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Data exchange, namely bidirectional information swapping, provides enhanced flexibility compared to the unidirectional
information transfer. To fulfill the rapid development of high-speed large-capacity optical communications with emerging
multiplexing/demultiplexing techniques and advanced modulation formats, a laudable goal would be to achieve data exchange
in different degrees of freedom (wavelength, time, polarization), for different modulation formats (OOK, DPSK, DQPSK, pol-
muxed), and at different granularities (entire data, groups of bits, tributary channels). Optical nonlinearities are potentially
suitable candidates to enable data exchange in the wavelength, time, and polarization domains. In this paper, we will review our
recent works towards robust data exchange by exploiting miscellaneous optical nonlinearities, including the use of cSFG/DFG in
a PPLN waveguide for time- (groups of bits) and channel-selective data exchange and tributary channel exchange between two
WDM+OTDM signals, nondegenerate FWM in an HNLF for phase-transparent data exchange (DPSK, DQPSK), bidirectional
degenerate FWM in an HNLF for multi-channel data exchange, and Kerr-induced nonlinear polarization rotation in an HNLF
for tributary channel exchange of a pol-muxed DPSK OTDM signal. The demonstrated data exchanges in different degrees of
freedom, for different modulation formats, and at different granularities, open the door for alternative approaches to achieve
superior network performance.

1. Introduction

The rapid growth in network capacity and traffic rates raises
the significance of data traffic grooming, which is considered
to be a promising technique for enhancing the efficiency and
flexibility of networks [1, 2]. Data grooming techniques can
take many forms in wavelength, time, and polarization do-
mains, such as tunable optical delay for buffering, add/drop,
(de)multiplexing, multicasting, and data exchange [3–17].
Data exchange is an important concept for efficiently utiliz-
ing network resources and improving network performance.
Generally speaking, data exchange refers to the information
swapping between different wavelengths/time slots/polariza-
tions. In the wavelength domain (e.g., wavelength-division
multiplexed (WDM) network), data exchange, which is also
known as wavelength interchange or wavelength exchange,
would require the swapping of data from one wavelength
with the data from another wavelength [17]. Extensions

of data exchange would expect the data swapping between
different time slots in the time domain (e.g., optical time-
division multiplexed (OTDM) network) or different polar-
ization states in the polarization domain (e.g., polarization-
multiplexed (pol-muxed) network). Moreover, the recently
increasing interest of advanced modulation formats would
require the data exchange to be available for different mod-
ulation formats, such as on-off keying (OOK), differential
phase-shift keying (DPSK), differential quadrature phase-
shift keying (DQPSK), and pol-muxed [18, 19].

Optical nonlinearities (e.g., χ(2) and χ(3)) [20], includ-
ing cascaded sum- and difference-frequency generation
(cSFG/DFG), degenerate/nondegenerate four-wave mixing
(FWM), and Kerr-induced nonlinear polarization rotation,
are potentially suitable candidates to enable data exchange.
Previous reports of data exchange include the use of degene-
rate FWM in an optical parametric loop mirror (PALM) [21,
22], nondegenerate FWM in a highly nonlinear fiber (HNLF)
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Figure 1: Schematic illustration of robust data exchange

[23–31], and second-order nonlinearity in a two-dimension-
al nonlinear photonic crystal [32, 33]. For example, PALM-
based wavelength interchange for OOK [21] and 10 Gbit/s
DPSK signals [22], nondegenerate FWM-based wavelength
exchange for 10 Gbit/s non-return-to-zero (NRZ) signals
[26], byte-level exchange for 10 Gbit/s return-to-zero (RZ)
signals [28, 29], and pulsed pump exchange for tributary de-
multiplexing [30, 31] have been demonstrated, showing im-
pressive performance.

In this paper, we will review our recent works towards
robust data exchange using optical nonlinearities. As shown
in Figure 1, a laudable goal would be to achieve data exchange
for different modulation formats (OOK, DPSK, DQPSK,
pol-muxed) and at different granularities (entire data,
groups of bits, tributary channels). Four kinds of optical
nonlinearities are employed: (1) cSFG/DFG in a periodically
poled lithium niobate (PPLN) waveguide [34–38]; (2)
nondegenerate FWM in an HNLF [39–42]; (3) bidirectional
degenerate FWM in an HNLF [43–46]; (4) Kerr-induced
nonlinear polarization rotation in an HNLF [47, 48]. First,
we present the theoretical analyses of PPLN-based data ex-
change. Analytical solutions are derived to indicate the ex-
change condition [34]. We propose a time- (groups of bits)
and channel-selective data exchange between WDM chan-
nels. 40 Gbit/s channel-selective data exchange between four
WDM channels is demonstrated with a power penalty of
∼4 dB at a bit-error rate (BER) of 10−9 [35, 36]. We further
propose and demonstrate PPLN-based data exchange in
both wavelength and time domains at a fine granularity,
that is, low-speed (10 Gbit/s) tributary channel exchange be-
tween two WDM high-speed (160 Gbit/s) OTDM signals.
Less than 4 dB power penalty is observed at a BER of 10−9

[37, 38]. Second, we report the modulation-format-transpar-
ency characteristic of the data exchange based on nondegene-
rate FWM. We demonstrate phase-transparent data exchange
between two 40 Gbit/s NRZ-DPSK signals with a power
penalty of ∼4.5 dB at a BER of 10−9 [39, 40]. Data exchange
of 100 Gbit/s RZ-DQPSK signals is further demonstrated
with a power penalty of less than 5 dB at a BER of 10−9

[41, 42]. Third, we propose a simple approach to performing
simultaneous multichannel data exchange using bidirec-
tional degenerate FWM in an HNLF. Simultaneous ITU-
grid-compatible four-channel 100 Gbit/s RZ-DQPSK data
exchange is demonstrated with a power penalty of less than
4.7 dB at a BER of 10−9 [43, 44]. Moreover, we build a recon-

figurable Tbit/s network switching element by use of double-
pass liquid crystal on silicon (LCoS) technology assisted by
bidirectional degenerate FWM in a single HNLF. We achieve
a 2.3 Tbit/s (23-channel 100 Gbit/s RZ-DQPSK) multifunc-
tional grooming switch, performing simultaneous selective
add/drop, switchable data exchange, and power equalization.
Power penalties less than 1.2 dB for two-channel add,
0.5 dB for two-channel drop, and 5 dB for six-channel data
exchange are observed at a BER of 10−9 [45, 46]. Finally,
using Kerr effect-induced nonlinear birefringence in an
HNLF, we demonstrate 10 Gbit/s tributary channel exchange
between two orthogonal polarizations of a 160 Gbit/s pol-
muxed DPSK OTDM signal with a power penalty of less
than 4 dB at a BER of 10−9[47, 48].

2. Concept of Data Exchange

Robust data exchange in the wavelength, time, and polariza-
tion domains might be valuable for superior network perfor-
mance [49]. As an example, a desirable goal of data exchange
would be to efficiently utilize nonlinearities in the wavelength
domain, such that the data between two different wave-
lengths can be “exchanged,” that is, swapped, using single
nonlinear processes in a single device. Figure 2(a) illustrates
the basic concept of data exchange in the wavelength domain
(known as wavelength interchange or wavelength exchange)
[21, 25], which is a wavelength-domain data manipulation
enabling the swapping of data between two different wave-
lengths. One straightforward way, as shown in Figure 2(b),
is to use two separate wavelength converters (WCs) with
one performing the wavelength conversion from signal A to
signal B and the other from signal B to signal A. Towards
single-device operation, one simple way of data exchange in
the wavelength domain is to explore the combined signal
depletion and wavelength conversion effects in a nonlinear
device including a piece of HNLF or a PPLN waveguide.
Nondegenerate FWM (χ(3)) in an HNLF [23–31, 39–42]
and cascaded second-order nonlinearities (χ(2):χ(2)) in a
PPLN waveguide [34–38] are potential choices to realize such
data exchange. As shown in Figure 2(c), due to the signal
depletion and wavelength conversion effects, the data carried
by signal A is consumed and converted to the wavelength of
signal B and vice versa. This enables single-device-based data
exchange in the wavelength domain. Similar concepts of data
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Figure 2: (a) Concept of data exchange in the wavelength domain (wavelength interchange/exchange). (b) Data exchange by two separate
wavelength converters. (c) An example of data exchange by signal depletion and wavelength conversion in a single nonlinear device.

exchange in the time and polarization domains, enabled by
various optical nonlinearities, are also available, which will
be discussed with more details in the following sections.

3. Recent Advances for Robust Data
Exchange Using Optical Nonlinearities

3.1. Data Exchange Using cSFG/DFG in a Single PPLN Waveg-
uide [34–38]. As depicted in Figure 2(c), data exchange
based on signal depletion and wavelength conversion of
cSFG/DFG involves two signals and two pumps, which can be
described by the coupled-mode equations. To better under-
stand the single-PPLN-based data exchange, under the slowly
varying amplitude approximation, we can derive the follow-
ing analytical solutions to the complex amplitudes of signal
A (ASA(L)) and signal B (ASB(L)) after data exchange [34]:

ASA(L) = ASA(0) + ωSAωSFκ1
1
M2

A∗P1(0)

[κ1AP1(0)ASA(0) + κ2AP2(0)ASB(0)]

× [cos(ML)− 1],

(1a)

ASB(L) = ASB(0) + ωSBωSFκ2
1
M2

A∗P2(0)

× [κ1AP1(0)ASA(0) + κ2AP2(0)ASB(0)]

× [cos(ML)− 1],

(1b)

where M =
√
ωSAωSFκ

2
1PP1(0) + ωSBωSFκ

2
2PP2(0). ASA(0),

ASB(0), AP1(0), and AP2(0) are the input complex amplitudes
of signal A, signal B, pump 1, and pump 2, respectively.

PP1(0) and PP2(0) are the input power of pump 1, and pump
2. κ1 (κ2) refers to the coupling coefficient of the second-
order nonlinear interaction involving signal A (signal B) and
pump 1 (pump 2). ωSA, ωSB, and ωSF are the angular frequen-
cies of signal A, signal B, and sum-frequency (SF) wave, res-
pectively. L is the waveguide length.

When ignoring the initial pump phase and setting the
same power for two input pumps, we can further simplify
(1a) and (1b) as follows:

ASA(L) = cos(ML) + 1
2

ASA(0) +
cos(ML)− 1

2
ASB(0), (2a)

ASB(L) = cos(ML)− 1
2

ASA(0) +
cos(ML) + 1

2
ASB(0). (2b)

When satisfying the following relationship written by

Mz = (2N + 1)π, N = 0, 1, 2, 3 . . . , (3)

we can obtain

ASA (L) = −ASB (0), ASB (L) = −ASA (0). (4)

From (4) it can be clearly seen that data exchange
between signal A and signal B is achieved under the ex-
change condition governed by (3). In particular, beyond the
data exchange for OOK signal, the complex relationship in
(4) also implies the modulation-format-transparency chara-
cteristic of PPLN-based data exchange. Figure 3 shows an ex-
ample of simulation results for 40 Gbit/s data exchange based
on signal depletion and wavelength conversion of cSFG/DFG
in a single PPLN waveguide [34]. It is shown that the data
information carried by signal A and signal B is swapped after
data exchange.
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Figure 3: Simulation results of single-PPLN-based 40 Gbit/s data exchange.
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Following the similar principle of PPLN-based data
exchange using signal depletion and wavelength conversion
of cSFG/DFG, we can further perform robust data exchange
functions, including time- and channel-selective data exch-
ange between WDM channels [35, 36] and low-speed tribu-
tary channel exchange of high-speed OTDM signals [37, 38].

The conceptual diagram of the proposed single-PPLN-
based time- and channel-selective data exchange between
WDM channels is illustrated in Figure 4 [35, 36]. Multiple
WDM channels (S1–S4) and two synchronized gated pumps
(PA, PB) are coupled into a PPLN waveguide, in which
cSFG/DFG processes take place. The wavelength selectivity of
the quasi-phase matching (QPM) condition allows selection
of channels for data exchange by proper choice of the two

pump wavelengths. For proper QPM of both cSFG/DFG
processes, the two pump wavelengths are nearly symmetric
to the two exchanged data wavelengths with respect to the
QPM wavelength. For instance, as illustrated in Figure 4,
within the gated pump pulse duration, PB mixes with S1 to
produce an SF wave through the SFG process. Meanwhile,
the SF wave interacts with PA to generate a new idler at the
wavelength of S2 by the subsequent DFG process. During
such nonlinear interactions, S1 can be depleted [50–52] and
converted to S2 by means of proper control of the pump
powers. Similarly, PA and S2 participate in the SFG process
to create an SF wave, which simultaneously interacts with PB
to yield an idler at the wavelength of S1 via the DFG process.
Thus, S2 can also be consumed with its data copied onto S1.
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Figure 5: Measured (a1–a4) and (b1–b4) temporal waveforms and (a5), (a6), (b5), and (b6) eye diagrams of 10 Gbit/s data exchange.

Consequently, it is expected to implement optical data
exchange between S1 and S2 without the use of additional
spectrum and touching other channels. Note that time- and
channel-selective data exchange in specific time slots and
between selective WDM channels can be accomplished by
appropriately choosing the gated pump pulse duration and
adjusting the pump wavelengths.

We first demonstrate the data exchange between two
10 Gbit/s signals. Two gated pumps with a duty cycle of 1/127
and a pulse duration of ∼3.2 ns are employed. The average
power of each signal and peak power of each pump coupl-
ed into the PPLN waveguide are about 4 mW and 1 W, res-
pectively. Figure 5 displays the observed temporal waveforms
and eye diagrams of data exchange. The time slots between
the two straight lines correspond to the gated pump pulse
duration, in which data exchange occurs. When S1 and the
two pumps are on while S2 is off, the data of S1 within the
gated pump pulse duration is depleted (a2) and converted to
the wavelength of S2 (b3). Similarly, we can also observe the
depletion of S2 (b2) and the conversion from S2 to S1 (a3)
by switching S1 off and S2 on. In the case of simultaneously
turning on the two signals and the two pumps, it is found
that data exchange between the two signals (S1 to S2: (b4), S2
to S1: (a4)) within the gated pump pulse duration is success-
fully realized.

We further demonstrate the single-PPLN-based channel-
selective data exchange for multiple WDM channels
at 40 Gbit/s. Four WDM channels (S1: 1535.5 nm, S2:
1539.4 nm, S3: 1543.3 nm, S4: 1547.2 nm) are employed in
the experiment. It is possible to perform a channel-selective
data exchange by simply tuning the wavelength of the two
pumps. Figure 6 displays the measured typical eye diagrams

and BER performance for channel-selective data exchange
between WDM channels. The power penalty of 40 Gbit/s
channel-selective data exchange is estimated to be less than
4 dB at a BER of 10−9.

Figure 7 illustrates the concept and principle for single-
PPLN-based tributary channel exchange between two WDM
high-speed OTDM signals [37, 38]. A PPLN waveguide is
employed as the nonlinear device to perform the tributary
channel exchange. Two WDM high-speed signals (S1, S2)
each consisting of many low-speed time-division multiplex-
ed tributary channels (e.g., 16 10 Gbit/s tributary channels
for 160 Gbit/s signal), together with two synchronized sub-
rate clock (e.g., 10 GHz) pumps, are launched into the PPLN
waveguide for the tributary channel exchange. The wave-
lengths of two signals and two pumps are properly arranged
to be symmetric (S1 and P1, S2 and P2) with respect to
the QPM wavelength of PPLN. Inside the PPLN waveguide,
two signals and two pumps participate in the cSFG/DFG
nonlinear interactions, in which the photons of S1 (S2) and
P1 (P2) are annihilated to produce the photons of SF wave,
which are simultaneously consumed to generate the photons
of S2 (S1) and P2 (P1). Due to the signal depletion and wave-
length conversion effects, with the proper adjustment of
pump powers, S1 can be depleted and converted to S2. Simi-
larly, S2 can be extinguished to generate S1. As a result, data
exchange between two signals (S1, S2) can be implemented.
In particular, by exploiting two synchronized subrate (e.g.,
10 GHz) clock pumps which are time aligned to one of the
tributary channels of two WDM high-speed OTDM sig-
nals (e.g., 160 Gbit/s), it is possible to achieve the tributary
channel exchange (e.g., 10 Gbit/s) between two WDM high-
speed OTDM signals (e.g., 160 Gbit/s). As an example shown
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in Figure 7, the tributary channel i (Ch. i) of two WDM
high-speed OTDM signals is exchanged by using the signal
depletion and wavelength conversion effects of cSFG/DFG in
a PPLN waveguide.

Shown in Figure 8 is the experiment setup for single-
PPLN-based 10 Gbit/s tributary channel exchange between
two 160 Gbit/s signals. A 500 m piece of HNLF with a zero-
dispersion wavelength (ZDW) of ∼1565 nm is employed for
broadband supercontinuum generation fed with a 10 GHz
mode-locked laser (MLL) (∼1551 nm) with a pulse width of
∼1.9 ps. In order to provide two 160 Gbit/s signals and two
10 GHz pumps, the supercontinuum spectrum is divided
into two branches. The first branch is sent to an amplitude
modulator (AM) driven by a 10 Gbit/s 231-1 pseudorandom
binary sequence (PRBS) and then time-division multiplexed
to 160 Gbit/s through a fiber-based polarization-maintained

10-to-160 Gbit/s multiplexer. Two 160 Gbit/s signals at
different wavelengths are further obtained simply by filtering
the spectrum at 1535.6 (S1) and 1542.1 nm (S2) with 2 nm
band-pass filters (BPFs). Erbium-doped fiber amplifiers
(EDFAs) followed by 5 nm BPFs are used to boost the optical
power and suppress the EDFA-induced amplified spon-
taneous emission (ASE) noise. The second branch is utilized
for the generation of two 10 GHz subrate clock pumps by
directly slicing the supercontinuum spectrum at 1559.2 (P2)
and 1565.3 nm (P1), respectively. Two 160 Gbit/s signals
together with two 10 GHz clock pumps are coupled into
a PPLN waveguide to participate in the cascaded second-
order nonlinear interactions for the tributary channel
exchange. The PPLN waveguide has a QPM wavelength of
∼1550.52 nm working at 92.1◦C. After the tributary channel
exchange, the 160 Gbit/s signal is demultiplexed to 10 Gbit/s
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Figure 9: Measured eye diagrams for the tributary channel
exchange (Ch.1).

for BER measurements by use of the Kerr effect-induced
nonlinear polarization rotation in a 1-km piece of HNLF
with a ZDW of ∼1552 nm.

Figure 9 displays the eye diagrams for tributary channel
exchange (Ch.1) measured by an optical sampling scope.
Two 10 GHz clock pumps are time aligned to the tributary
Ch.1 of two 160 Gbit/s signals. When the two pumps and S1
are present while S2 is absent, Ch.1 of S1 is depleted and con-
verted to the Ch.1 of S2 with the proper adjustment of pump

powers and polarization states due to the signal depletion
and wavelength conversion effects. Similarly, as the two
pumps and S2 are turned on while S1 is off, Ch.1 of S2 is
extinguished with its data information copied onto the Ch.1
of S1. The signal depletion is measured to be ∼17.3 dB. In
the presence of two 10 GHz pumps and both two 160 Gbit/s
signals, Ch.1 of S2 is exchanged to the Ch.1 of S1. Meanwhile,
Ch.1 of S1 is swapped to the Ch.1 of S2, resulting in the
implementation of 10 Gbit/s tributary channel exchange
between two 160 Gbit/s signals. Moreover, it is convenient
to further perform the 10 Gbit/s tributary exchange for all
16 tributary channels of two 160 Gbit/s signals simply by
time shifting the 10 GHz clock pumps to be aligned with the
corresponding tributary channel of interest.

Figure 10 plots the BER performance for tributary chan-
nel exchange. As shown in Figures 10(a) and 10(b), com-
pared to the back-to-back 10 Gbit/s signal, less than 3 dB po-
wer penalty at a BER of 10−9 is introduced for the tributary
channels of the 160 Gbit/s signal before exchange. Such de-
gradation of signal quality can be ascribed to the nonlinear
effects during the supercontinuum generation and the 160-
to-10 Gbit/s demultiplexing. Approximately an additional
4 dB power penalty at a BER of 10−9 is observed for the tribu-
tary channel exchange, which is mainly caused by the beating
effects between the newly converted signal and the original
residual signal. Figures 10(c) and 10(d) further depict the
power penalty of tributary exchange between two 160 Gbit/s
signals for all 16 tributary channels. During the tributary
channel exchange between two 160 Gbit/s signals, the average
power penalty and the fluctuation of 16 tributary channels is
around 3.7 and 1.1 dB for S1 (S2 to S1) and 3.9 and 1.1 dB
for S2 (S1 to S2).

The proposed single-PPLN-based tributary channel
exchange can potentially be further applied to 640 Gbit/s



8 International Journal of Optics

−
lo

g 10
(B

E
R

)

B-to-B

Ch. 1 before exchange

Ch. 5 before exchange
Ch. 15 before exchange

Ch. 1 after exchange
Ch. 5 after exchange

Signal 1

Received power (dBm)

1

2

3

4

5

6
7
8
9

10
−50 −45 −40 −35 −30 −25 −20

Ch. 15 after exchange

(a)

−
lo

g 10
(B

E
R

)

B-to-B
Ch. 1 before exchange
Ch. 5 before exchange
Ch. 15 before exchange

Ch. 1 after exchange

Ch. 5 after exchange
Ch. 15 after exchange

Signal 2

Received power (dBm)

1

2

3

4

5

6
7
8
9

10
−50 −45 −40 −35 −30 −25 −20

(b)

Signal 1

Tributary channel

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
0

1

2

3

4

5

6

Po
w

er
 p

en
al

ty
 (

dB
)

(c)

Signal 2

Tributary channel

Po
w

er
 p

en
al

ty
 (

dB
)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
0

1

2

3

4

5

6

(d)
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OTDM signals. Shown in Figure 11 is the eye diagram of
the 640 Gbit/s OTDM signal measured by an optical sampl-
ing scope [53]. To obtain the 640 Gbit/s OTDM signal, a

40 Gbit/s signal is first prepared by applying data modulation
to a 40 GHz short-pulse mode-locked laser. The signal is
amplified and sent to a 200 m piece of HNLF, with a disper-
sion of ∼−0.85 ps/nm at 1550 nm and a dispersion slope of
∼0.01 ps/nm2/km, for supercontinuum generation. A 9 nm
band-pass filter is used for spectrum slicing to obtain a
compressed copy of the 40 Gbit/s signal with a pulse width of
∼0.8 ps and a root mean square (RMS) jitter of ∼50 fs. The
40 Gbit/s signal is then multiplexed to a 640 Gbit/s OTDM
data stream using a passive optical multiplexer [53]. Remark-
ably, PPLN-based tributary channel exchange relies on the
signal depletion and wavelength conversion effects in the
cSFG/DFG nonlinear interactions, in which sum-frequency
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Figure 12: Concept and principle of nondegenerate FWM-based signal depletion and data exchange. (a) Signal 1 (S1) depletion. (b) Signal
2 (S2) depletion. (c) S1, S2 data exchange.

wave is also inevitably generated. Because of the temporal
walkoff effect due to the group velocity mismatch (GVM)
between the signals and pumps in the 1.5 μm band and sum-
frequency wave in the 0.77 μm band, signal distortion may
happen during the signal depletion and wavelength conver-
sion processes. The longer the PPLN waveguide, the severer
the temporal walk-off. Such effect could severely impact
on the performance of tributary channel exchange which
becomes more challengeable especially for ultra-high-speed
OTDM signals (e.g., 640 Gbit/s). With future improvement,
in order to enable the PPLN-based tributary channel ex-
change between 640 Gbit/s signals, it is highly desirable to
optimize the parameters of PPLN waveguide to alleviate the
temporal walkoff effect. The expected solutions include the
shortening of PPLN waveguide and the design for a quasi-
group-velocity matching device in an integrated PPLN wave-
guide structure [54].

3.2. Modulation-Format-Transparent Data Exchange Using
Nondegenerate FWM in an HNLF [39–42]. In addition to
cSFG/DFG (χ(2):χ(2)) in a PPLN waveguide [34–38], signal
depletion and wavelength conversion of nondegenerate
FWM (χ(3)) in an HNLF can also enable the data exchange
[23–31, 39–42]. As shown in Figure 12(a), when signal 1
(S1: λS1) and two continuous-wave (CW) pumps (P1: λP1,
P2: λP2) are sent through the HNLF with S1 and P1 set sym-
metrically with respect to the ZDW of the HNLF, S1 and P1
photons are consumed to produce photons of signal 2 (S2:
λS2) and P2 during the nondegenerate FWM process. Thus,
the depletion of S1 is expected with its data information
transparently copied onto a newly generated S2. Similarly, as
shown in Figure 12(b), the depletion of S2 accompanied by
the generation of S1 can be achieved as S2 and two pumps
are launched into the HNLF. As shown in Figure 12(c), in the
presence of two signals and two pumps at the input of HNLF
with S1(S2) and P1(P2) symmetric relative to the ZDW of
the HNLF, S1(S2) can be extinguished and converted to
S2(S1), resulting in the implementation of data exchange be-
tween S1 and S2.

For the nondegenerate FWM-based data exchange, pu-
mp phase modulation is adopted in the experiment to sup-
press the stimulated Brillouin scattering (SBS) effect so that
pump power can be efficiently utilized. Previous works of
nondegenerate FWM-based data exchange have been report-
ed for OOK signals [23–31], which are not affected by the

phase modulation of two pumps. In order to perform phase-
transparent data exchange for DPSK and DQPSK signals, it
is desired that nondegenerate FWM-based data exchange has
the characteristic of modulation-format transparency.

Under the nondepletion approximation, we derive the
analytical solutions for the nondegenerate FWM involving
two signals and two pumps written as [40]

A′SA =
{
ASA0

[
cos
(
gz
)− ik sin

(
gz
)

2 g

]

+ASB0
2iγ
g
A∗P10AP20 sin

(
gz
)
}
ei [2γ(P10+P20)+k/2]z,

(5a)

A′SB =
{
ASA0

2iγ
g
AP10A

∗
P20 sin

(
gz
)

+ ASB0

×
[

cos
(
gz
)

+
ik sin

(
gz
)

2 g

]}
ei [2γ(P10+P20)−k/2]z,

(5b)

where g =
√

4 γ2P10P20 + k2/4 and k = Δβ+γ (P10−P20) are
constants related to the pump powers (P10, P20), nonlinear
coefficient (γ), and phase mismatching (Δβ). ASA0, ASB0,
AP10, and AP20 are the complex amplitudes of input signals
(SA, SB) and pumps (P1, P2) containing both amplitude and
phase information. A′SA and A′SB are the complex amplitudes
of output signals (SA, SB) after the data exchange. Under
the exchange condition of phase matching (k = 0) and
gz = (N + 1/2)π (N = 0, 1, 2, . . .) enabled by the proper
adjustment of pump powers, we can further simplify (5a)
and (5b) as follows:

A′SA = ±ASB0
2iγ
g
A∗P10AP20e

i2γ(P10+P20)z, (6a)

A′SB = ±ASA0
2iγ
g
AP10A

∗
P20e

i2γ(P10+P20)z. (6b)

Note that (6a) and (6b) indicate the linear relationship
of complex amplitude between the output and input signals
(A′SA ∝ ASB0, A′SB ∝ ASA0), implying the implementation of
phase-transparent optical data exchange. We can further ob-
tain the corresponding phase relationships of ϕSA

′ = ϕSB +
ϕP2−ϕP1 and ϕSB

′ = ϕSA +ϕP1−ϕP2. Remarkably, the pump
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Figure 13: Measured destructively demodulated AMI waveforms
for data exchange between two 40 Gbit/s NRZ-DPSK signals.

phase transfer (ϕP1 − ϕP2 /= 0) to the exchanged signals
does not impact the OOK data exchange but could cause
severe degradation on the DPSK/DQPSK data exchange.
Fortunately, according to the deduced phase relationships, it
is possible to cancel the pump phase transfer by applying the
precisely identical phase modulation to the two pumps (i.e.,
ϕP1 = ϕP2), which makes it applicable to implement the data
exchange of DPSK/DQPSK signals.

A 1-km piece of HNLF is adopted in the experiment,
which has a nonlinear coefficient of 9.1 W−1 · km−1, a ZDW
of ∼1552 nm, and a fiber loss of 0.45 dB/km. To suppress
SBS, identical phase modulation is applied to the two pumps
using a single phase modulator (PM) driven by a 10 Gbit/s
PRBS. According to (6a) and (6b), the precisely identical
phase modulation of the two pumps could be canceled in the
output signals after data exchange.

We first demonstrate the phase-transparent data
exchange between two 40 Gbit/s 231-1 PRBS NRZ-DPSK sig-
nals (SA: signal A, SB: signal B) [39, 40]. In order to verify
the NRZ-DPSK data exchange, Figure 13 displays the des-
tructively demodulated alternate-mark inversion (AMI)
waveforms. It can be clearly seen that the data information
of SA and SB is swapped, and therefore phase-transparent
data exchange between two 40 Gbit/s NRZ-DPSK signals is
successfully implemented. Shown in Figure 14 is the BER
performance of 40 Gbit/s NRZ-DPSK data exchange. The
power penalty of wavelength conversion with only SA or SB
on is less than 1.5 dB. An additional 3 dB power penalty is
introduced when combining together the newly converted
signal and the residual signal with both SA and SB on. Thus,
an approximate 4.5 dB total power penalty at a BER of 10−9

is obtained for 40 Gbit/s NRZ-DPSK data exchange.
We further demonstrate the phase-transparent data ex-

change between two 100 Gbit/s 27-1 PRBS RZ-DQPSK sig-
nals (S1: signal 1, S2: signal 2) [41, 42]. Figure 15 displays
the measured temporal waveforms of the demodulated in-
phase (Ch. I) and quadrature (Ch. Q) components for the

2

3

4

5

6

7
8
9

10
−45 −40 −35 −30 −25 −20 −15

Received power (dBm)

−
lo

g 10
(B

E
R

)

SA (B-to-B)
SB (B-to-B)
SA (SB-to-SA WC)

SB (SA-to-SB WC)
SA (after ex.)

SA (after ex.)

SB (after ex.)

SB (after ex.)

SA (SB-SA WC)

SB (SA-SB WC)

SA (before ex.)

SB (before ex.)

Figure 14: Measured eyes and BER performance of data exchange
between two 40 Gbit/s NRZ-DPSK signals.

100 Gbit/s DQPSK data exchange. It can be clearly observed
that the data information carried by two 100 Gbit/s RZ-
DQPSK signals is successfully swapped after the nondegen-
erate FWM-based data exchange. In addition, by comparing
the waveforms after wavelength conversion (i.e., only S1 or S2
is present) and after data exchange (i.e., both S1 and S2 are
present), we can observe the degradation of waveforms after
data exchange with added noise, which can be ascribed to the
beating effect of in-band interference between the newly con-
verted signal and the original residual signal. Figure 16 shows
the measured constellation diagrams of different signals for
the 100 Gbit/s DQPSK data exchange. Four phase levels of all
100 Gbit/s RZ-DQPSK signals are observed.

Figure 17 plots the BER curves for the 100 Gbit/s DQPSK
data exchange. Less than 1.2 dB power penalty at a BER of
10−9 is obtained for the 100 Gbit/s DQPSK wavelength con-
version with only one signal (S1 or S2) present. Less than
5 dB power penalty at a BER of 10−9 is observed for the
100 Gbit/s DQPSK data exchange. The extra power penalty
of data exchange compared to wavelength conversion could
be ascribed to the beating effect between the newly converted
signal and the original residual signal.

We investigate the tolerance of the temporal pump
phase misalignment and the dynamic range of the input
signal power for the 100 Gbit/s RZ-DQPSK data exchange.
Figure 18 depicts the impact of time misalignment between
two phase-modulated pumps on the performance of wave-
length conversion and data exchange (i.e., relative power
penalty compared to the case of perfect pump phase align-
ment). It is found that the performance of the wavelength
conversion and data exchange suffers rapid degradation as
the pump phase misalignment goes beyond±2 ps. Such phe-
nomena can be briefly explained as follows. Large tem-
poral pump phase misalignment causes incomplete pump
phase cancellation, and thus the resultant residual pump
phase transfer to the phase noise degrades the perfor-
mance of the wavelength conversion and data exchange.
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Figure 18: Impact of pump phase misalignment on the exchange performance for 100 Gbit/s DQPSK data exchange.

Figure 18 also displays typical balanced eye diagrams of
the exchanged signals under different values of tempo-
ral pump phase misalignment. Under a larger pump
phase misalignment of −10 ps, we can see nearly com-
plete eye closure of the exchanged signals. As a conse-
quence, for the phase-transparent optical data exchange of
100 Gbit/s DQPSK signals, the optimal pump phase cancella-
tion in the exchanged signals is of great importance to achi-
eve the optimized exchange performance.

Figure 19 shows the received power at a BER of 10−9 as a
function of the input signal power. As the input signal power
changes from −12.0 to 8.1 dBm, the variation of the received
power at a BER of 10−9 is estimated to be less than 3.5 dB. An

approximate 20 dB dynamic range of the input signal power
is achieved for the nondegenerated FWM-based optical data
exchange of 100 Gbit/s RZ-DQPSK signals.

As a side consideration, phase modulation is applied
to the two pumps to suppress the SBS effect in the non-
degenerate FWM-based modulation-format-transparent
data exchange. Although precisely identical pump phase mo-
dulation will not affect the exchanged signals, the exchange
performance becomes degraded with the increase of pump
phase misalignment. With further improvement, without in-
volving pump phase modulation, some alternative approach-
es could be considered to suppress the SBS effect [55], includ-
ing the use of an isolator between two fiber segments [56],
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Figure 19: Dynamic range of the input signal power for 100 Gbit/s DQPSK data exchange.
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Figure 20: Concept and principle of simultaneous multichannel DQPSK data exchange.

strain distribution [57], temperature gradient [58, 59],
particular profile design [60–62], and bismuth-oxide-based
nonlinear fiber (Bi-NLF) [63]. It is expected that these
alternative methods of SBS suppression could enable the use
of CW pumps to achieve nondegenerate FWM-based mod-
ulation-format-transparent data exchange.

3.3. Multichannel Data Exchange Using Bidirectional Degen-
erate FWM in an HNLF [43–46]. The aforementioned signal
depletion and wavelength conversion-based schemes with
two pumps enable the two-channel data exchange [34–42].
However, the extended applications to simultaneous mul-
tichannel data exchange might be limited. A laudable goal
would be to explore the data exchange between multichannel
signals.

Figure 20 illustrates the concept and principle of multi-
channel data exchange [43, 44]. Degenerate FWM with a sin-

gle CW pump is utilized. Four-channel DQPSK signals
(S1–S4) are symmetric with respect to the CW pump.
Simultaneous data exchange between S1 and S4 as well as
S2 and S3 is expected. In general, such exchange function is
not applicable with the unidirectional degenerate FWM in a
single HNLF since the newly converted signals cannot be sep-
arated from the original signals. A potential solution is to ex-
plore the bidirectional degenerate FWM in a single HNLF
assisted by optical filtering. As shown in Figure 20, for the
input four-channel signals (S1–S4), the filtered S1, S2 and
CW pump are sent to HNLF from the left side, yielding S4
and S3 via degenerate FWM. The newly generated S4 and
S3 are selected at the right side of HNLF while the original
S1, S2 and CW pump are blocked. Meanwhile, the filtered
S3, S4 and CW pump are fed into HNLF from the right
side, producing S2 and S1 by degenerate FWM. The newly
converted S2 and S1 are selected at the left side of HNLF
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while the original S3, S4 and CW pump are removed. As
a consequence, simultaneous four-channel data exchange (S1
and S4, S2 and S3) can be achieved using bidirectional FWM
in a single HNLF assisted by optical filtering. The combined
S1–S4 from both sides of HNLF are the output four-channel
signals after data exchange. Note that the in-phase (Ch. I)
and quadrature (Ch. Q) components of DQPSK signals are
swapped after data exchange due to the phase-conjugation
characteristic of degenerate FWM.

Figure 21 shows the experimental setup for multichannel
data exchange. Four-channel 100 Gbit/s 27-1 PRBS RZ-
DQPSK signals (S1–S4) are obtained by sending four tunable
CW lasers to a 100 Gbit/s (50-Gsymbol/s) DQPSK transmit-
ter (Tx) followed by a RZ pulse carver. Four-channel
RZ-DQPSK signals are then separated, relatively delayed by
integral symbols, recombined, and sent to a fiber loop mirror
incorporating a 460-m piece of HNLF, two band-pass fil-
ters (BPF1, BPF2), and optical couplers (OCs). The HNLF
has a nonlinear coefficient of 20 W−1 · km−1, a ZDW of

∼1556 nm, and a dispersion slope of ∼0.026 ps/nm2/km.
A CW pump is coupled into the fiber loop mirror from
both sides of the HNLF to enable bidirectional degenerate
FWM in a single HNLF. Four-channel signals are arranged
symmetrically relative to the CW pump. Note that BPF1
(BPF2) passes S1 and S2 (S3 and S4) while blocks S3, S4
and pump (S1, S2 and pump), resulting in simultaneous
multichannel data exchange between S1 and S4 as well as
S2 and S3 via bidirectional degenerate FWM. At the output
of the fiber loop mirror, the collected four-channel signals
after data exchange are sent to a preamplified receiver (Rx)
for BER measurements. A 50 GHz delay line interferometer
(DLI) is used to demodulate the in-phase and quadrature
components of 100 Gbit/s DQPSK signals.

ITU-grid-compatible four-channel 100 Gbit/s RZ-
DQPSK signals (S1: 1546.12 nm, S2: 1547.72 nm, S3:
1562.23 nm, S4: 1563.86 nm) are employed in the experiment
for multichannel data exchange. Figure 22(a) depicts the
spectrum of input four-channel 100 Gbit/s RZ-DQPSK sign-
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DQPSK data exchange.

als. S1(S2) and S4(S3) are symmetric with respect to the CW
pump. Figure 22(b) shows the spectrum after four-chan-
nel data exchange in the presence of CW pump (solid
curve). The spectrum of residual signals (i.e., resulting
from Rayleigh scattering in HNLF [64]) in the absence of
CW pump (dashed curve) is also depicted in Figure 22(b).
Figure 23 displays temporal waveforms and balanced eyes of
demodulated in-phase (Ch. I) and quadrature (Ch. Q) com-
ponents of 100 Gbit/s RZ-DQPSK signals before and after
data exchange. It is verified that four-channel 100 Gbit/s RZ-
DQPSK data exchange (S1 and S4, S2 and S3) is successfully
implemented. Also, it is noted that Ch. I and Ch. Q of
DQPSK signals are swapped after data exchange as a result of
the phase-conjugated degenerate FWM. Figure 24 plots the
BER curves for four-channel 100 Gbit/s RZ-DQPSK data ex-
change. Less than 4.7 dB power penalty is observed at a BER
of 10−9, which could be caused by the beating effect between
the newly exchanged signals and the original residual signals.

The proposed simultaneous multichannel data exchange
can be incorporated in a reconfigurable network switching
element to enhance the efficiency and flexibility of networks.
We construct a reconfigurable Tbit/s network switching ele-
ment using double-pass LCoS technology accompanied by
bidirectional degenerate FWM in a single HNLF. We demon-
strate the LCoS+HNLF-based 2.3-Tbit/s multifunctional
grooming switch which performs simultaneous selective
add/drop, switchable data exchange, and power equalization,
for 23-channel 100 Gbit/s RZ-DQPSK signals [45, 46].

Figure 25 depicts the concept and principle of multi-
functional grooming switch, which relies on the double-
pass LCoS technology and bidirectional degenerate FWM

inside a single HNLF. For input unequalized multichannel
WDM signals, the available signal manipulations through
the multifunctional grooming switch unit include (i) local
selective dropping of one or more channels and adding of the
corresponding channels carrying new data information, (ii)
switchable data exchange between multiple channels of inter-
est, and (iii) power equalization across all the WDM chan-
nels. An example of 7-channel WDM signals is presented in
Figure 25. The core part of the setup is a wavelength selective
switch (WSS) based on a two-dimensional (2D) array of
LCoS pixels [65, 66]. The phase retardance of each pixel is
set by adjusting the voltages applied to the LCoS. The 2D
LCoS array can be described with two axes, that is, horizontal
wavelength axis and vertical displacement axis. Unequalized
7-channel 100 Gbit/s DQPSK signals are sent from an
input/output fiber array (port A) to a diffraction grating,
which angularly disperses each wavelength channel to a dif-
ferent portion of the LCoS along the horizontal wavelength
axis. Vertically, the light diverges to overlap a large number of
pixels (typically about 400). Independent attenuation control
of optical power and spatial switch of individual wavelength
channels to the desired fiber array ports (S1 to port B, S4/S5
to port C, S2/S3 to port D, S6/S7 to port E) are achieved
by manipulating the phase front of the 2D array of LCoS
pixels along the vertical axis. Multiple grooming functions
on the channels of interest are then applied to different
fiber array ports. As shown in Figure 25, in addition to the
power equalization of all channels enabled by attenuation
control, wavelength add/drop at port B and data exchange
between port D and port E are adopted. In order to perform
simultaneous multichannel data exchange between S2 and S7
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Figure 24: BER curves for simultaneous four-channel 100 Gbit/s DQPSK data exchange.

as well as S3 and S6, bidirectional degenerate FWM in a single
HNLF is employed. After data exchange, the information
carried by different channels is swapped. In order to deliver
the newly added channels and exchanged channels together,
the LCoS device is utilized in a double-pass fashion such that
fiber array port A not only delivers input unequalized signals
but also exports output signals after grooming switch. In
addition to the channels undergoing add/drop (S1) and data
exchange (S2, S3, S6, S7), other channels (S4, S5) are also
kept and sent back by a fiber loop mirror through port C. The
dropped channel (S1) is achieved at port B. Optical circula-
tors are adopted to assist the double-pass operation. Consid-
ering the dashed boxes in Figure 25 as an LCoS+HNLF-based
switch unit, reconfigurable multifunctional grooming switch
(simultaneous add/drop, data exchange, and power equaliza-
tion) is enabled by the double-pass programmable LCoS and
bidirectional nonlinear interactions in a single HNLF.

ITU-grid-compatible 23-channel (from S1: 1531.12 nm
to S23: 1566.31 nm) 100 Gbit/s RZ-DQPSK signals are
employed in the experiment. Figure 26 shows the measured
spectrum of the input unequalized 23-channel 100 Gbit/s
RZ-DQPSK signals with a power fluctuation of ∼9.1 dB.
Shown in the insets are typical balanced eyes for the in-phase
(Ch. I) and quadrature (Ch. Q) components.

In addition to single-channel add/drop and switchable
two-channel data exchange [45, 46], we also demonstrate
2.3-Tbit/s grooming switch with two-channel add/drop and
six-channel data exchange. Shown in Figure 27 is the meas-
ured spectrum and typical balanced eyes after grooming
switch with power equalization (<1 dB) for all 23 channels
(input unequalization: ∼9.1 dB), two-channel add/drop for
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Figure 25: Concept and principle of LCoS+HNLF-based mul-
tifunctional grooming switch (add/drop, data exchange, power
equalization).

S6 and S7, and simultaneous six-channel data exchange (S10,
S11, S12, S21, S22, S23). The inset of Figure 27 depicts the
spectrum of dropped S6 and S7. The BER performance is
plotted in Figure 28, and power penalties less than 1.2 dB for
two-channel add, 0.5 dB for two-channel drop, and 5 dB for
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Figure 27: Measured spectrum and balanced eyes after multifunc-
tional grooming switch (S6, S7: add/drop; S10, S11, S12, S21, S22,
S23: data exchange; S1–S23: power equalization).

six-channel data exchange are observed at a BER of 10−9.
The relatively large penalties of data exchange are mainly
caused by the beating effects of in-band interference between
the newly converted signal and the original residual signal.

3.4. Data Exchange between Two Orthogonal Polarizations Us-
ing Kerr-Induced Nonlinear Polarization Rotation in an HNLF
[47, 48]. In addition to the data exchange in the wavelength

and time domains [34–46], it is also possible to perform data
exchange between two orthogonal polarizations in the time
and polarization domains [47, 48, 67]. We experimentally
demonstrate the orthogonal tributary channel exchange
between two pol-muxed DPSK OTDM data streams by using
the Kerr effect-induced nonlinear birefringence in an HNLF
[47, 48].

Figure 29(a) illustrates the concept and principle of
DPSK OTDM signal demultiplexing (demux) based on the
optical Kerr effect [20]. The DPSK OTDM signal and a strong
subrate clock pump are linearly polarized at the HNLF input
with a 45◦ angle between their directions of polarization.
When the pump is absent, all the tributary channels of the
DPSK OTDM signal will be blocked by a crossed polarizer at
the HNLF output. In the presence of the subrate clock pump,
which is time aligned with one of the tributary channels
of the DPSK OTDM signal, the pump-induced nonlinear
birefringence via Kerr effect will cause a polarization change
of the selected tributary channel. A 90◦ polarization rotation
could be available through proper adjustment of the pump
power, thereby resulting in the selected tributary channel
passing through the polarizer and enabling the DPSK OTDM
signal demultiplexing [68, 69].

Figure 29(b) further depicts the schematic diagram and
operation principle of the Kerr effect-based orthogonal trib-
utary channel exchange of a pol-muxed DPSK OTDM signal.
The strong subrate clock pump is 45◦ linearly polarized with
respect to the two orthogonal polarizations of a pol-muxed
DPSK OTDM signal. With the help of proper pump power
control, the pump-induced nonlinear birefringence by Kerr
effect could bring the selected tributary channel (aligned
with the subrate clock pump) to a 90◦ polarization rotation
for both of the two orthogonal polarizations of the pol-
muxed signal, leading to the orthogonal tributary channel
exchange when the pump is present. Other unselected
orthogonal tributary channels with the pump absent will not
experience the nonlinear polarization rotation and hence will
be untouched. In addition, simply by shifting the subrate
clock pump to be aligned with the tributary channel of
interest, it is possible to implement orthogonal tributary
channel exchange for all tributary channels of the pol-muxed
DPSK OTDM signal.

Figure 30 shows the experimental setup for the demulti-
plexing of a DPSK OTDM signal and the orthogonal tribu-
tary channel exchange of a pol-muxed DPSK OTDM signal.
A 10 GHz MLL at 1551.0 nm with a pulse width of ∼2.4 ps is
used to generate an 80 Gbit/s DPSK OTDM signal through a
PM driven by a 10 Gbit/s 231-1 PRBS and a subsequent 10 : 80
multiplexer. A 160 Gbit/s pol-muxed DPSK OTDM signal
is then achieved by dividing and recombining the 80 Gbit/s
DPSK OTDM signal. The polarization controllers (PCs),
tunable optical delay lines (ODLs), and variable optical
attenuators (VOAs) are employed to provide the orthogonal
polarization control, introduce the relative time delay, and
equalize the power level for a pol-muxed signal. Another
10 GHz MLL at 1559.7 nm with a pulse width of ∼1.9 ps ser-
ves as the subrate clock pump, which is synchronized with
the 10 GHz MLL at 1551.0 nm. A 1-nm BPF is used after
the 10 GHz MLL to broaden the pump pulse width (4.4 ps)
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Figure 28: BER curves for (a1 and a2) two-channel add/drop (S6, S7) and (b1 and b2) simultaneous six-channel data exchange (S10, S11,
S12, S21, S22, S23).

for performance optimization. A 330-m piece of HNLF with
a nonlinear coefficient (γ) of 25 W−1 · km−1and a ZDW of
∼1562.2 nm is adopted for the DPSK OTDM signal demulti-
plexing or the orthogonal tributary channel exchange of a

pol-muxed DPSK OTDM signal. For the tributary exchange
of pol-muxed DPSK OTDM, after the orthogonal tributary
channel exchange, another 1-km piece of HNLF with a γ
of 9.1 W−1 · km−1 and a ZDW of 1552 nm is utilized for
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demultiplexing the DPSK OTDM signal to 10 Gbit/s be-
fore the BER measurements. The polarizers (Pol.) after the
HNLFs are used to separate the X-/Y-polarized data stream
(80 Gbit/s DPSK OTDM) of a pol-muxed signal and extract
the tributary channel (10 Gbit/s DPSK) after demultiplexing.

Figure 31 displays the eye diagrams measured by an
optical sampling scope for the typical orthogonal tributary
channel (Ch. 1) exchange of a 160 Gbit/s pol-muxed DPSK
OTDM signal. As the 10 GHz clock pump is time aligned to
tributary channel 1 (Ch. 1) of the X- and Y-polarized DPSK
OTDM signal, in the absence of the Y-polarization, as shown
in Figure 31(b), Ch. 1 of the X-polarization is blocked by an

X-polarizer after the HNLF due to the 90◦ rotation from the
X- to the Y-polarization. When the Y-polarization is present
but the X-polarization is absent, Ch. 1 of the Y-polarization is
inserted to the X-polarization through the 90◦ rotation from
the Y- to the X-polarization, as shown in Figure 31(c). In the
presence of both the X- and Y-polarizations, the tributary
Ch. 1 of the Y-polarization is changed to the X-polarization,
as shown in Figure 31(d). Meanwhile, the original tributary
Ch. 1 of the X-polarization is also changed to the Y-pola-
rization, as shown in Figure 31(h), resulting in the orthogo-
nal tributary channel exchange of a pol-muxed DPSK OTDM
signal. Figures 32(a) and 32(b) present other two examples of
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Figure 31: Eye diagrams of orthogonal tributary channel (Ch.1) exchange of a 160 Gbit/s pol-muxed DPSK OTDM signal.
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Figure 32: Eye diagrams of orthogonal tributary exchange of a 160 Gbit/s pol-muxed DPSK OTDM signal. (a) Ch. 4. (b) Ch. 7.

the orthogonal tributary channel (Ch. 4, Ch. 7) exchange of
a 160 Gbit/s pol-muxed DPSK OTDM signal.

Figure 33 further depicts the BER performance and
typical balanced eyes for the orthogonal tributary channel
exchange of a 160 Gbit/s pol-muxed DPSK OTDM signal.
The approximately 3.3 dB power penalty at a BER of 10−9 is
observed during the orthogonal tributary channel exchange,
which can be ascribed to the beating effect between the newly
inserted signal and the original residual signal. Figure 34
plots the power penalties of the orthogonal tributary ex-
change for 8 tributary channels. Less than 4 dB power penalty

at a BER of 10−9 is obtained for all 8 tributary channels with
a fluctuation of <1.5 dB.

Remarkably, the demonstrated miscellaneous data excha-
nge functionalities provide great potential for facilitating
flexible networks. However, in practical applications, a com-
prehensive consideration may require some supplemen-
tary functionalities to construct a complete and independent
data exchange module. Taking Figure 8 as an example (i.e.,
10 Gbit/s tributary channel exchange between two 160 Gbit/s
OTDM signals), all pumps and signals in the experimental
setup origin from the same mode-locked laser. In real
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situations, the data exchange module accepts incoming
signals for tributary channel exchange assisted by locally
generated pumps. The pumps and signals are usually
independent with each other, and therefore a supplemen-
tary functionality of clock recovery is required for the synchr-
onization between pumps and signals. Fortunately, various
optical clock recovery methods have been developed, includ-
ing the use of phase-locked loops, self-pulsating lasers, and
filtering methods [70]. Optical clock recovery from DPSK
signals has also been studied [71–74]. In particular, recent
promising demonstrations have shown the successful syn-
chronization and subclock recovery for ultra-high-speed
OTDM signals up to 640 Gbit/s in platforms such as filter-as-
sisted cross-phase modulation (XPM) in a semiconductor
optical amplifier (SOA) [75, 76], sum-frequency generation
(SFG) in a PPLN waveguide [77–81], and XPM in an HNLF
[82–84]. As a consequence, it is possible to further develop a
complete and independent data exchange module by includ-
ing a synchronization and clock recovery unit.

4. Conclusion

We have reviewed our recent works towards robust data ex-
change in different degrees of freedom (wavelength, time,
polarization), using various optical nonlinearities. Four
kinds of optical nonlinearities, that is, cSFG/DFG in a PPLN
waveguide, nondegenerate FWM in an HNLF, bidirectional
degenerate FWM in an HNLF, and Kerr-induced nonlinear
polarization rotation in an HNLF, are exploited to enable
robust data exchange in different degrees of freedom (wave-
length, time, polarization), for different modulation formats
(OOK, DPSK, DQPSK, pol-muxed), and at different granu-
larities (entire data, groups of bits, tributary channels). First,
analytical solutions to the single-PPLN-based data exchange
are derived showing the exchange condition. 40 Gbit/s time-
(groups of bits) and channel-selective data exchange between
four WDM channels is implemented. 10 Gbit/s tributary
channel exchange between two WDM 160 Gbit/s OTDM
signals is demonstrated. Second, analytical solutions to the
nondegenerate FWM-based data exchange are derived indi-
cating the exchange condition and implying the character-
istic of modulation-format transparency. Phase-transparent
data exchanges (entire data) of 40 Gbit/s NRZ-DPSK signals
and 100 Gbit/s RZ-DQPSK signals are demonstrated. Third,
a simple approach is proposed to perform simultaneous
multichannel data exchange using bidirectional degener-
ate FWM in an HNLF. ITU-grid-compatible four-channel
100 Gbit/s RZ-DQPSK data exchange is demonstrated. Fur-
thermore, a reconfigurable Tbit/s network switching element
is constructed using double-pass LCoS technology, together
with bidirectional degenerate FWM in a single HNLF.
LCoS+HNLF-based 2.3 Tbit/s (23 X 100 Gbit/s RZ-DQPSK)
multifunctional grooming switch (i.e., simultaneous selec-
tive add/drop, switchable data exchange including six-chan-
nel data exchange, and power equalization) is implemented.
Finally, 10 Gbit/s tributary channel exchange between two
orthogonal polarizations of a 160 Gbit/s pol-muxed DPSK
OTDM signal is demonstrated based on the Kerr-induced

nonlinear polarization rotation. The reported theoretical and
experimental results of data exchange in the wavelength,
time, and polarization domains show that robust data ex-
change for different modulation formats and at different gra-
nularities could potentially enhance the efficiency and flexi-
bility of optical networks.
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