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SUMMARY Multi-band WDM transmission beyond the C+L-band is a
promising technology for achieving larger capacity transmission by a limited
number of installed fibers. In addition to the C- and L-band, we can expect
to use the S-band as the next band. Although the development of optical
components for new bands, particularly transceivers, entails resource dis-
persion, which is one of the barriers to the realization ofmulti-band systems,
wavelength conversion by transparent all-optical signal processing enables
new wavelength band transmission using existing components. Therefore,
we proposed a transmission system including a new wavelength band such
as the S-band and made it possible to use a transceiver for the existing
band by performing the whole-band wavelength conversion without using
a transceiver for the new band. As a preliminary verification to demonstrate
multi-bandWDM transmission including S-band, we investigated the appli-
cation of a novel wavelength converter between C-band and S-band, which
consists of periodically poled lithium niobate waveguide, to the proposed
system. We first characterized the conversion efficiency and noise figure of
the wavelength converter and estimated the transmission performance of the
system through the wavelength converter. Using the evaluated wavelength
converters and test signals of 64 channels arranged in the C-band at 75-GHz
intervals, we constructed an experimental setup for S-band transmission
through an 80-km standard single-mode fiber. We then demonstrated error-
free transmission of real-time 400-Gb/s DP-16QAM signals after forward
error correction decoding. From the experimental results, it was clarified
that the wavelength converter which realizes the uniform lossless conversion
covering the whole C-band effectively achieves the S-bandWDM transmis-
sion, and it was verified that the capacity improvement of the multi-band
WDM system including the S-band can be expected by applying it in com-
bination with the C+L-band WDM system.
key words: optical fiber communication, optical wavelength conversion,
nonlinear optics

1. Introduction

Investment in capacity enhancement is critical to meeting
the continued growth in demand for communication-based
services. If the existing C and/or L bands are fully loaded,
new fiber cores will need to be used additionally. How-
ever, it is not economical to keep increasing the number of
fiber cores gradually, and it may be difficult to install new
fibers in some areas. Multi-band wavelength-division mul-
tiplexing (WDM) transmission, which increases the number
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of channels accommodated by multiplexing over multiple
wavelength bands beyond the C- and L-band, is an attractive
solution for quickly and continuously increasing the trans-
mission capacity of installed fibers. The study of capacity
enhancement by extending the wavelength band beyond the
C+L-band started around 2000 [1]–[3], but the study of the
occupied wavelength band extension was suspended because
the capacity improvement per channel by the digital coherent
technology was achieved. However, as the capacity improve-
ment per channel approaches the Shannon capacity limit,
wavelength band extension is again attracting attention [4]–
[9]. However, to take advantage of a newwavelength band in
a transmission system, every optical component constituting
the system must be available in the new wavelength band,
which is one of the challenges for realizing a multi-band sys-
tem economically. Therefore, extensive use of existing com-
ponents in new wavelength bands is a candidate solution,
but the performance degradation, especially at the transmit-
ter, is inevitable [10]. To realize the transmission capacity
enhancement by the wavelength band extension, it is nec-
essary to develop a technique to overcome such wavelength
limitation while avoiding an increase in the complexity of
the system.

Then we are investigating all-optical wavelength con-
version technology and its application to solve the con-
straint of the wavelength utilization extension [11]. Fig-
ure 1 illustrates an application that extends the transmis-
sion band from the supported wavelength band of a con-
ventional WDM transceiver [12] wherein wavelength con-
verters (C-to-L/C-to-S) for converting a conventional band
signal into a long wavelength band or a short wavelength
band are inserted between a WDM transmitter and a trans-

Fig. 1 Schematic diagram of amulti-bandWDM transmission system us-
ing wavelength converters (C-to-L/C-to-S, L-to-C/S-to-C) and conventional
band transceivers (Tx, Rx).
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mission fiber input, and inverse converters (L-to-C/S-to-C)
for returning the long wavelength band or short wavelength
band signal to the conventional band are inserted between
the transmission fiber output and a WDM receiver. By using
these wavelength converters, transmission outside the con-
ventional band is possible without using a new transceiver
supporting the new band. The proposed system enables the
use of state-of-the-art transceivers that support only con-
ventional bands for new wavelength band transmission and
reduces the number of transceiver type, thereby reducing ad-
ditional operational complexity in installation, channel up-
grades, and inventory management for multi-band WDM
systems.

When we implement a multi-band WDM transmission
using a wavelength converter, there is a concern that the
transmission performance may be deteriorates due to an in-
crease in noise induced by the wavelength converter itself
and noise generated by an optical amplifier added to com-
pensate for insertion loss of the wavelength converter. To
suppress linear noise growth, it is necessary to reduce the
optical power attenuation by the wavelength converter. Al-
though optical amplifiers can compensate for optical power
attenuation, it is important to reduce the number of optical
amplifiers as much as possible in multi-band WDM trans-
mission because optical amplifiers that are inferior to con-
ventional erbium-doped fiber amplifiers (EDFAs) may cause
significant reach degradation. Therefore, it is important to
improve the conversion efficiency of the wavelength con-
verter. Although it is not easy to achieve high efficiency
and wide bandwidth at the same time, a 10-THz bandwidth
optical parametric amplifier using periodically poled lithium
niobate (PPLN)waveguides [13]–[16] is a promising compo-
nent for wavelength converters by extracting idlers that occur
there. In addition, idler generation using the second-order
nonlinear polarization is more suitable for batch processing
of WDM channels than idler generation using third-order
nonlinear polarization because the generation of unwanted
nonlinear noise due to the interaction between the WDM
channels is exceedingly small.

In this paper, we present the feasibility of S-band
WDM transmission using PPLN-based wavelength convert-
ers (PPLN-WCs) designed and fabricated in NTT labs to
achieve wavelength conversion between C-band and S-band
[15], [16]. For this purpose, in addition to the review of
subsystem evaluation and system demonstration reported in
[17], we describe the definition of the noise figure of the
wavelength converter and the estimation results of transmis-
sion performance using it. First, we define the conversion ef-
ficiency and noise figure of the wavelength converter which
are the index for estimating the transmission performance
including the wavelength converter. Next, we measure the
conversion efficiency and noise figure of the PPLN-WC ac-
cording to the definition. Finally, we demonstrate S-band
WDM transmission without additional S-band optical am-
plifiers using the evaluated PPLC-WC and C-band real-time
transceivers.

2. Characterization of Wavelength Converters

To facilitate estimation of system performance including
wavelength converters, it is necessary to characterize lin-
ear and nonlinear noise generation in wavelength converters.
Since characterization including nonlinear noise is compli-
cated, we first consider only linear noise. For linear noise,
we can treat the wavelength converter having low attenuation
or gain like an optical amplifier by replacing the gain of the
optical amplifier with the conversion efficiency of the wave-
length converter. Therefore, the conversion efficiency and
noise figure of the wavelength converter are basic parameters
required to estimate the system performance.

We define the conversion efficiency of the wavelength
converter, ηwc, by referring to the definition of gain in [18]
as follows.

ηwc =
Pout,sig(νidler) − Pout,noise(νidler)

Pin,sig(νprobe) − Pin,noise(νprobe)
, (1)

where Pin,sig(νprobe) and Pin,noise(νprobe) are the input optical
power of the signal and noise to the wavelength converter
within the WDM channel bandwidth allocated to a probe
at frequency νprobe, and Pout,sig(νidler) and Pout,noise(νidler) are
the output optical power of the signal and noise from the
wavelength converter within the WDM channel bandwidth
allocated to an idler at frequency νidler. If the signal-to-noise
ratio is high enough, the effect of noise is negligible. Note
that the conversion efficiency defined here is an output-to-
input optical power ratio, rather than the intrinsic efficiency
or the energy efficiency of the photon pair in the nonlinear
optical medium.

Referring to the noise figure measurement method of
optical amplifiers specified in IEC 61290-3-1 [18], the noise
figure (NF) of wavelength converters is also the sum of
noises due to four noise sources as follows.

NF = 10 log
(
Fshot,sig + Fshot,ase + Fsig-sp + Fsp-sp

)
, (2)

where Fshot,sig is the shot noise of the optical signal, Fshot,ase is
the shot noise of the amplified spontaneous emission (ASE),
Fsig-sp is the beat noise between the optical signal and the
ASE, and Fsp-sp is the beat noise between the ASE and the
ASE. We modified four factors for polarization-multiplexed
converted signals from the wavelength-preserving optical
amplification in [18] to wavelength conversion by replacing
the output to idler:

Fshot,sig =
1
ηwc

, (3)

Fshot,ase =
Pase(νidler)

η2
wcPin,sig(νprobe)

, (4)

Fsig-sp =
Pase(νidler)

hνidlerηwc∆ν
, (5)

and

Fsp-sp =
Pase(νidler)

2

2hνidlerη2
wcPin,sig(νprobe)∆ν

, (6)
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where Pase is the optical power of ASE generated in thewave-
length converter, ∆ν is the frequency bandwidth of channel
slot, and h is the Planck constant. In many cases, the noise
figure of the optical amplifier can be calculated only from the
beat noise between the optical signal light and theASE.How-
ever, all noise factors are considered here. This is because
the shot noise of the optical signal is large in the operating
condition in which the gain is not sufficiently large. Since
the output optical power of the noise Pout,noise(νidler) mea-
sured using the optical spectrum analyzer includes the noise
associated with the input signal Pin,noise(νprobe, νprobe), they
are subtracted as follows.

Pase(νidler) =Pout,noise(νidler) − ηwcPin,noise(νprobe)

− GPin,noise(νidler)
(7)

where G is the parametric gain. Pin,noise(νidler) is added
from the definition in [18]. However, it would be negligibly
small because there is a filter before processing in a typical
inter-band application. Note, however, that the output noise
at the idler wavelength depends not only on the signal and
noise power inputs at the probe wavelength, but also on the
input noise at the idler wavelength. The optical power of the
ASE is obtained by substituting the measured value by the
optical spectrum analyzer into (7). The obtainedASE optical
power is substituted into (3)–(6) to obtain the noise factors,
from which the noise figure of the wavelength converter is
calculated by (2).

The system performance including the wavelength con-
verter can be estimated by using the conversion efficiency
and noise figure. However, if the wavelength converter is op-
erated in the condition where nonlinear noise generation is
not negligible, additional characterization of the nonlinear
noise is required to estimate system performance accurately.
Although GN model [19] consider the impact of nonlinear
noise, it should be noted that the nonlinear noise generated in
wavelength converter is not necessarily a result of statistical
randomization due to chromatic dispersion [20].

3. Preliminary Evaluation of PPLN-Based Wavelength
Converter

Two sets of PPLN-based wavelength converters (PPLN-WC-
1 and PPLN-WC-2), shown in Fig. 2, were evaluated for the
purpose of demonstrating WDM transmission in S-band by
inserting them after and before theC-bandWDMtransceiver.
The PPLN-WC consists of two PPLN differential frequency
generators (DFGx and DFGy), a laser diode (LD) for the
fundamental pump source, two PPLN second harmonic gen-
erators (SHGx and SHGy), two polarization beam splitters
(PBSin and PBSout), and an optical delay line (ODL). A
2-W amplified fundamental pump light with a wavelength
between the C- and S-band (νf = 196.200THz, 1527.99 nm
in wavelength) was used. The phase-matching condition
of the PPLN waveguide for SHG was thermally adjusted
to maximize the output of the second harmonic pump light
(νsh = 392.400THz, 764.00 nm in wavelength). At an input
end and an output end of the PPLN waveguide for DFGs,

Fig. 2 Configuration of the PPLN-based wavelength converter consisted
of differential frequency generators (DFGs) sandwiched by polarization
beam splitters (PBSs), a fundamental pump source laser diode (LD), second
harmonic generators (SHGs), and an optical delay line (ODL).

filters for combining and dividing a C+S-band WDM signal
and a second harmonic pump light (νsh)were arranged. Since
the parametric process is sensitive to the polarization state
of the input signal, DFGx and DFGy were inserted into two
polarization diversity paths sandwiched between PBSin and
PBSout. The two optical path lengths were matched using
ODL to avoid addition of the first order polarization mode
dispersion after combining each polarization component.

An emulated WDM signal was input to the PPLN-WC
to uniformly adjust the conversion efficiency for each WDM
channel. The WDM signal were 75-GHz spaced 64 chan-
nels, ranging from 191.375 THz to 196.100 THz, with each
channel having a bandwidth of 30GHz and uniform optical
power, generated using an ASE source and a wavelength se-
lective switch (WSS) in the experimental setup shown in the
next section. The optical power deviation of the output idler
between channels was reduced by adjusting the temperature
of the PPLN waveguide for each DFG. The fundamental
pump power inputs to each SHG, Pf,x and Pf,y, were adjusted
by variable optical attenuators (VOAx and VOAy) so that the
conversion efficiencies were the same for the two polariza-
tion diversity paths, and unity in total power, ηwc = 1. Then,
Pf,x = 28 dBm and Pf,y = 27 dBm, and the efficiency of
each SHG, Psh/Pf, was approximately −3 dB. SHGx needed
slightly higher pump power to compensate for the loss of
ODL in the same path.

First, the reversible spectral inversion shown in Fig. 3
was confirmed by launching a C-band WDM signal and an
S-band WDM signal generated by the other PPLN-WC into
the PPLN-WC.Gain at the probe, conversion efficiency at the
idler, and noise figure at the probe and idler were calculated
by the method described in Sect. 2 using the input and output
optical spectra of each PPLN-WC at a sufficiently low optical
power input of 0 dBm (−18 dBm/ch), and the C-band and S-
band input cases were plotted in Figs. 4 and 5, respectively.
It was confirmed that PPLN-WC-1 and PPLN-WC-2 had the
same characteristics for both conversions. The inter-channel
deviations of the conversion efficiency in the C-to-S and S-
to-C conversions were 1.5 dB and 2.0 dB, respectively. The
difference in conversion efficiency between the two polariza-
tion diversity paths inducing polarization-dependent loss in
each channel was less than 1.0 dB under all conditions. The
average noise figure of the probe and idler channels for the
C-to-S (S-to-C) conversion were 4.5 dB (4.5 dB) and 5.7 dB
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Fig. 3 Input optical spectrum of 64 channel WDM signal to PPLN-based
wavelength converter (gray line) and its output optical spectrum (black line)
in (a) C-to-S conversion and (b) S-to-C conversion.

Fig. 4 (a) Gain/conversion efficiency and (b) noise figure of both probe
and idler through PPLN-WC-1 and PPLN-WC-2 in C-to-S conversion at 64
channel WDM input (−18 dBm/ch).

(6.0 dB), respectively. The slightly larger deviation of the
conversion efficiency and noise figure in the S-to-C con-
version was due to the wavelength-dependent loss of ODL
increasing at longer wavelengths.

Next, the dependence of the conversion efficiency of
PPLN-WC-1 on the input optical power was measured us-
ing a single-channel transceiver output at 193.400 THz and
a 64 channel WDM signal shown in Fig. 3(a). Although the
wavelength converter before transmission requires a high op-
tical output to avoid the addition of an optical amplifier, the

Fig. 5 (a) Gain/conversion efficiency and (b) noise figure of both probe
and idler through PPLN-WC-1 and PPLN-WC-2 in S-to-C conversion at 64
channel WDM input (−18 dBm/ch).

Fig. 6 Input optical power dependence of the conversion efficiency of
PPLN-WC-1 for single-channel and 64 channel WDM signal.

conversion efficiency is decreased when a high optical power
not sufficiently lower than that of pump is input. In such a
saturation region, the output optical power reduction and sig-
nal distortion may occur, so that we evaluated the saturation
characteristic. As shown in Fig. 6, the average conversion
efficiency was constant in the range of input optical power
below +10 dBm and degraded as the input optical power in-
creased. The saturation of the conversion efficiency for the
64 channelWDM and single channel showed the same trend,
suggesting that it is determined by the total power rather than
the power per channel.

4. Transmission Experiment

We constructed an experimental setup to test S-band WDM
transmission converted by the PPLN-WC with C-band real-
time transceivers as shown in Fig. 7. A 400-Gb/s signal with
64-GBd dual-polarization (DP)-16QAM modulation format
output from a C-band real-time transceiver was used as a test
channel. A 64 channel WDM signal with 75-GHz spacing
in C-band was generated by combining a single 400-Gb/s
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Fig. 7 Experimental setup for S-band WDM transmission consisted of
transceivers (Tx, Rx), wavelength-selective switches (WSSs), amplified
spontaneous emission sources (ASEs), and PPLN-based wavelength con-
verters (PPLN-WCs), and a standard single-mode fiber (SSMF).

signal with the other channels of the spectrally shaped ASE
to provide the same optical power per channel. The con-
version efficiencies of PPLN-WC-1 and PPLN-WC-2 were
set to unity at 0-dBm input. The C-band WDM signal was
converted to S-band by PPLN-WC-1, and the S-band WDM
signal was extracted by an optical filter with an insertion
loss of 2.2 dB to remove ASE around the fundamental pump
wavelength. The converted S-band WDM signal after trans-
mission was reverted to the C-band by PPLN-WC-2, and the
C-band WDM signal was extracted by an optical filter. The
channel under test was extracted with a 1-nm optical filter
after amplification and input to the receiver with regulated
optical power. In addition, an ASE was loaded in front of the
receiver to measure the penalty in the optical signal-to-noise
ratio (OSNR) caused by signal distortion that would occur in
the wavelength converter. The signal quality is evaluated by
monitoring the value output from the receiver using digital
coherent detection [21].

First, the OSNR penalty at the working range limit of
forward error correction (FEC) for high optical power input
to PPLN-WC-1 was measured in a back-to-back configura-
tion. Transceiver outputs at νt = 193.400 THzwere evaluated
with/without ASE surrounding channels. To investigate the
effect of signal distortion due to saturation of conversion ef-
ficiency on only the PPLN-WC-1, the input optical power to
the PPLN-WC-2 was adjusted to 0 dBm, which is assumed
to be sufficiently low to avoid the saturation. As shown in
Fig. 8, in the case of a single channel, the OSNR penalty in-
creases as the input optical power increases, and in the case of
a WDM signal, the OSNR penalty is exceedingly small even
at +20 dBm (+2 dBm/ch), although the influence of nonlin-
ear distortion in the idler generation process can be observed
slightly. From this result, it was confirmed that when a 64
channel WDM signal with uniform channel power is input to
the PPLN-WC, although the output optical power decreases
due to saturation of the conversion efficiency, no significant
signal distortion occurs when the total input optical power to
the PPLN-WC is below +20 dBm.

Using the conversion efficiency and noise figure eval-
uated in Sect. 3, the reachable distance in the experimental
setup in Fig. 7 was estimated. The loss coefficient of the

Fig. 8 Penalty in optical signal-to-noise ratio (OSNR) at the working
range limit of forward error correction of 400-Gb/s DP-16QAM signal
at 193.4 THz without transmission for various optical input power to the
PPLN-WC-1 for single channel case and 64 channel WDM case.

Fig. 9 Estimated reachable distance for each WDM channel calculated
from the measured conversion efficiency and noise figure for various optical
input power to the PPLN-WC-1.

transmission fiber, which is a standard single-mode fiber
(SSMF) compliant with G.652.D used in the experimental
setup, was 0.22–0.24 dB/km in the range of 196.3–201.0 THz
from the fiber loss measurement. The measured conversion
efficiency including the saturation and noise figure for each
channel were applied to the estimation as the characterized
value of the wavelength converter. The loss between the
transmitter and the C-band EDFA and noise figure of C-
band EDFA were 10.0 dB and 6.8 dB, respectively. The
required OSNR for error free operation after FEC decoding
was set to 21.8 dB, which corresponds to the 400-Gb/s DP-
16QAM of the transceiver used, assuming a noise level with
a resolution bandwidth of 0.1 nm. In practice, as the fiber
input optical power increases, nonlinear noise in the trans-
mission fiber due to inter-channel interactions increases, and
inter-channel stimulated Raman scattering (SRS) increases
the loss of short wavelength channels, and decreases the loss
of long wavelength channels, which are not considered here.
Figure 9 shows the results calculated by changing the input
optical power to the PPLN-WC-1. As the input power to the
PPLN-WC-1 increases, the reachable distance increases, but
the increase in the reach gradually decreases because the fiber
input power decreases due to saturation of the conversion ef-
ficiency of the wavelength converter. In short wavelength
channels, the S-to-C converter has a large noise figure and
high fiber loss, so the reach tends to be short. Although
it is necessary to pay attention to the generation of nonlin-
ear noise in the transmission fiber, it is not so serious in the
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Fig. 10 Reach degradation due to the introduction of wavelength con-
verters for various optical input power to the PPLN-WC-1.

present calculation range of below +2 dBm/ch. From the cal-
culation result, it was found that sufficient OSNR could be
obtained in all channels in the SSMF transmission of 80 km,
though it was difficult to obtain sufficient OSNR in the short
wavelength channel for longer distance. Figure 10 shows the
reach degradation due to the wavelength converter, calcu-
lated by taking the difference between the practical reach in
Fig. 9 and the ideal one assuming both the conversion effi-
ciency and the noise figure of 0 dB. This result simply shows
how much the introduction of the wavelength converter de-
grades signal quality when the performance of transceivers
and optical amplifiers are the same in the C-band and S-band.
However, since the performance of the S-band optical com-
ponent may not reach the performance of the C-band [10],
the adoption of the wavelength converter is not necessarily
disadvantageous compared to the use of the S-band optical
component.

Next, from the above reach estimation including mea-
sured noise figure and OSNR penalty of the PPLN-WC, we
used 80-km SSMF as the transmission line and its loss was
17.8–19.2 dB within 196.3–201.0 THz. The pre-FEC bit er-
ror ratio (BER) of the test channel was measured by counting
the number of corrected bit in the absence of uncorrected er-
rors in the receiver digital signal processing when the center
channel (νt = 193.400THz, 199.000 THz at transmission),
the near edge channel (νt = 196.100THz, 196.300 THz at
transmission) or the far edge channel (νt = 191.375THz,
201.025 THz at transmission) within 64 channels in the C-
band with transceiver output. The measured pre-FEC BER
was plotted as a marker in Fig. 11 together with a line indi-
cating the calculated estimation. The estimated value was
obtained by combining the receiver OSNR obtained in the
derivation process of Fig. 9 with the OSNR dependence of
the BER at the transmitter/receiver direct connection. There-
fore, the estimation lacks the nonlinear distortion occurred
in the transmission fiber. There was no residual bit error for
each plot after decoding of 23%and 20%mixed soft-decision
FEC, and the measured values agreed with the estimation in
the linear transmission region. Due to the limitations of
the components used in the setup, measurements were pos-
sible only at input optical power below +2 dBm/ch to the
PPLN-WC-1. Assuming multi-band transmission such as
S+C+L-band, the measurement range is reasonable because

Fig. 11 Bit error ratio (BER) before forward error correction (FEC) de-
coding through 80-km transmission of typical channels in 64 channelWDM
signal plotted with markers for measured value and lines for calculated es-
timation.

the spectral tilt caused by inter-channel SRS is significantly
larger at higher optical power fiber inputs [22].

5. Conclusion

We reviewed the experimental demonstration of S-band
WDMtransmission using PPLN-basedwavelength converter
and C-band real-time transceiver reported in [17]. In addi-
tion, we explicitly defined the conversion efficiency and noise
figure in the wavelength converter and the estimated reach-
able distance using them were presented together with the
experimental results.

As a preliminary step of multi-band WDM transmis-
sion, the PPLN-basedwavelength converter to achieveWDM
transmission in S-band in combination with the C-band
transceiver was evaluated and applied to the S-band trans-
mission system demonstration. Using the PPLN-WC with
uniform optical power preserving conversion coveringwhole
C-band, we demonstrated the post-FEC error-free transmis-
sion with 80-km SSMF of real-time 400-Gb/s DP-16QAM
signal by replacing typical channels within the emulated 75-
GHz spaced 64-ch WDM signal in S-band without using
additional S-band optical amplifier. Although signal distor-
tion due to saturation of conversion efficiency was a concern,
no significant degradation was observed under the test con-
ditions. It was confirmed that the transmission performance
degradation by the introduction of the wavelength converter
is dominated by the linear noise, and that the transmission
system can be constructed without additional consideration
of the nonlinear noise.

Based on this result, we conducted an additional study
combining the C+L-band system and the demonstrated sys-
tem. We verified the same distance transmission in S+C+L-
band simultaneous transmission and achieved capacity en-
hancement [23]. As a result, it has been verified that the
wavelength conversion technology is effective for the real-
ization of amulti-bandWDMsystem, though it is still limited
to a single span transmission.

To extend the transmission distance in a multi-band
WDM system using a wavelength band exceeding 100 nm,
it is essential to optimize the in-band and inter-band optical
power in consideration of the optical power transfer by inter-
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channel SRS. In addition, the effective technology for the S-
band amplificationwill contribute to the realization of a large
capacity without the significant reduction of the transmission
distance.
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