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Editor’s
Column

IEEE Photonics Society

LAWRENCE CHEN
In this month’s newsletter, we feature 3 research highlight articles on spatial division multiplexing (SDM)
from renowned researchers in the field. Ryf and Winzer
from Alcatel-Lucent describe how spatial multiplexing
must be exploited in order to address the issue of capacity crunch and present some of the necessary component
technologies. Jung et al. from the Optoelectronics Research Center at the University of Southampton provide
a comprehensive overview of state-of-the-art SDM transmission fibers and the corresponding (and necessary)
amplifiers. Finally, Sakaguchi et al. from the National
Institute of Information and Communications Technology in Japan describe the development of various SDM
technologies and discuss transmission experiments. I
would like to thank Associate Editor Nicholas Fontaine
for organizing this focus issue.
The cover page features this year’s winning submission for our image contest: “Blossom Photosynthesis” by
Jiayong Gan and Yuebing Zheng. We received a large
number of outstanding images and I hope to see as many
(if not more) submissions for future contests.
Today’s students and youth are tomorrow’s leaders. In
this newsletter, we present the ten winners of this year’s
IPS Graduate Student Fellowship program. The students
are working on various topics including optical communications, microwave photonics, nanophotonics, optoelectronics, integrated technologies and fiber sources.
Congratulations to all!
I hope you enjoy reading the newsletter and as always,
I welcome your comments and feedback.
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President’s
Column
Dalma Novak
“Science and technology revolutionize our lives, but memory, tradition
and myth frame our response.”
—Arthur M. Schlesinger

IYL2015 in Washington, D.C.
As the year progresses The International Year of Light and
Light-Based Technologies (IYL2015) continues to be celebrated around the world. In addition to the many IYL2015
events being held by the Photonics Society’s Chapters, the
Society was invited to join with other professional organizations to help organize several special IYL events in Washington, D.C., with the goal of promoting the innovation
and promise of light research and education. These IYL2015
D.C. activities were held on September 12 and were organized by the US National Science Foundation in partnership
with the Photonics Society, the American Institute of Physics, the American Physical Society, the National Academy of
Sciences, the Optical Society and the International Society for
Optics and Photonics.
The focus of the day-long IYL2015 event was to feature the
latest in light-based technologies as well as leading scientists
and educators to promote improved public understanding
of the central role of light in the modern world. During the
day an educational “Wonders of Light” event for school-age
children and families was held at the Smithsonian National
Museum of the American Indian. This was a fun hands-on
session for young students which showcased a number of demonstrations explaining the science of light. There was an opportunity to build a kaleidoscope and see an LED-orb that
changed color with music, which proved to be very popular.
In the evening a public symposium with the theme of “Light
for a Better World” was held with several notable speakers
headlined, including two Nobel Laureates. It was a coup for
our community that the 2014 Nobel Prizes in both Physics
and Chemistry were awarded to developments in the field of
photonics. At the evening symposium we had the great opportunity to listen to Eric Betzig from the Howard Hughes
Medical Institute in Virginia, who won the Chemistry Prize
for his work on the development of super-resolved fluorescence microscopy, and Shuji Nakamura from the University
of California Santa Barbara, who won the Physics Prize for the
invention of efficient blue LEDs.

IPC2015
The publication of this newsletter edition is coinciding with
the IEEE Photonics Conference (IPC) being held in Reston,
VA, which will also see the continuation of the Society’s 50th
Anniversary festivities. The Reception and Awards Banquet to
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be held on Monday the 5th October will be a very special celebration of five decades of the Photonics Society transforming
science into technology and it is a great honor for me to preside
over such a memorable occasion. A major focus of this year’s IPC
is the scheduling of new events aimed at students and young
professionals. Following on from the successful event that was
first held last year at the 2014 IPC in La Jolla, CA, a Silicon
Photonics Fabrication Workshop focusing on Sub-wavelength
Grating Materials and Meta-materials will be a major feature of
the Sunday program. A second, quite different, workshop titled
“Photonics Pro: Lighting Your Professional Career Path” will
be held immediately after with a focus on professional development training. Elizabeth Lions, a career management consultant, will give a talk on leadership and Ben Eggleton, a member
of the Society’s Board of Governors, will discuss how to be an
effective Session Chair. Other events for the younger members
of our community at IPC2015 later in the week include a Job
Fair at which students and young professionals will be able to
engage face-to-face with more than a dozen exhibiting companies. Coinciding with the job fair will be a Student Poster
competition which will enable employers to learn more about
the potential candidates and their recent research.
Another special event at IPC2015 will be a panel session
which is being organized as part of the Society’s Women in
Photonics outreach initiative. This session will feature several women panelists discussing their career paths, career challenges and experiences as women in the optics and photonics
field. We hope that the discussion at this event will be both
informative and lively, and give participants an opportunity
to exchange ideas on a range of topics, including how to
encourage young women to choose science and engineering
as a career, how to improve the progression and retention of
women in the field, how to combine a career with personal
life, and how to overcome barriers for the career advancement of women. Once again, the Society’s flagship annual
meeting is being underpinned by an outstanding and diverse technical program. I would like to take this opportunity to sincerely thank and congratulate the IPC2015 Chairs
(Martin Dawson, Thomas Clark, and Hilmi Volkan Demir),
members of the technical program committee, as well as the
Society’s staff, for all their hard work and dedication in putting together a terrific conference program and special 50th
Anniversary commemoration.
With warm wishes,
Dalma Novak
Pharad, LLC
d.novak@ieee.org
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Research Highlights

Space-Division Multiplexing: The Future
of Fiber-Optic Communications
Roland Ryf and Peter J. Winzer
I. The Need for Spatial Multiplexing
in Optical Networks
Over many decades, network traffic has been growing exponentially, with cumulative annual growth rates (CAGRs) between
20% and 100% per year, the exact numbers varying among traffic types, application areas, transmission distances, and operator
specificities. While many incumbent telecom operators are seeing
growth rates at the lower end of the distribution, some webscale
providers are faced with a doubling of traffic in their networks each
year, cf. Ref. 1 and references cited therein. This traffic growth has
been economically enabled by a variety of telecommunication technologies whose long-term growth rates are summarized in Table 1.
The growth in packet router capacities, rooted in Moore’s Law
and coupled to the scaling of microprocessors and super-computers,
has been able to satisfy the above traffic growth numbers for decades. Fixed and wireless access technologies have also been able to
keep up with (and have in fact contributed their share in defining)
the rising traffic demand. High-speed optical interface rates, on
the other hand, have only exhibited a consistent 20% CAGR over
the past 30 years, and the capacity evolution of wavelength-division
multiplexed (WDM) transmission systems has slowed down from an
initial CAGR of 100% in the 1990s to a mere 20% since the
early 2000s. The disparity between supply and demand of communication capacities in core networks has become known as the
optical networks ‘capacity crunch’ [2].
In order to gage the urgency of resolving this capacity
crunch, Table 2 extrapolates timelines for the introduction of
higher transponder interface rates (a) and higher transport system capacities (b), assuming a variety of traffic growth rates.
Both tables are based on the historic fact that systems with
100-Gb/s transponders and aggregate WDM capacities of
+10 Tb/s were commercially available and were starting to be
deployed by leading-edge network operators in 2010.
Table 2 (a) answers the question when leading-edge network
operators would likely start deploying 400-Gb/s, 1-Tb/s, and
10-Tb/s transponders. Assuming a traffic growth rate between
40% and 60%, the table predicts the commercial need for 400-Gbit/s
interfaces in 2013/2014; and indeed, 2013 was the year of the first
400-Gb/s transponder deployments. A need to deploy Terabit/s transponders is likely to arise within the coming one to two years,
which is plausible given the multitude of Terabit superchannel field
trials based on commercial transponder hardware that are presently
being conducted by operators around the world. Looking even further ahead, the commercial need for 10-Tb/s interfaces is expected to
arise between 2020 and 2024. Note that such a high transponder
interface rate implies that a single optical transponder of 2024 would
be able to carry the traffic of a fully deployed WDM system of
today. This thought, as hard to imagine as as it may presently be,
4
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Technology

Trend period

CAGR

Supercomputers

1995–2015

85%

Microprocessors

1980–2015

40%–70%

Router capacities

1985–2015

45%

Router interfaces

1980–2005
2005–2015

70%
20%

Transport interfaces

1985–2015

20%

Per-fiber WDM capacities

1995–2000
2000–2015

100%
20%

Fixed access interfaces

1983–2015

55%

Wireless access interfaces

1995–2015

60%

Table 1. Cumulative annual growth rates (cagrs) of various
communication technologies within the given trend periods.

Traffic CAGR
Interface rate

20%

40%

60%

80%

400 Gb/s

2018

2014

2013

2012

1 Tb/s

2023

2017

2015

2014

10 Tb/s

2035

2024

2020

2018

(a)
Traffic
CAGR
System
capacity

20%

30%

40%

60%

80%

40 Tb/s

2018

2015

2014

2013

2012

200 Tb/s

2026

2021

2019

2016

2015

1 Pb/s

2035

2028

2024

2020

2018

(b)

Table 2. (a) Expected years of commercial introduction of
higher-speed core network interfaces based on various traffic
cagrs. Baseline: market introduction of 100-Gb/s interfaces
mid 2010. (b) Expected years of commercial introduction of
higher-capacity transmission based on various traffic cagrs.
Baseline: market introduction of +10-Tb/s interfaces mid 2010.

is not unrealistic if we again consider the historic fact that commercial WDM systems of the late 1990s had aggregate capacities
of several hundred Gb/s, which by 2013 was provided by just a
single transponder.
While it has been possible to scale WDM system capacities by about two orders of magnitude since the late 1990s,
this will not be the case going forward, owing to an important
October 2015

and very fundamental change regarding the evolution of lightwave systems: The availability of high-speed opto-electronics
and associated digital sampling and signal processing (DSP)
has increasingly supported modulation bandwidths well above
the economically feasible frequency stability of lasers and the
bandwidth of optical filters. Consequently, limitations in the
evolution of WDM systems have shifted from opto-electronic
device aspects to communications engineering principles. For
the fiber-optic channel, these are ultimately reflected in the
Nonlinear Shannon Limit, which has been estimated for WDM
networks and benchmarked against experiments and products
[3], and which sets a fundamental upper bound to the spectral
efficiency (i.e., the aggregate system capacity divided by the
system’s optical bandwidth) that may be achieved over a given
unregenerated transmission reach. As detailed in, e.g., Ref. 1,
WDM research has approached these fundamental limit estimates to within less than a factor of 2, and current commercial
systems have approached it to within factors of 5 and 3 for
long-haul and metro distances, respectively. At transmission
distances of +1,500 km, the conventional window of Erbiumdoped optical amplifiers (C-band) commercially supports capacities of around 15 Tb/s, with the fundamental Shannon
limit estimated at around 75 Tb/s.
To put the need for higher aggregate system capacities
into perspective, Table 2 (b) again extrapolates from the commercial state of the art in 2010. Assuming a traffic growth in
core networks of around 30% to 40%, we should expect to see
40-Tb/s systems in the marketplace shortly, which is not an
unreasonable thought if currently available 20-Tb/s C-band
systems were extended to also include the long-wavelength
optical amplification band (L-band). The need for commercial
200-Tb/s systems should then arise by +2021, and the need for
Petabit capacity systems by 2028. Both targets are commercially if not fundamentally unrealistic for single-fiber solutions
over long-haul distances, even if the entire low-loss window of
deployed optical fiber were exploited through multiple optical amplification bands. Consequently, the use of parallel spatial
paths as the only remaining physical multiplexing dimension
becomes an unavoidable next step; spatial multiplexing (spacedivision multiplexing, SDM) necessarily has to enter optical
networks within the coming decade. This realization crystalized around 2008, triggered by the fundamental Nonlinear
Shannon limit considerations discussed above [4], as well as by
power scaling and fiber fuse considerations [5]. A multitude of
research efforts quickly emerged in the area of multi-core and
multi-mode fibers, funded by private industry as well as by
national and supernational research funding agencies around
the globe [6], several of which will be covered in contributions
to this Newsletter.
Importantly, we note that the ‘use of parallel spatial paths’ does
not necessarily mean the use of novel, SDM-specific (multi-core or
multi-mode) fiber, even if this had been the main initial thrust
of scientific research due to its very significant intellectual and engineering challenges. Rather, SDM comprises all systems that use
multi-path integration in one form or another with the goal of
letting an M-path parallel system exhibit lower (capital and operational) costs and/or a lower energy consumption per bit than what
could be achieved by simply deploying M individual WDM systems
October 2015

in parallel. Such integration may apply to opto-electronic transponders, optical amplifiers, optical switching nodes within the network,
or optical fiber. In the spirit of a smooth evolution path that
allows for hybrid network upgrades to SDM, parallel strands of
already deployed single-mode fiber will have to be used at first,
and mature opto-electronic components within conventional telecom
wavelength bands will form the basis for such systems. A radical
technology change requiring the deployment of new fiber or radically new wavelength bands is rather unlikely to yield commercial
success, unless such a disruptive move allowed for orders-of-magnitude improvements in system performance, similar to what fiber had
in store when it started to replace copper in the late 1970s [1].

II. Mode-Division Multiplexing
With multi-core SDM solutions being mainly covered by other
articles within this Newsletter, we will focus on mode-division
multiplexing (MDM) in the remainder of this overview [7]. Such
systems represent the ultimate, furthest-out instantiation of SDM
technology integration and are based on the fact that the propagation modes supported by a multi-mode waveguide are mutually
orthogonal. As long as a complete mode basis is used the choice of
the mode basis is irrelevant. As is the case for the two orthogonal
polarizations supported by single-mode fiber, each mode can carry
an independent stream of information. As long as proper means for
mode-selective optical field excitation at the transmitter and modeselective coherent detection at the receiver are provided, random
modal crosstalk arising during propagation can be compensated
through multiple-input multiple-output (MIMO) digital signal
processing known from modern wireless and digital subscriber
line (DSL) systems. As such, MIMO-SDM represents a generalization of commercially deployed coherent polarization-division multiplexing (PDM) to more than 2 propagation modes.
Compared to other SDM-specific waveguides such as multicore fibers, multi-mode fibers have the strongest lateral confinement of modes, allowing for the largest density of spatial information, which offers significant advantages when building
compact network elements, including integrated array transponders, optical amplifiers, and wavelength-selective and wavelength
transparent switches. The ultimate goal is to find the cheapest
possible high-capacity multi-path fiber-optic transmission solution that for all practical purposes behaves like M parallel
strands of single-mode fiber, can be handled and deployed like
single-mode fiber, but provides orders of magnitude larger capacity than single-mode fiber. Multi-mode fibers are currently
the closest candidate to meet all of these requirements in the long
term, once all engineering obstacles are fully resolved. In particular, multi-mode fibers allow for an increase in the number of
spatial modes by adjusting the core diameter, with more than 100
spatial modes supported in the 1550-nm wavelength band while
maintaining a 125-nm cladding diameter, the current industry
standard for fiber cabling. Further, multi-mode fibers can be
spliced with conventional fusion splicers, and existing connector
technologies for single-mode fibers can be reused after some further optimization in the assembly process. Due to the strong lateral
modal confinement, however, multi-mode fibers also suffer from
modal crosstalk. As mentioned above, crosstalk between modes of
optical fibers is not a fundamental limitation for fiber-optic communications, as the effect can primarily be described as a unitary
IEEE Photonics Society NEWSLETTER
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multiplexers have been investigated over the
past years. The most promising all-fiber
Modes of a MMF
based technology is the photonic lantern
LP
Spectrogram of a MMF
[10]. The device has theoretically no loss
Index profile
0
and consequently no loss variation between
of
a
MMF
LP
LP
modes (mode dependent loss, MDL). Photonic lanterns provide an adiabatic transition
5
LP
LP
LP
between M single-mode input fibers to a step(c)
index multi-mode output fiber. Alternatively
LP
LP
LP
LP
a device with similar functionality can also
10
LP
LP
LP
LP
LP
be implemented using femto-second laser
inscribed waveguides, where multiple waveLP
LP
LP
LP
LP
LP
guides are brought close together until they
start
coupling.
1560
1550
1540 1530
LP
LP
LP
LP
LP
LP
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For
transmission distances in excess of
Wavelength (nm)
a few tens of kilometers, multi-mode fiLP
LP
LP
LP
LP
LP
LP
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bers exhibit significant mode coupling,
(a)
(b)
and MIMO-DSP is required to recover
Figure 1. Properties of a 4.7-km long graded-index multi-mode fiber according to [16]: the transmitted data. The communication
a) Spectrogram showing the intensity impulse response for an offset launch as a func- channel over the multi-mode fiber can
tion of wavelength. b) Spatial mode profiles of the multi-mode fiber. c) Schematic dop- be described as a MIMO system with M
ing profile of the graded-index multi-mode fiber.
ports, where M is the number of transmitted and received spatial modes, which typievolution of the modal content with typically small mode decally matches the number of modes supported by the fiber [7].
pendent loss as a perturbation to unitarity. In other words, the
The channel is fully characterized if all M2 input-output impulse
transmitted information is not lost during transmission, but is
responses are known in amplitude and phase. The full extent of
just scrambled. When all transmitted modes and all polarizations
the impulse response averaged over all input-output combinaare captured by coherent receivers, the full spatial optical field
tions is confined by the group velocity difference between fastest
is known at the end of the fiber and the transmitted informaand slowest spatial mode. Therefore, like for short-reach 850tion can be reconstructed using MIMO-DSP [7], [8], [9].
nm multi-mode transmission, it is advantageous for MDM to use
multi-mode fibers with a low differential group delay (DGD).
A. Multi-Mode Fiber and
Graded-index multi-mode fibers, similar to conventional multiMode-Selective Coupling
mode fibers, provide a good solution but have to be reoptimized
Multi-mode fibers have been long used for short-reach optical infor the low-loss 1550-nm wavelength region of silica fibers.
terconnects, typically coupled to vertical cavity surface emitting
There is also a second important difference for multi-mode fibers
lasers (VCSELs) around 850 nm, where such a solution is preferused for MDM: The number of spatial modes in conventional
able because of the large coupling tolerances it offers. In these
multi-mode fibers is not a critical quantity for short-reach 850applications, however, the multiple fiber modes are not used to
nm systems, whereas for MDM it is highly desirable to control
transmit multiple streams of information, but the same inforthe number of modes and possibly match them with the number
mation is simultaneously carried over a mixture of modes whose
of transmitted and received spatial channels. Doing so provides a
aggregate intensity is detected at the receiver. This requires
highly reliable high-capacity link with the potential of offering
M-times the capacity of a single-mode fiber [7].
such fibers to be optimized for minimum differences in the group
velocity between modes and hence minimum pulse spreading upon
A typical MDM experiment [11] as shown in Fig. 2 is very
detection. This goal is typically achieved by utilizing a graded
hardware intensive as all spatial modes have to be detected at the
refractive index core profile, extended by a trench with depressed
same time with polarization diversity coherent receivers. Thererefractive index to provide a robust cut-off for higher-order fiber
fore, experimentalists frequently use fiber with only a few
modes, see Fig. 1 (c).
modes (i.e. 3 or 6 spatial modes), which by itself represents a
Multiple signals can be transmitted over a multi-mode fiber by
substantial increase in capacity compared to a single-mode fiber.
coupling each signal into a different spatial mode. In short fibers
Combined WDM and MDM experiments have been performed
(up to a few kilometers) the crosstalk between the non-degenerate
in fibers with 3 spatial modes (LP01, LP11a, LP11b) over distances
modes is typically negligible, as revealed in the spectrogram in
>1000 km [12], and in fibers with 6 spatial modes (LP01,
Fig. 1 (a), where the intensity impulse response is shown in false
LP11a, LP11b, LP02, LP21a, LP21b) over 708 km [13]. Initial expercolors for an off-center launch into the mutlimode fiber as a funciments with 15 spatial modes have also been recently demonstrated
tion of wavelength. The spectrogram was captured using an optical
on a shorter, 23-km length of fiber [14]. The transmitted data
vector network analyzer, an interferometric measurement that uses
were recovered using off-line MIMO DSP implemented as a two
fast wavelength-scanning lasers as a test source. In order for MDM
dimensional network of linear equalizers, see right hand side of
to work, though, mode multiplexers that can selectively excite the
Fig. 2, where the memory depth of the equalizer was chosen such
desired fiber modes are required. Several approaches to realize mode
as to cover the whole length of the impulse response of the fiber
01
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g2n
s3
r3
also been applied to conventional multig3n
g31 g32 g33
mode fibers (OM4-like), by using only
MMF
MMF
a subset of spatial modes [16], and even if
amplifiers
amplifiers
the results are not on par with the results
sM
rN
gn1 gn2 gn3
gnn
obtained using few-mode fibers where the
Local Local
Transmitters
Coherent
λ-Drop
λ-Add
q1 q2 q3
qN
receivers
number of fiber modes are matched to
the number of modes supported by the
transponders, it was possible to transmit Figure 2. Example of a typical MDM transmission experiment that includes multi-mode
fiber (MMF), multi-mode optical wavelength selective switches (WSS), and multi-mode
18 Tbit/s over a distance of 310 km by
fiber amplifiers.
using 3 spatial modes, clearly demonstrating the potential of MDM in combination with digital coherent detection
and signal processing even in such mode-unmatched scenarios.
gain equalization strategies have been proposed, and optical amplifiers with <2 dB MDG have been demonstrated. In Raman ampliB. Networking Components for MDM
fication, where the transmission fiber itself is used as an ampliA clear advantage of the multi-mode technology is that singlefying medium by pumping the fiber at a shorter wavelength, the
mode components, particularly free space components, can be adaptMDG is minimized by tailoring the modal content of the pump.
ed to support multi-mode fibers. For single-mode free space comFor example in a fiber with 3 spatial modes, launching the Raman
ponents, the optics often consists of a pair of collimators with
pump into the fundamental LP01 mode results in the LP01 mode
the functional optical element inserted in between. To achieve
at the signal wavelength experiencing a larger gain than the LP11
the same functionality with multi-mode fibers, the collimator
signal mode. The situation can be corrected by sending the pump
pairs have to be replaced with a phase preserving imaging system
into the higher order LP11 mode, which produces more gain in the
(like the well known 4-f lens arrangement). Numerous optical
LP11 signal mode without much impact on the gain for the LP01
elements for single-mode fibers are based on free space optics,
signal mode [18]. The same technique was applied in Erbiumsuch as dichroic and polarizing splitters, circulators, or isoladoped few-mode fiber amplifiers, where it is difficult to consistenttors. The same principle can also be applied to more complex
ly obtain low MDG across all wavelengths and input power ranges,
devices like optical switches and wavelength selective switches
though. Much better performance was achieved by changing the
(WSSs). Wavelength selective switches are a key building block
transversal Erbium doping profile of the active few-mode fiber.
for WDM networks, and WSSs supporting few-mode fibers have
Ring shaped doping profiles have been successfully demonstrated
been demonstrated by directly switching all modes as one light
for amplifiers with 3 [12] and 6 [19] spatial modes. A very prombeam or by using integrated mode-multiplexers using ‘joint
ising approach consists in the use of uniformly Erbium doped step
switching’ techniques, where all modes are routed following the
index few-mode fibers that are cladding pumped [20]. Cladding
same wavelength plan, using a switch that is only modestly larger
pumping uses a multi-mode pump laser at 980 nm that uniformly
than a traditional single-mode fiber WSS but with significantly
illuminates the whole cladding of the amplifying fiber. The pump
larger switching capacity [17]. In addition to the equivalent
can be injected into the cladding using side pumping where a
single-mode components generalized for use in MDM networks,
tapered multi-mode fiber is twisted around the active fiber. This
new additional devices might be required in MDM transmisarrangement can produce > 80% coupling efficiency, and in comsion. Examples are optical mode equalizers to adjust the relative
bination with uniform doping produces low MDG in the case of a
power in each spatial mode, DGD compensators to adjust time
step-index active fiber.
delays between spatial modes, and mode scramblers to distribute
the transmitted signals across multiple spatial modes. The first
Conclusion
two can be implemented using mode multiplexers back-to-back on
Over the past decades, sustained network traffic growth has been
the single-mode fiber side, whereas there are almost unlimited posmet by the capacities of WDM systems. While adopting adsibilities to implement mode scramblers.
vanced modulation formats, coherent detection, and sophisticated
digital signal processing, these systems have started to approach the
C. Optical Amplifiers for MDM
nonlinear fiber Shannon limit to a point where only small factors of
In addition to optical switching, optical amplifiers are vital comfurther capacity gains may be had. The resulting ‘capacity crunch’
ponents for cost effective SDM networks. Amplifiers supporting
within the coming decade dictates the use of yet another physifew-mode fibers have been studied in detail. The key technical chalcal multiplexing dimension in optical networking. As the spatial
lenge is to overcome the mode dependent gain (MDG) and mode
dimension is the only one not yet exploited in commercial WDM
dependent noise during the amplification process. In particular,
systems, the use of parallel spatial paths (SDM) is mandatory.
different spatial modes typically have different effective areas and
While hybrid forms of integration will be used to evolve networks
are confined to different regions of the fiber cross section. Key modal
to SDM, mode-division multiplexing in combination with digital
IEEE Photonics Society NEWSLETTER
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coherent detection and MIMO digital signal processing has the potential to provide high-capacity optical transmission over networks
using graded-index multi-mode fiber. Over the past few years,
key optical components have been demonstrated in research. Further
work is necessary to define commonly accepted upgrade paths to
SDM that realize the most cost-effective overall system solutions.
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Abstract—Space division multiplexing (SDM) utilizing fewmode fibers or multicore fibers supporting multiple spatial
channels, is currently under intense investigation as an efficient
approach to overcome the current capacity limitations of highspeed long-haul transmission systems based on single mode optical fibers. In order to realize the potential energy and cost savings
offered by SDM systems, the individual spatial channels should
be simultaneously amplified with associated SDM amplifiers. In
this paper, a review of recent progress on the implementation of
various SDM amplifiers for SDM transmission is provided and
strategies to minimize the differential modal gain in few-mode
erbium doped fiber amplifiers (FM-EDFAs) are presented. In
particular, the performance of both core-pumped and claddingpumped 6-mode EDFAs will be discussed in detail and the
prospect of further scaling with respect to the number of spatial
modes that can be amplified will be described.

I. Introduction
Space Division Multiplexing (SDM) [1] has attracted considerable attention in high-capacity fiber-optic communication
systems as a most promising approach to increase the capacityper-fiber, and to reduce the associated cost per transmitted bit,
by employing multiple spatial channels within a single fiber.
Various SDM transmission fibers and SDM amplifiers, e.g. fewmode fibers, multicore fibers, ring-core fibers and hollow-core
photonic bandgap fibers, have been proposed and the possibility
to support capacities beyond that possible in conventional
single mode fibers has now been reliably proven. Over the last
4 years, the European collaborative R&D project, MODE-GAP
(timeline=10/2010~03/2015, budget=€11.7M, partners=
University of Southampton, Coriant GmbH, OFS Fitel
Denmark, Phoenix Photonics Ltd., Technische Universiteit
Eindhoven, University College Cork, Aston University, Eblana
Photonics and ESPCI ParisTech) has focused on developing
SDM technology based on few-mode fibers supporting
multiple spatial modes and the most critical Mode Division
Multiplexed (MDM) subsystems and components have been
demonstrated. The remit of MODE-GAP covered all aspects of
MDM research, ranging from the development of transmission
fibers, passive optical components such as mode multiplexers
and demultiplexers, optical amplifiers, through subsystem

This work was supported by the European Communities
7th Framework Programme under grant agreement 258033
(MODE-GAP).
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development to full system validation. The first few-mode
EDFA supporting 3 spatial modes, developed within MODEGAP, was demonstrated in 2011 and significant progress
in MDM amplifiers and high-capacity MDM transmission
experiments subsequently followed. The following list provides
a summary of some of the key achievements and activities
during the course of the project.
• The world first few-mode erbium-doped fiber amplifier for
MDM transmission in 2011 [2]
• High capacity transmission record (73.7 Tb/s) for
amplified few-mode fiber MDM transmission in 2012 [3]
• High capacity MDM transmission record (57.6 Tb/s)
over hollow-core photonic bandgap fiber (achieved a
GUINNESS WORLD RECORD in 2014) [4]
• The first field trial incorporating MDM technology in
Austria in 2013
• Long distance (>1000 km) MDM transmission with three
spatial modes
• The first 2 nm few-mode thulium-doped fiber amplifier
for MDM transmission
• The commercialization of the first few-mode EDFA (by
Phoenix Photonics Ltd. in the UK)
In this paper we first summarize and review the state-ofthe-art for the various SDM approaches under investigation,
tabulating progress in terms of transmission fiber development
and demonstrations of the associated partner SDM amplifiers.
Following this, and on the basis of the achievements described
above, we will focus our discussions on the development of
few-mode EDFAs offering low differential modal gain (DMG)
between all the supported modes. In few-mode EDFAs, DMG
directly affects the system outage probability and can limit
system reach and we will discuss in detail methods to minimize DMG. We will concentrate in particular on the case of the
6-mode EDFA (to date the highest mode count EDFA demonstrated) and will discuss DMG control for both core and cladding-pumped configurations. Finally, we review the results of a
comprehensive theoretical study to show that it may be possible
to achieve low DMG over the full C-band of EDFAs supporting
10 spatial modes by optimizing the erbium dopant distribution
of the active fiber in a cladding pumped configuration.

II. The current state-of-the-Art of
SDM Transmission Fibers and Matching
Optical Amplifiers
Several different SDM transmission fibers have been proposed
and investigated to overcome the capacity limit of single-mode
IEEE Photonics Society NEWSLETTER
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Figure 1. Different types of SDM transmission fibers (left) and the corresponding optical amplifiers (right). Faded images are used to
indicate instances where suitable partner amplifier solutions have yet to be demonstrated.

fibers and Fig. 1(left) shows the classification of the primary
SDM fiber types reported so far. There are two main SDM
approaches for achieving multiple spatial channels within a
single fiber: 1) multicore fiber (MCF) whereby multiple cores
are incorporated in a single fiber cladding, and 2) few-mode
fiber (FMF) that utilizes multiple spatial modes in a large core
fiber to define the distinct spatial information channels. Both
of these approaches are being investigated intensively around
the globe and an approximate 10-fold increase in overall fiber
capacity (using a 12-core fiber) has already been achieved in little more than 4 years. At the most recent OFC’15 conference,
MCFs with up to 30-cores have been demonstrated and shown
to provide a high core density with low crosstalk [5] and a
15 spatial mode FMF has also been demonstrated, supporting
15 channel transmission over 22.8 km distance [6]. In order
to increase the fiber capacity for future SDM networks, the
number of spatial channels needs to be further scaled and the
introduction of a hybrid SDM fiber structure (e.g. few-mode
multicore fiber, FM-MCF) can help further increase the capacity by combining the two basic spatial multiplexing schemes
(FMF and MCF). At the OFC’15 conference, earlier this year
two state-of-the-art hybrid SDM fibers were presented one
with 36 cores # 3 modes [7] and the other 19 cores × 6 modes
[8]. Initial hybrid SDM fiber transmission experiments in
both fibers were presented highlighting the potential for 100fold capacity increases with respect to standard single mode
optical fiber. In addition, several other new types of SDM
transmission fiber have also been proposed offering spatial
channels with interesting features. For example, single radial
mode, azimuthally multi-mode transmission in ring-core fibers
(RCFs), orbital angular momentum (OAM) mode transmission
in OAM fibers, low latency air-core guidance in hollow-core
photonic bandgap fibers (HC-PBGFs) and fiber bundle like
10
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multi-element fibers (MEFs) that provide for easy access to the
cores within the individual fiber elements.
While various SDM transmission fibers have been
demonstrated so far the question nationally arises as to what
progress has been made in suitable partner amplifiers required
to enable long haul transmission? It is perhaps not surprising
but fair to say that SDM amplifier research seems to lag
one step behind the advances in passive SDM transmission
fibers technology – as soon as SDM amplifier research starts
to address the particular optical amplification needs of one
form of SDM fiber a new generation of high-density SDM
transmission fibers appears on the horizon. In the case of
multicore EDFAs (MC-EDFAs), both core-pumped and
cladding-pumped 7-core EDFAs have been demonstrated in
2011 and 2012, respectively. The core pumped MC-EDFA
was then scaled to 19-cores in 2013, which represents the
highest core-density MC-EDFA to date, improved sharing of
the optical components and improved device integration was
also demonstrated as required to obtain the anticipated cost
reduction benefits. For example, a single free-space isolator was
used to simultaneously prevent unwanted reflections from all
the 19 cores and a dichroic mirror was used to couple pump
beams into each individual active core of the MCF.
In the case of few-mode EDFAs (FM-EDFAs), both corepumped [9] and cladding-pumped 6-mode EDFAs [10] were
demonstrated in 2014 and these represent the highest mode
count FM-EDFA reported until now. The cladding-pumped
6M-EDFA, which was originally end-pumped using free
space optics, has recently been upgraded to incorporate a fully
fiberized side-pumping configuration and this functionality
makes it possible to construct a fully integrated SDM amplifier
capable of providing stable modal amplification without the
need for free-space optics. In order to realize a high-capacity
October 2015
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Figure 2. Strategies to minimize DMG in few-mode EDFAs. The DMG can be engineered by (i) tailoring the radial erbium-doping
concentration profile of the erbium doped fiber, (ii) controlling the pump field intensity distribution and (iii) controlling the signal
mode profile.

hybrid SDM system a hybrid SDM amplifier supporting fewmode multicore fibers will represent an essential subsystem.
As of yet though there has been no report of such as device.
As for the other forms of SDM amplifier needed, theoretical
designs of ring-core fiber amplifiers and OAM fiber amplifiers
have been proposed but again, as of yet, no experimental
demonstrations have been reported. Also, there is no report
yet of matching optical amplifiers for HC-PBGFs due to the
peculiar air-hole structure. Both core-pumped and claddingpumped MEFAs have been demonstrated with up to 7 fiber
elements in a single assembly. More interestingly, ring-core
fiber amplifiers can be designed theoretically to support just
a single radial mode (i.e. supporting LP01, LP11, LP21, LP31…
but that do not support LP02, LP12…) and which can provide
exceptionally well equalized modal gain (nearly identical
gain) for all the guided signal modes. These amplifiers are very
attractive as few-mode EDFAs in terms of the DMG that can
theoretically be achieved but no experimental demonstrations
has been reported to date.

III. Strategies to Minimize Differential Modal
Gain (DMG) in Few-Mode EDFA
In FM-EDFAs, the most important factor is the differential
modal gain control required to ensure that all spatial channels
are equally amplified. As shown in Fig. 2, the DMG is a function
of the overlap integrals between the doping distribution, the
pump mode profile and signal mode profile. If we assume that
the input signal mode profiles are fixed (i.e. the refractive index
profile of the fiber remains constant) then there are two main
strategies to minimize the DMG: i) tailoring the radial erbiumdoping concentration profile of the erbium doped fiber and ii)
controlling the pump field intensity distribution. With respect
to the approach of controlling the doping distribution within
the active fiber, we begin by considering a simple uniformlydoped step-index EDF. Whilst such a fiber can amplify multiple
modes it preferentially amplifies the LP01 mode compared
to the higher-order modes. Indeed >10 dB MDG has been
reported for uniformly-doped step-index 3M-EDFAs [2]. To
October 2015

address this both raised-edge and ring-doped erbium dopant
profiles have been introduced as a means to reduce the overlap
of the dopant with the field of the fundamental mode in the
central core region. Confining the erbium ions to lie within a
ring about the fiber axis can be particularly effective and can
drastically enhance the higher-order mode gain. Pump mode
control can also be used to control the DMG. On axis, launching
of pump light into the active fiber generally creates an LP01-like
pump intensity profile which also tends to result in preferential
amplification of the LP01 signal mode. In contrast launching the
pump offset from the fiber axis or launching the pump light
into well-defined higher-order modes (HOMs) tends to result
in preferential gain for HOMs. More recently, the cladding
pumped configuration has been employed to minimize the
impact of the pump mode profile and to offer a cost effective
alternative to core-pumped variants. Cladding pumping allows
low cost, high power multimode pumps to be used, and offers
performance improvements, scalability and simplicity to FMEDFA design. In practice, a combination of both strategies (i.e.
dopant distribution control and pump mode profile engineering)
is generally required in the case of core-pumped FM-EDFAs.
Dopant distribution control is the only possible option for
controlling DMG in cladding-pumped FM-EDFAs.

IV. Core-Pumped 6M-EDFA
Figure 3(a) shows a schematic diagram of a core-pumped
6M-EDFA for simultaneous amplification of the six lowest
spatial modes (i.e. LP01, LP11a,b, LP21a,b and LP02). Two dichroic
mirrors are used for combining 980nm pump light with the
1550 nm input signals and two polarization-insensitive freespace isolators are included to prevent unwanted parasitic lasing
within the 6M-EDFA. In order to mitigate the DMG, a tailored
ring-doped EDF was fabricated to provide dopant distribution
control and bi-directional HOM pumping (e.g. LP21 pump
mode in this particular experiment) was used to provide pump
mode control. As shown in Fig. 3(b), the amplifier provides
more than 20 dB signal gain for all six spatial modes with
less than 3 dB DMG across the full C-band [9]. Note that the
IEEE Photonics Society NEWSLETTER
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use of HOM pump profiles enables us
to mitigate the DMG of the FM-EDFA
but, in practice, it is impossible to launch
adequate launched pump power into the
active fiber from a single 980 nm singlemode pump laser diode (LD, Pmax =
750 mW). The pump coupling losses to
the 6MF depend on the particular pump
mode under consideration with HOMs
experiencing higher coupling loss. In our
experiment an LP21 pump mode profile
was used and a 3.5 dB coupling loss
was observed. Therefore a single pump
LD cannot provide enough gain for all
spatial modes meaning we need to use
two pump LDs in a bidirectional pump
configuration to get acceptable signal
gain. As the number of spatial modes is
further scaled up to 10 and beyond, it will
become increasingly challenging to meet
the associated pump power requirements
with single-mode pump diodes. For this
reason, a cladding-pumped scheme is
attractive to address these issues.

V. Cladding-Pumped
6M-EDFA

Figure 4(a) shows a schematic diagram
of our cladding-pumped 6M-EDFA. A
Figure 3. (a) The schematics of a core-pumped 6M-EDFA and (b) it’s gain performance. D-shaped double-clad 6M-EDF was fabricated and coated with a low index polymer such that it guides pump light in the
inner cladding. A side-pumping scheme was adapted to realize
a fully-fiberized integrated SDM amplifier. A multimode pump
MM Pump
delivery fiber was tapered down to 10–20 nm with a central
(105/125 µm MMF)
uniform waist and this taper was then wound around a short
High index polymer
(for pump dump)
stripped section of the active fiber with a slight tension to couple
Double clad
pump light efficiently into the fiber inner cladding. A pump
6M-EDF
6 MF
6 MF
coupling efficiency of more than 70% can easily be achieved. A
OUT
IN
UV-curable low-index acrylate polymer was then applied to the
Low index
Splice
tapered section to ensure robust stable optical contact within the
polymer
pump combiner. Residual pump power was removed at the out(a)
put of the amplifier by applying high-index polymer to a further
section of stripped fiber and removing the associated heat generLP01
25
LP11
ated. As shown in Fig. 4(b), more than 20 dB averaged modal
LP21
gain was successfully achieved across the C-band with a DMG
LP02
20
of ~3 dB amongst the mode groups and a corresponding noise
figure of 6–7 dB [10]. The amplifier performance could be fur15
ther improved by optimizing the core dopant distribution and
Gain >20 dB, DMG <3 dB
by reducing the core-to-clad area ratio. We consider this to be
10
an important step in increasing the mode scalability of the few5
mode EDFA, which offers cost effective and efficient amplification of a large number of spatial data channels in a single device.
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Figure 4. (a) The schematic of a cladding-pumped 6M-EDFA
and (b) the associated gain performance.
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VI. Future Prospects to Increase the
Number of Spatial Modes in FM-EDFAs
Currently, the highest number of spatial modes in a FM-EDFA
is only 6 and scalability with respect to a larger number of
October 2015

VII. Conclusions
Over the last few years, major advances in SDM technology
have been made in both few-mode and multicore fibers and the
potential of a 100-fold fiber capacity increase has recently been
highlighted by combining both technologies, namely fewmode multicore fiber. However, the matching SDM amplifier
research lags one step behind the advances in SDM transmission fiber technology. Current state-of-the-art SDM amplifiers
can support 6 spatial channels in few-mode EDFAs and 19
spatial channels in multicore EDFAs. Scaling EDFA channel
multiplicity represents an essential part of the next phase of
SDM amplifier research with cladding pumped configurations
the preferred approach to meet the associated high average
power pump requirements. In this case, profiling of the erbium
dopant distribution represents the most effective way to minimize the inherent DMG meaning that active fiber design and
the use of advanced amplifier configurations will become ever
more important issues.
October 2015

0.008

Er ion distribution
LP01
LP11
LP21
LP02
LP31
LP12

0.006
0.004

ρi

0.002
0.000

0

5

(a)

30

LP01
LP31

10
15
Radial position (µm)

LP11
LP12

LP21

2.0
1.5
1.0
0.5
0.0
25

20

LP02

Er ion concentration (1025m–3)

2.5

FRIP
ai

1.5

1.0

20
DMG
10

(b)

DMG (dB)

0.010

Gain, NF (dB)

modes is an essential feature for the penetration of SDM in next
generation optical transmission systems. In this section, we
present a cladding pumped FM-EDFA design supporting 10
spatial modes with a multi-layer ring-doped erbium profile. A
Genetic Algorithm was employed to minimize the DMG over
all supported signal modes (at the same wavelength). The optimal EDFA designs found through the algorithm provided less
than 1 dB DMG across the C-band (1530–1565 nm) whilst
achieving more than 20 dB gain per mode [11]. As shown
in Fig. 5(a), the optimum 10M-EDF design exhibits a stepindex fiber refractive index profile and a complex four-layer
erbium dopant profile. For the purpose of reducing fabrication
complexity, the number of erbium-doped ring layers should
be minimized but we found that at least four-layer multiple
ring structures are required in order to achieve a DMG of less
than 1 dB across the C-band. The diameter of the inner-cladding was chosen to be 70 nm, compatible with our preferred
choice of pigtailed pump diode. As shown in Fig. 5(b), the
averaged modal gain is well above 20 dB and NFs are found
to be less than 5 dB. Note that FM-EDFA designs supporting more than 10 spatial modes will certainly become more
complex and it will be very challenging to realize multiple
ring-doped profiles with accurate radial control of the dopant
distribution using conventional MCVD and solution doping
techniques. Also, dopant diffusion is another limiting factor
in the fabrication of such a complex multi-layer structure
because some degree of dopant diffusion is inevitable during
the fiber fabrication process due to the heat treatment during
tube collapsing and subsequent fiber drawing. In this respect,
rather than targeting complex fiber doping profile with low
DMG (<1 dB), adopting a less complicated erbium doping
profile offering moderate DMG (2–5 dB) and using this in
conjunction with a spatial modal filtering device offering
controllable modal loss is perhaps a more realistic approach.
The filter (fixed or preferably dynamic) could be inserted in
the middle of a dual-stage FM-EDFA and total DMG can be
effectively improved without noticeable NF degradation in an
analogous manner to the gain-flattening filters used in many
current single mode amplifiers.
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Figure 5. (a) Erbium doping distribution and refractive index
profile of the cladding-pumped 10M-EDF and (b) the calculated
gain and noise figure spectra.
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Research Highlights

Development of Space Division Multiplexing
Technologies in Japan
Jun Sakaguchi, Werner Klaus, Benjamin J. Puttnam, and Yoshinari Awaji
National Institute of Information and Communications Technology (NICT)
4-2-1 Nukui-Kitamachi, Koganei, Tokyo 184-8795, Japan
Abstract—The ever-growing data traffic of fiber-optic communication systems requires drastic improvement of network
capacity. For realizing such innovation through space division
multiplexing (SDM), nationwide research activities have been
conducted in Japan across various layers of technology. Here
we introduce recent achievements in the development of SDM
devices and SDM transmission technologies.

I. Introduction
Internet traffic is growing rapidly worldwide. In Japan
alone, the download Internet traffic increased by approximately 1 Tb/s in 2014, which corresponded to a 37 % increase from the previous year. With such a fast growth rate,
it is estimated that an increase in network capacity by three
orders of magnitude will be required within the next two
or three decades. However, due to physical limitations of
the transmission medium such as fiber nonlinearities, conventional fiber-optic communication technologies based on
wavelength division multiplexing (WDM) and high-order
quadrature amplitude modulation (QAM) cannot offer a viable solution for the long term. To be able to deal with the
nonlinearity issue efficiently one has to make use of the spatial dimension within fibers.
Prompted by the concern for a capacity crunch, in Japan, a
research consortium called EXAT (Extremely-advanced optical
transmission technologies) has been formed to develop space
division multiplexing (SDM) technologies under the auspices
of NICT (National Institute of Information and Communications Technology). The research area ranges from design and
fabrication of multi-core and few-mode fibers, to connectorization, amplification, and transmission technologies. In this
newsletter, we review some recent achievements and discuss
future prospects.

II. Development of Large Core Count MCF
Multi-core fibers (MCFs), which provide multiple independent optical paths (cores) within the same cladding area, have
been investigated for several decades. Significant progress,
however, was achieved only recently with the introduction of
a trench-like core structure similar to the one given in [1]. A
layer of reduced refractive index forming a trench around each
core strengthens the confinement of the optical field in the
core and reduces the amount of signal leakage (crosstalk, XT)
to neighboring cores. The trench index 7-core fiber, shown
in Fig. 1, featured low attenuation loss (# 0.181 dB/km) and
very low inter-core XT on the order of –90 dB/km, which
October 2015

should be sufficient for transmission of 32 QAM signals over
10,000 km. In fact, using similar types of 7-core fibers, transmission of 140.7 Tb/s SDM-WDM-QPSK signals [2] over
7,326 km has been already realized.
The successful demonstration of 7-core fibers triggered an
intensive competition of developing larger core-count multicore fibers. Fibers with ring-structured 10 and 12 cores (Fig. 1)
[3] were developed by Fujikura, with the goal to reduce the
core-to-core spacing. The associated increase of XT was compensated by the smaller number of neighboring cores. Such
ten-fold increase of spatial efficiency enabled the world’s-first
1 Pb/s transmission over a single fiber [3]. Meanwhile, 19core fibers have been developed both with a hexagonal core
arrangement [4] and with an optimized circular core arrangement [5] as shown in Fig. 1. The optimized design efficiently
exploits the circular cladding area to reduce the neighboring
pairs of cores, reduced the aggregated XT by 4–5 dB for each
core (compared to the hexagonal arrangement), and enabled
the first 1,200 km recirculating transmission of DP-QPSK signals over 19 cores simultaneously.
Recently, also a low-XT 30-core fiber with core spacing of
less than 30 nm was realized by Amma et al. [6]. Such dense
packing of cores was achieved through a heterogeneous core design, where four types of cores with different refractive index
profiles were used. All pairs of neighboring cores are designed
to have effective index differences above 0.05 % which prevents
coherent accumulation of XT and keeps it below –60 dB/km.

III. Development of Few-Mode MCF
To realize an even higher spatial channel count than 30, multimode transmission technology has been employed in combination with MCF technology. A 12-core fiber with three
transmission modes (LP01 and LP11a,b) has been developed by
Fujikura and NTT, in which two types of heterogenerous cores
were arranged on a square lattice [7]. This fiber features a low
inter-core XT of –75 dB/km, as well as a low group delay between LP01 and LP11 modes of 63 ps/km and low attenuation
of 0.228 dB/km. With such excellent transmission properties,
527 km recirculating transmission of multi-carrier QPSK signals has been realized.
In collaboration with Sumitomo Electric Industries, we
have also realized and demonstrated a 36-core 3-mode fiber
with three heterogeneous cores [8]. As shown on the right side
of Fig. 1, the refractive indices of each core type differ from
each other by 0.1 to 0.2%, and consequently the inter-core XT
was calculated to be less than –38 dB/km. With this fiber we
IEEE Photonics Society NEWSLETTER
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Figure 1. Facet views and properties of multi-core fibers, and refractive index profiles of the heterogeneous 36-core 3-mode fiber. D
represents the cladding diameter.

achieved the so far highest density of spatial channels within
a given cladding area. At the same time a 19-core fiber with
6 modes (LP01, LP11a,b, LP02, and LP21a,b) was demonstrated by
KDDI, with the highest spatial channel count of 114 [9]. This
is the only MCF so far, which supports more than 3 transmission modes.

IV. Multiplexers and Connection
Technologies
Another indispensable device is the SDM multiplexer (MUX)
which offers independent coupling from each MCF core and
mode to a conventional single mode fiber (SMF). Two approaches have been proven to be successful for coupling from
MCF cores to SMFs and vice versa, namely, the free-space optics method and fiber bundle method.
In the free-space optics method, as shown in Fig. 2(a), collimated beams from single-core fibers are directed to an aggregation lens in front of the MCF with angles of i = tan–1(d/f ),
where d represents the target core position from the center and
f represents the focal length of the lens. The beams are then deflected to become parallel to the fiber axis and focused into the
target cores. Compact free-space SDM MUXs for 7-core fibers
have been devised by Optoquest as shown in the same figure,
with insertion loss of less than 0.5 dB and inter-core XT of less
than –55 dB in average [10]. Also 19-core free-space couplers
were realized with insertion losses of less than 1.1 dB [5]. It is
noteworthy that these loss values are lower than those of typical
multi-channel WDM MUXs. Therefore one may expect that
SDM will be an attractive alternative to WDM for enhancing
the bandwidth of short-reach communications. Furthermore,
such free-space optics technology can also be applied to fewmode MCFs. A 36-core few-mode MUX is shown on the right
side of Fig. 2(a), which connects 36 few-mode fibers to the
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36-core fiber with 3 modes per core [8]. A 19-core 6-mode
MUX was also demonstrated in [9].
The fiber bundle fan-out is expected to be more suitable for
low-cost mass production. A fabrication process for such mass
production as shown in Fig. 2(b) was proposed in [11]. Thincladding fibers with a cladding diameter equal to the MCF
core spacing are bundled and inserted through a glass capillary.
Then the fiber end is immersed into a low-viscosity adhesive.
The fibers are closely arranged with each other and fixed within the capillary after curing the adhesive. Finally the protruding fibers are polished as shown on the right side of Fig. 2(b)
and the MCF is spliced to the bundle facet. Splice loss was
evaluated to be less than 0.35 dB and XT stayed below –64 dB.
Besides the connectorization with SMFs, also the connectorization between MCFs is an important technology. Figure 2(c)
shows an example of an MT (Mechanical Transfer) connector,
which can connect two pairs of 7-core MCFs [12]. Each MCF
was fixed in a ferrule by epoxy after precise adjustment of the
rotation angles. Average return loss of 49.8 dB and average loss
of 0.38 dB were successfully realized.
Similar to free-space optics, multiplexing of signals into
different modes can also be achieved with integrated optical
circuits. For the case of free-space optics, we have demonstrated that the mode multiplexing scheme can be shared by all
few-mode MCF cores. Figure 2(d) shows a schematic view and
picture of our 108-channel (36 cores with 3 modes per core)
free-space multiplexer. The fundamental LP01 mode beams
emerging from the SMF collimators on the left side are converted to LP11a mode beams by a phase plate, while the LP01
mode beams emerging from the upper-side SMF collimators
are converted to LP11b mode beams by another phase plate. All
modes for the same core are combined through beam splitters
and coupled to the few-mode MCF. In our case, insertion losses
October 2015
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Figure 2. SDM MUXs and an MCF connector. (a): Free-space MUX for MCF [10]. (b) Fiber bundle fan-out [11]. (c) MT connector for
two 7-core fibers [12]. (d) Free-space MUX for few-mode MCF. (e) PLC-based 3-mode MUX, and cross-sectional view of the mode
rotator [13].

for LP01 modes were 6.3 to 6.9 dB and losses for LP11 modes
were 7.5 to 9.4 dB. Lower loss is expected by improving the
fabrication quality of the few-mode MCF.
Figure 2(e) shows a schematic drawing of a planar lightwave circuit (PLC) for mode multiplexing [13]. Multiplexing
of LP01 and LP11a signals is realized by an asymmetric mode
coupler, in which the effective index of the LP01 signals in
the lower waveguide matches the effective index of the LP11a
signals in the middle waveguide. Mode conversion between
those two modes occurs, assuming that the LP11a mode field
spreads in the horizontal direction. To enable multiplexing
of the orthogonal mode, the coupled LP11a mode is translated
into the LP11b mode with a passive mode rotator, also shown in
Fig. 2(e). The fabricated PLC 3-mode MUX has low insertion
loss of 1.6 dB or less for LP01 mode and 3.5 dB or less for LP11
modes within the wavelength range of 1530 nm to 1560 nm.
The mode excitation ratio was better than 13 dB, presumably
limited by the mode rotator.
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V. Multi-Core and Few-Mode Amplifiers
One of the major motivations to use SDM is energy saving
and cost reduction with multi-core fiber amplifiers. Currently
two configurations have been proposed and investigated for
multi-core erbium doped fiber amplifiers (EDFAs): firstly, core
pumping, and secondly, cladding pumping.
A typical core-pumping scheme employing a two-stage amplification scheme is shown in Fig. 3(a). Multiple pump lasers,
isolators, WDM couplers, and gain flattening filters (GFFs)
are connected to the multi-core erbium doped fiber (MC-EDF)
via SDM MUX and DEMUX. A 7-core EDFA with 5 THz
bandwidth, more than 13 dB gain, and a noise figure (NF) less
than 5.5 dB was realized by Furukawa Electric. This 7-core
EDFA was used in a 1.03 Eb/s × km recirculating transmission
experiment by KDDI [2].
Although such a separate core pumping scheme tends to
show excellent performance due to mature single-core components, the amount of cost reduction by SDM will be limited
IEEE Photonics Society NEWSLETTER
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since the amount of required components is equivalent to the
number of cores. Aiming at cost reduction but still maintaining high performance, we proposed and demonstrated a shared
core pumping scheme, shown in Fig. 3(b) [5]. Instead of using
many individual WDM couplers and isolators, we used a single multi-core WDM coupler and a single multi-core isolator
to construct a 19-core EDFA. Insertion losses of these devices
were 0.6 dB or less. Return loss and isolation of the isolator
were higher than 50 dB and 56.9 dB, respectively. The gain
of the 19-core EDFA was larger than 15 dB for all the cores
and wavelength range of 1530 nm to 1560 nm. The NF was
found to be large near the gain peak wavelength, which was
presumably caused by reflections in the WDM coupler. In our
demonstration, we used a total of 10 pump laser diodes (LDs)
to excite the 19 erbium-doped cores. In the future, however, it
is envisaged that multi-core pump source becomes also available at lower cost.
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On the other hand, in the cladding pumping scheme, all
the erbium-doped cores are excited by a common pump beam
which is inserted into the cladding region. Less optical components are required compared to core pumping, because the
pump beam has to be coupled only to a common cladding area.
Several cladding-pumped MC-EDFAs have been reported.
Most cladding-pumped EDFAs have their gain wavelength region in the L-band, because longer MC-EDFs are preferred to
compensate for the weak interaction of the cores with the pump
power spread all over the cladding area. Figure 3(c) shows the
configuration of recent cladding-pumped 7-core EDFA by Furukawa Electric [14]. A multi-mode fiber from a pump LD
was tapered and side-coupled to an un-coated MCF, which was
connected to 107 m of MC-EDF. This pump combiner had
only 0.17 dB loss for pump input and could be stably operated with more than 10 W pumping. The gain and NF of the
MC-EDFA module was >11 dB and 5~6 dB, respectively, for
October 2015
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wavelength range of 1578.4 nm to 1608.1 nm and 7.5 dBm
input power. The output power of higher than 20.6 dBm for
each core was obtained for 42.3 dBm pumping, indicating that
power conversion efficiency was higher than 5%. Total power
consumption of the module was 33 W.
A major issue of few-mode EDFAs is the control of the differential modal gain (DMG). To mitigate this problem, Ono
et al. developed an EDFA with a ring-core (RC) EDF as shown
in Fig. 3(d) [15]. The ring-core EDF was designed so that both
LP01 and LP11 mode profiles overlap similarly with the doped
erbium profile, and hence both modes have similar gains.
More than 15 dB gain and a NF below 5 dB were obtained for
8 WDM, –26 dBm/ch. input signals. The DMG was 1.6 dB.

VI. SDM Transmission Experiments
Figure 4(a) shows the recent progress of fiber transmission
capacity by SDM and the number of spatial channels in the
MCF, few-mode fiber, and few-mode MCF transmission experiments. The first over-100Tb/s transmission was achieved
by NICT in 2011, using the first trench-assisted 7-core fiber
[1]. Only one and half years later, the experimentally demonstrated transmission capacity exceeded already 1 Pb/s [3]. Figure 4(b) shows the setup of the experiment. 50 GHz-spaced
222 WDM signals with 456-Gb/s DP-32QAM single carrier
frequency division multiplexing modulation were amplified
to a total of 12 # 88 mW, split to each core of a 12-core MCF
October 2015

and transmitted over 52 km. An inter-core XT of –32 dB
caused 0.3 dB penalty in the required optical signal-to-noise
ratio (OSNR). Total capacity was 1.01 Pb/s assuming 20%
forward error correction (FEC).
The so far longest-distance WDM MCF transmission was
reported by KDDI [2]. By using a 7-core fiber and 7-core
EDFA, 25 GHz-spaced 201WDM signals with 100-Gb/s
super-Nyquist DP-QPSK modulation were transmitted over
7,326 km. The capacity-distance product reached 1.03 Eb/s
km. On the other hand, the longest-distance few-mode MCF
transmission was reported by NTT [7]. The experimental setup is shown in Fig. 4(c). The transmission loop for each core
consisted of a 12-core 3-mode fiber, MUX and DEMUX, a
3-mode EDFA as discussed in the previous section, a loop control switch, and a mode dependent loss equalizer. 12.5GHzspaced 20 WDM 40 Gb/s multi-carrier DP-QPSK signals
were transmitted over 10 recirculation, i.e. a total length
of 527 km. The received 3-mode signals for each core were
demultiplexed with the PLC DEMUX, received with three
coherent receivers, and mode mixing during the transmission
was resolved using 6 # 6 multi-input multi-output (MIMO)
processing. The accumulated DMD of 33.2 ns was compensated through low-baud-rate, 10-parallel frequency-domain
equalization.
We investigated the possibility of over-100 spatial channel transmission using the 36-core 3-mode fiber and the
IEEE Photonics Society NEWSLETTER
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s etup shown in Fig. 4(d) [8]. 40-WDM, 100 Gb/s DP-QPSK
signals were split into 3 test channels (LP01, LP11a, LP11b of
the core under test) and 105 dummy SDM channels. They
are coupled to each core of the few-mode MCF through the
108-channel free-space SDM MUX, explained in Sec. IV,
and transmitted over 5.5 km. The signals through each core
were spatially demultiplexed with the free-space 36-core
DEMUX, and the 3-mode signals through the core under
test were further demultiplexed with a standard free-space
3-mode DEMUX. Finally, the signals were received with
three coherent receivers after WDM demultiplexing and 6
# 6 MIMO equalization was performed for demodulation.
In our experiment, to cope with significantly-large (about
40 ns) DMD of the fiber, we used a sparse MIMO technique
and reduced the calculation difficulty. For each measurement, calculated bit error rate stayed below 7% FEC threshold value. The transmission penalties in the required OSNR
were about 1.5 dB to 2 dB for each mode of the center core
and in the absence of the dummy SDM channels (inter-core
XTs). Although heterogeneous structure was employed for
the MCF, significantly high inter-core XTs were observed
for LP11 inputs and additional 0.9 dB penalties were observed for LP11 modes when the dummy SDM channels were
present. These inter-core XTs were presumably resulted
from the free-space SDM MUX, where mode conversions
with the phase plates introduced long-tailed pedestal to the
LP11 mode beams.
The feasibility of the 19-core 6-mode fiber was also investigated [9]. In this experiment, complexity reduction of MIMO
processing was accomplished by dividing the 6 modes to two
sets of 3-mode groups, and performing two 6 # 6 MIMO processing instead of 12 # 12. Such simplification was enabled by
low coupling between the two mode groups.

VII. Future Prospects
Recent research activities in Japan and worldwide have
resulted in a rapid progress in MCF and multi-mode transmission technologies. In terms of available number of spatial channels, manufacturing, and component availability,
single-mode MCF seems to be the most developed SDM
technology, with high performance fibers, amplifiers and
other components reliably used in many demonstrations.
Although system, monitoring, and network components
still require development, the focus of the fiber and amplifier work is shifting from development to standardization.
Furthermore, reducing fabrication costs is imperative to
make SDM attractive for the market. It is expected that
SDM, using either MCFs or few-mode fibers, will first
be employed in isolated devices such as amplifiers and
switches where the benefit of integration is highest, and
for short range high throughput data-center links before
eventually replacing installed transmission fiber in larger
networks. Ultimately, it seems likely that the potential of
larger throughput with multi-core few-mode fibers will
make them the most likely candidate of MCF although efforts to develop and optimize the fiber structure, provide
efficient amplification and switching technologies are just
at the initial stage.
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News
Celebrating 50 years at CLEO 2015:
IEEE Journal of Quantum Electronics
For 50 years, the IEEE Journal of Quantum
Electronics (JQE) has been dedicated to publishing significant advances in quantum electronics research and its demonstration in new
devices, systems and applications. This past
May at CLEO 2015, the IEEE Photonics Society commemorated the journal’s half a century of history by holding a 50th Anniversary
Celebration. IEEE Photonics Society President
Dr. Dalma Novak, current JQE Editor-in-Chief
Aaron Hawkins, and Dr. Amnon Yariv, one of
the journal’s founding editors back in 1965,
discussed the evolution of the journal and their
vision for its future.
Dr. Dalma Novak, moderator for the night,
started the festivities by honoring the Society’s early beginnings and founding leaders.
Novak explained how during the early part of
the 1960’s, quantum electronics was the province of the physicist. With the invention of
the laser, electrical engineers needed a publication that covered the research and applications relating to
the generation, control, and detection of light, and the laser’s
subsequent application to telecommunications and information processing.
She described how then Vice President of the IEEE and
later President, Dr. Karl Willenbrock, was greatly interested
in publications and became concerned that the IEEE was not
doing enough for its members interested in quantum electronics and physics. He approached Dr. Glen Wade, then Editor
of the IEEE Transactions of Electron Devices, and Dr. Eugene
Gordon, the journal’s Associate Editor for quantum electronics, to establish a sponsored publication entitled, “Transactions
on Quantum Electronics,” which later became the “IEEE Journal of Quantum Electronics.”
Special guest Dr. Amnon Yariv went on to explain how the
contents of that publication became the basis for the journal’s
inaugural issue in April 1965. Yariv stated, “If I close my eyes
I can remember vividly the faces and expressions of the other
co-editors, Bob Kingston, Glen Wade, and Gene Gordon. I
also remember my own apprehension at whether there would
be enough important work and papers to keep us, and the
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paper, busy. These fears were of course dispelled after only a
few issues with the, at first surprising, ever increasing stream
of significant research results.”
Yariv’s contributions to the Society and photonics community are quite significant, from his first paper contribution to
the first issue of JQE on the “Quantum Theory of the Parametric Interactions of Light and Hypersound” to his 2009 honor
as an U.S. National Medal of Science Laureate, cited for his
“scientific and engineering contributions to photonics and
quantum electronics that have profoundly impacted lightwave
communications and the field of optics as a whole.”
Later in the CLEO 2015 presentation, Dr. Aaron Hawkins,
JQE Editor-in- Chief and Professor at Brigham Young University, explained JQE’s vision for the future and plans to celebrate its
golden anniversary, such as introducing new journal hot topics,
special features on the journal’s Top 50 Downloads and Citations
and highlights on Nobel Laureate contributions. There he also
announced the 2015 Focus Issues: Meta- and Two-dimensional
Materials and Silicon Photonics and CMOS Integration.
*Excerpts from IEEE Institute August 2015.
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IEEE Photonics Society Applauds Rochester
on Integrated Photonics Institute Win

As a sponsor of the National Photonics Initiative (NPI), an alliance of top scientific societies uniting industry and academia to
raise awareness of photonics, the IEEE Photonics Society congratulates the Research Foundation for the State University of New
York and other members of the New York consortium on their
selection as the country’s first Integrated Photonics Institute for
Manufacturing Innovation (IP-IMI). Earlier this week, United
States Vice President Joe Biden made the announcement that the
consortium, to be headquartered in Rochester, will receive $110
million in federal funding to advance U.S. research in photonics
technology. The new institute is expected to revolutionize communications, medicine and defense, in addition to impacting
multiple commercial technology sectors across the nation.
Dr. Dalma Novak, IEEE Photonics Society President, stated, “This announcement represents a tremendous achievement
for the U.S. photonics community and is the culmination of
several years of concerted outreach and promotion efforts by
NPI volunteers and staff. The creation of an IMI focused on
integrated photonics will enable new integrated devices and
capabilities, and offers enormous potential for new applications
of these technologies.”
United States Vice-President Biden noted during the press
conference that confidence in U.S. manufacturing is improving
and expressed how essential it is for the United States to “build
the most modern infrastructure in the world and have the most
skilled workforce in the world. We’ve gone from crisis to recovery, on the verge of resurgence.” He went on to cite recent
surveys that indicate investment growth in U.S. manufacturing with $936 billion alone in foreign investment.
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Back in October 2014, President Obama announced his administration’s initial intent to form an IP-IMI by the investing
the $110 million. In November 2014, a Funding Opportunity
Announcement (FOA) was issued by the U.S. Department of
Defense (DoD), through the Air Force Research Laboratory,
calling for concept papers for the establishment of the IP-IMI.
The proposals submitted were narrowed down to three consortium finalists led by University of Central Florida, University
of Southern California, and the Research Foundation for the
State University of New York.
As the FOA proposal winner, the Research Foundation for
the State University of New York will be joined by a consortium of 124 companies, nonprofits, and universities across
the United States to secure the IP-IMI. With an additional
$500 million in non-federal contributions, the IP-IMI to the
amount of $610 million is the country’s largest public-private
commitment under the President’s NNMI (National Network
for Manufacturing Innovation).
“The promise of integrated photonics has been with us for
quite a while. This extraordinary investment by the entire private and public partnership associated with the AIM Photonics
proposal is a huge step forward in terms of taking the devices
out of the lab and getting them into mass manufactured commercial systems,” stated Dr. Ryne P. Raffaelle, Vice President
for Research and Associate Provost of the Rochester Institute
of Technology.
The U.S. Government anticipates that the Integrated
Photonics Institute for Manufacturing Innovation, the sixth
institute under the NNMI, will bridge the gap between
advanced research and commercial product development,
yielding critical defense and telecommunications advances.
Another major focus will be on advancing education and
workforce development opportunities, in hopes of training
and positioning the next generation of manufacturers in integrated photonics.
“One of the major goals of the NPI is to drive advancement
of critical photonic technologies. Vice President Biden’s announcement this week marks a great leap forward in that effort. As a sponsor of the NPI, all of us within the IEEE Photonics can be proud of the role the society has played in fostering
photonic innovation in the United States,” said Christopher
Jannuzzi, IEEE Photonics Society Executive Director.
*Excerpts from IEEE Institute August 2015.

October 2015

Photonics Society Image Winners Present: Blossom
in Photosynthesis
Jiayong Gan, Yuebing Zheng*
Department of Mechanical Engineering, Materials Science and Engineering Program,
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With their capability of manipulating light at
the nanoscale, metal nanostructures can be incorporated into semiconductor electrodes to improve the water splitting by enhancing the light
harvesting, charge generation and separation,
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2. Plasmonic PEC Water Splitting
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and kinetics of chemical reactions, which is known as plasmonic PEC water splitting
[15]. Firstly, the excitation of
surface plasmon resonances
(SPRs) at metal nanostructures
helps concentrate sunlight at
the metal-semiconductor interfaces to enhance the light
absorption in the semiconductors [16]. Therefore, thin films
of semiconductors can be employed as electrodes in the PEC
cells to reduce the exciton recombination rate and lower the production cost.
Secondly, hot electrons from the decay of surface plasmons
on metal nanostructures can also contribute to the chemical
reactions in PEC water splitting. The hot electrons ejected
from metal nanostructures enter the conduction band of
semiconductors and interact with protons to form hydrogen,
while the holes in the metal nanostructures accept electrons
from electrolyte for oxygen production [17]. Since SPRs of
metal nanostructures can be tuned to cover a broad range of
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Due to the ever-increasing
consumption rate of energy in
the world, scientists and engineers are seeking to harness
renewable energy sources such
as sunlight, wind, geothermal
heat, tides, and biomass. As
exemplified by photosynthesis
in plant leaves, sunlight can be
harnessed to produce oxygen
and carbohydrates from water
and carbon dioxide [1], where
energy conversion efficiency can
reach 7% [2]. Different from the fossil fuels, which has caused
numerous environmental and health problems [3, 4], the solarto-chemical energy conversion is a green process [5, 6, 7].
Inspired by nature, researchers have been exploring artificial photosynthesis in various forms for the solar-to-chemical
energy conversion [8]. One of the promising examples is hydrogen production via photoelectrochemical (PEC) water splitting using sunlight. In the PEC cells, semiconductor materials that work as electrodes are optically excited to drive the
water splitting and solar energy is stored in the
form of hydrogen, which is regarded as a newgeneration clean energy carrier (Figure 1). With
the solar-to-hydrogen efficiency around 5% [9],
SUPPLY
PEC cells need be further improved to compete
with fossil fuels. The development of better
electrodes is the key to the improvement.
Following the initial demonstration of PEC
cell consisting of a single-crystalline TiO2 anode and a Pt cathode [10], researchers have
made significant progresses in developing new
electrode materials to improve the power conversion efficiency. In particular, nanomaterials
have proved as promising candidates for the
PEC electrodes due to their unique physical
and chemical properties that are tailorable by
the size, shape, and morphology [11–14].
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Figure 1. An overview of hydrogen production and utilization.
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electrode and >99% Faraday efficiency. The enhanced PEC
performance is mainly attributed to the hot electrons from Au
nanoparticles. With their unique properties and the continuous research efforts from scientists and engineers in the multiple fields such as materials science, engineering, chemistry,
physics, and biology, hybrid metal-semiconductor nanostructures will continue to blossom in photosynthesis.
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Figure 2. Scanning electron micrograph of a representative microscale “rose” of BiVO4 dotted with Au nanoparticles that exhibits efficient photosynthesis.

sunlight spectrum [18, 19], one can use the hot electrons to
sensitize wide-band semiconductors to harness the visible and
near-infrared lights that are otherwise wasted.
Lastly, metal nanostructures on semiconductor electrodes
can help suppress optical reflection to enhance the light
utilization. The high refractive indices of semiconductors
result in a large reflection loss of incident light at the electrode surfaces. Metal nanoparticles can reduce the reflection
by preferentially scattering the light into the semiconductors. Metal nanostructures in rationally designed arrays can
even lead to a negligible reflection at the electrodes, significantly enhancing the light absorption and energy conversion
efficiency [20].

3. A Glimpse into Recent Developments
Tremendous progresses have been achieved in the plasmonic
PEC water splitting. Various metal-semiconductor hybrid
nanostructures have been developed as new electrodes that
benefit from the plasmonic enhancements [21,22]. As an
example, we have designed PEC photoanodes consisting of
BiVO4 nanoplates decorated with Au nanoparticles. As shown
in Figure 2, the BiVO4 nanoplates and Au nanoparticles can
form the rose-like microstructures. With the high surface
area and small thickness of the BiVO4 nanoplates, as well as
the plasmonic enhancements of Au nanoparticles, the hybrid
photoanodes can achieve an AM 1.5G photocurrent density
of 5.1 ! 0.1 mA/cm2 at 1.23 V versus reversible hydrogen
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We are excited to announce the launch of the new website of
the IEEE/OSA Journal of Lightwave Technology,
www.ieee-jlt.org

Among other interesting information, our new website contains:











Highly cited and frequently downloaded JLT papers
Featured JLT Special Issues (right now featuring ECOC 2014)
Winners of the JLT Award with free open access to the winning
papers
Recent noteworthy JLT papers
JLT Special Issues-Browse by year or by topic area
Call for Papers for upcoming JLT Special Issues
Answers to frequently asked questions on such topics as JLT review times, open access publication options, and ArXiv posting
Who is who on JLT's Editorial Board, Staff, and Steering/
Coordinating Committee

Happy Browsing!
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The Light-Based Technologies Inside
Your Favorite Digital Camera
GoPro and smartphone photo apps like Snapchat have these three inventors to thank

Freeze-Frame and Flash

If you’ve ever admired a photo that captures stunning details
of a moving object seemly frozen in midair, you have IEEE
Fellow Harold E. “Doc” Edgerton to thank. He invented the
electronic stroboscope, the electronic flash, and
slow-motion photography, as well remote-controlled deep-sea cameras.
While a research assistant at MIT in 1931,
Edgerton took earlier stroboscopes used in
labs and improved on them by developing an
electronic version. A stroboscope illuminates a
subject for extremely short intervals, allowing
a moving object to appear momentarily frozen
in place. An amateur photographer, he recognized his invention had photographic potential.
A camera could now record an object moving
in strobe light as an overlaid set of still images.
His strobe light equipment, flashing up to 120
times a second, could freeze objects in motion so
that they could be captured in sequence on film
in the camera.
Edgerton also experimented with circuits
that could fire small flashes thousands of times
per second, leading to his invention of the electronic flash for still and ultrahigh-speed cam- Edgerton’s strobe light equipment flashed 120 times per second, which led to slow-motion
eras. Back then, photographers relied on flash photography. It froze objects in motion so that they could be captured in sequence on film.
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Cameras have become part of almost everyone’s culture. They
are one of the world’s most popular consumer devices, and the
images they produce surround us every day. They all rely on
light—not only the external light sources used to enhance images but also the silicon semiconductors in cameras that sense
light and produce pictures. Three IEEE Fellows ushered in
some of the most transformative developments in photography.

powder, a mixture of magnesium and potassium chlorate that
created a controlled incandescent explosion. Edgerton’s strobe
light contained a bulb full of an inert gas—initially a mercury
gas—connected to a battery. The voltage of the battery would
excite the gas molecules into an instant flash of bright light.
Edgerton’s flash could be as short as only 10 microseconds, or
1/100,000th of a second, and its duration was easy to adjust.
And thanks to the battery, the flash could be used over and
over. Later, he replaced the mercury gas with xenon, which
made for smaller flash tubes. This basic design lives on in the
electronic flashes used today.
Edgerton also built a camera that could shoot the equivalent of 500 frames per second, which led to slow-motion photography of high-speed phenomena. Three of his famous series
of shots were of a cat being dropped upside down from a height
and twisting in midair to land on its feet, a bullet shot through
a light bulb, and the motion of a hovering hummingbird’s
wings. Photographs like these were collected in Quicker’n a
Wink, a movie documentary in which Edgerton demonstrated
how stroboscopic photography could show in slow motion
events that occur too fast to be seen by the naked eye. It won
an Academy Award in 1941 for best short subject.
This video shows Harold E. “Doc” Edgerton’s stop motion
experiment, in which he captures a bullet piercing through a
playing card: http://bit.ly/1hjtXs8
Edgerton also collaborated with underwater explorer
Jacques Cousteau to develop the first underwater time-lapse
photography in remote-controlled deep-sea cameras.

An integrated circuit smaller than a U.S. dime
that captures and stores light by turning the
light into an electrical charge is the innovation
behind electronic digital photography. Invented
by IEEE Fellows Willard S. Boyle and George
E. Smith in 1969, the charge-coupled device,
or CCD, is a photosensitive microchip that is
1,000 times more sensitive than the traditional
film then used. The two worked as physicists at
AT&T Bell Laboratories, in Murray Hill, N.J.
Each CCD chip is composed of an array of
metal-oxide semiconductor capacitors, and each
capacitor represents a pixel. The array of pixels collects particles of light, or photons, which
are stored as electrical charges within the chip’s
structure. Photons hitting the pixels are converted to an electrical signal that can be read by
electronics and turned into a digital copy of the
light patterns falling on the device.
This digital image sensor eventually made
chemical film practically obsolete. CCDs have
been used in every digital and video camera
plus numerous other devices including bar
code readers, scanners, and the Hubble Space
Telescope.
For their pioneering invention, the two
were corecipients of the 1974 IEEE Morris N.
Liebmann Memorial Award and the 2009 Nobel Prize for Physics. In his Nobel acceptance
speech, Boyle said the two came up with the
idea while brainstorming at a blackboard and
immediately “knew we had something special.”

Photo: DPA Picture Alliance Archive/Alamy

Digital Memories

Willard S. Boyle (left) and George E. Smith invented the CCD, a photosensitive microchip used in numerous devices including video cameras, bar code readers, and the Hubble
Space Telescope.

It was in the 1990s while at NASA’s Jet Propulsion Laboratory, in Pasadena, Calif., working
to make miniature high-quality cameras to fit
into small spacecraft, that IEEE Fellow Eric R.
Fossum developed an alternative to CCD. His
active pixel sensor or CMOS-APS technology
is now just called a CMOS image sensor. This
camera-on-a-chip technology is used today in
nearly all cellphone cameras, medical devices, Eric R. Fossum invented the CMOS image sensor, an energy-efficient alternative to chargesurveillance systems, and video recording de- coupled devices that are now used in most digital and cellphone cameras.
vices like the GoPro.
Fossum’s CMOS sensor adapted CCD signal processing
lower cost, leading to less-expensive but higher-quality digito put an amplifier on each pixel of the image sensor so as
tal cameras. CMOS sensors have virtually replaced CCDs in
to yield a higher-quality image. CMOS sensors use multiple
today’s cameras.
transistors to amplify and move the charge provided by inFossum was the recipient of the 2009 IEEE Andrew S.
coming photons of light, enabling the pixels to be read inGrove Award for his invention.
dividually. This method is more energy efficient than CCDs,
and the sensors can be manufactured more easily and at a
© The Institute, August 2015
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Camera on a Chip
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Method for Mass-Producing Optical Fiber Named
IEEE Milestone: Vapor-phase Axial Deposition
Process was Invented by an IEEE Life Fellow

A technician uses the vapor-phase axial deposition process to mass produce optical fibers.

More than 60 percent of today’s optical fibers are made with
a mass production process called vapor-phase axial deposition
(VAD). It was invented in 1977 by IEEE Life Fellow Tatsuo
Izawa, a researcher at Nippon Telegraph and Telephone Corp.
(NTT), in Tokyo.
VAD was honored in May with an IEEE Milestone. Administered by the IEEE History Center and supported by donors,
the IEEE Milestone program recognizes outstanding technical
developments.

A Delicate Process
Optical fibers are used to transmit light for all manner of digital telecommunications over longer distances and with higher
bandwidths than copper cables. Individual optical fibers are
made of glass about an eighth of a millimeter wide—about
the width of a human hair. Manufacturing begins with a solid
glass cylinder, known as a preform. The preform is lowered
into a fiber-drawing tower, then heated to 1,900 °C until the
tip begins to melt and drip. The drip is then made to form a
long continuous thread, or fiber. As it cools, the fiber is wound
around a spool and placed in a protective tube. Later the fibers
are collected into multifiber cables.
IEEE Life Fellow Tatsuo Izawa invented a method that allowed manufacturers to mass produce optical fibers, which
helped expand fiber-optic networks around the world. As fiber-optic networks expanded, these cables had to cover much
longer distances, and manufacturers struggled to produce
enough optical fibers to meet the demand. Today, fibers as
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long as 100 kilometers are
not uncommon.
In 1975, four Japanese
wire and cable manufacturers—Fujikura, Furukawa
Electric, NTT, and Sumitomo Electric—partnered
to figure out how to massproduce optical fibers. Two
years later, Izawa came up
with a way to produce longer fiber-optic threads. In his method, fine glass particles were
synthesized and deposited onto a rod of silica. Gas vapors were
then conducted to the inside of the silica rod in a lathe—a
machine tool that rotates the rod on its axis. As the lathe turns,
a torch is moved up and down the outside of the tube, causing
silicon dioxide and germanium dioxide deposits on the inside
of the tube to fuse together and form glass.
Izawa called this process vapor-phase axial deposition. It
was more suitable for mass production than earlier methods
because the rotating silica rod caused glass particles to grow
and expand away from the center, forming a larger preform
to begin with and hence longer threads. The process became commercially available in 1983 and is still used to
make more than half of today’s optical fibers. In 1980, just
three years after the VAD method was invented, it was used
to create this 100-kilometer-long optical fiber, which was
wound around a drum before being inserted into a multifiber cable.
A ceremony honoring the new IEEE Milestone was held on
21 May. A plaque was mounted on the wall of the reception
area of NTT Research Laboratories, in Tokyo. It reads:
“In 1977, Dr. Tatsuo Izawa of Nippon Telegraph and
Telephone Corp. (NTT) invented the vapor-phase axial
deposition (VAD) method suitable for the mass production of optical fiber. NTT, Furukawa Electric, Sumitomo
Electric, and Fujikura collaboratively investigated the fabrication process. The technology successfully shifted from
research and development to commercialization. The VAD
method contributed greatly to the construction of opticalfiber networks.”
This article was written with assistance from the IEEE History Center, which is funded by donations to the IEEE Foundation.
Reprinted with permission from The Institute, August 2015
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Careers and Awards
IEEE PHOTONICS SOCIETY
2015 Graduate Student Fellowship Program

The IEEE Photonics Society established the Graduate Student Fellowship Program to provide Graduate
Fellowships to ten outstanding Photonics Society student members pursuing graduate education within the
Photonics Society field of interest. Applicants are normally in their penultimate year of study and must be
a Photonics Society student member. Recipients are apportioned geographically in approximate proportion
to the numbers of student members in each of the main geographical regions (Americas, Europe/Mid-East/
Africa, Asia/Pacific).
The presentation will be made during the Awards Ceremony at the 2015 IEEE Photonics Conference at
the Hyatt Regency Reston, Reston, Virginia, USA on Monday 5th October, 2015.
The IEEE Photonics Society is proud to present the 2015 Graduate Students Fellows.
Mathieu Chagnon – McGill University
Di Che – University of Melbourne
M. Sezer Erkilinc – University College London
Burak Guzelturk – Bilkent University
Hengyun Jiang – Southwest Jiaotong University

Weilin Liu – University of Ottawa
Francesco Monticone – The University of Texas at Austin
Raphael Van Laer – Ghent University IMEC
Xiaoming Wei – University of Hong Kong
Ben Wu – Princeton University

Mathieu Chagnon received a B.Eng. degree in physics from Polytechnique
Montreal, Canada, in 2008 and the Master’s degree in electrical and computer
engineering from McGill University, Canada, in 2011 where he is currently
finishing his Ph.D. degree in the Photonic Systems Group.
He specializes on digital signal processing algorithms and modulation
formats for short reach optical interconnects, building on his long term
laboratory and DSP expertise for long haul optical transport systems. He
has authored/coauthored more than 60 peer-reviewed journals and conference
proceedings, including 3 invited papers and 3 post-deadlines proceedings. He
regularly serves as a reviewer for several journals on optical fiber telecommunications technologies. He received the SPIE Graduate Scholarship in Optics and
Photonics in 2014, the IEEE Photonics Society Graduate Student Fellowship in 2015 and was awarded the
NSERC Alexander Graham Bell Canada Graduate Scholarship (CGSD).
Di Che was born in Anhui, China, in 1990. He received the B.E. degree of
Electronic Information Engineering from University of Science and Technology of China, in 2012. He is currently a Ph.D. candidate in department of electrical and electronic engineering in the University of Melbourne, Australia. In
the meantime, he is a student with National ICT Australia (NICTA) – Victoria
Research Laboratory. During SEP–NOV 2014, he worked as an intern in optical transmission group, Bell Labs (Stuttgart), Germany.
His research interests include the coherent optical OFDM for long-haul
transmission, novel direct detection subsystems for short-reach optical applications, coherent optical interconnect using direct modulated lasers, digital
electronic transceivers and advanced forward error correction coding.
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M. Sezer Erkilinc is a Ph.D. candidate in the Optical Networks group in the Department of Electronic and Electrical Engineering at the University College London
in London, UK. He received his BSc degree in Electrical and Electronics Engineering
from Koç University, Istanbul, Turkey, in 2009. The following September, he joined
Rochester Institute of Technology (RIT), Rochester, NY, USA to pursue an MSc degree,
which was awarded in July 2011. His master thesis focused on content-based scanned
document analysis using image processing algorithms. In October, 2011, he joined the
Optical Networks Group at UCL to pursue a Ph.D. degree under the supervision of Dr.
Robert Killey and Prof. Polina Bayvel. He is currently investigating cost-effective and
spectrally-efficient transceiver designs for direct detection links over long reach access
and metropolitan distances, and simplified coherent receiver structures for access networks. Sezer is a graduate student member of IEEE and SPIE.
Burak Guzelturk received his B.Sc. (2009) and M.Sc. (2011) degrees in the Department of Electrical and Electronics Engineering at Bilkent University, Turkey, where he
is currently pursuing his Ph.D. under guidance of Prof. Hilmi Volkan Demir.
His current research involves establishing a bridge between the fields of optoelectronics and excitonics. Specifically, he focuses on the development of colloidal semiconductor nanocrystals and their hybrids with tailored excitonic properties to accomplish energy-efficient next-generation optoelectronics. He believes this technology will
strongly contribute to sustainable development of the world.
To date, Burak has published 13 first-authored and 10 co-authored peer-
reviewed journal articles in top-tier journals, including Advanced Materials and
ACS Nano, together with 20 international conference papers. He has also 6 granted
patents and delivered 3 invited talks.
His achievements have been recognized by several prestigious awards. He has been recipient of SPIE—Optics
and Photonics Education Scholarship given by SPIE (2013), Green Talents Award given by Federal Ministry of
Education and Research of Germany (2014), Photonics21 Student Innovation Award given by The European
Photonics21 Platform (2015) and the IEEE Photonics Society Graduate Student Fellowship (2015).
He is a student member of IEEE Photonics Society, SPIE, MRS and OSA and he serves as an active reviewer for
many journals, including Optics Express, Journal of Physical Chemistry Letters and PloS One.
“It is my great honor to receive the 2015 IEEE Photonics Society Graduate Student Fellowship. I would like to
sincerely thank my advisor Prof. Hilmi Volkan Demir for his guidance, group members, collaborators as well as my
family and friends for their support.”
Hengyun Jiang, received the B.S. degree in communication engineering from Southwest
Jiaotong University, Chengdu, China, in 2010. She is currently working toward the Ph.D.
degree under the supervision of Prof. Lianshan Yan at Southwest Jiaotong University. She
has been visiting the University of Sydney at center for Ultrahigh bandwidth Devices for
Optical Systems (CUDOS) since November 2014, under the supervision of Prof. Ben Eggleton and Dr. David Marpaung.
Her current research interests include (integrated) microwave photonics, nonlinear
optics, all-optical signal processing. She has authored/co-authored more than 28 peerreviewed journals and conference proceedings, including 17 first-author papers, 2 invited papers and 4 granted patents.
She is a student member of the IEEE Photonic Society. She serves a reviewer for
Optics Letters, Photonic Journal, Applied Optics etc. She is one of the recipients of IEEE Photonic Society Graduate Student Fellowship (2015), Scholarship Funded by China Scholarship Council (2014); Tanglixin Entrepreneur
Scholarship (2014); Chinese Government Scholarship for Ph. D. Candidate (2013); Sishi Yanghua Medal (Highest
student honor of Southwest Jiaotong University, 2013).
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Weilin Liu received the B.Eng. degree in Electronic Information Engineering from the
University of Science and Technology of China, Hefei, China, in 2009, and the M.A.Sc.
degree in Electrical and Computer Engineering from the University of Ottawa, Ottawa,
Canada, in 2011. He is currently pursuing his PhD in Microwave Photonics under the
supervision of Professor Jianping Yao in the Microwave Photonics Research Laboratory,
University of Ottawa. His current research focuses on all-optical signal processing based
on photonic integrated circuits, which include developing functions such as photonic
temporal integration, differentiation, and Hilbert transformation on compact InP and
silicon photonic chips. He has authored more than 20 peer-reviewed journal publications and international conference papers.
He is one of the recipients of the IEEE Photonic Society Graduate Student Fellowship
(2015), the SPIE Optics and Photonics Education Scholarship (2015), the Alexander Graham Bell Canada Graduate Scholarship (2015), the Ontario Graduate Scholarship (2014), and the University of Ottawa Excellence Scholarship (2014).
“It is a great honor to receive the 2015 IEEE Photonics Society Graduate Student Fellowship and I would like to
thank the IEEE Photonics Society for supporting my research. I would also like to thank my supervisor Prof. Jianping Yao for his continuous guidance, and my family, friends and colleagues for their support. This award belongs
to all of you!”
Francesco Monticone received the B.Sc. and M.Sc. (summa cum laude) degrees from
Politecnico di Torino, Italy, in 2009 and 2011, respectively. After developing part of his
graduate research work in Macquarie University, Sydney, Australia, in 2011 he joined the
Metamaterials and Plasmonics Research Laboratory of Dr. Andrea Alù at The University
of Texas at Austin, where he is currently pursuing the Ph.D. degree in Electrical and
Computer Engineering. At present, he is working on his dissertation as a visiting student at the FOM Institute AMOLF, The Netherlands. His current research interests are
in the areas of applied electromagnetics, metamaterials, plasmonics and nanophotonics,
spanning a broad range of topics including extreme scattering engineering, cloaking and
invisibility, nanoparticles, nanocircuits, nanoantennas, and advanced metasurfaces, with
particular emphasis on translating and exploiting well-established methods and concepts
from microwave/antenna engineering and circuit theory to the realm of optics, photonics and nanotechnology.
Mr. Monticone has authored and co-authored more than 60 scientiﬁc contributions published or under review
in peer-reviewed journal papers, book chapters and peer-reviewed conference proceedings, receiving more than 500
citations in the past three years. His ﬁrst-author papers have appeared in several high-impact journals, including
Physical Review Letters (three times selected as “Editor’s Suggestion”), Nature Nanotechnology, Proceedings of the
IEEE, and Science. Some of his recent research work has been picked up by national and international media outlets,
such as BBC, NBC News and Time Magazine. Mr. Monticone has won several student awards, including the Best
Student Paper Award at the conference Metamaterials’2013, the IEEE Antennas and Propagation Society Doctoral
Research Award (2013), three “honorable mentions” at student paper competitions at the IEEE AP-S symposium,
the FGSA Travel Award for Excellence in Graduate Research (2015), the IEEE Photonics Society Graduate Student
Fellowship (2015), and multiple travel grants. Recently, he has also been awarded the “H.L. Bruce Graduate Fellowship” from the Graduate School of The University of Texas at Austin. Mr. Monticone is serving as a reviewer
for several journals and international conferences, and he is currently a member of the organizing committee of
Metamaterials’2015. Mr. Monticone is a student member of IEEE (AP-S and IPS societies), APS, AAAS, and OSA.
Raphaël Van Laer is a PhD candidate in the Photonics Research Group at Ghent
University – imec. He received the MSc degree in Engineering Physics from Ghent
University in 2011. He studied physics at the Royal Institute of Technology (KTH) in
Sweden in 2009 and spent half a year in the Gaeta Group at Cornell University in 2011.
His current research centers on the development of integrated photon-phonon circuits. Last year, he discovered strong travelling-wave photon-phonon interaction in
silicon photonic nanowires. He aims to improve the opto-acoustic properties of these
nanowires by another order of magnitude. Recently, he studied the connection between
photon-phonon coupling in Brillouin-active waveguides and in optomechanical cavities. Amongst others, he linked the Brillouin gain coefficient to the zero-point optomechanical coupling rate.
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Xiaoming Wei received his B.S and M.S. degrees as Excellent Graduate Student from
South China University of Technology, Guangzhou, China, in 2009 and 2012, respectively. His master’s thesis, entitled High Repetition Rate Femtosecond Fiber Laser
at 1.5 nm (supervised by Zhongmin Yang), was awarded Excellent Master Thesis of
Guangdong Province. He is currently working towards the Ph. D degree under the
supervision of Kenneth K. Y. Wong in Department of EEE, The University of Hong
Kong. His current research interests include femtosecond mode-locked fiber laser, fiber
optical parametric amplifier/oscillator, broadband swept laser source, ultrafast microscopy (time-stretch, CARS, SRS), tomography (OCT), and spectroscopy.
He has authored and co-authored 29 journal papers (11 as the first author) and 23
conference papers including 2 invited conference papers. He regularly serves as a reviewer for Optics Express, IEEE Journal of Selected Topics in Quantum Electronics and Chinese Optics Letters. He
is a student member of the IEEE, IEEE Photonics Society and OSA.
Ben Wu received his Bachelor of Science degree on optoelectronics from Nankai University, Tianjin, China in 2008. Since 2009, he joined the Electrical Engineering Department of Princeton University as a graduate student. Recently, in June 2015, he
received the Ph.D. degree from Princeton University.
His current research interests include optical stealth transmission and private communication. He proposed and demonstrated for the first time to deploy amplifier noise
to carry stealth signals. The noise carried signals is hidden in both time domain and
frequency domain and can be used for private communication.
He is the first author of 10 peer-reviewed journal articles and the first author of
one book chapter. His is an active manuscript reviewer for 10 IEEE and OSA journals/conferences including IEEE Photonics Technology Letters (PTL), IEEE Journal of
Lightwave Technology (JLT), IEEE Photonics Journal, IEEE Communication Letters, IEEE Global Communications
Conference, IEEE Journal of Selected Topics in Signal Processing (JSTSP), IEEE Transactions on Communications,
IEEE Transactions on Vehicular Technology, Optics Express and Optics Letters.
He is the recipient of Newport Award of Excellence in Photonics (2015), Wu Prize for Excellence (2014), Excellence in Teaching (2013) from Princeton University and Excellent Graduation Thesis (Top 1 out of 60 student) from
Nankai University (2008).
“I would like to sincerely thank my advisor Prof. Paul Prucnal for his mentoring of my research. I would also
like to thank Prof. Claire Gmachl and Prof. Prateek Mittal for their guidance and all the colleagues for their help
and collaborations.”
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Membership
Shining Light on Student Education: IEEE Photonics
Supports IYL 2015 Summer School Outreach
To cultivate more young
minds with an interest
in light sciences during
the International Year
of Light 2015, the IEEE
Photonics Society sponsored (4) summer schools
designed to encourage undergraduate and graduate students to learn more about emerging photonics technical fields. The Society sees the need for
such summer schools as they provide students the opportunity
to interact with research and technology leaders in a traditional, yet interactive educational setting.
One of the sponsored schools, “Photonics Meets Biology” Summer School, was planned for September 28, 2015
to October 2, 2015, in Crete, Greece. The “Photonics Meets
Biology” Summer School started as a part of the FP7 EU project “FAST-DOT,” which aims to implement a new range of
ultrafast quantum-dot lasers for critical bio-medical applications. The FAST-DOT project will develop portable, low cost,
reliable, highly efficient ultrashort pulse and ultra-broadband
tuneable laser sources. The FAST-DOT consortium brings together a unique and compelling group of world-leaders in the
physics of quantum dot photonics devices, system integrators,
and biophotonics.
“The school lectures are a mixture of laser optics and physics,
biology, and medicine,” said Dr. Maria Farsari, the NonLinear
Lithography Group Leader. “It appeals to physicists interested
in biological or medical applications of lasers, and biologists or
medical doctors who want to involve lasers in their research.”
The IEEE Photonics Society sponsored $2,500 USD for (4)
Photonics Meets Biology student and young professional travel
grants. Other sponsors of the summer school include FASTDOT, Nature Photonics, and the Institute of Electronic Structure & Laser. The summer school included special programs,
such as a poster competition.
The IC-IMPACTS Summer Institute, another sponsored
program, is annual summer schooling that provides Canadian
and Indian graduate students skills in photonics and optics
research, innovation, commercialization, and leadership. The
program helps strengthen the research relationships between
Canada and India, and helps create meaningful connections
between students, researchers, and industry around the world.
This year’s 2015 Summer Institute focused on “Optical
Sensing Technologies” in the areas of infrastructure, water, and
health, and took place in Toronto, Canada from June 14–19,
2015. The program included: plenary sessions; panel discussions; applied case studies; laboratory demonstrations; working group challenges; and poster sessions. Fifty students were
selected to attend, i.e. 25 from Canada and 25 from India. The
October 2015

IEEE Photonics Society delivered a $2,500 grant in support of
the schools work and travel expenses.
Dr. Stewart Aitchison, IEEE Photonics Society Senior
Member and Associate Scientific Director of IC-IMPACTS
stated, “During the IC-IMPACTS Summer Institute, it was
great to see the students develop entrepreneurial skills and
grow in confidence while learning about advances in optical
sensing technologies.”
An additional IEEE Photonics Society sponsored school, the
IEEE Photonics Global Student Conference, was held in
Singapore on July 3-5, 2015 by the IEEE Photonics Society
Singapore Student Chapter Branch. It provided an opportunity
for student representatives in the photonics field, from different countries all over the world, to gather together, in conjunction with the Photonics Global Conference 2015 (PGC).
The school was highly honored to have keynote speaker Dr.
Anna Peacock from University of Southampton and Dr. Gerd
Keiser from Boston University, who gave a talk on “The Use of
Diverse Optical Fibers in Bio-photonics and Bio-medical Optics”. The program also included presentations from advanced
students in the area of photonics, from 10 different countries.
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They shared their recent research findings and discussed their
specific research interests. From organizers to attendees, all
participants within this summer program walked away with a
sense of youthful exuberance and visions of how photonics can
enhance the future.
The summer school included a labs tour of Nanyang Technological University’s (5) key centers, the Si-Photonics Pro-

gram, and proceeded with a IEEE Photonics Society sponsored
conference banquet, additional technical sessions and a team
building nature trail, outdoor event.
The IEEE Photonics Society’s final sponsored summer
school was the “Frontiers in Neurophotonics the Neurophotonics Centre” Summer Program, which took place in
Quebec City, Canada on May 31–June 9, 2015. Frontiers in
Neurophotonics provided 60+ international and local students
the opportunity to meet fellow researchers and student peers
from around the world. Attendees discussed and discovered the
latest advances in live cell optical imaging techniques, which
were put into perspective by experimental challenges in the
field of neuroscience.
The school combined tutorials given by experts in photonics and hands-on experiments, involving advanced optical approaches in measuring and manipulating molecular
events in living neuronal cells. This program was devised to
encourage and train the potential next generation of highly qualified personnel in the field of neurophotonics. The
IEEE Photonics Society supported by providing a $2,500
grant for activities that directly contributed to promoting
careers in science and more specifically, the science of light
and its applications.

IEEE Automatic Renewal: Member Service &
Renewal Season Resource
It’s that time of year
again: Renewal Season!
The IEEE offers Automatic Renewal for its
membership, which is
an easy and convenient
way to ensure access to
products, services, and
member benefits, without
expiration. Over 59,000
members have chosen to
sign up for automatic renewal since the option
became available.
Upon sign up, benefits such as IEEE Spectrum and The Institute, subscriptions to the IEEE Xplore Digital Library, access to your IEEE.org e-mail alias, and member services will
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not be interrupted. Your IEEE Photonics Society membership
will also be renewed automatically.
If you would like to enroll in the program, please visit the
Payment Options section of under your IEEE Account. Once
you are logged in, click on Edit in the Automatic Renewal
Preference section. Once you are signed up and you will receive a confirmation email. Come October you will receive another confirmation email and your primary credit card on file
will be charged.
Students, graduate students, life members, and others participating in discounted memberships based on special circumstances, such as low income, unemployment, and disability are,
are not eligible for automatic renewal.
If you already have signed up, your membership will automatically renew the second week in October.
For more information, visit the Automatic Renewal Terms
and Conditions page: http://bit.ly/1gNIsEk
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The highest Membership Distinction of the Engineers Ireland
Society was awarded to Professor Nabeel Riza, Head (Dean)
of School of Engineering, University College of Cork (UCC).
This high distinction was awarded by presidential invitation
only, and honorees must have reached an exceptional level of
competence and distinction in areas which are related to the
advancement of engineering science.
Professor Riza commented that he was “deeply honored
to be amongst this select group of distinguished international engineering leaders, and receiving my first Honorary
Award from the Engineers Ireland Society makes it all the
more special.”
Please join us in congratulating Professor Riza on this high
honor.
For more information please visit: http://www.ucc.ie/en/
sefs/newsandevents/fullstory-544179-en.html

*Photo provided from UCC website

Nabeel Riza Receives Honorary Fellow Award
of Engineers Ireland Society

Left: John Power, Director General, Engineer Ireland Society;
Centre: Regina Moran, President, Engineers Ireland Right: Professor of Electrical and Electronic Engineering Nabeel Riza.

IEEE Nanotechnology Pioneer Winner
The IEEE Nanotechnology Council Awards Committee has
announced its 2015 award winner for the IEEE Nanotechnology Pioneer Award, an IEEE Photonics Society fellow, Dr.
Chennupati Jagadish.
Dr. Jagadish is a Distinguished Professor and Head of Semiconductor Optoelectronics and Nanotechnology Group at the
The Australian National University. He received this award
“for pioneered and sustained contributions to compound semiconductor nanowire and quantum dot optoelectronics.”
Dr. Jagadish has also established a world-class research
program on compound semiconductor optoelectronics and
nanotechnology. Among his accomplishments are a number of
major advances in compound semiconductor quantum dot and
nanowire growth techniques and optoelectronics devices.
Please join us in congratulating Dr. Jagadish for this
high honor. To learn more please visit: http://sites.ieee.org/
nanotech/2015-ntc-award-winners-announced/
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Bahram Javidi Wins Prestigious EPS Prize
Bahram Javidi, Board of Trustees Distinguished Professor in
Electrical and Computer Engineering, has been awarded the
prestigious European Physical
Society for Applied Aspects of
Quantum Electronics and Optics.
This prize, is awarded only once
every two years and recognizes the
highest level of achievements in
fundamental and applied research
in optical physics. Prof. Javidi’s prize was awarded, “For pioneering contributions to information optics, including 3D imaging, 3D displays, and 3D imaging of photon starved scenes.”
Prof. Javidi’s interests are in a broad range of transformative
imaging approaches that use optics and photonics, and he has

made seminal contributions to passive and active multi-dimensional imaging from nano- to micro- and macroscales. His recent
research activities include 3D visualization and recognition of objects in photon-starved environments using passive imaging; automated disease identification using biophotonics with low cost
compact sensors to be used in developing countries; information
security, encryption, and authentication using quantum imaging;
non-planar flexible 3D image sensing, and bio-inspired imaging.
Prof. Javidi recently received international attention for his
work with QR codes and their potential to increase the security
of computer microchips and has been recognized for his outstanding achievements in many other ways.
For more information please visit: http://www.epsnews.
eu/2015/05/two-prestigious-prizes-in-quantum-electronicsand-optics-announced/

Women in Photonics Members of the Month:
Dr. Elsa Garmire & Dr. Juthika Basak
By Jaime McClennen
Dr. Elsa Garmire, Life Fellow,
has been a member of the IEEE
Photonics Society since 1977,
and a member of the IEEE since
1972. Garmire received a bachelor’s degree in physics from
Harvard University in 1961 and
a doctorate in physics from The
Massachusetts Institute of Technology (MIT) in 1965. Author
of over 250 journal papers and holder of nine patents, Garmire
is Sydney E. Junkins Professor 1887 Thayer School of Engineering at Dartmouth College.
Garmire knew from an early age that she wanted to study the
sciences. She chose to study physics because she was interested in
trying to understand how everything worked. “I think I would
have gone into biology instead of physics” said Garmire. “But
back then physics was coming up with the answers to things.”
When she was a senior at Harvard, Garmire was one of 3
women studying physics and most of the time; the only woman
in her class. “I was lucky that I wasn’t shy,” Garmire recalled. “I
remember a class where I was fascinated by quantum mechanics.
I had to ask good questions in order to understand the material.
Other students always thanked me for asking those questions. It
is really important for young women to learn to put themselves
out there and ask questions if they don’t understand something.”
In graduate school, Garmire worked with Charles H.
Townes, Nobel Prize-winning physicist. He was the person who made her aware of the importance of scientific
organizations like the IEEE. Garmire joined the IEEE
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 hotonics Society after she learned that the CLEO conferencP
es were co-sponsored by the Society and they published JQE.
She was the first woman to ever be nominated for a position
on the Photonics Society’s Technical Committee; she ran for
the position and won.
As a member of the New Hampshire Chapter of IEEE,
Garmire gives talks to students at Dartmouth every year about
how important it is to be involved in the societies. She has also
been actively working with the programs associated with the
International Year of Light 2015.
October 2015

To women interested in the field of photonics, Garmire gives
this advice: “You first have to become known. Go to conferences
and speak to people. Introduce yourself to relevant people in your
field, ask thoughtful questions, and make a good impression and
get involved in committees. You will get a different education
by becoming active in societies: you will learn about management. I think it’s incredibly important to become involved.”
A member of the IEEE Photonics Society since 2001, Dr.
Juthika Basak was inspired by
IEEE Photonics Society President Dr. Dalma Novak to found
the Women in Photonics Silicon
Valley group, which has been a
great asset to the photonics community by offering inclusive
professional development opportunities at the local chapter level
and at major conferences. The group is comprised of women who
represent the workforce in Silicon Valley from both industry and
academia, specifically in the fields of optics and photonics.
This past May at CLEO 2015, Basak co-led and organized
a highly received Women in Photonics Luncheon for over 90+
inclusive attendees. The event’s theme was “Breaking Through
Perceptions” and included talks form speakers, Dr. Michal Lipson, IEEE Fellow, from Cornell University, and Dr. Hong Liu,
Principal Engineer and Google Technologist. Basak hopes that
future events like this will inspire more young professionals
and women to become interested in photonics.
Under Basak’s leadership and other members of her team,
the Women in Photonics Silicon Valley group strives to provide continual professional growth opportunities to women and
students in the field, such as panel discussions, industry tours,
group career coaching, mentorship programs to connect women
across industry and academia, and social networking events.

Without the help from people who have inspired her, Basak does not believe she would be in the professional place she
is today. Basak has had many mentors and has met countless
inspirational people during her studies and beyond. She attributes a lot of her knowledge and success to these mentors,
including Dr. Fred Kish, a Senior VP at Infinera. Basak stated,
“He [Kish]has been extremely supportive of the Women in
Photonics Silicon Valley group and is always forthcoming with
ideas on how to make the activities of the group worthwhile.
This kind of involvement by senior executives of companies is
really valuable to us and Dr. Kish sets a great example!”
Basak completed her B.A. at the Indian Institute of Technology, Bombay and her M.A. and Ph.D. at the University of
California, Los Angeles. First studying solid state devices, she
felt as if photonics was her calling because it was more tangible. Following graduation, Basak worked at Intel for several
years researching and building silicon based optical devices and
systems for data center communications as well as optical sensors. She now works at Infinera Corporation as a Staff Engineer,
designing and building InP photonic chips for metro and long
haul communications. Basak also serves as the Treasurer of the
IEEE Photonics Society Santa Clara Valley Chapter.
When asked if she had any advice for women interested in
photonics, Basak stated, “My advice is: reach out, socialize,
volunteer, share passions with others, and learn new things!”

IEEE-USA Webinar: From Page to Stage:
Preparing Your Research for Presentation
IEEE-USA will be hosting
a webinar on October 15,
2015 from 2:00-3:00 PM
EDT that will focus on the
ins and outs of constructing research presentations.
Whether you are a student
or a professional, take some
time in your career you will need to take the written version
of your work, from the lab or in report form, and translate it
into a presentation or poster. This webinar will teach you the
key strategies for bringing your work “from page to stage.” It
will offer a clear process for making this transition successfully.
Dr. Julia Williams, an experienced teacher and coach of engineering students and professionals, will be hosting this webinar. She is the Executive Director of the Office of Institutional
October 2015

Research, Planning, and Assessment & Professor of English
at Rose-Hulman Institute of Technology. Dr. Williams is the
president of the IEEE Professional Communication Society and
has worked with engineers for over 20 years, helping them improve their written and oral communication skills.
Dr. William’s research areas include technical communication,
assessment, accreditation, and the impact of pen-based technologies on learning and teaching. Her articles have appeared in the
Journal of Engineering Education, International Journal of Engineering Education, IEEE Transaction on Professional Communication, and Technical Communication Quarterly, among others.
To register for this webinar, visit: http://bit.ly/1HVTUTA
Miss the webinar date? No worries. All webinars are archived
and can be downloaded for free!
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IEEE R10 Congress:
Today’s Youth for a Better Tomorrow

This past July 10–12, 2015, the IEEE R10 Student, Young
Professionals and WIE Congress 2015 took place at the
Hotel Galadari in Colombo, Sri Lanka. The IEEE Photonics
Society was a proud sponsor of this event in honor of the International Year of Light 2015. “Today’s Youth for a Better

 omorrow” was the theme through the duration of the conT
gress sessions, offering talks focused on leadership development, volunteer opportunities with the IEEE and pursuing
careers within the industry profession.
The prime mission of the congress was to strengthen the
bonds between young leaders in the Asia Pacific region and aim
to uplift the organization and societies throughout. Networking events and activities were offered to strengthen volunteers’
connections in the region, enhance professionalism and share
the latest technological trends for the betterment of humanity.
The key professional development events at the congress
included: hands-on workshops, learning labs & panel discussions. A Gala Dinner and Award Ceremony also took place to
recognize and reward the achievements of the Region 10 IEEE
members obtained over the last two years. The congress concluded with a Cultural Night. Volunteer groups and societies
took the stage to showcase the culture and diverse traditions of
their countries.

Women in Photonics Seeking e-Newsletter Writers
The IEEE Photonics Society
is seeking volunteers for our
Women in Photonics e-Newsletter! We are looking for undergraduate students, graduate
students, professors and industry
professionals that have an affinity for writing and enjoy raising
awareness about the importance
of gender-balance in the photonics and optics community.
The current open volunteer positions are for an Editor and
Writers. The Editor will be the person(s) in charge of editing the newsletter articles and stories submitted. He or she
will also be responsible for producing regular e-blasts or mass
emails for calls for stories.
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The Writers will write and prepare content for the e-newsletter’s bi-monthly issues. Writers will need the ability to curate creative content for the newsletter by adding interactive
online components. Press release, blogging and opinion editorial writers are all welcomed.
The goal of the e-newsletter is to promote the participation
of women within the Society as both members and leaders as
well as encourage the next generation of women in photonics.
If you have the innovative eye needed and would like to try
your hand at one of these two positions, apply today!
Send a brief email with your name, institution, graduation year, major/research focus and short paragraph on why
you would like to be involved with the Women in Photonics
e-newsletter to Lauren Mecum, Community Outreach &
Development Manager, at L.Mecum@ieee.org.
October 2015

Preparing Leadership: Chapter Leadership
Forums at PGC 2015 and ICOCN 2015
Under the leadership of IEEE Photonics Society President Dr.
Dalma Novak, throughout 2014-2015 the Society has conducted several Chapter Leadership Forums to support chapter
and grassroots volunteer development. Our volunteers at the
local chapter level are a vital part of the IEEE Photonics Society’s success, providing volunteer opportunities and offering
numerous networking events throughout the year.
The Society’s executive leadership recognizes that such
events take preparation, planning and people management
skills, which can often be daunting to juggle with other life
responsibilities. The goals of the Chapter Leadership Forums
are help lessen that load, by providing chapter chairs with tools
and resources designed to cultivate their talents and promote
professional growth opportunities within their chapter. The
structure of the each forum delivers unique opportunities for
information exchange. Chairs discuss areas of common interest
or concern and share best practices, experiences, methods and
strategies.
On Tuesday, June 30, 2015 during the Photonics Global
Conference 2015 (PGC), the IEEE Photonics Society held
a Chapter Leadership Forum at Suntec Convention Center in
Sinagpore. More than 55 students and chapter members of
the IEEE Photonics Society Singapore Chapter and PGC conference attendees participated. A presentation was given by
Douglas Razzano, Associate Executive Director, Lauren Mecum, Community Outreach & Development Manager, and Dr.
Perry Shum Ping, Associate Vice President for Chapter Relations on the Society’s available resources and engagement tools.
A few of the resources shared were on how best to recruit
and retain volunteers. Chairs were given tips on volunteer
position balance, diversifying their leadership, through the
Society’s Young Professionals and Women in Photonics programs, and investing time on prospective volunteers. Other
tools provided were intended to enable volunteers on accomplishing their jobs efficiently and effectively. Examples: the
IEEE Center for Leadership Excellence, a repository for all
leadership training material within IEEE, and SAMIEEE, a
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member data web-based self-service tool, used for recruitment purposes.
On Friday, July 3, 2015 during the International Conference on Optical Communications and Networks (ICOCN),
the IEEE Photonics Society held an additional Chapter Leadership Forum and luncheon at the Jiangsu Conference Center in
Nanjing, Jiangsu, China. An informative presentation on Society resources was given by Dr. Dalma Novak, IEEE Photonics
Society President, to 30 attendees. Novak gave a talk on the
Society’s history as it celebrates its golden anniversary, 50 years
of achievements and compelling contributions towards the development of light-based technologies. The IEEE Photonics
Society Nanjing Chapter participated in the day’s activities by
holding an International Year of Light activity following the
forum.
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Conferences
2015 IEEE Photonics Society Summer Topicals
Meeting Series Highlights
Weidong Zhou, general chair
Zetian Mi, general chair-elect
The Topical Meetings of the IEEE Photonics Society are the
premier conference series for exciting, new areas in photonic
science, technology, and applications; creating the opportunity to learn about emerging fields and to interact with the
research and technology leaders in an intimate environment.
The 2015 Summer Topicals Meetings was successfully held
from July 13 to July 15 at the British Colonial Hilton, the
only beachfront hotel in downtown Nassau. The theme of this
year’s summer topicals meetings is “Emerging Material and
Integrated Optical Systems”, with six topicals meetings
held synergistically.
The three-day meeting series attracted over 160 attendees,
mostly from North America, Europe, and Asia. One significant highlight of this year’s meeting was the two lunch time
plenary presentations by Pallab Bhattacharya, from University of Michigan, Ann Arbor, and Michal Lipson from Cornell
University. New forays into regimes that use multiple spatial modes (Lipson’s work) or strong coupling (Bhattacharya)
were discussed for additional potential advancement in energy
consumption and data communications bandwidths that will
likely be pursued in the coming years.
The topics covered in this year’s Summer Topicals span
a broad range in related emerging and hot areas of research,
from materials to devices, integrated photonics, and systems.
The OCOI (On-chip Optical Interconnect) topical had strong
representation by leading optoelectronic device physicists and
engineers from around the world. Promising results with current CMOS 65 nm processes pointed to how the many device
efforts presented at the meeting may eventually play a role via
heterogeneous integration or use with various material platforms to make on chip interconnects viable. The MIP (Midinfrared photonics) topical meeting targeted both academia
and industry participants interested in mid-IR integrated
photonics and relevant applications. The talks reviewed fundamental science and technological applications including
material processing, spectroscopy, imaging, communications, nonlinear optics, homeland security, and medical diagnostics. The UVLED (Ultraviolet Lasers and Light Emitting
Diodes) Topical has attracted leading researchers in the field
of ultraviolet light sources. It provided unique settings to
engage researchers from both academia and industry in intensive discussions on the latest developments, challenges, and
market potentials of deep UV light sources. Rapid progress
has been made in this field, and their market penetration has
been fueled by the latest advances in device engineering and
low defect density substrates. Moreover, novel nanostructures
provide a new dimension for the growth of this technologi44
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Graduate Student Mitchell A. Nahmias was the recipient of the
‘Best Student Poster Award (1st Place)’ during the IEEE Photonics
Summer Topicals (2015) in the Nassau, Bahamas.

cally important field. The VLC (Visible Light Communications) Topical has the largest number of contributed papers
from many countries in Europe and Asia. This field has been
largely focused on cooperative activities to create systems
that would allow VLC enabled devices to be available to other researchers in the area of networking. Excellent talks in
Functional Two-dimensional Materials (FTDM) highlighted
rapid progress on the growth of various 2D materials and the
ability to directly study their structure with atomic resolutions, followed by several talks on the potential applications
of 2D materials in electronic, optoelectronic, and electromechanical devices. One of the most attended talks in the NOSP
(Nonlinear-Optical Signal Processing) Topical was given
by Alex Gaeta on “Silicon-Chip-Based Optical Frequency
Combs.” Lively and fruitful discussions have taken place at
the sessions on processing of advanced modulation formats,
on-chip optical processing, generation and applications
October 2015

of parametric frequency combs, nonlinearity compensation
in transmission systems, all-optical regeneration, and phasesensitive amplification.
Thanks to the support from the Photonics Program, within the ECCS Division of the Engineering Directorate at the
United States National Science Foundation (NSF), a poster
section was held again this year, to complement the oral presentations. Student travel grants were offered to 6 students
who are pursuing advanced degrees in the related technical areas. Two best student paper awards were also given, to
M. A. Nahmias from Princeton University, on “A Receiverless Link for Excitable Laser Neurons: Design and Simulation”, and C. Huynh from SPAWAR Systems Center Pacific,
San Diego, CA, USA, on “Normal Dispersion Impact on
OSNR in Optical Parametric Combs”.
A unique aspect of the Topical Meetings is that IEEE Photonics Society member volunteers propose and organize these

meetings. Hence, we would like to thank each of the Topical
Chairs and the Program Committee Members who have volunteered and invested their time organizing these conferences.
We also want to thank plenary, and invited speakers for giving
us their perspectives on the exciting new developments and the
challenges in these fields. Finally, we would like to express my
sincere appreciation to the IEEE Photonics Society Conference
Staff for their professional organization and arrangements. Special thanks go to Ingrid Donnelly, Tracy J. Holle, and Christine Bluhm for their professional support and wonderful help.
Everyone attended the meeting agreed not only the high quality technical content of the meeting, also excellent food and
service provided during the conference.
Finally, we encourage all society members to volunteer and
contribute to the success of future conferences by responding to
topical proposal calls, participating in organization committee,
attend and present your excellent work.

Give Students
The Tools They
Need To Succeed
Support the IEEE Electron Devices Mission Fund of the IEEE Foundation.

IEEE Foundation

Learn More at
http://bit.ly/IEEE-EDS-MissionFund

®

October 2015

IEEE PhotonIcs socIEty nEWsLEttER

45

46

IEEE Photonics Society NEWSLETTER

October 2015

IEEE Photonics
Society
Co-Sponsored
Events
Information
Technology
Solutions

2015
HPD

IEM OPTRONIX

14-15 October 2015
High Power Diode Lasers & Systems
Coventry, United Kingdom
HPDLS.org

16-17 October 2015
2015 2nd International Conference on Opto-Electronics
and Applied Optics
Vancouver, Canada
iem.edu.in/IEM_OPTRONIX

MOC

WOCC

25-28 October 2015
2015 20th Microoptics Conference
Fukuoka, Japan
Comemoc.com/MOC15

23-24 October 2015
The 24th Wireless and Optical Communication Conference
Taipei, Taiwan
wocc.org/WOCC2015

MWP

ICMAP

26-29 October 2015
2015 International Topical Meeting on Microwave Photonics
Paphos, Cyprus
MWP2015.org

11-13 December 2015
2015 International Conference on Microwave and Photonics
Dhanbad, India
ICMAP2015.org

CODEC

16-18 December 2015
2015 6th International Conference on Computers and Devices for Communication
Swissotel Kolkata, India
www.codec-rpe.org
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Publications

Announcement of an IEEE/OSA
Journal of Lightwave Technology Special Issue on:

The IEEE/OSA Journal of Lightwave Technology presents a forum for authors to publish expanded
papers in a Special Issue on the 24th International Conference on OPTICAL FIBRE SENSORS. The
Chairs of the conference serve as Guest Editors in this endeavor.
On behalf of the Guest Editors and the Editor-in-Chief, we encourage you to submit an expanded version
of your accepted conference paper to the journal. Typically, these papers are 5 to 7 pages in length.
Mandatory page charges of $260USD per page are enforced in excess of 7 pages. This paper would
appear in an upcoming JLT special issue titled "OFS 24." Normally, a large number of invitees take
advantage of the opportunity. Based on this, we hope you will be able to submit such a paper. Tutorial
presenters will be invited individually. Tutorial review papers can range up to 16 pages in length. The
print issue is Sept/Oct 2016 with accepted papers posted online and citable within 1 week of author final
file upload.

Submissions by website only: http://mc.manuscriptcentral.com/jlt-ieee
Manuscript Type: “OFS24”
Submission questions: Doug Hargis, Journal of Lightwave Technology d.hargis@ieee.org
• Physical, Mechanical, and Electromagnetic Sensors
• Chemical, Environmental, Biological and Medical Sensors and Biophotonics
• Interferometric and Polarimetric Sensors including Gyroscopes
• Micro- and Nano-structured Fiber Sensors including the Photonic Crystal Fibers and
Gratings Sensors
• Distributed Sensing; Multiplexing and Sensor Networking
• Smart Structures and Sensors including the SHM systems
• Sensor Application, Field Tests and Standardization
• New fibers, Devices and Subsystems for Photonic Sensing including the ones for
security and defense
• New Concepts for Photonic Sensing
Guest Editors: Prof. Wojtek J. Bock, University of Quebec; Prof. José Luis Fabris and Prof. Hypolito José
Kalinowski, Federal University of Technology – Paraná, Brazil.

Submission deadline:
18 December 2015
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Announcing a Special Issue of the IEEE/OSA Journal of Lightwave Technology on:
MICROWAVE PHOTONICS
Submission deadline: 15 January 2016 Publication: October
2016
Scope:
This special issue covers all topics in the interdisciplinary field of microwave photonics. Microwave photonics is
concerned with the use of photonic devices, systems and techniques for applications in microwave and mm-wave
engineering, and also encompasses the development of high-speed photonic components. The field is
experiencing a healthy period of growth, driven by the recent interest in integrated microwave photonics and the
development of mm-wave photonics for future 5G applications. Topics of interest include (but are not limited to):
•
•
•
•
•

Radio over fiber systems and techniques
Photonic techniques for microwave signal generation, distribution and processing
High-speed photonic devices
Integrated microwave photonics
Applications to: biomedical engineering, instrumentation, radar, astronomy and other fields.

A portion of this issue will feature expanded versions of accepted papers presented at the 2015 International
Topical Meeting on Microwave Photonics (MWP 2015) in Paphos, Cyprus from October 26-29, 2015. This
meeting will include a workshop on “Radio-over-fiber for 5G and beyond – will it be digital, coherent or analog?”
A total of 9 invited papers and 1 tutorial reviews are envisaged, and we expect up to 41 regular papers. The
page limit for the invited papers will be ten pages, and seven pages for the regular papers. The tutorial reviews
will have a limit of 18 pages.

Submissions by website only: http://mc.manuscriptcentral.com/jlt-ieee
Manuscript Type: “MWP2015”
Submission questions: Doug Hargis, Journal of Lightwave Technology d.hargis@ieee.org
The Guest Editors are: Andreas Stöhr, Universität Duisburg-Essen, Dalma Novak, Pharad LLC, Christina Lim,
University of Melbourne and Cyril Renaud, University College London.
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Call for Papers
Announcing an Issue of the IEEE
JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS on

Parity-Time Photonics

Submission Deadline: December 1, 2015
Hard Copy Publication: September/October 2016
The IEEE Journal of Selected Topics in Quantum Electronics invites manuscripts that document the current state-of-the-art in ParityTime Photonics. Recent theoretical and experimental developments have demonstrated that ideas spawned from “Parity-Time Symmetry
Breaking” considerations have influenced a wide community of optics experimentalists, laser designers and photonic technologists advancing
the state-of-the-art in ultrafast reconfigurable photonic integrated circuits and next generation ultrafast low energy consumption light emitters.
The field came to exist from the merging of two avenues; first it judiciously solved one of the classic problems of the high loss optical
metamaterials structures, and, second, translated ideas from quantum field theory into the paraxial approximation for propagation of
electromagnetic waves. The parity-time paradigm was originally introduced in the framework of optical systems and next-generation photonic
integrated circuits in the late 2000’s. A series of manuscripts showed that it is possible even for non-hermitian hamiltonians to exhibit an entirely
real eigenvalue spectrum, as long as they are parity-time symmetric. The key question that the optics community posed was whether such
concepts were realized and implemented in the context of guided-wave optics. The answer was affirmative and such results can be achieved via
judicious designs that involve a delicate combination of optical gain or loss regions. Novel findings were investigated including abrupt phase
transitions, band merging, double refraction, beam splitting, power oscillations, non-reciprocity, phase-dislocations and discrete solitons.
Our special issue aims at showcasing all developments in this area. We will consider theoretical, numerical, and experimental papers that cover
but are not limited to these topics:
(A1) novel lasers and large scale photonic integrated circuits
(A2) optical isolators
(A3) photonic topological insulators,
(A4) plasmonic circuits based on parity-time designs,
(A5) coherent absorbers, couplers etc.
The Primary Guest Editor for this issue is Vassilios Kovanis, Virginia Tech, and the Guest Editors are Jennifer Dionne, Stanford University,
Anton Desyatnikov, Australian National University and Demetrios Christodoulides, CREOL, University of Central Florida.
The deadline for submission of manuscripts is December 1, 2015. Hardcopy publication of the issue is scheduled for September/October
2016.
Unedited preprints of accepted manuscripts are normally posted online on IEEE Xplore within 1 week of the final files being uploaded by the
author(s) on ScholarOne Manuscripts. Posted preprints have digital object identifiers (DOIs) assigned to them and are fully citable. Once
available, the preprints are replaced by final copy-edited and XML-tagged versions of manuscripts on IEEE Xplore. This usually occurs well
before the hardcopy publication date. These final versions have article numbers assigned to them to accelerate the online publication; the same
article numbers are used for the print versions of JSTQE.
For inquiries, please contact:
IEEE Photonics Society JSTQE Editorial Office - Chin Tan Lutz (Phone: 732-465-5813, Email: c.tanlutz@ieee.org)
The following document are required during the mandatory online submission at: http://mc.manuscriptcentral.com/jstqe-pho.
1) PDF or MS Word manuscript (double column format, up to 12 pages for an invited paper, up to 8 pages for a contributed paper).
Manuscripts over the standard page limit will have an overlength charge of $220.00 per page imposed. Biographies of all authors are
mandatory, photographs are optional. See the Tools for Authors link:
www.ieee.org/web/publications/authors/transjnl/index.html.
JSTQE uses the iThenticate software to detect instances of overlapping and similar text in submitted manuscripts and previously published
papers. Authors should ensure that relevant previously published papers are cited and that instances of similarity are justified by clearly stating
the distinction between a submitted paper and previous publications.
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Call for Papers
Announcing an Issue of the IEEE
JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS on

Silicon Photonics

Submission Deadline: February 1, 2016
Hard Copy Publication: November/December 2016
The IEEE Journal of Selected Topics in Quantum Electronics (JSTQE) invites manuscripts in the area of Silicon Photonics. The
technology was envisioned with the fundamental premise that Silicon would provide the most mature integration technology and product
platform. These potentials have been echoed by many technical reports along with exciting press releases for various applications and markets
sectors with new opportunities in exploration. These are evidenced by the previous special issues of JSQTE, documenting the progress from
devices levels towards sophisticated integrated circuits. For last few years, the industry has been witnessing many exciting demonstrations of
Silicon Photonic based product prototyping from major players and particularly start-ups. The push for Silicon Photonics has taken place from
various angles, e.g., from long haul to medium, short distance data-centers which is also exploring various architectures keeping in view of this
new enabler strategically. Silicon Photonics is not only considered from cost or foot print angle competing with existing products, but also
leverages benefits of high level of integration and low power consumption to enable next generation products. These strongly suggest the
Silicon Photonics being a promising technology not only with viable technical sense, but also with commercial perspective for the next
generation energy-efficient, high-speed computing, information processing and communication systems.
Our special issue aims to continuously showcase the new developments in this area. The following topics are suggested but not limited:
 Exploration from system and new architectures perspective (e.g., data center, servers) with Silicon Photonics technologies
 Active and passive devices (e.g., waveguide structures, switches, WDMs, resonators, modulators, photodetectors, amplifiers, light
sources, and sensors; sub-wavelength structures); New developments in area of photonic crystals, plasmonics;
 Integrated optical circuits for datacom, RF-photonics, WDM networks and coherent communications with high baud rate devices and
high-order modulation format;
 Strategy and implementation status of optoelectronic integration (e.g., III-V laser, organic-Si devices, Isolators, optical-interposer,
2.5D/3D IC), and thermal management;
 Efforts in the technology development towards productization, e.g., low cost packaging, design enablement, test and yield enhancement;
 Quantum photonics devices and integrated circuits and their applications in communication and future computing;
 Novel concepts in device and integrated photonic circuits and applications, e.g., aerospace, automotives, bio-imaging, bio-photonics,
non-linear, mid-IR, spectrometers, opto-mechanical and opto-acoustic sensors, and
 Silicon photonic theory, modeling and simulations.
The Guest Editors are Guo Qiang Lo, Institute of Microelectronics/A*STAR/Singapore; Young Kai Chen, Bell Labs, Alcatel-Lucent, USA;
Andrew Poon, The Hong Kong University of Science and Technology, Hong Kong; and Takahiro Nakamura, PETRA, Japan, and Tao Chu,
Institute of Semiconductors Chinese Academy of Sciences, P. R. China.
The deadline for submission of manuscripts is February 1, 2016. Hardcopy publication of the issue is scheduled for Nov./Dec. 2016.
Unedited preprints of accepted manuscripts are normally posted online on IEEE Xplore within 1 week of the final files being uploaded by the
author(s) on ScholarOne Manuscripts. Posted preprints have digital object identifiers (DOIs) assigned to them and are fully citable. Once
available, the preprints are replaced by final copy-edited and XML-tagged versions of manuscripts on IEEE Xplore. This usually occurs well
before the hardcopy publication date. These final versions have article numbers assigned to them to accelerate the online publication; the same
article numbers are used for the print versions of JSTQE.
For inquiries, please contact:
IEEE Photonics Society JSTQE Editorial Office - Chin Tan Lutz (Phone: 732-465-5813, Email: c.tanlutz@ieee.org)
The following document are required during the mandatory online submission at: http://mc.manuscriptcentral.com/jstqe-pho.
1) PDF or MS Word manuscript (double column format, up to 12 pages for an invited paper, up to 8 pages for a contributed paper).
Manuscripts over the standard page limit will have an overlength charge of $220.00 per page imposed. Biographies of all authors are
mandatory, photographs are optional. See the Tools for Authors link:
www.ieee.org/web/publications/authors/transjnl/index.html.
JSTQE uses the iThenticate software to detect instances of overlapping and similar text in submitted manuscripts and previously published
papers. Authors should ensure that relevant previously published papers are cited and that instances of similarity are justified by clearly stating
the distinction between a submitted paper and previous publications.
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Call for Papers
Announcing an Issue of the IEEE
JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS on

2D Material Optoelectronics
Submission Deadline: April 1, 2016
Hard Copy Publication: Jan/Feb 2017
The IEEE Journal of Selected Topics in Quantum Electronics (JSTQE) invites manuscript submissions in the area of
2D Material
Optoelectronics. The purpose of this issue of JSTQE is to highlight the recent progress and trends in the research of 2D optical materials
and devices. Graphene, a single layer of carbon atoms assembled in a honey-comb lattice, has attracted significant attention from photonics
community since 2004, due to its strong interaction with light and potential applications in a broad wavelength range. Other than metallic
graphene, transition metal dichalcogenides (TMDCs) and insulating hexagonal boron nitride (hBN) also exhibit very interesting optical
properties and are widely explored. Recently the rediscovered 2D layered black phosphorus with a widely tunable bandgap by layer number
has joined the 2D materials family, leading to new opportunities in optoelectronics. Collectively 2D materials with very different properties
and their heterostructures offer numerous opportunities for the discoveries of new optical science and the realization of novel optical devices.
Specific areas of interest in 2D materials include (but are not limited to):
•
•
•
•
•
•
•

Light emitting diodes and lasers
Photodetectors and modulators
Ultrafast optical phenomena
Plasmonics
Non-linear optics
Integrations of 2D and traditional materials
Applications of 2D materials in communications, imaging, and sensing

The Primary Guest Editor for this issue is Fengnian Xia, Yale University, USA. The Guest Editors are: Qiaoliang Bao, Monash University,
Australia; Andres Castellanos-Gomez, IMDEA Nanoscience, Spain; Sven Höfling, University of St. Andrews, U.K., Alexander
Holleitner, Technical University of Munich, Germany; Grace Xing, Cornell University, USA.
Unedited preprints of accepted manuscripts are normally posted online on IEEE Xplore within 1 week of the final files being uploaded by the author(s)
on ScholarOne Manuscripts. Posted preprints have digital object identifiers (DOIs) assigned to them and are fully citable. Once available, the preprints
are replaced by final copy-edited and XML-tagged versions of manuscripts on IEEE Xplore. This usually occurs well before the hardcopy publication
date. These final versions have article numbers assigned to them to accelerate the online publication; the same article numbers are used for the print
versions of JSTQE.
For inquiries, please contact:
IEEE Photonics Society JSTQE Editorial Office - Chin Tan Lutz (Phone: 732-465-5813, Email: c.tanlutz@ieee.org)
The following documents are required during the mandatory online submission at: http://mc.manuscriptcentral.com/jstqe-pho.
1) PDF or MS Word manuscript (double column format, up to 12 pages for an invited paper, up to 8 pages for a contributed paper). Manuscripts over
the standard page limit will have an over length charge of $220.00 per page imposed. Biographies of all authors are mandatory, photographs are
optional. See the Tools for Authors link:
www.ieee.org/web/publications/authors/transjnl/index.html.
2) MS Word document with full contact information for all authors as indicated below:
Last name (Family name), First name, Suffix (Dr./Prof./Ms./Mr.), Affiliation, Department, Address, Telephone, Facsimile, Email.
JSTQE uses the iThenticate software to detect instances of overlapping and similar text in submitted manuscripts and previously published papers.
Authors should ensure that relevant previously published papers are cited and that instances of similarity are justified by clearly stating the distinction
between a submitted paper and previous publications.
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Call for Papers
Announcing an Issue of the IEEE
JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS on

Photonics for Sensing

Submission Deadline: June 1, 2016
Hard Copy Publication: March/April 2017
The IEEE Journal of Selected Topics in Quantum Electronics (JSTQE) invites manuscript submissions in the area of
Photonics for Sensing. The special issue of JSTQE aims to highlight the recent progress and trends in photonic technologies
for various sensing applications. Light has long been used for sensing, metrology, imaging, and measurement in human history.
The inventions of semiconductor sources and detectors, optical fibers and integrated optical waveguides in the last century have
led to the emergence of photonics. In the past few decades, the research and development in photonics has experienced a
significant growth, partially fuelled by its broad applications for accurate measurement of a wide variety of physical, chemical
and biological quantities. The latest advancements in new functional materials, high precision three dimensional (3D) micro and
nano fabrication techniques, and ultrafast and high power lasers have also greatly broadened the scope and possibility of
photonics to embrace many subfields such as whispering gallery mode microresonators, optofluidics, surface plasmon
resonance, surface plasmon polaritons, photonic crystals, metamaterials, etc. Consequently, the optical sensor field has quietly
gone through a revolutionary transition from the traditional discrete bulk optics to today’s integrated photonic devices and
structures with enhanced performance, functionalities, strengthened robustness, improved reliability and reduced cost. In this
special issue, manuscripts submissions are encouraged to share the latest progress and achievements in photonic technologies
for sensing applications. Papers are solicited on, but not limited to, the following areas:

•
•
•
•
•
•

Design, characterization, packaging and demonstration of novel photonic devices and structures for sensing applications
New photonic functional and structural materials for sensing applications
Novel methods to fabricate photonic sensors and key sensor components
Novel distributed sensing and networking methods
Novel photonic sensing mechanisms, sensor interrogation and signal processing methods
Investigation, characterization and mitigation of environmental effects, including harsh environments, using photonics
Multimodality and functional enhancement/expansion through integration of other functions such as nanomaterials and
microfluidics with photonic devices and structures for sensing applications

The Primary Guest Editor for this issue is Hai Xiao, Clemson University, USA. The Guest Editors are: Yunjiang Rao, University
of Electronics Science and Technology of China; Xudong Fan, University of Michigan, USA; Francisco J. Arregui, Public
University of Navarre, Spain; Xiaoyi Bao, University of Ottawa, Canada; Gerard Wysocki, Princeton University, USA.
Unedited preprints of accepted manuscripts are normally posted online on IEEE Xplore within 1 week of the final files being uploaded
by the author(s) on ScholarOne Manuscripts. Posted preprints have digital object identifiers (DOIs) assigned to them and are fully
citable. Once available, the preprints are replaced by final copy-edited and XML-tagged versions of manuscripts on IEEE Xplore. This
usually occurs well before the hardcopy publication date. These final versions have article numbers assigned to them to accelerate the
online publication; the same article numbers are used for the print versions of JSTQE.
For inquiries, please contact:
IEEE Photonics Society JSTQE Editorial Office - Chin Tan Lutz (Phone: 732-465-5813, Email: c.tanlutz@ieee.org)
The following documents are required during the mandatory online submission at: http://mc.manuscriptcentral.com/jstqe-pho.
1) PDF or MS Word manuscript (double column format, up to 12 pages for an invited paper, up to 8 pages for a contributed paper).
Manuscripts over the standard page limit will have an overlength charge of $220.00 per page imposed. Biographies of all authors are
mandatory, photographs are optional. See the Tools for Authors link:
www.ieee.org/web/publications/authors/transjnl/index.html.
2) MS Word document with full contact information for all authors as indicated below:
Last name (Family name), First name, Suffix (Dr./Prof./Ms./Mr.), Affiliation, Department, Address, Telephone, Facsimile, Email.
JSTQE uses the iThenticate software to detect instances of overlapping and similar text in submitted manuscripts and previously
published papers. Authors should ensure that relevant previously published papers are cited and that instances of similarity are justified
by clearly stating the distinction between a submitted paper and previous publications.
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Photonics Society
Mission Statement
Photonics Society shall advance the interests
of its members and the laser, optoelectronics,
and photonics professional community by:
• providing opportunities for information
exchange, continuing education, and
professional growth;
• publishing journals, sponsoring conferences, and supporting local chapter and
student activities;
• formally recognizing the professional
contributions of members;
• representing the laser, optoelectronics,
and photonics community and serving as
its advocate within the IEEE, the broader
scientific and technical community, and
society at large.

Photonics Society
Field of Interest
The Society’s Field of Interest is lasers, optical
and photonic devices, optical fibers, and associated lightwave technology and their systems
and applications. The society is concerned
with transforming the science of materials, optical phenomena, and quantum electronic devices into the design, development, and manufacture of photonic technologies. The Society
promotes and cooperates in the educational
and technical activities which contribute to
the useful expansion of the field of quantum
opto-electronics and applications.
The Society shall aid in promoting close cooperation with other IEEE societies and councils
in the form of joint publications, sponsorships
of meetings, and other forms of information
exchange. Appropriate cooperative efforts will
also be undertaken with non-IEEE societies.
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