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All-optical 2R regeneration with a vertical
microcavity based saturable absorber

Laurent Bramerie, Quang Trung Le, Mathilde Gayh#rtO’'Hare, Sébastien Lobo, Michel Joindot,
Jean-Claude Simon, Hoang-Trung Nguyen and JeaisICGudar.

Abstract— This paper gives an overview of recent
demonstrations of optical 2R regeneration achievetby vertical
microcavity mirror based multiple-quantum-well Saturable
Absorber (SA). The' potential of the device to perform WDM
regeneration is firstly demonstrated through the fist pigtailed
saturable absorber chip implemented with 8 indepenent fibres
using a cost effective coupling technique. The catability and
wavelength tunability assessment of this module asdated to a
power limiter fibre-based function has been experirantally
demonstrated at 42.6 Gbit/s. Because this method gfower
limiting is not a suitable solution for all-optical multichannel 2R
regeneration, a new SA structure allowing a power ithiting
function was proposed. We describe and characterizeuch a
structure in this paper. This new SA opens the dooto a complete
passive all-optical 2R regeneration relying upon asingle
technology, as shown in this paper through the usef two SA:
SA.0 for extinction ratio enhancement and SA.1 fopower level
equalization allowing receiver sensitivity (up to ¥ dB) and Q
factor (up to 1.4 dB) improvement for a RZ signal &842.6 Gbit/s.
The limitation of SA.1 when the regenerator must beascaded a
large number of times is also described, leading the observation
that SA.1 should be more suitable for phase encodefdrmats
which are more spectrally efficient than OOK formats. A SA.1
used as a phase-preserving amplitude regenerator @m42.6 Gbit/s
RZ-DPSK transmission system is therefore assesse@. fibre
launched power margin of 2 dB and a receiver sensiity
improvement of 5.5 dB are obtained. Finally, we usedor the first
time an SA.1 as a phase-preserving amplitude regena¢or of RZ
DQPSK signals. The regenerator is assessed in ecireulating
loop at 28 Gbaud. The system tolerance to nonlineghase noise
is enhanced by 3 dB and the distance improvementdtr was 1.3
for a BER=10"
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I. INTRODUCTION

n all optical regenerator could be one of the keyicks

for future optical networks as it allows the redaoctof
transmission
transmission distance. In order to qualify as ableia
alternative to the state-of-the-art optoelectromgenerators,
an all-optical regenerator must satisfy severatid@ms.

The first condition is its ability to treat a wagaebth
division multiplexing (WDM) signal. The erbium-dagdibre
amplifier (EDFA) is the most deployed regeneratmce it
allows the first step of regeneration called Redfyipy (1R).
The EDFA established itself in optical communicatibanks
to its capability to amplify a WDM signal. In fukirhigh
capacity optical networks, this WDM handling coruafit
becomes essential for inserting an all optical megator in an
optical network. To this end, all-optical multiclmeeh 2R
(Reamplifying and Reshaping) regeneration in aefibpased
device [1]-[2] or semi-conductor based [3]-[4] devihas been
demonstrated.

The second condition is modulation-format transpeye
Indeed, the continuing growth in data throughput @he
demand for network flexibility makes it necessasyiricrease
the spectral efficiency (ratio of transmitted daige to
corresponding physical bandwidth) well beyond theus
obtained with basic on-off keying (OOK) modulati@rich
has, up to now, been the format classically usedpgtical
transmission. Phase-shift keying (PSK) has recestherged
as a promising alternative to this conventionaloffnkeying
format for fibre-optic communication systems [5]owkver,
unlike an OOK signal, a PSK signal is severely iimgzh by
the accumulation of phase noise, limiting the systeach.
Besides the linear phase noise resulting from diegli
spontaneous emission (ASE) accumulation in
amplifiers, the nonlinear phase noise resultingnfithe Kerr
nonlinearity, known as Gordon-Mollenauer effect ttenverts
amplitude noise into phase noise, has to be takenaiccount
[6]. All-optical regeneration that aims to enhartbe signal
quality would be attractive for improving the perfance of
PSK systems. However, most of the regeneratorsestisa far

have been designed to regenerate OOK signals withou

particular attention to the preservation of thenalgphase,

impairments and thus the enhancemént o

optical



which does not carry any information. An interegtsolution

for phase regeneration, based on a combined S&DAc-

structure, has been recently proposed [7]. Anoswution
using interferometric phase-sensitive amplifiers h&so been
experimentally demonstrated [8]-[9]-[10] althoughhist
technique is rather complex to be implemented wiitrent

range [26], [27].

The strong potential of SA for high bit-rate optica
regeneration has been demonstrated at 10 GhitSph#& and
170 Gbit/s [28]- [29].

In spite of these attractive assets, the reportedooavity
SA mainly enhances the extinction ratio of the algmithout

technologies. Some recent work has focused on phasey improvement on high power levels. Consequerdly,

preserving amplitude regeneration that can prevé®
accumulation of nonlinear phase noise during trasson
[11]-[22].

The third condition concerns an important questibich is
a major challenge for the future of our societywho obtain
new photonic devices with very fast response titeesope
with the increase in network bandwidth with, at Haene time,
reduced energy consumption. In order to reach theggets
relating to speed and consumption, it is today semy to
research new materials. Photonic integrated cscidt all-
optical signal processing [13]-[14] still need samial
development to meet the demanding challenges bf énigrgy
efficiency (low power operation) simultaneously twitlltra-
high bandwidth capability [15]-[16].

Vertical microcavity mirror based Saturable Absash(SA)
are of great interest for all-optical regeneratibhe non-linear

complementary function acting on high power levéds
required to achieve a complete 2R regeneration meSo
workers have proposed using a soliton filteringhtegue in
fibre [30]-[31]- [32]

The recent investigation of a SA-based microcapégsive
all-optical device, which can provide amplitudebdiaation
and thus a noise reduction on high power levelewal a
solution for passive all optical regeneration basedSA only
[33]. The advantage of this approach is to makemaptete
passive all-optical high-bit-rate 2R regeneratdying upon a
single technology [34]. Moreover, this new struethias been
recently used for phase-preserving amplitude reg¢inae of a
PSK signal [35].

The first part of this paper is a synthesis of main results
on optical 2R regeneration using vertical microtavnirror
based multiple-quantum-well Saturable Absorber. s€he

phenomenon exploited in a SA is the saturation tod t results demonstrate the potential of SAs structéoesn-line

absorption due to excitonic absorption bleachindRJE in
multiple quantum well (MQW) materials [17]. Thube SA
reflectivity increases with the incident power, gt low
power levels are significantly attenuated while hhigower
levels are much less attenuated.

The microcavity saturable absorber device addrefses
conditions listed previously for an all optical eegration.

Firstly, the microcavity structure is potentiallpropatible
with regeneration of a WDM signal. Indeed, it isspible to
exploit the whole surface of the component to treateral
wavelengths in parallel. To do this, the WDM signalst be
separated spatially using a wavelength demultiplesce that
each wavelength is treated in a distinct zone efcthbmponent

(Fig. 1).
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Fig. 1. WDM configuration of vertical microcavitaiirable absorber

all optical 2R regeneration.

The second part of this paper is devoted to the 2R
regeneration assessment of the first pigtailed &#Apwith 8
independent fibres associated with a fibre-basedepdimiter
function. We show measurements of signal extinctiatio
enhancement on each channel, and experimentallgrisrate
at 42.6 Gbit/s the cascadability and wavelengttalility of
this 2R module in a recirculation loop.

The third part is dedicated to the regenerativeertes and
efficiency of an all-optical 2R regenerator basedactandem
of saturable absorber (SA) chips. A new SA striecallowing
a power limiter function, which is complementary tioe
function of extinction ratio enhancement of thenderd SA
structure, is described. The system performandhisfoptical
regenerator is studied.

In the final part, we report on a phase-presereithgptical
regenerator for PSK signal using SA. The first isectis
dedicated to the cascadability assessment of fh& Based
phase-preserving amplitude regenerator in a rdating loop
using conventional return-to-zero differential quedre
phase-shift keying (RZ-DPSK) at 42.6Gbit/s. The satival
and experimental results demonstrate that the aiober of

Regeneration of several WDM channels has been ShoWHase-encoded signals to Non-Linear Phase Nois@llis

with spatial demultiplexing up to 40 Gbit/s [18]9]1[20].
Secondly, SAs are particularly attractive becaus¢heir
small size, passive behavior and large bandwidtbhdt time
response is obtained thanks to capture and recaiidoin
centers introduced during or after crystal grobghmeans of
low-temperature  molecular beam epitaxy [21],
implantation [22], heavy ion irradiation [23], oreBor Fe
doping [24]-[25]. These methods of damage creatiane
been reported to provide recovery times in thegiabsecond

considerably increased thanks to the regeneraton. A
improvement of bit error rate and of transmissi@tathce can
be achieved. The second section presents receiitsres the
efficiency of all-optical phase-preserving ampligud
regeneration using SA in a Differential QuadratBhase-Shift

I0eving (DQPSK) transmission system. The SA-based

regenerator is concatenated in a recirculating ledp28
Gbaud. The tolerance of DQPSK signals to NLPN wiité



regenerator is experimentally studied.

II. WDM COMPATIBLE 2R REGENERATION DEVICE

A. Saturable absorber structure

The saturable absorber chip contains 7 MOCVD-grown

InGaAs/InP quantum wells embedded in a microreswnat
The quantum wells are located at the antinodestcdigavity
intensity (Fig. 2). The bottom mirror is a broadtahnigh-
reflectivity metallic based mirror (Ag) and the tagrror is a
multilayer dielectric mirror (R[TiO2/SiO02]). A heavy-ion-
irradiation shortens the absorption recovery timemto 5 ps.
The device operates in a reflective mode, the atfliéy being
small at low signal level, and high at high siglealel. More
details on the device fabrication can be foun®B3Bi{37].
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Fig. 2. Saturable absorber structure

B. 8-channel saturable absorber module

A special fibre array has been developed by YENISTA!

OPTICS for efficiently interfacing the saturablesalber chip
to 8 standard single e fibres with 250 um spafig. 3).

1ecm
A

Saturable /
Absorber
Fig. 3. Photograph of SA chip, Fibre array (lefifleSA module (right)

The fibre array is fixed to the mirror with an adhe so
that each of the 8 outcoming beams typically hiktoee Field
Diameter (MFD) of 4.5 um on the surface of the onirr
Focusing the beams on the mirror reduces the ipputer
threshold required for the nonlinear effect of thigror. This
compact and low cost technique does not need angliog
optimization (Fig. 3).

C. Module characterization

Fig. 4 shows the optical reflectivity spectra meadufor
each input fibre of the SA module. These curvesvedtained
with an Amplified Spontaneous Emission (ASE) soungth
low input power to the SA module. The spectral fiosiof
minimum reflectivity is 1546.6 nm averaged over iajputs,
with a standard deviation of 1 nm.
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Fig. 4. Optical reflectivity spectra of each infiistre of the SA module

After static characterization, we have measured the
switching contrast using an experimental setupvedrifrom
classical pump-probe measurement [27]. The switchin
contrast is obtained from the measurement of thk-sace
extinction ratio of the probe signal. It correspsnib the
extinction ratio enhancement in the self saturat&gime. The
pump at 1532 nm is a RZ (33%) signal modulated at
42.6 Gbit/s with sequence length df-2 bits. The probe is
delivered by a CW laser source at 1546.6 nm cooredipg to
the minimum reflectivity of the SA module. With agh input
pump signal power level, we obtain a cross modutatif SA
absorption onto the probe signal.

The first experiment, presented in Fig. 5, depitie
measured switching contrast versus the averagéentpump
power for each channel. In this experiment, onlg @olated
jnput is illuminated. Input polarisations of thegisals are
optimised to maximize the switching contrast.

7
s _/‘. —-1np. 1
% 6 / -=-Inp. 2
7 P s
5 e
——Inp. 7

;,), 3 / —Inp. 8§
£ . =
L2
T

-2 0 2 4 6 8 10 12 14

Average incident pump power (dBm)
Fig. 5. Experimental switching contrast of SA madvérsus average incident
pump power

For an input pump signal power of 12 dBm, the ayera
switching contrast is 5.5 dB over all channels vetstandard
deviation of 0.9 dB. This result shows the excellen
homogeneity of the component.

The second experiment, presented in Fig. 6, depies
measured switching contrast versus the probe wagtteor
each channel. The pump power is equal to 8 dBm.sidrel
polarisations are optimised to maximize the switghtontrast.
We observe a switching contrast higher than 3 dB dib
channels from 1541 nm to 1559 nm. This shows that t



module is functional over a very wide-band sigragctrum,
and so potentially constitutes a good candidate VDM
regeneration.
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Fig. 6. Experimental switching contrast of SA mauversus probe
wavelength

However, the polarisation scrambling of signals liegh a
variation of more than 2 dB of the switching costrbetween
channels observed in Fig. 5 and Fig 6 which dematesta
switching contrast polarisation dependence.

D. Systemcharacterization

The 42.6 Gbit/s transmission experiment is cardetiwith
a 100 km long recirculating loop (Fig. 7).
Dispersion Shifted Fibre (NZ-DSF) is used and chatien
dispersion is partially compensated for by a Disjmer
Compensating Fibre (DCF). Losses are compensated
essentially with Erbium amplification. The transit
produces an RZ (33 %) signal modulated at 42.6/Shith a
2311 pseudo random bit sequence (PRBS).

Fig. 7. Experlmental loop setup for characterizatio 2R regeneratlon
configuration

As complete 2R regeneration with limitation on hjgbwer
fluctuations is not ensured by the SA alone, tlgemneration
requires another non-linear function [32]. In thigeriment, a
fibre-based solution is used. The passive 2R regéores thus
made up of two stages: the first pulse compressimge
comprising a nonlinear fibre (NLF) followed by amtizal
filter for equalization of high power levels [1919], and the
second stage made up of the SA module for attemuafi the
low power levels. The nonlinear fibre in the puteenpression
stage consists of a 1 km span of DSF (dispersitrpnm

4

(dispersion 4.5 ps.nitkmiY). This stage requires an EDFA to
ensure a high enough power (typically 18 dBm in case) to
generate significant nonlinear effects. An opticaiculator
allows for signal injection into the SA module anglcovery of
the data signal.
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Fig. 8. BER evolution versus distance with anchaitt the SA module

Firstly, the impact of the 2R regeneration was isiticht a
signal wavelength of 1546.6 nm. Fig. 8 depicts BiteError
Rate (BER) evolution as a function of the distamith and
without regenerator (full triangles) at a launcheower of
5 dBm which gives the longest transmission distafarea

Non-ZerogeR of 10°. After insertion of the 2R regenerator in thedpo

we observe a significant improvement of the trassion
distance for each channel of the SA module. Attld880 km
fe covered with a BER of T@or the worst channel.

We have also investigated the regeneration behawiith
respect to the signal wavelength for input 5 (Fi§. We
measured the Distance Improvement Ratio (DIR)
corresponding to the ratio of the covered distaneitis and
without regeneration for a given BER. Results shbat the
DIR is better than 3 over more than 13 nm (from1l&11554
nm), demonstrating experimentally the wide-bandabeur of

the device.
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Fig. 9. DIR (at BER = 10) evolution versus signal wavelength for input 5.
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These experiments confirm the good homogeneityhef t
component and its functionality over a wide speutrin the
context of a WDM configuration, it is possible toopess
simultaneously 8 channels spaced at 100 GHz with th
compact module. Our technique for high power level
equalization is still limited for WDM applicatiorué to inter-
channel nonlinearities. Recently, it was reportedt tit was

1km?) followed by a 1 km span of standard NZ- pspPossible to reduce the inter-channel-nonlineatignks to a



specific dispersion map enabled by periodic groelayl
devices[1]. Moreover, a new design of the same type
nonlinear microcavity device was proposed [&B]order to
reduce high power levels fluctuations on severanokels
simultaneously. This new device would avoid the aké¢he
fiber based solution.

In the next part, we describe the modified SA stme
allowing high power level fluctuation reduction. ibig this, a
complete all optical 2R regeneration using two oteawvity
saturable absorbers will be demonstrated.

lll.  ALL OPTICAL 2R REGENERATION USING PASSIVE

SATURABLE ABSORPTION

The SA role is to suppress amplitude noise at |owey
levels and thus to enhance the extinction ratithefsignal but
without giving any improvement on high power levelis
structure will be named as “SA.0” from now. Of ceeyr to
have a complete 2R regeneration function,
complementary to the SA.0's operation, that is ty,s
equalization of the high power levels fluctuatiomsust be
used. A new SA structure, based on the same tednas
the SA.O, but with some modification in the cayigrameters,
showed a promising power limiter function (or arhyde
fluctuation reduction); we will name this structd®A.1”. In
this part, we report on the regenerative propedfes tandem
consisting of a SA.O followed by a SA.1. In the he&ction,
we introduce the new SA.1 structure that provides gower
stabilization function.

A. Saturable absorber for power limiting function

1) Structure

The SA.1 is based on the same structure, but withes
parameter modifications to obtain the complementamngtion
to the SA.0. The principle of parameter modificaian the

a functio_

Iquuation (1) shows that ineﬁ >R, the reflectance versus
0

incident power curve increases, which is obtaineth wthe
standard SA.0 design. On the other hand, wRSh < R, a

decreasing curve is obtained as shown in Fig. Hi8;i$ used
for the SA.1 mirror to produce a power stabilizatfanction.

0.67
0.4

0.2

Cavity reflectivity at resonance

0.7

0.8
(function of input power)

0.9

85 o
i

Fig. 10. Cavity power reflectivity at the resonanior the cases of SA.0
design (dash line) and SA.1 design (solid line)r(idtcal results).

The SA.1 used is composed of 7x(InGaAs/InAlAs) mult
quantum wells, grown by metal-organic vapor-phagitary
on an InP substrate and embedded in a microcamity.QWs
are suitably located at the antinodes of the iatvdyg intensity.

In order to reduce the carrier lifetime, the QWs mradiated

by 12 MeV NF* ions with a dose of 4.1bcm? 10 MHz
pump-probe measurements at 1548 nm showed a respons
time of 3.4 ps. The back mirror is made by the déjmm of a
silver layer (with a calculated reflectivity of @9), while
three pairs of (ZnS/YF3/4: A\/4) are deposited as a top mirror
with 0.88 reflectivity.

Table. 1.PARAMETERS OF OURSA.OAND SA.L

SA.1 structure will now be briefly described.

The SA structure consists of several multi-quantuetls

(QWs) embedded in a microcavity. At the resonan

wavelength, the cavity reflection at normal incidercan be

expressed as [33]:

(R R

: Rgff — Rbe—qur )

Parameters SA.0 SA1l

Qw 7x(InGaAs/InP) 7x(InGaAs/InAlAs)

ce Substrate InP InP

Irradiation 12 MeV Ni* 12 MeV NFP*
Front mirror 2X[TIGQ/SIOy) 3X[ZnS/YR]

Ry 0.78 0.88
Back mirror Ag Ag

Rb 0.945 0.945
Recovery 1.5 ps 1.5ps

RoaV@TES_ 1_\/@

The sample is mounted on a Si substrate by Au-huing,
to improve heat dissipation and thus to limit theraptic

where R; and R, are the reflectivities of the front and gffects. Table 1 summarizes the parameters of 6 Snd

back mirrors respectivelbeeff is the effective back mirror

reflectivity accounting for the presence of QWgds the single
pass absorption per QW,is the number of QWs, ardis the
longitudinal confinement factor. We note that whére
incident power increases, the absorbing layers rhecmore

transparent/f decreases) which induces the increasePéff .

SA.1 used in this paper.

2) Satic characterization

Fig. 11 represents the reflectivity spectra of S@irte) and
SA.1 (dots), obtained when a low power output fram
Amplified Spontaneous Emission (ASE) resulting fran
optical amplifier is injected into the SAs.
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Fig. 11. Measured Reflectivity spectra of the SAn@ SA.1 devices.

At a first glance, the depth of the reflection dmreater in
the case of a SA.1 than in the case of a SA.0. Weaiso
observe that the SA.0 has a resonance wavelendtb5& nm
and a 3 dB bandwidth of 9.5 nm while the SA.1, lom dther
hand, has a resonance wavelength of 1548 nm aadrewer
3 dB bandwidth of 5.5 nm. The bandwidth reductiord a
increased losses in the SA.1 case are inhererttetdigher
reflectivity of the front mirrors compared to th.8 case,
which induces a higher finesse of the cavity. As tlisonance
wavelength and reflectivity bandwidth of the twoustures are
different, a compromise on the working wavelengils ko be
found to obtain good performance with the tanderarédver,
the SA.1 losses at the resonance wavelength a?4 ofB at
low saturation power. These large losses have gorient
impact on SA.1 position in a SA tandem regeneratam have
been discussed in [34].

3) Dynamic characterization
A 42.6 Gbit/s pump-probe experiment is performethgis
each of these saturable absorbers. The pump signal

Switching contrast (dB)
L o

g Trel ——SA(Q
4 ‘ N -5 -SA1
=4 ~

B
5 -~ q

Average pump power (dBm)

Fig. 12. Switching contrast measurement at 42.68/6bnd illustration of the
probe at the output when the obtained contragbasita3 dB for SA.0 and -3
dB for SA.1.

Fig. 12 shows a positive switching contrast for 8&0, a
negative contrast for the SA.1 and illustrationtioé probe
visualization at corresponding operating pointsthi@ case of
a SA.0, a positive contrast means high reflectiday high
power levels and low reflectivity for low power kg, leading
to an improvement of the extinction ratio. The SAds, on
the other hand, a negative contrast, which meagseater
attenuation for higher power levels. As a consegegit can
act as a dynamic limiter to reduce the amplitudiseon high
power levels. We measured a maximum absolute indfa
5.2 dB for the SA.1 with an input mean power ofdBn and
a maximum contrast of 3.7 dB for the SA.O at thmesanput
mean power.

We then investigated the transfer function of th&as. The
transfer function is defined as the variation & tutput power

standard RZ 33% signal centered at 1537 nm with-& 2 responding to an increase of the input power. Exydisplays
PRBS sequence. The probe is obtained from a caniiu the average output power and the deduced refleztahthe

wave laser (CW) at 1546.5 nm. Both signals arectap onto
the SA nonlinear mirror and recovered via an optigaulator
(OC). The residual pump power is rejected by aicapband-
pass filter while the probe signal, which is modetaby cross
absorption modulation in the resonating cavitytrasmitted
to the measurement apparatus.

The switching contrast versus the average inputpppower
for the two SAs are depicted in Fig. 12.

device versus the average input power for the SFhg. signal
is a standard RZ 33% signal centered at 1546.7 itiman?-1

PRBS. The SA.1 has a reflectance which decreas#ds wi

increasing input power. The relative amplitude tihations at
the output could be reduced by about 50 % in aelangut

power range from 2 mW to 20 mW, providing signifita
amplitude stabilization on the output signal.
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In the next section, we investigate the efficiemdya 2R
regenerator based on a tandem of SA.0 and SA.1.

B. System margin brought by SA based 2R regenerator

The experimental setup of our 2R regenerator isgmted
in Fig. 14. This is used to characterize the 2Remegator
based on a tandem of SA.0 and SA.1, using a noigyti
signal. The transmitter (Tx) delivers a 42.6 GbRZ 33%

signal at 1546.5 nm with &21 PRBS. Noise produced by an

amplified quasi-white light source (ASE) is addédotigh a
50/50 optical coupler. A’ 5 nm bandwidth opticatefil limits

the noise spectrum to the region around the worki

wavelength. In order to inject a large enough digoaver into
the SAs, the signal is boosted by EDFAs beforedsant to
the SAs via optical circulators (OC). The tandemused, has
the SA.O in the first or input position and the $Alaced after
this. In [34], thanks to a measurement of the BERsws
decision threshold at the receiver, the case Wigh3A.1 in the
2nd position is found to lead to better noise réidacthan the
reverse configuration. Indeed, when the SA.1 isedafirst,
the tandem leads to a considerable improvemertteohbise
statistics on space levels, but the mark levelqarketter than
in the back-to-back reference. The effect of thel & the

mark levels is roughly cancelled by the SAO in seto

position. This can be explained as the high los$e¢ke SA.1
leading to an OSNR degradation after the secondif@nand
the increase of mark level fluctuations inducedhsy slope of
SA.0 transfer function. Consequently, from now ome
consider only the tandem configuration of SA.0daled by
SA.1. The optimal power levels were found to bedBn at

Fig. 14. Regenerator structure and experimentapset

To begin, we study the impact of the optical sigwahoise

ratio (OSNR defined over a 1 nm bandwidth) on the
regeneration performance of the tandem. The siguality is
evaluated in terms of the standard Q factor [3&jteNthat the
Q factor is used here as a measure of the qudlityeosignal
eye diagram, and cannot be related to the BER @iin the
Gaussian noise case. Indeed, in systems employptigab
devices with a nonlinear response, the power piibtyab
density function deviates substantially from theu&dan one,
and thus, BER predictions based on the Q factohodefail
[39]. The Q factor enhancement, defined as the r@ti dB)
between the cases of with 2R and without 2R regdoeris

plotted in Fig. 15.
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Fig. 15. Q factor enhancement versus OSNR for SAQ tandem.
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The signal powers at the input of the receiveresysand at
the input of the photodiode are kept constant tsuen the
same sensitivity condition in both cases. The tesbtained
show a global Q factor improvement for all avaitatsblues of

SNR. A maximum Q factor enhancement of 1.4 dB is
obtained at OSNR of 25 dB and a Q factor enhancebwtter
than 1 dB is obtained over about a 10 dB range SNR
(from 16 to 26 dB). In the range corresponding tovaOSNR
(below 16 dB), there is too much noise added tosteal for
the regenerator to be able to completely reduceaimplitude
noise. The regenerator efficiency is also low ia tases of
high OSNR (above 26 dB), just because there isnmath
noise power to be reduced.

We then investigated the sensitivity enhancemepadity of
the regenerator. To do so, we measured the BERwag#ton
of the receiver input power for different OSNRs heitit
(reference) and with the (tandem) regenerator (E&). The
first curve on the left (full diamonds) relates tioe case
without regeneration and without additive noise, sensitivity
in this case being mainly limited by the thermaiseoof the
detection system itself. When the OSNR decreadses, t
receiver sensitivity is degraded because of bedbietyveen
sighal and noise. The sensitivity curves with anithowut
regeneration for each OSNR value are plotted onrEid.6.
The results show that a power penalty decreasétained
with regeneration for all cases.
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Fig. 16. BER versus the input receiver power forG3A.1 tandem.
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The sensitivities for a BER of PO(Fig. 17) for both the
unregenerated and regenerated cases can be ektfemte
Fig. 16.
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—e— Without 2R

\\ ~a- With 2R
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Sensibility at BER of 109 (dB)

-35 T
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OSNR/1nm (dB)
Fig. 17. Detection sensitivity at BER=9@ersus OSNR.
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When these sensitivities are plotted against OSNRg 17,
we can see clearly that, as the OSNR increasesywtheurves
converge towards an asymptote of
corresponds to the sensitivity of our receiver. Theeiver
sensitivity without regeneration (reference), @BER of 10°,
decreases steadily as the OSNR decreases, faliong f
32.2dBm to -23.5 dBm, as the OSNR varies from 2iB&o
12 dB respectively. On the other hand, the seitsitourve
with 2R regeneration shows better detection seityiti At
high OSNR (25 and 28.8 dB) we still have 0.5 dBs#erity
enhancement. At lower OSNR this margin is evendrigfom
0.8 dB to 1 dB between 14.2 dB and 21.1 dB of OSARY
finally, at OSNR of 12 dB, a margin of 3.5 dB istaibed.

The sensitivity measurements show that the tandem
regenerator performs a sensitivity improvement. Eloav, this
measurement cannot show the OSNR range,
regenerator has its best performance. Indeed, dn H the
sensitivity improvement by the regenerator is lafge smaller
OSNR while the Q improvement by the regeneratorvshim
Fig. 15 becomes smaller for smaller OSNR. This b&n
explained by the fact that the sensitivity measemis
characterize the regenerator functionality by agdioise at
the transmitter (variation of initial OSNR) and @lat the
receiver (variation of signal power at the receiveks a
consequence, the regenerator performance will acgsHown
up as clearly as in Q factor measurement whereetteiver is
always set at the same receiver performance.

In the next section, we study a full regeneratisseasment

-33 dBm, which

in whieh {

in a recirculating loop experiment.

C. Recirculating loop experiment

In order to perform a complete 2R regeneration thase
saturable absorber micro-cavities, SA.0 and SAMe Hzeen
included together in a recirculating loop, as pnése earlier
in the paper in Fig. 7. Here, we now want to assedg the
cascadability of the regenerator independently freime
propagation effects. Therefore, we substitute atsportion
(10 km) of dispersion shifted fibre (DSF) for the0lkm NZ-
DSF fibre and DCF. ASE noise was added into the lvo
order to assess the regenerator's ability to redtc&vith
noise, the OSNR was equal to 18 dB (over 1 nmy afite
cascade without regeneration and a BER of W@s obtained
after 4 cascades.

In order to assess the ability of SA.1 to redueeaimplitude
noise, we observed the eye diagram after 10 casoatlide
varying the power at its input.

Piisa=6dBm

Pinsa =9 dBm Piysa = 12dBm

5 ps/div
Fig. 18. Eye diagrams after 10 cascades for diffeneput power onto the
SA.L.

The eye diagrams for SA.1 input power of 3, 6, € 48
dBm depicted on Fig. 18, clearly show that intgnaibise on
high power levels is significantly reduced with ipowers of
9 and 12 dBm. Finally, optimum operation was olgdimvith
an input power of 9 dBm, allowing transmission o\
cascades with a BER of $0We thus demonstrate an increase
of the number of cascades of a factor 2.5 and dissibility of
cascading the regenerator 10 times. Fig. 19 shbeseye
dlagrams after 10 cascades, with and without regéme
ﬁhowmg the high power noise reduction.

l w/o 2R : BER = 1.10* with 2R : BER = 1.108

Fig. 19. Eye diagrams after 10 cascades with atitbwi regenerator.

However, some further efforts still have to be madethe
SA.1 and on the regenerator architecture as it fsasd
impossible to properly cascade the regenerator ri@ne 10
times and to plot a proper BER evolution graph.sTéfifect
can be explained by the spectral response of SARig. 20,



we outline the key features of the spectral respafsSA.0 compensating-fibre (DCF) (Fig. 21). The NZ DSF has
and SA.1 at both low and high injected power. l& #ase of yispersion of 4.5 ps.nii.km™, a nonlinear coefficient of 2
SA.0, the spectrum approaches a flat responseghtgower.
On the contrary, the SA.1 spectrum becomes narr@mer
deeper at high power. Consequently, SA.1 leadspéztsl
deformation of the signal and this phenomenon actates
when SA.1 is cascaded in the recirculating loop.

W ™ km™, and an attenuation of 0.23 dB/km. The total span
loss is 26 dB, which is compensated for by an ED#th
noise figure of 4.5 dB. The chromatic dispersiompésfectly
compensated, and the nonlinearities occur only he t
transmission fibre. A phase-preserving amplitudgenerator
based on SA.1 is inserted every M spans.

= — Low power
— High power
z = XM Regenerator
: E Q
> >
= > ---- 100 k @
3 3 M pcF
() (]
= = EDFA NZ DSF
@ x|
Wavelength (a.u.) Wavelength (a.u) Fig. 21. Scheme of the regenerated transmissiatelad
Fig. 20 Principal features of spectrum respons®4d (on the left) and SA.1
(on the right). For the SA.1 model, we used a phenomenological mode

describing the transfer function of our device vahimrehaves

Moreover, this spectral deformation cannot be caompted - - . .
. . tya{)lcally as a power limiter. For that, we used thi#erential
by a gain equalizer compensator because the sbect

deformation is dependent on both the optical poarat the 3quat|o_n p_roposed .by .A'A'M. Saleh [4,0] to describe t
g ) ynamic gain saturation in semiconductor:
temporal shape of the injected signal.
This spectral deformation is inherent to the SAohoept dT(t) - Ty —T(t) _T(t)P(t)
and consequently limits the SA.1 cascade numbeadtfition, dt T szt
this effect will be more significant at high bitteadue to the
larger signal spectrum.
In the last part, we present the potential of SArluse with To
the Phase-shift keying (PSK) modulation format. sThi
presents, for a given bit rate, a better specffaiency than P
the On-Off Keying modulation format and is, consenfly, used in the simulation are ®t=7 mw, 7 =3.5 ps and

more tolerant to the spectral deformation induce®A.1. T, _5.3. Those parameters are representative of tiieede

investigated for the experimental studies.

P is the input power,T is the device's transmission factor,

is the small signal transmission facto!:,)%lt is the
saturation power, and is the recovery time. The parameters

IV. MICROCAVITY-SATURABLE-ABSORBERBASED PHASE- S I
PRESERVINGAMPLITUDE REGENERATOR IN APSK ) ——=wio SA1 M
TRANSMISSION SYSTEM E 10 [ B With SAL . .
In the first section we demonstrate, numericallyd an :ag: 5 .lii I.
experimentally, the potential of SA.1 as a phassenving =
amplitude regenerator in RZ-DPSK transmission. he t g 0
second section, we present recent results obtairid RZ- 0 200 400 600 800 1000
DQPSK transmission. Transmission distance (km)
A. Phase-preserving amplitude regeneration of 42.6Ghit/s 2015 —O— rrail, wio SAL
RZ-DP<K signals = —&—0rall, wio SAL >
o) ~@ Ttrail, with SAL p
In this section, we demonstrate how the power iimit £ O a0 rail, with SAL
function of the SA.1 can be used for phase-presgrvi 2 T @ T
amplitude noise reduction, thus preventing, in ¢batext of 3 e > - -
RZ-DPSK signal transmission, the accumulation afilinear o 0
phase noise. 0 200 400 600 800 1000
Transmission distance (km)
Fig. 22. Amplitude and phase jitter vs. transmissitstance
1) Numerical simulation with and without SA.1.
The transmission link is modelled as the concatenatf
100 km amplification spans composed of non-zerpaiiion- ~ The rms variations of the amplitude and the difféies

shifted fiores (NZ DSF) followed by a dispersion-Phase between adjacent bits on the zero raméils for RZ
DPSK signals transmitted through the system incdses of



with and without SA.l-based amplitude regeneratas
plotted in Fig. 22. The fibre launched power is teett dBm.
The regenerators are located after every 200 km
transmission. As can be seen, in the absence eheegtors,
both the amplitude and phase jitter increase coatisly
which can become critical for the system perforneario the
case with regenerators, the amplitude noise is iderably
reduced at each regenerator location. After
regenerator, the slope of differential phase jitteith

transmission distance is reduced. At 1000 km, the phase
jitter is reduced by 40% compared to the non- regsed
case.

fon)

m

E I I

N —O— wio SAL

S 251 - with SAL

[S]

®

& 20 B
o O
(O]

@«

- 15

o

-2 0 2 4 6
Fibre launched power (dBm)
Fig. 23. Phase Q-factor after 1000 km of transmissis. fibre launched
power.
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As a qualitative estimate of the transmission pentoce of
the system, we use here the differential phase c@ifa
(defined as7 divided by the sum of the rms variations of th
differential phase between adjacent bits on the zerd 71
rails) [11], which provides a measure of the phsetuation
in the signal. Fig. 23 shows the phase Q-factodBnafter
1000 km of transmission, with and without SA.1, ster the
fibre launched power. In the linear regime at loibre
launched power, the system performance is limitgdthe
OSNR degradation. While no improvement by the megator
is observed, it does preserve the signal phaseight fibre
launched power, the Q-factor is improved. An inspea@f
nonlinear tolerance is thus obtained thanks tardigenerator.
This Q-factor margin can lead to a transmissiortadise
enhancement, which will be demonstrated experinfignita
the next sections.

2) Experimental setup for DPSK transmission

The experimental setup is shown in Fig. 24. Thestratter,
based on Mach-Zehnder modulators, generates arp8lgs-
width RZ DPSK signal at 42.6 Gbit/s. The signal alangth
is centred at 1550 nm. An ASE source followed b$-iam
band-pass optical filter, followed by a variable tical
attenuator (ATT) is used in order to modify the (FShlt the
transmitter output.

The signal is boosted by EDFA1 before being ser@Aal
via an optical circulator (OC). The transmissiameliconsists
of 100 km of non-zero dispersion-shifted fibre (BBF) with
chromatic dispersion of 4.5 ps/km/nm at 1550 nritpfeed by
a dispersion-compensating fibre (DCF). EDFA2 insesathe
launched power up to 13 dBm, while EDFA3 comperssiie
the residual losses. A gain equalizer (GE) is neguto limit
the signal spectrum distortion due to the stat&omance of

thest fir

10

SA-1. The preamplified RZ DPSK receiver consista dibre-
based delay-line interferometer (DLI) and a balandetector.
of

1550 nm

EDFA

P fibre
Fig. 24. RZ DPSK recirculating loop experiment witiascaded microcavity-
saturable-absorber-based regenerator.

3) Experimental results for DPK transmission
Fig. 25 shows the measured bit error rate (BER3uge
transmission distance, with and without SA.1 beaseglitude

regeneration. The OSNR at the transmitter (call&iNR,, ) is

22.7 dB (over 1 nm) and the fibre launched power3isiBm.
él’his high value is unrealistic, but is required, our
experiment, to generate a high enough amount of\NibPLO0

km of transmission fibre. For longer distance betwve
regenerators, the BER curves are shifted towangsrianput
power values since less launched power is needdtidsame
amount of total nonlinear phase noise in the systerthe case
without SA.1, the BER grows rapidly due to lineanda
nonlinear phase noise accumulation. When the phase-
preserving amplitude regenerator is introduced,atimplitude
noise is reduced and the nonlinear phase noiseailyp
removed. As a consequence, the transmission déstésc
enhanced thanks to the regenerator. A transmisksance of

800 km is reached for a BER of '1‘bcompared to 500 km in
the case without regeneration, a distance improxéenagio of
1.6 is thus obtained.

1E-03
1E-04
1E-05
1E-06 +
i
a 1E-07
1E-08
1E-09
1E-10 + —— With regeneration
|

1E-11 +—— | | — |
1 2 3 4 5 6 7 8 9 10
Transmission distance (100km)

—a— W/o regeneration

Fig. 25. BER vs. transmission distance of the DRBjkal.
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We define the distance improvement ratio (DIR)resratio  strongly reducing the amplitude noise, the SA.lvenés the
of distances covered with and without regenerdiora given creation and accumulation of NLPN in the next traission

d L .
BER. Fig. 26 presents the evolution of DIR versi\®,, SPan (2" transmission section).

————

DQPSK transmitter

for a BER of 10" and with fibre launched powers of 10 dBm

4
1 .
PRBS 28 Gbit/s
and 13 dBm. I e WA
1
- [on 1 KED
DFB
1.6 !
. 1
— 1 |:|—1
15 PRBS 28 Ghit/s
& 1.4
w
@13
o 0———.§Q/‘
o12
11 —&— Fiber launched power 13dBm
’ —e— Fiber launched power 10dBm
I

1

13 15 17 19 21 23

Transmitter OSNR over 1 nm (dB)
Fig. 26. Distance improvement ratio at BER of*1@ith different fibre
launched powers and transmitter OSNR.
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At the first glance, the results show that the QtRerally The experimental setup is presented in Fig. 27.0Q@SK
signal, at 1549 nm, is generated by a nested Matimder
exceeds 1.2 for all OSNR values. As can be seen, amodulator (MZM) with 3-1 PRBS. A second MZM is
difference in regeneration efficiency is shown wiba fibre sinusoidally modulated at 28 GHz to convert 28 GbAIRZ
launched power varies from 10 dBm to 13 dBm. Tlis be DQPSK to 50% RZ DQPSK. The'transmission section is
explained by the fact that, at higher fibre launtpewer (13 emulated with an OSNR degradation obtained fromASE
dBm), the nonlinear effects that convert amplituaése into source followed by a 3-nm band-pass optical filbentered at

phase noise are. more gfﬂuen?. Consequently, ,rbettﬁwe working wavelength followed in turn by an optic
regenerator efficiency is obtained (distance imprognt ratio attenuator (ATT)

of 1.4 to 1.6 compared to 1.2 at 10 dBm)_. The grethte fibre The signal is then boosted to 15 dBm by EDFAL efor
launched power, the stronger the nonlinear effeatsl the being sent to SA.1 via an optical circulator. Thecand

better the distance improvement. transmission section is composed of 100 km of remo-z

When OSNRX increases, the DIR obtained is S"ghﬂydispersion-shifted fibore (NZ DSF) with chromaticspiersion

better. For a fibre launched power of 13 dBm, a BfR.4 is ©f 4.5 pskm/nm at 1550 nm, followed by a dispersio
compensating fibre (DCF). EDFA2 is used to incretse

obtained at low OSNRK (13.8 dB), and this improvement launched power up to 12.5 dBm (necessary to gemerhigh

o . . enough amount of NLPN in 100 km), a more realiktiench
ratio is 1.6 at high OSNR (22.7 dB). At a fibre launched power is used in recirculating loop experiment wsgveral
power of 10 dBm, this evolution is less visible dese the amplification spans. EDFA3 compensates the residiss.
nonlinear effects are less efficient. o The preamplified DQPSK receiver consists of a fibased

Here, we have experimentally demonstrated a mesioe  gejay-line interferometer (DLI) and balanced desext The
saturable-absorber  based  phase-preserving  amplityserT is programmed to detect the correct incomirig b
regenerator in a DPSK transmission. In the nexti@gcwe gyegm.

present recent results obtained with SA.1 for pipaeserving Fig. 28 shows the measured BER versus the reciipet

amplitude regeneration of RZ-DQPSK signals. power. The first curve (diamonds) relates to ouwkii@-back
(B2B) reference with an OSNR of 32 dB. The squasgkm

B. Phase-preserving amplitude regeneration of 28-Gbaud curve refers to B2B with an OSNR of 20.7 dB. TheRBE

RZ-DQP<K signals this case is limited by the linear phase noise éeduby the

Before system experiments, we perform a initialezikpent ASE source.

demonstrating the effect of the regenerator SAdhase a
DQPSK signal.

1) Demonstration of SA.1-regeneration effect

We emulate a link with a regenerator located wiaarky
linear phase noise is presenf'(tansmission section). By
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phase-preserving amplitude regenerator is usedartfmitude

-3 —o— B2B OSNR 324B (ref) 1 noise is reduced and the NLPN is partly removed. aAs
—B—B2B OSNR 20.7dB consequence, the transmission distance is enhahaalls to
n —¥— 100km OSNR 20.7dB, w/o SA1) the regenerator. A transmission distance of 120Gskmached
— ~©- 100km OSNR 20.7dB, with SA for a BER of 1d compared to 800 km without regeneration.
1’
o ] 2
s) Q V\K
R — il .
8—— N o Nﬁ . ~ 3 2 |
) o
9 E “Q 7\%— % E
10 ‘ 4 o~ \'6 -4 =
3 30 25 20 15  -10 > / A
Received input power (dBm) 2 5 =
Fig. 28. BER versus receiver input power. 6 / o
) /') Er.«"" —6—W/o regeneration
The triangle-mark curve refers to a transmissiosecaith -7( a/d Er‘" “'E""W‘ith regeneratior}

12.5 dBm Iaun_ched power and without SA.1. A largsver -5300 500 800 1000 1200 1400 1600

per_1a|ty is _obtamed and an error floor at BER aDﬁ.appear_s Transmission distance (km)

owing to linear and NLPN. When the SA.1 based aumdi Fig. 30. BER evolution versus transmission distamdth and without
regenerator is used, a considerable improvemetite@BER  regeneration.

for the same fibre launch power is obtained (cirobrk _
curve). Indeed, the BER curve with regeneratiaridse to the [N order to evaluate more accurately the distance
one limited only by linear phase noise, and therefloor ~improvement brought by SA.1, we optimize the fitenched
disappears from the measurable range of BER. Tiwesty POWers for both cases with and without it. BER isasured

of the regenerator is thus demonstrated. versus transmission distance for different launcbeders. In
Fig. 31, we present the distance obtained for wdiffe
2) Recirculating loop experiment launched power and for a BER=40 Without regeneration

In order to assess the regenerator cascadability afsolid line), the distance increases first with taeinched
performance, it is concatenated in an experimefrigus power in the linear regime (OSNR increases withldueched
recirculating loop (Fig. 29). Tx and Rx are thensmitter and power), reaches a maximum. Then the transmissistartie
the receiver respectively, working at 1549 nm. decreases with the launched power because nonlaftsmts

The amplification span is composed of 100 km of DZF, become the main degradation source and degrades amar
followed by a DCF. Fibre loss is compensated foredlyium more severely, the system performance. The maximum
amplification. A SA.l-based phase-preserving am@ét transmission distance without regeneration cornedpao a
regenerator is inserted in the transmission linenew launched power of 2 dBm. When the SA.1-based regeare
amplification spans. In this work, because of timited (dotted line) is used, the largest transmissiortadie is
number of available amplifiers, we consider okly1 and 2. multiplied by a factor of 1.2 and occurs at 5 dBmtéad of

Regenerator 2dBm. This reveals a significant improvement oftegn

Tx switch  switch tolerance to the nonlinear effect.

RZ DQPSK

Rx /
RZ DQPSK

Amplification span (x M)
Fig. 29. DQPSK recirculating loop setup.

Fig. 30 shows the measured BER versus transmission
distance with and without SA.1 in the casevbfl. The fibre
launched power is set to 6 dBm. Without SA.1, tlERByrows
rapidly due to linear and NLPN accumulation. Whéme t
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better performance. To define the optimal valuévigfsome
further measurements using the path switchablecudating
loop would be required.

V. CONCLUSION

We have synthesized in this paper a number ofesyst
regeneration experiments using vertical microcaséayurable
absorber. The potential of this tunable and widdban
regenerator, based on a multiple input saturablsordler
module associated to a fibre-based power limitaction, has
been reported through cascadability assessmenseThesults
open the way to application for WDM regenerationiclth
requires further investigation. SA module switchagantrast is
5.5 dB on average on all channels and we have denated a
distance improvement ratio (at BER of %)Ogreater than 3

Fig. 31. A map of BER=10 versus launched power and transmissiorover 13 nm in a 100 km regeneration span in aageleition

distance with and without regeneration every 100 km

In the linear transmission regime, at low launcipedver,
the regenerator does not bring any improvement@eserves
the signal phase. Moreover, in this case, becaltisis tigh
insertion loss, the SA.1 slightly degrades the OSNR
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Fig. 32. A map of BER=10-4 versus launch powet iansmission distance
w/o and with regeneration every 200 km.

Let us now consider the caseME2 where the number of
amplification spans is doubled. Consequently, fog same
transmission distance, the number of
regenerators is reduced by a factor of 2. Fig.Ii#vs the iso-
BER curves for the cases with and w/o regeneraltmp.
Whereas in the reference case, results
unchanged, the performance of the regeneratedisdsetter
(distance improvement factor of 1.3). In Fig.11, van see
that the SA.1 losses at 1549 nm are as high asB2Ghe
regeneration module including SA.1 with its assdaoptical
amplifier, exhibits a poor noise figure resulting OSNR
degradation. As a consequence, wihdnl, regeneration for
each span leads to severe OSNR degradation whitts lits

loop. This SA module is fully compatible with phato
integration. However, a fibre-based power limiteindtion
does not help to produce a compact and low cost WIRV
regeneration. A new SA structure allowing a powaeriter
function was proposed to avoid the use of the filmsed setup
and is reported in this paper. An all optical 2Ryemerator
composed of a SAs tandem is presented. The naikestien
performance of the tandem device is demonstratied) BER
measurements with different values of OSNR. The tmos
relevant performance is a Q factor enhancemenérbtitan 1

dB obtained in about a 10 dB range of OSNR (frontd.@6
dB), and a sensitivity margin of 3.5 dB obtainedhwihe
regenerator for an input OSNR of 12 dB (measuredaon
bandwidth of 1 nm). Both the Q factor and sensiivi
improvements demonstrate that the SA.1 SA.0 tandem
performs a good all-optical regeneration functiblfowever,
SA.1 leads to spectral deformation of the signherent to its
spectral response, which limits the SA.1 cascadebeus. The
SA.1 appears thus more adapted to the more spgctral
efficient PSK signals than to OOK signals. Cascaded
performance of a phase-preserving amplitude regéorer
based on a microcavity saturable absorber has been
numerically and experimentally investigated in a-RZSK
transmission system via a recirculating loop setlpsults
show that the regenerator reduces the amplitudsenvahich is

concatenatétl the origin of nonlinear phase noise, thus impgwhe

system performance. The best regenerator efficierscy
achieved at high fibre launched power when the ineat

remain wlmeéfects are significant. A distance improvemeniorap to 1.6

is experimentally obtained (at a BER of%)0

Finally, we have reported, for the first time, #féiciency of
phase-preserving amplitude regeneration using @ooawity
saturable absorber in an RZ DQPSK transmissioresysthe
tolerance to the nonlinear effect of the regeneratestem is
enhanced by 3dB, and the transmission distanceapsoived
by a factor of 1.3 with a better trade-off betwesmplitude-

beneficial effect. Whe increases, the noise from the inlineregeneration effect and the device insertion.

amplifier becomes dominant which limits the conttibn of
the regenerator noise. This is the reason Why leads to a

In view of these results, we believe, despite ttagress in
electronic processing and advanced modulation tqubs,



that, thanks to its small size, its passive behraaiml its large
bandwidth, the SAs structure in microcavity canused as
inline all-optical multichannel 2R regenerator f0OK and as
a single channel phase-preserving amplitude regtarefor
PSK long haul transmission.
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