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Abstract: We show that quasi-single-mode transmission in few-mode fibers (FMFs) can
reduce the number of spans for a fixed transmission distance and, consequently, the cost
per bit for terrestrial transmission systems by minimizing both the Capex and Opex. The
Gaussian-noise model is employed to estimate the nonlinear noise power spectral density
both, which depends on the effective area of the FMF and span length, for Er-doped fiber
amplifier (EDFA) and hybrid Raman/EDFA systems. Together with amplified spontaneous
emission noise, an optical signal-to-noise ratio (OSNR) for a fixed transmission distance
as a function of the effective area of the FMF and span length can be obtained. Given a
target OSNR for a particular modulation format, we determine the maximum span length
or the minimum number of spans as the effective area of the FMF varies both analytically
and through numerical simulations. The effect of multipath interference in the FMF on the
minimum number of span has also been investigated.

Index Terms: Quasi-single-mode (QSM), coherent optical communications, Gaussian-noise
(GN) model, nonlinear interference, multipath interference (MPI).

1. Introduction

Data traffic has been grown exponentially in the past decades and this trend is expected to continue
for the foreseeable future. According to the most recent data traffic forecast [1], global mobile data
traffic is expected to increase sevenfold between 2016 and 2021. Mobile network connection speeds
will increase threefold by 2021. The continued growth of data traffic has led to the development of
high-speed optical communication systems with high spectral efficiency and overall capacity [2]-[4].
The most recent technology deployed commercially is digital coherent optical transmission [5]. The
development of fast ADC and DAC together with digital signal processing (DSP) algorithms has

Vol. 10, No. 1, February 2018 7200110



IEEE Photonics Journal Minimizing the Number of Spans for Terrestrial

Fig. 1. (a) Lumped amplification (EDFA only) and (b) hybrid amplification optical fiber transmission
system. Ns is the number of spans.

enabled coherent transmission to become the dominant technique. The increase in the capacity
of digital coherent optical transmission is mainly due to two factors. First digital coherent optical
transmission allows near-perfect compensation of linear impairments such as chromatic dispersion
(CD) and polarization mode dispersion (PMD) [6]. Second, coherent transmission allows shot-noise
limited detection and power-efficient coding, minimizing the launch power and, as a result, fiber
nonlinear impairments. Fiber nonlinearity can also be compensated using digital backpropagation
(DBP) or, alternatively, be reduced using quasi-single-mode (QSM) transmission in few-mode fibers
(FMF) [7]. These advanced techniques have been almost extensively investigated for undersea
systems.

With the high-rate of increase in internet bandwidth demand, the need for reducing the cost
per bit for optical transport will become ever more imperative. Since the transmission distance for
terrestrial systems is much shorter than undersea systems, it would be wise to investigate whether
QSM in FMFs could be utilized to reduce the cost per bit for terrestrial optical transport. In this
paper, we show that QSM transmission in FMFs can reduced the number of spans for a specific
transmission distance and thus overall cost per bit. This is brought about by reducing the number
of spans (or amplifier sites) for the specific transmission distance. Fewer amplifiers not only lead to
the reduction of capital expenses (Capex) but also operational expenses (Opex).

This paper is organized as follows. In Section 2, we present the system model used in this work,
which can be described by the GN model [8]-[10]. In Sections 3 and 4, we present the dependence
of the minimum number of spans on the effective area of the fundamental mode of the FMF for
systems with lumped amplification and hybrid amplification (HA), respectively. In Section 5, we
evaluate the effect of multipath interference (MPI) [11], [12] on the minimum number of spans.
Finally, in Section 6 we summarize the main conclusions of this paper.

2. System Model

We consider typical wavelength-division multiplexed (WDM) optical transmission systems shown
in Fig. 1. The GN model is utilized to analyze the system performance. To do so, we assume that
the transmitted signal is a comb of Nyquist WDM channels, with channel spacing approaching
the symbol rate, whose power spectral density (PSD) is essentially flat. Such a spectrum can be
realized using polarization-multiplexed M-ary quadrature-amplitude modulation (QAM) with spectral
shaping. Let N, be the number of WDM carriers, R symbol rate, Af the channel spacing, the total
occupied bandwidth is B = Ny, Af. In this study, we set the symbol rate at 32 Gbaud, channel
spacing at 32 GHz. With a total of 125 channels in the C band on a 32 GHz grid, the total bandwidth
of the WDM channels is B = 4 THz.

We consider QSM using FMFs as transmissions fibers, which are highly dispersive and uncom-
pensated optically. Only the fundamental mode of the FMF is used for the optical transmission
of the WDM signals. The effective area of the fundamental mode A¢¢ in this study ranges from
80 um? corresponding to SSMF to 480 um?. This effective area (480 um?) for the fundamental
mode of a FMF can be realized in a step-index design with core (cladding) index of 1.446 (1.444)
and a core radius of 22.2 um. The effective index difference between the fundamental mode and
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the first high-order mode is >5 x 10~* to ensure low mode crosstalk. The required effective index
difference of >5 x 10~* for weak coupling between the fundamental mode and the LPy; mode is
on the same order as that between the two polarizations of polarization-maintaining fibers [13].
The chromatic dispersion coefficient is assumed to be D = 20 ps/nm/km. For simplicity of the first
study of this kind, we shall assume that the span length L span is uniform and fiber loss is perfectly
compensated by either Er-doped fiber amplifiers (EDFA) as shown in Fig. 1(a), or the combination
of EDFAs and Raman amplifiers (RA) as shown in Fig. 1(b). These amplification schemes result in
differences in the amplified spontaneous emission noise as well as the nonlinear interference (NLI)
noise. The total transmission distance L oty is set at 3,000 km. The goal of this study is to determine
the dependence of span length, and therefore, the number of spans or amplification sites, on the
effective area of the FMF for these systems configurations. The results can serve as a guideline for
the future development of cost-effective coherent terrestrial optical transport systems.

3. @QSM Using Lumped EDFAs

In QSM using lumped EDFAs shown in Fig. 1(a), the linear noise comes from the amplified sponta-
neous emission (ASE) of EDFAs. The ASE power spectral density (PSD) for each amplifier in two
polarizations is given by

NASERZHSP-hVo-GZNF-hvo-G (1)

where NF is the noise figure of the EDFA, hvy is the photon energy at the operating frequency vg
and h is Planck’s constant, G > 1 is the gain of the EDFA which is assumed to be equal to the total
loss of a span G = agsl span, @ds is the fiber loss coefficient in units of decibels per unit distance.
According to the GN model, the nonlinear noise originating from nonlinear interference (NLI)
can be well approximated as additive white Gaussian noise (AWGN). For a large number of WDM
channels, the NLI scales linearly with the number of spans and the cube of the signal power per

channel P,. The NLI PSD introduced in each fiber span can be expressed as [9]:
Nnu = Tyeg -

C
= )
EZ,
where E,; = hy is the photon energy, Scv = Pcn/Rs is the PSD of transmitted channels which is flat
in accordance to Nyquist shaping and 'y is the normalized NLI efficiency which depends on the
parameters of the link and signal, and independent of the modulation format, according to [8]:

8 VPLer® . (7P 25
Ty = E2,— " asinh [ = BoL erraB3N," 3
NLI P37 7Bal orra 5 Bl erraBepnN, 3)
where y = 27”% is the fiber nonlinear coefficient and is set as 1.3/W/km at 1550 nm for SMF, n. is
the nonlinear index of refraction, g, = —2—°2D, Lerra = 1/ is the asymptotic effective length, Af is
7'!\)0

channel spacing, N, is the number of channels, B, is the channel bandwidth. Given the long span
length considered in this paper, we can set L ors & Lgsra
The PSD of total noise at the receiver is

Nrx = Ns(Nase + Nni1) + Npooster (4)

where N is the number of spans. For simplicity, the ASE noise of the booster EDFA in the transmitter
is assumed to be the same as the in-line amplifier, so

Nex = (Ns+1) - Nase + Ns- Nyiy (5)
The optical signal-to-noise ratio (OSNR), taking into account both ASE noise and NLI, can be
expressed as:
Pch S- Rs

OSNR = _ 6)
2Pase + Pnii [(NS +1)NF - exp (LN—) + NoTwis - 33] By
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where P,gr is the ASE noise power of per polarization, S = Sy /E s is the normalized PSD per
channel expressed as average number of photons per symbol, B,4 = 0.1 nm is the reference band-
width for OSNR. Since both the linear noise and the signal power per span increases exponentially
with span length, a target OSNR, OSNR7t corresponding to a specific BER threshold can only
be achieved if the span length (number of spans) does not exceed a certain length (fall below a
minimum value N min).

To obtain the minimum number of spans N min, (6) can be solved numerically. Fortunately, a closed
form analytical solution can also be found. Equation (6) can be arranged as a polynomial equation
in S with the parameters of the transmission link and the target OSNR, OSNR; as parameters as
follows:

S +pS+qg=0 (7)
with

oo 1 _ (N ONF (aLtom).

(OSNRr - Bg/Rs) - Ng - Tniy NsTniy N

From a physical point of view, there should be only one value of S that would result in the
minimum number of spans, Nsmin. That is, (7) should admit only one real root, which requires that
the discriminant of (7)

(Ns+1)°NF?2

_ 2 3 _
5= (@/2F + o0 = Col exp(

205Ltotal> _ 1
Ns 27(OSNRy - B,¢/Rs)®N3TS,
be positive. At the critical condition, Ns = Nsmin and the discriminant vanishes:

2OlLtotal) . 4
27N F2(OSNRy7 - B,s/Rs)* Ty |

In the following, we will present the minimum number of spans for a fixed total transmission
distance L tq Of 3000 km as a function of the effective area A.s, which plays an important role
in NLI, with fiber loss as a parameter. The noise figure NF of EDFAs is set at 5 dB. In this work,
we focus on the PM-QPSK modulation format and set BER = 3.8e-3, the 7% hard-decision (HD)
advanced FEC threshold. For PM-QPSK modulation format, the SER can be estimated by:

(8)

Ns,min(Ns,min + 1)29Xp ( =0 (9)

N&mm

Es Bre‘
ER = eff =erf NR 1
S ec( 4N0) ec( (015 2F?s> (10)
With gray coding, BER = SER/log,M and is related to the OSNR by:
2R
OSNR = - *lerfc (2 BER)P? (11)
ref

Fig. 2(a) shows the minimum number of spans versus the effective area of the fiber with fiber
loss coefficients of 0.20 dB/km, 0.18 dB/km and 0.16 dB/km, respectively. The attenuation of FMFs
is similar to that of SMFs at the 1550 nm. The loss of a FMF demonstrated in [7] was 0.16 dB/km.
In Fig. 2(a), the numerical results for [Nsmin|, sShown as scatter plots, were obtained from (6) and
the analytical results for [Ngminl, shown in solid lines, were calculated from (9). The results of
numerical calculation and analytical solution agree with each other very well. Even though N min
can only take on integer values | N min], the optimum launch power per channel, P.,, does change
continuously as the effective area of the fiber increases, as shown in Fig. 2(b). As can be seen in
Fig. 2(a), the minimum number of spans decreases as A increases, making a strong case for
QSM transmission. Starting from the small A.¢; of SSMF, the N min reduces quickly with increasing
Acff. The minimum number of spans decrease from 24 to 18 with A, increasing from 80 um? to
480 um? for a fiber loss of 0.20 dB/km. The corresponding span lengths increase from 125 km to
167 km. As expected, the minimum number of spans also decrease with the loss coefficient. For
example, the minimum numbers of spans are 15 and 13 at A.;; = 480 um? for a loss coefficient of
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Fig. 2. Numerical calculation (scatter plot) and analytical solution (solid line) of (a) the minimum number
of spans and (b) the optimum power corresponding to (a) versus A7 from 80 to 480 m? with different
fiber loss coefficients for lumped amplification.
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Fig. 3. L&t of a 3000-km lumped amplification system versus Agf; from 80 to 480 um? using the
minimum number of spans given in Fig. 2(a) and optimized input power given in Fig. 2(b).

0.18 dB/km and 0.16 dB/km, respectively. The minimum number of spans of 13 for a loss coefficient
to 0.16 dB/km corresponds to a span length of 230 km using EDFA only. This demonstrates the
benefit of utilizing QSM to enable long span length in EDFA-only systems.

As shown in Fig. 2(a), | Nsmin] varies in a staircase fashion as A increases. In each flat region,
the system OSNR margin does increase as a result of large effective areas. This OSNR margin
can be used to extend the total transmission distance L itz Over 3000 km. From (6), L iota) €Xtension
due to the increased OSNR margin can be calculated as:

|_Ns,minJ In S _ |_Ns,minJ FNL/ SG
(LNs,minJ + 1)(OSNRr - B« /Rs)NF (LNs,minJ + 1)2NF

Lext =

) - Ltotal (12)

We compute the L4 as a function of the effective area of the fiber, as shown in Fig. 3, using
the minimum number of spans given in Fig. 2(a) and optimum power given in Fig. 2(b). For a fiber
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with a loss of 0.16 dB/km, the system margin is almost 190 km if the effective area of the fiber is
increased to A.s¢ = 440 um? yielding a total distance of 3190 km with only 13 spans.

4. QSM Using Hybrid Amplification

Hybrid amplification as shown in Fig. 1(b) is expected to further increase (reduce) the span length
(the number of spans). Hybrid amplification reduces the linear noise due to Raman amplification
and nonlinear noise by reducing the path-averaged power. In what follows we evaluate both the
linear and nonlinear noise for HA.

With backward-pumped Raman amplification, pump depletion is negligible and, as a result, small-
signal gain can be used regardless of the launch power in each span. Specifically, the small-signal
Raman gain profile Gra(2) is given by [14]:

Gaa(2) = exp { /0 CAPoump XPL—ar (L span — s)]ds} (19)

where Cgr = gr/Aerr With gg = 0.33 x 107" m/W over the C band, «, is the fiber attenuation
coefficient at the pump wavelength which is 0.1 dB/km higher than at the signal wavelength. The
on-off Raman gain is G pa on—off = GRra(Z = L span). Taking the noise characteristics of the EDFA and
Raman amplifier together, the equivalent noise figure of the hybrid amplifier is given by

NFepra — 1
G RA on—off

where N Fpy4 ¢ is the equivalent noise figure of the Raman amplifier [15].

The normalized NLI efficiency T'y.1.Ha, in general, depends on the Raman gain profile. Under
the undepleted-pump assumption, the NLI efficiency is also independent of the input power, and is
given by

NFHA,quNFHA,eq+ (14)

Bopt
256 2 B
Pucsn(Lgan) = S0 P07 [ R0 I0g (52 ) oo (15)

where R(v) is the generalized four-wave mixing efficiency [15], which depends on the loss and
Raman gain profile G g, (2) according to:
2

L span o .
R0, L span) = \ [T 108 g (16)
0

and B is the fiber dispersion coefficient and v is among the transmission band.

In this paper, we assume that the Raman gain accounts for 55% of the span loss in dB [16].
Fig. 4 plots the NLI efficiency as a function of span length. It is observed that the normalized NLI
efficiency is almost flat for span lengths over 100 km. Specifically, I'y.; na varies by 0.11 dB for
span lengths ranging from 100 to 300 km. Since the span length in our study falls within this range,
we assume that the normalized NLI efficiency in HA system is a constant from now on.

The OSNR of the hybrid amplification system is given by:

S-Rs
[(NS + 1NFha.eq(Ns) - exp (O(LN;‘:”> + NsI'neiHa - 83] -Brg

from which the minimum number of spans can be calculated using the same procedure as in
Section 3. The NF of HA system is a function of span length and does not a constant any more.
Fig. 5 plots the minimum number of spans as a function of A ;¢ for hybrid amplification. The minimum
span decreases with the increase of As. It is observed that the minimum number of spans for
hybrid amplification systems is significantly decreased in comparison with lumped-amplification
systems. For example,| Nsmin | is decreased from 18 to 14 at A,;¢ = 480 um? and 0.20 dB/km loss.
The minimum number of spans is only 11 at Ao¢s = 480 um? and 0.16 dB/km loss. The L ¢ of a
3000 km hybrid amplification system is shown in Fig. 6. For instance, for a FMF with a loss of

OSNR = (17)

Vol. 10, No. 1, February 2018 7200110



IEEE Photonics Journal Minimizing the Number of Spans for Terrestrial

44-x107

4-2_. — 0.,=0.20 dB/km

. 1 ~ =~ @ 4=0.18 dB/km
e adB=O'16 dB/km
3.8

FNLI,HA

2.4 T T T T T T T T T
50 100 150 200 250 300
Span Length (km)

Fig. 4. Normalized NLI efficiency versus span length up to 300 km for hybrid amplification systems.
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Fig. 5. Numerical calculation (scatter plot) and analytical solution (solid line) of the minimum number of
spans versus A.fs from 80 to 480 um? with different fiber loss coefficients for the hybrid amplification
system.

0.16 dB/km, the total system length L 5 can be increased by almost 220 km for an effective area
of little larger than 400 um?, yielding an distance of 3220 km with only 11 spans.

5. The Effect of MPI

Multipath interference (MPI) is a potential impairment in QSM systems. In the weakly coupled
regime, the effect of MPI arising from high-order modes can be neglected [17]. The mode crosstalk
due to splicing is not considered in our model [18]. The MPI defined as the ratio of the total power
of crosstalk to the average signal power accumulated within a single span can be written as [11]:

] —Aa-L
mpr = A%t A12+e 2 (18)
o
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Fig. 6. L ¢ of 2 3000-km hybrid amplification system versus A ¢ from 80 to 480 «m? using the minimum
number of spans given in Fig. 5.

where Aa = a1y — ap1 is the differential mode attenuation (DMA) between the attenuation coeffi-
cients ap1 and a4 of the two lowest-order modes of the FMF [19], « is the average power-coupling
coefficient which describes the coupling strength between these two modes. We assume here that
MPI due to other higher-order modes are negligible. In the following analysis, the DMA is set at
0.1 dB/km, and « is set to 1e~3/km. MPI is a linear impairment, and in theory, can be completely
compensated. Indeed, complete MPI compensation has indeed been demonstrated in practice us-
ing equalization filters with sufficient tap lengths [7]. Of course, a longer tap length translates to a
larger gate count and higher power consumption for the DSP chip. It is therefore valuable evaluate
the effect of incomplete MPI compensation on the minimum number of spans. Including MPI, [12],
the OSNR can be expressed as:

S-Rs

OSNR =
[(Ns +1) - NFya.eq(Ns) - exp (%‘;‘a') + Ns-MPI(Ns) - S+ NsTnii Ha 53] Bre

(19)

An analytical solution for the minimum number of spans N min, to reach a target OSNR7, include
the effect of MPI, is still possible. Similar to (9), the polynomial equation for the per-channel S can
be expressed as following:

I Ns-(OSNRr - Bg/Rs) - MPI(Ns) — 1 (Ns+1)NFHA,eq(Ns) . exp (aLtotaI
Ns-(OSNRy - Brg/Rs) - TniiHa NsTNLIHA N

) =0 (20)

where

_ Ns-(OSNRr - Bg/Rs) - MPI(Ns) — 1 _ (Ns+ 1)NFa.eq(Ns) exp (OéLtotal)
Ns-(OSNRr - Br«/Rs) - Tniipa NsIniiHA Ns )~

At the critical condition, Ns = Ngmin and the discriminant of (20) vanishes

A= <ﬂ)2 i (2)3 _ (Ns,min + 1)2NFHA,eq2(Ns,min) exp <2aL total) +MPIS(Ns,min)

2 3 AN g min2Tne 1A N s min 27T N1 HAS
_ MPIZ(Ns.min) + MPI(Ns,min)
Ngmin - (OSNRy - B/ /Rs)  Thiina®  ONgmin? - (OSNR7 - Brg/Rs)® - Tijma®
1
=0 (21)

27Nsmin® - (OSNR7 - Brg/Rs)® - Ty na®

Vol. 10, No. 1, February 2018 7200110



IEEE Photonics Journal Minimizing the Number of Spans for Terrestrial

=721
=

20

19

18

17

16

15 13 SO S S

501 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500

2
A,y (um) Aglum®)

O 0% MPICompensated ©  30% MPI Compensated & 90% MPI Compensated X wio MPI O 0%MPI Compensated ©  30% MPI Compensated & 90% MPI Compensated X wio MPI

0% MPI Cc T 30% MPI C 90% MPI C: wio MPI 0% MPI Compensated 30% MPI C 90% MPI C wi/o MPI

(a) (b)

Fig. 7. Simulation (scatter plots) and analytical (solid line) results for (a) EDFA lumped and (b) EDFA/RA
Hybrid amplification systems with different MP| compensation levels.

The minimum number of spans as a function of the effective area including the effect of MPI for
lumped and hybrid amplification are shown in Fig. 7(a) and (b), respectively, with different levels
of MPI compensation for the case of ag1 = 0.18 dB/km. As can be seen, if not compensated, MPI
causes the minimum number of spans to increase from 15 (13) to 20(17), for lumped and hybrid
amplification respectively, at an effective area of A.r; = 480 um?. Fortunately, if 90% of the MPI
noise was compensated, the minimum number of spans does not increase for many A.¢s values
within the range under consideration.

6. Conclusion

We investigated minimizing the number of spans using quasi single-mode transmission in few-
mode fibers to reduce Capex and Opex for optical transmission. An analytical solutions for the
minimum number of spans as a function of system parameters was derived. The analytical solutions
matched quite well with numerical simulations. Both lumped amplification and hybrid amplification
are considered, including the effect of MPI. Our results indicated that, for a 3000 km 32 GBaud
PM-QPSK coherent WDM transmission system, the minimum number of spans can be decreased
from 24 (18) to 18 (14) when the effective area of the fiber increased from 80 um? to 480 um? at
a loss of 0.20 dB/km using lumped (hybrid) amplification. MPI can have a strong influence on the
minimum number of spans. Fortunately, if 90% of the MPI noise is compensated, the minimum
number of span would not be affected by MPI. We expected that the results presented here will
help drive down the Capex and Opex of optical transmission systems. Terrestrial systems typically
have inhomogeneous span lengths. The method presented in this paper can be applied to such
systems on a case by case basis.
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