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Abstract Space-division multiplexing (SDM) using
multi-core fibers (MCFs) and few-mode fibers (FMFs)
was proposed as a solution to increase capacity and/or
reduce the cost per bit of fiber-optic transmission.
Advances in passive and active SDM devices as well as
digital signal processing have led to impressive SDM
transmission demonstrations in the laboratory. Although
the perceived advantages in terms of capacity and cost per
bit that SDM offers over parallel SMF bundles are not
universally accepted, SDM is beginning to emerge as an
indispensable solution in major network segments. The
introduction of the spatial degree of freedom allows optical
networks to overcome fundamental limitations such as
fiber nonlinearity as well practical limitations such as
power delivery. We describe these application scenarios
that the optical communications industry has already began
to explore. From a fundamental science point of view,
concepts such as the principal modes, generalized Stokes
space, and multi-component solitons discovered in SDM
research will likely have a broad impact in other areas of
science and engineering.

Keywords space-division multiplexing (SDM), few-
mode fiber (FMF), multi-core fiber (MCF), wavelength-
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1 Introduction

The capacity of a communication channel (for example,
the optical fiber), is given by the Shannon capacity formula

where W is the bandwidth and S=N is the signal-to-noise
ratio (SNR). The theoretical capacity limit of a single-
mode fiber (SMF) occurs at the optimum transmission
power dictated by the SMF nonlinearity, at which it is
generally believed that a spectral efficiency of 5 bits/s/Hz
can be achieved. The bandwidth of optical amplification is
about 10 THz. Substituting those quantities into Eq. (1),
and assuming polarization multiplexing, yields a 100 Tb/s
transmission capacity limit of SMF, known as the
nonlinear Shannon limit [1].
In the meantime, the international internet bandwidth

usage was on the order of 200 Tb/s in 2014, and it grows
by about 40%, or 2 dB, each year, according to the Global
Bandwidth Research Service [2]. At this rate, the internet
bandwidth demand in the next 10 years will be at least two
orders of magnitude higher than the nonlinear Shannon
capacity. The gap between the internet capacity demand
and the nonlinear Shannon limit of the current SMF-based
infrastructure has been referred to as the “capacity crunch”.
In the past, multiplicative fiber capacity growth has been

employed to satisfy exponential capacity demand. The
most recent examples are wavelength-division multiplex-
ing (WDM) and polarization-division multiplexing. With
these techniques, all degrees of freedom of a SMF have
been employed for the purpose of multiplexing. In recent
years, much work has been done in the optical commu-
nications community on methods to overcome the
impending “capacity crunch” [3]. Space-division multi-
plexing (SDM) has been proposed as a solution to the
capacity crunch.

2 Space-division multiplexing

SDM of two different varieties can be employed to
transmit independent information over different spatial
channels within a single fiber thereby providing further
multiplicative capacity growth. The first technique used in
SDM is mode-division multiplexing (MDM), and involves
transmitting independent information via the individual
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modes in a few-mode fiber (FMF) [2]. MDM can increase
the capacity of a single fiber proportional to the number of
modes used. The second technique used in SDM, called
core multiplexing, necessitates that a single fiber be
constructed that contains several high-index cores in the
same cladding [4]. Independent information can be
transmitted via each of the cores in such a multi-core
fiber (MCF). The aforementioned techniques are illustrated
in Figs. 1(a) and 1(b). Both of these techniques, if used
properly, can increase the capacity of a single fiber beyond
the nonlinear Shannon limit. In addition, these two
methods can be combined to multiplicatively increase the
capacity of a single fiber.

Major advances have been made in the last few years as
research interest and activities in SDM grow. From a
fundamental science point of view, the concepts of the
generalized Stokes space [5], principal modes [6] and
multi-component solitons [7] have been established.
Enabling components for SDM including SDM fibers
[8,9], passive SDM devices (in particular mode multi-
plexers/demultiplexers [10]) and active SDM devices (in
particular amplifiers [11–13] and switchers [14]) have
made SDM transmission feasible. Record-breaking capa-
cities have been demonstrated in SDM transmission
[15,16]. For a review, please see Ref. [17].
Despite successful laboratory demonstrations of SDM

transmission, the advantages and necessity of SDM have
not been convincingly articulated. From a capacity
standpoint, an alternative method of increasing network
capacity is the use of multiple parallel WDM systems in a
SMF bundle. In theory, fiber bundles should be capable of
providing as much capacity as necessary. Even though
SDM can increase per-fiber transmission capacity, the
same capacity can be realized using multiple SMFs. A
related argument for SDM is that it can decrease cost per
bit for fiber transmission through integration. However,
further analysis reveals that many of these integration
techniques such as integrated transceivers are applicable in
parallel WDM transmission. Therefore, the economics of
SDM does not seem to offer overwhelming advantages
over multiple SMF WDM systems as WDM did over
multiple SMF time-division multiplexed (TDM) systems.
Justifications for SDM from a transmission capacity or cost
per bit point of view are not convincing. We argue in this
paper that there are fundamental and practical limits, other

than the nonlinear Shannon limit, that make SDM
indispensable.

3 Application scenarios for SDM

The reason why SDM could become indispensable is
because it can break fundamental and practical limits in
optical transmission and networking. The various advan-
tages of SDM can be realized in the different segments of
optical fiber communications networks, including sub-
marine, terrestrial, and access networks. The benefits SDM
offers in each network segment vary due to the different
nature of each segment. For example, submarine networks
are very space sensitive and very power sensitive,
terrestrial networks are cost sensitive and very space
sensitive, while access networks are space sensitive and
very price sensitive.

3.1 Submarine networks

In submarine networks, cable strength and flexibility
requirements determine cable material choices and the
largest cable diameter, therefore indirectly determining the
number of fibers that can be embedded in a single cable.
Modern technology has given rise to cables with diameters
on the order of centimeters. Within this limited volume,
only 8 to 16 fiber pairs occupying a space on the order of
millimeters are possible; the rest of the space is occupied
by strengthening members and power supply lines. The
state-of-the-art submarine system can provide roughly+/ -
6000 V on either end of the cable, yielding an overall
potential difference of 12000 V. Of that 12000 V potential,
7500 V is lost to the cable itself (assuming a 10000 km
cable length), 1000 V is used to compensate for the earth
potential, and only 3500 V can be used for repeaters [18].
Therefore, capacity of future submarine systems will be
limited practically by how much power a submarine cable
can supply [17].
Under the constraint of power delivery, one can deduce

the need for SDM as follows. The total per-cable
transmission capacity when multiplexing with M channels
is

C ¼ M �W � log2ð1þ S=NÞ, (2)

and the number of channels under the total power
constraint P is

M ¼ P

S
, (3)

where per channel power is S. Equations (2) and (3) can be
combined to produce a singular expression for the per-
cable transmission capacity that depends only on the total
power available, the bandwidth, and power per channel.

Fig. 1 An illustration of (a) MDM in a FMF and (b) a MCF for
core multiplexing
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C ¼ P

S
�W � log2 1þ S=Nð Þ

� P �W � log2ðSÞ
S

: (4)

In Eq. (4), we have assumed that per channel SNR is
much greater than unity. As is evident from Eq. (4), under
rigorous power constraints such as those encountered in
submarine networks, the best approach to achieving the
largest transmission capacity per cable is to decrease the
per channel power and increase the degree of multiplexing
within the limited available space, rather than increasing
spectral efficiency per channel. FMF and MCF can provide
much larger channel density than a fiber bundle. This is the
rationale for SDM in submarine networks. In fact, TE-
subcom has begun ground work toward a high-channel
count, low spectral efficiency per channel system by
optimizing power efficiency per channel [19].
It is important to note that while future submarine optical

fiber networks will eventually be limited by the practicality
of power delivery, currently submarine capacity is still
limited by fiber nonlinearity [20]. Therefore, an important
near-term goal is to increase the capacity of submarine
cables beyond the nonlinear Shannon limit of SMF. It turns
out that this can most easily be achieved using technol-
ogies developed for SDM, namely by transmitting
information in the fundamental mode of a FMF, as
opposed to a SMF.
Figure 2 illustrates the concept behind increased

capacity using FMF. The nonlinear Shannon limit is the
direct result of the nonlinear refractive index of the fiber
being proportional to the intensity within the core, which
is, in turn, inversely proportional to the effective area of the

fiber. Since FMF has a larger effective area, for the same
launched power it will have a smaller internal intensity,
allowing for more transmission capacity.
A recent experiment has been performed by NEC to

compare the transmission capacity of SMF, FMF, and a
hybrid setup involving both SMF and FMF, as shown in
Fig. 3 [21].
In the hybrid setup, FMFs were implemented immedi-

ately following an amplifier, where the internal power is
the highest, and was then connected to SMFs when the
power had been sufficiently attenuated such that the SMF
would be operating in the linear regime. Using the hybrid
fiber setup, record-breaking transmission performances in
spectral efficiency at 6.5 bits/s/Hz were demonstrated at a
transmission distance of 6600 km with a baud rate of 32
GHz and a channel spacing of 33 GHz [21]. Figure 4
provides comparisons between all three experimental
setups. Fundamental mode transmission in FMFs may
represent the first commercial application of SDM.
It should be noted that the large effective area of FMF

fibers can be exploited for analog transmission in which
transmission performance metrics including the radio
frequency (RF) gain, dynamic range and noise figure are
all proportional to the power handling capability of the
nonlinear fiber channel [22].

3.2 Terrestrial networks

Terrestrial networks are somewhat different than submar-
ine networks in that power is readily available on land,
there is no practical space limitation on terrestrial cables,
and, more importantly, they are typically not point-to-point
systems like their submarine counterparts. Instead, terres-
trial networks involve frequent routing and switching in
order to allow communication with multitudes of end
users. In commercial terrestrial networks, the core network
capacity is expected to reach 10 – 100 Pb/s. The nonlinear
Shannon limit imposes a 500 Gb/s per-wavelength data
rate restriction, meaning 20000 to 200000 independent
channels would be necessary to carry the aforementioned
network capacity. The per-fiber capacity of SMF is limited
100 Tb/s, necessitating 100 to 1000 fibers on the trunk
lines to maintain that capacity. Therefore, as the internet
capacity demand continues to increase so does the need for
more and more switching. The current switching granu-
larity of wavelength-selective switches (WSS) at the one-
mode-per-wavelength level will lead to an unmanageable

Fig. 2 An illustration of the increased capacity that can be
achieved by using FMF in place of SMF [4]

Fig. 3 Experimental setups designed to test the transmission capacity of network systems involving (a) entirely SMF, (b) entirely FMF,
and (c) a hybrid system utilizing both SMF and FMF [21]
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number of connection states (any data channel from one
fiber to another fiber) on the order of

NF

NC

 !
¼ 1000

200000

 !
,

which is an astronomically large number. When a SDM-
compatible WSS is used instead, all spatial modes carried
on the same wavelength are bundled together and switched
together, greatly simplifying switching architecture, and
reducing the number of independent channels NC and the
number of trunk fibers NF by the number of modes used for
MDM.
SDM can be employed in terrestrial networks via two

different methods: SDM-compatible components placed in
both transmission and switching infrastructures, or imple-
mentation of SDM only in the switching architecture –
aggregation of multiple single mode fibers into one FMF
before switching occurs. Figure 5 provides a clear
illustration of both types of SDM implementation into
switching architecture. In either case, SDM provides a
simplification of network and switching infrastructure that

would allow telecommunications providers to keep up
with an ever-increasing capacity demand. SDM-compa-
tible networking elements such as WSSes and cross-
connects has been demonstrated [23].

3.3 Access networks

Access networks can also benefit from SDM, as they are
very price sensitive. The keys to a low-cost passive optical
network (PON) are longer reaches and larger splitting
ratios, thereby increasing equipment sharing and reducing
the cost per customer. The splitters used in today’s
networks lead to an unavoidable upstream combining
loss, as is to be expected under the constraints of power
conservation. By eliminating the upstream combining loss,
the power budget can be improved to allow for a PON with
a greater reach and splitting ratio than those in use today. A
previous proposal, illustrated in Fig. 6(a), included the use
of a multi-mode combiner at the optical line termination
(OLT) receiver, creating an entirely passive method of
eliminating the upstream combining loss in a PON [24].
However, this method necessitates the use of multiple

Fig. 4 A demonstration of 111 independent channels transmitted in the C-band achieving a spectral efficiency of 6.5 bits/s/Hz [21]

Fig. 5 An illustration of the aggregation of multiple SMFs into one FMF (point A to point B), and of SDM-compatible components
implemented throughout the entire network (points B through E)
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feeder fibers, thereby increasing the cost. We proposed the
use of a single FMF and a mode transforming coupler
(MTC), which is essentially a mode-division multiplexer
as shown in Fig. 6(b). This arrangement provides the same
benefits as the aforementioned proposal, namely a fully
passive method of eliminating the upstream combining
loss, while simultaneously reducing the number of back-
haul fibers [25]. Figure 6 illustrates the differences between
these proposed solutions.
A mode-selective PON, like the one described in Fig. 6

(b), was successfully demonstrated recently. In that
experiment, upstream TDM data was transmitted over 20
km of FMF. Commercially available GPON equipment,
specifically OLTs and optical network units (ONUs), were
used in the demonstration, and a reach extender was added
to enable the detection of FMF modes. Figure 7 is the
experimental setup used for this demonstration.
This network setup was tested extensively using three

modes (LP01, LP11a, and LP11b), and achieved a bit-error
rate (BER) of less than 10–9 for all three modes. However,
the LP11a and LP11b modes experienced power penalties,
greater than that of LP01, of 1.5 and 2.7 dB, respectively.
Nevertheless, real traffic measurements using Ethernet
testers showed no packet loss, even when tested for long

periods of time – upwards of 16 h [6]. Figures 8(a) and 8(b)
quantify the BER and packet loss of the mode-selective
PON.

4 Conclusions

Advances in optical technology have made SDM techni-
cally feasible in a laboratory setting. In this article, we
point out that SDM may become indispensable in three
major segments of optical communication networks,
namely submarine, terrestrial, and access networks.
Utilization of a new degree of freedom, space, will help
to increase transmission capacity of power-limited sub-
marine systems, simplify routing and switching architec-
tures in terrestrial networks that would otherwise have an
impractical amount of connection states, and reduce the
upstream combining loss and the cost of PONs. In
addition, fundamental mode transmission in FMFs may
represent the first commercial application of the SDM
technology. From a fundamental science point of view,
concepts such as the principal modes, generalized Stokes
space, and multi-component solitons discovered in SDM
research will likely have broad impact in other areas of

Fig. 6 Illustrations of PON setups used to eliminate upstream combining loss, (a) demonstrates a proposal that requires the use of
multiple SSMF lines and (b) demonstrates an SDM-based design using a MTC and FMF, eliminating the need for multiple fiber lines

Fig. 7 A diagram of the 20 km FMF demonstration using commercially available GPON equipment [6]
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science and engineering from nonlinear dynamics to high
power fiber delivery.
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