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Abstract—We demonstrate a single-polarization cladding-
pumped Er:Yb optical amplifier using a dual-pass design with
a Faraday rotator mirror and nonpolarization-maintaining gain
fiber. Over a 25-nm range centered at 1562 nm, the amplifier
output exceeds 1 W and maintains a polarization extinction ratio
greater than 22 dB. We investigate enhanced relative intensity
noise inherent in the dual-pass configuration and discuss scaling
to higher powers.

Index Terms—Dual-clad fiber, optical amplifiers, polarization-
maintaining (PM) fiber.

1. INTRODUCTION

OLARIZATION-MAINTAINING (PM) architectures
P provide several benefits to free-space lasercom systems:
broadband transmit/receive diplexing with a compact layout,
elimination of polarization-insensitive coating requirements,
spatial tracking based on electrooptic nutation, enhanced
receiver sensitivity via single-polarization preamplified re-
ceivers, compatability with coherent receivers, compatability
with polarization-sensitive superconducting photon counters,
and the potential for advanced nonmechanical beam-steering
techniques [1]-[7]. PM systems can be implemented either by
selecting PM components or by using non-PM single-mode
(SM) components in conjunction with an active polarization
controller; passive PM components are preferable for their
simplicity and the minimization of hardware. However, PM
components, and in particular those capable of high-power
operation, are available from fewer commercial sources than
SM components. Thus, it can be advantageous to implement
PM subsystems using non-PM components.

The high-power optical amplifier (HPOA) is a key subsystem
of a free-space lasercom transmitter. At a minimum, a tradi-
tional single-pass PM HPOA based on Er: Yb dual-clad fiber
requires PM gain fiber and PM isolators; depending on the im-
plementation, PM pump combiners, PM couplers, and PM taps
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Fig. 1. Dual-pass single-polarization high-power amplifier layout. OSA: op-
tical spectrum analyzer. The pump light enters the gain block travelling in the
same direction as light from the PBS.

may also be necessary [8]. Alternatively, a dual-pass configu-
ration based on non-PM core-pumped gain fiber and a Faraday
rotator mirror (FRM) has been used to demonstrate PM lasers
[9] and low-power PM optical amplifiers [10]-[12]. In this ap-
proach, a polarized input signal passes through the gain fiber
and undergoes a random polarization rotation. The signal then
impinges on the FRM and is both reflected and converted to the
orthogonal polarization state. The reflected signal undergoes the
same random polarization rotation as on the first pass; however,
the sense of the rotation is reversed because the signal is travel-
ling in the opposite direction. Moreover, the forward and back-
ward propagating signals are orthogonally polarized at every
point along the fiber.

In this letter, we extend the dual-pass concept to dual-clad
HPOAs. We demonstrate a single-polarization amplifier with
an output signal power that exceeds 1 W and a polarization ex-
tinction ratio (PER) greater than 22 dB from 1550 to 1575 nm.
We characterize the power, PER, and optical spectra of the
HPOA. In addition, we compare the relative intensity noise
(RIN) spectra of single-pass and dual-pass configurations that
use the same gain fiber. Finally, we discuss scaling to higher
powers.

II. DUAL-PASS AMPLIFIER CONFIGURATION

The dual-pass HPOA configuration is shown in Fig. 1. The
tunable laser and preamp, a commercial low-power PM ampli-
fier, produce a continuous-wave signal power of up to 400 mW.
The signal enters the high-power stage via a tunable 1-nm-wide
bandpass filter, which suppresses deleterious amplified spon-
taneous emission (ASE). The filter improves the noise perfor-
mance but is not absolutely required for operation. A fused-fiber
polarization beam splitter (PBS) couples the bandpass filter to
the high-power stage, which consists of three parts: a non-PM
dual-clad Er: Yb gain fiber, optically pumped by two fiber-cou-
pled 915-nm broad-area diode lasers; an SM 99 : 1 coupler, used
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Fig. 2. Output spectra for several input wavelengths (0.2-nm resolution band-
width); in each case, the signal output power exceeds 1 W.

for diagnostics; and a fiber-coupled micro-optic FRM. A 95:5
coupler spliced to the output port of the PBS facilitates simul-
taneous measurement of both the output power and its spectral
distribution.

In our particular arrangement, the slow-axis-polarized input
signal traverses a low-power PM signal chain before reaching
the non-PM high-power gain fiber. The signal then passes
through the gain fiber and the monitoring coupler twice, once in
the forward direction and, after reflection from the FRM, once
in reverse. Next, the signal returns to the PBS which directs
it to the output coupler because it is polarized in the fast-axis
direction due to the action of the FRM.

III. AMPLIFIER PERFORMANCE

The dual-pass HPOA was characterized for power and PER.
The output power was measured with a calibrated thermal
sensor, corrected for the 4% Fresnel reflection at the fiber
output. The two pump lasers generated up to 8 W of combined
pump power when each was driven with 4.25 A of current;
the peak ASE power for input wavelengths between 1550 and
1575 nm was greater than 40 dB below the signal power in a
0.2-nm resolution bandwidth and the output power exceeded
1 W over the same span. The length of the gain fiber was
optimized for a single-pass geometry; improvement in the
efficiency is expected if the length were to be tailored for a
dual-pass design. At wavelengths shorter than 1550 nm, the
amplifier was limited by the gain profile of the particular Er: Yb
fiber; in Fig. 2, the ASE power, centered at 1565 nm, clearly
grows as the input wavelength is tuned from 1570 to 1550 nm.
When the input wavelength was tuned below 1550 nm, unstable
oscillation began at 1565 nm. The amplifier’s gain profile also
impacts operation for input wavelengths longer than 1575 nm;
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Fig. 3. Measured RIN for a single-pass (black triangles) and double-pass (blue
circles) optical amplifier and a fit to theory (green curve).

however, PER degradation at long wavelengths due to the finite
bandwidth of the FRM limits the amplifier before the onset of
laser action at 1565 nm.

The HPOA’s PER was measured via the Poincaré sphere
technique [13, Ch. 6] using a commercial polarization analyzer.
A PER of greater than 20 dB is desirable for polariza-
tion-diplexed optical communication systems; for inputs from
1550 to 1575 nm, the HPOA output PER exceeded 22 dB.
For wavelengths beyond 1575 nm, unwanted cross-coupling
between the fast-axis and slow-axis modes resulting from
out-of-band operation of both the fused-fiber PBS and the FRM
degraded the HPOA’s performance: at 1580 nm, the output PER
fell below 17 dB. Unlike single-pass PM HPOAs where PER
can be degraded by a succession of PM-to-PM splices [14], the
PER of the dual-pass design is determined by the input/output
PBS and the FRM.

IV. RELATIVE INTENSITY NOISE

The dual-pass amplifier configuration has been shown to
suffer from higher RIN than single-pass configurations; the
increased RIN is attributed to multipass interference caused
by finite back-reflections from discrete optical components
[15]. To provide a baseline for comparison with the dual-pass
configuration, we examined the same gain fiber in a single-pass
configuration. We converted the amplifier to a single-pass
system by applying a large attenuation via bend loss between
the FRM and SM 99 : 1 coupler, effectively removing the FRM
from the system and providing a 1% monitor of the single-pass
output power.

In Fig. 3, the measured RIN spectra from both single-pass
and dual-pass configurations, using the same gain fiber, are
compared. The pump current was adjusted to provide the
same total gain and output power for each configuration. The
single-pass amplifier RIN spectrum was dominated by shot
noise and showed modest 1/f-type noise. In contrast, the
dual-pass amplifier exhibited RIN levels in excess of shot noise
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as well as stronger 1/ f-type noise. The observed spectrum fit
the following equation:

2hv

P

2R,

RIN(f) = m

872 Avsine? (1 f) + (1)

where the first term describes phase-noise to intensity-noise
conversion via coherent interference between two signals with
linewidth Awy,, power ratio R,, and differential time-delay
7 [13, Appendix A]; the second term describes the shot-noise
component of RIN for signal power P, where & is Planck’s
constant and v is the center frequency [16]. At low frequencies,
the data deviate from the fit because (1) does not include a term
for 1/ f-type noise. The fitted curve corresponded to a signal
93 dB weaker than the input signal and delayed by 27 ns.

An improvement of approximately 14 dB in R, would re-
cover the single-pass RIN performance, as would a similar re-
duction in Awy; in our system, the latter was not a variable.
R, could be lessened by reducing either the back-reflection
from components that are upstream from the PBS or leakage
through the fused-fiber PBS. Optical time-domain reflectom-
etry measurements indicated that a reflection at the FC con-
nectors between the bandpass filter and fused-fiber PBS com-
bined with leakage of the high-power signal through the PBS
created the back-reflected signal. Replacing the connector with
a fiber-to-fiber splice did not restore the single-pass RIN spec-
trum; instead, the spectrum shifted, implying the presence of
another back-reflection. Repeating the fit provided new values
for 7 and R, that implicated the bandpass filter as the source
of a back-reflected signal 94 dB weaker than the primary input.
Further reduction of the dual-pass RIN was not attempted.

V. DISCUSSION

The 1-W HPOA demonstrated is sufficient to close a pream-
plified 1-Gb/s differential-phase-shift-keyed link from the
moon to geosynchronous orbit, assuming one-foot unobscured
apertures and reasonable values for implementation losses
and coding gain. The 22-dB PER ensures the amplifier’s suit-
ability for polarization-diplexed applications. The increased
RIN of the double-pass amplifier makes it less desirable than
a single-pass amplifier for analog applications; however, for
digital applications, the degraded RIN performance is less of a
concern.

The dual-pass configuration is readily scalable to higher
powers; our present configuration is limited by the available
pump power rather than by damage thresholds. The primary
components of concern for damage are the FRM and the
PBS. FRMs rated for 2-3 W are commercially available; they
could support HPOA output powers in excess of 10 W. We
have selected a fused-fiber PBS to accommodate high output
power; however, multi-watt-rated micro-optic PBSs and PM
circulators are commercially available and could also be used.
An additional benefit of the PM circulator is the possibility
of creating a dual-polarization HPOA that can amplify both
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fast- and slow-axis input signals. The wavelength range of the
dual-pass HPOA is limited by the PER of the FRM and the
PBS; with different components, the same basic design can
be tuned to operate in desired windows across the spectrum
supported by the Er: Yb gain medium.

VI. CONCLUSION

We have demonstrated a 1-W single-polarization HPOA with
a PER greater than 22 dB over 1550—-1575 nm. The design takes
advantage of the high-power capabilities of a cladding-pumped
Er: YD gain fiber and uses a double-pass configuration with an
FRM to achieve single-polarization operation without PM gain
fiber. This configuration is readily scalable to powers in excess
of 10 W.
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