA was 1.0 nm.
The measured optical signal to noise ratio (OSNR) of the input
laser sources was >50 dB∕1.0 nm. The calibration factor from
the measured spectrum on the OSA to the actual internal Pout

of the amplifier was measured to be 35.61 dB. Using the rela-
tionship Pout � Ppeak − PASE (see Fig. 4), the measured internal
G of the amplifier was then determined to be 41.51 dB at
2004 nm and 54.10 dB at 1952 nm. From Fig. 4, we found
the forward spontaneous Pout in a 1.0 nm BW to be
−6.67 dBm� 0.3 dBm (2.15 × 10−4 W) at 2004 nm and
�6.84 dBm� 0.3 dBm (4.83 × 10−3 W) at 1952 nm.

Fig. 1. Optical design of two-stage single-pump TDFA with a
shared pump arrangement.

Fig. 2. Pout versus Pp for the parameter of Ps at 1952 nm. Points,
data. Dashed line, linear fit to data.

Fig. 3. G versus Pp for the parameter of Ps, at 1952 nm.
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These forward amplified spontaneous noise powers then yield
the following NF values:

internal NF at1952 nm� 3.65�0.3 dB,

internal NF at2004 nm� 3.01�0.3 dB:

Plots of these calculated internal NFs and the evolution of
internal G and internal NF values for Pp � 3.61 W is plotted
in Fig. 5 for the three experimental λs � 1909, 1952, and
2004 nm. We first note that G is maximum for 1909 nm
and Ps � −35 dBm at 60.4 dB, decreasing to 56.9 dB at
1952 nm and 41.6 dB at 2004 nm. The 15 dB compression
points are −13.5 dBm for 1909 nm, −12 dBm for 1952 nm,
and ≈� 6 dBm for 2004 nm. We also observe that small
signal NF values are between 3 and 4 dB for all λs, rising to
4–5.8 dB for Ps ≈ 2 dBm. The dynamic range of the amplifier
is therefore 38 dB for the criterion of NF <5.8 dB. The inter-
nal NF over the total dynamic range is within 3 dB of the
expected quantum limit of ≈3 dB for a quasi-two-level system,
where the pump wavelength of 1567 nm is far from the λs of
1909–2004 nm. In such a system, the G at the pump
wavelength is very small compared to Gs at the λs, resulting
in an inversion that approaches the theoretical maximum.

A graph of internal Pout versus Pp for the three λs studied is
shown in Fig. 6 for Ps ≈ 1 dBm. The maximum optical-optical
conversion efficiencies are 56.2% for 1909 nm, 50.4% for
1952 nm, and 50.2% for 2004 nm. This plot illustrates a
key behavior of the two-stage TDFA: variations in saturated
Pout for the amplifier as a function of λs are relatively small,
and high internal Pout of 1.8–2 W can be achieved over the
≈1.0 nm range of measured λs (for Ps ≈ 1 dBm.)

A plot of slope efficiency η versus internal Ps for the three λs
studied is given in Fig. 7. Maximum slope efficiencies are
62.3% for 1909 nm, 54.2% for 1952 nm, and 55.0% for
2004 nm. The evolution of the slope efficiency curves is quite
different for 1909 and 1952 nm compared to 2004 nm. We
observe that operation at the long wavelength of 2004 nm re-
quires high input power to obtain high power conversion
efficiency. This behavior is attributed to the variation in the
amplifier saturation power as a function of λs [14] and will
be studied further in a future publication.

Nonlinear effects, such as stimulated Brillouin scattering
(SBS) or stimulated Raman scattering, were not observed in
any of our measurements on the two-stage TDFA. This

Fig. 4. Measured output spectra for the two-stage TDFA with in-
ternal Ps ≈ −25 dBm and internal Pp � 3.6 W at 1567 nm.

Fig. 5. Internal G and internal NF versus Ps for Pp � 3.61 W, at
1909, 1952, and 2004 nm.

Fig. 6. Internal Pout versus internal Pp with the parameter of λs, for
an Internal Ps ≈ 1 dBm.

Fig. 7. Slope efficiency η versus internal Ps , with λs as the
parameter.

5950 Vol. 57, No. 21 / 20 July 2018 / Applied Optics Research Article



behavior is consistent with calculations of nonlinear thresholds
for the Tm-doped fiber under investigation [17].

The experimental saturated output spectra for three λs of
1909, 1952, and 2004 nm are shown in Fig. 8. Here, the in-
ternal Pout is approximately 2 W, and the internal Pp � 3.6 W
at 1567 nm for each of the three curves. The internal
Ps ≈�1 dBm. The evolution of the ASE background as a
function of λs is quite interesting. As illustrated in Fig. 8,
the lowest ASE background occurs for λs � 1952 nm. The
ASE increases slightly for λs � 1909 nm and, then, increases
significantly for λs � 2004 nm. As with the behavior shown
in Fig. 8, this ASE variation is attributed to the change in am-
plifier saturation power as a function of wavelength. Taking the
estimated value of the amplifier BW from the points at which
the ASE background is 15 dB down from the ASE peak, we can
calculate BW � 139 nm for 1909 nm, 154 nm for 1952 nm,
and 149 nm for 2004 nm. The average BW obtained from
these values yields an estimated TDFA BW of 147 nm.

Key internal experimental parameters for the two-stage
TDFA are summarized in Table 1 below. The largest observed
difference is in the values of small signal G as a function of λs
with a greatly decreased G for 2004 nm in comparison with
1909 and 1952 nm. All of the other parameters measured
are similar, as a function of wavelength.

4. COMPARISON OF EXPERIMENT AND
SIMULATION (INTERNAL AND EXTERNAL
PERFORMANCE)

Next, we compare the experimental performance of the tandem
SC-TDFA with steady state simulations of amplifier behavior.

The theory, methods, and physical parameters underpinning
the simulations are presented in detail in Refs. [11–14,
18–20]. In particular, Ref. [20] gives detailed plots of the
absorption and G spectra for the IX Blue fiber used in the
two-stage TDFA. Reference [20] also presents a comprehensive
table of the physical parameters employed in the simulations, as
well as detailed descriptions of the techniques used to measure
level lifetimes, G spectra, and absorption spectra. The theory
behind the simulations is described in Refs. [11–14].

Our first comparison of the experiment and simulation is
shown in Fig. 9, which plots data for internal G and internal
NF as a function of Ps for Pp � 3.61 W. Here, we find that the
simulated values of G for 1952 nm vary from the experimental
data by less than 1 dB. For 1909 nm, the simulation predicts
values of small signal G that are about 3 dB larger than the
experiment, and, for 2004 nm, the simulated values of small
signal G are about 3 dB smaller than the experiment. The ori-
gin of these differences as a function of wavelength is under
investigation. Even though some differences are observed,
the general trends of the G simulations follow the experimental
data closely.

The simulated internal NFs agree with the experimental
data to within 2 dB for λs � 1909 nm and to within 1 dB
for 1952 and 2004 nm. Again, the general trends of the sim-
ulations of NF follow the experimental values closely.

We now move from internal performance to external per-
formance of the amplifier, using the signal and pump coupling
loss values given in Table 2. Here, the input signal coupling is
the loss from the input connector to the input of F1, the inter-
stage signal coupling is the loss from the output of F1 to the
input of F2, and the output signal coupling is the loss from the
output of F2 to the output connector. The input pump cou-
pling is the loss from the 1567 nm fiber pump laser to the input
of F1, and the output pump coupling is the loss from the
1567 nm pump laser to the output of F2. These loss values
are typical for the current generation of 2 μm optical compo-
nents and can be expected to improve in the future.

Figure 10 plots the same information as shown in Fig. 8 for
the external performance of the TDFA. Note that the fiber-
to-fiber signal G is now reduced by the input signal coupling

Fig. 8. Saturated output spectra for the tandem TDFA for three λs .

Table 1. Summary Experimental Parameters for the
Two-Stage TDFA in Fig. 1a

Experimental Parameter 1909 nm 1952 nm 2004 nm

Internal small signal G (dB) 60.4 56.9 41.6
Internal saturated Pout, (W) 2.02 1.81 1.82
Internal small signal NF (dB) 3.9 3.65 3.0
BW (nm) 139 154 149
Dynamic Range (dB) 38 38 38

aAll of the values quoted are internal to the amplifier.
Fig. 9. Internal G and NF versus internal Ps with λs as the
parameter. Points, data. Lines, simulations.
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and output signal coupling losses that equal 4.28 dB, and the
NF and input power are now increased by the input coupling
loss that equal 2.10 dB.

We next move to a comparison in Fig. 11 of internal Pout as
a function of Pp for the three λs. In this graph, Ps ≈ 1 dBm. For
this case, the simulations predict slightly larger Pout than the
experiments for all three wavelengths studied. For 1909 nm,
the simulation predicts values 1.0 dB larger than the experi-
ment; for 1952 nm, the difference is 0.8 dB; and, for
2004 nm, it is 0.4 dB. Similar differences have been observed
in previous experimental and theoretical reports [12–14].
While the differences are measurable, we note that the simu-
lations still yield saturated Pout values within 1.0 dB of the data
for all wavelengths studied. This relatively good agreement

indicates that our simulations are a powerful tool for designing
multistage SC TDFAs.

Figure 12 shows the plot of external Pout versus Pp for the
parameter of λs. From Table 2, we find that the Pout are de-
creased relative to Fig. 11 by 2.18 dB or a factor of 0.605.
Figure 12 illustrates that the maximum external Pout from
the two-stage TDFA is 1.23 W at λs � 1909 nm.

By simulating Pout as a function of internal Ps and Pp, we
next derived curves showing the variations in η as a function of
Ps for the three λs studied. Plots of η versus Ps are shown in
Fig. 13. As with the G curves in Figs. 8 and 9, we see that the
general trends of the data are predicted well by the simulations.

In this case, the theory predicts somewhat larger values of η,
relative to the experiment, for 1909 and 1952 nm. Somewhat
smaller values of η are predicted for 2004 nm. Maximum pre-
dicted slope efficiencies are in the range of 63%–76.5%, while
maximum measured slope efficiencies fall within the range of
56%–62%. This level of agreement is consistent with the
differences observed between theory and experiment in the sa-
turated Pout values plotted in Fig. 9. We note that the linear
scale on the vertical axis of Fig. 13 highlights the differences
between the experimental and simulated values, which on a log-
arithmic scale differ from one another by approximately
0–3 dB.

Another comparison of experiment and theory is given in
Fig. 14, where measured and simulated values of η are plotted
as a function of λs for two representative values of internal Ps
(�1 and −20 dBm). As in Fig. 13, the trend is for predicted
values of η to be larger than the measured values. Also as in
Fig. 13, the linear vertical scale highlights the differences be-
tween the experiment and simulation. Nevertheless, we find
that the trend of the simulated values is roughly similar to ex-
periment. From this plot, it is clear that the operating BW of
the amplifier is quite sensitive to the input power level.
Defining BW as in Ref. [14] at the points at which the theo-
retical curves cross a threshold of η � 50%, for �1 dBm, the
BW is found to be >1.0 nm, while for −20 dBm it is 70 nm.
The significant difference in BW as a function of Ps must be
considered when designing preamplifiers, which typically
operate with Ps ≈ −15 to −30 dBm.

Table 2. Signal and Pump Coupling Losses for the Two-
Stage TDFA in Fig. 1

Experimental Parameter Loss Value (dB)

Input signal coupling 2.10
Interstage signal coupling 1.20
Output signal coupling 2.18
Input pump coupling (1567 nm fiber laser to F1) 5.96
Output pump coupling (1567 nm fiber laser to F2) 2.50

Fig. 10. External G and NF versus external Ps with λs as the param-
eter. Points, data. Lines, simulations.

Fig. 11. Internal Pout versus internal Pp with λs as the parameter.

Fig. 12. External Pout versus internal Pp with λs as the parameter.
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5. COMPARISON OF TANDEM SHARED PUMP
TDFA WITH SINGLE-STAGE SHARED PUMP
AMPLIFIER PERFORMANCE

In Sections 3 and 4, we have shown that the shared pump
tandem topology can deliver high performance that agrees rea-
sonably well with simulation results. Here, we will compare the
shared pump amplifier with a single-stage shared pump TDFA
[14]. We observe here that the single-stage shared pump TDFA
in Ref. [14] used a different Tm-doped fiber (OFS TmDF200)
with a single-stage fiber length of 7.0 meters and a power split
(pump coupling ratio) between forward and backward pump-
ing of 50%/50%. Although there are differences between the
constructions of the two amplifiers, we nevertheless find that a
comparison of performance of the two amplifier architectures is
valid and useful for the following reasons:

(1) The overall Pout and G behaviors of OFS TmDF200
Tm-doped fiber and IX Blue IXF-TDF-4-125-v1 Tm-doped
fiber have been demonstrated to be roughly equivalent in spite
of some small differences in power conversion efficiency and
spectral characteristics. The similarities and relatively small
differences between fiber performance are discussed in depth
in Refs [12,13,20].

(2) We observe that a comparison of different amplifier
architectures with roughly similar fiber Tm-doped fiber types
is important for determining the relative performance of differ-
ent designs, using fibers from diverse manufacturers, for high
performance TDFA modules.

(3) The experimental and theoretical results in Ref. [14]
demonstrate that the G, Pout, and NF performance of the sin-
gle-stage shared pump TDFA with a 50%/50% coupling ratio
are similar to its performance with a 30%/70% coupling ratio.
We therefore expect that the difference in the coupling ratios
between the one- and two-stage shared pump TDFAs will not
materially affect the comparison.

Table 3 gives a summary comparison of the one- and two-
stage shared pump TDFAs (parameters given are for internal
amplifier performance at λs � 1952 nm).

The table reveals that there are some significant differences
in performance between the two TDFAs and some similarities.

Comparing the maximum saturated Pout, we see that the
one-stage shared pump TDFA achieves 1.9 W internal Pout

for 3.2 W available pump, while the two-stage shared pump
amplifier achieves 1.8 W internal Pout for 3.6 W of available
pump. The optical-optical power conversion efficiencies are
then 59.4% for the one-stage configuration and 50.0% for
the two-stage configuration. A similar difference is apparent
in the measured values of η, which are 66% for the one stage
and 54% for the two stages. This difference in optical-optical
power conversion efficiency and in η is caused first by the mea-
sured difference in saturated power conversion efficiency for the
two fiber types [12,13,20] and second by the insertion loss of
I2, which is present in the two-stage design but not in the one-
stage amplifier.

While the presence of I2 decreases η for the two-stage
TDFA, it nevertheless enhances the overall performance of this
configuration, especially for the parameters of small signal G
and dynamic range. Table 2 shows that the maximum small
signal G achieved with the one-stage design is 51 dB, while
57 dB can be achieved with the two-stage configuration.
We note that there is a similar increase in dynamic range from
32 dB for one stage to 37 dB for two stages. The presence of I2
is responsible for the enhanced performance of the two-stage
design because it suppresses self-lasing effects, which appear
for high values of Pp and low values of Ps in the one-stage
TDFA and also suppresses backward ASE from the second
stage that would otherwise be coupled into the output of
the first stage. The enhanced values of G and dynamic range
are very important for telecommunications applications, such
as in line repeaters and optical preamplifiers.

The minimum internal NFs that are achieved with the two
configurations are 3.4 and 3.65 dB for one and two stages, re-
spectively. These values are near the expected quantum limit of
≈3 dB, illustrating the high level of performance of our ampli-
fier designs. The difference between the two values is relatively
small and is not expected to result in a significant difference in
lightwave system budgets.

Fig. 13. η versus internal Ps with λs as the parameter.

Table 3. Comparison of the Performance of TDFAs with
Different Configurations

Parameter Symbol Units

TDFA Configurations
λs � 1952 nm

1 Stage,
Shared Pump

2 Stage,
Shared Pump

Pump power
(1567 nm)

Pp W 3.2 3.6

Saturated output
power

Pout W 1.9 1.8

Small signal noise
figure

NF dB 3.4 3.65

Signal dynamic
range

P in dB 32 38

Small signal gain G dB 51 57
Slope efficiency
(saturated)

η % 66 54

Operating
bandwidth

BW nm 167 (sim.) 147(est.) >160
(sim.)
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Table 3 shows that the operating BW of the one-stage
amplifier is 167 nm (simulated), while for the two-stage am-
plifier it is 147 nm (estimated from the ASE background)
and >1.0 nm (derived from the simulation in Fig. 11). We
observe, therefore, that the BWs of the two configurations
are approximately equal. Design techniques, such as adjusting
the lengths L1 and L2 of the two Tm-doped fibers in Fig. 1, can
be used to increase the operating BW of the two-stage
amplifier [14].

6. DISCUSSION OF PARAMETER OPTIMIZATION
FOR TDFA ARCHITECTURES

The data reported in Figs. 2–14 illustrate several salient points
about the operation of the shared pump TDFA.

From our experimental and theoretical studies here, and
from the research reported in Ref. [14], it is evident that input
power levels, saturated Pout targets, NF specifications, small
signal G specifications, and operating signal BWs all depend
in an interrelated way on the amplifier architecture. Design
of an optimized amplifier requires a careful balancing of all
of these performance targets for the available Pp and the fiber
lengths L1 and L2.

For G amplifiers, Fig. 3 shows that it is very important to
consider the input signal power level when choosing an opti-
mum amplifier design. For example, at the coupling ratio of 30/
70% and λs � 1952 nm, the internal fiber G for −35 dBm
input is highest at 57 dB for a Pp of 3.6 W. For −20 dBm
input, the optimum G is 51 dB; for −10 dBm input, it is
42 dB; and for�1.6 dBm input, it is 31 dB. Clearly, the design
specifications of the TDFA must be carefully considered when
choosing an optimum Ps for a preamplifier designed to operate
at low Ps.

Also for G amplifiers, the internal G and internal NF values
plotted for a Pp of 3.6 W in Fig. 5 show that λs is quite im-
portant in establishing G specifications as a function of λs. The
minimum internal small signal G of 42 dB is observed at
λs � 2004 nm, which is approaching the long-wavelength
boundary of the useful TDFA G spectrum. This value is almost
20 dB smaller than the maximum observed internal G of

60.4 dB at 1909 nm. While this variation must be taken into
account, it should be noted that aG of 35 dB or larger is usually
sufficient for successful operation of an optical preamplifier for
receivers in lightwave transmission systems. The NF values
shown in Fig. 5 vary only slightly with λs and Ps. These small
variations are highly desirable in a TDFA design and demon-
strate the high level of performance and robust nature of our
two-stage shared pump amplifier.

For power amplifiers, the data in Fig. 2 show that high
internal Pout well in excess of 1 W can be obtained at λs �
1952 nm for Ps as low as −15 dBm. For Ps ≈ 1 dBm, internal
Pout close or equal to 2 W are achieved for all three λs of 1909,
1952, and 2004 nm, as illustrated by the data in Fig. 5. The
measured Pout scale linearly with Pp up to the maximum Pp
used of 3.6 W. This demonstrates the high performance
achieved with our two-stage design.

No SBS or other nonlinear effects were observed in our ex-
periments. This means that we can improve the Pout of the
amplifier simply by increasing the Pp up to the limit where
nonlinear effects start to be observed. The threshold for SBS
in our shared pump two-stage amplifier is currently
under study and is initially estimated to be on the order of
Pout ≈ 12 − 15 W [17].

Also for power amplifiers, variations in η as a function of Ps
are illustrated in Fig. 13 for both experimental data and sim-
ulations. Here, we see that the saturation behavior of the am-
plifier is quite different near the high-wavelength boundary
(2004 nm) of the Tm-doped fiber G spectrum, relative to per-
formance at the center of the spectral band (1952 nm) and near
the low-wavelength boundary (1909 nm). This variation with
Ps must be considered carefully in the design of wide BW
power amplifiers.

For generic or multipurpose amplifiers, such as in-line am-
plifiers, Fig. 8 shows quite interesting variations in the back-
ground ASE as a function of λs. As discussed in Section 3,
we believe the variation in ASE levels is caused by variations
in the saturation power of the amplifier with λs. This point
is under study and will be considered more fully in a future
publications. The ASE background must be carefully consid-
ered when designing in-line repeaters for concatenated light-
wave systems in the 2 μm region.

To conclude, we have shown that active fiber lengths L1 �
4.4 m and L2 � 2 m of IXBlue IXF-TDF-4-125-v1 Tm-
doped fiber, together with a pump coupling ratio of 30%
co-pumping and 70% counter-pumping, provide balanced per-
formance over a wide range of operating parameters for the
two-stage shared pump TDFA configuration.

7. SUMMARY

We have reported the experimental and simulated performance
of a tandem SC-TDFA with a shared in-band pump at
1567 nm. We measured and simulated the performance of
the TDFA for parameters, such as λs band, saturated Pout,
NF, small signal G, and dynamic range. Our measurements
and simulations show that the simulated operating BW of
the amplifier can be wider than 160 nm. We achieved internal
saturated output powers of 2 W, internal small signal Gs as
high as 60.4 dB, internal NFs as low as 3.0 dB, and a dynamic

Fig. 14. Slope efficiency η as a function of λs. Points, data. Solid
lines, simulations.
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range of 38 dB for an internal NF of less than 5.6 dB.
Comparison of the simulation and experiment yielded agree-
ments of 0.4–1.0 dB in saturated Pout and 1–3 dB in small
signal G over the experimental wavelength range studied of
1909–2004 nm. No Brillouin scattering or other nonlinear
effects were observed in any of our measurements.

For our amplifier, the external G values were 4.28 dB
smaller than the internal G; the external Pout were 2.13 dB
smaller than the internal Pout; and the external NFs were
2.1 dB greater than the internal values. These differences are
representative of the performance of current optical compo-
nents and splices in the 2 μm wavelength band. We expect that
the external performance of the amplifier will improve as the
insertion losses of the components and splices are reduced in
the future.

Our experiments and simulations show that the two-stage
shared pump TDFA can largely match the performance of
the single-stage shared pump amplifier reported in Ref. [14].
In addition, the two-stage amplifier has several advantages over
the single-stage design.

First, the presence of an interstage isolator prevents self-las-
ing for both small input powers (Ps ≈ −30 dBm) and for λs of
1909 and 2004 nm, which are approaching the upper and
lower edges of the useful Tm G band. Self-lasing was observed
in the single-stage shared pump amplifier for input powers
lower than −20 dBm and Pp greater than about 1.6 W.

Second, the interstage isolator improves the dynamic range
of the two-stage amplifier by 6 dB in comparison to the single-
stage TDFA by preventing self-lasing and also by blocking
backward ASE from the second stage.

Third, while the two-stage design is somewhat more
complex than the one-stage configuration, it nevertheless yields
better performance in the areas discussed above.

Finally, we observe that increasing the Pp slightly for the
two-stage shared pump TDFA will compensate for the lower
value of η in comparison to the one-stage design. We also note
that the operating BW of the two-stage amplifier can be in-
creased by adjusting the lengths L1 and L2 of the active
Tm-doped fibers [14].

Taken together, the significant advantages we have demon-
strated for the two-stage shared pump TDFA open the possibil-
ity for new and efficient 2 μm optical amplifiers for lightwave
transmission systems as preamplifiers, wideband in-line
amplifiers, and wideband power booster amplifiers.
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