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We propose a novel scheme of simultaneous polarization separation and switching, based on the orthogonally-
polarized four-wave mixing (FWM) effect, for ultra-high-speed polarization multiplexing (Pol-MUX) fiber networks such
as 100-Gbps and 400-Gbps backbone networks. We use theoretical and experimental analysis of the vector theory of
FWM to successfully achieve polarization separation and all-optical switching by utilizing a 100-Gbps dual polarization-
quadrature phase shift keying (DP-QPSK) signal and two orthogonally-polarized pumps. Both of the polarization-separated
QPSK signals have clear constellation diagrams, with root mean square (RMS) error vector magnitudes (EVMs) of 14.32%
and 14.11% respectively. The wavelengths of idlers can be created at 30 different wavelengths, which are consistent with
International Telecommunication Union-Telecommunication (ITU-T) wavelengths, by flexibly changing the wavelength of
the pump light. Moreover, the idlers that have distinct wavelengths have power distributed in a range from —10 dBm to
—15 dBm, which can support error-free transmission. The power penaltyis 5 dB lower than that of back-to-back (BTB)
signal for both the X- and Y -polarization components measured at a bit error ratio (BER) of 3.8x 1073, Our experimental
results indicate that this scheme has promising applications in future backbone networks.

Keywords: polarization separation and switching, four-wave mixing, orthogonal polarization, 100-Gbps dual

polarization-quadrature phase shift keying
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1. Introduction

The rapidly developing importance of information in the
modern world means that there is a perpetual demand for in-
creased bandwidths of fiber backbone networks; most of these
networks are installed on a commercial basis, which mainly
consist of 10-Gbps and 40-Gbps channels.!'] The coherent
100-Gbps!¥! technology has been used maturely in backbone
networks, and is now becoming widely available in long-reach
and long-haul links. The development of the next generation
of 400-Gbps[®! transmission has also been the subject of ex-
tensive research in many countries.

Polarization multiplexing (Pol-MUX)!6-12

! technology is
a simple and practical approach currently used to achieve long-
haul transmission; it can efficiently utilize the available spec-
tra in the 100-, 200-, and 400-Gbps backbone networks. The
Pol-MUX modulates two independent datasets, each on two
orthogonal polarization states, at a single wavelength. This
can double the communication capacity. Specific applications
of Pol-MUX include 100-Gbps dual polarization-quadrature

phase shift keying (DP-QPSK), 200-Gbps dual polarization

DOI: 10.1088/1674-1056/28/2/024216

16-ary quadrature amplitude (DP-16-QAM), and 400-Gbps
DP-64-QAM transmissions.[!3-13]

Moreover, the simultaneous polarization separation and
the switching of Pol-MUX signals between different nodes are
particularly important parts of a fiber network; data exchange
often occurs in one of the polarization states of a Pol-MUX
signal. In previous studies, the optical signal carrying traffic
undergoes an optical-electronic—optical (OEO) conversion at
every routing node. The traditional method of carrying out
one polarization state signal switching from node A to node
B is based on an electrical switching chip!'®!7! as shown in
Fig. 1. Here, we assume that two node signals, S; and S,
go to nodes B,_; and B, to illustrate the process of polar-
ization separation and switching. First, §; and S, are loaded
onto two orthogonal polarization states to form an optical Pol-
MUX signal; they reach the receiver through the fiber. Second,
the Pol-MUX signal is demodulated by coherent detection and
digital signal processing (DSP) to recover the electrical sig-
nals of Sy and S,.!"%1°1 Finally, the two signals are switched to
nodes B,_; and B, via the electrical switching and E/O con-
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version. However, this method has some significant shortcom-
ings as indicated below. It is not suitable for ultra-high speed
Pol-MUX signals (such as 100-Gbps DP-QPSK) due to the
limited data rate of the commercial electrical switching chips

(serial data rate up to 10 Gbps), and complicated signal de-
modulation and digital algorithm processing is required for the
OEO conversion, which gives the network a large delay and a
low efficiency.
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Fig. 1. Schematic diagram of a traditional electrical switching process.

An effective solution to handle an ultra-high data rate,

20.21] technol-

however, is to make use of the optical switching!
ogy, which can achieve higher bandwidth, lower power con-
sumption, and lower operation cost, than the traditional meth-
ods. Optical switching uses optical cross-connects and recon-
figurable optical add/drop multiplexers (ROADMs). These op-
tical switches include optical microelectromechanical system
(MEMS)-based switching, thermal optical switching, electro-
optic switching, and nonlinear optical switching. The non-
linear optical switches perform switching functions by us-
ing the intensity-dependent nonlinear optic effect (which is
ultrafast) in the nonlinear fiber or waveguide, such as two-
photon absorption and the Kerr®>?3] effect. This induces the
optical phenomena of four-wave mixing (FWM) and cross
phase modulation (XPM). Of these nonlinear effects, the
FWMP428 most promises to realize multi-channel wave-
length conversion and polarization separation for Pol-MUX
signals in optical networks. FWM is a third-order nonlinear
effect, which is transparent to the modulation format and data
rate and compatible with DP-QPSK and DP-16QAM. [2939]

In this paper, we propose a novel scheme for the all

optical polarization separation and switching of a 100-Gbps
DP-QPSK signal, which has potential applications in future
backbone networks as shown in Fig. 2, severing as a replace-
ment for electrical switching. We separate the two orthogo-
nal polarization states of the 100-Gbps DP-QPSK signal into
two independent channels with different wavelengths by using
the orthogonally-polarized FWM effect. Both of these sep-
arated signals with orthogonal polarization states have clear
constellation diagrams with root mean square (RMS) error
vector magnitudes (EVMs) of 14.32% and 14.11%, respec-
tively. The idlers can be created at 30 different wavelengths,
consistent with the International Telecommunication Union-
Telecommunication (ITU-T) wavelengths, by flexibly chang-
ing the wavelength of the pump light. In addition, these idlers
with distinct wavelengths exhibit power distributed in a range
from —10 dBm to —15 dBm after a 150-km transmission,
supporting an error-free transmission. The measured power
penalty is 5 dB lower than that of the back-to-back (BTB) sig-
nal for both the X - and Y -polarization components at a bit error
ratio (BER) of 3.8 x 1073,
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Fig. 2. Schematic diagram of proposed simultaneous polarization separation switching process for Pol-MUX signal in a backbone network.
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2. Principle of orthogonally-polarized four wave
mixing

The principles of polarization separation and simultane-
ous switching can be explained by using the FWM process.
Firstly, we investigate the physical mechanism of wavelength
conversion by using two pumps and a Pol-MUX signal con-
figuration, through using a highly-nonlinear fiber (HNLF). We
induce the basic FWM spectra at the three frequencies shown
in Fig. 3(a), where P; and P, represent two pumps with orthog-
onal polarization states. In the FWM process, there are about
seven idler light beams generated at the three mixing frequen-

cies. Here, we mainly consider the three idler light beams de-

noted as idler-1, idler-2, and idler-3, which are located at the
frequencies given by

Oidler—1 = 20p1 — O,
Oidier—2 = 2@p2 — s,

Widler—3 = Wp1 + Wy — Wy, (D

where @,1, @2, and @y are the frequencies of the P, P, and
Pol-MUX signals, respectively. Idler-6 and idler-7 are similar
to idler-1 and idler-2 because they are all composed of two fre-
quencies; idler-4 and idler-5 are similar to idler-3 in the same
fashion. Therefore, the theoretical analyses of idler-1, idler-2,
and idler-3 are suitable for other similar idlers.

Pol-MUX
(a) signal P P
A A A (b)
€y
idler-1 idler-2
idler-4|idler-5 e e Ss
Wp1 —WpatWs|Wp2—Wp1+Ws Wp1FWpa—Ws
idler-6 idler-7 idler-3 Py &
T T | , - 0 R —
2ws—wp2  2wWs—wp1 Ws Wp Wp2 2wpi—ws  2wp2—ws 1 ’

Fig. 3. (a) Schematic diagram of FWM spectrum induced by two pumps and a Pol-MUX signal, and (b) polarization directions of the two

pumps and the Pol-MUX signal.

Here, we assume that the Pol-MUX signal is comprised
of the orthogonally-polarized signals S; and Sy, and that signal
S1 has an initial angle 8 with respect to the pump P; as shown
in Fig. 3(b).

We express the electric field vectors of the two orthogo-
nally polarized pumps (1 and E ) and the Pol-MUX signal
(E,) as follows:

Ep = Aprexp(j(@pit — @p1))ex, 2)
Ejpy = Appexp(j(@pt — @p2))ey, (3
E; = exp(j(ast — @5))[(As1 cos(0) + Agp cos(90+ 0))]ex

+exp(j(@sr — @5))[As1 5in(0) + A cos(0)]ey.  (4)

Here, A1 and A are the amplitudes, ©,1 and @) are the fre-
quencies, and @, and @, are the phases of the pumps P; and
P, respectively; Ay and Ay represent the amplitudes of the
signals S7 and S», respectively, which are the orthogonal com-
ponents of the Pol-MUX signal; @, and ¢y are the frequency
and phase of the Pol-MUX signal, respectively. The generated

electric field vectors of three idlers are given by (203!
Eijer—1 = m(Ep - E})Ey,, ()
Eigier—2 = Mm(Ep2 - ES)Ep, (6)
Eiqer—3 = M(Ep1 - E{)Ep + Mo (Ep - EY)Ep)

+n3(Ep2‘Epl)E:a (7N

where 11, 12, and 13 are the conversion efficiencies of the
FWM processes. These conversion efficiencies are determined

by the incident power, frequency, and dispersion of the HNLF.
The dot product of two field vectors (‘-”) is the inner product
that represents their beating operation. When the mixing fre-
quency polarization states are orthogonally polarized, the dot
product will be zero; it will be at its maximum when they are
parallel polarized. Substituting Eqgs. (2)—(4) into Egs. (5)—(7),
respectively, the three idlers’ electric fields can be expressed
as,

Eigier—1 = M2Ap1exp(j(20p1 — )t — (2¢p1 — @)

X [(Ag1 cos(0) + Az cos(90+ 0))]ey, (8)
Eigier—2 = MApexp(j(20p — o)t — (200 — ¢5))

X [(Ag18in(0) +Agr cos(0))]ey, 9)
Eigier—3 = Ap1Apexp(j(@p1 + 0y — )t

—(@p1 + Pp2— @) (M +M2)

X [(Ag1cos(0) + Az cos(90+ 0))]ey

+MAp1Ap2exp(j(@p1 + @p2 — o)t

—(@p1 + Pp2—9)))

X [(Ag18in(0) + Az cos(0))]ey. (10)

When 6 = 0°, the component Ay, cos(90 + 0) in Eq. (9)
will be zero, and the component Ay cos(8) will reach its max-
imum value. This means that the electric field Ejgje;—1 only
contains the full information about Sy. Similarly, Ejigje;—» only
contains the full information about S,. The information about
E;gier—1 and the information about Ejg,—» are interchanged
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when 6 = 90°. However, Fjg;—3 has the mixed components
of A1 and Ay, no matter whether 0 is 0° or 90°, meaning that
FEigier—3 cannot be used as the result of the polarization sepa-
ration.

It can be seen from the above theoretical analysis that the
polarization separation of the Pol-MUX signal can be achieved
by using two orthogonally-polarized pumps and the same po-
larization direction Pol-MUX signal to construct the FWM ef-
fect, and then choosing idlers at frequencies of 2@, — @, and
2mps — oy as polarization separation results.

3. Experimental setup

Figure 4 shows our experimental configuration, based on
the polarization separation and switching of a 100-Gbps DP-
QPSK in a fiber network. It consists of a 100-Gbps DP-QPSK
transmitter, a polarization separation, a switching unit, and
two node receivers. The 100-Gbps DP-QPSK transmitter con-
tains an external cavity laser (ECL, Neophotonics TTX1995),
a 25-GHz LiNbO3; IQ modulator (EOSPACE, 1Q-0D6 K-25-
PFA-PFA-LV), an arbitrary waveform generator (AWG, Tek-
tronix AWG70002) with a sampling rate of 50 GS/s, and a
polarization multiplexer (Pol-MUX unit). At the transmitter,
continuous-wave light (~ 20-kHz linewidth) generated from

the ECL at 1548.52 nm with power of 18 dBm, is modulated
by the IQ modulator. The IQ modulator is driven by two in-
dependent 25-Gbps electrical data signals from the AWG, to
form a 25-GBd QPSK signal. The two data patterns are 2> — 1
pseudo-random bit sequence (PRBS) data streams, with a 20-
bit delay between the two data patterns. Simultaneously, an
automatic bias control (ABC) board provides three precise
voltages to maintain the IQ modulator operating at a normal
point, achieving the optimal modulation effect and providing
long-term stability. A Pol-MUX emulator is used to generate a
25-GBd (100 Gbps) DP-QPSK signal to double the data rate,
after which the signal passes through a variable optical atten-
uation (VOA, Santec OVA-650) to simulate fiber losses. The
Pol-MUX emulator is shown in Fig. 5. The generated QPSK
signal is divided into two paths by a polarization maintaining
optical coupler (PM-OC), one of which is delayed by 800 ps
and the other QPSK signal is attenuated by VOA to balance the
power of the two paths. A polarization beam combiner (PBC)
is employed to combine the two paths to form a DP-QPSK sig-
nal. A low noise erbium doped fiber amplifier (EDFA, Keop-
sys CEFA-C-HG-SM-50-M201-FA-FA) with noise figure of
3.7 dB is used to compensate for the power loss, and a Gaus-
sian filter (Finisar, Waveshaper 4000) is used to filter out the
noise to improve the optical signal-to-noise ratio (OSNR).

AWG

DP-QPSK
transmitter

100 Gbp/s
25 Gbp/sI I25 Gbp/s DP—(I)PSK
I Q I E
1
ABC

X-pol||

polarization
separation & switching
unit

node receiver 1

offline coherent X-pol L
DSP receiver

node receiver 2

offline coherent |
DSP receiver | Y-pol

Fig. 4. Experimental configuration diagram of the 100-Gbps DP-QPSK polarization separation and switching.

In the FWM-based polarization separation and switching
unit, the attenuated signal is amplified by an EDFA (Amon-
ics AEDFA-PA-35) with a gain of > 30 dB and a noise fig-
ure of < 3.7 dB. It is then filtered by a Gaussian optical
band pass filter (OBPF) with a 3-dB bandwidth of 0.42 nm.
Two narrow-linewidth tunable lasers (TL 1 and TL 2, Em-
core TTX1995 with a linewidth of ~ 20 kHz) are provided
and denoted as CW pump 1 and pump 2; they are combined
by a PBC. The X-polarization (X-Pol) and Y -polarization (Y-
Pol) state of the DP-QPSK signal are precisely rotated by a

three-wave-plate adjustable polarization controller (PC, Thor-

labs, PC-FFB-1550) to align them with the two pumps. It
should be noted that we use the PC to replace the polariza-
tion tracking device!®!=33! for the convenience of the experi-
ment. The mixed signals are combined by a polarization main-
taining coupler, and then launched into a 500-m-long HNLF
with a nonlinearity coefficient of 11.5 W~!-km~! and a chro-
matic dispersion of —1.5 ps/(nm - km) at 1550 nm in wave-
length. Furthermore, with the polarization separation results,
we filter the idlers out from the FWM spectrum by using the
customized 50-GHz spacing dense wavelength-division mul-
tiplexing (DWDM) module. We then sent them to the two
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wavelength-addressed node receivers, which experience the
coherent detection and offline digital signal process to recover
the signals.

QPSK DP-QPSK
] —

Pol-MUX

Fig. 5. Pol-MUX emulator configuration.

4. Results and discussion

Figure 6(a) depicts the transmitted a 100-Gbps DP-QPSK
optical spectrum. It has an OSNR of 64 dB as measured by
the optical spectrum analyzer (YOKOGAWA, AQ6370). Fig-
ure 6(b) shows the DP-QPSK signal eye diagram, which ex-
hibits a clear profile measured by the digital sampling oscil-
loscope (DSO, Tektronix, TDS8200) together with a 50-GHz
photodetector (XPDV2020R, U?T Photonics). Both of these
measurements are taken at point A shown in Fig. 4. The mea-
sured power of the transmitted DP-QPSK signal is ~ 9.4 dBm
and is attenuated to —20.6 dBm by the VOA, equaling a 150-
km fiber transmission.

In the polarization separation and switching unit, the am-
plified and filtered DP-QPSK signal power is 0.2 dBm. The
power of the two pumps are both set to be 18 dBm, and their
wavelengths are tuned to be 1549.72 nm and 1550.12 nm, re-
spectively. Figure 7 shows the generated optical spectrum of
the FWM effect in the HNLF, measured at point B as shown
in Fig. 4. The seven idler light beams are denoted as idler-1
to idler-7, corresponding to the different frequency mixtures
listed in Table 1. A comparison is also made between these
idler wavelengths and the ITU-T standard wavelengths. The
idler wavelengths almost fit the ITU-T standard, but only idler-
1 and idler-2 can be considered to be the results of polariza-
tion separation, because of our previous theoretical analysis

(see Section 2). The power values of idler-1 and idler-2 are
—10.2 dBm and —10.9 dBm respectively, with calculated con-
version efficiencies of —10.4 dB and —11.1 dB, respectively.

15 T T ™
(a)
=
g 0 <
M )
G Il
= —25 o
[ z
g n
o
A~ 45 o
—65 B
1547 1548 1549 1550
Wavelength /nm

Fig. 6. Measured 100-Gbps DP-QPSK, showing (a) optical spectrum
with 64-dB OSNR and (b) eye diagram (clear profile).

ump-1 pump-2
20.0 PuRP
10.0 DP-QPSK
=) L
=) 0 idler-3
S~ .
5 3 idler-1| idler-2
£ —10.0
Ay L
—20.0f J
—30.0
1546 1548 1550 1552
Wavelength/nm

Fig. 7. FWM spectrum induced by a 100-Gbps DP-QPSK signal and
two orthogonal polarization state pumps.

Table 1. Frequencies of idlers generated by the different FWM processes.

Number Mixing Measured ITU-T/nm Deviation/nm Suitable for
frequency result/nm Pol-separation
Idler-1 20,1 — O 1550.931 1550.92 +0.011 V4
Idler-2 20 — 1551.711 1551.72 —0.009 Vv
Idler-3 Wp1 + Op2 — O 1551.315 1551.32 —0.005 X
Idler-4 Wp2 — Op2 + O 1548.126 1548.12 +0.006 X
Idler-5 Wp2 — Wp1 + O 1548.914 1548.91 -+0.004 X
Idler-6 20 — 02 1546.926 1546.92 +0.006 X
Idler-7 2w — Wp1 1547.313 1547.32 —0.007 X

In subsequent steps, the light beams of idler-1 and idler-2
are filtered by the DWDM module and sent to two receivers
for signal recovery, based on coherent detection and offline

DSP. Figure 8 shows the calculated demodulated constella-

tion diagrams of the idler-1 (X-Pol) and idler-2 (Y-Pol) QPSK
signals. The RMS EVMs of idler-1 and idler-2 are 14.32%
and 14.11%, respectively; their calculated BERs are error-free.

This fully explains that pump 1 only interacts with the X-Pol
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component of the DP-QPSK signal to produce idler-1, while
pump 2 only interact with the Y-Pol component to produce
idler-2. Both of the two constellation diagrams in Fig. 8 are
noticeably clear, implying that polarization separation based
on orthogonally polarized FWM effect is successfully real-

ized.
2 2
X-Pol Y-Pol
1 1 : A:
+ b haaits e
< <
= 0 = 0
?E e s ?E 3 s
S O LN
-1 Saru < -1 - -
2 -2
-2 —1 0 1 2 —2 —1 0 1 2
In-phase In-phase

Fig. 8. Constellation diagrams of demodulated X-Pol and Y-Pol QPSK sig-
nals.

In order to obtain the most useful idler-1 and idler-2 light
as the wavelength addresses, we shift the pump-1 and pump-2

201 pump-1,, Pump-2 (a)
10+
g 4 nm idler-2|
ea) of DP-QPSK (1557.36 nm)
z N idler-1
ﬁg —10} (1556.53 nm)
@]
& —20f
—30}
40 =" ~ - -
1544 1548 1552 1556 1560
Wavelength /nm
0
—=—idler-1 (c)
—o—idler-2
1550.93 nm
EE —1or =S = 1556.53 nm
e TOSpTe_ T8t ",
= 1551.72 nm et
g : 50 GHz
& _o0l 1557.36 nm
B U

Number (right side)

wavelength simultaneously and measure the newly generated
idler-1 and idler-2 power. To ensure the conversion power
of idler is close to —15 dBm, a maximum spacing of 4 nm
is adopted between the DP-QPSK signal and pump 1. Fig-
ures 9(a) and 9(b) show that the optical spectra of the pump-1
and pump-2 wavelengths shift to the right-hand side and left-
hand side respectively, compared with Fig. 7. In the process of
movement, the wavelength steps of pump 1 and pump 2 are ad-
justed at 0.2 nm (25 GHz). The generated idler-1 wavelengths
can be selected in the ranges from 1540.56 nm to 1546.12 nm,
and from the 1550.93 nm to 1556.53 nm, with a 0.4-nm grid.
The idler-2 wavelengths, meanwhile, can be selected in ranges
from 1539.75 nm to 1545.32 nm, and from 1551.72 nm to
1557.36 nm, again with a 0.4-nm grid. Figures 9(c) and 9(d)
illustrate the measurements of all thirty available wavelength
power values of idler-1 and idler-2 (right-hand side and left-
hand side respectively). Both of the power values are dis-
tributed in a range from —10 dBm to —15 dBm, which sup-
ports the operation of error-free transmission.

20 pump-2 | | pump-1 (b)
10t
£ 0 Hdler-2
e ( DP-QPSK
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a —207¢
—-30
—40 = * * *
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Fig. 9. FWM spectra of the pump-1 and pump-2 wavelengths shifted to (a) the right-hand side and (b) the left-hand side. All available measured
idler-1 and idler-2 power are indicated on (c) right-hand side and (d) left-hand side, respectively.

To further evaluate the performance of the proposed sys-
tem at a longer transmission distance, the BERs are measured
by attenuating optical power through the VOA. Figure 10
shows the BERs, each as a function of the received power,
for the two polarization separated idlers, alongside a BTB DP-
QPSK signal shown for comparison. The received power is
measured at point B as shown in Fig. 4. As shown in Fig. 10,

the required powers for idler-1 and idler-2 (with a data rate of

50 Gbps) are —36.84 dBm and —36.28 dBm respectively, at a
BER of 3.8 x 1073, The required power values for the X- and
Y-polarization states of the BTB DP-QPSK are —41.61 dBm
and —41.23 dBm, respectively. Therefore, the power penal-
ties in the polarization separation process, caused by noise in-
troduced into the conversion process such as amplifier noise
and vector FWM, are 4.77 dB for the X-polarization state and
4.95 dB for the Y-polarization state.
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Fig. 10. Measured BERs each as a function of received power for two
polarization demultiplexed idlers and BTB signals.

5. Conclusions

In this work, we analyze a novel scheme to achieve si-
multaneous polarization separation and switching for an ultra-
high-speed Pol-MUX fiber network, both theoretically and ex-
perimentally, by using the orthogonally-polarized FWM ef-
fect. The two orthogonal polarization states of a 100-Gbps
DP-QPSK signal are separated into two independent channels
with different wavelengths; these two polarization separated
QPSK signals have clear constellation diagrams with RMS
EVMs of 14.32% and 14.11% respectively. The wavelength of
the idlers can be generated at 30 different ITU-T wavelengths
by easily changing the pump wavelength, and the power values
of these idlers are in a range between —10 dBm and —15 dBm,
indicating that they can support error-free transmission. The
power penalty, is 5 dB lower than that of BTB signal for both
the X- and Y-polarization components, measured at a BER of
3.8 x 1073, Based on the results presented above, our novel
scheme can provide a simultaneous polarization separation
and switching method that could be applied to future back-
bone networks.
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