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Abstract—The transmission of a single fundamental mode in a
fiber with cutoff wavelength above the transmission band is stud-
ied as a means of allowing a larger fiber effective area and reduc-
ing fiber nonlinearity. The reduction of nonlinear impairments is
achieved at the expense of a potential new linear impairment in the
form of multipath interference (MPI). We use a power-coupled-
mode formalism to analyze the growth of MPI, and the effects
of fiber and cable attributes on its magnitude and the required
complexity of digital signal processing to combat the MPI. Hybrid
fiber spans comprised partially of a quasi-single-mode fiber are
also analyzed using a modification of the Gaussian noise model
of coherent systems to predict optimal configurations, and results
from transmission experiments are presented that demonstrate
very high spectral efficiencies and performance surpassing that of
a purely single-mode fiber system.

Index Terms—Multipath interference (MPI), optical communi-
cations, optical fiber, quasi-single-mode (QSM).

1. INTRODUCTION

HE continued strong growth of data traffic in worldwide
T optical communication networks drives research to enable
higher spectral efficiency and system capacity over optical fiber.
Higher spectral efficiency can be attained with advanced higher
level modulation formats, but higher level formats with more
bits/symbol generally require higher optical signal-to-noise ra-
tio (OSNR) to get the same bit error rate (BER). One means of
increasing the OSNR at the end of an optical link is to launch
higher signal power, but the nonlinearity of optical fiber lim-
its the signal power before the signal performance degrades
because of deleterious nonlinear impairments [1], [2]. Digital
nonlinear compensation to mitigate nonlinear effects has been
the focus of much recent research in an attempt to allow higher
optical channel powers and thus increase the OSNR [3]-[6].
However, such nonlinear compensation techniques are gener-
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ally quite computationally expensive and only rather moder-
ately effective to date. However, a passive means of allowing
higher launch powers and OSNR values is through the use of
optical fiber with lower nonlinear susceptibility. The two pri-
mary optical fiber attributes that govern nonlinear tolerance are
the nonlinear index of refraction n, and the fiber effective area
Aeqr. The nonlinear index is a material property and is gener-
ally lowest for silica core fibers [7]. The fiber A g is a function
of the fiber index profile design, and larger A.g lowers the
light intensity in the core and increases the nonlinear tolerance.
The largest Aq¢ of commercially available optical fibers is cur-
rently about 150 pum? [8]1-[10]. It becomes difficult to design
single-mode fibers with effective areas larger than that due to
competing considerations of bend loss, which tends to increase
with effective area. One potential pathway to larger Aoz while
not compromising bend loss performance is to relax the require-
ment of pure single-mode propagation in the fiber by increasing
the cable cutoff wavelength above the transmission band, and
we examine some of the issues and implications associated with
this approach here.

In this paper, we first briefly motivate the use of optical fiber
with larger effective area by estimating the Q and reach im-
provements afforded. We then review a power coupled mode
model of MPI generation in fiber used for quasi-single-mode
transmission, including the dependence on span length, intra-
span splices, the complexity of MPI compensation digital signal
processing (DSP), and differences between potential terrestrial
and submarine deployments. Then we analyze coherent system
performance in QSM fiber transmission in the context of the
Gaussian noise model, with a focus on finding optimal hybrid
fiber span configurations to maximize overall performance. Fi-
nally, we present experimental results demonstrating very high
spectral efficiency trans-oceanic transmission with hybrid fiber
spans including QSM fiber.

II. FIBER FIGURE OF MERIT AND SYSTEM PERFORMANCE

Almost all new long-haul terrestrial and submarine systems
deployed now use coherent transmission at 100 Gb/s or higher
and no optical dispersion compensation within the optical link.
All chromatic dispersion compensation is done digitally in the
coherent receiver, transmitter, or split between the two terminals.
The performance of an optical link can then be characterized in
terms of the effective OSNR (OSNR, ) which takes into ac-
count the noise from amplifiers as well as from nonlinearity that

1077-260X © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



4400312

7
6
/
5
—_ /
) L —
2, // —
= _— —
.g / —100 km spans
. 2 80 km spans  |—
/ —60 km spans
1 —40 km spans
0 ]
80 100 120 140 160 180 200 220 240
Fiber effective area (um?)
Fig. 1. Fiber FOM vs. A.g¢. Attenuation is 0.153 dB/km. Reference fiber

A.g = 80 pm? and attenuation = 0.2 dB/km.

can be modeled as being Gaussian in nature [11], [12]. In terms
of the parameters of the optical fiber in a link, the important
quantities are the attenuation and nonlinear tolerance, governed
by ny and A.q. Based on the formalism of the Gaussian noise
model, Nyquist WDM transmission, and OSNR.g, a general-
ized fiber figure of merit (FOM) has been derived to quantita-
tively evaluate the performance of optical fibers with different
characteristics [13]. Here, we employ a modified version of the
fiber FOM defined relative to a reference fiber as a means of
evaluating relative performance advantages [9], [14], [15]. The
FOM is given in Eq. (1) and assumes nominally equivalent chro-
matic dispersion values for all fibers and equal amplifier noise
figures. It also ignores differences in splice losses and assumes
that the optimal channel launch power into the spans is used for
each fiber.

Acg - N2 ref

FOM (dB) = ; <10log { ] — [aan — awet, aB]

Acﬁ', ref * 12

1 L.
L= 3 (1010g {L ﬂﬁ fD M

In Eq. (1), L is the length of a span in a repeatered system
considered, and L.y is the nonlinear effective length given ap-
proximately by 1/«, where « is the fiber attenuation in linear
units of km~!. The terms with “ref” in the subscript refer to
the reference fiber. As defined here, the fiber FOM represents
the difference in Q-factor, or 20log(Q), between the fiber under
evaluation and the reference fiber at a given transmission dis-
tance. While the FOM in general is highly dependent on both
attenuation and A.g, we focus on the impact of A.g¢ here since
the goal of QSM fiber transmission is to allow larger A.g for
the fundamental mode. In Fig. 1, the fiber FOM is given as a
function of effective area for span lengths ranging from 40 km
to 100 km. The constant fiber attenuation is 0.153 dB/km.

While the absolute FOM value depends on span length L, it
is clear that the increase or change in FOM for any A ¢ relative
to another A.g is the same for all span lengths. This is also
true for any fiber attenuation. For example, a fiber with A,y =
150 um? has a FOM advantage of almost 1.2 dB with respect
to a fiber with Aoy = 100 um?, regardless of span length or
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Fig. 2. Nominal span construction of a QSM fiber system.

attenuation. This corresponds to a reach advantage of about
32%. Similarly, if the fiber effective area is increased to 200 umz,
the FOM increases another 0.8 dB with additional reach increase
of ~20%. If we can increase the effective area even further to
220 pm?, then the reach relative to Acg = 150 um? moves to
about 29%. This potential for reach increases of approximately
20-30% relative to the best currently available single-mode fiber
[9] motivates the investigation into QSM fiber transmission.

III. MODELING OF QSM TRANSMISSION AND MPI
A. Model of Distributed Mode Coupling

As mentioned earlier, QSM transmission is the transmission
of a signal on the fundamental LP(; mode of a fiber whose cutoff
wavelength is at least above the lower edge of the transmission
band, and likely above the whole transmission band. Thus the
fiber supports a possibly leaky higher order mode, assumed to
be the LP;; mode. The increased cutoff is allowed in order to
maintain reasonable bend loss performance for a larger effective
area than can be achieved with a purely single-mode fiber. The
basic span model of a QSM fiber system is illustrated in Fig. 2,
showing that the output of an optical amplifier is transmitted
into a single-mode fiber jumper that is spliced directly to the
QSM fiber with center launch. At the end of the span, the QSM
fiber is again spliced back to a single-mode fiber jumper before
the next amplifier. Thus we assume that only the fundamental
mode is launched into each span and only the fundamental mode
is captured at the end of each span.

We have developed a phenomenological model to describe
propagation and the level of MPI generated by distributed mode
coupling for quasi-single-mode transmission based on power
coupled mode theory [16]. The model assumes launch into the
LPy; mode of a fiber that nominally supports two spatial modes.
During propagation in the fiber, optical power may couple back
and forth between the fundamental and higher order modes in
a continuous fashion, governed by an average power coupling
strength x (km~'). At distance z in a fiber span, the optical
power in the LPy; and LP1; modes can be written as follows,
assuming initial conditions Py; (0) = 1, and P;(0) = 0:

Py (2) = % {5 cosh (522) + Aasinh (?)] e~ (vt
@)

and

P (2) = %Tﬁsinh (522) e~ (vt 3)

where 6 = VAo? +4k%, Aa = ay; — oy is the differ-
ential mode attenuation (DMA) in linear units, and a =
(a11 + ap1)/2 is the average attenuation. Employing the com-
monly used definition of MPI as the ratio of the total crosstalk
power to the average signal power, we find the MPI generated
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Fig. 3. Example of MPI from distributed mode coupling during propagation
in QSM fiber transmission over 80 km span.
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Fig. 4. Growth dependence of MPI with distance in a span for two different

values of DMA.

during propagation in a single span of QSM fiber transmission
can be written as [16], [17]

Ao -z —14e B>
MPI (z) = ( A ) K? 4)

An example of calculated MPI at the end of an 80 km span
as a function of coupling strength and DMA is shown in Fig. 3.
To minimize MPI generated during propagation, we wish to
minimize the coupling strength and maximize the DMA. These
are parameters that are dependent not only on the fiber design,
but also the cabling and deployment conditions.

Examination of Eq. (4) shows that the dependence of MPI
on the distributed mode coupling coefficient x goes as x>. This
is because each of the crosstalk terms that build up result from
two coupling events, first from LP(; to LP;;, and then back
from LP;; to LPg;. On the other hand, the dependence of MPI
as a function of transmission distance z varies with DMA. We
can easily show that for small DMA (close to 0 dB/km), MPI(z)
varies as z2, while for larger DMA (approximately >2 dB/km)
the dependence of MPI with distance z is essentially linear [16].
This is illustrated in Fig. 4 for a 100 km span with nominal
# = 0.001km'. Thus not only does larger DMA decrease
MPI overall, but it decreases the rate of growth with distance.
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Fig. 5. Total link MPI dependence on span length for different DMA values.

As a consequence of the distance dependence of MPI growth
within a span, the total MPI at the end of a multispan link may
vary with span length, depending on the DMA. The total MPI
will vary linearly with the number of spans since each span is
independent and uncorrelated, and can thus be written as

MPIlink =10 IOg (Nspans) + MPIspan (5)

The behavior of total link MPI as a function of span length for
different DMA values is illustrated in Fig. 5 for a 3000 km link
and mode coupling coefficient of 0.001 km~!. For low DMA,
the MPI grows quadratically with span length and it is clear
that the total MPI accumulated over the link is minimized by
using shorter spans. However, it appears that for DMA values
>1.0 dB/km, there is no appreciable difference in link MPI with
span length, at least for spans at least 30 km long. This analysis
assumes that each span is comprised uniformly of the QSM
fiber.

B. Inclusion of Splice Contributions to MPI

The model and results shown in the previous section were
based on continuous, distributed, mode coupling that occurs
during propagation in the few-mode fiber. Such mode coupling
may be due to microbending loss events in the fiber. Of course,
another potential source of mode coupling, and thus MPI, will be
splices within the spans. For intra-span splices between pieces
of the QSM fiber, small core offsets will produce loss to the
fundamental mode, and coupling between the fundamental and
higher order mode. To include splice loss effects in the model
for MPI generation, we use numerical modeling to capture the
discrete splice contributions. Taking a conservative approach,
we assume that all splice loss to the fundamental mode results in
the lost optical power being coupled completely into the higher
order LP;; mode. Similarly, any optical power already in the
LP;; mode is coupled back to the LPy; mode with the same
coupling coefficient. The splice-generated coupling coefficient
is thus given by Eq. (6), where aspiice (AB) is the splice loss.

e =1 — 10(—sprice (dB)/10) 6)

In addition to the intra-span splices between like pieces of
the QSM fiber, there will also be splices at the beginning and
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Fig.6. MPI per span as a function of span length as calculated with numerical

model including discrete mode coupling terms at splice points in addition to
distributed mode coupling.

end of the span between the QSM fiber and standard single-
mode fiber with significantly smaller mode field diameter, as
noted earlier and illustrated in Fig. 2. Thus the first and last
splices in a span will likely have significantly higher loss than
the rest of the intra-span splices. In Fig. 6, we have calculated
the predicted MPI as a function of span length for three cases:
1) no splice loss at all for any splices, 2) all splices having
the same small 0.02 dB splice loss as might be obtained be-
tween like pieces of large mode field diameter QSM fiber, and
3) 0.02 dB splice loss for intra-span splices and 0.4 dB splice
loss for the first and last splices which are between the QSM fiber
and standard single-mode fiber. For these results, the distance
between adjacent intra-span splices (splice length) is 5 km, the
distributed mode coupling coefficient x = 0.001 km~!, and the
DMA = 2 dB/km. The inclusion of mode coupling generated
at the splice points clearly has a significant effect on the total
MPI. However, we do note that our assumption reflected by Eq.
(6) of the relationship between the coupling and the splice loss
may be overly conservative for the large splice loss assumed for
the first and last splices between the fibers with dissimilar mode
field diameters.

The results in Fig. 6 represent a system configuration in which
each splice is made in a straight-through manner without the
benefit of loops or turns of fiber on each side of the splices as
might be used in splice trays. However, splice trays are com-
monly used in terrestrial span constructions, with several loops
of fiber on each side of the splice with approximately 80 mm
diameter. To assess what the impact of having such fiber loops
included in a splice tray might be on the generated MPI, we
first modeled the LP;; mode loss of several representative fab-
ricated QSM fibers for a single 80 mm diameter circular path
using a beam propagation approach and the fiber refractive in-
dex profiles. The predicted loss per turn or loop is shown in
Fig. 7 as a function of the wavelength relative to the cable cut-
off wavelength. The cable cutoff wavelength is defined here
such that a standard cable cutoff measurement with 2 x 80 mm
loops included would have a total LP;; mode loss of 19.34 dB
[18]-[20]. For our purposes here of understanding the effect on
MPI of such fiber loops in splice trays, we are interested in the
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model including discrete mode coupling terms at splice points in addition to
distributed mode coupling. Splice trays with 4 x 80 mm fiber loops on each
side of the splices are also included in the model.

LP;; loss values below the cable cutoff. For QSM fibers with
cable cutoff wavelengths in the range of 1650-1700 nm, the
lowest transmission wavelength in the C-band may be approxi-
mately 120-170 nm below the cable cutoff.

For the QSM fiber data shown in Fig. 7, we can observe that
this suggests that the LP1; loss per 80 mm diameter loop may
be at least 2 dB/turn. We then used the value of 2 dB/turn loss
for LP;; and assumed 4 fiber loops on each side of the splices to
assess the impact of such a configuration on the predicted MPI
as a function of span. The results for the same three cases are
shown in Fig. 8. The presence of the 80 mm fiber loops in the
splice trays significantly reduces the MPI generated and brings
the MPI levels of the cases including realistic splice losses back
much closer to the hypothetical case with zero splice losses.

The results in Figs. 6 and 8 were obtained for a splice length
(distance between splices) of 5 km. It is interesting to investigate
the MPI generation for different splice lengths. To do this, we
considered span configurations that we believe to be reasonably
representative of submarine and terrestrial systems. As noted
earlier, submarine spans are constructed with straight-through
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intra-span splices with fiber re-coating after splicing. Thus there
are no splice trays or fiber loops for intra-span splices. However,
the splices between the transmission fiber (in this case, QSM
fiber) and standard single-mode fiber at the beginning and end of
each span occur within the undersea repeaters and thus do have
fiber loops around the splices. Thus for the submarine system
model, we included 4 x 80 mm fiber loops surrounding the first
and last splices which have higher splice losses, but no loops for
any of the intra-span splices. For the terrestrial system model,
we included 4 x 80 mm fiber loops as would be used in splice
trays for every splice. Under these conditions, we evaluated the
predicted MPI for both systems as a function of splice length.
The results are shown in Fig. 9 for span lengths of 60 km and
100 km. In terms of minimizing MPI generation, submarine
QSM fiber systems would clearly benefit from longer splice
lengths within the span. On the other hand, the level of MPI
generated with a terrestrial span may be effectively independent
of splice length given the presence of splice trays used at every
splice. In fact, the data in Fig. 9 suggest that shorter splice length
may actually be slightly advantageous for terrestrial systems.
This is fortunate since terrestrial spans often have splices on the
order of 5 km or less, as limited by the length of cables that can
be carried on trucks during deployment.

C. Effect of DMA on Maximum Effective Differential Mode
Delay and MPI Compensation Complexity

As seen in earlier sections, the fiber DMA can have a strong
impact on the overall level of MPI generated during propaga-
tion, as well as the rate of growth. Here we investigate the role
of DMA in the required complexity of digital signal process-
ing (DSP) to combat MPI. Compensation of MPI generated
during QSM fiber transmission was first proposed [21], and
then demonstrated experimentally with DSP algorithms such as
decision-directed least mean squares (DD-LMS) equalization in
a coherent receiver [17], [22]. In other recent related work, the
DD-LMS compensation capability was studied and quantified
as a function of MPI level under controlled conditions [23].
The DD-LMS equalization used in these studies involves the
application of time-domain filters with symbol period spaced
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taps whose weights are adaptively updated to compensate the
MPI and improve the received signal quality. A key parameter
of interest governing the complexity of the DSP is the number
of taps required in the filters to adequately cover the range of
delays of crosstalk terms relative to the signal. We address that
parameter here in terms of the fiber characteristics of differential
mode delay (DMD) and DMA.

We start with estimating the total crosstalk power P total
which is generated by distributed mode coupling in QSM fiber
span of a length L, using a weak coupling limit approxima-
tion, kz< <1, to the power coupling theory. This approximation
allows us to take into consideration MPI of a portion of the
launched signal that was coupled into the other mode(s) and
back to the original (fundamental) mode only once; higher or-
der terms are ignored as insignificant for weak coupling.

A signal with power Fijgpa1 is launched into the fundamental
mode LPj;. At some distance z; some power is coupled to LP1;
mode with the average power coupling £dz; Fijgna1, where dz;
is an incremental value of z;. After propagating a distance z
in this mode, during which this power experiences DMA Aq,
a portion of the power rkdz; Piignaiexp(—Aaz) couples back
to the LPy; mode at a point 2o = 2z; + z with average power
coupling kdzs [kdz, Psgnaiexp(—Aaz)]. Integrating over all the
possible occurrences of z; and z», minding the limits of z; €
[0, L]and z2 € [z, L], we arrive in the weak coupling limit at the
expression for the total crosstalk power P (a1 thatis generated
by distributed mode coupling in QSM fiber propagation:

L
thﬁtotal = Psignal-/iz/ (L - Z) eande (7)
0

Notice that if the integration is carried out in (7), the final
result divided by Piig,a1 is identical to the expression for MPI
given in (4).

Consider now a QSM fiber with LPy; and LP;; modes with
DMD of At in units of (ps/km). One might think that the maxi-
mum possible absolute delay between the signal and a crosstalk
term would be LAT (ps), and that the number of taps in a
time domain equalizer filter should be such to accommodate
this maximum possible delay. However, this overlooks the de-
creasing optical power in the crosstalk terms with longer LP1;
propagation lengths, and hence longer delays relative to the sig-
nal. If the DMA A« were 0 dB/km, the crosstalk power would
decrease linearly with relative delay, and for DMA >0 dB/km,
the decrease is faster than linear due to the exponential factor
in Eq. (7). We can use this non-uniform crosstalk power with
delay to find an effective maximum LP;; propagation length
Zeoft (km), and thus an effective maximum delay time Teg (ps)
and corresponding number of equalizer taps required for MPI
compensation.

To find z.¢, we first determine a small fraction ¢ of the
total crosstalk power (and thus total MPI) that we are willing
to miss or ignore by using an equalizer with a number
of taps that addresses Tor = zog AT instead of LA7. For
example, if we set ¢ = 0.001, then we would find Teg
and z.g that in principle would be able to address 99.9%
of the MPI and crosstalk power. Another way to think of
this is that if the actual MPI present at the receiver can be
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Fig. 10.  Effective maximum delay of crosstalk relative to signal.

perfectly compensated with the equalizer, then the remaining
MPI,emain after compensation would be MPI ¢ 0in = eMPI,
or MPLomain (dB) = MPI(dB) + 10 *log(e). Thus, if € =
0.001, then MPT,cpain (dB) = MPI(dB) — 30dB. Finding
zeg then involves solving the equation

Zeff L
/ (L — 2)e2*dz = (1 —5)/ (L — z)e 2dz
0 0
®)
Introducing a variable © = Aa(L — zeg) — 1, (8) can be
reduced to

uel = [5 (AO&L _ 1) _ (1 _ E) e—AaL] eAaL—l

€))

Eq. (8) has a solution in terms of the Lambert u = W(x)
function, which solves the equation uexp(u) = x [24]:

Aazeg = Aol —1 — W{[e(AaL — 1)
g)eanL] % eAaLfl}

T.q is determined as Togr = zox A7. Fig. 10 shows calcu-
lated data for T, as a function of A« in units of dB/km (DMA)
for different QSM fiber span lengths. The DMD A~ for these
results is chosen as 1 ns/km and value of € = 0.01.

The results in Fig. 10 illustrate that larger values of the DMA
can significantly reduce the effective maximum delay T, es-
pecially for longer QSM fiber span lengths. For the DMD and
€ parameters used here, the effective maximum delay becomes
effectively independent of span length for DMA values of about
2 dB/km or more. Note that for DMA = 2 dB/km, T.¢ is less
than 10% of the value for a 100 km span implied by simply
using LA7. The value chosen for ¢ strongly affects the calcu-
lated value of T,q too. Fig. 11 shows the normalized number of
required equalizer filter taps as a function of DMA for a span
length of 75 km and different values of €. Larger values of ¢
allow smaller T, and thus smaller number of equalizer taps
needed to compensate for MPI generated during QSM propaga-
tion. For example, consider a DMA value of 1 dB/km. If MPI
compensation is required that reduces the MPI by up to 30 dB
(e = 0.001), then the number of required filter taps normal-
ized to the absolute maximum delay LAT is about 0.37. If MPI
reduction by only 20 dB or 10 dB is sufficient because of rela-
tively small MPI accumulated, then the normalized tap numbers
become 0.25 and 0.125, respectively.

-(1- 10)
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A previous study of MPI compensation effectiveness sug-
gested that MPI levels of approximately —15 dB could be nearly
fully compensated for PM-16QAM signals [22]. Assuming a re-
ceived signal with MPI = —15 dB, and using € = 0.01 and the
corresponding number of taps suggested by this analysis (see
e.g. the red curve in Fig. 11 for 75 km spans), the residual MPI
left of about —35 dB would produce an insignificant penalty
after correction [25]. Lower order modulation formats such as
PM-QPSK have greater tolerance to MPI [26]. Such formats
may allow a larger value of ¢ to be used without penalty, thus
further simplifying the MPI compensation DSP.

IV. MODELING HYBRID QSM AND
SINGLE-MODE FIBER SPANS

In the previous section and analysis, the QSM fiber trans-
mission system was treated as a homogeneous fiber system.
However, given the competing positive and negative effects on
transmission performance with QSM fiber of lower nonlinearity
and MPI, respectively, it is likely that the best overall perfor-
mance will be achieved with hybrid fiber span configurations
[27]. A hybrid fiber span would employ the very large effec-
tive area QSM fiber at the first part of each span where the
channel power is highest to minimize nonlinear impairments,
and use single-mode fiber for the second part of the span to
minimize the length of QSM fiber and thus reduce MPI level,
delay, and DSP complexity. In this section, we derive results for
optimal hybrid span configurations based on a modification of
coherent system transmission using the Gaussian noise model
[11], [12]. Our analysis can be applied to predict the optimal
ratio of QSM to single-mode fiber lengths in a span given the
relevant parameters of both fibers and the span length.

A. Nonlinear Noise in Coherent Optical Communications
Systems With Hybrid Fiber Spans

Here we present an analytical model that can be used for
the performance evaluation of coherent optical communication
systems with hybrid fiber spans. The nonlinear distortion arising
from the propagation of the signal through hybrid fiber spans is
represented as an additive, zero-mean, complex Gaussian noise.
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Fig. 12.  Representative system without in-line chromatic dispersion compen-
sation. A single fiber type per span is depicted for simplicity.

An analytical expression for the variance of the nonlinear noise
is derived based on the formalism by Poggiolini et al. [11], [12].

Consider a representative coherent optical communication
system without in-line chromatic dispersion compensation, as
illustrated in Fig. 12. The transmission link of total length L is
composed of a concatenation of Ng identical spans. In the case
of coherent optical communication systems with a single fiber
type per span, the optical fiber of each span has length lg, an
effective area A.g, a nonlinear index coefficient ns, a chromatic
dispersion parameter D, and an attenuation coefficient c. The
optical fiber is followed by an optical amplifier of gain equal to
the spanloss G = exp(alg), and noise figure F4. In the case of
coherent optical communication systems with a two fiber types
per fiber span (a hybrid fiber span), the optical fiber lengths in
each span are [g1 and lg2, respectively, and their effective areas
are Ao 1 and Aeg 2, respectively. The corresponding nonlinear
fiber coefficient ; of each fiber type for k = 1,2 is

. 27T7’LQ
Meprr

Vi 1D

We assume that P is the total average launch power per
channel (in both polarizations) and Rg is the symbol rate.
The ideal Nyquist WDM signal is a superposition of N., =
2M + 1 WDM channels with spacing Af = Rg. We evaluate
the performance of the center WDM channel at wavelength A.

The effective optical signal-to-noise ratio (OSNR.g) can be
well described by the analytical relationship

P

OSNReff = T =
a+ [fP+AP3

) 12)

where P is the total average launch power per channel (in both
polarizations), a is the ASE noise variance, BP is the crosstalk
variance due to MPI, and 5/P3 is the nonlinear noise variance.
Explicit expressions for the coefficients a and (3 as a function
of the system parameters are given in [16]. Generalizing the
formalism of [11], [12], the nonlinear noise coefficient 7 is
given by the expression

2

3 f2
5 8() T (13)
S

3
where Av,s is the resolution bandwidth for the measurement
of the ASE noise from the optical amplifiers. In (13), we defined
the four-wave mixing (FWM) efficiency as

; ; 2
= B5/4ffl BU f(t)dt
INL f[] n<4f3t> 1442

(14)
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where By = N., R and fyr denotes the walk-off bandwidth
[28].

_1 «
T or

|62

(s is the group velocity dispersion parameter and the auxiliary
function f(¢) in the integrand of (12) is given by the following
in which we assume the attenuation « of the fundamental mode
LPy; is the same in both fiber types.

fu (15)

72().[5

f(t) = 77 — 29me " cos (adst) + e
+ (=) e =2 (= qp) e

X ['71 cos (algit) — yoe !5 cos (alsgt)} (16)

B. Model Results for Optimal Hybrid Span Configurations

As examples of the results obtained by application of the
modified Gaussian noise model to hybrid QSM/single-mode
fiber spans, we consider a system with hybrid fiber spans com-
posed of QSM fiber and a large effective area single-mode fiber
(designated SM fiber), neglecting the splice losses. We assume
an ideal Nyquist WDM signal composed of 16 wavelength chan-
nels, each carrying a 32 GBd PDM-16QAM signal. The QSM
fiber has effective area Aoz 1 = 220 pm?, mode coupling co-
efficient x = 1073 km~!, DMA Aa = 2dB/km (unless oth-
erwise stated), and combined attenuation coefficient and excess
loss coefficient of 0.155 dB/km. The large effective area single-
mode fiber has an effective area A.g o = 150 umz and attenu-
ation coefficient of 0.155 dB/km. The resulting nonlinear coef-
ficients are y; = 0.43W 'km ' andv = 0.57W 'km™,
respectively. The GVD parameter §o is same for both fiber
types at 26.6 ps>/km. The noise figure of the optical amplifiers
is F4 = 5dB. The total link length is 2000 km.

Fig. 13 shows plots of the Q-factor as a function of channel
launch power for a coherent optical system with 100 km spans
for three span configurations of the FMF fiber and the single-
mode fiber. We can distinguish two extreme cases, namely (a)
with no MPI equalization and (b) with full MPI equalization. The
case with no MPI equalization is shown in Fig. 13(a). Using only
the single-mode fiber in each span yields an optimum Q-factor
of 7.2 dB, at a launch power of 0 dBm. A better configuration is
to use about 25 km of FMF fiber in the beginning of each span,
followed by 75 km of the single-mode fiber at the end of each
span. This fiber combination yields a slightly higher optimum
Q-factor (7.6 dB), occurring at a slightly higher launch power
(0.8 dBm). Using only FMF per span decreases the system
performance because of the uncompensated MPI: the optimum
Q-factor is 6.9 dB at a launch power of 1 dBm. On the other
hand, with full MPI equalization (Fig. 13(b)) the results are
quite different. Using only FMF per span is clearly the best
span configuration yielding an optimum Q-factor of 8.2 dB ata
launch power of 1 dBm.

Fig. 14 shows plots of the optimum Q-factor as a function
of the FMF length in 100 km spans, for no MPI equaliza-
tion, 50% MPI equalization, 80% MPI equalization, and with
full MPI equalization. The results here all assume the optimal
channel power is used in each case. As the percentage of MPI
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Fig. 14.  Q-factor as a function of the length of the FMF used at the beginning

of a 100 km span for various levels of MPI compensation performed in the
coherent receiver DSP.

equalization increases, so does the optimum FMF length per
span as well. For higher percentages of MPI equalization, the
splitting ratio between the FMF and the SM fiber becomes sig-
nificantly less critical.

The normalized optimal length of FMF in a hybrid QSM fiber
span (defined as the ratio of the FMF length to the total span
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length) is given in Fig. 15(a) as a function of MPI compensation
level for span lengths of 60, 80, and 100 km. As higher levels of
MPI compensation are possible, the optimal ratio of FMF to the
total span length increases. Similarly, in Fig. 15(b), we see that
the normalized optimal FMF length also increases with DMA.
The data in Fig. 15(b) is for a 60 km span, but is representative
for other span lengths too.

V. TRANSMISSION EXPERIMENTS AND RESULTS

There have been a few transmission experiments in recent
years focused on single-mode transmission over few-mode
fibers or multimode fibers. In an early experiment, 100 Gb/s
PM-QPSK transmission was demonstrated over a few-mode
fiber with fundamental mode effective area of about 130 pm?,
and significantly longer reach was shown in comparison to stan-
dard single-mode fiber because of the higher nonlinear tolerance
[29]. No MPI impairments were observed in that experiment.
100 Gb/s PM-QPSK transmission over a 50 pm core OM3 mul-
timode fiber (MMF) demonstrated a system reach of more than
600 km [30]. This was the longest transmission of a 100 Gb/s
signal over MMF, but was ultimately limited by MPI effects.
Compensation of MPI generated in QSM fiber transmission in
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Fig. 16. (a) Re-circulating loop set-up with hybrid fiber spans. (b) Transmitter
configuration with 6 tunable channels and 111 loading channels on a 33 GHz
grid.

coherent receiver DSP was first demonstrated using DD-LMS
equalization and showed an improvement in the received sig-
nal’s Q factor and reach by more than 3 dB after compensa-
tion [22]. In this section we describe other recent transmis-
sion experiments successfully conducted with QSM fiber that
demonstrated high spectral efficiency, high capacity systems
over trans-oceanic distances.

In one experiment, transmission performance comparisons
were made in two areas: 1) span configuration and 2) modula-
tion format [27]. The span configurations evaluated were homo-
geneous fiber spans comprised of either a few-mode fiber or a
purely single-mode fiber, and a hybrid span comprised of both
fiber types in equal proportion. The modulation formats consid-
ered and tested were a single-carrier polarization multiplexed
16-ary quadrature amplitude modulation format (PM-16QAM)
with 32 Gbaud symbol rate, and a novel multi-subcarrier for-
mat with 32 subcarriers each modulated with a 1 Gbaud sym-
bol rate PM-16QAM signal. The two types of fiber used in
the experiments were a few-mode fiber with A.g of the fun-
damental mode of about 200 um? and average attenuation of
0.157 dB/km, and Vascade EX3000 fiber, a single-mode fiber
with A.g approximately 151 zm? and attenuation 0.153 dB/km.
The differential mode delay (DMD) of the FMF was measured
to be about 1 ns/km at 1550 nm. The span lengths were approxi-
mately 102 km. In the hybrid fiber span configuration, each span
was comprised of about 51 km of the FMF followed by almost
the same length of the Vascade EX3000 fiber. A re-circulating
loop with 5 spans as built with the hybrid fiber spans is illustrated
in Fig. 16(a).

The transmitter setup used is shown in Fig. 16(b). Digital-
to-analog converters (DACs) with a sampling rate of 64 GHz
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generated wavelength-division multiplexed (WDM) channels
on a 33 GHz grid in two groups. The first group consisted of
six neighboring channels generated with tunable external cavity
lasers (ECLs). These six channels were tuned together across
the C-band as a group and the center channel using a narrow
linewidth (<1 kHz) laser was measured. Each of the even and
odd subgroups of the six tunable channels were modulated sep-
arately by 4 independent and uncorrelated streams of data for
all in-phase and quadrature (I/Q) rails in both polarizations.
The 111 loading channels were modulated with independent
I/Q rails followed by polarization multiplexing emulators, with
15 ns relative delay between the X and Y polarizations. The
tunable channels and the dummy channels are combined us-
ing a wavelength selective switch (WSS) with a 1-GHz grid
resolution and a coupler. Using the DACs, either a 32 Gbaud,
Nyquist-shaped single-carrier modulation (SCM) 16QAM, or a
multi-subcarrier modulation (MSCM) signal of 32 x 1Gbaud
16QAM subcarriers with 10 MHz guard-band was generated on
each wavelength. Three different forward error correction (FEC)
overheads were employed in different regions of the C-band to
maximize the total capacity.

After optical filtering, each WDM channel under test was de-
tected with a standard offline coherent receiver, using a narrow-
linewidth (<1 kHz) laser as the local oscillator and a real-time
80 GSa/s sampling scope. For SCM signals, after resampling and
chromatic-dispersion compensation (CDC) the signal was fed
into a multi-modulus algorithm for initial convergence of polar-
ization de-multiplexing followed by carrier phase recovery. This
was followed by a second stage of equalization with symbol pe-
riod spaced sampling (7-spaced) using a DD-LMS algorithm on
the 32Gbaud SCM signal to mitigate MPI. For MSCM signals,
after frequency offset estimation and CDC, each subcarrier was
digitally filtered and processed individually in the same way as
the single-carrier signal. All signal processing was performed
offline.

Using the hybrid fiber span configuration with approximately
50:50ratio of fiber lengths, we first examined the performance of
the two modulation formats, especially with regard to the impact
from MPI generated from the FMF sections of the spans. For
the single-carrier case, the tap length of the constant modulus
algorithm (CMA) equalizer was 41, and this was followed by
a 1001-tap DD-LMS equalizer. This number of DD-LMS taps
was found to be sufficient to maximize the MPI compensation
level, and corresponded to close to +16 ns of addressable delay
relative to the signal. For the MSCM signal, both CMA and
the DD-LMS equalizers were implemented with 101 taps. The
back-to-back performance of both formats was nearly identical
and showed an implementation penalty relative to theory on the
order of 1 dB. The measured Q-factor (based on BER data)
for a central channel at 1549.7 nm is shown as a function of
transmission distance in Fig. 17.

Fig. 17 shows results for both modulation formats, with and
without the extra DD-LMS equalization applied. In each case,
the optimal channel launch power was employed. We observe
that the single-carrier PM-16QAM signal performs nearly as
well as the MSCM signal up to 4060 km with the DD-LMS
equalization, but is relatively degraded after that distance and
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underperforms the MSCM signal by about 2 dB at 6600 km.
The Q gain obtained from the MPI compensation was >2 dB
at 4060 km. On the other hand, the CMA equalizer alone was
sufficient to achieve optimal performance for the MSCM sig-
nal without the aid of the additional DD-LMS equalizer as the
Q-factor results for this signal format were the same with and
without DD-LMS at all distances. The multi-subcarrier format
allowed a significantly smaller number of equalizer taps per sub-
carrier compared to the single-carrier format. Smaller number
of taps per sub-carrier allowed faster convergence of the equal-
izer, and better ability to follow transients in the transmission.
While the total number of taps was not reduced for the MSCM
signal, the effectiveness of the equalization was significantly
enhanced compared to the single-carrier format. This demon-
stration of improved performance of a multi-subcarrier format
signal in the presence of MPI from QSM fiber transmission was
a key finding of the experiment. The overall spectral efficiency
achieved with the MSCM signals was 6.5 b/s/Hz, and a system
reach of 6600 km.

We also investigated the relative performance of the MSCM
signals as a function of the span configurations, comparing the
hybrid span to homogeneous fiber spans. This was done by
changing the loop set-up to be comprised of 2 equal-length spans
of either the hybrid fiber configuration, only Vascade EX3000
fiber, or only FMF. In Fig. 18 we show the transmission results
after 10 and 20 loops circulations using the MSCM signals, and
the same receiver DSP with 101-tap long CMA, and no LMS.
The OSNR was varied by changing the channel launch power.
The optimal channel power and OSNR was larger for the hybrid
spans and all-FMF spans because of the FMF’s larger A ¢ . Some
of the nonlinear tolerance advantage is negated because the MPI
could not be completely compensated, as is evident in the linear
regime and especially for the all-FMF span case. However, for
the hybrid span case, the nonlinear improvement from the large
effective area more than compensates for the penalty due to
residual MPI affording 0.4 dB improvement over the all-single-
mode fiber configuration. These results showing an advantage
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transmission for three different fiber span configurations.

for hybrid fiber spans are in good qualitative agreement with
the modeling results for hybrid spans derived in the previous
section, although the various fiber parameters were not exactly
the same.

Finally, another means to visualize the total MPI levels of
the different span configurations is to look at the CMA tap
weights. The difference in the level of total MPI suffered by the
hybrid and all-FMF spans after 4060 km can be seen directly
in Fig. 19 which shows the self-polarization component of the
CMA equalizer filter taps used for all three span configurations
after 4060 km. The leading portion of the equalizer filter is
larger for the case of hybrid and all-FMF spans because of MPI
since the LP;; mode had faster group velocity than the LP;
mode. It is clear that the total MPI is lower for hybrid spans com-
pared to the all-FMF. Furthermore, inspection of the hybrid span
tap weights indicates a maximum time delay of approximately
20 ns. Comparing this to the predicted t.g values in Fig. 10 for
roughly comparable fiber parameters suggests that the DMA of
the FMF used was approximately 1 dB/km or slightly smaller.
This estimate of the DMA is consistent with independent mea-
surements of several of the FMFs used in the experiments using
different techniques (not presented here), lending good support
to the modeling results in Fig. 10.

Another recent demonstration of high capacity QSM trans-
mission over a system using hybrid fiber spans increased the
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spectral efficiency even higher to 8.3 b/s/Hz over a distance
6375 km [31]. There were several key enablers to this demon-
stration, including shorter span lengths (about 56 km), a novel
modulation format (DP-64ASK) that gets closer to the Shannon
limit, and higher overhead FEC. The SM fiber in the hybrid
spans was the same as in the previously described experiments,
but the QSM fiber here was different with slightly smaller ef-
fective area (~176-180 um?). However, a key difference in
this case was that no MPI was observed in the transmission,
and thus no MPI compensation was required in the receiver
DSP. The cable cutoffs of the QSM fibers used ranged from
the middle of the C-band to about 1650 nm, but the LP;; at-
tenuation as deployed was sufficiently high to eliminate MPI
impairments.

Finally, another potential application for QSM fiber is unre-
peatered system transmission, for which a hybrid span config-
uration again may be optimal. The short total length of QSM
fiber in such a system makes MPI much less of an issue. A re-
cent demonstration showed 401 km unrepeatered transmission
of PM-32QAM signals with total capacity of 20.7 Tb/s with no
adverse effects from MPI [32].
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