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Abstract—Power efficiency of long-haul optical fiber transmis-
sion has emerged as a critical challenge to cost-effectively increasing
submarine cable capacity. Building on previous experimental work
and informed by physical system modeling and optimization, we
report on extensive amplified transmission experiments character-
izing the metric of fiber capacity per unit pump power over a range
of amplifier powers and link distances relevant to power-limited
spatial-division-multiplexed submarine systems. We compare ex-
perimental results with modeling incorporating optical amplifier
physics as well as generalized droop, demonstrating excellent agree-
ment over the range of powers and distances tested. We predict the
performance gains achievable by further optimizing the system
design and implementation within tolerances ideally achieved in
deployed submarine systems, and estimate fiber pair counts and
total cable capacities achievable for the link distances investigated.
Our results suggest the utility of amplifier pump powers as low as
20 mW and output powers as low as 6.5 dBm in reaching Pb/s cable
capacities.

Index Terms—Optical fiber communication, power efficiency,
space division multiplexing, submarine cable capacity.

I. INTRODUCTION

IN ORDER to meet increasing demands for trans-oceanic
submarine system capacity, there have been significant recent

efforts to deploy more cables with higher capacities [1]. Given
the fixed-power-supply nature of submarine cables, significant
attention has been focused on maximizing the power efficiency
of information transmission [2]–[5]. This has led to arguments
that cable capacity is increased for a given power supply limit
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by reducing optical amplifier output powers and thus channel
signal-to-noise ratios (SNRs) at the receiver, while increasing
the fiber pair count in the cable [6]–[13]. This spatial-division-
multiplexing (SDM) approach follows from Shannon’s capacity
formula, in which capacity scales logarithmically with SNR but
linearly with the number of spatial paths (or parallel fibers)
over which signal power is divided. SDM has been successfully
applied in long-haul transmission experiments over the past few
years [3]–[5], [14]–[16]. Sinkin et al. in [4], [5] demonstrated
the existence of a pump power maximizing power efficiency
governed by a signal droop effect in constant-output-power
amplifier systems, and presented the first experimental mea-
surements of power efficiency for an exemplary C+L-band
system. Here, signal droop accounts for the impact on SNR
of amplified spontaneous emission (ASE) noise power, which
grows along the link as it is added to at each node, contribut-
ing to amplifier saturation. Modeling of the generalized droop
effect, first introduced by Antona et al. in [17], has extended
this understanding to capture per-span noise accumulation in
low-SNR systems and to accommodate different noise sources
under various amplification conditions relevant to long-haul
links [18], [19]. These models rely on black-box modeling of the
amplifiers, abstracting away details of amplifier saturation and
wavelength-dependence of gain and noise. Perin et al. in [20],
considering fundamental Erbium-doped fiber amplifier (EDFA)
physics and optimizing channel launch power spectra under the
power-feed constraint, affirmed that capacity is maximized by
reducing amplifier powers, and clarified the trade-off between
maximizing overall capacity and optical-to-optical power con-
version efficiency (PCE).

In this paper, we report on the first experiments using the
system optimization approach of [20] as the basis for design and
modeling of long-haul links. We follow on the earlier work with
extensive transmission measurements alongside accurate physi-
cal modeling to evaluate power efficiency expressed in terms of
fiber capacity per unit power consumption. The optical channels
carry 48 Gbaud polarization multiplexed 16-ary quadrature
amplitude modulation (PM-16QAM) or quadrature phase shift
keying (PM-QPSK) signals, and we assess capacity by the
bit-wise metric of generalized mutual information (GMI) [21].
The remainder of this paper is organized as follows. We describe
the optimization-based design of the experimental system in
Section II. In Section III, we present measured capacity and
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Fig. 1. Schematic diagram of the experimental system. AWG: arbitrary waveform generator, ECL: external cavity laser, PBC: polarization beam combiner,
AOM: acousto-optic modulator, PM: power monitor, BPF: band-pass filter, LSPS: loop-synchronous polarization scrambler, GEF: gain equalization filter, GFF:
gain-flattening filter. A schematic of the custom EDFA pumped by a 980 nm diode with designed GFF and following isolator is shown in the top right corner.

power efficiency data over a wide range of transmission
distances and powers relevant to submarine systems. We
demonstrate excellent agreement with simulations that combine
generalized signal droop with detailed amplifier physics [20].
Finally, in Section IV we discuss limitations of the experimental
system compared to realistic submarine system requirements
and discuss avenues for further optimizing the experimental
system. We predict the resulting system power efficiencies,
estimate the numbers of parallel fiber pairs supported by SDM
power-constrained cable design, and estimate the resulting
total cable capacities. While some of our capacity and power
efficiency measurements were presented in a short conference
paper [22], the present paper provides far more measured
data and explanation of optimization-based system design,
physical system modeling, and consequences of our findings
for power-constrained cable design than [22].

II. EXPERIMENTS

We examined the potential of SDM in transmission systems
optimized for capacity via experiments exploring pump powers
from 14 mW to 100 mW, and link distances up to 18000 km, with
a recirculating loop setup of six amplified fiber spans includ-
ing custom EDFAs and closely matched gain-flattening filters
(GFFs). In this section, we describe the design methodology
and details of the experimental system.

A. Design Methodology

Design of the recirculating loop configuration, shown
schematically in Fig. 1, was based on initial modeling and
optimization derived from the insights of [20]. This approach
optimizes the EDF length and signal channel input powers in
order to maximize information capacity, assuming an idealized
system in which all amplifiers are identical with gain and loss
perfectly balanced in each span. The EDF length and signal
input powers were optimized for a fixed span length of 60 km
and for intermediate pump powers between 40 mW and 60 mW,
although experiments were conducted for pump powers from

TABLE I
ERBIUM-DOPED FIBER (EDF) PARAMETERS

14 mW to 100 mW. Resource limitations in evaluating long-haul
links over a wide range of powers and distances necessitated
choosing a single span length for all experiments. The span
length of 60 km was chosen as being suitable for the ultra-
low-loss fiber used up to the longest distances studied, where
feed-power limitations become prominent.

Simulation of power propagation incorporated amplifier
physics in each span via numerical solution of the coupled
rate and propagation equations of the three-level atomic system
for signal, pump, ASE (forward-propagating only assumed)
and nonlinear noise powers, using the approach of Desurvire
et al. [23]–[25]. Specific model parameters of the high-NA
Erbium-doped fiber (EDF) fabricated by Corning are given in
Table I, including peak values of the EDF absorption and gain
coefficient spectra used to model the amplifier gain and noise.
A link of up to 270 spans of fiber was simulated, providing a
prediction of the gain and ASE noise evolution over all chan-
nels in the longest links. We employed a discrete form of the
Gaussian Noise (GN) model [20] to approximate the accumu-
lation of signal-related nonlinear noise in all link performance
simulations. Nonlinear noise had negligible impact on the opti-
mized system designs, confirming operation in the linear power
regime.

The signal power allocation and EDF length were opti-
mized using the particle swarm optimization (PSO) technique
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Fig. 2. Exemplar EDFA experimental and theoretical a) gain and b) ASE power in 0.1 nm, for pump powers ranging from 20 mW to 100 mW and equal input
channel power −10.5 dBm in 40 channels. Theory curves were computed using the numerical three-level EDFA model [24], [25] for EDF parameters as shown in
Table I, with nominal absorption and gain coefficients α and g∗ scaled down by 5% (the scaling correction as described in Sections II and IV).

introduced in [20], yielding a full C-band channel plan and the
chosen EDF length of about 6 m. While the optimized channel
powers may be unequal in general, employing the flat mean
power level across all channels was observed to cause negligible
impact (less than 1%) on overall capacity. The optimization
procedure assumes that all the EDFAs along the link are identical
and are pumped identically, and that each EDFA is followed by
a GFF that compensates its non-flat gain spectrum to ideally
compensate the span loss, which is close to 10 dB. As ASE
power accumulates along the link, saturating the amplifiers, the
required GFF attenuation decreases by about 0.5 dB. The GFF
profile at the final span of the system with 40 mW pump power
was used to specify the design for manufacture of thin-film
filters by AC Photonics, Inc. The GFF peak-to-peak error was
less than 0.5 dB and insertion loss 0.6 dB. Gain excursion over
wavelength of an EDFA+GFF unit was measured to be up to
2 dB for pump powers above 40 mW. For lower pump powers
(≤ 20 mW), we observed gain tilt up to about 4 dB. In Fig. 2 we
present the experimental characterization data of gain and ASE
power for one of the custom EDFAs in good agreement with
theoretical modeling. For each of the five custom amplifiers, the
nominal model values of absorption and gain coefficients α and
g∗ had to be scaled up or down from the measured values of the
EDF, by an average of 1% and by 10.6% in the worst case, to
ensure a close fit to the independently measured spectra. These
amplifier coefficient scaling corrections are discussed further in
Section IV.

In Fig. 3 we present the measured gain for the same EDFA
without and with the GFF, whose design profile is shown in the
middle panel. The spectrum is observed to be relatively flat over
the nominal 40 mW to 60 mW design range of pump powers,
with the largest tilt occurring at the lowest pump powers outside
that range. This non-ideal gain tilt especially impacting low
pump powers could be partially mitigated in our experiments
by the relatively frequent use of dynamic gain equalization, and
in a deployed system would be made negligible by designing
the GFF profile specifically for the pump power of the system.

Fig. 3. Gain spectra of a) EDFA measured without GFF, b) GFF design profile,
and c) EDFA measured with GFF, for pump powers ranging from 20 mW to
100 mW and equal input channel power −14.5 dBm in 40 channels. In c),
the dip in gain at 1547.5 nm is an artifact of laser wavelength drift between
measurements.
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B. Experimental Setup

A total of 80 channels were modulated with 48 Gbaud PM-
16QAM or PM-QPSK signals on a 50 GHz grid in the C-band.
For most experiments, the format was 16QAM. A wavelength-
tunable test channel laser with 100 kHz linewidth was modulated
by one dual-polarization (DP) I-Q modulator, while the other
79 channels were modulated by another single-polarization I-Q
modulator. A four-channel arbitrary waveform generator (AWG)
with 42 GHz bandwidth and sampling rate of 120 GSa/s created
the electrical signals that drove the I-Q modulators to create opti-
cal signals having root-raised-cosine (RRC) pulse shaping with
a roll-off factor of 0.02. All four AWG channels drove the DP I-Q
modulator for the test channel, while two of the negative-polarity
AWG outputs created a single-polarization signal for the other 79
channels. That 79-channel set was polarization multiplexed by
splitting, polarization rotating to orthogonal states, delaying one
stream, and then recombining. All 80 channels were combined
and amplified before launch into the recirculating loop system
with a starting optical SNR (OSNR) of about 30.5 dB.

The transmission system in the loop comprised six spans of
optical fiber (Corning Vascade EX3000 fiber) with an average
span length of 60.3 km. The fiber effective area was 153 μm2

and the average span loss was 9.6 dB, including connectors and
splices. The first five spans in the loop were each followed
by a custom EDFA built from 6 m of 0.28-NA EDF, single
forward-propagating 980 nm pump laser, 980/1550 nm WDM,
GFF including output isolator, and inline power monitor. These
simple EDFAs were operated with pump powers set to produce a
given total output power, and were measured to have an average
noise figure of less than 5.5 dB for all pump powers with a tilt
of about 1 dB across the band. The sixth span was followed
by a commercial two-stage EDFA with loop-synchronous po-
larization scrambler (LSPS) and tunable gain equalization filter
(GEF) included in the mid-stage. This two-stage amplifier was
not adjusted for different launch conditions. We measured its
effective noise figure, increasing with pump power in the simple
EDFAs, from 5.5 dB at 14 mW to 8.2 dB at 100 mW. The required
mid-stage GEF attenuation profile was set with pump power as
shown in Fig. 4. At the output of the loop, the channel under
test was selected by a band-pass filter (BPF) and directed into
a coherent optical receiver. The electrical output signals were
sampled by a pair of 65 GHz bandwidth oscilloscopes with a
sampling rate of 160 GSa/s. The waveforms were processed
offline using blind digital signal processing (DSP) algorithms,
and GMI was estimated from the recovered signal constellations.

III. RESULTS

Measurement data was collected as a function of transmission
distance and EDFA output power. The output powers as indi-
cated by the power monitors and corresponding average pump
powers used are given in Table II.

Spectral efficiency (SE) in b/s/Hz can be computed for symbol
rate Rs and channel spacing Δf as

SE = GMI
Rs

Δf
. (1)

Fig. 4. Sixth span mid-stage GEF attenuation spectra in the loop set for the
different pump powers in the experiment, from 14 mW to 100 mW.

TABLE II
CHANNEL, EDFA OUTPUT, AND PUMP POWERS IN EXPERIMENTS

The total capacity in Tb/s is given by the average SE multiplied
by the 4 THz bandwidth, and can also be written in terms of the
average GMI over the Nch = 80 channels, denoted by GMIav,
as

C = GMIav ·Rs ·Nch. (2)

All 80 optical channels were measured in the case of EDFA
output power 10.5 dBm and 40 mW average pump power for a
subset range of four transmission distances, with the results and
corresponding average SE at the four distances shown in Fig. 5.
The SE at 10860 km, for which the power efficiency is close
to optimal (see Fig. 9. d)), exhibits a peak-to-peak variation of
roughly 2 b/s/Hz over wavelength about the mean value of 3.02
b/s/Hz, corresponding to peak-to-peak OSNR variation across
the band of roughly 4.8 dB. For lower pump powers (≤ 20 mW),
this peak-to-peak OSNR variation could be up to 6 dB larger due
to imperfect gain flattening.

For each output power level, we measured the GMI of
10 equally spaced and representative channels across the full
80-channel plan, for loop numbers in multiples of five. The
measured 10-channel average SE data for the four distances
shown in Fig. 5 were essentially identical to the results found
from the full 80-channel measurements, providing confidence
in the accuracy of the technique of sampling 10 channels. For
the maximum studied EDFA output power of 15 dBm, the
transmission distance extended to more than 18000 km, but was
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Fig. 5. Spectral efficiency (SE) in b/s/Hz of all 80 channels for 40 mW pump
power, 10.5 dBm output power at 5430 km, 7240 km, 9050 km, and 10860 km
link distances with corresponding average SE values shown.

Fig. 6. Measured average SE (left ordinate) and total capacity (right ordinate)
vs. link distance in the case of PM-16QAM signal format, for the different pump
powers in the experiment from 16 mW to 100 mW.

shorter for lower output power levels where SNRs became too
low for DSP to function effectively. The results for PM-16QAM
transmission measurements are summarized in Fig. 6 in terms
of average SE and total capacity with transmission distance.
The GMI vs. OSNR is compared against ideal theory for both
modulation formats in Fig. 7. Deviations of the experimental
data from the ideal GMI theory curves in Fig. 7 represent the
implementation penalties of the transmitter and receiver in a
back-to-back configuration for the two modulation formats.

We calculated a metric of power efficiency (capacity per unit
power consumption) for the range of output powers and link
distances. The power efficiency (PE) metric is taken in this
study as fiber capacity divided by pump power of a single
EDFA, C/Pp in Tb/s/mW. Pump power is directly related to
electrical power consumed assuming the pump lasers achieve
high wall-plug efficiency independent of pump power, as might
be facilitated by pump farming [26]. Results for all PM-16QAM
measurements are shown in Fig. 8 down to an average pump
power of 16 mW, illustrating that lower output and pump powers
can yield significantly higher power efficiency, depending on

link length. Lower pump powers enable higher fiber counts and
overall system capacity for a given link length and fixed power
supply, with the limit set by the existence of an optimum pump
power and EDFA output power governed by the signal droop
effect at low powers.

We also performed theoretical modeling of the experiments
by numerical simulation of the power propagation in each link of
a given distance and pump power, computing amplifier gain and
noise using the three-level amplifier physical model [24], [25]
for each of the five custom amplifiers and assuming constant-
output-power black-box operation for the amplification in the
sixth span (modeling the commercial dual-stage amplifier with
mid-stage dynamic gain equalization). We used a generalized
droop model [17]–[19] for the per-span OSNR evolution in each
link, and included an additional loss of no more than 1 dB in each
of the custom spans to account for the power monitor and GFF
insertion losses. The EDFA excess losses were specific to each
of the five custom amplifiers, with their average value shown in
Table I. Our modeling further accounted for inhomogeneities
between spans including the six different span lengths and
span losses, as well as custom amplifier absorption and gain
coefficients. The coefficient scaling corrections introduced in
Section II ensured a close fit between the numerically modeled
and experimentally measured gain and noise spectra for each
amplifier as shown for example in Fig. 2, and revealed excel-
lent agreement with experimental measurements of capacity
C and capacity per unit pump power C/Pp over most of the
experimental conditions, particularly near the optimum pump
power where the effect of signal droop becomes most prominent.
Fig. 8 demonstrates this close agreement between experiment
and theory for the PE metric against transmission distance. Slight
discrepancies emerge at the lowest pump powers and at the
longest link distance, where small deviations in per-span noise
contributions have a larger impact on SE.

In Fig. 9, we show the measured results at the intermediate link
distances of 5430 km, 7240 km, 9050 km and 10860 km against
detailed modeling simulations incorporating amplifier physics
as described above. For comparison, we also performed simpli-
fied modeling assuming black-box EDFAs with constant average
noise figure, i.e., including only the effect of generalized droop
under constant amplifier output power operation, as developed
in [18], [19]. Both detailed and simplified modeling included
accurately measured implementation penalty, or gap-to-GMI,
data for both signal formats, as well as optical-to-optical PCE of
the EDFAs. The SNR at the end of the link was used to calculate
the achievable constrained capacity of GMI and the metric of
capacity per unit pump power C/Pp. We included experimental
data obtained for QPSK signals at the lowest output power
levels, where the models predict higher capacity and capacity
per unit power for QPSK than 16QAM. At distances of 7240 km,
9050 km and 10860 km, one other QPSK data point was also
taken at a higher pump power of 60 mW to test the validity of
our modeling. The agreement between the measured data and
simulation is excellent, and agreement with the simplified model
assuming only generalized droop for uniform constant-output-
power black-box amplifiers is within 10% or better for the range
of powers tested. Analysis of both experimental and modeling
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Fig. 7. Information rate in two polarizations as GMI in bits/symbol vs. OSNR in dB, for a) PM-16QAM, and b) PM-QPSK modulation formats. Ideal GMI
theory is shown as the solid blue curves, while experimental Tx-Rx measurements, which are subject to format-specific implementation penalties also incorporated
in modeling, are plotted as the black filled-circle data points.

Fig. 8. Average power efficiency (PE) results in the case of PM-16QAM signal
format, in terms of total capacity per unit pump powerC/Pp against link distance
for the different pump powers in the experiment from 16 mW to 100 mW. Solid
lines connect the experimental data points, while lighter dot-dashed lines connect
the theoretical modeling simulation results of the same link parameters.

results verifies that PE expressed as capacity per unit pump
power is maximized at lower pump powers between 12 dBm and
14 dBm depending on link length, at the cusp between regimes
of low and high optical-to-optical amplifier PCE.

IV. DISCUSSION

In addition to being power-limited, submarine transmission
systems must operate with stringent tolerance and reliability
requirements in order to guarantee stable performance over their
decades-long lifetimes. Some of these requirements were not
well-satisfied in the experimental setup due to limitations in
available equipment. In this section, we describe some of these
limitations and consider the performance gains achievable under
more idealized experimental conditions, in particular those of
pump laser stability and tunable gain flattening.

A. Experimental Limitations

Submarine EDFAs are forward-pumped at 980 nm for high
gain efficiency and low noise figure, with an isolator placed at

the amplifier input in addition to the GFF output to minimize
backward-propagating ASE power [27]. Our setup did not in-
clude isolators at the amplifier inputs, however the impact of
backwards-ASE generated in the EDFAs was negligible in the
experiments and could be neglected in modeling. Submarine
systems use fiber Bragg gratings to stabilize the pump lasers,
resulting in wavelength drifts of less than 0.4 nm so that pump
absorption by the EDF is kept almost entirely within the pump
band [28]. In our setup, error in the wavelengths of the available
pump lasers resulted in greater inhomogeneity between the
spans. The scaling applied to each EDFA’s absorption and gain
coefficients in simulations of the experiments accounted for
differences in the operative coefficients induced by error or drift
in the diode laser wavelengths, which was roughly ±1.8 nm.
Stabilization of the pump laser wavelengths to 980 nm within
an error of ±0.2 nm would result in a more ideal system with
higher PE.

The experimental setup was also limited by the use of GFFs
designed for a narrow range of pump powers. By comparing
the difference between the experimental GEF profiles (Fig. 4)
and wavelength-selective GEF profiles in simulation, which
assumed ideal gain equalization at every sixth span, we estimated
the additional gain tilt after each circulation of the loop to be no
more than 5 dB in all cases. This was the largest value of gain
difference corrected prior to subsequent recirculation, and could
be made lower by tailoring design of the GFFs for each pump
power, and by improving insertion loss and GFF error perfor-
mance, which in submarine systems have peak-to-peak errors as
low as 0.1 dB [29]. While GFFs have inherent loss and directly
impact the EDFA output power, their use in long-haul systems
allows the maximal usable bandwidth and hence number of
transmitted channels, ensures that the signal power spectrum
does not acquire a large tilt over successive spans, and limits the
accumulation of ASE power, thereby reducing the amount of
variability in channel SNRs. The GFFs in our experiments were
carefully designed for the central pump power values (40 mW
to 60 mW) to cancel spectral variation in signal and noise
power at the end of the longest link. More precise dynamic
gain equalization (the wavelength-selective GEF) prevented
residual gain differences from accumulating over several spans,
ensuring signal stability over the entire link, and similar tunable
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Fig. 9. Experimental system PE metric of capacity per unit pump powerC/Pp in Tb/s/mW vs. pump power in dBm, for the link distances a) 5430 km, b) 7240 km,
c) 9050 km, and d) 10860 km. Measured experimental data points are shown as black filled circles for 16QAM and squares for QPSK signal formats. Continuous
solid curves connect the detailed modeling simulation results, while the simplified model predictions assuming constant-output-power black-box amplifiers with
generalized droop (GD model) are shown as the dashed curves, in blue for 16QAM and in red for QPSK signal formats.

approaches have widespread use in currently deployed long-haul
links [29]. At lower pump powers, however, the mismatched
GFF design and imperfect power balancing in our experiments
caused large OSNR variations across the band, which would
be improved upon in deployed systems using GFFs specifically
designed for the chosen pump power and adaptive compensation
of gain tilt and ripple every 10 to 20 spans [29]. An alternative
approach avoiding GFFs altogether has been proposed recently
in [30] and compared favorably in capacity to that with GFFs
for a short-reach system on the order of hundreds of km, but it
remains to be seen how this approach would scale for full-band
transmission over transoceanic link distances.

B. Improving PE by Optimization

Span lengths in long-haul submarine systems typically vary
from 40 km to 80 km. While optimizing the span length was
outside the scope of our study, which was limited to spans of
60 km, potentially higher power and cost efficiencies could
be achieved by optimizing the span length depending on the
link length and other design parameters. Therefore, our power
efficiency and capacity predictions may be considered lower

bounds on the performance achievable if the span lengths were
optimized according to link parameters and techno-economic
considerations.

We investigated whether further improvement in power effi-
ciency could be gained by optimizing the signal bandwidth and
EDF lengths for each pump power and link length using the
technique developed in [20], which assumes perfect amplifier
gain flattening in each span. As the experimental setup was
designed to operate close to optimally within the central range
of pump powers using such a technique, allowing for a slight
decrease in amplifier length or increase in the signal bandwidth
yielded only a minor improvement at higher pump powers. A
more significant improvement might be expected when using
the ideal GFF profile for each pump power tested, particularly
at lower pump powers where the GFF used in the experiments
incurred higher wavelength-dependent loss as noted, and when
using more homogeneous EDFAs. Simulation assuming the
ideal experimental conditions as such, i.e., uniform amplifiers
with perfectly matching gain flattening per span and stable,
unvarying pump wavelengths, could be used to estimate how
much the PE of the links studied might be increased. This
was achieved in two steps: a first optimization step in which
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Fig. 10. Simulated experimental system and optimized system PE metric of capacity per unit pump power C/Pp in Tb/s/mW vs. pump power in dBm, for the
link distances a) 5430 km, b) 7240 km, c) 9050 km, and d) 10860 km. Continuous blue (16QAM) and red (QPSK) solid curves connect the detailed modeling
simulation results as in Fig. 9, while dashed and marked curves of the same color connect the corresponding optimized system predictions.

the EDF length and power allocation were obtained under the
above assumptions, followed by a second forward simulation
step using these new parameters and assumptions, otherwise
keeping the same setup as used to simulate the experiment.
The effect of nonlinear noise accumulation was neglected in
the first optimization step in order to keep the computation time
reasonable and was included in the second evaluation step. The
higher noise figure of the two-stage sixth-span amplifier was
accounted for in both steps.

In Fig. 10, we show the predicted C/Pp curves under the as-
sumptions of homogeneous amplifiers (with the average excess
loss given in Table I) pumped by stable laser diodes and there-
fore requiring no additional scaling of the amplifier absorption
and gain coefficients, with GFF profiles perfectly matching the
amplifier gain in each span, and optimally chosen EDF lengths
and signal power bandwidths for each pump power and link
length. The optimization then yielded, with increasing pump
power, an increase in bandwidth from the original 80-channel
plan at 11.5 dBm or 14 mW, up to 96 channels (between 1527 nm
and 1566 nm) at 20 dBm or 100 mW, with channel powers
decreasing from 0.5 dB to 1.2 dB lower than those used in the
experiment, and EDFs increasing in length from 5.7 m to 6.2 m.

Fig. 11. Dependence on pump power of average measured E-O efficiency of
the pump lasers in the recirculating loop (red crosses, left ordinate label), and
average measured optical-to-optical EDFA PCE, ηo (blue pluses, right ordinate
label).

Implementation penalties from the experimental setup applied
to these optimized links as well. The PE results shown are up
to 0.2 Tb/s/mW higher than achieved in our experiments at the

Authorized licensed use limited to: Stanford University. Downloaded on March 26,2021 at 02:50:39 UTC from IEEE Xplore.  Restrictions apply. 



2384 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 8, APRIL 15, 2021

Fig. 12. a) Number of fiber pairs supported F vs. pump power according to expression (4) for the four links of length L = 5430 km, 7240 km, 9050 km, and
10860 km. b) Corresponding total cable capacities, taken as the maximum of the 16QAM and QPSK capacities, for the experimental links (solid lines) and optimized
links (dashed lines) with the same number of fiber pairs. Calculations assume power-feed voltage Vpf = 15 kV, cable resistivity ρ = 1 Ω/km and overhead power
fraction per amplifier node ε = 10%.

lowest pump power, decreasing to around 0.03 Tb/s/mW higher
at 20 dBm or 100 mW pump power. We observe optimum PEs
between 25% and 30% higher in the case of PM-16QAM, and
between 20% and 25% higher in the case of PM-QPSK, at lower
optimal pump powers.

C. Projected Cable Capacities

In this section, we provide estimated fiber pair counts and
total cable capacities for the four link distances studied accord-
ing to our experimental results and simulations. We assume
typical values for submarine systems of power-feed voltage
Vpf = 15 kV, cable resistivity ρ = 1 Ω/km for a link length L
in km, and overhead power fraction per amplifier node ε = 10%
[9]. We also assume a loss of 0.3 dB per coupler used in a
pump farming approach [26] to reliably pump multiple fiber
cores with a bank of lasers, conservatively assumed to be of the
same number. From measurements we determined the average
electrical-to-optical (E-O) conversion efficiency of the pump
lasers to be dependent on pump power as shown by the red curve
in Fig. 11. The average slope efficiency of the pump lasers was
0.63 ± 0.07 mW/mA, and the average threshold current was 10
mA, corresponding to an electrical power threshold of 26 mW.
The optical-to-optical EDFA PCE is defined as

ηo =
Ps,out − Ps,in

Pp
, (3)

where Pp is the pump power, and Ps,in and Ps,out are the total
input and output (here taken after the GFF) signal power over
all WDM channels, respectively. The experimentally measured
PCE, as shown by the blue curve in Fig. 11, increases with pump
power from 16% at 11.5 dBm or 14 mW, to 28% at 20 dBm or
100 mW. Simulated PCE values were within the same range for
all five custom amplifiers. For a given link, working backwards
from the EDFA+GFF output power, the overall amplifier E-O
efficiency η is given by the product of the EDFA PCE ηo, the total
coupling loss, the E-O efficiency of the pump laser as above, and
its driver current control and supervisory circuitry efficiencies,

which are assumed to amount to about 22% [31]. With the values
thus summarized, the resulting overall E-O efficiencyη increases
with pump power from 0.85% at 11.5 dBm to 2% at 20 dBm.

Considering the total electrical power consumed by each
amplifier [9], [32], the number of fiber pairs F supported given
the above feed-power constraint can be expressed as

F =

⌊
(1− ε)ηV 2

pf

8NρLηoPp

⌋
, (4)

where �·� denotes the floor operation, and N is the number of
amplifier nodes, one less than the number of spans.

Fig. 12. a) shows the fiber pair count for the four link distances
studied, increasing with decreasing pump power. The total cable
capacity is then obtained by scaling the capacity per fiber (taken
to be the maximum of the 16QAM and QPSK capacities) by
the number of fibers supported according to expression (4), and
is shown with pump power and distance by the solid curves in
Fig. 12. b). For instance, the link of length 9050 km attains a
maximum cable capacity of 500 Tb/s when operated at 14.3 dBm
or 27 mW pump power with just under 50 fiber pairs. The results
of similar calculations for the optimized links according to simu-
lated performance, with virtually the same average EDFA PCEs
and therefore fiber counts, are presented as the corresponding
dashed curves in Fig. 12. b). For the optimized links of length
7240 km at pump powers near 13 dBm or 20 mW, capacities
over 1 Pb/s are achievable using slightly less than 100 fiber
pairs, while for the optimized links of length 5430 km at pump
powers less than 16 dBm or 40 mW, capacities close to or above
2 Pb/s become feasible.

V. CONCLUSION

We designed and built a recirculating loop setup and per-
formed extensive experiments to fully explore capacity and
power efficiency over a wide range of powers and distances
relevant to power-constrained submarine systems. The results
showed excellent agreement with detailed modeling including
amplifier physics as well as generalized droop, verifying the
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existence of an optimal pump power maximizing power effi-
ciency predicted by generalized droop models assuming black-
box amplifiers. We also provided best-case estimates of power
efficiencies by extending prior long-haul system optimization
techniques and assuming ideal operating conditions including
perfect gain flattening and uniform EDFAs, showing that power
efficiency improvements of about 25% are possible. Finally,
by scaling to the number of fibers supported using a power-
constrained SDM approach to designing long-haul submarine
links, we showed projected transoceanic cable capacities on the
order of 1 Pb/s to be feasible at lower pump and amplifier output
powers.
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