JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 37, NO. 2, JANUARY 15, 2019

389

Universal Fiber for Short-Distance
Optical Communications

Xin Chen

, James E. Himmelreich, Jason E. Hurley, Chi Zhou, Qun Jiang, Yang Qin, Junjie Li, Chris Wu,

Hao Chen, Doug Coleman, and Ming-Jun Li

(Invited Paper)

Abstract—Universal fiber is an optical fiber that supports both
multimode and single-mode transmission. It is a multimode fiber
with a mode field diameter of the fundamental mode roughly
matching that of a standard single-mode fiber. In today’s short-
distance communications, both multimode fiber and single-mode
fiber are used. Universal fiber can accommodate the needs of single-
mode and multimode transmission so that end users can take ad-
vantage of the cost and performance benefits of each transmission
type. In this paper, we present the design and properties of univer-
sal fiber, as well as its transmission performance for 100G systems.
We also explore several application scenarios where the fiber can
be utilized. In particular, we illustrate how the fiber can be used
in 5G wireless fronthaul applications to meet the current needs
while providing a path for future upgrades. Testing results and
discussions of practical issues are also presented.

Index Terms—5G wireless application, multimode fiber, optical
fiber communications, single mode fiber.

I. INTRODUCTION

A. Use Multimode Fiber and Standard Single Mode Fiber in
Short Distance Communications

N SHORT distance optical communications, OM3/0OM4

multimode fibers (MMFs) have been widely used for data
transmission for distances less than 100-150 m. The distance
range covers not only data centers, but also high-rise buildings
and wireless fronthaul applications. MMF is widely deployed
because the associated VCSEL-based optical transceiver is very
cost effective and power efficient. As the industry moves to
higher data rate of 100G, the multimode (MM) transmission
still covers most of the distances needed [1]. On the other hand,
single-mode fiber is used in data centers for both short and longer
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TABLE I
COMPARISON OF COSTS FOR MULTIMODE AND SINGLE-MODE TRANSCEIVERS.
FOR THE COST COMPARISON, THE VALUES ARE SHOWN RELATIVE
TO THAT OF 10G MM TRANSCEIVERS

Relative transceiver cost
Fiber
10G 40G 100G
MMF (OM2-OM4) 1 6 13
SMF 2 15-21 13-37

distance applications. Because single mode (SM) transmission
is capable of high system bandwidth and longer reaches, mega-
and hyper-scale data centers tend to adopt standard single mode
fiber as a single transmission medium. For distances up to sev-
eral hundred meters, MM and SM transmission are both viable
options.

B. Pros and Cons of Using SM and MM Solutions

MM systems enjoy widespread use in short distance commu-
nications because they are more cost effective than SM systems.
Despite the fact that MMF is more expensive than standard sin-
gle mode fiber, MM transmission is lower in cost due to the
lower transceiver costs as shown in Table I [1]. Here we use
the 10 Gb/s MM transceiver cost as a reference and the relative
prices are shown in comparison. As speeds approach 100G and
higher, the relative difference in price shrinks and the trend will
likely continue over time. However, the absolute price differ-
ences at 40G and 100G remain significant between most SM
transceivers and MM transceivers.

Another factor that has attracted increased attention is the
power consumption in data centers. SM transceivers typically
consume more energy than MM transceivers. The relative power
consumption information is shown in Table II [1].

C. Dilemma of Choices and Introduction of a Uniform
Fiber Medium

Short distance communications are evolving quickly to ac-
commodate new technologies moving toward higher data rates
and higher densities. Since cable and connectivity infrastruc-
ture is typically considered as capital investment, it is expected
to last one to two decades and sustain multiple generations
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TABLE I
COMPARISON OF POWER CONSUMPTIONS BY MULTIMODE AND SINGLE-MODE
TRANSCEIVERS. FOR COMPARISON, THE VALUES ARE SHOWN
RELATIVE TO THAT OF 10G MM TRANSCEIVERS

Fiber Relative power consumption
10G 40G 100G
MMF (OM2-OM4) 1 2 4
SMF 1.5 5 55

of transceiver technology. Two significant factors affecting the
choice are cost and future-proofing. The technical capability and
the cost considerations are related and end users are faced with a
difficult choice among different options. On one hand, even up to
100G transmission, the MM solutions remain cost effective with
low power consumption and can address the majority of short
distance needs. On the other hand, SM transmission is gaining
more traction due to its future-proofing at higher than 25 Gbaud
data rate and ability to work at distances longer than 100 m
even though the overall cost remains much higher than MM
solutions.

A unified transmission fiber can potentially serve as a bridge
to accommodate the needs both for the present and the fu-
ture. Such fiber can simplify fiber cable management and
transceiver/connectivity logistics, and provide flexibility for fu-
ture transceiver upgrades. A specially designed MMEF, referred
to as universal fiber (UF) was proposed in Ref. [2] for both
MM and SM transmission. UF is a MMF with the LPy; mode
approximately matching the mode field diameter (MFD) of a
standard single-mode fiber. An improved UF design favoring
VCSEL-MMF coupling was subsequently reported in Ref. [3],
and improved performance in several system types was demon-
strated. Additional efforts were made to further understand the
transmission properties of UF with updated performance results
and analysis reported in Ref. [4].

In this paper, we review the recent progress of UF and pro-
vide new insights on potential application scenarios in short
distance communications. Specifically, we present new results
and address practical issues of using UF in 5G wireless fron-
thaul applications. In Section II, we review fiber designs and
properties of UF, and system performance results using UF with
various 100G SM and MM transceivers. In Section III, we ex-
plore several general scenarios of using UF. In Section IV, we
focus on the application of UF for 5G wireless fronthaul net-
works by presenting the detailed application scenarios, testing
results and discussion of practical issues. Finally, in Section V,
we present a brief conclusion.

II. UNIVERSAL FIBER PROPERTIES AND
TRANSMISSION PERFORMANCE

The key consideration of the UF design is its ability to operate
both for multimode transmission at 850 nm and single-mode
transmission around 1300 nm and 1550 nm [3]. The core of
the UF has a simple gradient refractive index profile similar to
that of conventional OM3 and OM4 MMF:s, as described by the
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following equation:

n(r) =ng-4/1—2A(r/a)" (1)

where ng is the refractive index in the center of the core, a is
the core radius, A = (n2 — n?)/(2n?) is the relative refractive
index delta, where n; is the refractive index of the cladding,
and « is a constant with value around 2.1. To accommodate
SM transmission, it is necessary for the mode field diameter
of the fundamental LPy; mode to approximately match that
of a standard single-mode fiber, which is around 9.2 ym at
1310 nm. On the other hand, for multimode operations, the core
diameter and numerical aperture both need to be high enough
to facilitate easy VCSEL coupling to the fiber. Analysis done in
Refs. [2], [3] studied the properties of the UF that affect optical
coupling with conventional MMF and standard single mode
fiber.

Since the UF is an MMF with a smaller core than OM3/0OM4
MMFs, the coupling of light from VCSEL to a UF is different.
In Ref. [3], detailed modeling and experimental studies were
conducted to show how the coupling loss varies with the fiber
parameters. Considering design tradeoffs, we have fabricated a
UF design that has a core delta of 1.2%, core diameter of about
30 pm, which supports 12 mode groups [3]. The LPO1 MFD is
slightly higher than standard single mode fiber, but it also in-
creases significantly the coupling efficiency to VCSEL or MMF.
The numerical aperture of 0.225 further improves the coupling
efficiency. This choice of UF parameters provides a reasonable
balance between SM and MM performance. Experimental stud-
ies of an initial UF [2] and later an improved UF [3] agree well
with the theoretical analyses. The chromatic dispersion of the
UF at 850 nm is around — 100 ps/nm.km similar to that of OM3
and OM4 MMFs. The chromatic dispersion values of the UF
at 1300 nm and 1550 nm are around —1 ps/nm.km and 19.5
ps/nm.km respectively.

In addition to insertion loss, another aspect of interest for SM
transmission is multi-path interference (MPI) [4]. In conven-
tional SM transmission, MPI may result from multiple reflec-
tions at the connector interfaces. For UF, the MPI results from
the slight amount of light launched into higher-order modes
at one connector interface and coupled back to the fundamen-
tal mode at the next connector interface. The small amount of
higher-order mode light can cause power fluctuation due to co-
herent interference and therefore leads to power penalty. The
difference in delay between different paths can also cause inter-
symbol interference (ISI) related penalty. However, since the
UF has a MFD of LPj;; mode matched closely to that of stan-
dard single mode, the MPI can be well managed to minimize
the impairments.

Of ultimate interest is the transmission performance. In short
distance communications, the data rate of the transceivers moves
up from 1 Gb/s, 10 Gb/s, 40 Gb/s, to 100 Gb/s and even higher.
The 100G transceivers are state of the art and are suitable for
testing the capabilities of the UF. Several transceiver types both
for MM and SM transmission are used, as listed in Table III.
For MM transmission, 100G SR4 is the only standards-defined
transceiver. Others are proprietary solutions supported by
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TABLE III
THE TYPES OF TRANSCEIVER USED IN THE TESTING

Connectivity Form Factor

Transmission Duplex LC Parallel Optics
Type
SM 100G CwWDM4 100G PSM4
MM 100G SVI;/i[l;IiVI, 100G 100G SR4

multi-source agreements (MSA). There are also two connec-
tivity form factors. One is MPO connectivity based on using
eight-fiber parallel optics. Another is duplex LC connectivity. It
has become popular in recent years since the same data traffic
can be transmitted with two fibers instead of eight fibers using
wavelength division multiplexing.

Here are brief descriptions of each transceiver type we tested.

e 100G BASE SR4: The 100G SR4 VCSEL-based QSFP
transceiver operates at 4 x 25 Gb/s in compliance with
the IEEE 802.3 bm standard. It uses MPO connectors. The
specified distances are 100 m for OM4 and 70 m for OM3.

® 100G SWDM [5]: The proprietary transceiver utilizes four
wavelengths around 850 nm, 880 nm, 910 nm and 940 nm,
each operating at 25 Gb/s for an aggregate 100G data rate
within a single fiber. The transceiver utilizes 2 fibers with
two LC connectors. The 100G SWDM transceiver has the
QSFP form factor and supports up to 70/100/150 m over
OM3/0M4/OMS5 multimode fibers.

® 100G BiDi [6]: The proprietary transceiver utilizes 2 fibers
that transmits 100G per fiber with two 50G wavelengths
(850 nm/900 nm) per fiber. 25G baud rate PAM4 technol-
ogy is used to double the number of bits per symbol into
2 bits/symbol, providing a 50G data rate per wavelength.
The 100G BiDi transceiver has the QSFP form factor and
supports up to 70/100/150 m over OM3/OM4/OMS5 mul-
timode fibers.

e 100G CWDM4 [7]: The proprietary CWDM4 QSFP
transceiver is a 100G or 4 x 25G single mode transceiver
targeting data center applications with an expected system
reach of up to 2 km. It operates at four wavelengths around
1300 nm. The transceiver utilizes only two fibers with two
LC connectors.

® 100G PSM4 [8]: The proprietary PSM4 QSFP transceiver
utilizes parallel single-mode (4 x 25G/fiber) transmission
to provide 100G. It is designed to support reach of up to
500 m. The transmission of 100G PSM4 can be based on
either 1310 nm lasers or 1550 nm lasers.

Using a UF with modal bandwidth around 3000 MHz.km
[4], we conducted system testing for all five types of 100G
transceivers. We have conducted system testing using two sets
of equipment. For majority of the transceiver types including
100G SR4, 100G SWDM, 100G CWDM4 and 100G PSM4, we
have conducted detailed bit error rate (BER) testing using com-
mercial transceivers with proper connector interface to access
the individual fibers to gather the detailed performance data.
In the case of the transceivers having MPO connectors such as

TABLE IV
DEMONSTRATED TRANSMISSION DISTANCES FOR THE FIVE TYPES
OF 100G TRANSCEIVERS USING UF

Transceiver Type | Transmission Distance (m)
100G SR4 200
100G SWDM [5] 150
100G BiDi [6] 200
100G CWDM4 [7] 2700
100G PSM4 [8] 2000

Now UF (less than ~100m)

MM
Transceiver

MM
Transceiver

2V

UF (less than ~100m)

Future

SM
Transceiver

SM
Transceiver

Fig. 1. Illustration that UF can be used for MM transmission now and reused
for SM transmission in the future.

100G SR4 and 100G PSM4, a fan-out cable is used to allow the
access of an individual fiber with LC connector. For other cases,
LC connectors are attached to the ends of the fiber. For each
individual channel, the data rate is 25.78125 Gb/s using
231 — 1 PRBS pattern. For all transceiver types, we have also
used optical network tester (ONT) [9] from Viavi to conduct
the full testing with traffic involved. The transmission distances
that show bit error free performance are listed in Table IV. They
all show equal or longer distances that are specified for the
corresponding fiber types.

III. GENERAL APPLICATION SCENARIOS OF USING UF

There is a range of potential application scenarios where UF
can be used. In this section, we present each of them. Since UF
is an experimental fiber that is not yet commercially available,
below in our discussions, we assume that the deployment is
new deployment or often referred to as green field, and UF has
similar modal bandwidth and therefore system reach as existing
OM3 and OM4.

Scenario 1: Use UF for MM transmission now but have a path
to SM transmission in the future. At 25 Gb/s per lane data rate,
standard MM fiber transmission can reach up to 100 m. With
extended reach solution, the distance can be boosted to 200 m
for OM3 and 300 m for OM4. In the current scenario, one can
take advantage of cost effective MM transceivers using UF. But
in the future, if the SM transceiver prices drop to a certain point,
or the MM transmission cannot support higher data rate at the
same distance, one can switch to SM transceivers and still use
the same transmission fiber. The situation is illustrated in Fig. 1
below.
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UF (less than ~100m)

MM
Transceiver

UF (greater than ~100m)

Fig. 2. Illustration of UF as a single fiber medium that can support MM
transmission at short distance and SM transmission at longer distance beyond
what MM transceivers can do.

MM
Transceiver

Transcelver Transcelver

Now UF (less than ~100m)
wi | Q) [ wm
Transceiver Transceiver
Future :

UF SMF (2-10km)

SM
Transceiver

SM
Transceiver

Fig. 3. Illustration of how a UF link used for MM transmission at short
distance can be extended for much longer SM transmission without removing
and replacing the initial MM fiber link.

Scenario 2: Use UF as a uniform medium for both SM
and MM transmission. In many short-reach applications, op-
tical transmission links are less than 100 m. However, there
are cases, e.g., in high rise buildings, where certain transmis-
sion links involve distances beyond what MM transmission can
handle. In those cases, one must use SM transceivers and there-
fore standard single mode fiber as the transmission medium.
This is a situation that both standard single-mode fiber and
MMF are used in a hybrid deployment environment. Managing
such a hybrid use case is more complex and more expensive.
One may choose to use standard single mode fiber and high cost
SM transceivers across the board. With UF, one can use it as a
uniform fiber medium with lower cost MM transceivers in short
distances and with SM transceivers for longer distances. This
situation is illustrated in Fig. 2.

Scenario 3: Migrate MM links to SM links for longer dis-
tance transmission. In Scenario 1 we described a situation in
which existing links presently used for MM transmission can be
reused for SM transmission in the future. In another situation,
the MM links are initially used, and then reused and extended
for much longer SM transmission by concatenating with stan-
dard single mode fibers later as illustrated in Fig. 3. This is done
without removing and replacing the initially deployed UF. The
advantage of this configuration is that UF can be used in short
distance to take advantage of the cost-effective MM transceivers
and when a much longer link is needed, UF is compatible with

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 37, NO. 2, JANUARY 15, 2019

standard single mode fiber to form the longer link. This can
be particularly useful for some applications. For example, in
a 5G wireless fronthaul application, one can migrate from a
Distributed-RAN (D-RAN) architecture to a Centralized-RAN
or Cloud-RAN (C-RAN) architecture, which will be discussed
in the next section.

IV. UF FOR 5G WIRELESS FRONTHAUL APPLICATION

A. Needs of MM and SM Solutions in 5G Fronthaul
Application

In this subsection we investigate the potential application of
UF in 5G wireless fronthaul networks. Recently, 5G wireless
and its commercial deployment in the next few years have been
discussed [10]. The fronthaul application is one area of interest
for using UF. In the fronthaul application, there are two types
of architectures for radio access network (RAN) called D-RAN
and C-RAN as illustrated in Fig. 4. For D-RAN, as illustrated in
Fig. 4(a), the baseband unit (BBU) is located close to the remote
radio unit (RRU) with distance less than 150 m. For C-RAN,
a centralized BBU pool is used and the distance between indi-
vidual RRU and BBU pools can be up to 10 km as illustrated
in Fig. 4(b). In Fig. 4, in addition to BBU and RRU as labelled,
grey box is the outdoor optical cross-connecting cabinet (OCC),
purple box is the indoor Optical Distribution Frame (ODF), red
line is drop cable, yellow line is access trunk cable, and orange
line is remote cable connect to RRU. Note that BBU and RRU
are terms used specifically for 4G LTE networks. In 5G wireless
networks, the counterpart for RRU is called active antenna unit
(AAU). The counterpart of BBU is called distributed unit (DU)
or central unit (CU). Both 5G RAN architectures are being de-
ployed. Many of the existing 4G deployments use D-RAN with
optical transmission at 10 Gb/s data rate. When a base station is
upgraded from 4G to 5G, the data rate of optical transceivers be-
tween BBU and RRU will also be upgraded from 10 Gb/s (CPRI
protocol) to 25 Gb/s (eCPRI protocol [11]) or higher (100 Gb/s
with CPRI protocol) to achieve more than 10 ~ 100-time peak
wireless speed. Since many of the 4G deployments have been
based on D-RAN, one way to upgrade legacy 4G cells to 5G
is to use the same architecture with upgraded equipment and
higher speed optical transmission links. C-RAN is used for new
build of 5G cells.

Many of the D-RANs are deployed with RRUs located on top
of a building and BBUs located on the ground. Such deploy-
ment is expensive and complex as it involves the permission
from the building’s owners and is subject to local regulations. It
is preferred that such deployment be done only once. At 25 Gb/s
data rate, the MM transceiver price is significantly cheaper than
that of SM transceivers. Therefore, MM solution is favored in
the legacy upgrade. However, in the future, many D-RAN de-
ployments will be further upgraded and converted into C-RAN
architecture. The question is whether the MM cable deployed
for 5G D-RAN can be reused for C-RAN deployments where
SM transmission is used. The application configuration in Fig. 5
conceptually illustrates how this can be done by concatenating
the UF cable with standard single mode fiber.
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(b)

Fig. 4. Tllustrations of two different 5G RAN architectures. (a) D-RAN;
(b) C-RAN.

B. 25G Transmission Experiments, Results and Analysis

We have done experiments to test the feasibility of using UF
for both SM and MM transmission for application scenarios
described above. Several types of transceivers are used in the
5G fronthaul application for optical transmission between BBU
and RRU. They are 25G SR transceivers, 25G LR transceivers
and 100G CWDM4 transceivers. System testing was done us-
ing actual BBU with traffic at the designated data rate around
25 Gb/s. Passing or bit-error free is determined for a test period
of 5 minutes. 25G SR transceivers are used for MM transmis-
sion over 70 m of OM3 or 100 m of OM4. 25G LR transceivers
are used transmission over standard single mode fibers up to
10 km. The 100G CWDM4 transceiver is designed for 2 km
SM applications while the enhanced 100G CWDM4 transceiver
can support 10 km applications. Here the CWDM4 transceivers
used are for 10 km transmission.

D-RAN
.-!U i

(]
A

Upgrade to ’
C-RAN Nt

BBU

BBU pool
UF E

_-
“SMF —
- | B

Fig. 5. Upgrade from D-RAN to C-RAN by reusing UF used in D-RAN.
TABLE V
25G SR BER TESTING RESULTS AND MEASURED COUPLING LOSS
Transceiver BER UF coupling loss (dB)
Transceiver Al Pass 0.55
Transceiver A2 Pass 0.23
Transceiver A3 Pass 0.02
Transceiver A4 Pass 0.08
Transceiver A5 Pass 2.66

First, we tested five 25G SR transceivers used in the 5G fron-
thaul application. Five transceivers, each from a different man-
ufacturer, were tested. A 100 m UF with around 3000 MHz.km
bandwidth was used in the testing. The UF was cabled and had
LC connectors on both ends. All five transceivers connected
with 100 m UF passed the BER testing with no bit errors over
test period of 5 minutes. Since the UF is a MMF with smaller
core diameter than 50 ym core MMEF, there could be additional
coupling loss. 2 m of UF and 2 m of 50 um core MMF cables
were plugged into each transceiver separately to measure the
output powers from these fibers. The difference is the UF cou-
pling loss shown in Table V. In 4 out of 5 cases, the coupling loss
is quite low (less than 0.6 dB). The coupling loss for Transceiver
A5 is 2.66 dB, higher than others due to its larger launch spot
size. But this coupling loss is still within a reasonable range con-
sidering UF has smaller core than OM3 or OM4 MMFs. The
testing shows that the MM transmission performance is robust
for the 25G SR transceivers tested.

Next, we conducted the BER testing for two other types of
transceivers, the 25G LR and 100G CWDM4 transceivers. Both
are SM transceiver types rated for 10 km transmission. Four
transceivers from four different manufacturers were used for
each testing. The results are shown in Table VI and VII respec-
tively. We first tested using 2 km UF, which was cabled and
terminated with LC connectors similar to the 100 m UF sample.
For both types of transmission, 3 out of 4 transceivers passed
the BER testing over 5 minutes of testing period. We further
tested the case where the 2 km UF was concatenated with 10 km
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TABLE VI
25G LR TESTING RESULTS
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SM Adapter UF SM Adapter

\ /
4 ¥

standard single mode fiber. For both types, 4 out of 4 transceivers
passed the BER test.

We further analyzed failure modes in the SM transmission
for transceivers B4 and C4. There could be situations where
there is transmission failure. Some of the SM transceivers still
use a lens system at the transmitter to launch the light into the
fiber. Since the single mode fiber only supports one mode, when
a single mode fiber is plugged into the transceiver housing,
only the fundamental mode is launched. However, when a UF is
plugged in, the light from a lensed system can launch into higher
order modes of the fiber and degrade the system performance.
In another situation, many SM transceivers, especially 100G
transceivers, use single-mode stub fibers for mating with the
fiber plugged into the transceiver. If the stub fiber is truly single-
moded, the light would launch into the LPy; mode of UF, but if
the fiber is not truly single-moded, the light from the transmitter
can pass through the cladding of the stub fiber and launch into
higher order modes of UF. With this understanding, we can use
a simple single mode adapter external to the transceiver to act
as a higher order mode filter to avoid launching unwanted light
into higher order modes. To test this idea, we inserted a single
mode jumper cable to concatenate with the UF. This type of
system then passed the BER testing for both transceivers B4
and C4. Using 10 km standard single mode fiber to concatenate
with UF, we also obtained error free results. Using an additional
SMF jumper cable may not be an acceptable field practice as
the extra jumper may cause confusion in the installation for
operators. One can use an adapter with a segment of single
mode fiber to achieve the same goal as illustrated in Fig. 6. We
have experimentally verified that with proper choice of the single
mode fiber, one can implement a short adapter or cable to do the
modal conditioning and achieve error free system performance.

The above experiment illustrates how SM transceivers work
with UF directly or combined with additional standard single
mode fibers for SM transmission. For most transceivers, they
work directly with UF with no transmission errors. For some
SM transceivers that cannot work error free, an SM adapter can
ensure that the light is launched into UF correctly.

BER (2km UF) | BER (2km UF + 10km SMF) - -
Transceiver Bl Pass Pass ' .
Transceiver B2 Pass Pass (@)
Transceiver B3 Pass Pass
Transceiver B4 Fail UF
(Pass with SM Pass
dapt
adapter) Fig. 6.  Schematic of using SM adapters with SM transceivers and UF.
TABLE VII
100G CWDM4 TESTING RESULTS UF SMF
DWDM ™ O L /Aij X bwom
BER (2km UF) BER (2km UF + 10km SMF) ) 'O ) T - iver L
Transceiver C1 Pass Pass Transceiver: A, px 2 ransceiver A,
i SMF
Transcewer C2 Pass Pass O A e R
Transceiver C3 Pass Pass DWDM Tx O @ DWDM
Transceiver C4 Fail . A e Tx .
. Transceiver: A - N Transceiver A,
(Pass with SM Pass 3 R 4
adapter) : |

DWDM Tx O
Transceiver: Ay,.1 gy Jn

A g X :
DWDM

\ / Pan TX| Transceiver on
— —

MUX/DEMUX

Fig.7. Schematic of DWDM transmission over a combined link with UF and
standard single fiber through Mux/Demux.

C. Aggregated SM Transmission Using CWDM and DWDM
for CPRI Application

As noted above, for 5G wireless network, one configuration
for the data transmission between BBU and RRU is based on
25 Gb/s data rate using eCPRI protocol. Single mode fibers
are used to transmit for long distances up to 10 km, and typi-
cally with much larger amounts of data over each fiber. CWDM
and DWDM technologies have been used in the CPRI applica-
tions [12]. Here we explore an application scenario that utilizes
DWDM to merge several optical data streams from individual
RRUs connected with UF into one standard single mode fiber
as shown in Fig. 7. This scenario could potentially help the
migration from D-RAN using shorter distance transmission to
C-RAN using longer distance transmission without the need to
change the fibers that have been used for MM transmission. To
aggregate the data coming from multiple RRUs, the transmitted
signals from several DWDM transceivers through UFs can be
combined through a multiplexer into a standard single mode
fiber. At the end of the long single mode fiber link, the signals
are de-multiplexed into individual single mode fibers before
reaching the receiving ends of the transceivers. The transmis-
sion is bi-directional and data can be transmitted in the oppo-
site direction over different DWDM wavelengths and different
multiplexer/de-multiplexer (Mux/Demux) channels.

To experimentally test the case, we used four DWDM
transceivers with operating wavelengths of 1548.92 nm,
1549.72 nm, 1550.52 nm, and 1551.32 nm, respectively. They
operate at 10 Gb/s and are rated for 40 km transmission with
nominal Tx power of —1 to 2 dBm and with SFP+ transceiver
form factor. We also used two 40 channel Mux/Demux boxes
based on AWG with 100 GHz ITU grid spacing [13] with
50 GHz frequency shift. The insertion loss for each device is
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)
S

OSA Signal (dBm)
S
(=]

-50
-60
-70 |
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1548 1549 1550 1551 1552
Wavelength (nm)

Fig. 8.  The optical spectrum captured from the output of the first Mux/Demux
with the light aggregated from four DWDM transmitters.

4
10
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Fig. 9. The BER vs. received optical power curves for wavelength channel
1548.92 in four fiber testing configurations.

around 6 dB. The 25 km standard single mode fiber contributes
a link loss of 4.8 dB due to attenuation around 1550 nm. The
link loss from 100 m of UF around 1550 nm is negligible.
The chromatic dispersion value of LPy; mode at 1550 nm is
around 19.5 ps/nm.km. At the length of 100 m, the contribution
from the chromatic dispersion is negligible. For convenience,
we configured the experimental setup to operate in one direc-
tion using four transceivers. We expect that the performance
would be essentially the same for the other direction. Four sets
of BER testing equipment were used. Fig. 8 shows the aggre-
gated optical spectrum coming from four transmitters after the
first multiplexer.

Next, we conducted BER testing for each wavelength chan-
nel. 100 m UF is connected between the transceiver and the
input of first MUX. The 25 km SMF is placed between MUX
and the DEMUX. For case without the 100 m UF, a short singe
mode jumper is connected to the transceiver and input of MUX.
All four channels passed the BER testing and stayed bit error
free for more than 10 minutes, the duration of the testing. For
one channel with the wavelength of 1548.92 nm, we further ob-
tained the BER vs. received optical power curves for four fiber
testing conditions. It is found that the 100 m UF introduces little
penalty compared to the back to back case with only very short
fibers for optical connections. Similarly, the performances us-
ing 25 km vs. using 100 m UF and 25 km standard single mode
fiber combined link are similar to each other. The results indicate
that the UF as a part of the link behaves just like a segment of

standard single mode fiber even in the DWDM transmission in-
volving Mux/Demux. Although, we have used 10 Gb/s DWDM
transceivers as available to us in our experiment, we expect the
feasibility of using UF in the DWDM configuration will carry
over to higher data rate if 25 Gb/s DWDM transceivers are used,
judged by the observation that UF introduces little to no system
performance penalty.

V. CONCLUSION

In this paper, we reviewed the recent progress on UF and
presented new results in UF applications, in particular, wireless
5G fronthaul application. UF is a multimode fiber that has an
LPy; mode field diameter approximately matched to that of the
standard single-mode fiber. It can transmit both multimode and
single-mode signals using transceivers designed for either MMF
or single-mode fiber. By using UFs, one can bridge the needs
for both single-mode and multimode transmission through a
uniform and simplified cable infrastructure to accommodate the
full distance range needed. It also has the upgradability from
10G to 40G to 100G and even higher data rates. We presented
the fiber properties and system performance at 100G. We also
explored several detailed application scenarios where the fiber
can be utilized. Specifically, we showed how the fiber can be
used in the 5G wireless fronthaul application. Our testing re-
sults and analyses suggest that UF can potentially provide low
initial installation cost using MM transmission and simplify the
upgrade path to SM transmission in the future.

REFERENCES

[1] D. Coleman, “Optical trends in the data center,” in Proc. BICSI Conf.
Presentation, May 2016.

[2] X.Chen et al., “Universal fiber for both short-reach VCSEL transmission
at 850 nm and single-mode transmission at 1310 nm,” in Proc. OFC Tech.
Dig., 2016, Paper Th4E.4.

[3] X. Chen, J. E. Hurley, J. S. Stone, A. R. Zakharian, D. Coleman, and
M.-J. Li, “Design of universal fiber with demonstration of full system
reaches over 100G SR4, 40G sWDM, and 100G CWDM4 transceivers,’
Opt. Express, vol. 24,2016, Art. no. 18492.

[4] X. Chen et al., “Multimode and single-mode transmission over universal
fiber for data center applications,” Opt. Fiber Technol., vol. 44, pp. 53—60,
2018.

[5] [Online]. Available: http://investor.finisar.com/releasedetail.cfm?releaseid
=933294

[6] [Online]. Available: https://www.prnewswire.com/news-releases/foxconn
-interconnect-technology-Itd-announces-general-availability-of-
100g-bidi-fiber-optic-transceiver-module-300612099.html

[7]1 [Online]. Available: http://www.cwdm4-msa.org/

[8] [Online]. Available: http://psm4.org/

[9] [Online]. Available: http://www.viavisolutions.com/en-us/products/ont-

100g-test-solution-supporting-40ge-100ge-otud

C. Zhang, “Optical networking in the cloud and 5G era,” in Proc. Plenary

Talk Opt. Fiber Commun. Conf., 2018. [Online]. Available: https://www.

ofcconference.org/en-us/home/news-and-press/ofc-video-library/

[Online]. Available: http://www.cpri.info/

T. Diallo, A. Pizzinat, F. Saliou, P. Chanclou, G."E. Simon, and C.

Aupetit-Berthelemot, “Self-seeded DWDM solution for fronthaul links

in centralized-radio access network,” J. Lightw. Technol., vol. 34, no. 21,

pp. 4965-4971, Nov. 2016.

ITU-T G.694.1, Spectral grids for WDM applications: DWDM frequency

grid, Int. Telecommun. Union, Geneva, Switzerland, 2012.

[10]
(1]

[12]

[13]

Authors’ biographies not available at the time of publication.


http://investor.finisar.com/releasedetail.cfm?releaseid=933294
http://investor.finisar.com/releasedetail.cfm?releaseid=933294
https://www.prnewswire.com/news-releases/foxconn-interconnect-technology-ltd-announces-general-availability-of-100g-bidi-fiber-optic-transceiver-module-300612099.html
https://www.prnewswire.com/news-releases/foxconn-interconnect-technology-ltd-announces-general-availability-of-100g-bidi-fiber-optic-transceiver-module-300612099.html
https://www.prnewswire.com/news-releases/foxconn-interconnect-technology-ltd-announces-general-availability-of-100g-bidi-fiber-optic-transceiver-module-300612099.html
http://www.cwdm4-msa.org/
http://psm4.org/
http://www.viavisolutions.com/en-us/products/ont-100g-test-solution-supporting-40ge-100ge-otu4
http://www.viavisolutions.com/en-us/products/ont-100g-test-solution-supporting-40ge-100ge-otu4
https://www.ofcconference.org/en-us/home/news-and-press/ofc-video-library/
https://www.ofcconference.org/en-us/home/news-and-press/ofc-video-library/
http://www.cpri.info/downloads/eCPRI_v_1_0_2017_08_22.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

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


