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Introduction

The Optical Fiber Communication Conference and Exhibition (OFC) is

the leading venue for learning and discussing market trends, innovations,
business opportunities and industry-shaping technologies. It is the world's
largest conference and exhibition for optical communication and net-
working professionals that covers the entire ecosystem—where it is today
and where it is going tomorrow in terms of research, technologies and

product solutions.

15,400 from 70 countries convened at

OFC 2019 to present, discuss and debate
optical technology. Topics included using
Al to manage and control networks,
understanding the impact of 5G networking
across the supply chain, and what
innovations are allowing the network to
reach speeds beyond 400Gbps in order

to keep pace with the spectacular growth
of cloud computing and services. Experts
explored numerous global trends, including
advances in coherent optical transmission,
developments in data center networking,
and new approaches in disaggregated
network design.

Occupying 189,607 net square feet,

OFC 2019 featured 683 exhibits from
major international corporations such as
[I-VI, Acacia, Alibaba, Broadcom, Ciena,
Corning, Finisar, Huawei, Infinera, Inphi,
Juniper Networks, Lumentum, Semtech,
Sumitomo Electric Device Innovations and
more. Technologies on display included
new compact modular WDM equipment
designed for disaggregated network
architectures, 16nm semiconductors for
400Gbs transmission and beyond, the latest
optical technologies for 400GbE, network
and test equipment, fiber cables and
specialty fiber manufacturers and the latest
in Indium Phosphide and silicon photonics
optical components.

Three theaters on the show floor featured 30
sessions of business-focused programming
providing high-level takes on the state of
the industry, hot topics and perspectives on
current and future challenges and solutions.
Presentations by experts from major global
brands included Acacia, Alibaba, Arista,
AT&T, Equinix, Facebook, Google, Intel,
Microsoft, Netflix, NTT, Verizon and many
others as well as key industry organizations
such as COBO, The Ethernet Alliance, OIF
and TIP to name a few.

Over the past 40+ years, OFC has been
the one must-attend show for companies
to showcase the most noteworthy
developments in the optical industry and
make pivotal product and technology
announcements. This report highlights and
summarizes the 2019 developments in
these areas.

e Inside the Data Center

e Advances in Coherent Technology
e Compact Modular Evolution

e Open and Disaggregated Networks

e Optical Technologies for 5G and
MSO Access
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Inside the Data Center

The next major stop on the road to faster speeds in the data center is
400Gbps Ethernet, and activity at OFC2019 centered on making this
speed a feasible commercial option. Companies across the show
floor demonstrated advanced 400GbE semiconductors and optics
that, once perfected, will catalyze yet another transition to faster
Ethernet technology.

Production of 400GDbE optical solutions exist today, but costs do not
compare favorably against 100Gbps Ethernet, particularly after the
massive drops in 100GbE CWDM and PSM module costs over the past
two years. Cloud provider Google is taking advantage of one 400Gbps
enabling technology—PAM-4—to deploy 200Gbps Ethernet today.
But this is a solution that will not be adopted by the mass market,
which is standing by waiting for the cost per bit of 400GbE to

drop below 100GbE.

Ramping 400GbE Volume

Based on the production schedules of

new products at the show, this situation

will change around the end of 2019. The
key enabling technology is 100Gbps per
wavelength operation, which will effectively
quadruple the amount of data transmitted
per wavelength versus 100GbE technology.
The 100Gbps Lambda MSA industry
consortium championed this approach and
built upon the work of the IEEE. Based on
the amount of 400GbE optical modules
demonstrated at OFC, 100Gbps Lambda
MSA is a resounding success.

In the first half of 2020, Broadcom will
sample its latest Ethernet switch chip, which
will double switch density yet again. This
device provides 25.6Tbps of switching
capacity, providing 64 ports of 400GbE with
256 ports of 112Gbps I/O. In the past, the
magic 64-port threshold was the point where
rapid adoption of new Ethernet speeds takes
place. Andy Bechtolsheim of Arista pointed
out that 100Gbps I/O eliminates the need
for a 50 to 100Gbps gearbox in the module,




yielding cost and power savings and making
400GbE more compelling. Provided all goes
to plan, 2020 will be the year widespread
400GbE adoption begins.

Beyond 400GbE

OFC attendees felt greater challenges exist
at speeds beyond 400GbE, particularly as
switching density grows and the conventional
approach of using electrical interconnect
and pluggable optics consumes too much
power. Stopgap solutions such as parallel
or on-board optics offer only incremental
improvements and have yet to achieve
commercial success, despite appearing to
align well with the needs of high-volume
cloud data center operators.

Based on what OFC attendees said and
where companies are investing, a more
radical approach is needed. As switches
reach 50Tbps of capacity, low power on-chip
optics will become the only way to transmit
signals to/from the switch silicon efficiently.
And now even the largest companies (Cisco,
Juniper, and Intel) as well as some startups
have bet big on this concept. OFC2019
unofficially marked the start of the race

to make data center switch and optics
integration a high volume, commercially
viable technology.

Making 400GbE Optics Cheaper

At OFC2019 there was an avalanche of
announcements and demonstrations of
products aimed at bringing 400GbE optical

specifications to production. Most of the
announcements were about how three
single-mode fiber specifications will lead
the transition to volume deployment:

“We believe that continued
expansion of router/switch capacity

will require some level of integration

of silicon/optics, and we want to
start that investment now.”

BILL GARTNER - CISCO

e 400Gbps FR4 - 2km single fiber
4x100Gbps CWDM transmission

¢ 400Gbps DR4 - 500m 4x parallel fiber
4x100Gbps transmission

e 100Gbps DR1 - 500m single fiber
1x100Gbps transmission; four modules
can connect with DR4 to provide
breakout of individual 100Gbps signals.

PAM-4 Silicon

All 400GbE client specifications leverage
PAM-4 signaling and 50Gbaud transmission
to provide 100Gbps capacity per
wavelength. This signaling requires multi-
level transmission and receive-side DSP,

and these functions are provided by PAM-

4 silicon sourced from several suppliers.
These chips sit inside the module and bridge



the 50Gbps electrical signals to 100Gbps
for optical transmission. The availability of
these chips at the right price and power has
been one of the limits to making 400GbE
affordable. OFC2019 was a chance for these
suppliers to provide a progress report.

Inphi has long led the industry in providing
the required driver and retimer functions
inside optical modules at lower 100Gbps
and 200Gbps speeds. At OFC, the company
demonstrated its latest PAM-4 development,
the Porrima Gen2 PAM-4 DSP, which
integrates the laser drivers and the receive
amplifiers into a single CMOS package.
Shown in conjunction with Mitsubishi’'s DFB
lasers, the solution demonstrated a sub 10-
watt QSFP-DD solution for FR and DRA4.

Inphi faces competition from several PAM-4
DSP and retimer vendors including Maxlinear
and MACOM, but Broadcom is thought by
attendees to be the greatest rival. Broadcom
is the leader in shipments of Ethernet
switches (the Tomahawk series) and has
both the expertise and investment capital

to pursue complex 7nm silicon designs. The
company announced general availability of
its PAM-4 DSP (BCM87106), comparable to
the Inphi solution.

In the past, Broadcom pursued a
successful business strategy by bundling
chips with its switches - if you wanted the
switch, you had to buy the retimers and
PHYs too. This approach doesn’t work as
well today as the retimers/DSPs are now
inside the optical modules, a business
Broadcom jettisoned when it purchased
Avago. Broadcom still sells the optical
components that reside in these modules,
and it will offer a full kit of PAM-4 DSPs
and optical components to companies
focused only on assembling and testing
modules. Inphi, on the other hand, has
long positioned itself as a neutral supplier,
without any interest in competing with its
optical customers who make lasers.

This market competition is beneficial for
customers, who now have two large and trusted
suppliers of 400GbE PAM-4 silicon both trying
to offer customers a differentiated solution. This
dynamic should guarantee a competitive supply
chain for 400GbE module makers trying to ramp
production at the end of the year.

Plenty of 400GbE Optics

The number of demonstrations of FR4,

DR4, and DR1 modules was too many

to count; yet another indication that the
400GbE ecosystem is healthy and preparing
to provide a compelling upgrade from
existing 100GbE speeds. These modules
were everywhere, in QSFP-DD form factors
but also OSFP. There was also a handful of
VCSEL based 400GbE SR8 solutions on the
floor from companies such as Finisar and
HG Genuine.

Mitsubishi is already in production with

DR4 modules and working its way towards

a webscale-level run rate. It appears to be
the only company besides Innolight that is
supplying volume DR4 modules at this point.
A DR4 to DR1 solution is the top application
for 400GbE and allows the connection of
four servers with 100GbE interfaces via
parallel fiber to a single 400GbE DR4 module
in a top-of-rack Ethernet switch. It turns out
the killer app for 400GbE will first be a high-
density 100GbE interface, not true 400GbE.
Expect DR4 and associated lower speed DR1
modules to be the first 400GbE formats to
reach high volume.

Intel, a proven and successful disruptor of
the 100GbE module market, demonstrated
DR4 modules and intends to be in volume
production by the end of the year. The
company also plans to extend its silicon
photonics approach to FR4, although like
virtually every other company at OFC, Intel
feels that DR4 will be the first 400GbE market
to lift off. MACOM joined Intel in announcing
a silicon PIC-based FR4 solution.

Following the use of 400GbE as a high density
100GbE interface, data center switching
architectures will evolve to use native point-
to-point 400GbE interconnect. Lumentum
demonstrated one of these 2km FR modules
and Fujitsu Optical Components showed

a 10km LR4 400Gbps solution for campus
interconnect. Most of the other major
component companies had demos as well,
but these longer-reach higher-speed solutions
won't see strong demand until late in 2020.

Joining the traditional optical component
vendors in the race to deliver 400GbE
optics are several companies focused only
on module assembly and test. Jabil AOC,
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Delta, HG Genuine, AOI, and Innolight,
none of whom have fundamental laser

and semiconductor expertise, purchase
these components from Lumentum, Finisar,
Mitsubishi, and Sumitomo. Designs are
built specifically for large cloud operators,
3rd party resellers, or for re-labeling by
equipment OEMs.

Data Center Optics Industry
Roadmap

Data center optical module disaggregation
is on the rise, as component companies
increasingly focus on device engineering
and innovation while leaving assembly and
test to others. This change in the module
supply chain is a result of the turbulent
demand cycles of data center customers
along with tough pricing and the presence
of numerous suppliers.

The data center client optics industry
direction runs counter to that of coherent
optics, in which the most successful
companies pursued aggressive vertical
integration by designing all the components
in a module in order to optimize costs and
time to market. The 400GbE market stands
in the opposite now, with disaggregation of
components and assembly as the norm.

Module assembly is a labor-intensive
business with lots of fixed assets that require
a steady and sizeable revenue stream for
justification. When 100Gbps components
were oversupplied and prices dropped,
these fixed assets became liabilities.
Component companies today don't want
to experience the same difficulties with
400GDbE that they had with 100GbE, and
they are happy to offshore the cyclical
manufacturing risks to module assemblers.

Lumentum is exiting the client-side module
business and selling off its operating
assets to CIG, another example of a
traditional component company struggling
to find a business case for the module
assembly business. Broadcom chose

to exit the business when it purchased
Avago, and steep pricing declines in the
100GbE module market forced many
suppliers to abandon the vertically
integrated component design and module
manufacturing approach.

Yet, all of this will change once again in
the future. The technical challenges of
50Tbps switching densities and the new
and substantial investments made by large
incumbent companies support this view.
These future high-density switches will
demand entirely new approaches to the
traditional pluggable optics and central
silicon switch model.

Getting Ready for 50Tbps Switching

The industry had multiple sources of
12.8Tbps Ethernet switches in 2019. 2021
will herald the production of 25.6Gbps
switch silicon. If this development cadence
holds, by 2023 there will be switching chips
capable of over 50Tbps of capacity, a theory
put forth by a number of panel participants
at OFC. These panelists generally agreed
that the conventional approach of pluggable
optics could be a viable solution for the
coming 25.6Gbps switch silicon, but beyond
this the status quo approach will encounter
significant technical barriers.

Of these barriers, the biggest by far is power
consumption. Switching density per chip

is increasing at a faster rate than switching
capacity per watt. Specifically, the efficiency
of the electrical connection between the
switch silicon and pluggable modules is

not improving. The obvious solution is to
eliminate the electrical I/O altogether and
replace it with optical I/O.

Putting optical modulators directly on the
Ethernet switch chip is too ambitious—the
expensive 7nm or 5nm silicon becomes
encumbered with technology that will
decrease yield and has no need for such
advanced silicon geometry. Another
approach would be to co-package the
switch silicon with silicon photonic optical
engines—referred to by many as optical
‘chiplets. These chiplets move the optics
from the front panel right into the package
of the switch chip itself, thereby eliminating
almost all of the power consumed by the
electrical connection across the board. Some
companies like Rockley Photonics and Finisar
propose using chiplets with the existing DR4
specifications, while others like Acacia make
the case that this could even be a short reach
coherent connection.

NTT, Rockley, and Ayar Labs are making

INSIDE THE DATA CENTER 6



chiplets an R&D focus, and it is likely other
major semiconductor companies are working
on them unannounced. More surprising is that
the big incumbent equipment companies are
also making investments in this area.

Equipment Vendors Get in the Game

A few months before OFC, Cisco announced
the acquisition of Luxtera, a data center
optics company focused on silicon photonics
integration. Several years back, Juniper
announced the acquisition of Aurrion,
another silicon photonics company building
active laser structures on silicon devices.
Why were equipment companies, which
increasingly allocate larger portions of R&D
towards software, making investments in
optics—a challenging industry known for

low margins?

The answer is clearer now. While Luxtera
makes optical modules, Cisco is far more
interested in the fundamental design, test,
and assembly expertise of the company than
selling QSFPs. In the coming years, when
optical interconnect from chip-to-chip is
required to build state-of-the-art data center
equipment, companies like Cisco don't want
to rely on silicon photonics technology from
Broadcom or Intel. Cisco expressed at OFC

Key Takeaways:

"For a new network speed to be
adopted in volume, it has to be
more cost-effective than the
current generation networking
technology.”

ANDY BECHTOLSHEIM - ARISTA NETWORKS

that it believes this expertise is required to
be a vendor of cutting-edge hardware and
not a reseller of white box systems built on
others technology.

Juniper also took the opportunity at

OFC to announce its silicon photonics
technology based on Aurrion and plans to
offer standards-compliant 400GbE QSFP-
DD modules. Juniper plans to integrate
this technology into future packet engine
designs, and not just be another vendor of
pluggable optics. This is a similar strategy
as Intel, that is using pluggable optics as a
real proving ground for more complex, more
valuable, and higher volume applications.

¢ 400GbE adoption to date has been slow due to the high cost relative to T00GbE. New single
lambda 100Gbps solutions are reaching production this year and will catalyze adoption.

¢ Inphi and Broadcom each offer PAM-4 DSP customers a unique value proposition. Again,
the competition should be good for customers and accelerate adoption.

¢ 400Gbps DR4 and DR1 modules will lead the volume ramp of 400Gbps in the data center
as a means of providing high-density T00GbE interconnect. Demand for FR will follow.

e Traditional optical component companies are abandoning the module test and assembly
business and focusing on building only the laser and detector components. This is an
attempt to outsource cyclical manufacturing risk to ODMs.

e The arrival of 50Tbps Ethernet switches in 2023 will force a fundamental re-imagining
of how conventional Ethernet switches are architected. The power consumption of I/0
to connect switch silicon and pluggable optics is too high at this density. A more radical
approach of integrating optics onto the switch via ‘chiplets’ is the approach most attendees

are expecting.

e Component and equipment companies realize this could be a disruptive change and are
making investments or acquisitions in anticipation of retaining technical leadership.
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Advances in Coherent Technology

Coherent announcements and roadmaps at the show focused on two
themes: lowering the power of coherent technology for use in pluggable
applications and increasing baud rates to raise the maximum capacity

of a single wavelength beyond 600Gbps. Every coherent component
announcement concerned either 400ZR or beyond 600Gbps operation.
And despite few new ROADM announcements, there was a spirited debate
about future ROADM architectures.

Pluggable Coherent-ZR/ZR+

OFC attendees were excited to discuss
the massive scale of 400ZR activity,

R&D progress, and network operator
plans for deploying the technology.
400ZR development has catalyzed the
development of new products targeting
additional applications.

The 400ZR development ecosystem can now
be partitioned into three distinct markets:

e 400ZR - 400Gbps for 100km DCI
interconnect in a pluggable QSFP or
OSFP format, standardized by the OIF.

e 400ZR+ - Variable multi-haul speeds of
100 to 400Gbps for metro regional reach
(up to approximately 1200km) in larger
CFP2 or OSFP modules, standardized by
OpenROADM.

e 100ZR - 100Gbps for 80km applications
at the network edge, designed as a
50Ghz compatible upgrade for 10G
WDM, standardized in the IEEE &
Cablelabs.

Each of these three applications represents
different market opportunities and entail
different timelines. The opportunities for
400ZR are well understood but constrained
to a few high-volume situations with cloud
operators. The opportunities for higher
performance pluggable 400ZR+ are less
clear, but it could potentially displace

most of the existing coherent technology




shipping today. A standardized coherent
pluggable like 400ZR+ could also disrupt
the standalone hardware market by allowing
operators to deploy coherent WDM in
switches and routers more easily.

Microsoft and Google presented at the

OFC Data Center Summit and were

most interested in 400ZR for metro DCI
applications with intent to begin deployment
in the late 2020 timeframe. Tad Hofmeister of
Google presented the architecture it plans to
deploy, with 400ZR pluggables used for all
applications in which they could deliver the
needed reach. Microsoft, which pioneered
the pluggable Metro DCI architecture with
the Inphi ColorZ, intends to replace ColorZ
with a 400ZR equivalent. Microsoft indicated
that it likes the ZR+ concept as an upgrade
path for the CFP2-ACOs it currently uses in
its Arista equipment. The key determinant
for the success of ZR+ in Microsoft's network
will be cost/reach relative to non-pluggable
600Gbps and 800Gbps solutions.

A dozen companies are investing upwards
of $500M in total to bring 400ZR and

its derivatives to market. Some of these
companies are focused on a portion of the
opportunity, while four vendors (Acacia,
Inphi, Ciena, Infinera) are pursuing a fully
vertically integrated strategy. If history of
the coherent market is a guide—in which
vertically integrated
equipment companies
have shipped 75% of all
ports to date--these three

within Verizon's new unified routing
architecture based on Juniper, is a better
solution for this portion of the network.

Behind closed doors, both Inphi and
Acacia demonstrated silicon photonics
prototypes that will be paired with 400ZR
DSPs scheduled to sample later this year.
Both companies plan to sample complete
modules this year.

Ciena also made 400ZR a part of its coherent
roadmap announcement and committed

to building a 400ZR module both for use

in its own equipment as well as for sale as

a standalone component. The company
indicated it would offer multiple module
formats and have commercial availability

in the first half of 2020. Infinera hinted that

it planned to provide pluggable 400Gbps
solutions as well.

Finally, the optical module format debate
over 400G has been re-ignited. Several
operators we spoke to preferred QSFP DD
but expressed concern about the risks of
bringing 400ZR to market in this format
rather than the less constrained OSFP
module. These operators anticipate a tiered
introduction of 400ZR, with the availability of
OSFP earlier than QSFP DD and with better
performance. These operators also expect
a broader supply chain of OSFP module
suppliers and therefore more attractive

VENDOR COMPONENT “ TROSA OPTICAL MODULE

Acacia Yes SiPho QSFP DD

vendors should be well
.o Finisar InP QSFP DD

positioned for future success.

Fujitsu InP QSFP DD
Glenn Wellbrock of Inphi Yes SiPho QSFP DD
Verizon envisions using Intel SiPho? Maybe
400ZR to interconnect the IPG Photonics Maybe Maybe Maybe
company'’s two regpnal Lumentum - o
hubs W.h.ICh o.perate in MACOM e Maybe
large cities with select .

. ) NEL Yes SiPho & InP
peering points, but not
Neophotonics InP
for the hundreds of other
. Sumitomo Electric

nodes Verizon operates e Yes QSFP DD
in the same city. For those Ciena Yes Yes Yes
applications, Verizon Cisco Maybe SiPho? Maybe
requires coherent optics Huawei = e —
Capable Of mmtl_hau" or Infinera Yes InP Yes
reaching a wide range :

Nokia Maybe Maybe

of possible distances.
Pluggable ZR+, used

400ZR and ZR+ Development Ecosystem
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pricing. While Google and Arista are the only
companies to commit to using the OSFP
format, other 400ZR consumers are now
taking another hard look.

Multiple attendees who visited the Ethernet
Alliance demo booth felt that the risks of
QSFP DD were clear, as careful inspection
of the test equipment showed that OSFP
400Gbps client optical modules operated
at lower BERs than QSFP DDs with the same
optical parameters.

Faster Speeds Beyond 600Gbps

The current generation of 600Gbps DSPs
from Acacia, Huawei, and Nokia that will
reach market in 2019 are so efficient that they
allow transmission to approach the Shannon
Limit, the theoretical maximum capacity

of optical fiber. Improvements to spectral
efficiency via more complex modulation
schemes have now reached the point of
diminishing returns.

Consequently, the remaining means of
improving coherent links is to raise the baud
rate and increase the number of symbols
sent, rather than making symbols more
complex. This approach allows a single

wavelength to transmit more bandwidth
over a given distance, but the drawback

is that these higher baud rate signals will
occupy more optical spectrum. This means
bandwidth per wavelength is increasing with
higher baud rates, but bandwidth per fiber is
reaching a ceiling.

The business case for faster baud rates on
a single wavelength isnt about improving
the transmission capacity of fiber, it's about
improving transmission efficiency and cost
per bit. The argument for higher baud rates
is that fewer DSPs and optics are needed to
deliver the same amount of bandwidth as
earlier generations of coherent technology.
Given that system cost is proportional to
the number of wavelengths, this approach
should continue to drive the cost/bit of
transmission down. However, the issue

of spectral efficiency and the lack of
improvement to fiber capacity remains,
and it compels operators to lease or
deploy more fiber once the spectrum of
a fiber is exhausted.

All told, these latest generation coherent
products represent stunning engineering
challenges, requiring new packaging
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techniques and electronics to enable
symbol rates approaching or even
exceeding 100Gbps. Even if these
challenges are surmounted, the reward

is found in lower costs, not additional
capacity. Some equipment vendors and
operators were skeptical that these solutions
would prove compelling in many high-
volume applications when compared

to standardized, commoditized 400ZR+
solutions. Given the massive investment

and effort required, a substantial cost/bit
reduction with these new 800Gbps solutions
will be the most important metric of success.

Company Announcements

In the weeks leading up to OFC, both
Ciena and Infinera announced their
roadmaps for the next generation of
coherent technology. Both companies’
announcements focused on new DSPs and
optics designed to reach maximum speeds
of 800Gbps, but more importantly to
deliver speeds of 200Gbps and 400Gbps
over longer distances than existing
solutions. Like 400ZR, these DSP chips use
the latest generation (and most expensive)
7nm silicon processes and cost tens of
millions of dollars to design and prototype.

Infinera announced the ICE6, an 800Gbps
solution that it had only hinted of during

last year's OFC. This year, the company
demonstrated the ICE6 InP photonic
integrated circuit that contained two full sets
of transmit and receive optics operating

at up to 800Gbps speeds. In terms of
bandwidth density, this 1.6T PIC offers
roughly a 2.5x improvement over the ICE4
PIC (1.6T bidirectional vs 1.2T unidirectional),
which reached volume production last

year. Infinera also announced that the 7nm
DSP designed to work with the PIC would
prototype in 3Q19 and power ICE6 samples
by the end of the year. The company expects
ICE6 based 800G systems to ship in the
second half of 2020.

Ciena announced the Wavelogic 5 Extreme
(WL5e), a solution capable of 800Gbps but
optimized for higher performance 400Gbps
long haul and 600Gbps metro regional
transport. Like the Infinera solution, the WL5e
is designed to outclass the 600G hardware
reaching the market this year: Ciena claims

a 20% improvement in spectral efficiency

over these solutions. The company also
highlighted strategic decisions giving it
more ownership of foundational electro-
optics component technologies. Ciena
expects systems using the Wavelogic 5
Extreme will be in production by the end of
2019, which would limit the market window
for competing solutions.

Huawei did not announce any new coherent
products but indicated that it continues to
invest in higher baud rate DSPs and coherent
solutions. The company has 600Gbps
technology based on its H6 oDSP and

low power 200Gbps pluggable coherent
solutions based on its G6 oDSP.

Coherent Component Innovation

The only component company to announce
coherent optoelectronic components with
the 50Ghz bandwidth required to enable
800Gbps links was Neophotonics. These
included a high-performance narrow
linewidth laser, modulator and coherent
receiver, and all of these follow the
company's earlier success with a previous
generation of components that power
many of the 600Gbps systems reaching
production today.

Lumentum announced successful
interoperability of its CFP2-DCO with
Acacia, thereby creating a second supply
source for customers who are looking to
reduce the risk of purchasing solely from
one supplier (Acacia). Cisco is using the
CFP2-DCO across multiple systems, and
other router companies such as Nokia

and Arista make use of this format. Other
companies such as IPG Photonics and Jabil
AOC also introduced 200G CFP2-DCOs, as
they seize on the growing interest among
switch and router vendors to integrate
pluggable coherent optics.

Finisar was the first company to demonstrate
a component addressing the new OIF
IC-TROSA specification, which is a single
integrated component containing all the
optical functions needed for a coherent link.
This IC-TROSA is key to enabling commodity
ZR+ pluggable CFP2-DCO modules, and
perhaps even 400ZR modules in OSFP

form factors. Other companies including
Neophotonics announced such devices, but
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Finisar was the only one with functioning
devices on the show floor.

Finally, Huawei and Fujitsu presented
technology designed to increase the
capacity of fiber, rather than just increase
the speed of the wavelengths. Fujitsu
demonstrated its TransLambda solution
which can map the entire C-band of
wavelength to L-Band and eliminate the
need for L-band specific transponders.
Huawei introduced super C-band
technology, which extends the amplification
and operating windows of the conventional
C-band to increase fiber capacity.

ROADM Architecture Debates

New ROADM component and equipment
announcements were sparse, but the debate
about the direction of ROADM architecture
was spirited. At last year's OFC, there were
extensive discussions and presentations
about a new wavelength selective switch
(WSS) designed to replace the multi-cast
switch (MCS) and amplifiers required

to implement contentionless ROADMs.
Lumentum was at the center of this debate

as the sole supplier of this new MxN WSS
switching component.

This year, ECl introduced a new CDC
ROADM based on Lumentum'’s unique
technology and highlighted the advantages
of this architecture. ECl's message echoed
that of other equipment vendors like Huawei
and Ciena, who have already announced
open line systems that use this component.

Informal discussions with equipment and
component makers indicate that cloud
network operators are making MxN based
ROADMs a centerpiece of their new long
haul WDM networks. These operators deeply
value automation, and the unconstrained
ROADMSs make networks more efficient and
easily reconfigurable through software.

Other more traditional operators were not
so sure. The MxN WSS is single sourced
from Lumentum, and other WSS suppliers
are hesitant to invest in the technology

only to see margins and pricing for this
challenging component collapse. Operators
are concerned about the large up-front

cost required to deploy the MxN based
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architecture, and those with smaller nodes
prefer the lower first-in cost of MCS.

Molex (via its Nistica acquisition) is seeing
demand for its smaller ROADMs in access
and 5G networks in which operators use
the optical switches for remote protection,
monitoring and troubleshooting. I-VI
announced a small port count WSS this year
aimed at addressing this same application.

One thing is clear according to equipment
vendors—demand for WSS and MCS

Key Takeaways:

components is exceptionally strong and

no customer can get the volume needed

to meet demand. Lumentum indicated that

it sees strong demand for its unique MxN
product as it ramps production mid-year.
MCS component suppliers also say demand
has never been stronger. The tight supply
situation is exacerbated by further demand in
China, where Huawei is aggressively ramping
production of ROADMs based on both MCS
and MxN architectures.

e Component developments originally targeted at 400ZR are now being repurposed
to address additional adjacent markets beyond the original 400Gbps 80km DCI
specification. These markets radically increase the addressable market for 400ZR
development and reduce market risk for the companies making substantial investments
in this area. The availability of pluggable, standardized coherent technology is likely to
have a major impact on network design and equipment architecture.

¢ Proposed 800Gbps solutions should lower the cost/bit of coherent transport, particularly
for longer reaches. They do not improve spectral efficiency, though, and they don't
solve the problems of operators whose capacity is constrained due to a lack of fiber. The
cost and complexity of these developments are such that only a few component and
equipment companies can justify the investment needed to bring them to market.

e There is no consensus on CDC ROADM architectures, as divided operators prefer
either the traditional MCS based approach or the new MxN approached based on

their requirements.
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Compact Modular Hardware Evolution

The compact modular form factor has grown in popularity since its
introduction in 2014 as a stand-alone transponder option. Traditionally,
compact modular hardware has been defined as a shelf one or two

rack units tall and dedicated to a single optical function (transponder,
amplifier, ROADM) without many options to change the functionality

or configuration. These platforms were initially employed by webscale
operators for data center interconnect (DCI) for their simplicity and ability
to perform exactly—and only—the functions necessary to move bandwidth
between two locations.

Most optical hardware vendors have introduced their own versions

of compact modular systems, and customers now include traditional
network operators as well as cloud and colo. Compact modular systems
are now deployed beyond simple DCI applications and can address any
application that requires large bandwidth interconnection. As the number
of applications has grown, compact modular hardware has evolved to
address a larger customer base.

Examples

of Compact Modular Systems

Cisco NCS 1000

q T i T i Ee

ADVA Teraflex

Huawei OSN902

Ciena Waveserver Ai

s
S

Fujitsu 1FINITY T100/T200

Infinera Groove G30

e
Nokia PSI-2T

Evolution to Modularity

Compact modular platforms have
transformed beyond simple monolithic
systems to include modularity (via “sleds”
rather than “cards”, but the concept is the
same) enabling a single shelf to be used for
multiple network functions. Transponders can
be combined with amplifiers, ROADMs, and a
variety of switch fabrics to tailor the compact
modular configuration for an application.
Testing capabilities such as OTDRs and
network monitoring can also be included.
While disaggregation does not require
compact modular systems (a disaggregated
network can still be deployed with traditional
equipment), compact modular systems are

a big part of most operators’ disaggregation
strategy. Therefore, all compact modular
systems include open interfaces for
management by standard controllers.

Modularity eliminates the up-front cost of
buying all the hardware on Day 1, which is
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especially important to service providers.
Upfront cost was not an issue for initial
webscale customers (who could use all the
bandwidth immediately upon deployment)
but it is a concern for operators who have
grown bandwidth over time and prefer to
pay-as-you-grow.

As the concept of IP-over-DWDM (colored
optics used directly in routers and switches

in lieu of standalone transponders) gains
traction with operators, the compact modular
open line system (OLS) is growing in
popularity. In a presentation, Tom Williams of
Acacia labelled compact modular open line
systems the stepping stone to IP-over-DWDM
and claimed a 40% reduction in system power
will be achieved by using ZR pluggables
directly in switches for 80km applications.

At the same time, Vijay Vusirikala of Google
stated that while his company embraces the
IP-over-DWDM concept, it will continue to use
compact modular systems for any optical form
factor that does not already fit into Google's
routers (i.e., anything other than QSFP) as
doing so reduces operational complexity in
the network.

Multiple hardware vendors demonstrated
their latest compact modular platforms at
OFC 2019. There were announcements

of field trials, commercial availability,

and roadmaps for future deployment of
transponder-based systems, open line
systems, and even switching systems all built
around the compact modular concept.

a1 a2 a3 a | o1 a2 a3 e | o Q2 03 A
2016 2017 2018

Compact Modular Sales Worldwide

Source: Cignal Al 4Q18 Optical Applications Report.

Compact Modular Market Overview

As network traffic moves towards a more
universal packet-based architecture, the
compact modular concept continues to gain
traction as a way to simplify the optical layer.
Compact modular sales currently represent
roughly $250 million in revenue per quarter,
or about 6% of the total optical hardware
market. However, compact modular is the
fastest growing segment in optical hardware
and will grow as a percentage of the overall
market as adoption accelerates. The recent
drop in 4Q2019 is primarily due to loss

of sales as a result of the Infinera/Coriant
merger, and compact modular sales are
expected to recover and continue to
increase in 2019.

600Gbps Systems Reach Commercial
Availability

The promise of faster-than-400Gbps
compact modular platforms became

more real at OFC this year. While Ciena'’s
Waveserver Ai 400Gbps platform has been
the only 400Gbps platform shipping in 2018,
more solutions operating at 400Gbps and
above are arriving in early 2019.

Fujitsu announced the commercial availability
of the 600Gbps 1Finity T600, based on the
NEL DSP. Several other vendors announced
products based on Acacia’s 600Gbps DSP,
including compact modular hardware

from ADVA (FSP 3000 Teraflex) and Cisco
(NCS1004) as well as ECI's TM1200 card for
the Apollo platform. These systems will be
commercially available in the first part of 2019,
and most are already in commercial trials.

e On the show floor, Fujitsu
demonstrated T600 600Gbps operation
over 80km on SMF and over 120km
using OFS’s TeraWave ultra-low-loss
(ULL) fiber. Fujitsu claims to have more
than a dozen trials in place across all
verticals - service provider, cable/MSO,

and cloud network operators.

ADVA's 600Gbps Teraflex, based on

the Acacia AC1200 module, will be
commercially available in early 2019. The
Teraflex is one of the newer sled-based
compact modular systems, designed with
three slots that support up to 1.2Tbps
each (one AC1200 module). As with
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many of the newer systems, the Teraflex
supports open management interfaces
for integration into a disaggregated,
SDN-based optical network architecture.

e Cisco's strategy is focused on evolving
compact modular systems to be more
flexible with features such as removable
sleds, replaceable power supplies, and
transponders with L1/L2 switching. Cisco
and Verizon conducted a trial with the
NCS 1004 demonstrating the benefits
of the programmable line rate. A similar
trial with research network AARNet in
Australia was conducted.

The Roadmap to 800Gbps Compact
Modular Systems

Ciena, Infinera and Acacia presented
roadmaps to next generation compact
modular systems at OFC 2019.

e Ciena announced that it will integrate
Wavelogic Ai 5 into the popular
Waveserver compact modular platform
by the end of the year, leading the
technology race to next generation
800Gbps coherent systems.

¢ Infinera reconciled its Coriant/Infinera
product line by displaying the former

Coriant Groove platform based on the
Acacia DSP as its current third generation
coherent compact modular platform and
halting development of ICE5-based CX
platforms despite successful field tests
with customers. Going forward, Infinera
will return to internal DSP development
and integrate its upcoming ICE6 across
its product line during the second half
of 2020.

New Form Factors, Functions,
and Features

Compact modular open line systems

and optical switching platforms were
introduced at the show, with Ciena
displaying its Reconfigurable Line System
(RLS) and Ekinops showcasing its RM
ROADM series. The Edgecore Cassini Open
Packet Transponder was a part of several
demonstrations of open optical networking.

ADVA's FSP 3000 OLS is designed to be an
open line system for data center operators
who need to support both direct-detect
optics as well as coherent optics. Although
still a compact modular platform, the OLS
is a modular design which allows mixing
and matching filters and amplifiers and
further pushes compact modular closer to
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the original card-based system model. It is
also specifically designed to migrate ColorZ-
based networks to 400ZR.

The Ekinops RM ROADM-H4-WB and
ROADM-H10-WB are promoted as “white
box" open line compact modular systems
that can operate in any standard open-
source environment. Combined with
Ekinops’ transponder solutions based on
the company’s own optics development and
multiple DSP options, Ekinops offers several
compact modular systems as part of its
disaggregated networking strategy.

Most of the announcements and
demonstrations at OFC 2019 were based
on products from large optical equipment

manufacturers introduced at previous shows.

However, the compact modular concept
has extended deep into the optical
ecosystem with some interesting twists
shown at this event.

SmartOptics showed its DCP-M system
designed to support Inphi's PAM-4 100Gbps
optics and make deploying direct detect
100Gbps transmission simple for smaller
operators. Optelian displayed its MPX-9103
hardened 100Gbps muxponder, a compact
modular system designed to be deployed
in outside cabinets. PacketLight introduced
the PL-2000T, a 4x200Gbps addition to its
line of TRU metro and long-haul optical
solutions. Each of these unique approaches
expands the addressable market for
compact modular hardware.

Key Takeaways: Compact Modular Hardware Evolution

¢ The compact modular market continues to be the fastest growing segment of the optical
hardware market and will accelerate as the number of applications and customers

increase.

e Compact modular hardware evolved from monolithic, single-function devices to flexible,
sled-based systems that are like the traditional hardware shelves that they are replacing.
While some still refer to these systems as "DCI boxes”, the service providers are now
driving part of the roadmap for functions other than simple DCI.

e Ciena's 400Gbps+ platform, which was commercially available in 2018, is being joined
in 2019 by competing platforms from Fujitsu, ADVA, Cisco, Infinera, ECI, and others that

were demonstrated at OFC2019.

e Compact modular systems from major optical vendors such as Ciena, Infinera, Cisco,
and ADVA are being augmented by new concepts by smaller companies like Ekinops,

Optelian, PacketLight, and SmartOptics.
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Open and Disaggregated Networks

Open and disaggregated network equipment, software, and standards
were a common theme on the floor and in presentations at OFC

this year. Vendors showcased disaggregated hardware and open
software interfaces, standards bodies and industry groups proposed
updates to recommendations and standards and network operators
debated the benefits and challenges of implementing open and
disaggregated networks.

Definitions of Open and
Disaggregated

The definitions of open networks and
disaggregated networks have evolved since
their introduction, and many vendors have
a variety of optical networking offerings
that fit into one category or the other. While
disaggregated does not necessarily require
open and open does not necessarily imply
disaggregated, these concepts are usually
tied together as they both come from the
same motivation—to make networks more
interoperable and purpose-built for the
applications that they support.

Open networks typically refer to equipment
and services that are interoperable and can
be controlled by generic third-party software
via standards-based interfaces. Industry
groups like OpenROADM work to develop
standards for physical interoperability

as well as a common control language
(typically YANG data models and NETCONF
interfaces) so that equipment from many
sources can be easily deployed in the same
network. These efforts go much further than
previous approaches such as SONET and
TL-1 or SNMP by making interoperability
more transparent at the physical layer and by
abstracting complexity into a standard model
at the control layer.

The concept of disaggregated hardware
began as strict separation of network
functions into distinct hardware components:
switches, transponders, amplifiers, etc.
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With a disaggregated network, operators
could pick exactly the functions needed for
any application and would not be forced
to deploy unwanted features or leave slots
empty in shelves. Since its introduction, the
concept has evolved based on operator
feedback, and disaggregated systems

can now include multiple functions (e.g.
switching for efficiency in filling bandwidth
on atransponder shelf). The challenge is
that network complexity isn't reduced, but
instead shifted from the hardware to the
software layer, requiring an operational shift
for network providers.

Software is always the hardest piece to
complete in an open and disaggregated
design, especially as hardware becomes
more flexible. The capability of multi-haul
optical interfaces to adjust to line conditions
or demand adds another layer of complexity
to traditionally static optical infrastructure.
Flexible optical capabilities such as
ROADMs, open line systems, interoperable
coherent interfaces, and programmable
coherent modulation have great promise

if the standard APIs, control interfaces, and

software can be designed to make them easy
to implement.

Parallel to disaggregation, the concept of
IP-over-DWDM was widely discussed at OFC
by both vendors and operators. IP-over-
DWDM combines several functions into a
single element (e.g. switching and optical),
but the goal of reducing network complexity
is the same. With IP-over-DWDM, colored
optics are deployed directly in switching
hardware, eliminating the need for a separate
transponder system. IP-over-DWDM has
gained popularity due to the reduced size of
high-speed optics allowing higher faceplate
density and the development of standard
APIs for control of the Layer 1 functions
within complex coherent optical modules.
Both Acacia and Google mentioned the benefits
of IP-over-DWDM in presentations at OFC.

Neither disaggregation nor open networking
is the same as the concept of “white box”
systems, which were also on display at OFC.
White box is a concept taken from packet
networking, where generic processor and/
or switch hardware are deployed and
application-specific software downloaded
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to make the hardware perform as intended.
This concept does not translate well to
optical hardware, as software cannot change
the physical layer, but the idea of generic
hardware being assembled by a third party
(e.g. the TIP Voyager project) has been

of academic interest. A few vendors and
industry groups promoted their “white
box” concepts on the show floor, including
Edgecore's Cassini packet transponder and
Ekinops’ white box open line systems.

Operator Viewpoints

Cloud and colo operators were the first to
adopt open networking and disaggregation.
Open networking allows them to integrate
optical control into their data center control
model and disaggregation allows them to
purchase bulk bandwidth for data center
interconnect without any of the other
service-provider functions that they do
not need.

Traditional service providers seek ways to
improve interoperability and manageability
but encounter difficulty bringing
disaggregation and open networking into
their networks. Their legacy equipment,
more diverse customer base, and their
variety of service offerings present
difficulties. These service providers generate
revenue from the connectivity itself (whereas
optical networking is the connectivity that
enables the revenue-generating content
that a webscale operator provides) and,
therefore each have different priorities for
network builds.

During OFC, Cisco mentioned it is seeing
fewer requests for disaggregated networks
from service provider customers as the
challenges of implementing those networks
become more apparent. On the other

hand, IP-over-DWDM is gaining popularity
to reduce network costs without adding
complexity. Cisco, Nokia, and Tejas, all
mentioned in conversations that a shift to
packet-based transport and IP-over-DWDM
was underway with their customers. ZTE had
a different perspective and stated that the
concept has yet to take hold in China, and
operators like China Mobile prefer to keep
the optical and switching functions separate.
The China Mobile model is a conceptually
disaggregated model (optical and switching

separate) if not a purely disaggregated
model in which all functions exist on
separate platforms.

During the OFC Data Center Summit event,
operators Google, Facebook, Verizon, and
Alibaba detailed their approaches to open
networks. Google believes the primary

goal of open networking is to adopt and
deploy new technology faster. The supply
chain diversity that open networks deliver

is secondary to the purpose of more rapid
technology integration. Key elements to

this Google's approach are disaggregation
(including a move to compact modular
systems), zero touch management, and
programmability. Google acknowledged it is
easier for cloud operators than for traditional
service providers to embrace the additional
complexity this approach requires at the
operational and software control. Facebook’s
and Alibaba’s approaches are very similar

to Google’s, although Facebook is not
interested in a radical disaggregation of the
common equipment layer.

"“Innovation radically reduces cost,
standardization provides only
incremental gains.”

DAVE WELCH - INFINERA

Verizon's view on disaggregation has always
been at odds with that of the webscale
providers, as Verizon believes that the capex
and operational savings from combining
functions into the same hardware outweigh
most of disaggregation’s benefits. Verizon
described its definition of open networking
as standard northbound interfaces for
intelligent network management. Beyond
that, the Verizon network is much more
complex than a webscale network, and the
concepts of open and disaggregated are
much harder to implement.

Open Networking Standards

Standards bodies and industry groups
such as TIP, the OIF and OpenROADM
were all present at OFC 2019. They gave
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updates and showed demonstrations of
the physical and control interfaces that
enable open networking.

OpenROADM is the industry group
spearheaded by AT&T to encourage
interoperability at the optical layer in

metro networking. It had both a live
demonstration and a collection of static
equipment from participating vendors.
Ciena'’s and Fujitsu’s optical equipment was
in a live demo with interoperable 100Gbps
transponders as well as ROADM/OLS line
system, all controlled via an open source
OpenDaylight controller developed by

the University of Texas, Dallas (UTD). The
OpenROADM 100Gbps coherent physical
layer specification was also on display in the
OIF Demonstration booth and the Coherent
Transceiver interoperability demonstration.

The Telecom Infra Project (TIP) is an

industry group started by Facebook

tasked with creating new approaches

to network infrastructure. The TIP Open
Optical and Packet Transport (OOPT)

group demonstrated a solution built

around the Edgecore Cassini “Open Packet
Transponder” system, an open source white
box switch platform that can be deployed
with optical interfaces from several vendors.
Coherent modules from Lumentum, Fujitsu
Optical Components, and Acacia were

used in a Cassini white box running the IP
Infusion OcNOS operating system. The entire
demonstration was managed via the ONF's
ONOS open source SDN network operating
system. Not demonstrated, but mentioned in

the TIP literature, was the ability to use ONOS
to talk directly to the transceivers via the OIF-
defined T-API interface.

The Optical Interworking Forum (OIF)
sponsored several interoperability and
progress demonstrations featuring the
progress of OIF's 400ZR project, the
interoperability of the latest CEI-112G
112Gbps electrical interface specifications,
and advances in FlexE implementation.
The OIF presented a session on the 400ZR
standard as well as updates on OIF Open
Optical Networking projects, including the
T-APl interface mentioned above.

Open and Disaggregated Hardware
and Software

Nearly every optical hardware
announcement at OFC used the terms

open and disaggregated to describe the
solution. However, the definition of open and
disaggregated varies from vendor to vendor
including compact modular hardware.

OFC presentations and demonstrations
showed real world examples of the
steps taken since the last OFC towards
implementing open, controllable
hardware, including:

e ADVA demonstrated a SDN-controlled
600Gbps transmission with automated
line rate and modulation adjustment
based on link conditions which was
designed specifically to meet the needs
of disaggregated webscale customers.
This capability allows operators to get the
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maximum possible bandwidth out of an
optical link without manual intervention
via open NETCONF/YANG interfaces.

e Prior to OFC, Infinera and Telia Carrier
demonstrated a fully autonomous
intelligent transponder operating on
a live 1500km route in Telia Carrier’s
backbone network using prototype
Infinera hardware. The demonstration
simulated impairments such as
interference, aging, and channel add/
drop, highlighting the ability of the
coherent interface to change modulation
to match link conditions automatically.

e EClintroduced its "As You Like It” optical
networking portfolio based on standard
interfaces and flexible, disaggregated
hardware. The hardware can be
designed by the customer as needed
and supports NETCONF/YANG open and
interoperable interfaces for control.

e Ciena, Fujitsu, and Cisco all
demonstrated compact modular
disaggregated hardware platforms with
open software interfaces.

Software is the key element to make open
and disaggregated networks work. An
IEEE- panel (Innovation Opportunities

in Transport Networks from Network
Analytics and Machine Learning) featured
presentations from Google, Facebook,
Ciena, and ADVA on how intelligent
software will be used for everything from
determining fiber type to anomaly detection
to fault management and automatic

service restoration. The key to these new
applications is the open hardware supporting
the control interfaces necessary for the
software to communicate with the network.

Key Takeaways: Open and Disaggregated Networks

¢ Open and disaggregated networks continue to be very popular among optical
equipment vendors and operators, although there is wide variation in their definitions.
Nearly all optical hardware can claim some level of openness and disaggregation, as
evidenced by many announcements at OFC supporting these concepts.

¢ All operators agree with the goal of the open and disaggregated movements: to make
networks more interoperable and cost-effective for the services that they carry. However,
actual implementations vary widely, especially between traditional service providers and

webscale network operators.

e Software to make open and disaggregated networks simple to install and operate is
key, and progress is being made in both the standard interfaces as well as the network

applications and intelligence needed.
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Optical Technologies for 5G
and MSO Access

5G mobile technology and the cable/MSO initiative Fiber Deep are
generating interest in new and unique optical networking solutions. Both
are pushing more bandwidth to the edge of the network by increasing
wireless capacity with 5G and by extending the fiber portion of the HFC
network further into the access with Fiber Deep. There were two separate
programs on the OFC show floor focused on 5G (a Market Watch panel and
a Network Operator Summit panel), numerous component and equipment
announcements about 5G and MSO access, and the term “5G" prominently
displayed on booths from testing equipment to hardware vendors.

Applications for 5G Wireless
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The Promise of 5G and Fiber Deep

5G Mobile Architecture

5G mobile is just beginning to roll out
around the world, with early trials in the US,
Japan, China, and South Korea. It promises
a major upgrade in wireless technology
and will spur optical spending in the access
portion of the network. 5G offers more than
just an increase in speed, it also improves
network latency and enables massive
connectivity for loT applications.

At the Market Watch panel, “Market
Projections for Wireline and Wireless
Technologies to Support 5G”,
representatives from Cisco, Futerwei, the
MEF Forum, and Cignal Al presented an
overview of the new applications that are
enabled by 5G, the technology's current
status, and its expected impact on optical
networks at the edge and in the core. 5G
requires a new access network in order to
realize the full array of low latency, high
bandwidth, and massive connectivity
applications. New packet-based eCPRI
interfaces connecting radios to baseband
units (BBUs) are critical, with Ethernet rates
of 25Gbps and 50Gbps targeted. While the
access equipment (FTTP, CPRI, fiber, and
passives) will see notable increased demand,
the overall impact to the metro and long
haul network will be minimal. These areas,
which deploy traditional optical equipment
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(DWDM, ROADM), will experience a slow
5G rollout and only moderate additive
bandwidth requirements deeper into

the network.

At the Network Operator Summit panel,
“5G Applications and Networks: Real-world
Operator Case Studies,” representatives
from Deutsche Telekom, Zayo, British
Telecom, and Verizon showcased their plans
to support 5G rollouts over the next year.
The operators plan to disaggregate radio
access networks (RANs) in order to centralize
the processing necessary for applications
like mobile edge computing (MEC). MEC

is one of the technologies that will enable
new, processing-intense applications at

the edge, and it requires improved optical
connectivity between remote sites. For now,
dark fiber is being deployed to radios by
wholesale operators to support third party
(i.e., not owned by the wireless carrier)
backhaul. Meanwhile, wireless operators
that own backhaul fiber are deploying PON
(NG-PONZ2 for Verizon) to capitalize on their
existing fiber infrastructure.

MSO Fiber Deep Architecture
The recently developed Remote PHY

Distributed Access Architecture (DAA)
standards from Cablelabs push fiber and
optics deeper into the network by using
digital solutions rather than the more
traditional MSO analog optics. MSOs

view fiber as the means to enhance and
re-condition their last mile networks, as
fiber architectures are inherently higher
bandwidth and are easier to manage than
the existing copper-based networks. This
current shift in network architecture opens
the door for a variety of products from
traditional optics vendors like Cisco, Ciena,
and Nokia that are well-positioned to take
advantage of new “fiber deep” architectures.

Operators currently deploy multiple 10Gbps
WDM links to support the bandwidth
requirements of Fiber Deep architectures,
but they would like to get away from the
complexity and costs of WDM access when
possible. WDM requires coordination and
provisioning of wavelengths, additional
mux/demux units, and multi-channel
monitoring. Costs rise as the number of
wavelengths increases. CablelLabs recently
published a request for a low-cost 100Gbps
coherent technology to enable its fiber deep
architecture, and components manufacturers
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on the show floor displayed their progress
towards enabling low-cost, hardened optics
for the cable industry. The goal is a single
wavelength solution at 100Gbps that costs
less than 10x the current 10Gpbs, but in

the interim, other solutions addressing
operational issues are being proposed.

Components for 5G and MSO Access

OFC components announcements and
demonstrations for 5G and Fiber Deep
focused on temperature hardening, ease of
management, and achieving bandwidth rates
required for eCPRI and backhaul. Advances
in component hardware are designed to
lower operational and capital costs, which
then enable large scale deployment in
access networks. While performance is key
for the high speed 400Gbps+ coherent
components announced at OFC, ease of use
and cost are higher priorities for the access
area as the amount of components deployed
are an order of magnitude higher than in

the core of the network. Therefore, access
announcements involved either innovations
in simple gray optics or lower cost 100GHz
grid-compatible DWDM optics.

Several vendors announced optical solutions
designed for 5G eCPRI and MSO Fiber Deep
applications at OFC.

e Finisar has a set of low cost, industrial
temperature pluggable 25Gbps
transceivers for 5G networks in SFP28
format. Both bi-directional tunable
and short-haul Fabry-Perot pluggables
were shown on the show floor. Finisar
promotes the ability of its tunable optics
to automatically discover free channels
as a means of greatly reducing WDM's
operational complexity in the access
network.

Sumitomo announced its development
of hardened SFP28 25Gbps modules in
conjunction with Semtech'’s low power
bi-directional CDR, designed to operate
over 10km. Sumitomo also showcased
its SFP+ DWDM extended temperature
10Gbps solution for Remote PHY.

Source Photonics announced volume
shipments of its 25Gbps and 50Gbps
modules designed to support 5G eCPRI.
These include 25Gbps SFP28 duplex

modules, single wavelength modules,
and DWDM modules supporting reaches
from 2km to 20km as well as 50Gbps
QSFP28 duplex modules supporting
10km and 40km reaches. Source
Photonics also has a 100Gbps QSFP28
supporting up to 10km.

Intel demonstrated its 100Gbps
industrial temp CWDM4 solution for
5G. This module, originally announced
in September, has a 10km reach and is
expected to be used in cell-site routers
for aggregation of eCPRI and other
local signals.

I1-VI announced WSS modules, O/E-
band interleavers, and wideband WDM
filters designed for use in optical access
networks. These solutions are optimal
for the 100GHz/low port count/high
cost sensitivity requirements inherent in
optical access.
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Hardware for 5G and MSO Access

The hardware on display at OFC for 5G and
Cable access focused on 5G fronthaul and
cell site gateway switching. 5G solutions
announced or demonstrated at OFC
included WDM and packet-based solutions
for 5G xHaul as well as Radio Access
Network (RAN) disaggregation solutions.
There were no highlighted announcements
related to Cable Fiber Deep applications
at the show, but much of the optical access
technology shown applies to both network
architectures. Some specific 5G and Fiber
Deep solutions included:

¢ Fujitsu announced two lines of xHaul
(fronthaul, midhaul, and backhaul)
solutions: one based on transparent
WDM transport and one based on
Ethernet switching. The Flexihaul WDM
solution includes 25Gbps transponders
supporting bi-directional eCPRI
connections. The Ethernet-based solution
is a hardened switch supporting 25Gbps
and 100Gbps interfaces and time-

Key Takeaways

sensitive networking (TSN) for latency
and timing-dependent 5G networks. The
M6424-R version also includes PHY-LOW
processing to allow 4G CPRI conversion
to eCPRI at the cell site, enabling a
simpler migration from 4G to 5G.

ADVA and Infinera both demonstrated
support for the Telecom Infra Project
(TIP) Disaggregated Cell Site Gateway
(DCSG) specification with TIP DCSG-
compliant solutions. The project is
intended to allow software to be
disaggregated from the hardware, which
allows operators to choose the optimal
solution for their networks.

Ciena and British Telecom announced
that Ciena’s Waveserver compact
modular platform is supporting the
carrier's 5G and FTTP rollout. As
access networks become more packet-
based and disaggregated, compact
modular platforms like the Waveserver
are attractive options for delivering
bandwidth in the access.

e The new access technologies required for 5G and Fiber Deep architectures will generate
demand for lower cost, temperature-hardened optical solutions as fiber is deployed to
extend bandwidth deeper into the access network. In the access, cost is key.

¢ According to network operators, virtualization and disaggregation are key to lowering
costs for access networks by deploying lower-cost, purpose-built 5G and Remote

PHY networks.

¢ Afew hardware solutions are being developed and deployed today which support
25Gbps and 50Gbps optics and packet switching for 5G xHaul, but it is very early in the
5G rollout cycle. Expect to see more packet and DWDM solutions from other vendors

over the next year.
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Conclusion — Outlook for 2019

Through its many meetings, discussions, and presentations among
customers, vendors, and engineers, OFC sets the stage for the coming

year. Here's what you should watch:

400GbE Narrows the Cost Gap

100GbE will remain the speed of choice for
almost all data center operators throughout
2019. There will be a broad competitive
ecosystem of silicon and optical component
suppliers advancing 100Gbps single lambda
technology. By the end of the year, DR4
optics will be available in volume and at
attractive prices, which will trigger a move

to 400GbE client optics in 2020 among the
large cloud data center operators. Further
out, expect both component and equipment
companies to invest in photonic integration
in order to resolve the 50Tbps switching
interconnect problem.

Coherent Technology Evolves
Towards Higher Speeds and
Pluggability

2019 is the year that 400 and 600Gbps
coherent technology transitions from a sole

source to a multi-sourced technology which
provides a compelling alternative to existing
200Gbps coherent solutions. Speeds faster
than 600Gbps won't reach production

until 2020, but there will be widespread
R&D activity and lab demonstrations as the
year ends. Expect the 400ZR ecosystem to
expand as component companies seek to
capitalize on a pluggable coherent future
and optical equipment companies improve
their offerings in order to defend existing
network architectures.

Compact Modular Moves Out of the
Data Center

Compact modular systems are now deployed
in applications beyond simple DCI, and they
can address any network need for large
bandwidth interconnection. The design

of compact modular systems continues to
change based on feedback from traditional
service providers. These systems represent
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the leading edge of supplier R&D and are
the first to incorporate the latest technology,
including 800Gbps speeds in 2020.

Open and Disaggregated Networks

Individual operators will define the meaning
of open networking and disaggregation
based on the context of their own specific
architecture and customers. Cloud operators
already embrace this approach, and new

5G and Cable MSO network initiatives will
inspire fresh network design approaches.
There will be no “standard” implementation—

the degree of openness will vary by operator.

OpenROADM, TIP, and the OIF continue
to drive standardization of components in
the network allowing operators to pick and
choose what works for them.

Questions?

5G and MSO

5G and MSO applications compliment open
and disaggregated networking, and they will
drive demand for hardware that is tailored to
high volume access deployments. Expect to
see incumbent equipment and component
suppliers build dedicated solutions for

this market, but don't be surprised to see
new companies capitalize on this new high
volume market.

+1.202.416.1988
sales@ofcconference.org | www.ofcconference.org
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OFC Exhibitors

100G Coherent Transceiver Demo * 10Gtek Transceivers, Co. * 2Fiber Communication Ltd. « 3D Glass Solutions + 3M Electronics Materials Solutions Division + 3SAE Technologies + 3SPGroup * 4S Products + 7 Pennies Consulting « A.J. World Co., Ltd. « AC Photonics,
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Networking + Advanced Fiber Resources, Ltd. - Advanced Micro Foundry + Advanced Microoptic Systems GmbH + Advanced Technology Group, Inc.  Advanced Test Equipment Rentals + Advantest » AEMtec GmbH » AEPONYX Inc. + Aerotech Inc. + AFA Photonics Co.,
Ltd. » AFL + AFL Hyperscale - Agilecom Photonics Solutions Guangdong Limited + Agiltron, Inc. - Aifotec AG » AIM Photonics + AIO Core Co., Ltd. + Aitelong Technology Co., Ltd. + Akribis Systems, Inc. + AKSH Optifibre Limited + Albis Optoelectronics * albis-elcon system
Germany GmbH - Alcatel Submarine Networks + Alibaba Group » Alight Technologies APS - Allwave Lasers Devices, Inc.Alnair Labs Corporation + Alpine Optoelectronics, inc. - AM Compass Group, Inc. » America llsintech LLC - American Technical Ceramics - AMETEK
Electronic Components & Packaging - Amonics Ltd. » Amphenol + Amphenol Ardent Concepts + Amphenol Fiber Optic Products - Amphenol TCS + Analog Devices + Analog Photonics + Anaren Microwave, Inc. + Anritsu Company » Anritsu Microelectronics Fabrication
Center - AOFSS (Shenzhen) Limited + A-One Technology Ltd.  APAC Opto El Inc. » APAT Oy + APEX T + APIC (Advanced Photonics Integrated Circuits) Corp + Apogee Optocom Co., Ltd. + Applied Optoelectronics, Inc. + Applied Thin-Film
Products + AppliedMicro - Aragon Photonics Labs - Arden Photonics, Ltd. « Aria Networks Ltd. - Aria Technologies, Inc. - Arista Networks - Arrayed Fiberoptics Corporation * Artech Co., Ltd. - Artilux, Inc. - Asahi Glassplant, Inc. - ASI/Silica Machinery, LLC « Asia Optical
Co., Inc. + ASM AMICRA Microtechnologies + ASM Pacific Technology « AT&T + AtGrating Technologies + ATOP Corporation + Auxora, Inc. + Avalon Test Equipment + AVIC JONHON OPTRONIC TECHNOLOGY CO., LTD. + Avo Photonics, Inc. + Awellcure USA UV System,
Inc. + Axcen Photonics Corporation + Axetris AG - AXSUN Technologies - Bando Chemical Industries, Ltd. - Bandwidth10 Ltd. - Baycom Opto-Electronics Tech Co., Ltd. - Baylite Opto ElectronicsTechnology Co., Ltd. - BaySpec, Inc. « Beijing Grish Hitech Co., Ltd. « Beijing
SWT SCience & Technology Development Co. + Benchmark Electronics, Inc. + Berlin Partner fiir Wirtschaft und GmbH + Best Sun C (Shanghai) Co., Ltd. + BICSI + BinOptics - Birla Cable Limited + BKTEL Photonics * BL Innovative Lighting * Bola
Technologies + Boston Applied Technologies, Inc. + Bright Photonics BV « Brilinktech Co., Limited + Brimrose Corporation of America * Bristol Instruments, Inc. » Broadband Communities Magazine + Broadband Forum (NGPON2 Council) + Broadcom + BroField
Technology, Inc. * BROLINK Technologies (Dong Guan) Co. LTD. * Browave Corporation * C: com, Inc. - Cabling & + Cadence Design Systems, Inc. » CAILabs SAS + CALIENT Technologies + Cambridge Industries USA, Inc. + Canadian
Photonics Fabrication Centre « Canovate Elektronik Endustri Ticaret A.S. + Carefiber Optical Technology Co., Ltd. - Centera Photonics, Inc. + Century Opticomm Co., Ltd. » Chang Zhou KangXun Optoelectronic Technology Co., Ltd. « Changsha Saneway Electronic
Materials Co., Ltd. + Changzhou LINKET Electronic Technology Co., Ltd. + Chaozhou Three-Circle (Group) Co., Ltd. - ChemOptics * C + Cheng Yueg E Co., Ltd. + Chengdu Ganide Technology Co., Ltd. - Chengdu HTLL Electronical Equipment Co., LTD
- Chengdu Huajing Keli Industry Co., Ltd. + Chengdu Qianhong Communication Co., Ltd. - Chengdu Superxon Communication Technology Co., Ltd. + Chengdu Tsuhan Science & Technology Co., Ltd. - Chengdu Xinruixin Optical Communication Tech. Co., Ltd. + China
Cloud Electro Optics Technology Co., Ltd. + China International Optoelectronic Expo + Chinese Society for Optical Engineering - Chiral Photonics + Chong Qing OE-Link Technology Co., Ltd. + Chroma ATE Inc. - Chromis Fiberoptics, Inc. + - Chunghwa Leading Photonics
Tech Co., Ltd. + Chuxing Optical Fiber Application Technologies, Lt - Chuzhou First Technology Co., Ltd. + Cicor Group + CIENA Corporation » Cisco Systems, Inc. + CIVCOM Devices & Systems - ClariPhy C  ClariPhy C Inc. - Clarus
Engineering » CLC Lodging - Clearfield - Cloud Light Technology Limited  CN-J Technology Co., LTD. - CoAdna Photonics, Inc. + Coating Focus Co.Ltd. - CODIXX AG - Coherent Nufern - Coherent Solutions + Coherent, Inc. » Coining, Inc. » Colibrys + ColorChip  COMOSS
Electronic Co., Ltd. - Compass Networks - CompoundTek Pte. Ltd. + Conex Systems Technology, Inc. + Connected Fibers + Connor Manufacturing Services, Inc. + Consortium for On-Board Optics (COBO) + CorActive High-Tech, Inc. + Corning Incorporated * Corning
Incorporated + COSEMI Technologies, Inc. + COSET, Inc. + CP Technologies » Craftmark Cable Markers « CreaLights Technology Co., Ltd. - Credo Semiconductor, Inc. + Crestec Corporation + CrossFiber, Inc. + Crowntech Photonics Co., Ltd. + CryLight Photonics, Inc. +
CST Global, Ltd. + CST of America, Inc. * ctnetworks, Co., Ltd. « CYAN « Daitron, Inc. + Dandong Futian Exactitude Machinery Co., Ltd. - Danyang Yugiao Precision Component Co., Ltd. + Dassault Systemes SIMULIA - Data Communication Technology Limited - Data
Hardware Depot (DHD), LLC + Data Speed Control GmbH + DATA-PIXEL * Delta Electronics, Inc. « deltafiber.p, Ltd. - Denselight Semiconductors PTE Ltd. + Device Technologies, Inc. « Deviser Instrument, Inc. * Diamond USA, Inc. + DiCon Fiberoptics, Inc. * Digital Lightwave
+ Dimension Technology Co., Ltd. * Dini Group * Direct Optical Research Company * Cable + Discovery Inc. + DITF (Diablo Industries Thin Film) + Domaille Engineering, LLC + Dongguan FSG Co., LTD » Dongguan Mentech Optical & Magnetic
Co., Ltd. » Dongguan Zhengxi Communication Co., Ltd. + Dongdie Optical Technology (Suzhou) Co., Ltd. + DOWA Corporation - Dowslake + Dreamtel Co., LTD + D-Tech Optoelectronics, Inc. + DustPhotonics, Inc. * Dynaplus
Incorporated - East China Research Institute of Microelectronics (ECRIM) « East Photonics, Inc. + Eas‘ Point Communication Technology Co., Ltd East TenderOptoe\ectromcs Corp. « ECI Telecom « EECatalog * EFFDON Networks Ltd. « EFFECT Photonics B.V. * EGIDE
« EKINOPS - Elaser Technologies Co., Ltd. + ELDIS, Inc. - Electronic Links Inc. + ElectroniCast Consultants » Elenion T ite C Inc. - Embedded Systems Engineering - Emcore Corporation - Enablence Technologies, Inc. +
Enablence USA Components, Inc. + Enplas Corporation  Eoptolink Technology Inc., Ltd. - EOSPACE, Inc. + E-Photics (Shenzhen) C \nc «Epi Corp. * Epoxy Technology, Inc. » Ericsson Inc. » eSilicon Corporation » ES-TECH INTERNATIONAL, INC.
« Ethernet Alliance * ETRI + Eugenlight Technologies * European Patent Office + Evans Analytical Group « EXFO + Experior Laboratories, Inc. * F&K Delvotec Inc. « Fabrinet + Fasten Group Imp.&Exp.Co.,LTD. + FDK America, Inc. + Femto Technology (Xian) Co., Ltd.
Fermionics Opto-Technology « Ferrotec USA « Fiber Fox, Inc. * Fiber Instrument Sales, Inc. « Fiber Optic Center, Inc. « Fiber Plus International « Fibercore « FiberFin « FiberFox America Inc. « Fiberguide Industries, Inc. * FiberLabs, Inc. « Fibernet SRL + Fiberon Technologies,
Inc. » Fiberpark Technology Co., Ltd. - Fiberpia Co., Ltd - Fiberpon Technology Co., Ltd. - FiberPro, Inc. + FiberQA LLC « Fibersense Devices Co.,Ltd + FiberStory + Fibertronix + Fibotec Fiberoptics GmbH - Fibre Systems « Ficer Technology Co., Ltd. + ficonTEC (USA)
Corporation * Finecom Technology Co., Ltd. * FINETECH - Finisar * Fi-ra Photonics Co., Ltd. « First Capital Benefit Advisors, Inc. * FISBA + Fischer Connectors, Inc. * FiTek Photonics Corporation * FitTech Co., Ltd. * Fluke Networks * Flyin Optronics Co., Ltd. « Fo Shan
Xin Yu Fei Tong + FOC GmbH + FOCI Fiber Optic Ct Inc. * Focuz Co., Ltd. + FOE 2015 - 15th Fiber Optics Expo + Formerica Optoelectronics Inc. « Fospia * Fostec, Inc. + Foxconn Interconnect Technology * Fraunhofer Heinrich Hertz Institute
« Fraunhofer IPMS + Frontlynk Technologies, Inc. + Fuji Xerox Co., Ltd. + Fujian ZhongCe Optic, Inc. - Fujikura, Ltd. + Fujitsu Network C « Fujitsu Optical C « Fujitsu + Optical C: - Gannon & Scott + GB-LINK Technology Co., Ltd. - GCP
Applied Technologies + GDT - General Data Tech - Gel-Pak, LLC + General Photonics Corp. + Genesis Connected Solutions * Gigac Technology Co., Ltd.  Gilitek (Suzhou) Precision Instrument Co., Ltd. + Glenair * G| * Global C¢

Inc. + Global Optical Communication Co., Ltd. - Global Optical Technology + GLOBALFOUNDRIES * Gloriole Electroptic Technology Corp. * GLsun Science and Tech Co., Ltd. + GolFoton * GOC Co., Ltd. - GOC International Technology Corp. * Goldtel Co., Ltd. * Gooch &
Housego, PLC + Gould Fiber Optics + GouMax Technology, Inc.  Gowanda Components Group * GP, Inc. + GPD 0y Corp. + Gaoxin C Equipment Industrial Co.,Ltd  Guangdong Ruigu Optical Network Communication + Guangzhou
Orte Photonics Co., Ltd. + Guilin Dawei Communciations Technologies Co., Ltd + Guilin G-Link Technology Co., Ltd. - Gworld Technologies Co. Ltd. + Hagitec Co. + Hangzhou Putianle Cable Co., Ltd. - Hangzhou Runzhou Fiber Technologies Co., Ltd.  Hangzhou Sinomor
Technology Co., Ltd. » Hangzhou Wekon Technology Co., Ltd. * Hangzhou Zhizhuo Comm Science & Tech Co., Ltd. - Haowave USA, Inc. « HBL Optical Communication + Headway Communication Equipment Mfg. Co., Ltd. + Hebei Sinopack Electronic Tech Co. Ltd. + Hefei
Lasun Communication Co., Ltd. + Hefei Shengda Electronics Technology Industry Co., Ltd. + Helios OF China + Hengli Eletek Co., Ltd. » Hengtong Optic-Electric Co., Ltd. » Henkel Corporation + Hewlett Packard Enterprise + High Connection Density, Inc. + Hikari, Inc. +
Hikifune Co., Ltd. + HiLight Semiconductor, Ltd. - Himachal Futuristic Communications Limited + Hi-Rel Group, LLC - Hirose Electric USA - Hisense Broadband, Inc. - Hitachi Cable America + Hitachi High Technologies America.+ Hitronics Technologies, Inc. * HJ3-W, Inc.
+ HM Solution « Hobbes Computer Network Corp * HOLOEYE Photonics AG» Homefibre Digital Network GmbH + HTD Fibercom Co:; Limited = Huangshi Sunshine Optoelectronic, LLC + Huawei Technologies USA+Huaxing Xinrui Communication Technology Group Co.,
Ltd. - HUBER+SUHNER + HUBER+SUHNER Cube Optics * HUBER+SUHNER Polatis » Hunan Dayoptronics Co., Ltd. - Hunan Guanglian Photoelectricity Technologies Co., Ltd. « HYC Co., Ltd. - Hyesung Cable:& Communication « Hysolution Co., Ltd. « IBM - IBM Canada *
IBM, Corp. - Ibsen Photonics A/S « ID Photonics GmbH « IEEE Communications Society.- IEEE Photonics Society - IEEE Xplore Digital Library « IHP Solutions GmbH = Ill-V.Lab - I1V] « 11-VI EpiWorks, Inc. = I1VI Marlow » ILX Lightwave/ A Newport Corporation - Imaging
Solutions Group + IMEC - Industrial Fiber Optics, Inc. » Industrial Technologies LLP  Industrial Tools Incorporated +iNEMI-Intl Elec. Manufact. Initiative » Infinera « Infinera - GSM - Information Gatekeepers, Inc. » Ingeneric GmbH + INLC Technology Inc. » Inneos « INNO
Instrument, Inc. + InnoLight « Innovative Micro Technology « Innovium * InPhenix « Inphi Corporation « Inphotech - InPulse + Institut National d'Optique « Institute of Energy Efficiency - INTEC E&C Co. Ltd. + Integrated Device Technology, Inc. + Integrated Photonics, Inc.
+ Intel Corporation ~Inteleca IT Business Solutions + Intellisiv, Ltd. * Interfiber Analysis * International Telecommunication Union (ITU) * inTEST Thermal Solutions « Intlvac « Intraratio - Introspect Technology « Invest Ottawa * 10Solution Co., Ltd. * IP Light * IQE - Iridian
Spectral Technologies * Ironwood Electronics « ISE Labs - ISE Magazine « ITT, Interconnect Solutions - IXBLUE - Ixia » Jabil AOC Technologies + Jabil AOC Technologies = Japan Fine Ceramics Co., Ltd. « Jasper Display Corp. + JBTX - Jenoptik « JePPIX = Nanolab@TU/e
- Jericore Technologies Co.Ltd. « jfiber GmbH - JGR Optics - Jiangsu Etern Co., Ltd. » Jiangxi Daishing POF Co. Ltd » Jiangxi Ruiyuan Precision Machining Co., Ltd. + Johanson Technology, Inc. » Jonard Tools = JPCCO Corp. + Juniper Networks » Kaiam Corporation «
KAPID (Korea Association for Photonics Industry) - Keio Photonics Research Institute (KPRI) + Kelvin Nanotechnology Limited « Keysight Technologies « KGS America + Kingbolt Technology (HK) Co., Ltd. + Kingfisher International Pvt Ltd. - KMCO / High-Tech Corporation
« Knowledge Development for POF, S.L (KDPOF) - Knowles Precision Devices « Kohoku Kogyo Co., Ltd. - Komshine Technologies Limited + Korea Optron Corp. * Koshin Kogaku Co., Ltd. « KOTRA Silicon Valley - Krell Technologies, Inc. * KS Photonics, Inc. « KST World
Corp. - Kyocera International, Inc. * Kyosemi Opto America Corp. - L3MATRIX - H2020 Project » LAMBDASCOPE - Lanjian Electronics  Laser 2000 - Leap Optical Technology Corp. - LED Pack « LEONI Fiber Optics, Inc. + LEONI Special Cables GmbH - Lepton Systems +
LETI, - LEW Techniques Ltd. » L-guide Co., Ltd. - LianGang Optoelectronic Technolagy Co., Ltd. * LiComm Co., Ltd. + Life Line Packaging, Inc. - LiGenTec SA - Light Brigade, Inc. + Light King Opto-Elec Co., Ltd. - Lightcomm Technology Co., Ltd. + LightCounting, LLC +
Lightel Technologies, Inc. « Lightip Technologies  Lightron, Inc. + LightSmyth Technologies « Lightstar Technology Limited * LIBHTWAVE - Linktel Technologies Co., Ltd. + Linstar Telecom-Optic Equipment Co., Ltd. « Lintes Technology Co., Ltd. « LioniX International «
Liverage Technology, Inc. « LongXing Telecom * Longzee Electronics (Dongguan) Co,, Ltd. « Lonte Technology Co., Ltd. + Lorom America - Los Angeles Tourism & Convention Board * LUCEDA Photonics « Luceo Technologies GmbH + Luciol Instruments + Lumacron
Technology Ltd. « Lumentum = Lumerical, Inc.  Lumibird + Luna Innovations + Luvantix ADM Co., Ltd. - LuxarTECH - LuXpert Technologies Co., Ltd. - Luxtera, Inc. - Mackin Technologies  MACOM = Made in Space - Malico, Inc. - MaRS Technology Co., Ltd. + Marvair/ICE
+ Masimo Semiconductor * Maxim Integrated Products - MaxLinear  MegaChips Technology America Corporation « MEL Telecom, (ICSN)  Mellanox Technologies » Menara Networks An IPG Photonics Company - Mentor Graphics Corporation  MetalLife, Inc. » Methode
Electronics « MEXFOSERV « Mianyang Optink Technology Co., Ltd. - MICOS Telcom - Micralyne, In. * Micram Microelectronic GmbH * Micro Motion Technology Co., Ltd. * Microchip Technology * Microconnex « Microlap Technologies, Inc. « Micron Optics, Inc. * Micronor
Inc + Microsanj, LLC « Microsemi Communications, Inc. + Mindrum Precision, Inc. + Mitsubishi Electric US, Inc. - Mitsubishi International Polymer Trade Corp. + Mitsubishi Pencil Co., Ltd. « MKS Instruments - Modular Photonics + ModuleTek Limited + Molex, LLC « MoSys,
Inc. + MPB Communications, Inc. + MPI Corporation + MPNICS Co., Ltd * MRSI Systems « MRV Communications * MultiLane SAL * MultiPhy, Inc. + Munich: GmbH - Murata * MY Polymers Ltd. + Nalux Co., Ltd. + Nanjing D&T Photonics + Nanjing
DVP OE Tech Co., Ltd  Nanjing Jilong - Nanjing Rapcare Telecommunications Equipment Co., Ltd. + Nanjing Tianxingtong Electronic Technology Co., Ltd. - NANOLAB @TU/e /Eindhoven University of Technology - Nanolap Technologies, LLC - NANOLN (Jinan Jingzheng
Electronics Co., Ltd.) « Nanometer Technologies, Inc. + nanoPrecision Products, Inc. » Nanosmith « Nanosystec GmbH + Nantong Silux Technology Co., Ltd. « National Research Council of Canada « NEC Corporation + NEC FiberOptech, Inc. « Necsel IP, Inc. + Neoconix,
Inc. - NEON Photonics Co. Ltd. + NeoPhotonics * Neptec 0S, Inc. + Netcope Technologies * Netherlands Council for Trade Promotion + Netherlands Enterprise Agency IOP Photonics Devices « NetQuest Corporation + Netvision Telecom « Network Cable Ltd. « Network
Telecom Information Limited * New Ridge Technologies + Nicslab Pty Ltd - Ningbo Feitian Electron Technology Co., Ltd. * Ningbo Getek Communications Equipment Co., ltd. + Ningbo GEYIDA Cable Technology Co. Ltd. * Ningbo Hi-Sun IMP & EXP Co. Ltd. - Ningbo Jinze
Telecommunication Equipment Co., Ltd. - Ningbo Jitong Electronics Co., Ltd. - Ningbo Kingda Electronics Co., Ltd » Ningbo Nuotch * Ningbo Yuda Communication Technology, Co. Ltd. « Ningbo Zhantong Telecom Equipment Co., Ltd + Nippon Electric Glass Co., Ltd. +
Nissin Kasei USA Corp * Nitto Optical Co., Ltd. « Nokia * Norland Products, Inc4* Notice Co., Ltd. * Novoptel GmbH * nPoint, Inc. * NPOS Technologies, Inc. « NTest Inc. « NTT Advanced Technology Corporation « NTT Corporation « NTT Electronies America, Inc. « NTT
Electronics Corporation « Nuotch Op(oeleclromcs Co., Ltd + Nuphoton Technologies Inc. « O/E Land, Inc. + Ocean International Holding, Ltd - Oclaro, Inc. + OE Solutions, Co., Ltd. - OECE Communication Co., Ltd. + OFS - OgMentum Technologies Cou; Ltd - OgMentum,

Inc. » OIF + 0-mé + O-Net C Ltd: » ONOS - Open Networking Operating System = Open ROADM Demo - Open-Silicon + Ophir  Opneti Communications Co. » Opt Gate CojLtd. - Optec Technology, L1d. » OpTek Systems, Inc. +
Optelian Access Networks » Optella - Optella, Inc: »Optellent, Inc: = Optelligent, LLC « Optic River Communication, Ltd. » Optical Connections - Optical Fiber Test & Measurement Center - OptiCLARITY.» Optics Fans Cos, Ltd. - Optilab, LLC  Optiwave Systems, Inc. -
OptiWorks, Inc. « Opto Marine Co., Ltd. + OPTOKON « OptoMedia * Optomind, Inc. « OptoNest Corporation + Optoplex Corporation * OptoScribe Ltd. - OptoSigma Corporation * OptoTest Corporation « Optoway \nc Optowell Co., Ltd. + Optowide Technologies

Co., Ltd. - Optowiz Co., Ltd. * Optronics Co., Ltd., The - Optrum Technology  Opwill Technologies (Beijing) Co., Ltd « Oracle * OrangeTek Corporation * Origin Electric America Co., LTD. * Orte Photonics: Co Ltd. - OSA - The Optical Society - 0S| Hardware + 0S| Laser
Diode Incorporated + 03I Optoelectronics, Inc. » 0SP.com * Ostfalia University of Applied Sc\ences - Oton Technology, Co. Ltd. * Otrans Communication Technologies (Hangzhou) Co., Ltd.  Otto Trading Inc » Ousent Technologies Co, Ltd. * OXC Technologies Co., Ltd

+ Oxford Fiber, Ltd. + 0Z Optics » Pacific (Liaocheng) Opt and clustertronic Technology Co., Lt - Pacific Microchip Corp. » PacketLight Networks Ltd.  Palomar Technologies, Inc. » PASSION « Passive Plus, Inc.

« P-CUBE + PE Fiberoptics Limited™ PeakOptue\ectrumcs (Suzhou) Co., Ltd PETRA : PFC F|EXIME Circuits Ltd. - Pharad, LLC Phlllps Photonics GmbH « Phoenix Photonics, LTD. - Phononic - Photo Sciences, Inc. « Photon Delta - Photon Design « Photon Kinetics, Inc.

+ Photonic Lattice, Inc. + Photonics Media/Laurin Publishing = PhotonicsNL - Phovel - Physics Today « PI - Physik PI ing Corp. + PICadvanced * Piconics * Pit nd Pulse Labs * Co. Ltd. « Pilot Photonics + PIXAPP
+ Plastic Optical Fiber Trade Organization + PLC Connections * Plugtech Precision Systems Limited + PmNTek Inc. + Polaris E\ec\mmcs Corporation * Pumecmco di Torino + Polymer Optical Fiber-Application Center (POFAC) + PolyPhotonics Berlin » Potron Technology
Co., Ltd. + PPl Inc. * Precise-ITC, Inc. + Preciseley Microtechnology Corp. + Precision Optical Tr , Inc. + Presidio C , Inc. + Presto  PriTel, Inc. - ProLabs + Promet Optics * Proximion AB « Prysmian Group » PSC-SC + PSMC + QianXin High
Technoogy Co., Ltd. + Qorvo « R&D Interconnect Solutions + Radian Thermal Products Inc. + Radiantech, Inc. « Raising Electronics, Inc. + Raith America, Inc. + Rakon Ltd. + RAM Photonics, LLC * Ranovus USA + RayCan Co., Ltd. + Raysung Photonics, Inc. + Rayzer
Optoelectronics Technology Co., Ltd. + Reflex Photonics * Reichenbach International Inc. + Reliable Photonics (Shenzhen) Co., Ltd. + Remote Magazine - Research Foundation of SUNY + Ripley Tools, LLC - Riverhawk Company + RM Instruments (Shenzhen) Co., Ltd. +
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