Space-division multiplexing: the next
frontier in optical communication

Guifang Li,"*” Neng Bai,' Ningbo Zhao,>* and Cen Xia'

'CREOL, The College of Optics & Photonics, University of Central Florida, Orlando,
Florida 32816-2700, USA

*College of Precision Instrument and Opto-Electronic Engineering, Tianjin University,
Tianjin, China

*Infinera Corporation, 140 Caspian Ct., Sunnyvale, California 94089, USA
‘e-mail: nbzhao@tju.edu.cn

Se-mail: li@ucf.edu

Received July 23, 2014; revised October 23, 2014; accepted October 27, 2014; pub-
lished December 23, 2014 (Doc. ID 217643)

Space-division multiplexing (SDM) uses multiplicity of space channels to in-
crease capacity for optical communication. It is applicable for optical commu-
nication in both free space and guided waves. This paper focuses on SDM for
fiber-optic communication using few-mode fibers or multimode fibers, in par-
ticular on the critical challenge of mode crosstalk. Multiple-input-multiple-
output (MIMO) equalization methods developed for wireless communication
can be applied as an electronic method to equalize mode crosstalk. Optical ap-
proaches, including differential modal group delay management, strong mode
coupling, and multicore fibers, are necessary to bring the computational com-
plexity for MIMO mode crosstalk equalization to practical levels. Progress in
passive devices, such as (de)multiplexers, and active devices, such as ampli-
fiers and switches, which are considered straightforward challenges in compari-
son with mode crosstalk, are reviewed. Finally, we present the prospects for
SDM in optical transmission and networking. © 2014 Optical Society of
America
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1. Infroduction

Optical fiber communication is the backbone for the telecommunications infra-
structure that supports the internet. Fueled by emerging bandwidth-hungry appli-
cations and the increase in computer processing power that follows Moore’s law,
internet traffic has sustained exponential growth in the past, and this trend is ex-
pected to continue for the foreseeable future. It is well known that the capacity ofa
communication channel cannot exceed the Shannon limit. In the past two decades,
internet traffic demand was mainly met by wavelength-division multiplexing
(WDM) technology [1], which can increase the spectral bandwidth of a fiber-optic
communication channel by 2 orders of magnitude. It should be noted that the
spectral bandwidth of the fiber-optic communication channel can be further in-
creased by exploiting the low-loss transmission window of optical fiber beyond
the C and L bands. However, this bandwidth expansion is limited to below 1 order
of magnitude. Furthermore, lack of an integrated amplification platform makes
such a system unattractive from a technical and economic perspective.

Recently, coherent detection has attracted much attention for providing capacity
increase for optical fiber communication systems [2]. Coherent detection can
maximize the SNR of a fiber-optic communication channel in comparison with
direct detection. High SNR enables high-spectral efficiency quadrature ampli-
tude modulation (QAM) that transmits information in both amplitude and phase
of the optical signal. Digital coherent fiber-optic communication systems have
recently become commercially available. Further increase in SNR can be
achieved only by increasing the signal power. However, the increase in channel
capacity scales logarithmically with the increase in signal power. This logarith-
mical channel capacity scaling ultimately cannot meet the demands of exponen-
tial traffic growth from a technical perspective as well as the perspective of
power consumption per bit. In addition, fiber nonlinearity imposes an upper limit
on how much power can be transmitted in a fiber. Digital coherent optical com-
munication does make polarization multiplexing practical, providing a factor of
2 increase in channel capacity.

While it might be impossible to provide exponential growth in optical fiber com-
munication capacity to match the exponential growth in capacity demand, multi-
plicative growth in optical communication capacity, for example using WDM,
has satisfied traffic demand in the past. As today’s WDM coherent optical com-
munication has already taken advantage of all degrees of freedom of a light wave
in a single-mode fiber (SMF), namely, frequency, polarization, amplitude, and
phase, further multiplicative growth must explore new degrees of freedom that
do not exist in SMFs. Similar to the multiple-input-multiple-output (MIMO)
architecture in wireless communication, space is the degree of freedom that is
being considered for optical fiber communication beyond WDM. Space-division
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multiplexing (SDM), including mode-division multiplexing (MDM) using mul-
timode fibers (MMFs) or few-mode fibers (FMFs) and/or core multiplexing us-
ing multicore fibers (MCFs), has attracted much attention in the last 3 to 4 years
for the next multiplicative capacity growth for optical communication [3-5].

In this paper, we review recent progress in SDM. We start by introducing the
concept of MDM in Section 2, followed by a description of mode coupling and
its impact on MDM in Section 3. Section 4 presents electronic techniques for
equalizing mode crosstalk and their computational complexities. Section 5 de-
scribes optical techniques to reduce computational complexity for mode cross-
talk equalization. Passive and active components for SDM are presented in
Section 6. Section 7 contains the state-of-the-art SDM transmission experiments
as well as a discussion of linear and nonlinear capacity limits for MDM. SDM-
compatible and mode-selective networking are discussed in Section 8. Section 9
presents conclusions and outlook for SDM.

For an introduction to the conventions for symbols used in the paper, the reader
is referred to Appendix A: symbols with single overbar represent vectors, sym-
bols with a double overbar represent matrices, and regular (bold) symbols re-
present quantities in the time (frequency) domain.

2. Fiber Modes for MDM

Fibers guide light using a high-index core and low-index cladding by a mecha-
nism that can be intuitively understood as total internal reflection at the core—
cladding boundary. In step-index fiber, the refractive index #; is uniformly dis-
tributed across the core surrounded by a cladding with refractive index n,. The
propagation constant f§ of any guide mode is thus bounded by (n,ky, n ko),
where £k is the propagation constant of light in vacuum. In typical fiber used
for optical communication, the relative index difference defined by A = (n; —
n,)/n, is less than 1072; therefore, fiber modes are weakly guided. Under the
weakly guided approximation, the vectorial modes of the fiber can be simplified
using linear polarization (LP) modes. SMFs are the dominant transmission
medium for fiber-optic communication systems in use today. In MDM, we ex-
plore other modes that can be supported in optical fibers.

Figure 1 schematically illustrates a step-index circular fiber with an increasing
cross-sectional area. This fiber will always support the fundamental mode, the
LPy; mode (where the subscripts describe radial and azimuthal variations) char-
acterized by its propagation constant fy;, and the normalized mode profile
w1 (7, 0) such that the power contained in the mode Ay, (7, 0) exp{—ilwt —
Boiz]} is |4p;|>. When the fiber diameter is increased to a point at which the
V number, V = (2z/A)a\/n? —n3, of the fiber is greater than 2.405, the fiber
can guide light in the next higher order mode, the LP;; mode, characterized by
its propagation constant f;; and the normalized mode profile y,(r, 6). The LP,
mode has a twofold degeneracy, rotated by 90°, as illustrated in Fig. 1.

Generally, for weakly guiding fibers with more modes, the transverse field of LP
modes in the core is of the form [6]

Jp(k,r)

E,(r,0) = E,(a) 7, (bva)

cos(ph), (1)
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Schematic of a step-index circular fiber with an increasing cross-sectional area
and profiles of supported modes along the fiber.

where a is the radius of the core, k, = (k*n? — p*)'/2, and p is a non-negative
integer referred to as the azimuthal mode number. For the same p value, &, can
take on discrete values, labeled by a non-negative integer ¢ corresponding to the
number of zero crossings of the field along the radial direction. The LP modes
can be labeled LP,,, each having twofold degeneracies in polarizations in x and
v, and for p # 0, twofold degeneracies in spatial orientations separated by a ro-
tation of #/2p. The total number of modes of the step index core fiber is

approximately [6]

1
MzEVZ. ()

Orbital angular momentum (OAM) modes are linear combinations of a subset of
eigenmodes of the fiber. Since any advantage that may exist for OAM modes can
also be exploited using the OAM-less eigenmodes that comprise the OAM
modes, we will not discuss OAM multiplexing in this paper.

By definition, modes supported by the fiber are orthonormal, i.e.,

[ e viarirao = 5,8, G)

which is the basis for MDM: transmitting and receiving independent information
simultaneously in each fiber mode.

Throughout this paper we will use the simplest case of two modes to illustrate
important concepts and techniques for MDM. These concepts and techniques are
described mathematically based on vectors and matrices. The two-mode case
helps to visualize these vectors and matrices, which can be generalized to arbi-
trarily larger number of modes by simply increasing the dimension. MDM sig-
nals contain a superposition of modes, which can be described, in the case of a
fiber containing two mode groups (total of three modes), as

s(t,r,0) = Aot Owo1(r, 0) + A (D11 (7, 0), “4)
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where y;(r, ) represents one of the degenerate LP;; modes. It follows from the
orthogonality equation [Eq. (3)] that the time-domain signals modulated onto the
two modes can be separated [7], for example, by coherent beating of the MDM
signal with the local oscillator of the corresponding mode:

Ay (1) = //s(t,r, 0) -y rdrdo. (5)

Coherent beating is one example of mode-division demultiplexing. Methods for
multiplexing and demultiplexing of MDM signals will be described in Section 5.

In SMFs, the fundamental mode has two degenerate polarization states. These
two polarization states have been used for polarization multiplexing. The general
state of polarization-multiplexed signals can be represented using the Jones vec-
tor, consisting of the normalized complex amplitudes of the two polarizations.
The Jones vector has an isomorphic correspondence with the Stokes vector,
which resides in the three-dimensional real space. The state of signal with
MDM, which in general encompasses both spatial and polarization modes,
can be described by the generalized Jones vector or the generalized Stokes
vector [8,9]. The generalized Jones vector represents the 2M -dimensional state
of modes (SOM) for MDM signals:

jZ[A& A{n A)fm Ayua Afzq A;Jq "']T, (6)

where all amplitudes are complex, the superscripts denote x or y polarizations,
and T represents transpose. The factor of 2 comes from two polarizations for
each of the M modes. Just as in the case of single-mode fields, the SOM can
also be represented by a vector on a (4M — 2)-dimensional manifold in the
(4M? — 1)-dimensional real space, called generalized Stokes space [8], as will
be described in detail in Section 5.3e.

3. Mode Coupling and Its Impact on MDM

The concept of MDM has been around for a very long time [7] but has not been
pursued until recently. The reason is that the orthogonality of modes can be
maintained in practical application for only a very short distance because of
crosstalk among modes due to fiber imperfections, bending, and twisting. Mode
coupling is a fundamental obstacle for MDM [10] and thus must be ad-
dressed first.

3.1. Mode Coupling due to Nonideal Fiber Cross Section

If the index distribution of the fiber deviates from the ideal circularly symmetric
distribution, for which the degenerate modes have the same propagation con-
stant, the modes will couple to each other. For example, the coupling coefficient
for the degenerate LP; mode is given by [11]

wey [£P ffoooo[”z(va’) ~ Mo (xvy)]EzP“YuELP“,bdXdy
Ao (A& 2 (EY 1pya X Hipyp + Erp,,, < Hip,, 5)dxdy

(7

KLPijgey =

where n and 74, are the refractive index distributions of the actual and ideal
fibers, respectively, and Z is a unit vector in the z direction. The coherence length
for degenerate modes is of the order of hundreds of meters for a conventional
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MMEF and of the order of kilometers for FMFs with two-mode groups. Because
the degenerate modes couple with each other, independent data streams con-
tained in the respective local LP;; degenerate modes at the transmitter will
be dispersed into the local LP; degenerate modes at the receiver. In other words,
the signal detected in either one of the local LP;; modes at the receiver will
contain both data streams modulated onto the two local LP; degenerate modes
at the transmitter. In the absence of chromatic dispersion, this crosstalk between
two degenerate modes involves only one symbol, one from each mode, as they
propagate together along the fiber. With chromatic dispersion, this crosstalk will
involve as many symbols as the dispersive spreading of each symbol. To recover
the independent data streams, the coupling/crosstalk between the degenerate
modes must be undone. One may choose to transmit a single data stream in the
two degenerate modes, a method called mode-group multiplexing (MGM), ob-
viously at the expense of wasting 1 degree of freedom.

3.2. Mode Coupling due to Longitudinal Variations

In an ideal fiber, there is no coupling between nondegenerate modes. This is
schematically shown in Fig. 2(a) for a two-mode fiber, where two parallel lines
symbolically represent the noninteracting trajectories for the LPy; and LPj;
modes. However, index distribution of real fibers will have variations along
the direction of propagation. Such a variation can be caused by the fiber manu-
facturing process as well as by micro and macro bending of the fiber. The index
perturbation can be decomposed into Fourier components in the z direction as

Ae(x,y,z) = /eOAer(x,y, K)(cos Kz)dK. (8)

The (spatial) spectral component £yAe,.(x, y, Bo; — P11) of the index perturbation
will provide the phase-matching condition for the LPy; and LP;; modes to cou-
ple to each other, with a coupling coefficient given by

2
K = %// Ae,(x,y, Bor = Pr)wor (x, YT (x, y)dxdy. ©

Coupling coefficients between other nondegenerate modes are expressed with
appropriate substitutions of the mode profiles and spectral components of the
index perturbation. Therefore, the strengths of coupling among nondegenerate
modes depend on the spectrum of the index perturbation. The length scale of
nondegenerate mode coupling depends on gyAg,.(x, y, fo; — f11), which gener-
ally is a low pass (in terms of spatial frequency) function, and therefore modes
with small differences in propagation constants tend to couple strongly [12,13].

01 \ LPy; \
<\) - \] |:j01} ) XT,,,J )( Xiieeee X }:: ] |:jmi|
/ LPy / 1 din / A B 1P, / 11 Jour
@ (b)

Schematic of (a) an ideal two-mode fiber in which the two parallel lines re-
present two orthogonal modes and (b) a real fiber that has distributed crosstalk.
|
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Since the index perturbation along the fiber is random in nature, the strengths
and locations of coupling between nondegenerate modes are statistical. This ran-
dom coupling along the fiber can be represented by a series of coupling events
along the fiber, as shown in Fig. 2(b). In this discrete model, the interplay be-
tween mode coupling and modal dispersion is apparent. With two discrete cou-
pling events A and B, the signal can arrive from A to B in the LPy; mode via two
different paths: (1) the straight path in which the signal remains in the LPy; mode
and (2) the multiple-coupled path in which the signal is coupled from the LPy,
mode into the LP;; mode at the first coupling event A and is coupled from the
LP;; mode back into the LP,; mode at the second coupling event B. Because of
modal dispersion, the signal arriving via the multiple-coupled path will accumu-
late a modal group delay (MGD).

Mathematically, each coupling event between the modes can be described by a
linear coupling matrix,

E‘vi — |:cll,i clz.i:| , (10)
C21i €

which is typically a unitary matrix of complex numbers. The independent propa-
gation of the two nondegenerate modes between the two coupling events can be
described by a linear propagation matrix,

= @Poili 0
p; = |: 0 ejﬂllLi:|’ (1D)

in the frequency domain in which the propagation constants are generally fre-
quency dependent, or its inverse Fourier transform in the time domain, which is
also unitary:

Pi == F_I{I:)i}. (12)

The output is related to the input by
[Am (f)] _
Ay (@) | e

where * denotes convolution.

i Pal By [AO] _ 7 [An®
* ChorCyx Py x Cy % Py % ol ] =H>|<[01 ,
NEENTRR RS ! ! [All(t) in A (@ |y,

(13)

3.3. Mode Coupling Matrix

Ignoring the effect of chromatic dispersion in each mode, the input—ouput rela-
tionship with nondegenerate mode coupling, for the case of a two-mode fiber,
can be expressed as a matrix convolution:

Ao (2) _ | hy Ap1(?)
[An(f)Lut B [hzl hzz] * [An(f)]in' 14

Based on the mode-coupling picture in Fig. 2(b), each matrix element corre-
sponding to an appropriate impulse response is not a simple complex number,
but is of the form of a tapped-delay line filter or finite impulse response (FIR)
filter. For example,
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hy = L£8(0) + ) edt—1). 0<% < e, (15)

where L represents reduction of the amplitude of the input impulse, and the
summation represents all possible combinations of the discrete coupling events
along the fiber that allow the input signal in the LPy; mode to remain in the same
mode at the receiver. ¢; and 7; represent the strength and time delay associated
with the ith coupling combination, and z; is no greater than the total MGD of the
entire link,

Tvep = AT L, (16)

where Az is the differential modal group delay (DMGD) and L is the length of
the fiber.

Even including the effect of chromatic dispersion of each mode, the form of the
coupling matrix will remain the same—a matrix of tapped-delay line filters. For
example, the first term in /;; will be of the form L6 * /4(¢), where h.4(?) is the
impulse response of the chromatic dispersion of the LP,;; mode of the fiber.
Including chromatic dispersion, the length of the tapped-delay line filter is the
summation of the MGD and chromatic dispersion spreading zcp = D - Ad- L,
where D is the chromatic dispersion parameter and A/ is the bandwidth of the
signal. The coupling matrix between degenerate modes is a special case of
Eq. (15) with 7; = 0. When more than two (spatial and polarization) modes
are supported by the multimode fiber, the dimension of the coupling matrix will
be increased so that the rank of the coupling matrix will be the same as the
number of modes.

Assuming that the number of spatial modes supported by the multimode fiber is
M, with polarization multiplexing the total degrees of freedom for SDM is
D, = 2M. The input-output relation can be expressed as

¥(0) = H(t) * x(0), (17)

where the input x(¢) and output y(7) are column vectors of length D, and the

coupling matrix H(f) is a D, x D, matrix of tapped-delayed line filters. Because
all spatial degrees of freedom couple with each other, independent data streams
contained in the respective spatial degree of freedom at the transmitter will be
dispersed into all local spatial degrees of freedom along the fiber and at the
receiver. To recover the independent data streams, the coupling/crosstalk among
the spatial degrees of freedom must be equalized by inverting the coupling
matrix.

4. MIMO Digital Signal Processing for SDM

Based on the nature of coupling among the spatial degrees of freedom, it is
highly unlikely that the coupling matrix can be inverted using optical techniques.
To invert the coupling matrix in the electronic domain, the signals in all spatial
degrees of freedom arriving at the receiver must be coherently and synchro-
nously detected because the coupling and propagation in the fiber is sensitive
to the phase of the signals. The detected signals are first digitized and then
processed using digital signal processing (DSP). Before describing methods
for inverting the coupling matrix, it is useful to discuss the basic characteristics
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of the D, x D, coupling matrix H(f) of tapped-delayed line filters. The number
of taps (also called tap length or memory) of each filter is related to the symbol
rate (or baud rate) B of the SDM transmission system, the sampling rate R,
(samples/symbol), the chromatic dispersion, and the MGD of the fiber:

Nty = (tmap + 7cp) * B Ry (13)

The total number of complex parameters in the coupling matrix is
Dy X Dg % Ny,

As an example, consider a SDM system employing D; = 24 degrees of spatial
freedom, opearting at a symbol rate of 25 GBaud over 2000 km with

Az = 50 ps/km, and the total number parameters is 1,440,000 at one sample
per symbol. As a further complication, since the constituent coupling and propa-

gation matrices C; and ;’,- are subject to environmental changes of the fiber, the

coupling matrix H(¢) is random and time varying and, therefore, is also gener-
ally unknown. To undo the crosstalk among the spatial degrees of freedom, one

must determine as well as invert the unknown matrix H (¢) all within a time scale
much faster than the characteristic time constant for environmental changes [14].

Since the coupling matrix H(¢) is linear and well behaved, all the unknowns in

H(f) can be determined if one makes enough (more than the number of un-
knowns) independent measurements, using training symbols, for example.
The time it takes for 24 channels to transmit 1,440,000 symbols at 25 GBaud
is 2.4 ps, which is much shorter than the characteristic time scale of environment
change on the order of milliseconds. Of course, actual adaptation of the multi-
mode channel will take longer. Fortunately, many MIMO algorithms have been
developed in wireless communication, which can be adopted and adapted to
equalize mode crosstalk in SDM.

So far, two main linear equalization techniques have been investigated: adaptive
time-domain equalization (TDE) [15,16] and frequency-domain equalization
(FDE) [17,18]. In this section, we review both approaches and discuss their al-
gorithmic complexities.

4.1. Time-Domain Equalization

4.1a. Algorithm Descripfion

To recover transmitted signals from what is received in different mode channels
at the receiver, an ideal linear equalizer can estimate an inverted channel matrix

Wit =H (t)_1 and apply it to the received signals to recover the transmitted
signal:

X(0) = W) % y(@0). (19)

According to Eq. (19), this equalization can be intuitively implemented in the
time domain. Figure 3 shows a canonical structure of an adaptive TDE for two-
mode transmission.
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MIMO Equalizer

Carrier .

Recovery Slicer TX Mode 1
Carrier .

Recovery Slicer TX Mode 2

DSP structure of adaptive TDE for two-mode transmission. The MIMO equal-
izer has a butterfly configuration.

In the coherent receiver (RX), both in-phase (I) and quadrature (Q) components
of signals from all spatial channels are detected and digitized. The electric fields
of the signals y; ,(k) are then reconstructed and resampled. The channel inver-
sion process is performed by a filter matrix that contains four taped-delay line
filters:

X (k) wai (k) wo (k) V2 (k) (k)

where %, 5 (k) denotes equalized symbols, {w;;(k)}(i,j = 1,2) represents inverse
channel filters, and the * here denotes element-wise convolution. Figure 4 is a
detailed block diagram of the MIMO TDE for one spatial channel.

[M] — [Wu(k) le(k)] " [m] =ﬁ* [m], (20)

In order to eventually recover the transmitted symbols, laser phase noises have
to be estimated and mitigated. The mth symbol after carrier recovery can be
written as

¥ ,(m) = Xy 2(m) exp(—ighy 2 (m)), (21)

where &1,2 denote the estimated laser phase fluctuations, which can be computed
using the Viterbi—Viterbi approach [19] or the maximum likelihood estimation

A
yik) - TDE Jcarrier < s
¥, (k) 71 wia(k) ?|Recovery {*(k)}
1
l, \
,:' {exp(jd. (k)] Slicer
/ fa )
L -
Gradient . r\ + /
Estimation|~ < \/ — {xK)]

{d(k)}
Block diagram of MIMO TDE for one spatial channel.
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method [20]. The estimation of filter coefficients generally can be acquired using
the blind or data-aided (DA) approach. The blind estimation approach can
determine the filter coefficients by using information of the receiving signal it-
self. However, blind equalization normally exhibits slower convergence rate,
worse performance for low SNR, and more instability compared to DA equali-
zation [21]. In this paper, we focus on DA estimation methods in which a known
training sequence is inserted in the preamble of each data frame. Because of the
high data rates used in optical fiber communication, the least-mean-square
(LMS) method is a standard method to estimate the filter coefficients using
the following iterative algorithm:

m+1Z

— -
wi = w4 ey )

o (22)
m=|L]+1

where || denotes floor operation and

m+

yi (k)

Ny
m=|£]+1

represents a block of signal necessary for accurate phase estimation:

(o te0) o ts)n(on )]

The error signals represent the difference between the training symbol d; , (k)
and the recovered symbol multiplied by the laser phase noise and are calculated
as

ey (m) = (d) 2(m) =X ,(m)) exp(jep; 2 (m)), (23)

where m is the symbol index label and u denotes the convergence step size. In
practical implementations, ¢ has to be optimized as a result of the trade-offs
among speed of convergence, stability, and misadjustment of the adaptive proc-
ess. It is noted that the phase noise is multiplied in Eq. (23). By doing so, phase
fluctuations of y ,(k) can be canceled in Eq. (22) and laser phase noise will not
corrupt channels estimation and inversion.

After successful channel estimation using DA mode [d ,(m) = x| ,(m)], the
MIMO equalizer operates in the decision-directed (DD) mode with
dy,(m) = a,,(m), where a, , are symbols after hard decision to receive useful
information as well as continuously update the channel matrix.

4.1b. Algorithm Complexity

The complexity of TDE using an FIR filter matrix adapted by the LMS algorithm
can be measured by the number of complex multiplications per symbol per
mode. The number of taps in each filter, ignoring chromatic dispersion, is
given by

Nty = R,ATLB. (24)
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To obtain every output symbol per mode, we need DyNr,, multiplications.
Updating the filter coefficients requires D;A7rLB multiplications. Therefore,
the complexity for TDE without carrier recovery can be expressed as

CTDE = DS(RS + 1)ATLB (25)

The complexity of TDE scales linearly with the MGD of the link, the number of
modes, and the symbol rate.

Even though it is theoretically possible to invert the MIMO channel matrix of
multimode fibers, the computational load required can be staggering. As an ex-
ample, for a 2000 km 30-mode MDM system, in comparison to a SMF system,
the capacity could be increased by a factor of 30, and the DSP complexity is
increased by a factor of 1 million in comparison to dispersion equalization for
SMF transmission. Therefore, DSP complexity is a critical challenge, which de-
termines the feasibility of MDM. In the next subsection, we present FDE, an
electronic approach to tackle the DSP complexity challenge. Optical methods
to reduce DSP complexity will be presented in Section 5.

4.2. Frequency-Domain Equalization

4.2a. Algorithm Descripfion

Adaptive FDE for MDM transmission was first reported in [22]. To reduce the
complexity of equalization algorithms, FDE can be implemented using multi-
plications rather than convolution, as in the case of TDE, by inserting (inverse)
fast Fourier transform (FFT) [IFFT] into Fig. 4. This is shown in Fig. 5, where
the filter coefficients are frequency-domain values. However, both the received
signal and the error are in the time domain, as the latter are obtained by sub-
tracting the received signal from desired symbols. To adjust the FDE coeffi-
cients, the error is transformed back into the frequency domain.

In real-time implementations, the received signals are parallelized and processed
in blocks to facilitate FFTs/IFFTs. The overlap-and-save method is normally
used to compute convolutions between received signals and the equalizer.

The received signal is partitioned into overlapping blocks ¥, =
(b+1)Np-1

v;i(k) , where i and b are the mode and block indices, respectively.
BN 5N, +1

The length of overlap block Ngpy = Ny + N —1 = 2% is chosen as an integer

A
y(o FDE Carrier .
{yz(k)} S/P FFT W1,z(k) ”:FT_>Recovery {Xl(k)}
1
1
’:' {exp(ig. (k) Slicer
' falk)
L -
Gradient +
Estimation| FFT J){d(k)} /— {x(k)}

Block diagram of MIMO FDE for one mode channel.
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power of 2. A circular convolution is computed by taking the FFT of the signal
block, multiplying it with the equalizer block, and then taking the IFFT. The last
Ny samples of circular convolution are the same as the linear convolution and
therefore are saved as equalized symbols.

For adaptive FDE, error blocks can be computed in the same way as for TDE in
the time domain [Eq. (23)]. Frequency-domain LMS is used to iteratively cal-
culate equalizer coefficients as follows:

W§j.b> = ng” +uE;;, @ Y7, (26)

where E; j, represents the bth error block for the ith mode, Y7, denotes the con-
jugate of the signal block, and ® symbolizes element-wise multiplication.
Although FDE updates in the duration of a block, the error signal is permitted
to vary at the symbol rate, which determines the effective updating rate. Con-
sequently, FDE has tracking performance similar to that of TDE [23]. To reduce
convergence speed, the recursive least-mean-square (RLS) algorithm can be

used [24].

4.2b. Algorithm Complexity

For adaptive FDE, it is most common to use a block length of twice the equalizer
length. By using even and odd subequalizers, an equivalent half-symbol-spacing
FIR filter can be realized in the frequency domain [25]. To obtain Nr,,/2 output
symbols per mode per block, we need D;Nr,, multiplications. Updating both
even and odd equalizers requires additional DyN,, multiplications, also. The
total number of FFT/IFFT per mode is 4 + 2D, containing two FFT for the in-
put, a FFT/IFFT pair in the updating loop, and 2D, FFT/IFFT for executing the
gradient constraint in the gradient estimation block [23]. FFT is assumed to be
implemented by the radix-2 algorithm requiring N log(N)/2 complex multipli-
cations to execute FFT of N complex numbers. Thus, the complexity for the
proposed FDE can be expressed as

To compare the algorithmic complexity of FDE and TDE, Fig. 6 shows the com-
plexity as a function of the number of taps.

It can be seen that FDE reduces the complexity significantly from TDE. For
long-haul MDM transmission, the advantage of FDE is even more prominent
since the required filter tap length is high.

To further reduce the complexity of adaptive FDE at the receiver side, a cyclic
prefix can also be used [26]. This brings about a comparison between coherent
SDM systems using single-carrier or multicarrier modulation. Multicarrier
modulation is typically implemented using orthogonal frequency-division multi-
plexing (OFDM) [27-30]. One main difference in DSP structure between
OFDM and adaptive FDE is that OFDM requires [FFT at the transmitter side.
However, the complexity of DSP on the receiver side is reduced. For adaptive
FDE, the error calculation is done in the time domain, which requires an IFFT/
FFT pair. To enable fast adaptation and low excess error, additional FFTs are
needed to enforce time-domain gradient constraints. The other difference is that
OFDM uses a cyclic prefix to combat modal dispersion. The length of the cyclic
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FDE can significantly reduce the computational complexity.

prefix has to be at least equal to the MGD spread of the link. A drawback of this
approach is a reduction of throughput efficiency. To maximize the throughput of
the system, the FFT size should be sufficiently large to increase the cyclic prefix
efficiency parameter:

N FFT

Ner = 7~
Nerr + Nep

where Ncp is the length of cyclic prefix. Then, the FFT block size Ngpr for
OFDM would be much bigger than that for FDE. However, FFT block size di-
rectly translates into DSP circuit size. Additionally, in long-haul systems, multi-
carrier modulation is more prone to fiber nonlinearity than single-carrier
modulation. Single-carrier modulation has been used in all commercial systems
to date.

4.3. Experimental Results

MDM experiments using adaptive TDE [15,31] and adaptive FDE [32] have
been experimentally demonstrated. Reference [32] also includes a comparison
between TDE and FDE. In the experiment reported in [32], six channels of
28 Gbaud QPSK data were multiplexed into six SDM channels of a 50 km
FMF (three spatial modes each contain dual polarization). The baseband elec-
trical signals in the six SDM channels were sampled and digitized using three
synchronized sampling oscilloscopes with a sampling rate of 40 GSa/s and
16 GHz bandwidth. A total of 490,000 symbols per spatial/polarization mode
are evaluated to estimate bit error ratio (BER). For fair comparison between TDE
and FDE, equalizer memory lengths, initial tap coefficients, and the training step
size were set to the same values. The DMGD of the FMF is 63 ps/km. The total
link MGD of 3.15 ns corresponds to 88 symbols. An equalizer length of 256 per
MIMO tributary was chosen, corresponding to a memory length of 128 symbols.
This is sufficient to undo the channel crosstalk but is shorter than the minimum
decorrelation delay between the six spatial/polarization modes to avoid spurious
convergence.
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Figure 7 shows BER versus OSNR using both TDE and FDE where the black
curve represents the theoretical limit as a reference. The BER shown for each
spatial mode is the average of the two orthogonal polarizations. We observe
similar BER performance for both FDE and TDE. On the other hand, at an
equalizer length of 256, the FDE approach reduces algorithmic complexity
by a factor of 8.5 compared with the TDE.

5. SDM Fibers to Simplify MIMO Equalization

As discussed in Section 4, the DSP complexity for an MDM system is propor-
tional to the MGD of the FMF link. Therefore, it is critical to design and fab-
ricate an FMF with the proper modal dispersion properties. There are a number
of approaches in the optical domain that can reduce the computational load for
SDM MIMO signal processing. They include the following:

* Fibers with small DMGD: the total MGD is proportional to the DMGD when
fiber modes are weakly coupled.

» Fibers with positive and negative DMGD: they can be concatenated to
achieve overall reduced MGD.

» Strongly coupled MMF: when fiber modes strongly couple to each other, the
MGD can be reduced significantly.

Multicore fibers: they can also reduce computational load by making the
channel matrix sparse.

Characteristics of these fibers are discussed in the following subsections.

5.1. Reducing DMGD

In general, modal dispersion is determined by the overlap between the index
profile of the fiber and the transverse mode profile. Currently, two types of index
profile are proposed to achieve flexible modal dispersion control for MMFs. The
first is the trench-assisted multistep index profile [33], shown in Fig. 8(a). By
adjusting the index difference between the two core layers (A; = A; — A,), the
DMGD can be tuned from positive to negative. The second is the trench-assisted
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graded index (GI) profile [34,35], shown in Fig. 8(b). Both techniques utilize the
inner cladding trench to improve confinement and thus the loss of high-order
modes and to tune modal dispersion of high-order modes.

The index profile of a GI core is normally described as

_ [ m=2A@/a)])'* (r<a)
n(r) = { n; o) (28)

where a,, is the power coefficient of the GI profile, which is around 2 for most
GI fiber used in data-communications applications. When a GI fiber supporting
a great number of guided modes is considered, under the weakly guide
assumption, the Wentzel-Kramers—Brillouin (WKB) approximation can be used
to simplify the calculation of the propagation constants [36]:

B = miko[1-2A(m/ v/ M)*@/ @t/ (29)

Here, m is the degenerate mode number m = 2¢g + p + 1 and the total number of
modes M is given by

a, +2

(I’llk()a)2A. (30)

For larger m, more combinations of p and ¢ lead to the same m, which means
higher degeneracy. The advantage of multimode GI fiber is a theoretically low
MGD spread. The group delay of LP,, can be expressed as [37]

ny a, =2 m \2a/(@+2) A2 (3q -2 m \ 4,/ (a,+2)
Tpog = — 1+ A - 1+ =
¢ @, +2) \V/N 2 \a,+2)\VN

+ 0(A3)} ) €2))

For @, = 2, DMGD Az vanish to the first order of A.

For few-mode GI fiber, the WKB approximation is no longer accurate. How-
ever, the GI profile of Fig. 8(b) can still reduce the MGD in comparison with the
step-index design [38-42]. Figure 9(a) shows the DMGD at 1550 nm of the two-
mode GI fiber of Fig. 8(b), with a; = 8 pm, a, = 9.875 pm, A; = 0.45%, and
A; = —0.395%. It is observed that DMGD vanishes at @, = 2.13. Of course,
this is true only at one particular wavelength. Nevertheless, a GI two-mode fiber
with a 27 ps/lkm DMGD across the C band, which is two orders of magnitude

(b)

FMF index profiles for reducing DMGD: (a) multi-step index and (b) GL
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(a) DMGD of a two-mode GI fiber, showing net zero DMGD at a, = 2.13.

(b) MGD as a function of for a six-mode-group GI fiber; at @, = 1.8, DMGD
is only 200 ps/km.

smaller than typical step-index two-mode fibers, has been fabricated and used in
recent transmission experiments [35]. In addition, this technique can be scaled to
fibers with more modes. Figure 9(b) shows the MGD of a six-mode-group GI
FMF [Fig. 8(b)] with ¢; = 16 pm, a, = 9.875 pm, A; = 0.45%, and A; =
—0.395% (referenced to the average MGD) at 1550 nm. The DMGD (between
the fast and the slowest modes) is only 200 ps/km, achieved at a,, = 1.8.

5.2. DMGD Compensation

Although DMGD can be significantly reduced using proper index profiles, due
to sensitivity to index variation in the preform, most prototype FMFs have either
positive or negative DMGD. Moreover, for more than four propagating
mode groups, optimal DMGD is very sensitive to fabrication tolerances [40].

Figure 10
0.5 A '

Probability Density

Normalized Group Delay ;—d
4

Probability density function of normalized group delay for strongly coupled
multimode fibers, which approaches the semicircle distribution for a large num-
ber of modes. Courtesy of K.-P. Ho and J. M. Kahn.
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An alternative approach is DMGD compensation in which two types of fiber
with opposite signs of DMGD are concatenated [33,43]. For example, the
two-mode fibers shown in Fig. 9(a) with @, = 2.079 and a,, = 2.196 have group
delays that are exactly the same in magnitude but opposite in sign. Assuming
there is no mode crosstalk/coupling in each fiber and at the splice point, a con-
catenation of two of these fibers of equal length, which we shall call a DMGD
compensation period, will result in net zero MGD. This is similar to optical chro-
matic dispersion compensation. Both modes must travel on these two fibers with
equal length. This key requirement would not be satisfied, however, if there is
mode crosstalk. The cross-coupled signal will not propagate on these two types
of fiber with equal length. For transmission links consisting of multiple DMGD
compensation periods, the total MGD will heavily depend on crosstalk [44]. For
ease of explanation, we consider crosstalk analogous to scattering. If the system
has only single scattering, DMGD compensation fails only within the compen-
sation period where this single scattering occurs, and DMGD is compensated for
all the other compensation periods. Thus, with single-scattering-type crosstalk,
the maximum MGD [also called channel impulse response spread (CIRS)] of
the entire link will be no larger than the worst MGD of one compensation period
with mode coupling. In this case, CIRS will reduce as the length of the com-
pensation period is reduced or as the number of periods of DMGD compensation
is increased [45]. If multiple-scattering-type crosstalk also exists in the system,
then the maximum MGD of the entire link will be no longer than the worst
MGD of the number of compensation periods, equal to the order of scattering.
DMGD-compensated fiber that can guide four LP modes has been demonstrated
[10], although it might be difficult to scale to more mode groups. Therefore,
DMGD compensation may be effective only for MDM transmission over short
lengths and/or using a small number of modes.

5.3. Strong Mode Coupling

Another method of reducing the complexity of mode crosstalk equalization is to
increase mode crosstalk, which is somewhat counterintuitive. A simple physical
explanation is as follows: when modes strongly couple to each other, every in-
dependent data stream has equal probability to travel on the fast or slow modes,
increasing the chances that all data streams will have similar amounts of delay.
The theory behind this is quite elegant and is summarized here.

5.3a. Principal Modes

Without mode coupling, two modes, LPy; and LPy;, in a fiber will propagate
independently with propagation constants ff;; and f;; and group velocities
veor = 1/, and ve = 1/p},. Consider the case of coupling between the
LPgy; and LP; modes, whether intentionally introduced or due to fiber imper-
fections. The coupled-mode equation for the amplitude of these two waves is

given by
0 Am] -[ﬁm K ]{Am}
_ =i , 32
0z |:All K* P |An G2

where losses have been neglected. The propagation and coupling of the two
modes are linear processes, and, as such, in the frequency domain, the mode
amplitude vector can be expressed as
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where ay(w, z) and ®(w, z) are the amplitude and phase of the field and J(®, z)
is the generalized Jones vector representing the state of modes (SOM). The mode
amplitude vectors at the input and output are related by a complex transfer ma-
trix in the form

A(w,z) = H(w,2)A(w,0). (34)

Being lossless, the transfer matrix is unitary:

hi(w,z) hyw,z2)

H(w,2) = “h(w.2) hi(w.2) |’

(35)

with
|h|* + |hy)* = 1. (36)

Since the transfer matrix H(w,z) is, in general, frequency dependent for an
arbitrary but fixed input state of modes or generalized Jones vector, the output
generalized Jones vector will vary with the frequency of the input wave. To see
this frequency dependence, we follow [46]. Taking the derivative of Egs. (33)
and (34) with respect to frequency yields

0A 1 _ o
(w,2) = |—d, + i®|A(w.2) + aoe@M , (37)
0w a dw
0A(w, 2) _ aH(a),Z)A(w’O)’ (38)
dw ow

where ' denotes derivative with respect to frequency. Combining Egs. (37) and
(38), using Eqgs. (33) and (35), leads to

. d =, = -
aoe"l’—‘] = [H —itH|A(w, 0), (39)
dw
where
1
T=d —i—a. (40)
a

The rate of change of SOM with respect to frequency at the output will vanish if
the right-hand side of Eq. (39) is zero:

[H - itHA(0,0) =0 or [H'H + 7A(w,0) = 0. @1)

Since 7 is group delay @' [for lossless transmission (@ = 0)], which is the
eigenvalue of iH H',

_ . oH oH' -
iH~— o —i—H (42)
ow ow
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is called the group delay operator. The eigenvalues can be found readily
by setting the determinant to zero. With the help of Eq. (36) and
(h ki + hoh3) = RihT + b} + B RS + hohi' = 0, we arrived at

Ty = /| ? + |B|? (43)

and the corresponding eigenvectors

(44)

W jrih

K,—jrih,
J
Ay

Ji(@,0) = e/"[ A,

where p is an arbitrary phase and A, = \/ 27, (v4 —Im[hih)| + hiH,)). The ei-
genvectors are superpositions of the modes of the uncoupled fiber and are called
the principal modes [47]. The MGD between these two principal modes is

TMGD — T+ —T_ = 2\/ |h’1|2 + |h’2|2 (45)

5.3b. Reduction of DMGD

Given the mode-coupling evolution described by the coupled-mode equations
[Eq. (32)], the evolution of the transfer matrix H(w, z) can be obtained analyti-
cally. Taking the derivative of Eq. (34) with respective to z and recasting it in the
form of Eq. (32), ignoring a common phase factor exp[i(fo; + f11)z/2] for all
the elements, we obtain

oh, AP .

a_Z] = 17’11 - lKhz, (463)
oh A

—2= i—ﬂhz + ixh*, (46b)
0z 2

where Af = fy; — p1;. For the case of constant coupling, the solution with
boundary condition k;(w,0) = 1 and h,(w,0) = 0 is given by

iAp . [z z
h, = 4Aﬁ2 — sin <§\/Aﬂ2 + 4;<2> + cos <§\/Aﬂ2 + 4K2>, (47a)
A K . E ) )
h, = 2i 7&82 s sin (2 A AP+ 4k ) (47b)

As a result, for large propagation distances when the modes are fully coupled,
the group delay is given by

112 112 Aﬂz Y]
tvap = 24/ B} |7 + |hy|" = mMﬂﬂ- (43)

It is noted that DMGD of the principal modes is smaller than that of the un-
coupled modes |Af'z| by a factor \/AB%/(AB* + 4x?). The larger the coupling
coefficient, the larger the reduction factor. This phenomenon has been known in
GI multimode fibers, and was shown by simulation in [48]. This is the first
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reason that strong mode coupling is beneficial. This conclusion can be intui-
tively understood as follows, even though the derivation is valid only within
the framework of coupled-mode equations. The MGD between the eigenmodes
represents the largest possible spread of signals in the time domain. With cou-
pling, the systems support principal modes, each of which is a superposition of
the two eigenmodes and thus cannot spread faster than the eigenmodes them-
selves in the time domain.

b5.3c. Scaling of Average MGD with Fiber Length

In real fibers, the coupling coefficient is random, and therefore the group delay
of the principal modes is also random. We seek to find the variance

(Irmanl?) = 4(1\ 1> + By ). (49)

Following [49], by defining #,, = h,, exp(—iApz), the differential equation
([Eq. (46)] for h; and h, can be simplified into

on(w,z)

> —ik(2)n; (o, z) exp(—iApz), (50a)
w = ix(2)n} (@, 2) exp(~iAfz). (50b)

By taking the derivative with respective to z of Eq. (49) twice and making use of
Eq. (50) as well as n}n] + mny’ + nyns + nn3’ = 0, we obtain

d(|TMGD|2)  AA @ 15k - ”
2 DG (mn" + mans') + 286"z, (51a)
d*(|rmepl*)
dz?
We assume that x(z) is a stationary random processing with an autocorrelation
function

= —4ApB exp(iAfz) (K* (miny, — 0yna) + c.c. + 2082, (51b)

R(§) = (k" (2)k(z = &), (52a)
with a correlation length of z; such that R(§) = 0 for || > z,. As a result,
2 2 2
d (lTMGDl ) — _2}",[ d<|TMGD| >_|_ 2Aﬂ!2’ (52b)
dz? dz
where
o= [ R@ exp(-inpe 53
The solution is given by
B>
(17w ) = Sy exp(-2r,2) 1 + 2], (54

In the limit of low mode coupling, lim, ,_(|Az|*) = Ap?z2. However, in the

limit of strong mode coupling,
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Ap?z

lim (|zyep|*) = (55)

r.z>1 -

Therefore in the limit of strong crosstalk, the MGD accumulates with the square
root of the propagation distance. This phenomenon has been known since the
1980s [50]. This is the second reason that strong mode coupling is benefi-

cial [26].

5.3d. Statistical Distribution of MGD

The above results are very useful to find the average values of MGD. But we
must also find the high-order statistics so as to quantify the probability of achiev-
ing this average system performance. The complex transfer matrix, generalized
for higher dimensions, can be decomposed using singular value decomposition
(SVD) into a product of three matrices:

H(w) = V(0)A(0) T (), (56)

where A(w) is a diagonal matrix of singular values of matrix H(w), and V()
and U(w) are the left-singular and right-singular unitary matrices, which are
dependent on frequency. If all singular values are nondegenerate, then SVD
is unique. Assuming transmission losses of all fiber modes are compensated
(the same), the complex transfer matrix H(w) is unitary (except for a constant
factor). There exists a special decomposition, similar to SVD,

Hw) =V ANw) U, (57)

such that U and V are independent of frequency to the first order. The column
vectors i,, of U, representing the input principal modes of H(w), are the eigen-
vector of the group delay operator [Eq. (42)]

_ oy
&) = -9 fw) (58)
dw

corresponding to an eigenvalue of 7,,. The column vectors v,, of ‘:/, representing
the output principal modes of H(w), are the eigenvector of the group delay op-
erator corresponding to the same eigenvalue of 7,,, and

Alw) = diag{e @, ..., e}, (59)

Fiber of any length can be described using the above model. We summarize the
analysis in [51-54] in determining the statistics of MGD in the strongly coupled
regime. Because mode coupling is random, the transfer matrix H () and thus the
principal MGDs are also random. It is important to understand the statistics of
MGD spread and its scaling law with propagation distance, since this determines
the memory length of MIMO equalizations. It should be noted that mode cou-
pling along the fiber is a random process with a certain correlation length. For
propagation within the correlation length, the principal modes are correlated and
the principal MGD increases linearly with propagation distance. We divide the
fiber into K sections with length slightly greater than the correlation length, but
much smaller than the total transmission distance. Each section is represented by
a transfer matrix H, (o) :
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Hi(0) =V, A(o) - U, (60)

The matrix A; (@) and the input and output unitary matrices U, and V are un-
correlated and statistically independent from section to section. Nevertheless,
because the randomness is statistically identical from section to section, the sta-
tistics of group delay is the same for all sections. The overall transfer matrix is
given by

H(w) = Hg(w) - Hy () --- Hy(0) - Hy (). 61)

The corresponding group delay operator is given by

S dﬁT SN\ = . =
G:_l ! H1+H1 2 'Hz H1+H1TH2T
dw da)

dH," - -
'<—z 3 H3>-H2-H1+.... (62)

It can be seen that the resulting group delay operator is a summation of K ran-

dom matrices. Therefore, the matrix elements of G are identically distributed
Gaussian random variables for sufﬁmently large K in accordance with the central

‘H 1 =U dlag{rl}U1 , each element

limit theorem. For the first matrix, —i j 44 i

(i,7) has a variance In fact, all the matrices are uncorrelated but

2D,
O, +1)(D, 78,-1)"
statistically identical to the first matrix. Therefore, each element of G has a vari-

ance The group delay variance associated with G is then given by

Ko2D,
Dy+D(Ds+6;~1)

— Z tr[G -G') = Ko2. (63)

Sm

The probability density function (pdf), as shown in Fig. 10, of the eigenvalue
distribution for G, which is a zero-trace Gaussian unitary ensemble [55], is

D2 [pr—1
pp(7) = o 2D fD< @’f)» (64a)

_exp(-D*/ (D, — D) 1 —t
fD (X) - \/W Z My m (2«/—> (64b)

where ¢ should be replaced algebraically by the Hermite polynomial

H k( ﬁ) in the evaluation of the summation in Eq. (64b). In the limit of

a very large number of modes, the pdf approaches the well-known Wigner semi-
circle distribution with radius /2D;.

Although an analytical expression is not available for the pdf of group delay
spread (difference between the largest and smallest principal MGD), the
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analytical expression for the pdf of group delay distribution, Eq. (64), can be
used to numerically compute the statistics of the group delay spread. In the limit
of a large number of modes, both the minimum and maximum group delays are
given by two independent Tracy—Widom distributions [56]. The complementary
cumulative probability function (cCPF) of group delay spread 7\;gp calculated
based on the Tracy—Widom distribution is shown in Fig. 11.

Using the same random matrix approach, the mode-dependent loss (MDL) can
also be studied. If H(w,z) is the transfer matrix for forward propagation,
H' (0, z) then represents the transfer matrix backward from z to 0. Therefore,
the eigenvectors of I_IT(a),z)I_I (w,z) represent field distributions that are un-
changed through round-trip propagation with the exception of a linear scaling
factor, which corresponds the loss of the fiber. Therefore,

L=H (0,2Hw,z) (65)

can be defined as the loss operator [57,58], which is also a multiplication of two
matrices, like the group delay operator. When decomposed as multiplication of
transfer matrices from uncorrelated segments, L is also a Gaussian random ma-
trix. Therefore, as expected, MDL also follows the same statistical distribution
[Eq. (64)]. Let the eigenvalues of L be 1; = e %. For systems with small MDL,
the statistics of g; are exactly the same as Eq. (64) for the MGD 7; [58]. More-
over, MDL not only reduces but also scales with the square root of propagation
distance with strong mode coupling. This is the third reason that strong mode
coupling is beneficial [58,59]. The Stokes space formalism has been shown to
provide a convenient description of MDL and its impact on system perfor-
mance [60].

5.3e. Stokes-Space Description of MGD

The evolution of the transfer matrix H (w,z) in the direction of propagation,
given by Eq. (46) for the case of two-mode coupling, can be generalized as

Figure 11

10°

cCPF

2
Tyap / <TMGD >

Complementary cumulative probability function (cCPF) of group delay spread
TMmgp for strongly coupled multimode fibers calculated using the Tracy—Widom
approximation of random matrix theory (dotted lines) and the chi distribution in
the Stokes space approach (solid lines).
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oH (w,2)

= iB(w,2)H(w,2). (66)
oz

Similarly, the frequency evolution can be generalized from Eq. (41) as
oH (o, - _
y — iT(w, 2)H(w, 7). 67)

w
The Stokes space analysis of MGD presented here is a summary of [8 9]. When
propagatlon losses are the same for all modes (no MDL), H (w,2), B(a) z) and

T(a) z) are Hermitian matrices, which can be expanded as a superposition of a
basis set consisting of the identity matrix and 4M? — 1 zero-trace matrices sat-
isfying the trace-orthogonal condition:

1
wTV{O‘ 6;} = 6. (68)

All matrices in the inner product space defined by Eq. (68) can be expanded
using the basis set as

= 1

H(CU,Z) = W (7101 + ’71 : g)’ (69&)
= 1 _

T(w,z) = ﬁ (wl +7-0), (69¢)

where ¢ is a vector of matrices S'j and the dot product is defined as
6= Zn]o- This is the generalization of polarization-mode dispersion
(M = 1) in which the basis set consists of the identity matrix and the three Pauli
matrices [61]. Vectors 7, 3, 7 are called generalized Stokes vectors residing in the
(4M? — 1)-dimensional space, which is referred to as the generalized Stokes

space. By using the Stokes expansion, Eqgs. (66) and (67) can be written as

oH (o, ' . =
#:%(ﬂol+ﬂg)'H(a),z), (70)
oH (o, ' =
752 ?) = —221\/[ (ol + %-g) ‘H(w, z). (71)

Therefore, the group delay operator can be expressed as (z dependence dropped
for simplicity)

G(o) = —iHl (w) - 6(0) H (o) - —(TOI+T o) Hw). (72)

The vector 7 represents the expansion coefficients of the group delay operator,
apart from a rotation by H(w, z), which does not change the length of 7, and

1
7 = 5 Trile - P} (73)
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can be used to characterize MGDs. The vector 7 can therefore be called the mo-
dal dispersion (MD) vector or MD vector, which is the generalization of the
polarization-mode dispersion (PMD) vector.

From Eq. (70), it can be easily shown that for a fiber with infinitesimal length
Az, the transfer matrix is given by

AH(w,2) = I + ﬁ (B o)Az (74)
Taking the derivative of Eq. (74) with respect to frequency yields

ow  2M \ow =

OAH(w,2) i <@ '6> A 5)

signifying that the MD vector of this infinitesimal length of fiber is

y
AT = 4 Az, (76)

Jw
rotated by the matrix AH (w, z). Therefore, the evolution of the MD vector is

given by

z(L) = / Lfi'(L,z) -%dz, (77)
0 10

where R(L,z) is the rotation matrix for the fiber extending from z to L. In real
fibers, transfer matrix H(w,z) and MD vector 7 vary randomly along z. If we
divide the fiber into pieces that are slightly longer than the correlation length but
much shorter than the total fiber length, the evolution of the MD vector is a
(4M? — 1)-dimensional random walk. Therefore, it is Gaussian distributed and
its length |7| obeys a chi distribution with 4M? — 1 degrees of freedom and the
mean-squared length scales with propagation distance as (|7|?) = {?z, where
(0B(2) /0w - 0p(Z) [ ow) = {*5(z— z!). Although length |z| cannot be directly
translated into group delay spread in higher dimensions except for the simplest
case of M = 1 for PMD, it is still indicative of modal dispersion. The square-
root scaling of MGD with length derived here by using the Stokes space model is
the same as those obtained using the random matrix formulation in
Section 5.3c.

The statistics of the MD vector spread is also not available analytically. It was
found numerically that the group delay spread 7y;gp also follows the chi distri-
bution [8], which agrees very well with those obtained from random matrix
theory, as shown in Fig. 11 for comparison.

5.3f. Methods fo Infroduce Strong Mode Coupling

Mode coupling can exist randomly in fibers due to manufacturing imperfections
as well as bending and twisting of the fibers. The strength of such random cou-
pling may not be strong enough to realize the desired scaling of MGD spreading
and MDL. Therefore, strong mode coupling may have to be introduced inten-
tionally. Offset splicing [62,63] and grating couplers [64] have been suggested
as means of introducing strong mode coupling. However, both methods will
also introduce excess loss, especially implemented in a distributed fashion.
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Supermode fibers have been shown to exhibit sublinear scaling of MGD with
propagation distance [65]. To understand the possible reason for this, we will
describe some details of the supermode fiber.

Consider a supermode fiber with three identical single-mode cores [Fig. 12(a,)]
each of radius a; the index difference between the core and cladding is A and
core-to-core pitch is d. The interaction between the modes of the three individual
cores can be described by the following coupled-mode equation [66,67]:

d Al - A 1 ﬁo K K Al
d_ A2 =M A2 =il x ﬁo K A2 , (78)
z A3 A3 kK K Pol |4

where A4; is the complex amplitude of the electrical field of the ith core, f is the
propagation constant of the fundamental mode in the isolated core, and « is the

coupling coefficient between cores. Since M is Hermitian for a lossless system,
it can be diagonalized by a unitary matrix such that @ 'M Q = A, where A is a
diagonal matrix and the diagonal elements A;; = fy + 2k and Ay = Ay3 =
Po — k are the propagation constants of the three supermodes so that supermode

amplitudes B = O 'A evolve as dB/dz = iAB.

Figure 12 illustrates the mode profiles of the three supermodes. Since they are
superpositions of the modes of individual cores, their intensity profiles are
strongly correlated. Therefore, if the index distribution in the fiber cross section
deviates from ideal uniform distribution, the modes will couple to each other, as
shown in Eq. (78).

In some sense, the supermode fiber can be considered another way of designing
FMFs. There are some immediate advantages of using the supermode structure,
as well. First, since the transformation matrix from the uncoupled modes to the
supermodes is unitary, coupling from the isolated cores to the supermode fiber is
lossless and therefore must be without MDL. Second, the effective areas of these
supermodes are larger than the corresponding step-index FMFs for the same
bending loss [67]. Another advantage is that the supermode structure allows
more degrees of freedom to provide the desired propagation characteristics.
The supermode fiber can tune the effective index difference and DMGD by
changing the geometrical parameters and the indices of the core and cladding.
Both low DMGD and strong crosstalk are beneficial for MIMO processing.

5.4. Multicore Fiber

Another technique to reduce computation load for mode crosstalk equalization is
actually to “divide and conquer.” Take, for example, an SDM system with six

Figure 12

) Ex

Amplitude (x1) and phase (x2) of mode profiles of supermodes in a three-core
supermode fiber: (a) the fundamental supermode, and (b) and (c) the degenerate
pair of supermodes.

(a
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channels. If it is implemented as a mode-division multiplexed system using a
six-mode FMF, the crosstalk matrix has 36 entries. In contrast, if the six chan-
nels are divided into two cores of three modes each, then the crosstalk matrix has
18 entries. SDM using few-mode multicore fibers (FM-MCFs) reduces the DSP
computation complexity by a factor equal to the number of cores. For a 10-core
fiber, DSP complexity can reduce by a factor of 10. Even though MCFs have
applications in data communications with core multiplexing [68—71], one of the
primary reasons that MCFs will be useful in long-haul SDM is to reduce DSP
complexity [72,73]. The reasons are (1) single-mode MCFs do not have a clear
and significant advantage over SMF bundles, and (2) to ensure low crosstalk and
large effective area [74—76] within a cladding diameter of 250 pm restricted by
the mechanical properties of silica, the number of cores within an MCF is limited
to about 20.

Based on the reasons above, the key performance metric for MCF in SDM is
core-to-core crosstalk. The mechanism of core-to-core crosstalk is resonant tun-
neling, such as what occurs in directional couplers. Therefore, intuitively, one
might expect that an effective way to suppress crosstalk is to destroy the res-
onance condition, i.e., the phase-matching condition, using heterogeneous MCF
in which the diameters of cores are different from each other. It turned out that
many heterogeneous MCFs fabricated had crosstalk levels much higher than
theoretical predictions, while homogeneous MCFs had crosstalk levels lower
than theoretical predictions. The reason is that heterogeneous MCFs have the
lowest crosstalk when they are perfectly straight. As soon as the MCFs are bent
or twisted, the phase-matching condition is improved. What happens in homo-
geneous MCFs is exactly the opposite; any bending or twisting would destroy
the phase-matching condition. Since bending and twisting cannot be avoided in
real fibers, homogeneous MCFs appear to be a better candidate for low core-to-
core crosstalk.

Crosstalk performance of MCFs must therefore consider the effects of fiber
bending and twisting. Bend-induced index perturbation can be of the order of
10751073, This provides the sufficient condition for bends to create or break the
phase-matching condition for either heterogeneous or homogeneous MCFs. A
fiber with bending alone can be equivalently viewed as a straight one with a
skewed index profile induced by the bend. Fiber twist along the propagation
direction, in addition, causes a periodic change of bend orientation. The effect
of twisting on an already bent fiber can be modeled as if the fiber cross section
rotates at the speed of twist [77,78]. Therefore bend- and twist-induced fiber
indices can use the equivalent index model described by

0
Hey(r 0. Ry) = 11 <1 4! C;: > (79)

where 7 is the original index without bend and twist, r is the distance from the
center of the MCF to the core of interest, and § = yz is the orientation of the core
with respect to the bend axis due to twisting with twist rate y. Each core is as-
sumed to be adequately small so that the index profile of any core is still uniform
under bending and twisting.

Because bending and twisting are random processes, the calculation of MCF
crosstalk is quite involved. We start from the reduced coupled-mode theory with
symmetric mode-coupling coefficients [79]:
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dA
d_zl’ = —ngquq(z) exp(AB,2)f (2), (80)
q7Fp

where p, g represent two different core p and ¢, K,,, is the average value of
coupling coefficients «,, and, x,, which are symmetric in MCFs with the same
loss k,, = k., and AS, i's the difference betweep the effect.ive-: propagation con-
stants of core p and ¢ with the effects of bending and twisting:

- -
1By — Byt

ABL, =P, =B, + R, cos(yz + 0,,). (81)

Using the equivalent-index model described by Eq. (79), f,, and 7, , are the
propagation constants and position vectors of core p and ¢ of the straight fiber,
0, = £(B,7, = p,7,) at z =0 [79], and f(z) is a function describing random
fluctuation of bending and twisting in the longitudinal direction. Accordingly,
the average crosstalk increment in power within a small segment [z;, z,] can be
written as

o
A‘I

2 Ep) )
AXyy = < > = Kf?q/z /Z exp[ABy, (z—2)] - {f 2) - [*(2))dzdZ’

=3, [7 77 exnmd e + 9 s @),

(82)

Since f'(z) can be considered a stationary random process, it has an autocorre-
lation function R(¢) = (f(z' + &) - f*(2')) where R(0) = 1. Once R(¢) is substi-
tuted into Eq. (82), a simpler form yields according to the Wiener—Khinchin
theorem

Z +o0
AX,, = Kgq/z dz [oo exp[7AB &l - R(E)dE = K,%q “Az-S(AB,). (83)

where S(Ap,,) represents the power spectral density of /. It is found that the
exponential autocorrelation function R(E) = exp(—|€|/1,), where [, is the cor-
relation length, can satisfactorily describe the randomness of MCF bending
and twisting. Therefore, using the expression for Af,, in Eq. (81), the local
power coupling coefficient 4,,(z) = AX,,/Az can be derived as

2K2,1,

hoo(z) = — P4
WO =T e B

(84)

which is applicable to both homogeneous and heterogeneous MCFs. The aver-
age power coupling coefficient (/,,) can thus be obtained. Following [80], by
averaging Eq. (84) over a twist pitch, using the expression for Ag,,, in Eq. (81),

1 1

Vag(b+ Jaia) - Va b+ Jaza)|
(85)

y (27 5
(hyg) = o ; hpe(2)dz = 2K ;1.
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which is independent of the twist rate, and

ajy = 1+ lg[(ﬂp _ﬂq) + |ﬁpl7p _ﬁqul/Rb]z’ (86a)

b=1 +l%wp_ﬂq)_Zg”ﬁpfp_ﬂq;‘“/Rb]z' (86b)

Consequently, according to coupled-power theory, the crosstalk after propaga-
tion length L can be easily obtained as

XT,, = tanh({h,,)L), (87)

which can be simplified as X7, & (h,,)L for low-level crosstalk.

For homogenous MCFs where all the cores are designed to be identical,
B, = B, = P, crosstalk between two adjacent cores can be further simplified
according to Egs. (79) and (85)—(87) as

/ 1
q-c - -
1+ BIBIF, =7, /R,

In the limit of very small bending radius or large bending curvature,

XT = 2K?

2 L. (88)

K2R
XT = zzLAbL, (89)

where A is the distance between two adjacent cores (i.e., core pitch). From
Eq. (89), we arrive at the following conclusions for homogeneous MCFs. First,
crosstalk accumulation is linear with respect to fiber length and bending radius.
Second, crosstalk suppression requires increased core pitch, which unfortunately
decreases the core density, and/or reduced coupling coefficient between adjacent
cores. Methods for reducing the coupling coefficients include trench-assisted
[81,82] and hole-assisted structures [83,84], as shown in Figs. 13(a) and 13(b).
A low-crosstalk FM-MCF was first reported in [72,85,86]. Recent progress in
FM-MCEFs include both fibers themselves [84,87-90] and SDM transmission
using these fibers [91]. Crosstalk in MCF can be measured using multichannel
optical time-domain reflectometer [92].

Crosstalk of heterogeneous MCFs at a certain bending radius can be calculated
accurately using Eqs. (85)—(87) [82]. The local power coupling coefficient
[Eq. (85)] is inversely proportional to the square of the effective propagation
constant difference, which reduces to zero at a specific bending radius. There-
fore, crosstalk in heterogeneous MCFs first rises with bending curvature, reaches
a peak at certain bending curvature or radius R, then drops rapidly with bend-
ing curvature. This value of R, can be calculated from Eq. (85) using Eq. (1),
corresponding to zero effective propagation constant difference:

R = |ﬁp’7p _ﬂq7q| ~ neffA
P (ﬂp _ﬂq) Ange

(90)

where n.; and Ang are the effective index of one core and the effective index
difference between two cores, respectively. Therefore, a practical way of
managing crosstalk in heterogeneous MCFs is to reduce R, so that the
bending radius in real fibers is always greater than R, [93,94]. From
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Eq. (90), R,x = 50 mm can be obtained by a large Angg of about 0.001 as well
as a decreased core pitch <40 pm.

5.5. Experimental Characterization of MGD

A multimode fiber is inherently a multipath channel, and once modes are super-
imposed, a multimode fiber becomes an interferometric device. Mode beating
resulting from such interference, which is an obstacle for MDM, can be ex-
ploited to characterize properties of FMFs, including mode profiles and modal
dispersion.

Let us use a two-mode (group) fiber of length L as an example. If both modes are
excited at the beginning so that the input field is

E(x,9,0,1) = [Ao1yo1(x, ) + Ay (x. p)]e ™, 91
the output field at the end of the fiber is given by
E(x,y,z=L,1) = [Ayypo; (x, )P0t + Ay (x,y)ePntle ™, 92)

and the output intensity is given by

1,3,z = L) = Iog [wo; (6, ) > + Lyl (6, 9)
+2Re{do1 47 yo1 (. )y, (x, y)elPn @@ty (93)
The input and output powers, being integral of the intensity and by virtue of
the orthogonality of modes, are conserved. Nevertheless, the output intensity
at any point on the fiber transverse plane contains the inference of the two

modes. Furthermore, this interference is frequency dependent, even if the input
intensity is frequency independent [95]:

I(x,y.z=L,o+Q) = Iy |wo (x.0)|* + 111 w11 (x.p)|?
+2Re{do A7 yor (e ))w ) (x,y) el (@) For @I gt ~Fo)ely
%94)

which can be simplified as

Figure 13

(b)

Schematic cross sections of (a) trench- and (b) hole-assisted MCFs, and (c) the
cross section of a hole-assisted FM-MCF reported in [72]. Reprinted from C. Xia
et al., IEEE Photon. Technol. Lett. 24, 1914-1917 (2012).
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[(x?yvz = va + Q) = [01|W01(X»J’)|2 +[11|l//11(x’J’)|2
+2Re{ Ao A7 wo1 (X, »)wi; (x,p)} cos(Agy ) cos(L2 - Atyy),
95)

where Q < w, A¢y; is the differential phase and Azry; = f},L — L is the
MGD between these two modes. Therefore, by measuring the oscillation period
of the output spectrum at a fixed point (x, y), the MGD can be obtained. In prac-
tice, the intensity contained at a fixed point is low, so it is better to integrate over
a fractional area of the fiber cross section. This is typically done by connecting
with a SMF at the end of the FMF under test. The input fiber contains the am-
plified spontaneous emission (ASE) source and is offset from the FMF to excite
both modes. The output SMF also is offset to collect both modes.

For fibers with more than two modes, the number of beat tones increases quad-
ratically with the number of modes, making it impossible to uniquely determine
the DMGDs between the modes. However, it is possible to slightly modify the
input condition to reduce the number of significant beat tones. This can be ac-
complished by exciting one of the modes to be much stronger than all other
modes at the input. By doing so, the interference between the dominant mode
and weaker modes eclipses the interference among weaker modes. Assuming
LPy,; is the dominant mode, the output intensity is given by

I(x,y,z =L, 0+ Q) = Iy [y (x.»)*
+ > 2 Re{AorAwor (6. V)W (x.)}

x cos(Ad¢,,,) cos(Q - Az,,,), (96)

where beating among nondominant modes can be safely neglected. Taking the
Fourier transform of the intensity spectrum at a fixed point (x, y), the peaks will
be found at Az, revealing the MGDs referenced to the dominant mode. The
spectral resolution of the interference pattern determines the maximum group
delay that can be measured, and the bandwidth of the interference pattern de-
termines the resolution of the group delay measurement.

A more powerful characterization method, S? imaging, can be obtained if the
output intensity is resolved both spectrally, as discussed above, and spatially
[96-98]. Such a measurement can be done using an ASE source to excite the
required modal content and scanning the output spectrum using an optical spec-
trum analyzer (OSA) point by point in the transverse plane at the output. Alter-
natively, one can use a tunable laser to excite the required modal content and use
a CCD to acquire images of output intensity as the laser wavelength is tuned, as
shown in Fig. 14(a) [99]. Because OSAs have a large dynamic range but laser
tuning is faster than point-to-point image scanning, the former is more accurate
and the latter is faster. This spatially and spectrally resolved measurement will
not only characterize the MGD, as shown in Fig. 14(b), but also the complex
mode profile. The spatially varying amplitude of the DC component of Eq. (96)
yields |y, (x, ) |?, and, by virtue of the fact that the mode field is all in phase, the
mode profile of g (x,y) can be obtained independent of all other modes, as
shown in Fig. 14(b). The spatially varying amplitude of each component at
Az, yields yo, (x, )y, (x, ), and with y; (x, y) already determined, the mode
profile y,,,(x,y) can be obtained.
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Figure 14
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(a) Schematic of S? imaging using a tunable laser and a CCD camera. (b) Rep-
resentative modal delay versus spectral intensity and the corresponding mode

profile at the spectral peaks.
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Before moving on to the next section on components, it is worth noting that all of
the optical techniques for reducing mode equalization DSP complexity, except
DMDG compensation, can be combined. Reducing DMDG, strong mode cou-
pling, and MCF all have the potential to reduce DSP complexity by 1 order of
magnitude or more. The combination of these optical techniques and FDE
should solve the critical challenge of mode crosstalk for SDM.

6. Components for SDM

SDM will need a class of passive and active devices that are analogous to their
counterparts in WDM. They include fiber input/output [100-103], connection
[104-106], and mode conversion [107-109], as well as what we will focus on in
this paper, mode (de)multiplexers and SDM amplifiers.

6.1. Passive Components: Mode (de)Multiplexers

Mode-division multiplexers are key components required for MDM. Mode con-
version in combination with passive combining, as shown in Fig. 15, was used in
early-stage MDM experiments.

Mode conversion can be achieved using fixed phase plates [110], tunable spatial
light modulators, or liquid crystal on silicon (LCoS) panels [110,111]. Phase
plates are thin glass plates with prescribed spatial distributions of refractive in-
dex or thickness, capable of transforming an LP;; mode to higher order modes.
As shown in Fig. 15, a signal beam is first collimated using a lens, and then
passes through the phase plate. The phase structure of the phase plate matches
the spatial phase distribution of the desired mode profile. Because the fiber mode
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profile is similar to its Fourier transform, the phase plate can be placed at either
the image plane or the Fourier plane of the lens system [112]. The disadvantage
of the conversion-plus-combination type of multiplexers is that multiplexing
loss will be inevitably high because of passive combining loss (dashed arrows).
The theoretical minimal insertion loss of a three-mode multiplexer in Fig. 15 is
5.5 dB with optimized splitting ratios for the beam splitters.

In what follows, we describe low-loss mode (de)multiplexers, and they fall into
two categories based on the mechanism of (de)multiplexers. The first category is
based on matching the transverse field profile of excitation to that of the fiber
modes, into which the conversion-plus-combination falls, although not with low
loss. The second category is based on matching the longitudinal propagation
constant of the excitation to that of the fiber mode. The metric for all passive
components including (de)multiplexers is insertion loss (IL) and MDL [113]:

1 N
IL = <N; |/1n|2>, (97a)

_ max{|4,*}

MDL = —— )
min{|4,[*}

(97b)

where {1, } are singular values of input—output coupling matrix c s, which can be
obtained by SVD.

Another potential method is the use of holograms [114-116]. The holographic
method is theoretically possible [117,118] but hard to implement because vol-
ume holographic materials at the telecommunication wavelengths are not cur-
rently available and phase-only holograms suffer from losses and crosstalk.

é.1a. (de)Mulfiplexers Based on Mafching Transverse Mode
Profiles

The first category is based on matching the transverse field profile of excitation
to that of the fiber modes.

Spot-Based (de)Multiplexer

Unlike the conversion-plus-combination type of multiplexer, which maps each
SMF directly to each spatial mode, the spot-based multiplexer sparsely
matches the complex profile of each mode to a group of SMFs. The spot-based

Figure 15
=
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o

Mode-division multiplexer based on mode conversion in combination with
passive combining. A demultiplexer is simply a multiplexer in reverse.
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(de)multiplexer improves the insertion loss by avoiding the passive combining
loss of beam splitters [119]. From simply dimensionality or degrees of freedom
considerations, the minimum number of fibers needed for a spot-based multi-
plexer equals the number of fiber modes. Take the case of a FMF supporting two
mode groups with three spatial modes, for example: three SMFs are imaged onto
the facet of the FMF. The FMF mode profiles can be sparsely synthesized using
three SMFs, as shown in Fig. 16. Conversely, if the FMF modes were sparsely
sampled, the output in the three SMFs will be as shown in Fig. 16. Fiber arrange-
ments for multiplexing more LP modes can be found in [113].

Mathematically, the coupler can be represented by a matrix transformation, Q:' 5
between the field amplitudes, 4, in the SMF spots and the field amplitudes, 4; p,
of the LP mode as

ALP = és . A_5n (98)
Each element ¢;; of C s can be obtained by evaluating the overlap integral

Cki = //s,(x,y)y/;q(x,y)dxdy, (99)

where s;(x,y) and y,(x,y) are normalized complex optical fields of the /th
spot and the LP mode in the FMF. Because the sparsely synthesized field pro-
files are not exactly matched to those of the LP modes, the spot-based multi-
plexer will have insertion losses, although much smaller than the conversion-
plus-combination multiplexer. With appropriately chosen beam diameter and
separation, the insertion loss of a three-mode spot multiplexer can be as low
as 2 dB, a 3.5 dB improvement over a conversion-plus-combination multiplexer.
Because some modes (e.g., LPy;) are better matched other modes (e.g., LP;3),
the insertion losses will be mode dependent.

Photonic Lantern

The photonic lantern (PL) is the integrated-optics embodiment of the spot coupler
[120,121]. The difference between the spot-based (de)multiplexer and the PL is
the addition of an adiabatic transition region, necessarily formed in the guided-
wave platform, between the SMFs (spots) and the FMF [121-123]. The mismatch
between the transverse fields synthesized by sparse spots and the mode profiles of
the FMF is eliminated by bridging the differences slowly in the adiabatic tran-
sition region. When the transition region is adiabatic, the transverse field is first
almost losslessly transformed into supermodes of a three-coupled-core fiber and
then into the mode profile of the FMF, as shown in Fig 17.

The PL thus has the potential of lossless multiplexing and low MDL. Ideally, the
symmetric three-mode PL has a coupling matrix given by

I B VAVA TR VAVA TR VAVE]
C=|+2/3 -1/46 -1/J61, (100)
0 1/V2 -1/42

which is unitary.

PLs can be symmetric, mode-group-selective, and mode-selective. The input
fibers for a symmetric PL multiplexer are identical, and thus signals in the input
fibers resonantly couple to each other in the adiabatic taper region so that one
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input signal is coupled to more than one mode group of the output FMF. It is
possible to make the PLs mode(-group)-selective; that is, each fiber excites only
one mode (group), which can be accomplished using dissimilar input fibers
[124,125]. When symmetric PL (de)multiplexers are used, MIMO signal
processing for SDM is necessary. Conversely, mode(-group)-selective PL
(de)multiplexers can be used in certain SDM systems to reduce the complexity
of or eliminate the need for MIMO signal processing.

6.1b. (de)Mulfiplexing Based on Martching Propagation
Consfants

The second category of mode multiplexing technique is based on longitudinal
propagation constant matching of modes. It is well known that fiber-based direc-
tional couplers can couple the fundamental mode of a SMF to a high-order mode
of a MMF if the propagation constants of the two modes are substantially the
same [126—128]. This coupling process can be almost lossless and by repeated
coupling to high-order modes, all mode orders can be excited in a MMF to carry
information. However, most high-order modes are degenerate, and that indepen-
dent excitation of degenerate modes is a challenge using fiber-based directional
couplers. One proposed way of realizing independent excitation of degenerate
modes using fiber-based directional couplers is to make the multimode fiber
elliptical rather than circular [129,130]. However, elliptical fibers are not com-
patible with the circular MMFs used for optical transmission. Here, we present a
method for multiplexing and demultiplexing degenerate modes using structured
directional coupler pairs composed of only circular fibers [131,132].

The configuration of the structured directional coupler is illustrated Fig. 18(a).
For simplicity, we assume the fibers are step-index fibers. The multimode fiber
has core and cladding radii of a; and r;, respectively. The two SMFs have core
and cladding radii of a, (a3) and r, (r3), respectively, and length of L, (L3). The
orientations of the fibers are such that the angle subtended by the lines from the
center of the MMF to the centers of the SMFs is ¢. We use the multiplexing of
the lowest order degenerate LP,, (vertically oriented) and LP;, (horizontally
oriented) modes as an example. Multiplexing of higher order degenerate modes
will be similar. If we assume that propagation constants of the LP,, and LP;
modes and that of the fundamental mode of each of the SMFs are the same and
SMF 2 is vertically above the MMF, the coupled-wave equations for the am-
plitudes of the four modes are given by
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Figure 17

Spot-Based Supermode  Few-Mode
Coupler Fiber Fiber

Schematic of the PL. The spot coupler of Fig. 15 is connected to the FMF via an
adiabatic transition region, rather than using imaging optics. Supermodes are
formed in the middle of the transition region.
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where k= we [ [Feo(N? —N%)ETlaﬁzdxdy/ [ [Ho 2(EY, < Hy +
E\y, X H3)dxdy are the coupling coefficients in which N, N, are the total re-
fractive index distributions of both MMF and SMF 2 or 3 and the indices of
SMF 2 or 3 only, respectively, and Z is the unit vector in the z direction. Since
the length of these couplers is usually of the order a few centimeters, the degen-
erate modes LP,;, and LP,;, should have negligible coupling with each other
and hence preserve their orientations. We have also assumed that because of the
extended core-to-core distance, waves in the two SMFs do not couple to each
other. The angular dependence of the coupling coefficients in Eq. (101) come
from the selection rule due to the overlapping integral between the modes in the
two fibers. The propagation constant is only the necessary condition for cou-
pling; nonzero overlapping ensures energy exchange between modes in the
two fibers. The degenerate modes LP,,, and LP,, are orthogonal to each other
and have a 180° rotational symmetry. As a result, for the special case of
@ = 90°, k cos @ = 0. In this case, the SMFs are positioned in a way such that
SMF 2 couples only to LP;;, and SMF 3 couples only to the LP;;;. Therefore,
the signals in the two SMFs connected to two independent single-mode trans-
mitters will be coupled to the two degenerate modes LP;, and LPq;. In the
most ideal case, this coupling will be lossless and without crosstalk. It is not
necessary for coupling regions between fiber 1 and fibers 2 and 3 to be lined
up in the direction of propagation. As long as the separation between the
two coupling regions is small so that the mode LP,, in fiber 1 excited by fiber
2 has not rotated due to fiber imperfections, bending, twisting, and so on, fiber 3
can be translated (forward or backward) along the propagation direction to excite
the other degenerate mode LP,;;, provided that its angular position with respect
to fiber 2 is unchanged. Figure 18(b) shows the evolution of the magnitude of the
field at several distances in the coupling reason for in-phase, out-of-phase, and
quadrature excitation, clearly demonstrating the ability to generate any state of
the modes within the LP;; group.
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Figure 18

(a) Example of a structured directional coupler for degenerate mode multiplex-
ing. The larger fiber is a MMF, and two small fibers are SMFs. Fiber 1 is a
MMEF, and fibers 2 and 3 are SMFs. (b) Evolution of the magnitude of the field
at several distances in the coupling region for in-phase, out-of-phase, and quad-
rature excitation [131]. Copyright 2013, Optical Society of America.

Generally, for higher-order degenerate modes LP,,, and LP,,,, they are
orthogonal and have a (180/m)° rotational symmetry. When ¢ = (90/m)°,
single-mode core 2 couples only to LP,,,, and single-mode core 3 couples only
to LP - This is also the case when ¢ = 90° 4= (90/m)°, ¢ = 180° &+ (180/m)°,
and ¢ = 270° £ (270/m)°. Using the structured directional coupler pairs (for
degenerate modes) and regular directional couplers (for other modes) in cascade,
MDMs, in which all the modes that are supported by the MMF can be excited
from the SMFs, can be realized. Since light propagation satisfies reciprocity, the
structured directional coupler pair can also be used as a mode-division demul-
tiplexer into degenerate mode basis sets defined by the orientation of the SMFs.

Mode (de)multiplexers using symmetric directional couplers (both fibers are
identical FMFs) are possible, although it cannot in general be lossless because
the phase-matching condition is satisfied for all the modes [133]. These losses
can be reduced by exploiting different evanescent rates of modes [134].

6.2. Active Components: Few-Mode and Multicore Fiber
Amplifiers

In optical fiber communication systems, amplifiers are essential to compensate
the loss of the transmission link. The technology breakthrough in erbium-doped
fiber amplifiers (EDFAs) was the key enabler for WDM. For SDM systems, an
integrated, broadband, and energy-efficient amplifier is highly desirable for
long-distance SDM transmission. Here we discuss few-mode EDFAs, Raman
amplifiers, and bulk amplifiers. Details of few-mode parametric amplifiers
can be found [135,136].

6.2a. Few-Mode EDFA

A compatible amplification solution for MDM transmission in FMF is few-mode
EDFA (FM-EDFA). The previous study on FM-EDFA focused on high-power
laser/amplifiers [137] in which only the fundamental mode is amplified and
high-order modes are suppressed. For an FM-EDFA used in MDM, signals con-
tained in all modes must be amplified simultaneously. Each mode must receive
sufficient gain to compensate its loss. In this subsection, a theoretical model for
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FM-EDFA and different techniques to control/equalize mode-dependent gain
(MDG) are summarized.

Theoretical Model

A schematic diagram of an FM-EDFA is shown in Fig. 19. The amplifier consists
of forward and backward pumps with pump mode content controllers. The signal
and pumps are combined using dichroic mirrors and a piece of few-mode erbium-
doped fiber (FM-EDF). The pump modal content controllers convert pump beams
from the fundamental mode to a set of desired modes and combine multimode
signal beams into the FM-EDF. The theory of multimode EDFA was first ex-
plored by Desurvire [138] and then investigated numerically in [139]. In this theo-
retical model, the following assumptions are made: (i) the electronic transition in
the Er ions responsible for amplification is assumed to be a two-level system,
(ii) the fiber guiding structure and doping concentration are assumed to be homo-
geneous longitudinally, and (iii) the EDF is assumed to be weakly guided and the
fiber modes are approximated as LP modes. The assumptions have been validated
by matching numerical and experimental results in [ 140,141]. The operation of an
FM-EDFA is described by a set of rate equations and propagation equations
involving multiple transverse modes for the pump and signal:

sz(I", ¢’ Z) _ Pk(Z)rk(r? d))o-ak
T_; hl/k NI(V,¢,Z)
_ Pk(Z)rk(rﬁ ¢)O-ek _NZ(F’ (]’7,2)
; o No(r, ¢, 2) =
No(r,¢)=N1(r,¢,z)—|—N2(r,q’),z), (103)

where N (7, ¢) is total doping density, and N, (r, ¢, z) and N,(r, ¢, z) are the Er
ion densities in the ground state and the excited state, respectively. Each optical
beam propagating in a different mode, at a different wavelength, and in a different
direction is assigned a unique index k: P, (z) denotes the power of the kth beam
whose normalized mode intensity profile is I'; (7, ¢), v represents optical fre-
quency of the kth beam, the corresponding absorption and emission cross sections
of erbium ions at v;, are denoted as o, and o,;, and 7, denotes the spontaneous
lifetime of the excited state. The propagation equation for the kth beam is

d x fa
PZ;Z(Z) = w6 4[Pu(2) + 2 hu A A 2 A T (r, )N (r, b, 2)rdrde

2r a
Uy Py () A /O Lo N, (. 2rdrdp — ugaP (). (104)

where u;, = 1(u;,; = —1) denotes the forward (backward) direction of kth beam,
and «a represents the intrinsic loss coefficient of the EDF. Equations (101)—(104)
can be solved numerically by using the standard fourth-order Runge—Kutta
method given initial conditions for the pump and signal power [138]. Gain
and noise figures for each mode can subsequently be derived.

Modal Gain Equalization

According to Eq. (104), the power evolution of a signal mode depends on the
degree of spatial overlap between the signal intensity profile I';(r,¢) and
N(r,¢,z), No(r,¢,z), which in turn depends on the pump intensity profile
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Schematic diagram of an FM-EDFA consisting of multimode input, forward and
backward multimode pumps, and FM-EDF as the amplification module.

and the spatial doping profile of the Er ions. Consequently, two approaches have
been proposed to control or equalize the modal gain. First is pump mode control,
in which a reconfigurable multimode pump can achieve a tunable modal content.
Second is doping profile control, in which a proper doping profile and refractive
index profile for the EDF is designed and fabricated so that even when the pump
contains only the fundamental mode, all signal modes still receive equal gain.

The pump-mode-control method is based on the principle that a signal whose
mode intensity profile has better spatial overlap with that of the pump receives
higher gain. In [142], this method was verified by simulations of an FM-EDF
that can guide two mode groups at the signal wavelength and four mode groups
at the pump wavelength. The signal and pump intensity profiles are plotted in
Fig. 20(a). By solving Eqgs. (101)—(104), the modal gain of each mode can be
computed for various pump configurations. Figures 20(b) and 20(c) show the
gain versus pump power contained only in LPy; and LP,;, respectively. When
the LPy; pump mode is used, the LP; signal mode receives higher gain due to
better match with the pump intensity profile, as shown in Fig. 20(a). Conversely,
pumping in LP,; mode results in higher gain for the LP; signal mode. To fully
control modal gains for both the LP,; and LP;; mode, both LP,; and LP,; pump
modes can be used. This technique has been verified in experiment in [140,143],
which showed that high-order mode pumps can decrease the modal gain differ-
ence between the LP,; and LP;; signal modes.

The doping-profile-control approach focuses on tailoring the Er ion concentration
profile and/or refractive index profile to equalize the modal gain, using only the
fundamental pump mode. References [140,144] propose and analyze the ring

Figure 20
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doping profile for a two-mode EDFA. By tuning the thickness of the doping layer
and the pump power, mode-dependent gain can be controlled. Moreover, the re-
fractive index profile can also be designed to have a ring shape, which helps to
lower differential modal gain [144]. Nevertheless, it requires careful optimization
to avoid significant mismatch of the signal mode profiles in the EDF and in the
transmission fiber, which results in higher splice losses. Recently, an FM-EDFA
that can amplify more than four nondegenerate mode groups has been demon-
strated [145—147] using the doping profile-control method.

However, the doping-profile-control method may become increasingly difficult
for amplification beyond four mode groups. Furthermore, dynamic modal gain
control can be achieved only by using the pump-mode-control method. So in
practice, both pump-mode control and doping-profile control will be required
to equalize MDG for fibers having large numbers (>4) of mode groups [148].
The effect of mode beating on the performance of FM-EDFAs [149] and
transverse mode competition [139] have also been analyzed. A cladding-
pumped FM-EDFA has also been experimentally demonstrated [150].

6.2b. Few-Mode Distributed Raman Amplifier

Another important type of few-mode amplifier is the distributed Raman ampli-
fier (DRA) [151]. Raman gain arises from the transfer of power from the pump
beam to the signal beam mediated by optical phonons. Compared to the EDFA,
the DRA has some fundamental advantages, such as broad bandwidth, gain flat-
ness, and a low noise figure. On the other hand, the DRA requires high pump
power and long fiber length. In an FM-DRA, powers are transferred from multi-
ple pump beams at different modes to multiple signal modes. Under the unde-
pleted pump approximation, the evolution of signal power is given by

Py (2)
Py (0)

= exp[~a,z + G, (1 — e %?) + G,,(e%* —1)], (105)

where Py, is the power in signal mode m, and a, and a, are the absorption
coefficients at the signal and pump wavelengths, respectively. The coefficients
G describe the mode-dependent exponential gain due to the copropagated
pump (+) and counterpropagated pump (—), which can be expressed as

YR
G;,t = a—P En fn,mP;f,,(O), (106a)
_ Y -
G, = a—’; > famPpadL), (106b)

where yy is related to the cross section of spontaneous Raman scattering, P, (0)
denotes nth copropagated pump mode power at z = 0, while P, , (L) represents
the nth counterpropagated pump mode at z = L, where L is the span length. £, ,,
denotes the overlap integral between the normalized intensity profiles of the nth
signal and the mth pump:

Fom = / : / L ()T (5, ) iy, (107)
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According to Eq. (106), the modal gain of a DRA is proportional to f,,,, and
pump powers. Therefore, the aforementioned pump-mode-control approach can
also be applied to an FM-DRA. In [152], an equalized 8 dB Raman gain for two
mode groups was achieved by using only an LP; pump due to similar overlap
with the two signal mode groups. In [151], an FM-DRA is further analyzed in
the framework of vector modes, which can assess the spatial distribution and
polarization properties of modes simultaneously. By tuning the mode content
of the multimode pump carefully, a residual MDG of 0.13 dB can be obtained
for each 10 dB of Raman gain. A general theoretical framework for the analysis
of forward and backward Raman amplification in SDM fibers, taking into ac-
count the effect of random coupling and modal dispersion in degenerate mode
groups, has been presented in [153].

6.2c. Mulficore EDFA

For SDM systems using MCF, amplifiers are also required for long-haul trans-
mission. There are two pumping schemes for multicore EDFAs (MC-EDFAs):
(1) a core pump in which pump beams propagate in each core [154-157] and
(ii) a cladding pump in which a multimode pump beam propagates in the cores as
well as the common cladding [158]. For both schemes, to combine signals from
different cores of MCF and pump(s), proper couplers, such as tapered fiber bun-
dle (TFB) couplers or free-space couplers [157], are used. TFBs are designed so
that the pitch and core dimension at the taper end match with those of the MC-
EDF. For the core-pump scheme, ideally, each core can be seen as an indepen-
dent amplified channel. Hence, core-pump MC-EDFAs can achieve high gain
(> 20 dB), a low noise figure (< 5 dB), and efficiencies similar to single-mode
EDFAs. In comparison with the core-pump scheme, cladding-pumped MC-
EDFAs are less power efficient and have a higher noise figure, as the intensity
overlap between the signal and pump beams is low. However, the advantage of a
cladding pump is that multimode laser diodes can be used. They can achieve
high output power in a cost-effective manner in comparison with the single-
mode pump diodes. Moreover, multimode laser diodes used for the cladding
pump have higher electrical-to-optical power conversion efficiency and in most
cases do not require any thermoelectric cooling, which is expected to improve
the energy efficiency [159].

In a weakly coupled MCF transmission system, low core-to-core crosstalk is
required for the MC-EDFAs. To minimize crosstalk and insertion loss, careful
matching between TFB and MC-EDF is desired. Currently, crosstalk levels of
<—40dB and <—30dB can be achieved for core-pump [154,160] and
cladding-pump MC-EDFAs [158], respectively.

6.2d. Bulk Amplifier

Although SDM amplifiers are straightforwardly realized in fibers, their com-
plexity increases linearly as the number of degrees of freedom grows. In [161],
an imaging amplifier is proposed for MCF. This technique involves both imag-
ing and amplification. The facet of the input multicore or multimode fiber is
imaged to the facet of the output fiber of the same type after passing through
a bulk amplifying region. This exploits the parallelism in bulk optics to provide
extra degrees of freedom, which is necessary for multicore or multimode
amplification.
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Figure 21 shows the schematic of an imaging amplifier. The output beam of the
MCF (MMF) passes through imaging system 1 (IS 1) to focus at the center re-
gion of the gain medium and then couples back to output MCF (MMF) via IS 2.
In [161], the amplification medium is chosen to be Er—Yb codoped phosphate
glass because of its high pump absorption. Since the bulk amplifier is normally
much shorter (a few centimeters) than the fiber amplifier (meters), the doping
concentration is orders of magnitude higher than the fiber amplifiers. Simulation
results show that the imaging amplifier can achieve an ~20 dB gain per core
when the input power for an individual core is 6 mW with an optical power
conversion efficiency (OPCE) of 32.5%. The advantage of the imaging amplifier
is that it has no limit on the number of cores or modes for MCF or MMF. The
disadvantage may be relatively low OPCE. However, for an SDM system that
has larger input signal power, which is the case when the number of cores/modes
is large, the OPCE of the imaging amplifier is higher.

7. SDM Transmission System

7.1. Siate-of-the-Art SDM Transmission Experiments

To date, three types of SDM transmission experiments have been demonstrated:
(1) core-multiplexed transmission over MCF, (ii) MDM transmission over
single-core FMF, and (iii) core multiplexed MDM transmission over FM-
MCEF. Table 1 is a summary of SDM transmission experiments so far. The high-
est capacity (1.01 Pb/s) of core-multiplexed transmission is demonstrated by
Takara et al. [187] in a 52 km single span of 12-core MCF. In the other
experiment by Igarashi et al. [188], the reach is extended to 7326 km and net
total capacity is 140.7 Tb/s, leading to a record capacity—distance product of
1030.8 Pb/s x km.

Recent developments on FMF fabrication and FM-EDFAs have enabled dem-
onstration of long-distance MDM transmission. Long-haul transmission using
FMF with inline amplification via parallel single-mode EDFAs was first dem-
onstrated in [189] with maximum transmission distance of 4200 km. Enabled by
an FM-EDFA with modal gain equalization, the first loop experiment with an
inline FM-EDFA was demonstrated [190]. Figure 22 shows an FMF loop ex-
periment setup demonstrated by Ip et al. [191].

WDM signals consisting of 146 wavelength channels each carrying 19 GBaud
QPSK data signals at 25 GHz spacing were generated and transmitted using two
polarizations and three spatial modes (LPy,, LP,,, and LP;). The recirculating
loop was constructing with a 50 km FMF, a ring-doped FM-EDF, and a free-
space loop switch. The FM-EDFA was carefully designed and tuned to cancel

Figure 21
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Conceptual schematic of an imaging amplifier (IS, imaging system).
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Figure 22
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Experimental setup of a 1461 x 6 x 19 Gbaud WDM-MDM transmission over
a fiber recirculating loop [191]. Courtesy of E. Ip. Copyright 2013, Optical
Society of America.

the MDL per round trip. A total capacity of 26.63 Tb/s was demonstrated
through a 10 x 50 km FMF loop.

To further increase the capacity, core multiplexed MDM transmission has been
proposed. Recently, a 12 core x 3 mode transmission via 40 km FM-MCF was
demonstrated with the highest spectral efficiency (247.9 b/s/Hz) to date [192].

7.2. Capacity Limits for MDM

The capacity of a communication channel cannot exceed the Shannon limit,
C = Wlog,(1 + S/N), (108)

where W is the spectral bandwidth of the channel and S/N is the SNR. In the
ideal case when all available modes are used for multiplexing and loss of each
mode is compensated by optical amplifiers, a D -channel MDM system has a
capacity of

C = D, x Wlog,y(1 + S/N), (109)

where S/N is the SNR of each channel. This fundamental limit may not be
achieved because of linear and nonlinear impairments in the MDM transmission
system.

7.2a. Capacity Limits for MDM due fo Linear Impairments

The first linear impairment is modal dispersion and mode coupling. If the memory
length is longer than the MGD spread, then theoretically, modal dispersion and
mode coupling will not impact channel capacity. However, the MGD spread itself
is random, and when it exceeds the memory length of the equalizer, the system
will be out of service. The outage probability can be calculated using the cCPF of
group delay spread in Fig. 11.

The second impairment is loss. Given the transfer matrix, the average loss of the
MDM system is given by [193]

1 - - 1 &
L=—w{H H ==Y 1, (110)
D, b2
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where 1; = e % are the eigenvalues of the H " H, which are in general not equal.
The loss can come from not only fiber but also splices [194] and other compo-
nents. The average loss can be compensated using the various amplification
techniques described in Section 6. The penalty in this case is the noise intro-
duced by the amplification process that reduces SNR. MDL in general reduced
the capacity of SDM systems. Theoretically, the best approach to achieve maxi-
mum capacity in the presence of MDL is to transmit more power (at higher
spectral efﬁ01ency) for the superposition of modes corresponding to the eigen-
vector H' - H [195] with the largest eigenvalue. Practically, this requires that the
transmitter be in command of the transfer matrix, also known as channel state
information, which is not possible for long-haul transmission systems. In such a
case, the transmitter sends independent information in each mode with equal
power, resulting in a channel capacity of

Dy
: S,
C=;W10g2<1—|—ﬂiN—(;), (111)

where S is the total signal power in all mode channels and N, is noise power per
mode channel [196]. Since the transfer matrix is random, the channel capacity is
also random. For systems with small MDL, the statistics of g; is exactly the same
as the MGD r7;. The average capacity can be obtained from the pdf of g;. It
should be pointed out that the frequency correlation bandwidth of g; is much
smaller than W, the channel frequency bandwidth [58,196]. This tends to lessen
the effect of MDL.

In addition, unique opportunities in source and channel coding may exist
because of the multidimensionality in SDM [197-202].

7.3. Capacity Limits for MDM due to Nonlinear
Impairments

At this point, the nonlinear capacity limits for MDM have not been rigorously
established [203,204]. Because the number of independent channels can increase
dramatically, up to 2 orders of magnitude, it may appear that MDM systems
would suffer many nonlinear penalties. Preliminary research indicates that the
per-mode nonlinear capacity limit in SDM systems may even exceed that of
SMF for the reasons below.

First, the area of FMF or MMF is larger than that of SMF. The total nonlinear
phase shift scales with power and fiber area according to

L &. (112)
Aeff

Assuming that the transmission power in each mode P, is the same as in the case

of single-mode transmission, the total nonlinear phase shift of MDM is the same

as single-mode transmission because the area of fiber scales linearly with the

number of modes if the relative index difference is unchanged, canceling the

effect of increased power.

Second, not all of the nonlinear phase shift in Eq. (112) is effective in producing
nonlinear impairments [205-208]. In the case of a fiber with two mode groups
[209-211], it has been shown that four-wave mixing is not effective due to the
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lack of phase-matching conditions for waves in different mode groups and cross-
phase modulation is not effective due to walk-off for waves in different mode
groups.

Third, linear mode coupling also plays an important role. It has been found that
linear coupling lessens the effect of nonlinear distortion due to averaging effects
in a distributed fashion [212] or discrete fashion [62,213-215].

To rigorously establish the nonlinear capacity for MDM, the nonlinear effects
must be precisely modeled. To do so, the linear coupling matrix of Eq. (31)
should be expanded as a Taylor series in frequency offsets first, and then, after
inverse Fourier transform and adding the Kerr nonlinear effect, one obtains the
generalized nonlinear Schrodinger equation:

0A = - = 04 = 04 .
— =1iBy-4-B, .E—ZBZ.WJFW%CJ,{MA;A[AM@, (113)
where
Cium = Ao2D) + DP) 1/3 (114a)
Jkim — 410 jkim Jkim ’

S wn) (wg - y)dxdy

M)
ph — 114
o _ S vD W y)ddy (1140)
iklm — ’
J N,N(NN,,
N;, = / |y |*n(x, y)dxdy, (1144d)

where we have used the subscript jk/m to represent different modes and n(x, y) is
the fiber index distribution. Because the correlation length of polarization cou-
pling is of the order of tens of meters and degenerate mode coupling is of the
order of hundreds of meters, numerical solution of Eq. (113) will be very com-
putationally heavy.

In the limit when the modes are strongly coupled, the length scale for modes to
completely exchange among each other is much shorter than the length scale for
significant nonlinear effects. So nonlinear interactions are averaged over all
possible states of mode, and therefore, based on symmetry and dimensionality
considerations, the nonlinear term in Eq. (113) must have the form

> CiumdiAiA,e; = TIAPA. (115)
Jkim

This form of the nonlinear term in Eq. (115) was obtained using an averaging
method that assumes that the linear coupling matrix in Eq. (113) is a random
Gaussian matrix [216]. The derivation of the effective nonlinear coefficient I" is
a summary of [217]. Multiplying both sides by 4 and averaging over the ori-
entation of A yields
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T = ChmlA;A,4,47)/|A]*. (116)
Jklm

Since A can be considered a constant modulus vector whose orientation is uni-
formly distributed, we can model this by assuming that each component of 4 is a
statistically independent complex Gaussian variable with zero mean and unit
variance for both the real and imaginary parts. The results of statistical averaging
gives

OimOi1 + 016k
r=>» Cc,, 2=~ /™ 117
J; JKmIN(@2N + 1) (7

This leads to the generalized Manakov equation:

04 = - = 04 = 04 -
— —=iBy-A—B, - ——iB, - — + iyI'|4|*A4. 118
5, — ‘Bo 15 B azz+17| | (118)

The generalized Manakov equation (Eq. (118)] can be transformed into coupled
generalized Manakov equations when linear coupling between mode groups can
be neglected [218]. The fundamental tools described above lay the foundation
necessary for the establishment of the rigorous nonlinear capacity for MDM.

7.4. Deployment Strategy for MDM

While it appears that SDM is future proof in terms of capacity in the next 10 to
20 years, there seems to be a problem with backward compatibility, hindering
the prospect of SDM for commercialization. Current optical communication sys-
tems use single-mode transmitters and receivers and SMF. MDM, by definition,
cannot use SMF. The challenge is to implement SDM transmission, a potentially
disruptive technology, in an evolutionary fashion, without ripping out existing
SMF all at once. The answer lies in using single-mode transmission in FMFs as
an intermediate step.

FMFs can be used not only for MDM but also for single-mode transmission.
Moreover, single-mode transmission in FMFs provides better performance than
in SMFs, because of their large effective area and thus lower nonlinearities
[13.219.220].

Single-mode transmission in weakly coupled FMF with enhanced nonlinearity
tolerance has been demonstrated experimentally [220]. Therefore, MDM can be
implemented in an evolutionary fashion as follows. When capacity is exhausted
in existing routes or in greenfield applications, install FMFs and use backward
compatible single-mode transmission with improved performance. These FMFs
contain “dark modes” (as opposed to dark fiber) for future capacity expansion.
When single-mode capacity is exhausted, each dark mode can be turned on, on a
pay-as-you-go basis.

Because MDM prefers fibers with strong mode coupling, the likely intermediate
step is to realize single-mode operation in strongly coupled FMFs, together with
multimode EDFAs and multimode receivers. Since there is only one data stream,
DSP for this single-input-multiple-output system (SIMO) should be much sim-
pler than for the MIMO MDM system [221]. Hence, the required single process-
ing capability will be well within the reach of future commercial DSP circuits.

Advances in Optics and Photonics 6, 413-487 (2014) doi:10.1364/A0R6.000413 461



8. SDM Networking

Optical networking involving SDM can be divided into mode-selective and non-
mode-selective categories. The differentiation is whether spatial modes are used
as a degree of freedom for switching purposes. For long-haul networks, mode
coupling is not only unavoidable but also may be a tool for mitigating mode
crosstalk, modal dispersion, and MDL. Therefore, mode-selective switching
is not possible and all the modes on the same wavelength must be switched
together. It is convenient for these mode-multiplexed signals to be grouped to-
gether as a spatially assembled superchannel [222] (as opposed to a spectral
superchannel [223]). We call such a network an SDM-compatible optical net-
work. Mode-selective SDM networking is feasible only when modes do not cou-
ple in the transmission channel, which is possible for short-reach data center
networks and on-chip waveguide interconnect networks.

8.1. SDM-Compatible Networking

So far, most research work in this area is related to components for SDM-
compatible networks including wavelength-selective switches (WSS) [224-226]
and (reconfigurable) optical add/drop multiplexers [(R)OADMs] [227-231].
WSS and (R)YOADM configurations based on guided-wave devices for single-
mode operation, such as those based on fiber Bragg gratings and waveguide
switches, cannot be easily extended for SDM-compatible networking where all
spatial modes on the same wavelength must be switched together. This is because
the guided-wave devices themselves are mode dependent. On the other hand,
WSS and (R)OADM configurations based on free-space optics can be easily
extended for multimode operation. Key devices for separating wavelength in
free-spaced-based WSSs and (R)OADMs, such as optical bandpass filters and
diffraction gratings, are sensitive not only to wavelength but also to incident angle
and thus the input spatial mode content. So the key to extending single mode to
multimode WSSs and (R)OADMs is to ensure that the bandpass filters and dif-
fraction gratings do not disperse high-order modes at any WDM channel into its
neighboring channels.

In fact, this is not difficult to do. When fiber modes exit the fiber facet, they
propagate in free space as superpositions of eigenmodes in free space. The num-
ber of free-space eigenmodes should be the same as the number of fiber modes.
We can use the circularly symmetric Laguerre-Gaussian (LG) modes,

2p0 1 [r2]M 2N 20
E,(r.¢) = — =)L) =5 | e™, 11
nr-9) \/n<p+|1|>!wO{wO] exp(w%) "<w5>e .

as the basis set in free space, where p is the radial index, / is the OAM number,
Ly s the Laguerre polynomial, and w is the waist of the fundamental mode
(Gaussian mode). The mth-order (m = 2p + |I| + 1) LG mode has a waist
and divergence angle,

W, = A/mwy, (120a)

0, = /mb,, (120b)
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where 0, is the divergence of the fundamental Gaussian mode (p = [ =0, m =
1) and w,,0,, = mwy8, = md/x. Therefore, the divergence of the fiber output
beam scales as the square root of the total number of modes in the fiber if the
fundamental mode size does not change, which agrees with the experiment in
[228]. However, if we assume that MMFs are made by increasing the core
radius while maintaining the numerical aperture or relative index difference
to be the same, the fundamental mode size will increase by /m and the cor-
responding fundamental mode divergence will decrease by ./m. Therefore,
only minor adjustment is needed to convert single-mode free-spaced based
WSSs and (R)YOADMs to SDM-compatible free-spaced based WSSs and
(RYOADMs.

8.2. Mode-Selective Networking

In principle, wavelength and space are orthogonal degrees of freedom that can be
separated and routed independently. However, mode crosstalk destroys orthog-
onality among spatial modes. Therefore, mode-selective networking seems to be
incompatible with reality. This is definitely true for long-haul optical networks.
However, it has been shown that crosstalk among different mode groups can be
suppressed to negligible levels in fibers with large effective index difference
between mode groups [13,232]. So it is possible for short-reach networks, such
as data center networks, to avoid coupling among mode groups and using mode
groups as degrees of freedom for switching. In addition, on the chip level, wave-
guide modes do not have crosstalk. Preliminary research on reconfigurable add/
drop multiplexers for spatial modes [230], spatial mode-based converters [233],
and elastic multidimensional spatial and spectral optical networking [234-236]
has begun. There have also been research activities aimed at mode-selective net-
working on-chip [237-244]. One of the potential advantages of mode-selective
networking over wavelength-selective networking is that mode conversion is a
linear process [107,233] while wavelength conversion is not.

Techniques for mode demultiplexing in the optical domain have been proposed
as described in Section 6. But mode-selective networking requires separation of
all wavelength-mode degrees of freedom, and many wavelength demultiplexing
devices use some form of diffraction that explicitly couples wavelength and
modes. This raises an interesting question of mode—wavelength interference.
Fortunately, almost all mode-division (de)multiplexers based on mode coupling
using directional couplers described in Section 6.2 and references therein are
wavelength insensitive. This is because, unlike the case of free-space propaga-
tion where wavelength dispersion is stronger than modal dispersion, in the
guided-wave structure, modal dispersion is conversely stronger than wavelength
dispersion. So all mode—wavelength degrees of freedom can be separated by
mode-division demultiplexing followed by wavelength-division demultiplexing.
On the other hand, mode (de)multiplexers based on directional couplers and self-
aligning beam couplers can be designed to operate without fundamentally any
loss. Similarly, all mode—-wavelength degrees of freedom can be combined in the
reverse order: WDM followed by MDM. The mode—wavelength degrees of free-
dom, once separated, can be routed using a space-division switch with large
enough dimension, as shown in Fig. 23. However, because coupling between
degenerate modes is unavoidable in circular optical fiber even over short dis-
tances of propagation, mode—wavelength switching would be easier to imple-
ment with switching granularity at the level of a mode group for a fiber
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network. In this scenario, signals contained in modes within the same mode
group always travel together.

The description of Fig. 23 omits some implementation details that are necessary
for correct switching and routing, for example, the use of mode converters and
wavelength converters before and after the space-division switch.

8.3. SDM-Enabled Access Networks

Modes as networking resources can also be very useful in access networks. One
of the major limitations of passive optical networks (PONs) for access applica-
tion is the combining loss for upstream traffic if all single-mode elements are
used. Figure 24 [245] shows the downstream and upstream traffic configuration
at the optical line terminal (OLT) in an optical access network that avoids com-
bining loss by taking advantage of spatial modes. In comparison, if the M:1
combiner is replaced by a device similar to the PL where the output fiber is
multimode, then combining loss can be eliminated altogether. This approach
could be more advantageous than WDM PON because no wavelength-locked
transmitters are required at each and every optical network unit (ONU). The
connecting fiber between the M:1 mode coupler and the receiver needs to be
multimode, requiring the receiver to be compatible with such fibers. Since

Figure 24
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Schematic of a PON receiver in OLT where a lossless M:1 mode coupler is used

in place of a traditional M:1 single-mode combiner, which has a loss of 1/M.
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the splitting ratio in a PON can be as high as 1024, mode as a resource will
certainly find more application for PON access networks [246].

9. Conclusions and Outlook

SDM is a new technology after the successful research, development, and de-
ployment of digital coherent optical communication. It has been an exciting area
of research that has produced fundamental breakthroughs and rapid progress in
experimental demonstrations. Whether this excitement translates into commer-
cialization remains to be seen.

From a transmission perspective, multiple mode channels in a MMF are logi-
cally the same as multiple SMFs in a fiber bundle. Whether SDM or fiber bun-
dles win out will be determined by the cost per bit for transmission. It should be
pointed out that cost savings from large-scale transmitter and receiver integration
[247-250], although spurred in part because of SDM, is beneficial to both SDM
and the fiber bundle approach, and therefore provides no differentiation. The
following are a few aspects that might provide SDM with cost savings over
the fiber bundle approach:

» Reduced cabling cost. To maintain robustness and deployability, each optical
fiber cable will be limited in the number of fiber strands, especially for
undersea systems. When the transmission capacity requirement exceeds
that provided by a SMF bundle in one cable, SDM fibers will cost less for
cabling in terms of materials, fabrication, and deployment. The degree of
cost saving in cabling will be proportional to the factor over which the
transmission capacity requirement exceeds a SMF cable. Using SDM,
transmission capacity increases linearly with power consumption while
transmission capacity using higher-order modulation formats in the lim-
ited number of fibers increases logarithmic with power consumption. Re-
duced power consumption not only decreases the electrical part of the
cabling costs but also may lend SDM as the only solution to expand trans-
mission capacity per cable due to power delivery considerations in the
undersea environment.

* Reduce amplifier cost. Multiple mode channels can be amplified in a single
FM-EDFA or Raman amplifier, which offers a higher level of integration
compared to a multicore EDFA. Because the fiber bundle approach is
compatible only with multicore EDFAs, SDM can have potential cost sav-
ings over the fiber bundle approach with respect to amplifier technology.

In addition, because of the large effective area of few-mode or multimode fibers,
the nonlinear Shannon limit per mode for SDM may be higher than that of SMF,
which can also be translated to reduced cost per bit.

On the other hand, SDM needs more DSP power. Nevertheless, because of his-
torical trends in the progress of DSP and the fact that additional DSP for SDM is
required only at the receiver, it can be expected that DSP will not introduce
significant fractional cost increases to SDM long-haul transmission.

The landscape for optical networking involving SDM is wide open since SDM
transmission technology is not yet mature. As aggregate network traffic in-
creases, optical switching granularity will also increase as in the past, from
wavelength to superchannel (multiple wavelength) and beyond. When the
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switching granularity is increased to beyond the SMF capacity (~100 Tb/s),
SDM seems to be the natural aggregation method to ensure that the switching
granularity remains below single-fiber transmission capacity, thus reducing the
required port count for optical switches. It should be pointed out, however, that
multiple SMF's can be “aggregated” into a MCF and switched together. So SDM
networking, in some sense, is independent of SDM transmission. This is also the
case in access network where the spatial degree of freedom can be used to reduce
combining loss.

In summary, SDM is a new frontier for optical fiber communication research. It
is similar to wireless MIMO but offers two distinctions in the guided nature and
nonlinearity in channel propagation. Because it is a nascent field of research,
there is still much unexplored territory, involving both optics and electronics.
The lessons learned in SDM research will not only determine the fate of SDM
itself but also likely have broad impact on other areas of science and engineering
involving optical spatial modes.

Appendix A: List of Symbols

Roman Symbols

Apq Complex amplitude of the electric field of light of the LP,, mode in the time domain
- Complex amplitude of the electric field of light of the LP,, mode in the frequency

domain

Aty Effective area of fiber

a Radius of the core of step-index fibers

ay o(m) Symbols after hard-decision

B(w.2) Hermitian matrix 5}; (Bl + f - )

B Baud rate

C Channel capacity

CTDEFDE Computational complexity (required number of complex multiplications) per symbol

_ per mode

C Linear coupling matrix

Cs Input—output coupling matrix of a mode (de)mutiplexer

Cri Matrix elements of Cg

Coni Coupling matrix element

c Speed of light in vacuum

D Dispersion coefficient (ps/nm/km)

D, Total degrees of freedom for SDM

d(k) Training symbol

d Core-to-core distance in a multicore fiber

E., Transverse electric field of LP modes

E;, bth error block for the ith mode

F UYL R (Inverse) Fourier transform

f(@ Function describing random fluctuation of bending and twisting in the longitudinal
direction

Som Overlap integral between the normalized intensity profiles of the nth signal and mth

B pump in Raman amplifiers

G Group delay operator in the frequency domain

G Mode-dependent exponential gain due to the copropagating pump (+) and
counterpropagating pump (—) B

g; Natural log of the ith eigenvalues of loss operator L

H,, Transverse magnetic field of LP modes

H.() Hermite polynomial

A Channel matrix in the frequency domain

h(w,z) Channel matrix elements in the frequency domain

H Channel matrix in the time domain

h Plank constant

R Channel matrix elements in the time domain

hey(t) Impulse response of the chromatic dispersion of the LPy mode of a fiber

hpg(2) Local power coupling coefficient between cores p and ¢

{hyy) Average power coupling coefficient between cores p and ¢

1 Identity matrix

I, Intensity envelope of the LP,, mode

J(,z2) Generalized Jones vector in the frequency domain

(Table continued)
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Generalized Jones vector in the time domain

Bessel function of the first kind of order p

Spatial frequency of a wave or number of fiber sections with length slightly greater than
the correlation length but much smaller than the total transmission distance
Average value of coupling coefficients «,, and x,
Propagation constant of light in vacuum

Radial component of the propagation constant (k*n} — %)
Loss due to mode coupling

Loss operator in the frequency domain

Length of the fiber

Longitudinal location of ith coupling event

Laguerre polynomial of order |/|

Coherence length

Coupling matrix of a coupled multicore fiber

Total number of spatial modes supported by the multimode fiber
Degenerate mode number or symbol index label

Total Er ion doping density

Noise power per mode

Er ion densities in ground state

Er ion densities in excited state

Block length in the overlap-save method

Length of cyclic prefix

Length of FFT

Number of taps (also called tap length or memory) of the filter
Refractive index of the actual fibers

Refractive index of the ideal fibers

Refractive index of the core of step-index fibers

Refractive index of the cladding of step-index fibers

Effective index of one core in a multicore fiber

Effective index difference between two cores

Linear propagation matrix in the frequency domain

Linear propagation matrix in the time domain

Power of the kth beam

Azimuthal mode number _

Probability density function of the eigenvalues of G

Number of zero crossings of the mode profile along radial direction
Rotation matrix for the fiber extending from z to L

Autocorrelation function of longitudinally varying coupling coefficient x(z)
Sampling rate (samples/symbol)

Bend radius

Bending radius resulting in peak crosstalk

Radial position in cylindrical coordinate

Power spectral density of R(&)

Position vector of cores p and ¢ of the straight fiber
Signal-to-noise ratio

Total signal power in all modes

MDM signals in the fiber

Normalized complex optical fields of the /th spot
Hermitian matrix ﬁ (ol +7-0)

Time

Right-singular unitary matrix

Column vectors of U(w)

Direction integer (1, forward; —1, backward)
Normalized frequency ((27/A)a\/n? —n3)
Left-singular unitary matrix

Column vectors of V(w)

Group velocity

Inverted channel matrix

1/2

Inverted channel filters
Frequency-domain filters for bth block

Spectral bandwidth of the channel
Waist of the fundamental mode (Gaussian mode)
Average crosstalk increment in power within a small segment
Horizontal coordinate ()
Input signal vector
Symbol after equalization
Output signal vector
Vertical coordinate (m)
The bth signal block in the ith mode
Longitudinal coordinate (m)
(Table continued)
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[SH

Greek Symbols
a

Unit vector in the longitudinal direction

Intrinsic loss coefficient of the erbium-doped fiber (EDF)

a, Power coefficient of the graded-index (GI) profile

p Generalized Stokes vector describing local coupling of fiber modes

p Propagation constant (m™")

Pog Propagation constant of the LP,, mode (m™)

Prg Propagation constants of cores p and ¢

Ap Difference between propagation constants of two modes

X Twist rate of a multicore fiber

I(r, ) Normalized intensity profile of kth beam

y Fiber nonlinear coefficient

A Relative index difference (n; —ny)/ny

0 Dirac function

£ Permittivity of free space (F/m)

Ae(x,y,z) Perturbation of the permittivity of a fiber

Ag,(x,y,K) Fourier transform of Ae(x, y,z) in the longitudinal direction

& Coupling strength associated with the ith coupling combination

£(12)(m) Error signals -

7 Generalized Stokes vector corresponding to the channel matrix H

;i hy, exp(=iApz)

ncp Cyclic prefix efficiency

0 Azimuthal position in cylindrical coordinate

0, Divergence angle of the mth-order Laguerre-Gaussian mode

0pq Angle between position vectors of core p and core ¢

K Coupling coefficient

Kpg Coupling coefficient from core p to another cgre ¢

A(w) Diagonal matrix of singular values of matrix H(w)

i Wavelength (nanometers) B

A ith eigenvalues of loss operator L

A Bandwidth of the signal

" Convergence step size

Vi Optical frequency of kth beam

Avyy Amplified spontaneous emission (ASE) bandwidth of an erbium-doped fiber amplifier
(EDFA)

P Arbitrary phase

c Vector of matrices 6;

G; Pauli matrices

Our Absorption cross section of Er ions at vy

[ Emission cross section of Er ions at vy

T Modal dispersion vector

T Group delay

T; Time delay associated with the ith coupling combination

TMGD Total modal group delay (MGD) of the entire link

Tcp Chromatic dispersion spreading

At Differential modal group delay (DMGD)

D(w,z) Phase of field in frequency domain

d(m) Estimated laser phase fluctuations

L Total nonlinear phase shift

Vg Normalized mode profile of mode LP,,

Q Angular frequency offset

[0} Angular frequency
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