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Abstract—In ultra-long-haul optical communication systems,
polarization-dependent gain from single-mode semiconductor op-
tical amplifiers or mode-dependent gain from multi-mode erbium-
doped fiber amplifiers causes a channel’s achievable information
rate (AIR) using linear minimum-mean-square error (MMSE)
detection to become substantially lower than the capacity of op-
timal maximum likelihood detection owing to loss of orthogonality
between modes. However, such capacity loss can be mitigated using
techniques that retain reasonable complexity, such as successive
interference cancellation (SIC). In wireless systems, multicarrier
transmission with many subcarriers transforms the frequency-
selective channel into a set of uncoupled memoryless subchan-
nels, and it is possible to obtain good performance using SIC
on each subchannel independently. Multicarrier transmission in
optical fibers, however, is susceptible to performance loss caused by
Kerr nonlinearity. Therefore, we study methods for applying SIC
on frequency-selective optical fiber channels using single-carrier
transmission. We compare the theoretical performance of MMSE
and SIC equalizers on frequency-selective optical fiber channels
operating at 64 Gbaud with transmission distances up to 15,000 km
and evaluate the penalties of SIC implementation. We consider
single-mode fiber links with random artificial polarization-mode
dispersion inserted along the link to enhance frequency diversity, as
well as multi-core fiber links supporting 14 spatial and polarization
modes. We show that SIC can increase outage capacity by 19%, but
the AIR increase is reduced by almost half if error correction coding
is not performed across modes. We confirm that SIC can adapt to
fast channel perturbations with only a 3% decrease in AIR.

Index Terms—Adaptive equalizers, frequency-selective
channels, interference cancellation, MIMO, optical fiber
communication.

I. INTRODUCTION

AMONG currently deployed ultra-long-haul submarine
links, single-mode fibers (SMFs) with erbium-doped fiber

amplifiers (EDFAs) providing periodic optical amplification
are prevalent. Nevertheless, advances in fiber and amplifier
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technologies provide viable alternatives to single-mode EDFA-
amplified systems. In particular, semiconductor optical ampli-
fiers (SOAs) have the potential to serve as low cost, wide band-
width alternatives to EDFAs [1], [2] in single-mode systems, and
multimode fibers (MMFs) or multi-core fibers (MCFs) paired
with multi-mode EDFAs enable space-division multiplexing
(SDM) for higher capacity density. While new designs continue
to lower the mode-dependent gain (MDG)1 in SMF and MDG
in MMF or MCF. of SOAs and multi-mode EDFAs, they still
exhibit higher MDG than single-mode EDFAs [3]–[6]. MDG has
been shown to limit the performance of ultra-long-haul optical
communication systems [7]–[9], reducing the capacity for ideal
maximum likelihood (ML) detection. Additionally, on a channel
with MDG, minimum-mean-square error (MMSE) detection
results in lower instantaneous achievable information rate (AIR)
and higher AIR variance than ML detection. The penalties to
linear MMSE detection introduced by MDG motivate the study
of equalization techniques offering better performance than
linear MMSE detection. For example, successive interference
cancellation (SIC) in conjunction with forward error correction
(FEC) to eliminate errors between decoding layers can achieve
performance approaching optimal ML detection [10].

In SIC, each layer of interference cancellation equalizes one
data stream transmitted into a fiber mode using a multiple-input,
single-output filter, performs FEC decoding, and subtracts the
influence of the decoded data stream from the received signal.
MDG in conjunction with mode coupling and dispersion results
in a frequency-dependent channel response. In wireless systems,
where SIC was first applied, SIC is extended to frequency-
selective channels using multicarrier transmission to decompose
the channel with memory into numerous memoryless subchan-
nels to which SIC can be applied separately. In optical fibers,
however, transmission using a large number of subcarriers is sus-
ceptible to performance loss caused by Kerr nonlinearity [11].
Hence, this paper focuses on SIC implementation compatible
with single-carrier transmission, but our results can be extended
to systems using a small number of carriers per transceiver,
which can be practical as well [12].

Various forms of space-time coding and interference
cancellation have been demonstrated on wireless and
optical fiber channels with MDG [13]–[16], and recently,

1Throughout this paper, the term “MDG” includes both polarization-
dependent gain (PDG) in SMF and MDG in MMF or MCF.
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a novel affine projection-based adaptation algorithm was
demonstrated in conjunction with unreplicated SIC on a
multiple-input multiple-output (MIMO) optical fiber channel
with memory induced by MDG [17]. However, there has not
been comprehensive study of the effect of broadband SIC
equalizers on the AIR of links with distributed MDG, which
have statistics different from the Rayleigh fading channel [10]
encountered in wireless links and simulated in [16].

This paper studies the implementation of SIC on frequency-
selective optical fiber links with MDG using single-carrier trans-
mission. The performance gain of SIC over MMSE detection on
long-haul optical links is quantified through average and outage
capacity, evaluated over the ensemble of random instantiations
of a channel with a specified standard deviation of MDG per
amplifier. The remainder of this paper is structured as follows.
Section II briefly reviews the multi-section channel model used
in the study, discusses the potential for SIC to mitigate AIR loss
in the presence of MDG, and defines the capacity metrics used
to evaluate channel performance. Section III overviews single-
carrier methods for implementing SIC on frequency-selective
channels and addresses related implementation considerations
such as complexity and implementation penalties. Section IV
presents simulations of SIC on channels with MDG, expanding
on previous results [18], and considers SIC on dynamic channels
with MDG. Section V concludes the paper.

II. BACKGROUND AND THEORETICAL FRAMEWORK

The transmission link studied includes fiber spans that induce
coupling between modes, alternating with lumped amplifiers
that induce MDG. At the receiver, equalization in the form of
either MMSE detection or SIC is performed. The combination
of the channel and receiver specification determines the AIR of
the link.

A. Channel Model

A fiber is modeled as a concatenation of sections following
the model introduced in [8] and further developed in [19]. Fiber
section k has a transfer matrix that can be decomposed into uni-
tary matrices U[k] and V[k] representing input and output mode
coupling, and a diagonal matrix Λ[k] that applies a different
gain and group delay to each mode. Section k of a fiber with D
total spatial and polarization modes is represented by a D ×D
transmission matrix [19]

H[k](ω) = V[k]Λ[k](ω)U[k]H , (1)

where (·)H denotes matrix Hermitian conjugate, and the diago-
nal matrix has the form

Λ[k](ω) = diag
[
exp

(
g[k]/2− jωτ [k]

)]
, (2)

where g[k] and τ [k] are vectors of the gain in log power units and
group delay in seconds, respectively, of each mode in section k;
exp is elementwise exponentiation; and diag creates a diagonal
matrix with the argument vector on the diagonal. Elements in
g[k] and τ [k] both sum to zero. The MDG of a channel is
characterized by the standard deviation of the elements of g,

Fig. 1. Block diagram of discrete-time channel model. The multi-dimensional
input X with is transmitted through the channel with transfer matrix H, and
white Gaussian noise N is added to produce the channel output Y . After the
channel, equalization (EQ) produces the signal Z. The path from X to Z is
assumed to have no memory and is characterized by the variance of interference
and residual noise after equalization.

σg. The overall transfer matrix is constructed by multiplying
the transfer matrices of all K sections and normalizing to unit
average power, resulting in

H(ω) = 1
α

K∏
k=1

H[k](ω) = 1
αV(ω)Λ(ω)UH(ω), (3)

where the normalization factor α is constant across all channel
realizations for a given standard deviation of MDG per amplifier
σg [19]. For example, α = exp(Kσ2

g/2) in an SMF link with K
amplifiers each with standard deviation of PDG σg.

Transmit power is adjusted to optimize the optical signal-to-
noise ratio (SNR), balancing the effect of amplified spontaneous
emission from optical amplifiers and nonlinear interference
from fiber propagation. As a result, the link SNR is inversely
proportional to the number of fiber spans [19]–[21]. SNR is
defined as the ratio of the total power in all modes divided
by the noise power per mode. The transmitter is assumed to
have no knowledge of the channel, so power is equally divided
among modes. Noise including amplified spontaneous emission
from amplification and nonlinear interference is approximated
as additive white Gaussian noise (AWGN) [8].

The channel block diagram is shown by the path between X
andY in Fig 1. At each sampling time, the channel input and out-
put are complex-valued D-dimensional vectors corresponding
to the D spatial and polarization modes transmitted in the fiber.
In the time domain, the elements ofX(t) ∈ CD are independent
and identically distributed (i.i.d.) complex circularly Gaussian
random variables with zero mean and variance equal to 1/D times
the total transmit power Ps. Capacity analysis is most easily
applied in the frequency domain, where the Fourier Transform
is used to convert X(t) to X(ω). To produce the channel output,
at each discrete frequency, the channel response H(ω) ∈ CD×D

is applied via matrix multiplication and noise N(ω) ∈ CD is
added: Y (ω) = H(ω)X(ω) +N(ω). The frequency-selective
channel response H(ω) follows (1) – (3), and randomness in the
channel is introduced in the random unitary coupling matrices
U[k] and V[k], as well as in the Gaussian-distributed vectors of
amplifier gain g[k] and group delay τ [k]. N(ω) is a vector of
i.i.d. zero-mean complex circularly Gaussian random variables
with noise power σn = Ps/(SNR). When calculating capacity
metrics, is it assumed that equalization of the received signal
removes the effects of channel memory, and the resulting equal-
izer output is Gaussian-distributed with residual AWGN noise
characterized by the MMSE = minW ‖X −W (Y )‖2, where
W is an equalization function and ‖ · ‖ is the L2 norm.
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Fig. 2. Block diagrams describing SIC. (a) Entire transmission link from the
transmitted signal x to the decoded symbols of the data stream transmitted
on mode i, denoted by x̂i. The SIC block is enclosed in gray dashed lines.
After the channel H with MDL, AWGN n is added. Equalization produces
an estimate x̃i. SIC removes the influence of transmitting the decoded data
stream x̂i through Hi to produce a modified received signal y(i) after each data
stream is decoded. (b) Time-domain and (c) frequency-domain implementations
of the equalizer block, showing optional decision-feedback equalizer (DFE)
components in black dashed lines. In the time domain, feedforward filters wi

and feedback filters bi equalize each data stream. In the frequency domain, each
received data stream yi is converted to the frequency-domain representation
Yi by a DFT before feedforward filtering by Wi to produce the estimate X̃i.
Thresholding is performed in the time domain, and the feedback filterBi cancels
postcursor intersymbol interference in the frequency domain.

B. Receiver Equalization and Achievable Information Rates

MMSE detection is widely used in many transmission sys-
tems. In the presence of MDG, extending MMSE detection to
SIC takes advantage of the knowledge of already decoded data
streams. SIC decodes the received signal iteratively, decoding
one data stream in each layer. Interference from the decoded data
stream is removed before filtering at the next layer, as shown in
the feedback loop of Fig. 2(a) enclosed in the gray dashed box.
Incrementing up from i = 1, the equalizer block filters y(i), the
input to SIC layer i, to estimate the signal transmitted on mode i.
For each vector of received symbols y(i), after the feedforward
path equalizes and decodes the next symbol x̂i, the feedback path
performs interference cancellation by subtracting the influence
of the last decoded data stream to provide the input to the next
SIC layer.

MMSE-SIC, which we employ in this study, uses MMSE
filters to maximize the SNR at each layer. Let MMSEi denote
the MMSE of data stream i when data streams transmitted on
all other modes are treated as noise. After the interference from
the signals transmitted on modes 1 to i− 1 has been removed,
the MMSE reduces to MMSE(i). The first layer of MMSE-SIC
is the same as MMSE detection of a single data stream. Using a
Gaussian-distributed input in each element of the channel input
X to maximize mutual information in the presence of Gaussian-
distributed noise, the AIR of the first mode, treating interference
from all other modes as noise and assuming that the equalized

signal has no residual memory, is

C
(1)
sic = − log2 MMSE(1)

= − log2 MMSE1 = C(1)
mmse

= I(X1;Y ), (4)

where X is a D-dimensional random variable representing the
entire signal transmitted on all input modes, Xi represents the
data stream transmitted on input mode i, Y represents the signal
received from the D output modes, and I(X;Y ) is the mutual
information between variables X and Y . MMSEi ≥ MMSE(i),
with equality when modes 1 to i− 1 cause no interference to
mode i. Because the already decoded data streams are cancelled,
subsequent modes have AIRs given by

C
(i)
sic = − log2 MMSE(i)

= I(Xi;Y |X1, . . . , Xi−1)

≥ − log2 MMSEi = C(i)
mmse = I(Xi;Y ). (5)

where analogously to MMSE detection,

MMSE(i) =

[(
I+ SNR

D H(i)HH(i)
)−1

]
11

. (6)

Here, H(i) = [Hi · · ·HD] is a submatrix of the channel transfer
matrix H with columns H1 to Hi−1 corresponding to cancelled
input data streams removed, and I(X;Y |Z) is the mutual in-
formation between X and Y conditioned on a third variable Z.
The total AIR of a system with D modes is the sum of the AIRs
of all modes.

Csic =

D∑
i=1

C
(i)
sic

=
D∑
i=1

I(Xi;Y |X1, . . . , Xi−1)

= I(X;Y )

= Cmdg, (7)

where the third equality follows from the chain rule of mutual
information and Cmdg is the capacity of a link with MDG
using optimal ML detection. Therefore, on channels with MDG,
MMSE-SIC can theoretically achieve performance approaching
that of optimal ML detection. (7) does not depend on the order
in which the summation is performed, so in theory, when all
symbols are correctly decoded, the order in which data streams
are decoded does not affect the achievable rate. In practice,
however, iteratively decoding the remaining data stream with
highest SNR relaxes the requirements on FEC performance by
maximizing the SNR of the noisiest data stream [22].

To address the randomness in the transmission link, for each
channel and equalization configuration, we evaluate two capac-
ity statistics: average capacity and outage capacity. Average ca-
pacity is the expected value of AIR over all channel realizations.
Given an outage probability q, the outage capacity is the informa-
tion rate such that a fraction q of channel realizations have AIR
below this value [23]. When evaluating outage capacity, we set
the outage probability to q = 10−3. We refer to the difference
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between average and outage capacities as the outage capacity
reduction.

C. Frequency Selectivity on Channels With MDG

In SDM systems, modal coupling and differential group delay
cause an overall channel response that is dependent on fre-
quency. The differential group delays between spatial modes in
SDM systems are larger than the differential delay between the
two polarization modes in SMF, so the effect of the frequency-
dependent phase shift applied in (2) is larger as well. On its
own, modal dispersion has a unit-gain frequency response, but
coupling and dispersion modulate the amplitude of the frequency
response, creating a frequency-selective channel. To generalize
the AIR equations to a frequency-selective channel, the trans-
mission matrix H and corresponding MMSEs are modeled as
frequency dependent, and (5) is averaged in frequency across
the bandwidth of the signal. In a system with strong frequency
dependence, the channel’s decorrelation bandwidth is small,
so many independent channel realizations are included in the
frequency average. Averaging over independent AIR values
pulls the instantaneous AIR closer to the average capacity. In
SMF links, which have low inherent frequency dependence,
the outage capacity reduction is significant, increasing sub-
stantially if an MMSE receiver is used in place of an optimal
receiver. The frequency dependence of SMF links can be in-
creased by intentionally distributing random extra polarization-
mode dispersion (PMD) along the link to induce frequency
diversity [24].

To better understand the effect that frequency selectivity has
on capacity of a channel with MDG, we plot the distribution
of MMSE AIR versus optimal capacity in an SMF link across
different transmission distances and artificial PMD values in
Fig. 3. Random PMD is inserted into the link by adding dif-
ferential group delay (DGD) between each fiber span, where
the delays are drawn from a uniform distribution between −τ
and τ . As expected, the MMSE AIR never exceeds the optimal
capacity. For a short link, the capacity variance for optimal
detection is very small, with a peak capacity difference less
than 0.02 b/s/Hz across 10,000 channel realizations. In contrast,
without the addition of artificial PMD, the MMSE AIR varies
over a range of almost 2 b/s/Hz. As the transmission distance
increases, the AIR spread increases for both MMSE and optimal
detection. As seen from the blue points in Fig. 3, the optimal
channel capacity has a clear minimum when no extra PMD
is added. This minimum capacity corresponds to the channel
realization with equal gain across all modes and frequencies
and is given by [19]

Cmin
mdg(D,SNR) = D log2

(
1 +

SNR
Dα2

)
. (8)

At this minimum capacity, modes remain orthogonal, so the
MMSE AIR is equal to the optimal channel capacity. As the op-
timal channel capacity increases from the minimum, the MMSE
AIR begins to spread out. If the modes remain orthogonal, there
is no penalty for using MMSE detection, but as the interfer-
ence between modes increases, so does the penalty for MMSE
detection. The MMSE AIR for an SMF link is lower bounded

Fig. 3. Evolution of AIR for MMSE detection vs. capacity for optimal de-
tection in SMF (D = 2 modes) as the link length grows from 1,000 km to
15,000 km. The standard deviation of PDG is σg = 0.5 dB per amplifier. For
each link length, extra per-span PMD with DGD uniformly distributed between
−τ and+τ is added between each 50 km span, with τ = 0ps (blue), 30 ps (red),
and 100 ps (yellow). Dashed lines indicate theoretical bounds; lower bounds on
MMSE AIR are given by (9).

by

C lb
mmse(2, λ,SNR) = 2

− 2 log2

[(
1 +

SNR
2α2

λ

)−1

+

(
1 +

SNR
2α2

1

λ

)−1
]
, (9)

where λ/α2 and 1/(λα2) are the eigenvalues of HHH . This
lower bound is equal to Cmin

mdg(2,SNR) when λ = 1. In the limit
of large mode gain imbalance, the lower bound approaches

lim
λ→0

C lb
mmse(2, λ,SNR) = 2. (10)

Even at high SNR, there is a nonzero, though admittedly very
small, probability that the MMSE AIR will be as low as 2 b/s/Hz.

Without artificial PMD, the SMF frequency response is rel-
atively flat over frequency, but distributing additional PMD
along the link introduces frequency diversity that effectively
averages capacity across frequency. The effect of frequency
diversity can be observed in the concentration of points in the
scatter plot around the mean of the distribution with decreased
capacity variance. As the extra DGD inserted after each fiber
span increases, the variance of capacity decreases. There is
a limit, however, to how much the capacity variance can be
reduced, as observed in [24]. Beyond τ = 200 ps of per-span
PMD with DGD uniformly distributed between −τ and +τ ,
the additional outage capacity increase is minimal. The outage
capacity reduction is inversely proportional to the square root of
the frequency diversity order [25], so these reduced marginal
gains from increasing PMD are expected. In SDM systems,
in addition to frequency diversity, modal diversity [19], [26]
contributes to averaging capacity across spatial channels. For
a channel with D = 14 spatial and polarization modes, modal
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Fig. 4. Number of complex multiplications per symbol vs. channel impulse response length for TDE (dotted), FDE with CP (solid), and FDE with OS convolution
(dashed). The length of the equalizer filters wi is set equal to the impulse response length of the channel for TDE. The CP has 1% transmission overhead. The OS
convolution overlap length is optimized to minimize complexity. Complexities for (a) D = 2 and (b) D = 14 spatial and polarization modes are shown. The FFT
block length is forced to a power of 2.

diversity is sufficiently high that even at a single frequency, the
distributions of MMSE AIR and optimal capacity exhibit the
effects of averaging.

III. IMPLEMENTATION CONSIDERATIONS

The equalizer block in Fig. 2(a) can be implemented as shown
in Fig. 2(b) using a decision-feedback equalizer (DFE) [13] in
the time domain, or as shown in Fig. 2(c), in the frequency
domain. SDM submarine links thousands of kilometers in length
can have memory lengths on the scale of nanoseconds [27],
corresponding to equalizer lengths of hundreds of symbols.
In such channels requiring many equalizer taps, frequency-
domain equalization (FDE) using the discrete Fourier trans-
form (DFT) [28] is advantageous over time-domain equalization
(TDE). FDE requires DFT and inverse DFT (IDFT) pairs to con-
vert blocks of symbols between the time and frequency domains.
But in exchange, filtering by convolution is replaced by scalar
multiplication at each frequency. We consider two methods to
implement filtering in the frequency domain: the cyclic prefix
(CP) method [10], and the overlap-save (OS) method [29].

A. Complexity

The AIR increase offered by SIC over MMSE detection comes
at a cost of increased computational complexity. SIC requires
additional steps of calculating the effect of the channel on
recovered symbols to subtract its influence. In the following
analysis we focus on the complexity of SIC implemented using
linear equalizers with filter weights adapted using the least-mean
squares (LMS) algorithm and compare the complexity of SIC
and MMSE, measured in number of complex multiplications.
The equalization implementations under consideration are TDE,
FDE using a CP, and FDE using OS convolution.

Fig. 4 compares the complexities of SIC and MMSE for
the SMF and 7-core CC-MCF links, assuming that the DFT
is computed using the radix-2 fast Fourier transform (FFT).
The complexity of TDE increases rapidly with the channel
impulse response length, and once the channel impulse response
length reaches 10 symbols, the higher complexity of convolu-
tion over multiplication overtakes that of the DFTs needed for
FDE. Although the CP method has lower complexity than OS

convolution, it requires longer block lengths if small overhead
is desired for a higher overall bit rate. Excessively long block
lengths will impede tracking on a dynamic channel.

As an example, consider a 7-core coupled-core multi-core
fiber (CC-MCF) link transmitting atRs = 64Gbaudwith trans-
mission distance 10000 km. The group delay standard deviation
of the fiber is στ = 3.1 ps/

√
km, so the total standard deviation

of group delay in the link is σ = 310 ps. The corresponding
number of taps required with symbol-spaced sampling is about
Ntaps = �5σRs� = 100 taps [30]. In this case, FDE with a CP
is the most computationally efficient option. OS convolution has
complexity almost 7 times that of the CP method because of the
number of DFTs required, which scales linearly with D. SIC
has 1.8 times the complexity of MMSE detection when a CP is
used. SIC implemented using FDE with OS convolution has 2.6
times the complexity of MMSE detection.

B. Implementation Penalties

FEC is needed between SIC layers to uphold the assumption
of error-free symbol decisions used in AIR calculations, and it
introduces delay after each SIC layer, resulting in latency that
is linear in the number of modes D. Without FEC between SIC
layers, error propagation in links with low SNR can cause SIC
to perform more poorly than MMSE unless the SIC algorithm is
adjusted to account for unreliable symbol decisions [31]. As the
net coding gain of FEC codes used in optical communication
systems increases, the resulting increase in tolerable pre-FEC
bit-error ratio may cause error propagation in a decision-directed
DFE. Error propagation can be avoided by using a linear equal-
izer, but not without incurring a cost in AIR. A linear equalizer
will produce an MMSE equal to the average MMSE over the
signal bandwidth B, corresponding to a decreased AIR of

Csic,le = − log2

[
1

N

N−1∑
k=0

MMSE(i)
(

2π(2k+1)B
2 N

)]

≤ − 1

N

N−1∑
k=0

log2

[
MMSE(i)

(
2π(2k+1)B

2 N

)]
= Cmdg,

(11)
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where the inequality holds by Jensen’s inequality because log
has negative concavity. MMSE(i)(ω), the MMSE of data stream
i for a narrowband channel centered at frequency ω, is calcu-
lated using (6), evaluating H(ω) at the center frequency of the
frequency bin. An analogous expression for Cmmse,le, the AIR of
a channel equalized with linear equalizers and MMSE detection,
is formed by replacing MMSE(i) with MMSEi in the right side of
the first equality in (11). We designate the difference between the
optimal outage capacity and achievable linear equalizer outage
capacity as the linear equalizer (LE) penalty.

The AIRs considered thus far are achieved when the transmit-
ted symbols follow a continuous Gaussian distribution. In prac-
tice, discrete modulation formats such as quadrature-amplitude
modulation (QAM) are used, causing the achievable bit rate
to decrease. To determine the effect of a discrete constellation
order on AIR, we also consider the constrained capacity using
uniform-probability QAM signals and bit-interleaved coding
and decoding by evaluating the generalized mutual information
(GMI) [32] for different QAM constellation orders. In contrast
to capacity, GMI computes the mutual information between
the transmitted bits and received symbols. Similarly to mutual
information, the GMI for one channel instantiation can be com-
puted from the MMSE values of the individual data streams. For
each mode, GMI is computed based on transmission of signal
with symbols drawn from a uniformly distributed, finite-sized
discrete symbol alphabet over a single-mode AWGN channel
with noise power corresponding to the MMSE of that mode,
and GMI is summed over all modes.

Although vertical Bell Laboratories Layered Space-Time (V-
BLAST) [22] is the most straightforward implementation of SIC,
it is unable to achieve optimum outage capacity because transmit
data streams are coded separately. Without coding across modes
the AIRs given in (7) and (11) cannot be achieved, because the
channel will be in outage if any of the D modes attempt to
transmit at an information rate above that mode’s AIR [10].
As a result, the outage capacity is limited by the minimum
AIR across all modes, mini C

(i)
sic . The outage capacity with

outage probability q under separate coding of transmitted data
streams decreases to the AIR such that a fraction q of channel
realizations have at least one mode with AIR less than 1/D of the
outage capacity. Other space-time codes that code across spatial
dimensions, such as diagonal BLAST (D-BLAST) [33], are able
to achieve optimum outage capacity. In exchange, D-BLAST
suffers from transmission overhead because of the staggered
transmission of codewords during initialization.

IV. SIMULATION RESULTS

To determine average and outage capacities, we start by
generating a set of 10,000 random instantiations of a channel
with a specified MDG standard deviation σg at each amplifier,
following the channel structure given in (1) – (3). We consider
two fiber structures: SMF with D = 2 modes and 7-core CC-
MCF withD = 14modes. The intrinsic PMD standard deviation
of the SMF and modal dispersion standard deviation of the
CC-MCF are set to 0.05 ps/

√
km and 3.1 ps/

√
km, respectively.

The channel has MDG-inducing amplifiers every 50 km and
carries a 64 Gbaud single-carrier signal. To determine the SNR

at each transmission distance, we use the Gaussian-noise (GN)
model of nonlinear propagation to model the effect of nonlinear
interference as AWGN, optimizing launch power to maximize
SNR in the presence of amplified spontaneous emission (ASE)
noise and incoherent accumulation of nonlinear noise [19], [20].
Under the GN model, SNR is inversely proportional to the
number of fiber spans. The SNR scaling is set such that a 2500 km
link satisfies SNR/D = 14 dB, following Q2 measurements of
quadrature phase shift keying (QPSK) transmission [27]. For an
amplifier spacing of 50 km, the SNR at the end of a link of K
spans is SNR(K) = SNR(1)/K, where SNR(1)/D = 31 dB.
Because of modal coupling during fiber propagation, even
though the MDG standard deviations of all amplifiers are the
same, the overall MDG of the link and consequently the capacity
is different for each random instantiation [19]. For each channel
instance and link length, the mutual information or GMI for each
equalization method is computed based on the MMSE of each
mode after equalization, as described in Sections II-B and III-B.
For the purposes of computing average and outage capacities,
the MMSE values used in the AIR equations are computed
analytically based on the channel matrix, for example using (6) in
the case of SIC. On a subset of channel instances, a discrete-time,
random symbol sequence is generated and transmitted through
the noisy channel, and adaptive equalization is performed to con-
firm agreement in MMSE values. FEC encoding and decoding
are abstracted out, and in between SIC layers, we assume that
FEC is able to correct all errors, so that only correct symbols are
used in interference cancellation. Finally, the average and outage
capacities are computed from AIRs of all channel instances.
We compare the average and outage capacities for SIC and
MMSE detection methods, considering DFE and linear equalizer
implementations.

A. 7-Core Coupled-Core Multi-Core Fiber

First we study the 7-core CC-MCF (D = 14), investigating
optimal SIC capacity, the effect of linear equalizers, contrained
capacity with discrete signal constellations, and the effect of cod-
ing each data stream separately. These implementation penalties
were analyzed in Section III-B. Fig. 5 shows the AIR comparison
between MMSE detection and SIC for a 7-core CC-MCF link
when the standard deviation of MDG is σg = 0.3 dB per am-
plifier. Consistent with the results of [19], all AIRs are roughly
equal for a given equalization type (MMSE or SIC). For both SIC
and MMSE detection, the outage capacity reduction and the LE
penalty are small, both less than 0.05 b/s/Hz/spatial mode after
10000 km of fiber. The small LE penalty indicates that modal
diversity alone is enough to keep the AIR close to that of ideal
ML detection, consistent with the observations of Section II-C.
There is a penalty for MMSE detection compared to SIC that
increases with link length. A 10000 km link using SIC can
achieve an AIR 0.7 b/s/Hz/spatial mode higher than the same link
using MMSE detection, corresponding to a 19% increase in AIR.

Fig. 6 plots the constrained capacities of several uniform-
probability QAM constellations for the same 7-core CC-MCF
links as in Fig. 5. It also marks the reach of each QAM constella-
tion using an ideal capacity-achieving FEC code with overhead
restricted to 20%, the maximum recommended by OIF [34].
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Fig. 5. Average and outage capacities vs. link length for a 7-core CC-MCF
link with standard deviation of MDGσg = 0.3 dB per amplifier and 50 km fiber
spans. Methods compared are SIC (blue) and MMSE (red) detection. AIRs using
linear equalizers (LEs) with single-carrier transmission are similar to AIRs using
multicarrier transmission or DFEs. Lines of the same color are overlapping, with
less than 0.05 b/s/Hz/spatial mode difference.

Fig. 6. Constrained outage capacity, quantified by GMI, vs. link length using
SIC in a 7-core CC-MCF link. The standard deviation of MDG isσg =0.3 dB per
amplifier. Amplifiers are separated by 50 km fiber spans. Uniform QAM orders
range from 4 to 256. Dotted line indicates the optimal unconstrained capacity.
Crosses indicate the reach achievable by each QAM constellation using an ideal
capacity-achieving FEC code with 20% overhead.

For 4-QAM, the reach is slightly above 13000 km. If higher
FEC overhead is allowed, 16-QAM has the highest constrained
capacity in links longer than 5000 km. There is a penalty of at
least 1.6 b/s/Hz/spatial mode between the optimal capacity and
the constrained capacity, due to the gap to capacity of the GMI
for unshaped constellations. One option to decrease the gap is
to use probabilistic shaping [35]. The decreased rate resulting
from probabilistic shaping will also increase the transmission
reach for a fixed maximum FEC overhead.

As explained in Section III-B, SIC architectures such as
V-BLAST that code each data stream separately do not take full
advantage of the modal diversity offered by an SDM channel.
Fig. 7 shows the extent of capacity loss in 7-core CC-MCF
using SIC when coding is performed separately on data streams
transmitted on each mode, as opposed to across modes, as is
assumed in the other AIR calculations. Without the transmit
diversity gained from coding across different modes, the amount
of modal diversity is insufficient to fully decrease the capacity

Fig. 7. Decrease in outage capacity associated with coding data streams
separately in a 7-core CC-MCF with standard deviation of MDG σg = 0.3 dB
per amplifier and 50 km fiber spans. Capacity loss is referenced to a link of equal
SNR but no MDG. Methods compared are coding across modes (solid), separate
coding of data streams transmitted on each mode (dotted), and separate coding
of data streams with the linear equalizer (LE) penalty (dashed). AIRs for SIC
and MMSE detection are shown in blue and red, respectively.

variance, so the outage capacity decreases. Additionally, there is
an observable LE penalty that grows to 0.3 b/s/Hz/spatial mode
for SIC at 15000 km. Notably, the outage capacity of MMSE
becomes much closer to that of SIC, differing by less than
0.15 b/s/Hz/spatial mode along the entire link. The LE penalty
of MMSE detection is slightly higher than that of SIC. If linear
equalizers are used when data streams are coded separately, SIC
increases outage capacity by 0.34 b/s/Hz/spatial mode compared
to MMSE detection after 10000 km of fiber, an 11% increase.
When data streams are coded separately, the channels with low
capacity tend to have roughly equal performance across modes
when using MMSE detection. Thus, although SIC decreases the
MSE of data streams decoded later, the outage capacity is limited
by the first, noisiest data stream. While the increased signal-to-
interference-plus-noise ratio of data streams equalized with SIC
does not always increase AIR, it still lowers the MSE, which
offers practical advantages such as better adaptive filter con-
vergence and decreased error propagation. As MDG increases,
the capacity loss resulting from separate coding of data streams
increases. After 10000 km of transmission, for a link with stan-
dard deviation of MDG σg = 0.2 dB per amplifier, the capacity
loss is 1 b/s/Hz/spatial mode, compared to 1.4 b/s/Hz/spatial
mode when σg = 0.3 dB and 1.9 b/s/Hz/spatial mode when
σg = 0.5 dB per amplifier.

B. Single-Mode Fiber

For SMF (D = 2) links, which have inherently low frequency
diversity, we focus on the effect of adding random artificial
PMD throughout the link. Fig. 8 shows the average and outage
capacities as a function of transmission distance for an SMF
link with standard deviation of PDG σg = 0.3 dB per amplifier.
The frequency response is relatively flat and the channel impulse
response is only a few symbols in duration, leading to a small
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Fig. 8. Average and outage capacities vs. link length for SMF link with
standard deviation of PDG σg = 0.3 dB per amplifier and 50 km fiber spans,
comparing SIC (blue) and MMSE detection (red). Optimal capacities and MMSE
AIRs can be achieved using multi-carrier transmission or DFEs in conjunction
with SIC and MMSE, respectively. In contrast, linear equalizer (LE) AIRs are
those achievable using single-carrier signals filtered only by LEs.

LE penalty. The penalty for using MMSE detection is small if
average capacities are compared but is much larger if outage
capacities are considered instead. The LE penalty is slightly
higher for SIC than MMSE detection, with a maximum penalty
of 0.13 b/s/Hz or 2.5% at the intermediate distance of 8000 km.
Even with a higher LE penalty, SIC can still increase the outage
capacity significantly compared to MMSE detection, decreasing
the outage capacity reduction by up to 1.5 b/s/Hz at 6000 km.
However, a residual outage capacity reduction that cannot be
eliminated using SIC alone remains. The SIC outage capacity
reduction grows with link length even as the absolute AIR
decreases. The outage capacity reduction is 0.3 b/s/Hz or 6%
at 10000 km, increasing to 0.4 b/s/Hz or 12% at 15000 km.

While introducing artificial PMD universally increases outage
capacity if optimal detection is used [19], this is no longer the
case when linear equalizers are used. Fig. 9(a) plots average and
outage capacities with SIC or MMSE implemented using linear
equalizers as a function of transmission distance for an SMF
link with standard deviation of PDG σg = 0.3 dB per amplifier.
Fig. 9(b) plots the outage capacity increase of SMF links with
SIC implemented using linear equalizers. If the effect of PDG
is small, for example in shorter links or in links with low-PDG
amplifiers, the penalty from increased channel memory length
with artificial PMD outweighs its benefits in combating PDG.
Although introducing artificial PMD decreases the capacity
variance as desired, the LE penalty decreases average AIR.
Consequently, at shorter distances, outage capacity can decrease
compared to a link without artificial PMD.

For a link with standard deviation of PDG σg = 0.3 dB
per amplifier and extra per-span PMD with DGD uniformly
distributed between −30 and +30 ps, the crossover distance at
which outage capacity with extra PMD becomes higher than that
without PMD is 14000 km. If the standard deviation of PDG
σg increases to 0.5 dB per amplifier, the crossover distance is
below 5000 km. The crossover distance can also be decreased
by increasing the amount of PMD introduced along the link, at
the cost of longer memory length. For extra per-span PMD with
DGD uniformly distributed between −τ and +τ , increasing τ

Fig. 9. Effect of artificial PMD in SMF links. (a) Average and outage capacities
using SIC vs. link length for standard deviation of PDG σg = 0.3 dB per
amplifier and 50 km fiber spans. Outage capacity is compared with and without
extra PMD. Extra per-span PMD has DGD uniformly distributed between −30
and +30 ps. Methods compared include SIC (blue) and MMSE detection (red)
using linear equalizers (LEs). (b) Outage capacity gained by SIC by adding
extra PMD to a link with standard deviation of PDG σg = 0.3 dB (blue), 0.4
dB (red), 0.5 dB (yellow) per amplifier. After each 50 km fiber span, PMD with
DGD uniformly distributed between −τ and +τ for τ = 30 (solid) or τ = 100
(dashed) ps is added.

from 30 ps to 100 ps decreases the crossover distance by about
2000 km.

Although a channel with high PDG or long transmission
distance is required for the introduction of artificial PMD to
increase outage capacity, the benefit of artificial PMD in SMF
links is more clear when considering the GMI of of discrete
signal constellations with smaller constellation orders. Fig. 10
plots the constrained capacities of several uniform-probability
QAM constellations for the same SMF links as in Fig. 9(a).
When using QAM constellations and ideal FEC with 20%
overhead in an SMF link with a standard deviation of PDG
σg = 0.3 dB per amplifier, adding PMD increases the system
reach for all QAM orders simulated. Higher gains in system
reach are achieved for lower constellation orders, which are
less sensitive to interference. Adding per-span PMD with DGD
uniformly distributed between −30 and +30 ps increases the
reach by 30% from 3000 km to 3900 km when transmitting
a uniform 16-QAM constellation and more than 85% from
6300 km to 11700 km when transmitting 4-QAM. For link
lengths within the system reach, extra PMD increases GMI.

C. Dynamic Channels and Adaptation

Because of environmental fluctuations, the transfer matrix of
an optical fiber link changes over time, and an equalizer must
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Fig. 10. Constrained outage capacity using SIC with linear equalizers, quan-
tified by GMI, vs. link length in SMF. The standard deviation of PDG is σg =
0.3 dB per amplifier. Amplifiers are separated by 50 km of fiber. AIRs are
compared with (dashed) and without (solid) extra PMD. Extra per-span PMD
adds DGD uniformly distributed between−30 and +30 ps. Uniform QAM orders
range from 4 to 64. Dotted line indicates the optimal unconstrained capacity.
Crosses indicate the reach achievable by each QAM constellation using an ideal
capacity-achieving FEC code with 20% overhead.

successfully track channel dynamics without introducing too
much excess MSE. In one submarine SMF link field measure-
ment, the maximum Stokes vector rotation rate measured was
350 rad/s [36]. Fast channel dynamics can be modeled using a
linear ramp model that adds a linear perturbation to the mode
coupling matricesV[k] andU[k] of the multi-section model [37].
Two simplifying assumptions are made: that uncoupled modal
gains and delays are constant over the perturbation period and
that random mode coupling can change with time but is inde-
pendent of frequency. The speed of the resulting rotation of the
generalized Stokes vector on the generalized Poincare sphere is
measured and adjusted by a perturbation strength.

To test the behavior of weight adaptation on dynamic chan-
nels, the linear ramp model was used to simulate dynamic
channels of varying polarization rotation speeds. For the 7-core
CC-MCF links, channel matrices for a link length of 13000 km
were generated. The link length corresponds to the reach of a
link with standard deviation of MDG σg = 0.3 dB per amplifier
transmitting a 4-QAM signal and using ideal binary FEC with
20% overhead. For the SMF links, the link length was 11500 km.
After generating the time-varying channel matrices, the LMS
algorithm was used to adaptively determine the linear equalizer
filter weights needed for SIC. Error-free FEC decoding was
assumed during SIC. SIC was implemented using FDE with
OS convolution with 50% overhead and computation blocks of
size 512. The filter adaptation behavior of all implementations
is similar for equal block sizes, but the CP method requires
impractically long block sizes to keep transmission overhead
of the CP low. Table I summarizes the loss in AIR resulting
from increased MSE when adapting an equalizer to a dynamic
channel. The LMS algorithm is able to track a 100 krad/s Stokes
vector rotation with a 3% decrease in the AIR for D = 2 modes.
Applying the same perturbation strength to a fiber with D = 14
modes results in a 400 krad/s rotation rate, which can be tracked
by LMS if data-aided, but does not converge if decision-directed.
If the rotation rate is decreased to 100 krad/s, however, the

TABLE I
DYNAMIC CHANNEL PENALTIES

Loss in Csic,le when adapting to a dynamic channel.
The parameter p controls perturbation strength in the dynamic channel model.
The symbol – indicates that decision-directed LMS could not converge on the
dynamic channel.

LMS algorithm is able to track channel changes using decision-
directed feedback with AIR reduced by 12%. If the rotation rate
is further decreased to 30 krad/s, the AIR reduction is less than
2%. A rotation rate of 30 krad/s in a fiber supporting D = 14
modes corresponds to a perturbation strength that induces a 4
krad/s rotation rate in a fiber supporting D = 2 modes, which is
still higher than the maximum polarization rotation rate observed
in the field measurements of [36].

V. CONCLUSION

SIC performed on a single-carrier signal using linear equal-
izers can mitigate the capacity penalty of MMSE detection
in frequency-selective links with MDG with 1.8 to 2.6 times
the complexity of MMSE detection, depending on the SIC
implementation. An SDM fiber link exploiting the channel’s
full modal and frequency diversity does not suffer significant
outage capacity reduction or LE penalty. However, to achieve
the capacity associated with optimal detection using SIC, system
architectures that perform FEC coding across transmit modes
is required. Architectures that do not perform coding across
modes have reduced modal diversity, incurring a penalty in AIR,
and decreasing the advantage of SIC over MMSE detection.
In a 7-core MC-MCF link with a standard deviation of MDG
σg = 0.3 dB per amplifier, SIC can achieve 19% higher outage
capacity than MMSE detection after 10000 km of transmission,
but this reduces to 11% if data streams are coded individually.

When single-carrier transmission and linear equalizers are
used to implement SIC in SMF systems, artificial PMD pro-
vides more benefits as PDG or link length are increased. Using
ideal FEC with 20% overhead, adding per-span PMD with
DGD uniformly distributed between −30 and +30 ps between
50 km fiber spans can almost double the transmission reach of
a link transmitting 4-QAM with a standard deviation of PDG
σg = 0.3 dB per amplifier.
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