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Abstract—A scheme for reconfigurable channel slicing and
stitching is proposed and experimentally demonstrated. By em-
ploying 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 re-
cover the original channel at the receiver. This approach is ver-
ified through a single channel experiment with the modulation
formats of quadrature phase-shift keying and 16 quadrature am-
plitude modulation. The system exhibits less than 1.5% error-
vector-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, rela-
tive 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 fre-
quency slots and reconstructed at thereceiver.
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I. INTRODUCTION

LASTIC optical networks (EONs) are becoming of great
E interest owing to their ability to handle heterogeneous data
channels with flexible bandwidths [1]-[6]. Fragmented band-
width allocation would be crucial in EONs to ensure the effi-
cient 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 fre-
quency 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 chan-
nel 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 ineffi-
cient 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 avail-
able 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 quadra-
ture phase-shift keying (QPSK) and 16 quadrature amplitude
modulation (16QAM). The system performance is evaluated
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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 ex-
plore: (i) the influence of the relative amplitude and the number
of channel slices on system performance; (ii) a 10-km trans-
mission experiment compared to a back-to-back (B2B) sce-
nario. One application of the channel slicing and stitching is to
enable fragmented bandwidth allocation, which is experimen-
tally demonstrated in a dense 6-channel wavelength-division-
multiplexing (WDM) system. The experimental results show
that the incoming 20 Gbaud optical QPSK channel is success-
fully 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 alloca-
tion enabled by channel slicing and stitching is illustrated in
Fig. 1. Assume the current optical spectrum is occupied by mul-
tiple 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 inter-
ference (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 an-
other wavelength by nonlinear wave mixing of channel S with an
optical frequency comb [9], [10]. After channel copy generation,

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 conver-
sion is employed to recombine S1 and S2 in phase for channel
recovery. Because of nonideal filtering in both stages of spec-
trum filtering and slice selection, S1 and S2 may have a partially
overlapped spectrum, which can then produce inter-symbol in-
terference (ISI), as shown in Fig. 1. However, the effect of ISI
can be readily compensated by a digital linear equalizer after-
wards 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

The previous section indicates that the key function to achiev-
ing 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 mod-
ulator. 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 con-
version 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. After-
wards, 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 sec-
ond 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. 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 (Ay) between S1 and S2 in SLM-2 can lead to
constructive (Ay = 0) or destructive (Ay = 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 al-
gorithm [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 com-
pensate 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

channel slicing &
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Experimental setup of channel slicing and stitching for a single optical channel. The optical frequency comb is employed to achieve phase-preserving
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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.

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 com-
posed 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 (Ay) and relative amplitude (Ac«) 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 (Ay = 0), channel equalization can compen-
sate for the ISI effect due to the partial spectrum overlapping of
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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
A can be as large as 150° with channel equalization, whereas
the system without channel equalization fails if A¢p is 90°. Sim-
ilarly, in terms of the relative amplitude Ac«, the system with
channel equalization can still work when A« is 25 dB, whereas
an equalization-free system cannot tolerate A« 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), (¢) 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. Com-
pared 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
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Fig. 7. BER comparison for a 20 Gbaud QPSK system: (a) with and without
digital equalization; (b) B2B and 10-km transmission.

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 trans-
mission, 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 chan-
nel slices of a 28 Gbaud QPSK channel are shown in Fig. 8(a)—
(c), while the corresponding separate channel slices and recon-
structed 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 sig-
nals are more sensitive to any distortion introduced by nonlinear-
wave-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 frag-
mented bandwidth allocation is experimentally demonstrated
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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 single-
channel 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 chan-
nels, 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
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channel S in order to maximize the ICI effect. The optical spec-
tra 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 ampli-
tude/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 chan-
nel 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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For further system evaluation, BER measurements of the
added channel S are presented in Fig. 13. Compared to direct
channel insertion, fragmented bandwidth allocation has more
than 6 dB OSNR improvement at a BER of 1e-3. There is an
additional OSNR penalty of channel slicing and stitching com-
pared to the single-channel scenario. Similarly, a possible reason
for this penalty could be that the filter for selecting a desired
channel slice is not sharp enough to reject the adjacent channels.

VII. CONCLUSION AND DISCUSSION

This paper experimentally demonstrates a reconfigurable
channel slicing and stitching for an optical signal to enable
fragmented bandwidth allocation without O-E-O conversion. In
a 6-channel WDM system, a 20 Gbaud optical channel is suc-
cessfully reallocated into two fragmented frequency slots and
reconstructed at the receiver. Although this scheme is demon-
strated for an optical channel that is not pulse shaped, we believe
the scheme might also be applicable to channels that are pulse
shaped, e.g., Nyquist shaping.

In our experiment, there are different issues that could degrade
the system performance, including: (i) the power of the optical
signal is attenuated by the loss of different equipment, such as
the PPLN (~5 dB insertion loss) and the SLM filter (~6 dB
insertion loss); (ii) nonlinear wave mixing in both stages of the
channel slicing and stitching requires sufficient signal power
as provided by a 2W EDFA with a ~6 dB noise figure; and
(iii) there are optical components with limited bandwidth. We
note that there are other approaches that could reduce channel
bandwidth to fit into the smaller frequency slot, such as narrow
filtering [16] or higher-order QAM signal conversion [17]. They
may not suffer the same degradations as we have, but could
introduce other issues.

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.

REFERENCES

[1] M. Jinno et al., “Distance-adaptive spectrum resource allocation in
spectrum-sliced elastic optical path network [Topics in optical commu-
nications],” IEEE Commun. Mag., vol. 48, no. 8, pp. 138-145, Aug. 2010.

[2] O.Gerstel, M. Jinno, A. Lord, and S.J. B. Yoo, “Elastic optical networking:
a new dawn for the optical layer?,” IEEE Commun. Mag., vol. 50, no. 2,
pp. 12-20, Feb. 2012.

[3] K. Christodoulopoulos, I. Tomkos, and E. A. Varvarigos, “Elastic band-
width allocation in flexible OFDM-Based optical networks,” J. Lightw.
Technol., vol. 29, no. 9, pp. 1354-1366, May 2011.

[4] B. Guo et al., “Multicasting based optical inverse multiplexing in elas-
tic optical network,” Opt. Express, vol. 22, no. 12, pp. 15133-15142,
Jun. 2014.

[5] N. Sambo, F. Paolucci, G. Meloni, F. Fresi, L. Poti, and P. Castoldi,
“Control of frequency conversion and defragmentation for super-channels
[Invited],” J. Opt. Commun. Netw.,vol.7,no. 1, pp. A126—A134, Jan. 2015.

[6] J. K. Fischer et al., “Bandwidth-variable transceivers based on four-
dimensional modulation formats,” J. Lightw. Technol., vol. 32, no. 16,
pp. 2886-2895, Aug. 2014.

[7] M. Jinno, H. Takara, B. Kozicki, Y. Tsukishima, Y. Sone, and S. Matsuoka,
“Spectrum-efficient and scalable elastic optical path network: Architec-
ture, benefits, and enabling technologies,” IEEE Commun. Mag., vol. 47,
no. 11, pp. 66-73, Nov. 2009.

[8] Y. Cao et al., “Experimental demonstration of tunable optical channel
slicing and stitching to enable dynamic bandwidth allocation,” in Proc.
Int. Conf. Exhib. Opt. Fiber Commun., Los Angeles, CA, USA, 2017,
Paper Th1F.1.

[9] G. Lu, T. Bo, T. Sakamoto, N. Yamamoto, and C. Chan, “Flexible and
scalable wavelength multicast of coherent optical OFDM with tolerance
against pump phase-noise using reconfigurable coherent multi-carrier
pumping,” Opt. Express, vol. 24, no. 20, pp. 22573-22580, Oct. 2016.

[10] Y.Caoetal., “Pilot-tone-based self-homodyne detection using optical non-
linear wave mixing,” Opt. Lett., vol. 42, no. 9, pp. 1840-1843, May 2017.

[11] S.J. Savory, “Digital filters for coherent optical receivers,” Opt. Express,
vol. 16, no. 2, pp. 804-817, Jan. 2008.

[12] S. J. Savory, G. Gavioli, R. L. Killey, and P. Bayvel, “Electronic com-
pensation of chromatic dispersion using a digital coherent receiver,” Opt.
Express, vol. 15, no. 5, pp. 2120-2126, Mar. 2007.

[13] J. McNicol, M. O’Sullivan, K. Roberts, A. Comeau, D. McGhan, and
L. Strawczynski, “Electrical domain compensation of optical dispersion
[optical fibre communication applications],” in Proc. Int. Conf. Opt. Fiber
Commun., Anaheim, CA, USA, 2005, Paper OThJ3.

[14] B.J.C. Schmidt, A.J. Lowery, and J. Armstrong, “Experimental demon-
strations of electronic dispersion compensation for long-haul transmission
using direct-detection optical OFDM.,” J. Lightw. Technol., vol. 26, no. 1,
pp. 196-203, Jan. 2008.

[15] G. Lu et al., “Pump-phase-noise-free optical wavelength data exchange
between QAM signals with 50-GHz channel-spacing using coherent DFB
pump,” Opt. Express, vol. 24, no. 4, pp. 3702-3712, Feb. 2016.

[16] F. Fresi, M. Secondini, G. Berrettini, G. Meloni, and L. Poti, “Impact of
optical and electrical narrowband spectral shaping in faster than Nyquist
Tb superchannel,” Photon. Technol. Lett., vol. 25, no. 23, pp. 2301-2303,
Dec. 2013.

[17] G. Huang, Y. Miyoshi, A. Maruta, Y. Yoshida, and K. I. Kitayama, “All-
optical OOK to 16-QAM modulation format conversion employing non-
linear optical loop mirror,” J. Lightw. Technol., vol. 30, no. 9, pp. 1342—
1350, May 2012.



446

Yinwen Cao received the B.S. and M.Eng. degrees from the Beijing University
of Posts and Telecommunications, Beijing, China, in 2008 and 2011, respec-
tively. He is currently working toward the Ph.D. degree in the Department of
Electrical Engineering, University of Southern California, Los Angeles, CA,
USA.

Ahmed Almaiman received the B.S. degree in electrical engineering from King
Saud University, Riyadh, Saudi Arabia, in 2011, and the M.S. degree from the
University of Southern California (USC), Los Angeles, CA, USA, in 2014. He
is currently a Research Assistant in Optical Communications Laboratory, USC
and is working toward the Ph.D. degree.

Morteza Ziyadi received the B.S. (Hons.) degree from Iran University of Sci-
ence and Technology, Tehran, Iran, in 2008, and the M.S. (Hons.) degree from
Sharif University of Technology, Tehran, in 2010, respectively, all in electrical
engineering. He received the Doctorate degree in electrical engineering from
the University of Southern California, Los Angeles, CA, USA, in 2017.

Amirhossein Mohajerin-Ariaei received the B.S. degree in electrical engi-
neering from the Iran University of Science and Technology, Tehran, Iran, in
2009, and the M.S. degree in electrical engineering from the Sharif University of
Technology, Tehran, in 2011. He is currently working toward the Ph.D. degree
in electrical engineering at the University of Southern California, Los Angeles,
CA, USA.

Changjing Bao has been working toward the Ph.D. degree in electrical engi-
neering in the Department of Electrical Engineering, University of Southern
California, Los Angeles, CA, USA, since 2012.

Peicheng Liao received the B.Eng. degree in optical engineering from Zhejiang
University, Hangzhou, China, in 2012, and the M.Eng. degree in electrical and
computer engineering from McGill University, Montreal, QC, Canada, in 2014.
He is currently working toward the Ph.D. degree in electrical engineering in the
University of Southern California, Los Angeles, CA, USA.

Fatemeh Alishahi received the B.S. degree in electrical engineering from the
Shiraz University, Shiraz, Iran, in 2005, and the M.S. degree in electrical en-
gineering from the Sharif University of Technology, Tehran, in 2008. She is
currently working toward the Ph.D. degree in electrical engineering in the Uni-
versity of Southern California, Los Angeles, CA, USA.

Ahmad Fallahpour received the B.S. degree (Hons.) in electrical engineering
from Shahid Beheshti University, Tehran, Iran, in 2012, and the M.S. degree
in electrical engineering from the Sharif University of Technology, Tehran, in
2014. He is currently working toward the Ph.D. degree in electrical engineering
in the University of Southern California, Los Angeles, CA, USA.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 36, NO. 2, JANUARY 15, 2018

Youichi Akasaka received the B.S. degree in synthetic chemistry from Kyoto
University, Kyoto, Japan, in 1988, and the M.S. and Ph.D. degrees in material
science from the University of Tokyo, Tokyo, Japan, in 1990 and 1993, re-
spectively. Since 2005, he has been a Senior Researcher working on advanced
technologies for future photonic network at Fujitsu Laboratories of America,
Richardson, TX, USA.

Dr. Akasaka is a senior member of the IEEE Photonics Society and received
the Young Engineer Award from IEICE of Japan in 1995.

Carsten Langrock received the Ph.D. degree in electrical engineering from
Stanford University, Stanford, CA, USA, in 2007. He has more than 150 publi-
cations, and is currently working as a Senior Research Scientist in Prof. Martin
M. Fejer’s Group in the Edward L. Ginzton Laboratory, Stanford University.

Martin M. Fejer received the B.A. degree in physics from Cornell University,
Ithaca, NY, USA, and the Ph.D. degree in applied physics from Stanford Univer-
sity, Stanford, CA, USA. He is currently a Professor and the Department Chair
of Applied Physics and served as a Senior Associate Dean for Natural Sciences
at Stanford University. He has more than 500 publications and 30 patents.

Dr. Fejer is a Fellow of the Optical Society of America, and received the
R.W. Wood prize in 1998. He was elected to the National Academy of Sciences
in 2016.

Joseph D. Touch (SM’02) received the Ph.D. degree from the University of
Pennsylvania, Philadelphia, PA, USA, and joined the Information Sciences In-
stitute, University of Southern California (USC), Marina del Rey, CA, USA,
in 1992. He is the Postel Center Director in USC’s Information Sciences Insti-
tute and a Research Associate Professor in the USC’s Computer Science and
EE/Systems Departments.

Dr. Touch in Sigma Xi, an ACM Distinguished Scientist, and Senior Member
of the Optical Society of America, and a ComSoc Distinguished Lecturer.

Moshe Tur (M’87-SM’94-F’98) received the B.Sc. degree in mathematics and
physics from Hebrew University, Jerusalem, Israel, in 1969, the M.Sc. degree
in applied physics from the Weizmann Institute of Science, Rehovot, Israel, in
1973, and the Ph.D. degree from Tel Aviv University, Tel Aviv, Israel, in 1981.
He is currently the Gordon Professor of electrical engineering with the School
of Electrical Engineering, Tel Aviv University, where he has established a fiber-
Optic Sensing And Communication Laboratory. He has authored or coauthored
more than 530 journal and conference technical papers.
Dr. Tur is a Fellow of the Optical Society of America.

Alan E. Willner (SM’94-F’04) received the Ph.D. degree from Columbia Uni-
versity, New York City, NY, USA, in 1988. He is currently the Steven and
Kathryn Sample Chaired Professor in engineering with the University of South-
ern California, Los Angeles, CA, USA. He has more than 1100 publications
and holds 30 patents.

Dr. Willner is a member of the U.S. National Academy of Engineering, an
International Fellow of the U.K. Royal Academy of Engineering, and a Fellow
of the National Academy of Inventors, the American Association for the Ad-
vancement of Science, the Optical Society, and SPIE.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


