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Abstract

Stimulated Brillouin scattering (SBS) constrains the launch peak power in long Erbium-
Doped Fiber Amplifier (EDFA)-amplified pulsed fiber-optic sensing links, but its depen-
dence on duty cycle is not determined by peak power alone. When the repetition rate is
fixed and the pulse width is varied, the duty cycle changes both the pulse-limited Brillouin
interaction length in the fiber and the pulse peak power delivered by the EDFA. Here, we
treat duty cycle as a coupled SBS operating margin parameter and examine this dependence
in a 25 km standard single-mode fiber link operated at 4 kHz. The analysis compares the
duty-cycle-dependent SBS threshold, estimated from the pulse-limited interaction length,
with the launched on-state pulse power extracted from Amplified Spontaneous Emission
(ASE)-filtered signal band average power measurements. A Continuous-Wave (CW) sweep
gave a reference SBS threshold of 5.5 dBm. In pulsed operation, the extracted launched
pulse peak power decreased by 23.8 dB across the investigated duty cycle range, whereas
the measured backward optical power increased by 20.3 dB up to its maximum and then
decreased by 7.1 dB at higher duty cycle. Variable Optical Attenuator (VOA)-controlled
launch power sweeps showed no 3 dB onset at duty cycle (D) of 0.5% within the measured
range, while onsets between 1.76 dBm and 3.49 dBm were extracted for duty cycles from
1% to 50%. These results show that SBS risk in EDFA-assisted pulsed sensing links cannot
be assessed only from total EDFA output power. Signal band launch power calibration
after ASE rejection is required to estimate the pulse peak power relevant to SBS onset. The
validation is limited to power-meter-based backward power measurements and does not
spectrally resolve the Brillouin Stokes component.
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response [7,8]. Brillouin-based distributed sensing has also been implemented in the
frequency domain for simultaneous temperature and strain measurement in standard
telecom fibers [9]. In all cases, increasing the sensing range or the detected signal level
requires sufficient optical energy in each interrogation pulse [10]. The launched pulse peak
power is therefore a central design parameter in long-range pulsed fiber links.

In standard single-mode fiber (SMF), the maximum usable launch peak power is
constrained by stimulated Brillouin scattering (SBS). SBS transfers optical power from the
forward wave to a backward-propagating Stokes wave through an acoustic interaction [11].
When the launched pulse peak power exceeds the SBS threshold, the backward Stokes
component grows rapidly and distorts the forward signal [12]. This limitation creates a
practical trade-off in pulsed fiber links, where increasing the pulse energy improves the
available backscatter signal, at the cost of increased nonlinear backward scattering [13].
Therefore, assessing SBS onset in pulsed fiber links requires consideration of both the
launched pulse peak power and the effective Brillouin interaction length.

Several methods have been developed to increase the SBS threshold or reduce the SBS
gain experienced by the optical signal. Phase or frequency modulation can broaden the
optical linewidth and reduce the spectral power density that drives the Brillouin interac-
tion [14]. Related implementations include pseudo-random phase modulation and linearly
chirped diode laser operation in narrow-linewidth fiber systems [15,16]. The achievable
suppression depends on the modulation format and on the transmitter configuration [17].
Other approaches broaden the effective Brillouin gain spectrum through distributed strain
or temperature variations along the fiber [18], while combined spectral and temporal redis-
tribution of optical power has also been examined for high-power fiber transmission [13].
These approaches act mainly on the optical spectrum or on the fiber response. In EDFA-
amplified sensing fiber links, however, the amplifier operating point and the pulse timing
also determine the launched pulse peak power.

Duty cycle affects an EDFA-amplified pulsed link through two separate mechanisms.
On the fiber side, when the repetition rate is fixed and the duty cycle is varied by changing
the pulse width, the counter-propagating pump Stokes overlap length changes. Analytical
treatments of SBS thresholds for square pulses and experimental studies of pulsed fiber
amplifiers have shown that pulse duration and repetition rate affect the SBS threshold
under pulsed operation [19,20], while pulse duration SBS threshold measurements have
been reported in fiber amplifiers [21]. On the transmitter side, EDFAs are commonly used
to increase the optical energy delivered to the fiber, but their gain depends on the extracted
optical power. Pulse amplification can also introduce systematic errors in Brillouin sensing
measurements if the amplifier response is not considered [22]. This behavior is expected
because EDFA operation is governed by the coupled evolution of the pump, signal, erbium
population, and amplified spontaneous emission [23]. Consequently, adjusting the duty
cycle can modify both the effective SBS threshold of the fiber and the pulse peak power
delivered by the EDFA.

The combined effect of these two duty-cycle-dependent quantities has not been fully
investigated in EDFA-amplified pulsed fiber links. Existing SBS threshold descriptions
account for the fiber interaction length, and EDFA models describe amplifier gain saturation,
but these effects are often treated separately. This separation is inadequate for a duty cycle
sweep, where a single control parameter simultaneously changes the pulse limited Brillouin
interaction length and the pulse peak power delivered by the EDFA. A low duty cycle
can provide high launched pulse peak power but a short interaction length, whereas a
larger duty cycle can increase the interaction length while reducing the available pulse
peak power through duty cycle averaging and EDFA gain compression. The resulting SBS
response, result of interaction length and pulse peak power, becomes non-monotonic.
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In this work, we experimentally examine this coupled duty cycle dependence in an
EDFA-amplified 25 km SMF link operated at a fixed repetition rate of 4 kHz. The study
combines pulse-limited SBS threshold scaling with ASE-filtered launch power calibration to
interpret the measured backward power response as an operating margin problem. A CW
sweep is used to establish a reference SBS threshold. A duty cycle sweep is then used to
measure the non-monotonic backward-power response, and VOA-controlled launch-power
sweeps are used to extract the duty-cycle-dependent onset of nonlinear backward-power
growth. The measurements show that the backward optical power increases by 20.3 dB
up to its maximum and then decreases by 7.1 dB at higher duty cycle, while the extracted
launched pulse peak power decreases by 23.8 dB across the investigated range. These
results identify duty cycle as an SBS operating margin parameter in EDFA-amplified fiber
links. The study treats SBS not only as a transmitter power limit, but as a nonlinear fiber
link constraint set by the sensing fiber length, the pulse duration, and the pulse peak power
delivered to the fiber.

2. Materials and Methods

The duty cycle dependence of the measured backward optical power is described
using a power-margin model that compares the launched pulse peak power with the
effective SBS threshold of the fiber link. At fixed repetition rate, varying the duty cycle by
changing the pulse width modifies the temporal overlap between the forward pulse and
the backward-propagating Stokes wave. This changes the effective Brillouin interaction
length and, consequently, the peak power threshold for SBS onset. In an EDFA-amplified
pulsed transmitter, the launched peak power varies with duty cycle since gain compression
depends on the average optical power extracted from the amplifier. The measured SBS
response is therefore interpreted from the relative evolution of two quantities: the duty-
cycle-dependent threshold Py, (D) and the launched pulse peak power Py, jaunch (D)-

2.1. Experimental Configuration

The experimental setup was configured to measure duty-cycle-dependent nonlinear
backward optical power in an EDFA-amplified pulsed SMF link and is shown in Figure 1.
A narrow-linewidth continuous-wave laser operating at 1550.12 nm was used as the optical
source. Rectangular optical pulses were generated using a two-port fiber-coupled acousto-
optic modulator operating at 1550 nm (Gooch & Housego/NEOS Technologies, model
23080-1-1.55-LTD-FO, S/N:197945). The AOM has RF frequency of 80 MHz, maximum
optical rise time of 50 ns, and extinction ratio of 60 dB. The RF drive was gated using a
Keysight 33600A pulse generator to generate an optical pulse train at a fixed repetition rate
of 4 kHz, corresponding to a pulse period of 250 ps. The duty cycle varied by changing the
pulse width. The pulsed optical signal was amplified by an erbium-doped fiber amplifier
(EDFA). An OPNETI C34 25 GHz DWDM optical filter centered at 1550.12 nm (OPNETI
DWDM-1x2-0.25-1-34-250-1-1-FA) was inserted after the EDFA to suppress out-of-band
amplified spontaneous emission (ASE) before launch-power calibration. The filter has
a specified channel passband of at least 0.10 nm at the —0.8 dB level, a maximum pass-
channel insertion loss of 1.5 dB, and a center wavelength accuracy of £0.02 nm. The filtered
signal was launched into a 25 km standard single-mode fiber link through a 99/1 tap
coupler used to monitor the launched optical power. A circulator was used to route the
backward-propagating optical power from the fiber to an optical power meter. The mea-
sured backward optical power includes all backward components reaching the detection
path, including SBS, Rayleigh backscatter, residual reflections, and any ASE-related contri-
bution transmitted through the detection path. Since the detection was performed with
an optical power meter, the Brillouin Stokes component was not spectrally isolated in this
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measurement. The experiment therefore corresponds to an unseeded, self-seeded Stimu-
lated Brillouin Scattering (SBS) threshold configuration, in which the backward Stokes field
originates from the spontaneous Brillouin background and is amplified through stimulated
Brillouin gain.

Pulse Generator Power PO\fver
Monitor 1 Monitor 2

1550,12 nm
99%
1 ﬁ 1
99/1 1 2

ASE Filter Coupler ¢
. — . EDFA VOA Circulator 25km
aser Diode AOM + Driver SMF Fiber

@ 1550,12 nm

Figure 1. Experimental setup used for the EDFA-amplified pulsed fiber-link measurements.

2.2. Pulse-Limited Brillouin Interaction Length

For a rectangular optical pulse train, the duty cycle is D = frepTp, where D is the
duty cycle, frep is the pulse repetition rate, and 7, is the optical pulse width. Supposing
frep is fixed and D is varied by changing T, the duty cycle sweep changes the temporal
extent of the optical pulse. For pulses longer than the acoustic lifetime, the SBS interaction
can be treated locally as quasi-steady state during the passage of each pulse. In a counter-
propagating pump Stokes geometry, the interaction is limited by the distance over which
the forward pulse and the backward Stokes wave overlap in time. Following the round-trip
overlap condition used in square-pulse SBS analyses, the pulse-limited interaction length
was estimated from the distance over which the forward pulse and the backward Stokes
wave overlap [19,20]. With 1, = D/ frep, the interaction length is given by Lin; = v7,/2,
capped by the physical fiber length (L), thus:

Lint(D) = min <L vgD > (1)
int ’ 2 frep
where L is the physical fiber length and v = ¢/n, is the optical group velocity. The factor
of “2” accounts for the counter-propagating propagation of the pump and Stokes waves.
Including fiber attenuation, the corresponding effective interaction length (Figure 2a) is:
1 —exp[—aLin(D)]

Leftp(D) = o (2)

where a is the attenuation coefficient. Equation (1) reduces to the conventional effective
length when Lint(D) = L. For Lint(D) < L, the SBS interaction remains pulse-length-
limited. The peak-power threshold is then calculated using the standard SBS effective-
length scaling [11,12], with the pulse-limited effective length replacing the continuous-wave
(CW) effective length:
. CopsAetf

Fin(D) = gBLefip(D) ®
where A is the fiber effective mode area, gp is the Brillouin gain coefficient, and Csps
is the threshold constant. The calculated Py, (D) is shown in Figure 2b. Equation (3) is
used as a scaling relation, since the measured SBS onset also depends on optical linewidth,
polarization state, insertion losses, and detection sensitivity. This scaling approach is
consistent with reported measurements showing that the SBS threshold in fiber amplifiers
depends on pulse duration [21]. In the analysis below, Py, (D) is used to describe the duty
cycle trend of the threshold.
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Figure 2. Duty cycle dependence of the pulse-limited SBS interaction length. (a) Pulse-limited
interaction length Lin; and effective interaction length Le, calculated for a 25 km SMF link at a
repetition rate of 4 kHz. The horizontal dotted line marks the physical fiber length. (b) SBS threshold
scaling calculated from Py, (D) o 1/Legt (D), and normalized at D = 0.1%.

2.3. Launched Peak Power Under EDFA Operation

Full EDFA dynamics can be described with coupled rate and propagation equations
for the erbium population, pump, signal, and amplified spontaneous emission fields [23],
however in this study the EDFA is treated as a launch power source. For a finite-extinction
pulse train, the launched on-state power is:

P, D)—(1—D)P,
Pon,launch ( D) _ avg,launch( ) 1; ) off lJaunch ( 4)

where Pavg,launch(D) is the signal band average launch power and Py jaunch is the residual
off-state launch power. The average power in Equation (4) refers to the signal band launch
power measured after ASE rejection. The total unfiltered EDFA output power is not used
for peak power extraction because it includes a non-gated ASE contribution that is not
proportional to the optical pulse duty cycle. This calibrated quantity contains the effect of
EDFA gain compression without requiring an explicit EDFA saturation fit. Under weak
compression operation, Pop jaunch (D) remains approximately constant during a duty cycle
sweep. Under saturated operation, increasing D increases the average extracted power
and can reduce the launched pulse peak power. At the 4 kHz repetition rate, transient
EDFA gain recovery and depletion may also produce duty-cycle-dependent intra-pulse
variations, including leading-edge enhancement and pulse-top droop. These variations are
not resolved by the average power measurement, and therefore the calculated value does
not represent the instantaneous optical power throughout the pulse.

2.4. SBS Power Margin

The onset condition is expressed through the ratio of the launched pulse peak power
to the duty-cycle-dependent SBS threshold:

P on,launch ( D )

Py (D) ©)

M(D) =

Values M(D) < 1 correspond to sub-threshold operation, whereas values M(D) > 1
indicate that the launched pulse peak power exceeds the estimated SBS threshold, and thus
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the margin is used as an operating metric. The model predicts three regimes during a duty
cycle sweep at a fixed repetition rate.

e  Atlow duty cycle, the pulse-limited interaction length is short and Py, (D) remains high,
which keeps the SBS operating margin below threshold over the tested conditions.

e  Atintermediate duty cycle, Legr, (D) increases and Py, (D) decreases, while the EDFA
can still provide a sufficiently high launched peak power. In this range, M(D) can
exceed unity and SBS backscatter is increased.

e  Athigh duty cycle, EDFA gain compression reduces Pop, jaunch (D) When this reduction
exceeds the further decrease of Py, (D), the margin decreases and the backward SBS
power is reduced.

This interpretation does not require a change in the material Brillouin gain coefficient
or in the intrinsic fiber nonlinearity. The duty cycle dependence arises from the finite pulse
interaction length of the fiber link and from the calibrated duty cycle dependence of the
EDFA-launched pulse peak power. The model is therefore used to interpret the measured
duty cycle trend in terms of operating margin, while time-resolved SBS growth and EDFA
inversion dynamics remain outside the scope of the present analysis.

3. Results
3.1. CW Extraction of the SBS Reference Threshold

A continuous-wave launch power sweep was first performed to establish a reference
SBS threshold for the 25 km SMF link. The launched CW power was increased from 0 to
+12 dBm, and the corresponding backward optical power was measured, with the results
presented in Figure 3. At low launch powers, the response followed an approximately linear
Rayleigh-like baseline, increasing from —35.0 dBm at 0 dBm launch power to —30.3 dBm
at 4.0 dBm. Above this range, the backward power increased more rapidly, reaching
—27.5 dBm at 5.15 dBm and —22.6 dBm at 6.04 dBm launch power.

10 CW SBS threshold extraction

—QO— Measured backward power
- = = Low-power baseline fit
Baseline + 3 dB criterion

(&)
T

&h o

Reflected optical power, P, (dBm)
o

0 2 4 6 8 10 12
Launched CW power, P;, (dBm)

Figure 3. CW extraction of the SBS reference threshold for the 25 km fiber link.

The low-power points up to 4.0 dBm were fitted with a linear baseline, and the
CW SBS threshold was extracted using a 3 dB increase above this baseline as the onset
criterion. This procedure gave an onset power of 5.48 dBm, which is used as the CW
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reference SBS threshold for the 25 km link. For the pulsed measurements, the effective SBS
threshold is duty-cycle-dependent because the interaction length changes with pulse width,
as described by Equation (1).

3.2. ASE-Filtered Launch Power Calibration

The launched pulse peak power used in the duty cycle analysis was extracted from
signal band average launch power measurements performed after ASE rejection. The
C34 optical filter was used to suppress out-of-band EDFA ASE before the average launch
power was measured. Since the AOM extinction ratio was 60 dB, the residual off-state
contribution was neglected. The launched on-state pulse power was therefore calculated
from P on,launch (D ) ~ P avg,launch(D ) /D.

The signal band average launch power measured after the C34 filter increased from
1.6 dBm at D = 0.1% to 6.85 dBm at D = 80%(Figure 4a). Despite this 5.25 dB increase
in filtered average power, the extracted launched on-state pulse power decreased from
31.6 dBm to 7.82 dBm over the same duty cycle range (Figure 4b). The corresponding
reduction in launched pulse peak power was 23.8 dB. This decrease occurs because the
optical energy is distributed over a progressively larger fraction of the pulse period as the
duty cycle increases. A control measurement was also performed without the ASE rejection
filter. The total unfiltered EDFA output (Figure 4a) varied only within 0.88 dB over the
duty cycle sweep, from 7.37 to 8.25 dBm. This behavior differs from the filtered signal band
power and shows that the unfiltered EDFA output contains an ASE contribution that is not
proportional to the optical pulse duty cycle.

(a) EDFA output with and without ASE rejection

T
H= = = = = = =0 = =0 — =10

"

2 —O— EDFA out, after ASE filter |
— o - EDFA out, no ASE filter

0 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90

(b) Pulse peak power extracted from filtered EDFA output

Average optical power (dBm)

W
(=)

|_o_ Extracted Poy jaunch | -

N
(8]

-
[= )]

Pulse peak power (dBm)
N
o

S5}

10 20 30 40 50 60 70 80 90
Duty cycle (%)

Figure 4. (a) Filtered and unfiltered EDFA output power versus duty cycle. (b) Extracted launched
on-state pulse power versus duty cycle.

3.3. Duty Cycle Sweep at Fixed EDFA Operating Condition

The duty cycle measurement was performed at fixed EDFA operating condition and
fixed launch configuration. No additional VOA attenuation was applied after the EDFA.
The repetition rate was set at 4 kHz, the fiber length was 25 km, and the duty cycle was
varied from 0.1% to 80% by changing the AOM pulse width. For each duty cycle, the
signal band average launch power after ASE rejection and the backward optical power
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were recorded. The launched on-state pulse power Py, jaunch (D) was then calculated from
the ASE-filtered average launch power using the high-extinction approximation. Figure 5a
compares the ASE-filtered average launch power with the extracted launched on-state
pulse power. Although the filtered average launch power increases with duty cycle, the
corresponding launched on-state pulse power decreases, following the calibration described
in Section 3.2.

E 8 (a) Signal-band launch power and extracted pulse peak power

m T T T T T T T T —_~
= —O— Avg. launch power | { 3 5
Ul_.) - - Pun.launch E
= 125 ©
g =
£ 120 &
5 T
8 115 8
) d (0]
& B - -0 ~_p 10 2
g 1 1 1 5 D_
< 10 20 30 40 50 60 70 80 90

Duty cycle (%)
(b) Non-monotonic reflected-power response

Reflected power (dBm)

| —O— Reflected power|
-35 1 1 1 1 1 1 1 1 .

10 20 30 40 50 60 70 80 90
Duty cycle (%)

Figure 5. (a) ASE-filtered average launch power and extracted launched on-state pulse power as
functions of duty cycle. (b) Backward optical power measured during the fixed-EDFA duty-cycle sweep.

The backward optical power measured in the same sweep followed a non-monotonic
trend, as shown in Figure 5b. It increased from —34.0 dBm at D = 0.1%to a maximum of
—13.7 dBm at D = 20%, corresponding to a 20.3 dB increase. At larger duty cycles, the back-
ward optical power decreased and reached -20.8 dBm at D = 80%, giving a 7.1 dB reduction
from the maximum value. Since the launched pulse peak power decreases throughout
this range, the initial rise in backward optical power cannot be attributed to an increase in
transmitter peak power. It is instead consistent with the increase in pulse-limited Brillouin
interaction length, which rises from approximately 25 m at D = 0.1% to 5 km at D = 20%.
At higher duty cycle, the interaction length continues to increase, reaching approximately
20 km at D = 80%, but the EDFA-delivered pulse peak power is strongly reduced. The max-
imum backward optical power at D = 20% therefore corresponds to the operating region
where the increasing fiber-side interaction length and the decreasing transmitter-side pulse
peak power produce the largest experimentally inferred SBS operating margin. In terms
of M(D), defined in Section 2.4, Figure 5 indicates the duty cycle region where the margin
is maximized.

To estimate the contribution of the linear backward background, the points at duty
cycles of 0.1%, 20%, and 80% were compared using the ASE-filtered signal band average
launch power. In the absence of nonlinear Brillouin gain, the Rayleigh-type contribution is
expected to scale with the signal band average launch power delivered to the fiber. The
lowest duty cycle point was used as the reference background, because the pulse-limited
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interaction length is shortest under this condition. So, the linear backward scattering can
be approximated by:

PR,est(D) = Pback (Dref) + [Pavg(D) - Pavg (Dref):| (6)

where PR ot (D) is the estimated Rayleigh-type backward level at duty cycle D, Py, (D,e f )
is the measured backward optical power at the reference duty cycle, and Pyye(D) is
the ASE-filtered signal band average launch power. The reference duty cycle was
D,.f = 0.1, and all power quantities in Equation (5) are expressed in dBm. At the ref-
erence point, the measured backward optical power was —34.0 dBm and the average
launch power was 1.60 dBm. At D = 20%, the average launch power was 6.40 dBm, so
the Pryg (20%) — Payg (0.1% ) = 6.40 —1.60 = 4.8 dB, giving an estimated linear back-
ground of —29.2 dBm, whereas the measured backward optical power was -13.7 dBm. At
D = 80%, the average launch power was 6.85 dBm, giving an estimated linear background
of —28.8 dBm, whereas the measured backward optical power was —20.8 dBm. The mea-
sured backward power remained above the estimated linear background at both duty
cycles. Moreover, the average launch power increased by only 0.45 dB between D = 20%
and D = 80%, so the Rayleigh-type background was expected to increase only slightly, while
the measured backward optical power decreased by 7.1 dB. This comparison indicates that
the high-duty-cycle decrease cannot be explained only by Rayleigh background scaling
alone and is consistent with a reduction in the nonlinear SBS-related backward-power
contribution superimposed on a finite linear background.

3.4. VOA-Controlled Launch-Power Sweeps

The VOA-controlled measurements were performed to determine whether the duty
cycle dependence observed in the fixed-EDFA sweep also appears as a shift in the onset of
nonlinear backward power growth. For each selected duty cycle, the launch power was
swept and the backward optical power was monitored to identify the point at which the
response rises above the low-power background. For these sweeps, the VOA was placed
after the EDFA so that the launch power into the 25 km fiber could be varied while the
EDFA operating condition remained fixed for each duty cycle. The launch power values in
Figure 6 are reported at the same calibrated fiber input reference plane used for the duty
cycle measurements. Measurements were acquired at duty cycles of 0.5%, 1%, 5%, 10%,
30%, and 50%. In each trace, the low-power part of the backward power response was
fitted with a linear baseline, and the onset power was defined as the launch power at which
the measured backward optical power exceeded this baseline by +3 dB.

The resulting launch power sweeps are shown in Figure 6. At D = 0.5%, no onset was
detected within the measured launch power range, consistent with the short pulse-limited
Brillouin interaction length at low duty cycle. Once the duty cycle was increased, nonlinear
onset became measurable at low launch powers: 1.76 dBm at D = 1% and 2.63-2.90 dBm for
duty cycles between 5% and 30%. At D = 50%, the onset increased to 3.49 dBm, consistent
with the reduction in the EDFA-delivered launched pulse peak power at larger duty cycle.
The VOA-controlled sweeps therefore support the interpretation from Figure 5 that the
SBS operating margin is determined by the combined duty cycle dependence of the fiber
interaction length and the transmitter-delivered pulse peak power.

To summarize the onset extraction from the VOA-controlled sweeps, Figure 7 plots the
launch power at which the backward optical power exceeded the low power baseline by
3 dB as a function of duty cycle. Only duty cycles for which a clear onset was extracted are
included. The onset power increases from 1.76 dBm at D = 1% to 3.49 dBm at D = 50%, with
intermediate values of 2.63-2.90 dBm between D = 5% and D = 30%. The D = 0.5% case is
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not included in the plot because no 3 dB onset was observed within the measured launch
power range. The summary plot therefore confirms that the onset of nonlinear backward
power growth depends on duty cycle, consistent with the operating margin interpretation.

D=0.5% D=1% D=5%
£ 5 " £ 5 I £ 5 I
% 0t | —©— Measured % 0t | —6&— Measured 1 % 0t | =——&— Measured
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Figure 6. VOA-controlled launch power sweeps at selected duty cycles. The dashed curve in each
panel is the low-power baseline, and the dotted curve is the baseline +3 dB criterion used to extract
the onset of nonlinear backward power growth.
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Figure 7. Extracted launch power onset of nonlinear backward power growth as a function of duty
cycle. The onset was defined by the baseline +3 dB criterion applied to the VOA-controlled launch
power sweeps. The case D = 0.5% is not plotted because no onset was observed within the measured
launch power range.

4. Discussion

The measured non-monotonic response can be interpreted as the result of two duty-
cycle-dependent effects acting in opposite directions. Increasing the duty cycle increases the
pulse duration and therefore the pulse-limited Brillouin interaction length, which reduces the
effective SBS threshold. At the same time, the EDFA-amplified transmitter delivers a lower
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launched pulse peak power as duty cycle increases. Figure 5 provides the main evidence for
this competition: the backward optical power increased by 20.3 dB up to D = 20%, although
the extracted launched pulse peak power decreased over the same interval. Figure 6 provides
a complementary onset test. No baseline +3 dB onset was observed at D = 0.5% over the
measured launch power range, whereas onset powers of 1.76 dBm at D = 1%, 2.63-2.90 dBm
between D = 5% and D = 30%, and 3.49 dBm at D = 50% were extracted. Together, the two
measurements show that the backward power response is not governed by launched peak
power alone, but by the duty-cycle-dependent balance between fiber interaction length and
EDFA-delivered pulse peak power. For pulsed fiber-optic sensing links, this means that duty
cycle should be selected together with launch power and fiber length, and not treated only as
a timing parameter.

The practical implication is that SBS in EDFA-amplified pulsed fiber links cannot be
assessed from total average EDFA output power alone. The unfiltered EDFA output varied
only weakly over the duty cycle sweep because it contained non-gated ASE. Using the
ASE-filtered signal band calibration, the extracted launched pulse peak power decreased
by 23.8 dB across the investigated duty cycle range. This distinction is important for pulsed
sensing and interrogation systems, where the relevant quantity for SBS onset is the signal
band pulse peak power delivered to the fiber, together with the interaction length over
which the Brillouin gain accumulates. The power margin interpretation therefore provides
a practical calibration procedure for EDFA-amplified pulsed links. The signal band average
launch power is first measured, converted to launched on-state pulse power, and then
compared with the duty-cycle-dependent SBS threshold trend. For long SMF links, this
procedure supports the selection of duty cycle and launch power without relying on the
total EDFA output power as a proxy for the optical power that drives SBS in the fiber.

The measurements quantify nonlinear backward power in one EDFA-amplified 25 km
SMF link operated at 4 kHz. Because the backward signal was measured with an optical
power meter, the detected power was not spectrally separated into Brillouin, Rayleigh,
Fresnel, and ASE-related components. The CW threshold sweep and the VOA controlled
nonlinear growth support the SBS interpretation, but the extracted onset powers should
be treated as operating thresholds for the present transmitter, fiber length, repetition rate,
and detection configuration. The linear background estimate shows that the high-duty-
cycle response is above the expected Rayleigh-type background, while the comparison
between D = 20% and D = 80% shows that the 7.1 dB decrease is not explained by Rayleigh
background scaling. Spectral isolation of the Brillouin Stokes component would allow the
nonlinear contribution to be quantified directly and would extend the present operating-
threshold analysis to different linewidths, polarization states, fiber lengths, repetition rates,
and EDFA operating points.

Transient EDFA pulse shaping is also expected to depend on duty cycle, because
changes in pulse duration and inter-pulse recovery time modify the balance between
gain recovery and intra-pulse gain depletion. Time-resolved measurements at the cali-
brated fiber-input reference plane are therefore required to determine how this duty-cycle-
dependent pulse evolution modifies the instantaneous power driving SBS. This analysis
remains outside the scope of the present study.

5. Conclusions

This work examined the duty cycle dependence of nonlinear backward optical power
in an EDFA-amplified pulsed SMF link. In a 25 km fiber link operated at 4 kHz, the
backward optical power showed a non-monotonic response, that was increased by 20.3 dB
from low duty cycle to its maximum and then decreased by 7.1 dB at higher duty cycle.
Over the same duty cycle range, the extracted launched pulse peak power decreased
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by 23.8 dB. VOA-controlled launch power sweeps showed that the onset of nonlinear
backward power growth depends on duty cycle, with no detected onset at D = 0.5% and
extracted onsets between 1.76 dBm and 3.49 dBm for duty cycles from 1% to 50%. This
result indicates that the backward power response is determined by the launched peak
power, as well as the balance between the pulse-limited Brillouin interaction length and
the EDFA-delivered pulse peak power. The main practical outcome is that duty cycle
should be treated as an SBS operating-margin parameter in EDFA-amplified pulsed links.
Signal-band launch power calibration after ASE rejection is required to estimate the pulse
peak power relevant to SBS onset. Further validation should use spectrally resolved
Brillouin measurements and should examine linewidth, polarization, fiber length, and
EDFA operating point dependence.
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