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Abstract: We propose and demonstrate phase-sensitive acafibifin based
on cascaded second harmonic generation and difereénequency
generation within a periodically poled lithium natb waveguide. Excellent
agreement between our numerical simulations andofjrieprinciple
experiments using a 3-cm waveguide device operatingvavelengths
around 1550 nm is obtained. Our experiments confinm validity and
practicality of the approach and illustrate the darogain bandwidths
achievable. Additional simulation results show thtéte maximum
gain/attenuation factor increases quadraticallyhwitput pump power,
reaching a value af19.0dB at input pump powers of 33 dBm for a 3 cm-
long waveguide. Increased gains/reduced powera fored gain could be
achieved using longer crystals.
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1. Introduction

Optical amplifiers such as erbium-doped-fibre afigss (EDFAs), semiconductor optical
amplifiers (SOAs), and Raman amplifiers are in camrase in optical communication and
sensor systems. These amplifiers are examples asfepinsensitive amplifiers (PIAs), since
their gain does not depend on the optical phagkeofnput signals [1]. In theory one could
also use phase-sensitive amplifiers (PSAs), whiehcapable of amplifying or deamplifying
input signals according to the phase of the opsaghal [2, 3]. One of the most intriguing
advantages of PSAs is that the noise figure caentiatly be reduced below the 3dB quantum
limit of PIAs. Other advantages are the potentaldptical phase and amplitude regeneration
[4, 5], dispersion compensation [6], and the supgiom of modulational instability [7].
Various schemes to achieve PSA have been repomedopsly, including degenerate
parametric amplification (PA) (or squeezed-stateegation) in ay'® medium [8-11] and
degenerate four-wave mixing (FWM) in & medium [12-14]. In Ref. [8], direct optical
parametric amplification in a bulk PPLN sample wased to realize frequency degenerate
PSA, however this approach requires a pump lasematipg in the wavelength range 750-800
nm in order to be applied to signals in the telecmmication band. This particular approach



is problematic not only because it needs a pungr @stside of the communication bands but
also because telecom waveguides are typically madte for inputs in the very near infrared,
which implies significant insertion losses for aedt DFG »® waveguide-based PSA.
Alternative »® PSA schemes based on nonlinear fibre optic PA® th@en more widely
investigated, with recent demonstration of freqyemmn-degenerate schemes offering
potential important advantages relative to thesgfrency degenerate counterparts [15-17]. In
particular, frequency non-degenerate PSAs can keeatggl as multi-channel devices, which
are compatible with wavelength-division multiplegilwWDM) system.

In recent years, the use of cascaded second-oafdin@arities in periodically poled
lithium niobate (PPLN) waveguides has attractedsi@rable interest as another promising
route to realise all-optical signal processing.iThedvantages include amongst others a high
nonlinear coefficient, ultra-fast optical responsgnsparency to bit rate and modulation
format, low spontaneous emission noise, low crals &nd no intrinsic frequency chirp [18].
Two kinds of cascaded second-order nonlinear iotierss: cascaded second-harmonic and
difference-frequency generation (cCSHG/DFG), ancca@dsd sum- and difference-frequency
generation (cSFG/DFG), have been exploited in wariapplications in all-optical signal
processing including all-optical wavelength conimrg19-21], format conversion [22], logic
gates [23], switching [24], and tunable opticalageines [25].

In this paper, we report a new scheme for frequemrydegenerate PSA based on the
cSHG/DFG process in a PPLN waveguide. We will descin detail the theoretical model
developed for the quadratic cascading interactiod, then experimentally validate our model.
PPLN-based PSA offers a number of attractive featurelative to fibre-based PSA
implementations including the prospect of compasticks, low-latency, large operational
bandwidths, and importantly a far greater immunaythe effects of Stimulated Brillouin
Scattering (SBS) of the pump beams which imposeafopeance limitations and adds
complexity to silica fibre-based PSA devices.

2. Theoretical model

Figure 1 shows the schematic diagram of the cSHG/Dteraction in a single PPLN
waveguide for frequency non-degenerate PSA. Thieaees: a pump, a signal, and an idler,

with frequencies ofy, ws, andw; are injected with a fixed phase relation into weeveguide
[15-17]. The pump generates a wave at the secamddméic frequency (@), which interacts
with the other input waves via the DFG process=2w, - w).
SH (2w,)
Pump ()

' Signal (o)
Initially ph locked
y phase-locke ' ldler (w)

x{ Pump ) // W =20,
Signal (o) ‘
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Fig. 1. Schematic diagram of the cSHG/DFG procassa iPPLN waveguide. The relative
phases among the input waves need to be initiadlydd.

Under the slowly varying envelope approximationg titoupled-mode equations
describing the cSFG/DFG process can be derivedllasvs [26, 271
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whereE,, Esi, Es, andE; denote the normalized complex electric fields fod pump, SH,
signal, and idler waves propagating along the &gisf the waveguide, respectively. Eagh
represents the linear propagation loss coefficiémtgshe corresponding wave. The coupling
coefficients for the SHGA,;) and the DFG procesgy) are expressed as,
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where,de, Lo, C, Asr, @andn; represent the effective nonlinear coefficient, peemeability of
free space, the speed of light, the effective maéea in the PPLN waveguide (assumed to be
the same for the SHG and DFG cases), and the tig&dndices of each wave, respectively.
For a type-0 QPM geometry, which is the one we idened,d. is given by (2i)ds; (dsz = 25
pm/V for the SHG at 1064 nm) [28]. The phase misimeg for the SHGAK,,) and the DFG
processesNky) are expressed as,
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where, A is the period of QPM grating and eaklhs the wave vector at the corresponding
frequency. The coupled wave equations [Egs. (4)]-0an be conveniently rewritten in terms
of amplitudes and phases of the waves by introduttie following complex notation as in

[29],

E;(2=A (297, 9)

where,A and ¢ denote the modulus and phase of the complex digidlitude for a generic
interacting waveg, respectively. If we substitute Eq. (9) into EffS. - (4), the coupled wave
equations can be expressed as the following sk @quations:
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where, two kinds of relative phase relationshipMeen the interacting waves can also be
defined as follows:
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Here, 8 and ¢ denote the relative phase variation between ttegadnting waves in the beam
propagation directiorg) for the SHG and DFG processes, respectively.

The coupled-mode equations [Egs. (10) - (15)] warmerically solved by considering
the same parameters for the PPLN waveguide (HCoRlest Corp.) that we use in the
experiments described in the following section. PiLN waveguide was designed for SHG
at the pump wavelengthld) of 1546.0 nm, while the signald) and idler g;) wavelengths are
set at 1541.4 nm and 1550.6 nm, respectively. Tleeteve mode area and the linear loss
coefficients for the PPLN waveguide akg = 52 un, a, = as= a; = 0.35 dB/cm, andrgy =
0.7 dB/cm, respectively. The PSA signal gaB) (s defined as the ratio of the signal powers
at the inputZ = 0) and the outputE L) of the waveguide as follows:
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The calculated signal gain [Eq. (18)] is plottedFig. 2(a) as a function of the phase of
the pump wave ¢). Note that a linear variation of the input pumipage corresponds to
double the variation of the relative phase&H) according to Eq. (16). The input powers of
each interacting wave at the waveguide facet asenasd to be 33 dBm for the pump wave
(Pp) and -4 dBm for the signal and idler wawg, (P;), respectively. The results show that the
maximum signal gain is 19.0dB and 30.1dB for thgstal lengthsl() of 30 mm and 50 mm,
respectively. These correspond to peak-to-peak ddfierences of 41.3dB and 48.4dB,
respectively. As indicated in Fig. 2(a), the powlew from the pump to the signal and idler
and vice versa depends on the relative phase, whadms the possibility to realize a PSA
whose gain depends on the phase of the input si§igaire 2(b) shows the maximum and
minimum PSA gain (maximum deamplification) and R\ gain without the input idler
power as a function of the input pump power for 8@mm long device. As can be
appreciated from the graph, the PSA gain incregsedratically as the pump power increases.
The difference between PSA and PIA gain reacheshin@retical limit of ~ 6dB at the input
pump power of 33 dBm, as indicated in Fig. 2(b)]{30

G=

(18)



The maximum PSA signal gain is also plotted in FB¢p) as a function of the crystal
length for an input pump power of 33 dBm. The resldarly shows that the gain increases as
the crystal length increases due to the longerant®mn length. In particular, the maximum
gain is proportional to the fourth-power of the stg} length until the PSA gain starts to
saturate because of over-coupling between the puave and signal/idler waves. Figure 3(b)
shows the calculated maximum PSA gain plotted @asetion of the signal wavelengthg(-

Ap) at an input pump power of 33 dBm. The calcul@eaB bandwidths are 88 nm and 77 nm
for the crystal lengths of 30 mm and 50 mm, respeist This indicates that the proposed
PSA scheme is applicable to broadband operationttamamplification of multiple WDM
data signals.
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Fig. 2. (a) Calculated signal gain plotted as afiom of the initial relative pump phase for a
crystal length of 30 mm and 50 mm at an input pyroper of 33 dBm, and (b) Variation of
maximum, minimum PSA gain and PIA gain as a functa the input pump power for a
crystal length of 30 mm.
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Fig. 3. (a) Maximum signal gain as a function ofstal length for an input pump power of 33
dBm, and (b) Calculated maximum PSA gain plottea@ &snction of the signal wavelength at
an input pump power of 33 dBm.

3. Experimental results

Figure 4 shows the experimental setup that we tse@lidate the proposed PSA approach
and associated model. It comprises two stages offitatly, ay®-based fibre PA is used to
generate a phase-locked but conjugated idler [I5& resulting phase-locked pump, signal
and idler waves were then passed through a devateatiows a controlled adjustment of the
relative phase between them, before being injeateml a cascadeg®-based PA (PPLN
waveguide) used to obtain PSA operation. Two wangdte tunable continuous-wave (CW)
lasers were used as the pump and the signal soppeeating at 1546.0 nm and 1541.4 nm,
respectively. The two beams were combined togédtitera single fibre at the input to the
system using an arrayed waveguide grating (AWGE phmp-to-signal power ratio was set
to ~ 20dB and the combined beams were launchedamtamplitude modulator to generate



100-ps pulses at a repetition rate of 2.5 GHz dtnemllowing for a four-fold increase in the
peak power of the signals after onward amplificatio an EDFA. After amplification the
signal and pump beams were coupled into a 500-m thighly nonlinear fibre (HNLF) with a
nonlinear coefficient ofy= 20 (W-km)', a dispersion of 0.06 ps/nm/km, and a dispersion
slope of 0.0035 ps/ritkm. The resulting three waves (pump, signal, adkrj were
subsequently passed through an optical processuisdF Waveshaper 4000E) allowing for
individual filtering, attenuation, and phase-shidtirelative to each other. A polarizer, EDFA,
and appropriate polarization control elements wesed to amplify and align all three waves
to the optical axis of the PPLN waveguide for tis#H6G/DFG process. The total power at the
waveguide input was 14 dBm (peak power of 20 dBril whe pump signal completely
dominating the power (coupling loss of ~ 1.4dB).
(Sequence 1000 @ 10 GHz)
v HNLF (PIA)
CW Pump Modulator @ Polarizer S
>

> 0SA 2
PC

CW Signal AWG EDFA Optical processor PPLN (PSA)

Fig. 4. Schematic for the proposed frequency nagederate PSA based on the cSHG/DFG
process in the PPLN waveguide.

Figure 5(a) shows the measured output spectranfipifécation and deamplification of
the signal and idler wave. The maximum gain achitvdor this pump power level was
0.65dB and the peak-to-peak signal gain variati@s wieasured to be 3.4dB, which agrees
well with the theoretical gain curve plotted in Figb) as a function of the input pump phase.
Note that the maximum gain/attenuation peaks oatdifferent absolute phases as compared
to the ones shown in Fig. 2(a), since in the sitmria we did not take account of the exact
fibre length between the PSA and PIA. However,gaim profiles clearly indicate the phase-
sensitive behaviour showing both the maximum aiggliion and deamplification with a
period ofrephase. Note that the input and output couplingdesare not taken into account in
measuring the gain. In the same figure we alsortépe corresponding PIA gain in the PPLN,
i.e. in the absence of the input idler signal. Thieve this, the HNLF in the first stage was
removed, while ensuring that the same absoluterelative power levels as in the PSA case
were maintained at the input of the PPLN. As shawRig. 5(b), the difference between the
PSA and PIA gain is about 1.7 dB. The negative B&#n of ~ 1dB is due to the beam
propagation lossd) within the waveguide, which agrees well with theoretical estimation

at this input power level. The PIA gain also ingesmas expected as the input pump power
increases, as shown in Fig. 2(b).
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Fig. 5. (a) Measured output spectra of three intar@ waves showing amplification and
deamplification, and (b) the measured and caladlptease-sensitive gain plotted as a function
of initial pump phase for PIA and PSA operation.



For these first proof-of-principle experiments, lept the excitation levels of the PPLN
waveguide well within the restrictions imposed e tpigtailing of this specific device
(maximum input power of 14 dBm). Improvements imrent pigtailing technology mean that
currently available devices are now able to hampdlak pulse powers of up to 33 dBm. In
light of the excellent agreement between our &rgieriments and the theoretical predictions
[Fig. 5(b)], we can reasonably expect to reachfferdintial PSA-PIA gain of ~ 6dB with a
pump power of 33 dBm, as expected in Fig. 2(b)nfsiate-of-the-art PPLN devices.

Finally we investigated broadband PSA operation.ddahis, we tuned the CW signal
source to the following central wavelengths: 15298n, 1534.47 nm, 1536.07 nm, and
1538.3 nm, respectively. Figure 6 shows the caledlaand measured maximum and
minimum PSA signal gain for each signal wavelength.can be seen, the measured phase-
sensitive gains were almost constant (with a vianaof less than 0.5dB across the whole 16
nm wavelength range, which was limited by the tgniange of our input signal source).
Since symmetric operation around the pump wavdteiggexpected, broadband operation of
the process exceeding the 32 nm effective measmtebendwidth can be inferred. The
theoretical device bandwidth predicted in Fig. 338 nm — significantly broader than can
routinely be obtained for a fibre based single-pungn-degenerate PSA.
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Fig. 6. Variation of the maximum and minimum poinfsthe phase-sensitive signal gain for
several signal wavelengths.

4. Conclusion

We have theoretically investigated and experimgntidmonstrated, for the first time to our
knowledge, a frequency non-degenerate PSA basedS&{GG/DFG occurring in a single
PPLN waveguide. The PSA performance was demondtieatd characterised by exploiting
the combination of g®-based PIA to create the initial phase-locking agd¢ine waves
followed by ay®-based PSA based on the cSHG/DFG process. Weetkttie very good
agreement between our theoretical predictions Badperformance of the cSHG/DFG PSA,
achieving a maximum gain of 0.65dB with a peak-¢adpgain variation of 3.4dB for a ~ 100-
ps duration, 2.5 GHz pulsed signal in a 3-cm PPlaVeyguide with an input pump of 14 dBm.
Our first proof-of-principle experiments show atbe potential of the process as a broadband
PSA mechanism. Further significant improvementshef PSA gain can be envisaged with
state-of-the-art PPLN technology, enabling highemp powers. Our calculations show that
PSA gains in excess of 30dB can be achieved intipaaadevice lengths (50 mm) for
launched power levels of 33 dBm. We highlight tleenpact size and the fact that no SBS
suppression techniques are required as major amby@siof the PPLN approach relative to
silica fibre based PSA implementations.
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