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Abstract.  The performance of a degenerate vector (dual cross-pethpzmp) phase-sensitive amplifier

(PSA) is characterized and compared to a degenerate sdakdrqo-polarized pump) PSA. In both schemes,
we assess the gain as a function of the signal state of patiariz verifying its compliance with theory, and the

phase transfer function.

Introduction Pump, (a) Pump; (b)  Pump,
Over the last years, research on phase-sensitive fiber- T Signal Signal/Idler
optic parametric amplifiers (PS-FOPASs) has increased 1 N N
steadily. Unlike phase-insensitive amplifiers (PIAs), 4 A r
such as EDFAs, whose NF is quantum limited by Idler

. - Pump,
3 dB, phase—sen5|t|ve ampllflers (PSAS) can perforrlplgure 1. (a): Polarization diagram for the degenerate vector PSA.

noiseless amplification with 0 dB noise figllifNF)- (b): Polarization diagram for the degenerate scalar PSA.
Moreover, all-optical regeneration of phase encoded
signals based on PSAs can be achieved due to theThis scheme differs from the conventional degen-
phase squeezing provided by these amplfiers erate scalar PSA Fig. 1 (b), where signal and idler
Research has covered both degenerate (signal aar@ both frequency and polarization degenerate. In the
idler at the same wavelength) and non-degeneratiegenerate scalar PSA, any signal component on the
(signal and idler at different wavelengths) PSAspolarization orthogonal to the pumps is not affected by
However, experimental research has mostly focusddur-wave mixing (FWM), and its power is preserved.
on scalar PSAs (PSAs where all waves are co- Here, we compare both degenerate scalar and vec-
polarized), while vector PSAs (interaction betweeror PSAs. We assess the performance of both systems
cross-polarized waves) has been studied mostlyith regard to the state of polarization (SOP) of the
theoreticall}. Whereas phase-insensitive fiber-optidnput signal. The measurements verify that these
parametric amplifiers (PI-FOPA) with orthogonalschemes have a different behaviour regarding the
pumps have been studied during many y&aisthe signal SOP. Lastly, we also characterize the phase
best of our knowledge, vector PS-FOPAs have ndtansfer function of both schemes which demonstrates
been demonstrated experimentally yet. For the firghat they are indeed sensitive to the input phase.
time, we demonstrate and analyze a degenerate vec-
tor PS-FOPA. As shown in Fig. 1 (a), the pumps argxperiment

cross-polarized in the degenerate vector PSA scheme, . . .
The signal and idler are the two orthogonal Compgﬁrstly, we examine the gain dependence with respect

nents of the frequency degenerate wave. Hence, Ii%the signal SOP. The_experi_menftal setup for these
interaction occurs between the two orthogonal Con{peasurements is depicted in Fig. 2. Two laser

jodes (LDs) generate two waves at wavelengths of

ponents of the degenerate wave. The output can q
: : . 54.4 nm (LQ) and 1542.7 nm (LB). A phase

described by the following equatichs modulator (PM) modulates the phase of the wave

Sout = HSn + Vi (1)  at 1542.7 nm in order to avoid stimulated Brillouin

lout = Mlin + VS, (2) scattering (SBS)_ ir_l the PSA highly-non_linear fiber

- . .. (HNLFy). Then, it is amplified by a Erbium-doped

A degenerate vector amplifier will be operating infiner amplifier (EDFA) to about 14 dBm and filtered
Pl mode when the degenerate wave is CO'POIa”Z‘ﬂk; an optical band-pass filter (OBPF) in order to sup-
to one of the pumps. Otherwise, signal and idler arfress out of band amplified-spontaneous emission
present and the output depends on the phase of f)esE) noise. The 1554.4 nm wave is amplified by a
input waves. The maximum PS interaction is achieve igh power EDFA to about 28 dBm. The two waves
if the degenerate wave forms a “9@ngle (Stokes e combined by a wavelength division multiplexing
space) with the pumps. In this case, the signal (wit DM) coupler before being launched to the PI-

appropriate phase) is always amplified. FOPA consisting of HNLE. The WDM coupler also
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Figure 2. Block diagram of the experimental setup.

filters out of band ASE noise in the 1554.4 nm wavepump is the complementary to 180rhe line curves

In this PI-FOPA, or copier stagean idler wave at represent the expected behaviour. In the degenerate
1566.5 nm is generated. A WDM coupler splits thesgector scheme, the theoretical gain is calculated by
three waves into two branches. The wave at 1554.4 nasing Eqg. (1,2). It can be expressed as:

is directed to the upper branch before being attenuated 2 2 .

by a variable opticpgl) attenuator (VOA). In%his upper Guector = [H[” + V" + 2| |V[sin(a) cod @) (3)
branch, a piezoelectric transducer (PZT) stabilizes thghereq is the polarization angle between the signal
two branches. The other two waves travel througnd one pump, ang is the phase difference between
the lower branch. A pOlarlza_.tlon_ _Contl_'O"er (PC)pumpS and Signa| (|n our cage= 0 since the phase_
before 1 m of polarization-maintaining fiber (PMF)|ocked loop (PLL) circuit locks the waves such that
enable the possibility of obtaining cross-polarizedhe signal is always amplified). The coefficieptsind

or co-polarized waves. An optical processor (Opiy are obtained from the maximum gain. This equa-
Proc.) removes the remaining power at 1554.4 nijon predicts a 3 dB difference between maximum
and higher—order idlers created in the PI-FOPA. Thel’gain (Signa| at 90 and minimum gain (signa| at°0
these two waves are amplified by a high power EDFAgnd 180) in the high-gain regime. In the degener-
The three waves are combined by a WDM couplegte scalar scheme, only the signal component on the
before being launched into the PSA consisting ohumps polarization is amplified phase sensitively. The
HNLF>. At the input of HNLF, each pump power is gain is determined by:

about 26 dBm and the signal power is about -8 dBm. .

HNLF, is 150 m long and with differential group Gecalar = G(@) coS(a /2) +sir(a/2)  (4)

delay (DGD) of about 0.2 ps. The monitor at the,horeG(g) is the conventional phase sensitive gain.

input and output of the PSA enables us to track th/gS shown, the measurements comply well with the-

input and output power as well as the polarization,, ‘\yhen the pumps are cross-polarized, the signal
In order to measure the polarization, we use anoth always amplified. Nonetheless, when ,the signal
optical processor so that the SOP of each wave can E%)P coincides with the SOP of either of the pumps
meFa_\su;edhlndeQ[ﬁndently. le betw ianal ng" and 180), the amplifier is working as a PI-FOPA.
9. 51502{257 N ga_'PhVS' angle between slgna Ak gain of about 2.7 dB is achieved in these cases.
pump at .7 nm. The gain is measured over thf,o ayimum gain, about 5.2 dB, is achieved when
degenerate wave. The angle is calculated in the Stokﬁ.]% signal is at 90 with both pumps. In this case

space. Readers should realize that in the degenergig ..o o o ;
) perating in PS mode and tracking the phase
vector PSA, the angle between the signal and the Othgﬁanges is required. These measurements confirm

the polarization dependence of the degenerate vector

F-—o_ 9 ' ' ' PSA scheme. As expected in the case of co-polarized
8 e 1 pumps, the maximum gain, about 9 dB, is higher and
~e it occurs when the signal is co-polarized with both

6f ] 1 pumps. The predicted gain of the scalar scheme is the

double in dBs of the vector gain when operating at

4t (R perfect phase matchiAgHence, our measurements
¥ - - Theory Scalar &\ - also show good agreement with the theory with regard
2t ® Meas. Scalar '\ 1 to the gain difference between both schemes. In both
TI/IheeaosryV\gifé?r Ny cases, the achievable gain is limited by the pump
0 . . - . — N power provided by the amplifier after the optical pro-
0 30 60 9 120 150 180  cessor. Higher gain would be expected by increasing
Pump-Signal angle [degree] the launched pump power into HNLF

Figure 3. On-Off gain vs. angle between the polarizations of pump ~ The setup is slightly modified in order to mea-
and the signal. Lines represent the theoretical curve. 8ismbpresent gyre the phase transfer functions of both degenerate

measured data. schemes. We totally attenuate all waves at the upper
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Figure 4. Measured signal power vs pumphase (left), pumpphase (middle), signal phase (right), for the degeneratis(circles) and vector
(squares) PS-FOPA cases.
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Figure 5. Output spectra at maximum gain and maximum attenuatioflegenerate scalar scheme achieves 5 dB lower than
for the degenerate scalar PS-FOPA.
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Figure 6. Output spectra at maximum gain and maximum attenuatiofoonclusions
for the degenerate vector PS-FOPA.

both schemes have atZdad and T rad periodicity
when sweeping the phase of any of the pumps or
the signal phase respectively. Moreover, the fringes
do not depend on which wave is modulated. When
comparing both schemes, the swings are about 9.8
and 13 dB for the degenerate vector and degenerate
scalar scheme respectively. Theoretically, the swing
in dBs should be twice the maximum on-off gain in
dBs. This means that the degenerate vector scheme is
working as expected with a swing very close to the
expected 10.4 dB swing (we made sure pump pow-
ers are the same in both experiments). However, the

the predicted 18.2 dB swing. The lower swing can be
explained by the presence of two additional idlers at
frequencies of @, — ws and 2 — wp. As depicted in

Fig. 5, these two idlers are about 10 dB below from
the signal when maximum gain, and they have the
same power as the signal when maximum attenuation.
They are therefore not negligible and they are limit-
ing the maximum swing. The presence of additional
idlers can be neglected regardless of the phase of the
input signal in the degenerate vector scheme. In this
case, the high-order idlers have about 20 dB less than
the signal as can be seen in the spectra for maximum
gain and attenuation in Fig. 6.

We have demonstrated and analyzed a degenerate

lower branch is not completely attenuated by th&he gain with regard of the signal SOP and phase of
processor. Thus, the three waves are present in tH input waves. In comparison with the conventional
lower branch. These three waves are launched infiggenerate scalar PS-FOPA, the degenerate vector
the HNLF, directly after being amplified by the high PS-FOPA has lower gain. However, it is much less
power EDFA. Again, we can assess both schemédfected by higher-order FWM.
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