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Abstract—Flexible conversion between multi-level modulation among different m-ary PSKs, we have proposed a passive
formats is one of the key processing functions to realize adaptive interference method to convert from BPSK to QPSK [5], and

modulation techniques for flexible networking aimed at high  {he same principle was further applied to convert to quadrature
spectral efficiency in optical fiber transmission. The authors . .
amplitude modulation (QAM) [6].

have proposed an all-optical format conversion systems from ) .
binary phase-shift keying (BPSK) to quadrature PSK (QPSK) Reverse conversions from higher-order to lower-order mod-
and its reverse conversion from QPSK to BPSK. The latter ulation formats are suitable when the signals transmitted in

had an advantage of wavelength-shift-free conversion from an |ong-haul are then redirected to short-reach or local transmis-
incident QPSK to simultaneous two BPSK outputs without l0ss giqn [7]. For instance, several nonlinear methods have been re-

of the transmitting data. However, it was limited only for a .
single polarization signal. In this paper, we propose a novel ported for conversions from QPSK to BPSK format. Methods

method of wavelength preserved conversion for polarization SUch as using phase erasure by four-wave mixing (FWM) [8],
division multiplexed QPSK signal with arbitrary polarization and using phase-sensitive FWM in SOA [7], [9], HNLF [10]

rotation angle to the z-axis on the z-y polarization plane which or periodically poled lithium niobate (PPLN) [11] have been
is orthogonal to the propagation axis. The method is based yonqrted. The method [8] outputs only a half of the original

on the orthogonal dual-pump four-wave-mixing (FWM) in the . .
highly nonlinear fiber with a nonlinear optical loop mirror ~ dat@ sequence as a BPSK stream by using a single pump

configuration, which has advantages that it separately outputs light. The methods [7], [10], [11] create two BPSK tributaries
the original signal and the phase conjugate signal and has without loss of the original data; however, four phase-arranged

independent FWM efficiency of the signal polarization angle. We pump lights are required. The method [9] extract two BPSK
show the system performances such as bit-error-rate and optical yjptaries onto the two orthogonal polarizations by using a
signal-to-noise ratio penalty evaluated by numerical simulations. pump and four phase-arranged orthogonal probes. The output
Index Terms—Optical processing, modulation format, four- BPSK signal in these methods has a different wavelength
wave mixing, PDM-QPSK, PDM-BPSK from the incident QPSK signal. Such wavelength difference
would be ineffective since it might need additional wavelength
|. INTRODUCTION _convgrsion wh_en a signal once isolated for format conversion
. ) is re-inserted into the same wavelength channel among other
A DVANCED modulation formats have been widely eXyypm channels.
ploited as one of the promising technologies to increasery, gyercome the issue, some wavelength preserved con-
transmission capacity and spectral efficiency (SE) in opticgl gjon techniques have been reported so far. The method
flber communications WI'Fh deve_lopmg dlglta_l S|gnal Processsionosed in [12] uses phase-squeezing by phase sensitive
ing to meet the demand in growing communication traffic [1 mplification (PSA) in HNLF or PPLN. Experimental demon-
[2]. Flexible conversion between different levels of multi-level aion using dual-pump PSA [13] demultipexed each BPSK
modulation formats without optical-to-electrical and electricalip jtaries from a QPSK signal separately, namely, the in-

to-optical conversions will be expected to realize adapti\fgvnaSe or quadrature component of the input QPSK signal

modulation and demodulation technologies and efficient Usg, pe selected by adjusting the relative phase. Recently
of the fiber spectral resources for elastic optical networks. proposed conversion methods [14] and [15] also experi-
In order to increase SE, various all-optical methods haygenially extracted two BPSK tributaries by using polarizers
been studied for conversions from lower-order to higher-ordgny 5 polarization beam splitter (PBS), respectively. Similar
mo<_julat|on formatg. For mstance_, conversions from On'oqéchnique has been further applied to decompose a 16QAM
keying (OOK) to binary phase-shift keying (BPSK), quadragigng in [16]. Methods in [14], [17] have reported that both
ture PSK (QPSK), or 8 PSK have been developed by USiggsk ributaries can be simultaneously extracted by using

nonlinear effects in a highly nonlinear fiber (HNLF) and & pgs when the parametric gain is sufficiently high so that
semiconductor optical amplifier (SOA) [3], [4]. Conversiongne griginal signal and the phase conjugate idler match in
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limited to apply only to a single polarization input signal wittwhere E, and £, are the real-valued pulse envelopeéss
restricted polarization alignment of signal and pump waves,/—1, w, = 27 f, is the angular frequencys, is the prop-

To the best of our knowledge, no conversion techniquegation constanty,(t) and ¢,(t) are the QPSK phases at
from polarization division multiplexed (PDM)-QPSK signalssach polarization componer, is the time invariant phase
to PDM-BPSK signals have been reported so far. Although odifference between:- and y-polarization components. Note
previously reported method [20] using a polarization-diversithat only QPSK phase terms relevantdg(t) and ¢, (¢) are
setup has aimed at polarization-insensitive conversion, it hiaglicated on schematic signal spectra of each polarization
yet been for a single polarization QPSK signal. In this paperomponent in Figs. 1(b)-(i) for simplicity. Two continuous
therefore, we propose a novel method of wavelength preservealve (CW) pumps are written as
conversion for PDM-QPSK signals which can be applied to ‘
arbitrary polarization rotation angle to theaxis on thex- ( Epe ) - ( Ep eXp(Z,(wplt — Bp1z)) ) 2)

y polarization plane which is orthogonal to the propagation Epy Epa exp(iwpat — Bp2z))

axis. This paper is organized as follows. The concept apghere E,; and E,, are the real-valued amplitudes,; =

the detailed operation principle of the proposed scheme jﬁfpl andw,, = 27 f,» are the angular frequencies,; and
described in section Il. Quantitative analyses based on BER @IZ'S are the propagation constants. We assume that angular
described in section 11l so as to assess the conversion systegguencies are chosen to 0g +wye = 2w, to induce center
performance such as dependencies of signal OSNR, sigfahuency preserved FWM and the phase matching condition
power, pump power, polarization rotation angle, and Iasg}r)1 + Bye = 23, is satisfied.

linewidth by numerical simulations. Issues to be ConSidGFEdThe Orthogona| dual pump FWM generates a phase con-
for practical use of the proposed system are also discusggghte signal at the same center frequency while at the
in section IV. Finally, conclusion and our future works argrthogonal side of the polarization compared to the original

described in section V. signal, namely, thec-polarization component of the original
signal contributes to produce thepolarization component of
Il. OPERATION PRINCIPLE the phase conjugate signal, and vice versa. It is still overlapped

Fig. 1 shows the schematic diagram of the proposed fornwith the original signal at the end of the HNLF as shown in
conversion system and signal spectra at each point. The sdtigp 1(c), however, they are separated after passing back the
shown in Fig. 1(a) has two basic building blocks, that i3-dB coupler. The separated phase conjugate signal is written
the phase conjugator and the format converter. The phase[21]
conjugator consists of a HNLF, a 3-dB coupler, circulators and
band-pass filters (BPFs). The principle of generating phase( o >
conjugate signal from original signal by using orthogonal ,
dual-pump FWM in the HNLF with a nonlinear optical loop _ < KBy Ep1 Epo eXP(?(Wst — BsL — ¢y(t) = 0)) ) ©)
mirror (NOLM) configuration has been reported in [21]. This KEy Epy Eps exp(i(wst — BsL — ¢a(t)))
method has advantages that the original signal and the phasgre « is the FWM efficiency, is the HNLF length, and
conjugatg §ignal come out at different pqrts separat.ely'aggp(,i%(t)) and exp(—ig,(t)) correspond to the complex
FWM efflc_lency is mde_penderyt of the signal polarlzatlogonjugate phase terms. For simplicity, the time-space factor
angle. In Fig. 1(a), the original signal passes through the UPR&N (i(wst — B,L)) is not shown in the following equations.
BPF and is attenuated to have the same intensity as the weakef,q phase conjugate signal is divided into two streams
phase conjugate signal going through the lower BPF. and they are polarization rotated 90 and —90 degrees,

The format converter located in the latter part of thgsgpectively, as shown in Figs. 1(d) and 1(e). These signals
configuration consists of Y-dividers, Y-combiners, polarizatiops, pe calculated as

rotators, polarization beam splitters (PBSs) and polarization )
beam combiners (PBCs). Thanks to the feature of the phase( Eaye ) _ 1 < COS(*SS)) —sin(—90) ) 5

Fy

conjugator, the polarization angle of the phase conjugate signal \ (a)y V2 \ sin(— cos(—90)

is controlled individually. Then, the original QPSK signal and ( aB, exp(—i(¢y,(t) +0)) )

the phase conjugate QPSK signal are superimposed by the aF, exp(—ig.(t))

Y-combiners, thereby being converted to two BPSK signals. L [ aE,exp(—igy(t))

By using PBSs and PBCg-polarization component of the :ﬁ < —aE, exp(—i(¢y,(t) + 0)) ) (4)

converted BPSK signals are exchanged and reconstructed to
in-phase PDM-BPSK and quadrature PDM-BPSK signals. .
Here we formulate the conversion operation using the Jones ( Eeya ) 1 ( Cf)s(go) —sin(90) ) %
calculus. As shown in Fig. 1(b), an original PDM-QPSK signal )y V2 \ sin(90)  cos(90)
is combined with orthogonally polarized two pumps at the 3- ( by exp(—i(¢y(t) +0)) )
dB coupler, and then these signals are incident into the HNLF. b, exp(—id.(t))
The original PDM-QPSK signal in the HNLF is written as 1 ( —aE, exp(—ig,(t)) ) 5)

( Eg. ) B ( E, exp(i(wst — Boz + ¢p(t))) ) ) V2 \ aEyexp(—i(¢y(t) +0))
Esy )\ Eyexp(i(wst — sz + ¢y(t) +6)) wherea = xEy1 Ey.
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Fig. 1. Schematic diagram of the proposed all-optical wavelength preserved modulation format conversion from PDM-QPSK to PDM-BPSK, (a) system
configuration and (b)-(f) signal spectra at each point indicated in (a).

These phase conjugate signals are then superimposed Witle phase differencé betweenz- and y-polarization com-
the attenuated and divided original signals at Y-combiners onents should be zero or integer multiplesmgfi.e. § =
order to obtain converted BPSK signals. At the output of themm (m =0, 1,2,...) so that the converted signal keeps the

upper side Y-combiner, it is shown in Fig. 1(f) as BPSK phase.
1 _ When the original QPSK signal has a certain rotation angle
( Ltz ) _1 ( aEy exp(idq(t)) ) + Y to the z-axis on thez-y polarization plane, (1) is modified
E(f)y 2 O‘E exp( (d’y( ) )) as
1 ( QB exp(—ig, (1)) ) B,
2\ —aE, exp(=i(6, () +6)) ( B, )
aE, cos(dz(t)) ) o B )

— 0 ) (6) _ ([ cosv sin w exp(io4(t))

( aByisin(¢y(t) + 0) ( siny  cost E, exp(igy(t))

Similarly, at the output of the lower side Y-combiner, it is [ E,cosvexp(ig,(t)) — By, sint exp(ig, (t)) (10)
shown in Fig. 1(g) as \ Epsinyexp(igy(t)) + E, costpexp(igy(t))

( E(g)a ) 1 ( aE, exp(idy(t)) ) wheref = 0 is assumed. Applying similar manners from (2)
0) )"

to (9), the output in-phase and quadrature components become

Eg)y 2\ akbyexp(i(¢y(t) +
1 < —aE, exp(—ig.(t)) ) EEin—phase):v
2 OéEy eXp(*i(@by (t) + 0)) E(infphasc)y
_( aEgisin(¢.(t)) B
= ( o F, cos(ey (1) +0) ) . (7 _ ( aF, cos¢cos(¢a;(t)) aE, sin cos

(¢y(1)) )
aE, sint cos(¢,(t)) + aEy cos¢cos(¢y(t))
> (11)

Ey), and E, are exchanged by using PBSs and PBCs _ [ cos¢ —sing aE, cos(dx(t)
to reconstruct in-phase BPSK and quadrature BPSK signals =~ \ sinty  cos aE, cos(¢y(t)
at both polarizations. The in-phase component is shown gpg

Fig. 1(h) as )
E(quadrature)z
< E(in—PhaSC)m ) — ( akiy COS(¢$ (t>) > (8) E(quadrature)y
E(in—phase)y aEy cos(¢y(t) +0) [ aEcost-isin(¢y(t)) — aB, sin g - isin(gy(t))
and the gquadrature component is shown in Fig. 1(i) as ~\ aE,sin - isin(¢,(t)) + aB, cost - isin(¢,(t))
E(quadrature)z Eisin(¢y(t _ [ cosy —sinds ) ( OzEmZ:S.in(%(t)) ) >
( Eizuajrazure;y ) - ( gEy;:iligqﬁy((t;L- 6) > ©) ( sinyy  cos® aEyisin(¢y(t) )’ (12)
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PBC EDFA PDM-BPSK signal 1 (In-phase) Fig. 3. Optical spectra witf).05 nm resolution at each point (a)-(f) shown
DPOH H BPDs H DSP H BERT | in Fig. 2.
adjust the initial phase of the incident QPSK signal after the
DPOH H BPDs H DsP H BERT | modulation to have the same initial phase as the two pumps
PBS  PBC  EDFA PDM-BPSK signal 2 (Quadrature) which is set to zero in the simulation. The WDM combiner has
, _ o , bandwidth of112 GHz. The3-dB coupler ha$0 : 50 coupling
Fig. 2. Setup used in numerical simulation. ratio. The HNLF has nonlinearity of; = 2.7 x 10729 m?/W

and effective area afl.g = 1.5 pm? [22], length of L = 100

m, and zero-dispersion wavelengthfatwith its slope of zero.
respectively. As a result, the polarization rotation angle Note that the effective area is an order of magnitude small
does not matter because it is transferred to the output aEEh-&n typica| HNLF since we need to obtain sufficient phase
is. Therefore, this method can be applled to arbitrary ang'%njugate Signa| power even ina re|ati\/e|y weak pump power
of ¢ for PDM-QPSK signals. around10 dBm compared to other studies. The reason of the

Consider when the original signal is assumed to propagatesdak pump power is that we plan to compare results obtained

a retardation plate whose Jones matrix has complex elementgyajsing HNLF and SOA in the future as in [18]. We use the
relative phase difference between each polarization componggiit-step Fourier method to calculate the HNLF propagation.
is imposed on the signal. As a result, the converted sigr@irculators are assumed to have no insertion loss. Each BPF

becomes no longer the PDM-BPSK signal. after the circulator has a Gaussian-shape transmission function
with no insertion loss and bandwidth 66 GHz centered at
I1l. N UMERICAL SIMULATION fs. The variable optical attenuator (V@padjusts the intensity

The proposed format conversion method for PDM signal of the original signal to the same value as that of the phase
verified by numerical simulation using OptiSystem (Optiwaveonjugate signal. We set the VQAo 26.2 dB, 32.2 dB,
Systems Inc.). The system setup is shown in Fig. 2. The origad 38.2 dB when pump powers are a8 dBm, 10 dBm,
inal 112 Gbit/s non-return-to-zero (NRZ) PDM-QPSK signabnd 7dBm, respectively. The phase shifter (p&djusts the
at 28 Gbaud is generated by usinglé-dBm laser source at phase of the phase conjugate signal in order to compensate
fs = 193.2 THz with 0.1-MHz linewidth, a PBS/PBC, and for a relative phase deviation caused by path length difference.
IQ modulators with2!®> — 1 pseudorandom binary sequenc@he phase conjugate signal is divided into two streams and
(PRBS) at bit rate ofRy = 56 Gb/s for each polarization they are polarization rotated at90 and —90 degrees, then
component. Two CW pump laser sources arg,at= 193.0 superimposed with the original signals at Y-combiners to be
THz and f,» = 193.4 THz with 0.1-MHz linewidths and no converted to two BPSK signals. The insertion loss of the Y-
added noise. The CW laser sources for signal and pungigiders and the Y-combiners 5 dB, while the polarization
are assumed to be phase-locked so that the phase matchingtors have no insertion loss. Using following PBSs and
condition between them is maintained. The free-running loc@BCs, y-polarization components of the two BPSK signals
oscillators (LOs) for coherent detection have power16f are exchanged to reconstruct in-phase BPSK and quadrature
dBm at f, with 0.1-MHz linewidths. Amplified spontaneousBPSK signals for both polarizations. These PBSs and PBCs
emission (ASE) noise is added to both polarization compare assumed to have ideal isolation and no insertion loss.
nents of the original PDM-QPSK signal to measure bit-erroAlthough most of the above passive components except for
rate (BER) performance. The phase shifter (\PS used to the HNLF have ideal properties, degradations expected on the
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the input of the WDM combiner and at the output of the
PBC, respectively. The original PDM-QPSK signal is assumed
§ —®— PDM-BPSK1 to havex andy components aligned to the polarization of
"= PDM-BPSK 2 the pump 1 and 2, respectively. Each curve takes average
% PDM-BPSK values between both polarization components. The OSNR of
1 _i’_ ismzx the original signal is set tb6 dB. It is found that the converted
| o pOMBPSK2 signal power is proportional to the original signal power and
the two pumps power. When the original signal power0of
dBm and the two pumps power d0 dBm, the converted

25+
Pump power 13dBm
30 +

35
40+

45 ¥

Converted signal power [dBm]

-50

sl signal power is—32.2 dBm. The conversion efficiency defined
12.-10 -8 6 4 2 0 2 as the ratio of the converted signal power to the original signal
(a) Signal power [dBm] power becomes-26.2 dB, —32.2 dB, and—38.2 dB at the
[ pump power ofl3 dBm, 10 dBm, and7 dBm, respectively.
Note that the OSNR of the signal is not degraded through
—e— PDM-BPSK 1 conversion process itself regardless of its efficiency since the
_ (OSNR 14dB) ASE noise added in advance is dominant and the quantum
i 177 toon 1ad) noise is not added from the WDM combiner to the PBCs
E FECHhreshold.) o poM-BpsK1 in the simulation. Moreover, noise accumulation due to the
3 o L%i;‘iigzi) pump-to-idler phase noise transfer in the FWM process [26]
(OSNR 1648) does not occur in our simulation because the signal and the
Al p two pumps are assumed to be phase-locked. It also holds in
5 S S S — experimental verifications [27].
12 -10 -8 6 4 -2 0 2 Fig. 4(b) shows the BER performance of the converted
(b) Signal power [dBm)] PDM-BPSK signals as a function of power of the original

. _ _ _ PDM-QPSK signal with its OSNR ot4 dB and 16 dB as
Fig. 4. Simulated results showing (a) converted PDM-BPSK signal powey parameter The signal power and the OSNR are measured
as a function of original PDM-QPSK signal power with pump power as ge ; .
parameter and (b) BER as a function of original PDM-QPSK signal pow&efore entering the WDM combiner and power of the two CW
with OSNR as a parameter. pumps is set td0 dBm. Each curve takes average BER values
between both polarization components. It is found that higher
OSNR shows better BER performance and there are certain

noise floors at higher signal power, which can be explained

converted signal in a real implementation are additional Ioﬁ:ﬁnalitatively by the ASE noise accumulated in the EDFA. We
phase rotation due to intensity imbalance and phase mismatey 4 noise model for the EDFA as reported in [28, (23)],
in between the original signal and the phase conjugate sigqﬁhich can be rewritten as

and crosstalk due to the imperfect isolation in the polarization
exchange by PBCs and PBSs. The two PDM-BPSK signals are g_ ().} = Ghw <1ONF[dB]/10 1 n S (As)> (13)
amplified by the EDFAs witl36.5-dB gain and noise figure of G hv

4 dB anq coherently detected by using dual-polarization OpWhereS(mt()\s) andSi (\,) arethe output and the input ASE
cal hybrids (DPOHSs) and balanced photo detectors (BPDs) afgh cra| density [W/Hz] at the signal wavelength, respectively,
digitally p_roce_ssed by adaptlve_ equalization _[23],_ frequen_@ is the amplifier gainjv is the photon energy, anV ' is
offset estimation [24] and carrier phase estimation [25] ifhe nojse figure of the EDFA. The first term in the parentheses
digital signal processor (DSP). Then, bit errors are directly ihe spontaneous emission noise generated in the EDFA, the
counted by bit error rate tester (BERT). second term is the shot noise, and the third term corresponds
Fig. 3 shows optical spectra with.05 nm resolution at to the noise existed in the signal before entering the EDFA.
each point from (a) to (f) shown in Fig. 2. Solid and dasheflhe second term is negligible in hig' as 36.5 dB in
curves indicate signals or pumps an and y-polarization, the simulation compared to other terms. Therefore, curves in
respectively. In this figure, the ASE noise is added to splg. 4(b) can be explained by the magnitude relation between
the original PDM-QPSK signal’s OSNR ti6 dB. Note that the first and the third terms. Let us consider that the range
the CW pumps are slightly remained at outer side of thsf the converted PDM-BPSK signal power entering the EDFA
signal in Figs. 3(d)-(f) due to the finite sideband suppressiefi from —44 to —29 dBm as shown in the curve df)-dBm
of the BPFs after the circulators, which will not affect theyump power in Fig. 4(a). Then, the third term is dominant
received signal quality since they are further suppressed R¥ten the converted signal power is relatively strong and its
the receiver's bandwidth limitation assumed to (b&5 times ONSR is assumed to be up 16 dB which we set for the
of the symbol rate with the form of Bessel function. original signal. Therefore, the BER curves in Fig. 4(b) show
Fig. 4(a) shows the converted PDM-BPSK signal power adlaors since the output OSNR suffers only a slight degradation
function of the original PDM-QPSK signal power with the twdoy the weak first term. Whereas both terms are comparable
pumps power o3 dBm, 10 dBm, and7 dBm as a parameter. when the power is relatively weak, which leads to add the
The original and the converted signal power are measuredspbntaneous emission noise amplified in the EDFA to the
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X-pol Y-pol

Sample constellation maps of the original PDM-QPSK
signal, the converted in-phase and quadrature PDM-BPSK
signals are shown in Figs. 5(a), (b) and (c), respectively. The
original signal's power and OSNR aif® dBm and 16 dB,
respectively. Note that in Fig. 5 the original signal’s field is
normalized to have average intensityIoflt is found that the
converted signals have squeezed constellation diagrams pro-
jected onto horizontal and vertical axes due to the conversion
principle, i.e. superimpose between the original and the phase
(@) In-phase [a.u.] In-phase [a.u.] conjugate signals. Fig. 5(d) illustrates the schematic of the

Xpol Y-pol phase-to-amplitude noise conversion compared with back-to-
back (B2B)-BPSK constellation. Let us consider a case that
7 17 1 the original QPSK signal at the constellation point7of4 is
assumed to spread as radiuby the noise added in advance
of the format conversion. In this case, the phase conjugate
1t 1t 1 signal generated by the FWM is to be at the constellation
point of —x /4 with similar noise spread. These two signals
are superimposed by a power combiner witldB loss. As
a result, phase-to-amplitude noise conversion occurs in the
(b) In-phase [a.u.] In-phase [a.u.] converted BPSK signal whose noise spreads/as on the
Xpol Y-pol in-phase (real) axis. Compared to the B2B-BPSK signal with
'. ' noise spread- equivalent to the original QPSK signal, the

Quadrature [a.u.]

Quadrature [a.u.]

converted BPSK signal hag2-times noise spread on the in-
11 | phase axis. Therefore, the converted BPSK signal has a 3-dB
" ' OSNR penalty required for achieving the same BER as the

Quadrature [a.u.]

B2B-BPSK signal by hard-decision BER calculation in which
the decision threshold is on the quadrature (imaginary) axis. It
is worth noting that, in terms of BER calculation, one should
pay attention to the signal quality after the EDFA as described
(c) In-phase [a.u.] In-phase [a.u.] in the former paragraph. If the first term in (13) is dominant,
Original QPSK signal at /4 resulting BER will have a negligible OSNR penalty compared
{ to the B2B case. A PSA operating in gain saturation [30] is one
of the candidate methods to compensate for such amplitude
noise.
Fig. 6 shows the BER performance of the converted PDM-
) , BPSK signals as a function of OSNR of the original PDM-
A QPSK signal with its power and pump power as parameters.
(d)  Phase conjugate signal at /4 In Fig. 6(a), the signal power measured before entering the
Fig. 5.  Constellation map of (a) the original PDM-QPSK signal an(yVDM combiner is changed in step_s 6f dB as —12, —6
the converted (b) in-phase and (c) quadrature PDM-BPSK signals, and &)d 0 dBm, and the pump power is fixed tt) dBm. In
schematic of the phase-to-amplitude noise conversion. addition, BER performance of the original PDM-QPSK signall
at power of0 dBm is shown. As a reference, a B2B BER
performance evaluated fordBm PDM-BPSK signal without
format conversion is also plotted, which has 0.5-dB OSNR
already existed noise in the signal. Thus, the output OSNRpenalty from theoretical value [31] due to additional degrada-
degraded significantly, which results in degradation of BERons such as bandwidth limitation and noise accumulation at
When the OSNR of the converted signal is assumed to thee receiver. At OSNR of6 dB, the evaluatedog(BER) are
sufficiently high, for instance, ove30 dB, the first term is —3.9 and—2.9 when the signal power afedBm and—6 dBm,
dominant and thus the output OSNR is significantly degradegspectively, which exactly corresponds to the curve®tiB
from the input OSNR. Note that included noise sources for tI@SNR in Fig. 4. Moreover, the evaluatég(BER) increases
photo detectors are LO-ASE beat noise, signal-ASE beat noisem —3.9 to —2.8 when the OSNR decreases frdt dB to
ASE-ASE beat noise, thermal noise, shot noise, and ddrk dB at signal power of) dBm, which meets BER values
current. Due to the BPD configuration, the LO-ASE beat noisd OSNR of 16 dB and14 dB at that signal power in Fig. 4.
predominates over the others in the receiver [29]. In Fig. 4(b),is found that there is negligible OSNR penalty in between
the 7% overhead hard-decision forward error correction (FEGhe original PDM-QPSK signal and the converted PDM-BPSK
threshold oflog(3.8 x 1073) = —2.42 is also shown. Error- signal at0-dBm signal power. It is also found that almakst
free conversion can be achieved since all curves are below &2 OSNR penalty can be observed from B2B at signal power
threshold at moderate signal power. of 0 dBm on the FEC threshold. The reason has already been

-1 0 1 -1 0 1

Converted BPSK
== signal at 0
Y
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Fig. 8. OSNR penalty from B2B at BER on the FEC threshold as a function
of signal power with linewidth as a parameter.

described in the explanation for Fig. 5(d). On the other hand,

studies in [10], [11], [15] reported almost negligible or slight

penalties from B2B results. They evaluated BER as a functi@rDM_QpSK signals.

of received power, not of OSNR. The ASE noise was not rig g shows the OSNR penalty, which is the difference of
intentionally loaded before format conversion, but the receivege osnR required for BER on the FEC threshold between
signal was preamplified by an EDFA. Therefore, the ASfe converted PDM-BPSK signal and the respective B2B
noise generated at the EDFA was dominant both for convertggun, as a function of the original PDM-QPSK signal power
signal and B2B signal, resulted in a negligible penalty exceghi, jinewidth of the signal and the pump laser sources
for the experimental imperfections. as a parameter. The pump power is setléodBm. At 0-

In Fig. 6(b), the pump power is changed in steps dB as  4Bm signal power, almos3-dB OSNR penalty is observed
+7, +10 and +13 dBm, and the signal power is fixed t66  at any linewidths of, 0.1, 1.0 MHz. When the signal power
dBm. As can be seen in Figs. 6(a) and (b) that they have almggkreases, the OSNR penalty increases with the linewidth. This
the same curves except for the B2B curve. This is due to thepecause broader pump bandwidth, especially the bottom of
fact that with respect to the intensity of the phase conjugaise spectrum, is overlapped with the signal bandwidth and
signal derived as (3)3-dB pump power change is equivalentherepy causes crosstalk. For instance, the crosstalk on the
to 6-dB signal power change. Therefore, BER curves at sigq@,l,ase conjugate signal at0-MHz linewidth and —6-dBm
power of —12, —6 and 0 dBm in Fig. 6(a) correspond 10 signal power is comparable to the (inverse of) required OSNR
those at pump power of7, +10 and+13 dBm in Fig. 6(b), for the target BER, which results in signal quality degradation.

respectively. The crosstalk is almosto0-dB weaker at).1-MHz linewidth
Fig. 7 shows the BER performance of the converted PDMnd —6-dBm signal power.

BPSK signals as a function of the polarization rotation angle
of the original PDM-QPSK signal with its OSNR df4 dB
and 16 dB as a parameter. Ab = 0, z- and y-polarization
components are along with pump 1 and pump 2, respectively.This section discusses some important issues for practical
The signal power and the pump power are seb @Bm and use of the proposed conversion scheme. First, we consider the
10 dBm, respectively. It is found that there is no dependenghase difference off between each polarization component
on BER tov of the original signal. Therefore, it is confirmedexpressed as (1). This phase differefices included within

that this method can be used for arbitrary anglesyofor cosine and sine functions of thepolarization component

IV. DISCUSSION
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Fig.9. Constellation diagrams of the original QPSK signal and the converted
two BPSK signals af = 0, 22.5, 45, 67.5 and90 degrees.

before format conversion such as chromatic dispersion (CD),

-0.5 polarization dependent loss (PDL), polarization mode disper-
PDM-BPSK 1, w/o ODC sion (PMD), and nonlinear effects. They normallly degrade a
(OSNR 16dB) signal simultaneously, though, we evaluate them independently
17 --©-- PDM-BPSK 2, w/0 ODC and nonlinear effects are ignored for simplicity. Consider CD
3 (OSNR 16dB) B P . )
g PDM-BPSK 1, w/ ODC accumulated before format conversion, the |nC|d_ent signal’s
® (OSNR 16dB) amplitude and phase are degraded. As expressed in (8) and (9),
2t --&-- PDM-BPSK 2, w/ ODC the amplitude goes out as it is through the system, however,
FEC threshold (OSNR 16dB) h . . . .
the phase are included in sine and cosine function. Therefore,
—— B2B PDM-BPSK, w/o ODC . . . . .
31 L (OSNR 13dB) conventional post-processing dispersion compensation (DC)
4 S S, methods such as optical DC (ODC) and frequency domain
0 85 170 255 340 425 510 electrical DC (EDC) at the receiver may not compensate for
Accumulated chromatic dispersion [ps/nm] the accumulated CD even when using known information

about transmission channel, for instance, fiber length, disper-
Fig. 10. BER as a function of chromatic dispersion accumulated befog§on coefficient, and etc. A simple solution is to apply ODC
format conversion. . .

before format conversion. Fig. 10 shows the BER performance

of the converted PDM-BPSK signals as a function of CD

accumulated before format conversion. In the simulation, a CD
of the converted BPSK signals expressed as (8) and (9).ethulator is placed before the WDM combiner, assuming the
means that taking cosine and sine after rotating the origirdispersion coefficient of7 ps/nm/km and the dispersion slope
QPSK signals by becomes no longer the correct in-phase argf 0.075 ps/nnt/km at f, without fiber loss. Accumulated
quadrature components projected onto horizontal and vertiGih is emulated by changing its fiber length fradnkm to
axes. Fig. 9 shows constellation diagrams of the original QPSi§ km. The signal and the pump powers are set-®dBm
signal and the converted two BPSK signalg at 0, 22.5, 45, and 10 dBm, respectively. It is found that BER exceeds the
67.5 and 90 degrees. The OSNR of the original QPSK sign&#EC threshold oveB5-ps/nm CD which corresponds t&
is set to26 dB. It is found thaty-polarization of the converted km fiber length without the use of ODC, whereas it keeps
in-phase BPSK 1 and the quadrature BPSK 2) at 22.5, below the FEC threshold with ODC placed between the CD
45 and 67.5 degrees have four, three and four constellatiocmulator and the WDM combiner. In the B2B case in which no
points, respectively, not corresponding to BPSK phases. #sfmat conversion is performed and a CD emulator is placed
6 = 90 degree, they look like the same constellatiorfas 0  before the receiver, 83-dB OSNR B2B curve shows a gradual
degree, however, the in-phase and the quadrature compon®®R increase despite no ODC. This is because Ithap
are swapped which is easily calculated from (8) and (%daptive equalizer in the receiver DSP partly compensates
Consider the pump phase adjustment to compensatd,forfor the accumulated CD. The reason why ti2dB OSNR
however, it will not work since it is equally included outsideB2B curve, 3-dB less than the original signal, is plotted is
of cosine and sine functions of both polarizations in (8) arflat the converted signal h&dB OSNR penalty compared
(9). Moreover, in experimental verifications, the relative phase the B2B case to achieve the same BER as explained in
between both polarization channels will vary in time unless aig. 5(d). Note that if the converted in-phase and quadrature
integrated PDM-modulator [32] is used. Further investigatiod®DM-BPSK signals are allowed to be received at the same
on how to deal with such time-variant and invariant phase aitne and transformed into a complex exponential signal using
our future works. Euler's formula, the accumulated CD can be compensated by

Next, we consider undergone transmission impairmerttse conventional EDC.
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Then, we evaluate the influence of PDL on the originglg. 13.  Examples of (a)(b) constellations and (c)(d) waveforms of the
PDM signal. As described in [33], the system PDL showsnverted quadrature BPSK signal anpolarization when phase-locking

statistical nature in point-to-point transmission system becaif§&veen signal and pumps is (b)(d) activated and (a)(c) not activated.
there is a number of optical devices with constant PDL in
network nodes connected by a transmission fiber in which
the state of polarization (SOP) can be randomly convertgsimp powers are set to3 dBm and10 dBm, respectively. A
However, we conduct a deterministic calculation to evaluapMD emulator is placed before the WDM combiner, assuming
two impairments by PDL, namely, the level imbalance anghat emulated fiber length i50 km, negligible chromatic
the loss of orthogonality. The former corresponds to poweispersion and slope, frequency dependence of DGD called
loss on the lossy polarization axis and the latter correspongisiarization chromatic dispersionis3 ps/GHz, and frequency
to crosstalk on both polarization axes [34]. In the simulatioglependence of the PSP referred to as depolarization rate is
the signal and the pump powers are set-t& dBm and10 10.8 deg/GHz [36]. Fig. 12 shows the BER performance
dBm, respectively. A PDL element with 3-dB loss only on thef the converted PDM-BPSK signals as a function of the
vertical axis is placed before the WDM combiner. Fig. 1{alue of DGD with OSNR of16 dB. It is found that the
shows the BER performance of the converted PDM-BPSBER exceeds the FEC threshold and becomes monotonically
signals as a function of the polarization rotation anglef worse with DGD. In the B2B case in which a PMD emulator
the original PDM-QPSK signal with its OSNR df6 dB. is placed before the receiver, 88-dB OSNR B2B curve
It is found that all results are below the FEC threshold. Ashows a slight BER increase but below the FEC threshold.
1 = 0 degree, onlyy-polarization component shows worseThis is because the adaptive equalizer in the receiver DSP
BER which exactly corresponds te6-dBm signal power in aggressively compensates for the PMD effects in the B2B
Fig. 4. Wheny increasesg-pol andy-pol curves are crossedcase, whereas the format conversion is strongly affected by
at 45 degree at which both polarization components show g PMD-induced phase change even when the receiver DSP is
same BER due to the same loss on the vertical axis, aactivated. Further investigation to suppress such PMD effects
then separated again up to 90 degree at which originally on the PDM signals is our another future work.
polarization component shows worse BER. As explained inFinally, we discuss on how to achieve the phase-locking
Fig. 5(d) about the3-dB OSNR penalty, B2B results with petween signal and pump laser sources. In the proposed
OSNR of13 dB plotted in Fig. 11 also show the similar curvesmethod, dynamic adjustment is needed for the phase-locking
Therefore, it is confirmed that the conversion method does rgid to guarantee the state of polarization of the incident PDM-
suffer additional performance degradation by the deterministIPSK signal as®) = +mn (m = 0,1,2,...) as already
PDL. described. Note that when the pump power is constant, values
Consider PMD, as reported in [35], it also shows statisticaf PS, PS, and VOA; in Fig. 2 can be fixed after they have
nature since the single-mode fiber contains arbitrary birefribeen once optimized. They don’t depend on the original signal
gence varying in time and in length due to random imperfeaitensity. In order to stabilize the phase fluctuation, a feedback
tions and asymmetries such as stress, heat and vibrationodip architecture is usually employed. For instance as reported
may cause delay and superposition between two polarization[13], the output of an optical phase comparator has been
components, pulse deformation and related phase changeudad as the error signal in a phase-locked loop. Another possi-
this discussion, we conduct a deterministic calculation tde phase-locking method reported in [17] utilizes a multiply-
evaluate combined impairments by PMD, namely, frequentijter-divide technique. A frequency comb source with a single
independent differential group delay (DGD), frequency depecemmon laser can also be used to lock the phase between
dence of DGD and the principle states of polarization (PSRyo pumps needed for our method. Note that even when the
as described in [36]. In the simulation, the signal and tHeequency comb source is used not only for the two pumps
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but also for the signal, phase stabilization is necessary since V. CONCLUSION

the signal is modulated whereas the pumps are not modulated. ) )
Fig. 13 shows constellations and waveforms of the convertedn this paper, we have proposed an all-optical modulation
quadrature BPSK signal am-polarization measured after theformat conversion system from a PDM-QPSK signal to two
PBS when the phase-locking method in [17] between sig,%pM-BPSK 3|gna!s. Based on the principle of the orthogpnal
and pumps is implemented or not. In the simulation, 1-MHgual-pump FWM in NOLM and the coherent superposition,
linewidth is set to the CW laser for the original signal. Nd"€ Proposed system can be applied to polarization multiplexed
ASE noise is added to the original signal. Two pumps asignals. In addmon_, the .system has advantages of wa.vellength
assumed to have zero linewidth. Therefore, only the Sign%eserved conversion without any loss of data of the incident
phase is adjusted by the phase-locking method shown in [${gnal.

Fig. 2] which generates a feedback signal by using a photoWVe have evaluated the system performance by numerical
detector, a radio frequency (RF) amp”fier, a RF detectcﬁ'i,mulations. BER performances are affected not Only by the
analog-to-digital converter, and a DSP. As shown in Fig. 18ignal power but also the pump power due to the conversion
the amplitude fluctuation caused by the phase drift is cleagfficiency, whereas independent of the polarization rotation
reduced by using the phase-locking method. Note that tABgle of the original signal. OSNR penalty from B2B shows
amplitude fluctuation will change in each calculation iteratioflmost3 dB because of the phase-to-amplitude noise conver-
because such phase drift normally shows stochastic naturesion caused by the operation principle.

The other aspect of the phase-locking in our system is theSince the proposed system is limited to incident signals with
stabilization of the interference at Y-combiners between tife= =mm (m = 0,1,2,...) as discussed in section 4, we will
original signal and the phase conjugate signal they have préj§velop advanced methods to treat signals with arbitfary
agated along different paths. Consider a case where a relaf@€over, taking the phase-locking mechanism in to account,
phase difference of-26 is remained to the phase conjugat§UPPressing technique for PMD effects and experimental ver-
signal expressed as (4) and (5) compared to the original signfifation are also other issues to be investigated as our future
the converted BPSK signals after the Y-combiners expresséarks.
as (6) and (7) are modified as
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