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Abstract—A scheme for reconfigurable channel slicing and
stitching is proposed and experimentally demonstrated. By employing optical nonlinear wave mixing and a coherent frequency
comb, a single channel spectrum is sliced and redistributed into
fragmented frequency slots, which can be stitched together to recover the original channel at the receiver. This approach is verified through a single channel experiment with the modulation
formats of quadrature phase-shift keying and 16 quadrature amplitude modulation. The system exhibits less than 1.5% errorvector-magnitude deterioration and no more than 2-dB optical
signal-to-noise ratio penalty, compared to a back-to-back baseline.
To demonstrate robustness of the scheme, different parameters of
the channel slices are varied, such as relative phase offset, relative amplitude, and the number of slices. A 10-km transmission
experiment is also conducted and the additional system penalty
is negligible. This scheme is used to experimentally demonstrate
fragmented channel bandwidth allocation in a dense 6-channel
wavelength-division-multiplexing system. The incoming 20-Gbaud
optical channel is successfully reallocated into two fragmented frequency slots and reconstructed at thereceiver.
Manuscript received June 25, 2017; revised August 18, 2017; accepted
September 3, 2017. Date of publication September 7, 2017; date of current
version February 24, 2018. This work was supported in part by the National
Science Foundation (NSF) Center for Integrated Access Networks under Grant
Y501119, in part by the NSF Optical Tapped-Delay-Line under Grant ECCS1202575, in part by the Fujitsu Laboratories of America, and in part by the
National Institute of Standards and Technology under Grant 70NANB16H012.
(Corresponding author: Yinwen Cao.)
Y. Cao, A. Almaiman, M. Ziyadi, A. Mohajerin-Ariaei, C. Bao, P. Liao,
F. Alishahi, A. Fallahpour, and A. E. Willner are with the Ming Hsieh Department of Electrical Engineering, University of Southern California, Los
Angeles, CA 90089 USA (e-mail: yinwenca@usc.edu; almaiman@usc.edu;
ziyadi@usc.edu; mohajera@usc.edu; changjib@usc.edu; peicheng@usc.edu;
falishah@usc.edu; fallahpo@usc.edu; willner@usc.edu).
Y. Akasaka is with the Fujitsu Laboratories of America, Richardson, TX
75082 USA (e-mail: youichi.akasaka@us.fujitsu.com).
C. Langrock and M. M. Fejer are with the Edward L. Ginzton Laboratory,
Stanford University, Stanford, CA 94305 USA (e-mail: langrock@stanford.edu;
fejer@stanford.edu).
J. D. Touch is with the Information Sciences Institute, University of Southern
California, Marina del Rey, CA 90292 USA (e-mail: touch@isi.edu).
M. Tur is with the School of Electrical Engineering, Tel Aviv University, Tel
Aviv 69978, Israel (e-mail: tur@post.tau.ac.il).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JLT.2017.2750168

Index Terms—Inter-channel interference, optical frequency
comb, optical wavelength conversion, WDM networks.

I. INTRODUCTION
LASTIC optical networks (EONs) are becoming of great
interest owing to their ability to handle heterogeneous data
channels with flexible bandwidths [1]–[6]. Fragmented bandwidth allocation would be crucial in EONs to ensure the efficient use of the precious optical transmission spectrum. A key
function of fragmented bandwidth allocation is the capability of
adding a given data channel into any available fragmented frequency slots [7]. As an example, consider a situation in which an
optical channel with a 200 GHz bandwidth is requested while the
current optical network can provide only two separate spectral
regions of 50 GHz and 150 GHz. A straightforward approach
would be to (i) down-convert the 200 GHz optical data channel to the electrical/digital domain; (ii) decompose the original
channel into two sub-channels with bandwidths of 50 GHz and
150 GHz separately; (iii) generate two optical channels that “fit”
within the two available spectral regions by using two optical
transmitters; (iv) reverse the sequence on reception to restore
the 200 GHz channel.
However, it might be valuable to achieve this goal using
high-speed optical signal processing, in order to avoid inefficient optical-electrical-optical (O-E-O) conversion. In this case,
the original data channel is optically sliced into several partial
frequency components, which could be assigned into the available fragmented frequency slots with the assistance of optical
wavelength conversion. On reception, the sliced components are
stitched together for channel reconstruction.
This paper proposes the use of nonlinear wave mixing and a
coherent optical frequency comb to implement reconfigurable
channel slicing and stitching for an optical signal [8]. Feasibility
of this approach is experimentally demonstrated using quadrature phase-shift keying (QPSK) and 16 quadrature amplitude
modulation (16QAM). The system performance is evaluated
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an optical filter is employed to slice partial spectra of the two
channels. It is noted that the combination of the two output
channel slices (S1 and S2) should preserve all the information
of the original channel S. Then, S1 and S2 are narrow enough
to be inserted into the two frequency slots for transmission.
To reconstruct the original channel S at the receiver, the two
channel slices S1 and S2 are first selected from the current WDM
system. Then, another stage of comb-based wavelength conversion is employed to recombine S1 and S2 in phase for channel
recovery. Because of nonideal filtering in both stages of spectrum filtering and slice selection, S1 and S2 may have a partially
overlapped spectrum, which can then produce inter-symbol interference (ISI), as shown in Fig. 1. However, the effect of ISI
can be readily compensated by a digital linear equalizer afterwards and the original channel S can ultimately be recovered.
Note that this channel slicing and stitching technique is scalable
to more than two slices simply by generating more copies of the
original data channel and by following the procedure shown in
Fig. 1.
III. EXPERIMENTAL SETUP FOR FEASIBILITY DEMONSTRATION
IN A SINGLE CHANNEL SYSTEM
Fig. 1. Conceptual diagram of fragmented bandwidth allocation enabled by
channel slicing and stitching.

by tuning different parameters. In addition to investigating the
effect of relative phase offset as described in [8], we further explore: (i) the influence of the relative amplitude and the number
of channel slices on system performance; (ii) a 10-km transmission experiment compared to a back-to-back (B2B) scenario. One application of the channel slicing and stitching is to
enable fragmented bandwidth allocation, which is experimentally demonstrated in a dense 6-channel wavelength-divisionmultiplexing (WDM) system. The experimental results show
that the incoming 20 Gbaud optical QPSK channel is successfully reallocated into two available fragmented frequency slots
and reconstructed at the receiver by using channel slicing and
stitching.
II. CONCEPT
The conceptual diagram of fragmented bandwidth allocation enabled by channel slicing and stitching is illustrated in
Fig. 1. Assume the current optical spectrum is occupied by multiple data channels with only two small frequency slots (Slot-1
and Slot-2) available. The incoming optical channel (S) has a
large bandwidth that cannot be accommodated by any single
frequency slot without introducing severe inter-channel interference (ICI) from spectrum overlapping. However, the total
bandwidth of the separate available frequency slots is larger than
that of channel S. In this case, channel S can be sliced into two
spectral fragments, which are then reallocated into the available
frequency slots. The detail of this process is shown in Fig. 1. In
the beginning, a coherent copy of channel S is generated at another wavelength by nonlinear wave mixing of channel S with an
optical frequency comb [9], [10]. After channel copy generation,

The previous section indicates that the key function to achieving fragmented bandwidth allocation is the channel slicing and
stitching. Fig. 2 shows a single channel experimental setup to
demonstrate this function.
At the transmitter, the data signal with the format of 20/28
Gbaud QPSK (and alternatively 20 Gbaud 16QAM) modulates
a laser at the wavelength of 1542.53 nm in an optical IQ modulator. Note that the output optical signal is not pulse shaped.
At the same time, an optical frequency comb with a 20 GHz
repetition rate is generated by a mode-locked laser (MLL). In
the case of slicing channel spectrum into two parts (S1 and S2),
two comb lines at the wavelengths of 1538.90 nm and 1539.86
nm are selected by a spatial light modulator (SLM-1) filter. The
wavelength difference between the two comb lines determines
the wavelength shift of the channel copy, which is generated in
the next step.
In the following, both the signal (S) and the selected comb
lines are amplified and injected into a periodically poled lithium
niobate (PPLN-1) waveguide with a quasi-phase matching
(QPM) wavelength of 1541.00 nm. After PPLN-1, a channel
copy is generated, albeit with 10 dB lower power due to the conversion efficiency. The input and output of PPLN-1 are shown
in Fig. 3(a) and (b). Then, another SLM filter (SLM-2) is used
to cut a left slice (S1) from the original channel and a right
slice (S2) from the channel copy. The corresponding spectrum
is shown in Fig. 3(c), in which the optical channel bandwidths
of S1 and S2 are ∼27 GHz and ∼18 GHz, respectively. Afterwards, S1 and S2 are sent to either (i) channel stitching for the
signal reconstruction, or (ii) a 10-km single mode fiber (SMF)
for transmission.
Before the receiver, S1 and S2 are amplified and mixed with
two comb lines with the same wavelength difference in a second PPLN (PPLN-2) of the same QPM wavelength, as shown
in Fig. 3(d). After PPLN-2, S1 is shifted to the right with a
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Fig. 2. Experimental setup of channel slicing and stitching for a single optical channel. The optical frequency comb is employed to achieve phase-preserving
channel copy generation and channel slices recombination (stitching).

Fig. 4. Constellation comparison of a 20 Gbaud QPSK channel under different
scenarios: (a) B2B without channel slicing and stitching; (b) detection of only
the left channel slice; (c) detection of only the right channel slice; (d) B2B with
channel slicing and stitching; (e) after 10-km transmission with channel slicing
and stitching.

Fig. 3. Measured spectra: (a) before PPLN-1; (b) after PPLN-1; (c) after
SLM-2 filter; (d) before PPLN-2; (e) after PPLN-2 with constructive channel
stitching; (f) after PPLN-2 with destructive channel stitching.

conversion efficiency of −10 dB and recombined with S2. Since
S2 is about 10 dB lower than S1 as shown in Fig. 3(c), the two
channel slices will now be combined with almost the same
power. Because of nonideal filtering, S1 and S2 have ∼5 GHz
partial spectrum overlap. As a result of this overlap, tuning the
phase offset (Δϕ) between S1 and S2 in SLM-2 can lead to
constructive (Δϕ = 0) or destructive (Δϕ = 180◦ ) channel
stitching. As shown in Fig. 3(e) and (f), destructive stitching
should be avoided due to the loss of partial channel spectrum.
Finally, the stitched channel is filtered out and sent to an optical
coherent receiver. Based on a conventional decision-directed algorithm [11], digital channel equalization with 11 taps is used
to remove spectrum-overlapping-induced ISI. If the amount of
spectrum overlap increases, more taps might be required to compensate for the increased ISI.
Note that in Fig. 3(a), the input optical signal includes both
the fundamental band and side lobes. The peak power difference

between them is more than 15 dB, and we do not observe a
significant contribution of the side lobes to the signal quality.
Therefore, the output signal is allowed to primarily be composed of the fundamental band component, and we consider the
channel bandwidth to be the frequency range of the fundamental
band component. Moreover, in order to use channel slicing and
stitching for the given WDM grid: (i) the bandwidth of the input
signal should be larger than the spectral grid spacing; and (ii)
the bandwidths of the sliced signals should be smaller than the
spectral grid spacing.
IV. EXPERIMENTAL RESULTS FOR A SINGLE CHANNEL SYSTEM
Fig. 4 shows constellation diagrams of a 20 Gbaud QPSK
channel with 30 dB OSNR under different scenarios. Compared
to a B2B baseline shown in Fig. 4(a), Fig. 4(b) and (c) indicates
that the channel quality deteriorates if only a partial spectrum
is detected. The different constellations between the left and
right slices are the result of unequal bandwidths of the two
slices. Fig. 4(d) shows that the channel is successfully recovered
after channel stitching of the left and right slices. The signal
quality is almost preserved after 10-km transmission as shown
in Fig. 4(e), because the channel equalization at the receiver also
compensates for chromatic dispersion [12]–[14].
The system performance is further evaluated by tuning the
relative phase offset (Δϕ) and relative amplitude (Δα) between
S1 and S2 in SLM-2. The reason to investigate the impact of
phase/amplitude imbalance is because the two parameters could
affect the performance of channel stitching. In Fig. 5, when the
phase is aligned (Δϕ = 0), channel equalization can compensate for the ISI effect due to the partial spectrum overlapping of
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Fig. 5. Constellation comparison of a 20 Gbaud QPSK by tuning the relative
phase offset (Δϕ) between two channel slices: (a) with channel equalization;
(b) without channel equalization. (c) Measured EVMs with different Δϕ.

Fig. 7. BER comparison for a 20 Gbaud QPSK system: (a) with and without
digital equalization; (b) B2B and 10-km transmission.

Fig. 6. Constellation comparison of a 20 Gbaud QPSK by tuning the relative
amplitude (Δα) between two channel slices: (a) with channel equalization;
(b) without channel equalization. (c) Measured EVMs with different Δα.

the left and right channel slices. Channel equalization helps to
decrease the error-vector-magnitude (EVM) from ∼20% down
to ∼10%, as shown in Fig. 5(c). Additionally, the tolerance of
Δϕ can be as large as 150° with channel equalization, whereas
the system without channel equalization fails if Δϕ is 90°. Similarly, in terms of the relative amplitude Δα, the system with
channel equalization can still work when Δα is 25 dB, whereas
an equalization-free system cannot tolerate Δα of 20 dB.
As a result, digital channel equalization not only enhances
the performance of channel stitching by compensating for ISI,
but it also increases the system tolerance for phase/amplitude
imbalance. Additionally, a lower signal EVM can be obtained if
the phase/amplitude imbalance is pre-compensated optically by
SLM-2, as shown in Figs. 5(a), (c) and 6(a), (c). Therefore, in
the remainder of the paper: (i) channel equalization is included
primarily to compensate for ISI; and (ii) the phase/amplitude
imbalance is pre-compensated in the optical domain.
Fig. 7 shows the measured BER curves of the system. Compared to a B2B baseline system, the optical signal-to-noise ratio
(OSNR) penalty of channel slicing and stitching with channel
equalization is below 1 dB, as shown in Fig. 7(a). It is noted
that for the B2B baseline system, the same channel equalization

is used for comparison. In addition, the two nearly overlapping
BER curves in Fig. 7(b) indicate the system penalty for the
10-km transmission is negligible. For longer-distance transmission, the increased chromatic dispersion, as well as the
wavelength-dependent polarization rotation caused by higher
order polarization mode dispersion (PMD), could affect the
phase alignment among different channel slices. As a result,
the performance of channel stitching might be degraded, which
requires further investigation.
The spectra of the channel slicing and stitching with 3 channel slices of a 28 Gbaud QPSK channel are shown in Fig. 8(a)–
(c), while the corresponding separate channel slices and reconstructed channel constellations are shown in Fig. 8(d).
The BER curves of the 28 Gbaud QPSK system with two
and three channel slices are presented in Fig. 9. It can be seen
that the system performance does not strongly depend on the
number of channel slices, and less than 1 dB OSNR penalty is
observed compared to the B2B baseline.
The scheme is extended to a 20 Gbaud 16QAM signal. Less
than 1.5% EVM deterioration with 30 dB OSNR is observed,
as shown in Fig. 10(a). Compared to the QPSK scenario in
Fig. 7(a), a larger OSNR penalty is observed for 16QAM in
Fig. 10(b). A possible reason could be that high order QAM signals are more sensitive to any distortion introduced by nonlinearwave-mixing-based wavelength conversion [15].
V. EXPERIMENTAL SETUP FOR FRAGMENTED BANDWIDTH
ALLOCATION IN A WDM SYSTEM
The application of channel slicing and stitching to enable fragmented bandwidth allocation is experimentally demonstrated
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Fig. 8. Channel slicing and stitching with three slices for a 28 Gbaud QPSK
system: (a) optical spectrum before PPLN-1; (b) optical spectrum after SLM-2
filter; (c) optical spectrum after PPLN-2; (d) channel reconstruction by stitching
three channel slices.

Fig. 11. (a) Experimental setup for fragmented bandwidth allocation in
20 Gbaud QPSK WDM channels; (b) measured spectrum before fragmented
bandwidth allocation; (c) measured spectrum after fragmented bandwidth
allocation.
Fig. 9.

BER comparison with different numbers of channel slices.

Fig. 10. (a) EVM comparison between B2B and channel slicing and stitching
for a 20 Gbaud 16QAM signal; (b) BER comparison.

in a WDM system with 6 QPSK channels of 20 Gbaud. The
experimental setup is shown in Fig. 11(a) and the central
wavelengths of the 6 channels are 1541.68, 1542.00, 1542.16,
1542.32, 1542.52, and 1542.87 nm. Compared to the singlechannel experiment shown in Fig. 2, a stage of WDM channel
generation is added, as shown by the dotted box. In this case,
the attenuator is used to adjust the power of the WDM channels, in order to make it similar to that of the added optical
channel S. After the attenuator, a polarization controller is used
to align the polarization of the WDM channels with that of

channel S in order to maximize the ICI effect. The optical spectra before and after fragmented bandwidth allocation are shown
in Fig. 11(b) and (c), in which the two sliced channels each have
∼22 GHz optical bandwidth. At the receiver, an extra SLM
filter (SLM-3) is used for channel-slice selection and amplitude/phase adjustment. In order to allocate the same power into
the two frequency slots, the channel slice with higher power is
attenuated by 10 dB in SLM-2 to offset the effect of the −10 dB
conversion efficiency in PPLN-1. Subsequently, the power
difference is adjusted in SLM-3 before channel stitching in
PPLN-2.
VI. EXPERIMENTAL RESULTS FOR A WDM SYSTEM
The constellation comparison is shown in Fig. 12. Compared
to direct channel insertion shown in Fig. 12(c) and (d), where
the entire channel S is inserted into either Slot-1 or Slot-2,
fragmented bandwidth allocation can effectively avoid channel spectrum overlapping and therefore suffer much less ICI
penalty. The reason for signal quality deterioration in Fig. 12(b)
compared to the single-channel scenario in Fig. 12(a) might
be attributed to nonideal filtering for selecting channel slices,
which includes the residual spectra from adjacent channels.
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The reason for using an optical frequency comb instead of
independent continuous wave lasers is to ensure phase locking
among different channel slices, which is generally required for
successful signal recovery at the receiver. In our experiment,
the selected comb lines (within a ∼10-nm spectrum range) have
a similar OSNR of ∼30 dB. As the scheme is scaled to more
channel slices with larger frequency spacing, the quality of the
stitched signal might be affected by different OSNRs of different
comb lines. In addition, we use the same comb source for both
channel slicing and stitching for ease of experimentation; a more
realistic implementation would likely use two independent comb
sources for the transmitter and the receiver.
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