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Abstract—We review recent advances in the mitigation of inter-
channel four-wave-mixing (FWM) based on “XYYX” input po-
larization alignment, statistical fiber zero-dispersion wavelength
(ZDW) distribution, real-world fiber cable installation with ran-
domized fiber ZDW for every fiber segment of typically 2~3 km
during fiber cabling to enable high-performance O-band WDM
transmission for 800G-LR4 with four 800 GHz-spaced 200 Gb/s
PAM-4 channels reaching up to 10 km, 1.6T-LR8 with eight
800 GHz-spaced 200 Gb/s PAM-4 channels reaching up to 10 km,
and 400G-ER4-30 km with four 400 GHz-spaced 100 Gb/s PAM-4
channels reaching up to 30 km. In addition, a novel unequal channel
spacing scheme for co-propagating wavelength channels is shown
to effectively mitigate the FWM impairment in a bidirectional
5G fronthaul transmission system with twelve 800 GHz-spaced
25 Gb/s NRZ channels reaching up to 20 km. These inter-channel
FWM mitigation techniques are expected to aid the standardization
of intensity-modulation and direct-detection (IM/DD) based high-
speed O-band WDM systems in both IEEE and ITU-T, aiming to
cost-effectively and energy-efficiently support future data center,
5G, and metro-access networks.

Index Terms—1.6T-LR8, 400G-ER4, 5G, 800G-LR4, extended
reach (ER), four wave mixing (FWM), fronthaul, long reach (LR),
0O-band, wavelength-division multiplexing (WDM).

1. INTRODUCTION

OR short-distance data center interconnections and 5G

fronthaul links, cost-effective and energy-efficient optical
transceivers based on simple intensity-modulation and direct-
detection (IM/DD) are commonly used [1]. With the increase of
modulation speed to 100Gbaud and beyond, the dispersion toler-
ance of DD receivers become highly limited. Thus, WDM trans-
mission in the O-band that includes the zero-dispersion wave-
length (ZDW) window of standard single-mode fiber (SSMF),
i.e., between 1300 nm and 1324 nm, is being considered for
both 800Gb/s long-reach (LR) [2] and LAN-WDM based 5G
fronthaul transmission [3]. However, inter-channel four-wave-
mixing (FWM) was found to impose a severe limitation on

Manuscript received 5 June 2023; revised 14 August 2023 and 8 September
2023; accepted 13 September 2023. Date of publication 15 September 2023;
date of current version 2 February 2024. (Corresponding author: Xiang Liu.)

The authors are with Huawei Hong Kong Research Center, Hong Kong (e-
mail: xiang.john.liu@huawei.com; fan.qirui@huawei.com).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/JLT.2023.3316008.

Digital Object Identifier 10.1109/JLT.2023.3316008

the performance of WDM transmission in the O-band [4], [5],
[6]. To mitigate the FWM impairment, polarization interleaving
[4], [5] and unequal channel spacing [6] had been proposed.
More recently, an innovative polarization alignment based on
“XYYX” has been proposed [7], [8] and experimentally verified
[9] to effectively suppress the FWM impairment in 800G-LR4.
In addition, the FWM impairment was shown to be effectively
suppressed in a bidirectional 12-channel LAN-WDM fronthaul
transmission system (L-WDM) that achieves unequal channel
spacing in each direction without scarifying the spectral effi-
ciency [10]. In this article, we substantially extend our OFC
2023 invited article [11], by further considering statistical fiber
ZDW distribution [12], and real-world fiber cable installation
with randomized fiber ZDW for every fiber segment of typically
2~3 km during fiber cabling [13], [14], [15], [16] to enable
high-performance O-band WDM transmission for the following
LR and extended reach (ER) applications:

e 800G-LR4, with four 800 GHz-spaced 200 Gb/s PAM-4

channels reaching up to 10 km,

e 1.6T-LRS, with eight 800 GHz-spaced 200 Gb/s PAM-4

channels reaching up to 10 km,

e 400G-ER4-30 km, with four 400GHz-spaced 100 Gb/s

PAM-4 channels reaching up to 30 km.

These inter-channel FWM mitigation techniques are expected
to aid the standardization of intensity-modulation and IM/DD
based high-speed O-band WDM systems in both IEEE and
ITU-T, aiming to cost-effectively and energy-efficiently support
future data center, 5G, and metro-access networks.

This article is organized as follows. In Section II, we describe
an analytical model to estimate the FWM-induced receiver sen-
sitivity penalty for pulse amplitude modulation 4-level (PAM-4)
signals. In Section III, mitigation of inter-channel FWM via
the use of “XYYX” polarization arrangement is presented.
In Section IV, FWM mitigation due to fiber segmentation
induced randomization of fiber ZDW during transmission is
described. Section V, the reduction of dispersion penalty due
to fiber segmentation is discussed [17]. In Section VI, the
combined use of FWM and dispersion mitigation techniques for
capacity scaling from 800G-LR4 to 1.6T-LR8 is discussed. In
Section VII, the combined use of FWM mitigation techniques,
such as the “XYYX” polarization arrangement and ZDW ran-
domization along the fiber link, is shown to enable 400G-ER4
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to reach 30 km. Finally, concluding remarks are provided in
Section VIII.

II. INTER-CHANNEL FWM PENALTY FOR PAM-4 SIGNALS

FWM is a nonlinear process whereby interactions between
three (or two) wavelengths produce one (or two) new wave-
lengths. FWM is phase-sensitive as its efficiency is strongly
affected by phase matching conditions. In WDM transmission
over an optical fiber, the strength of the inter-channel FWM
effect depends on signal power, fiber nonlinear coefficient, dis-
persion, dispersion slope, polarization-mode dispersion (PMD),
and channel plan w.r.t. the fiber zero dispersion wavelength
(ZDW) or zero-dispersion frequency (ZDF) [18], [19]. In the
case of four-channel WDM, the worst-case non-degenerate
FWM occurs as the ZDW is in the center of four uniformly
spaced wavelength channels.

For high-speed data center optics, PAM-4 modulation is be-
coming the mainstream modulation format. It is worth evaluating
the FWM-induced receiver sensitivity penalty in IM/DD systems
with PAM-4 modulation. Here, we provide an analytical solution
to this problem.

For PAM-4 signal, the uppermost eye is most severely im-
pacted by the signal-crosstalk beat noise. The FWM-induced
nonlinear crosstalk (Epwy) on the highest PAM-4 level
(Es) upon intensity (square-law) detection has a standard
deviation of

OFWM — Std(Oé . |E3+E]:WM|2)
= 2a - |[Es|” - std [real (Epwmi/|Es])], (1
where « is a constant related to the conversion from the op-
tical signal E-field to the power level at the receiver decision

circuit. The Q-factor corresponding to E3 without FWM can be
expressed as

Qu/orwn = a|Es|? (ER — 1) /ER/6 /o (2)
while the Q-factor corresponding to Es with FWM (at an in-
creased received power P'ry) can be expressed as

Qu/pwat = afE's|” (ER — 1) /ER /6 /sqri[o7
+ (P'rx/Prx) o] 3)

where |E3|? and |E's|? are proportional to the received optical
power Prx and P’rx in the absence and presence of FWM,
respectively, ER is the extinction ratio of the PAM-4 signal,
and o2 is the thermal noise power. Note that the signal-FWM
beating noise depends on the received power P'rx, while the
thermal noise does not.

For the same target bit error ratio (BER) threshold of BER,
we have (under the assumption of low BER)

Qw/rwM = Qw/orwm = Qo
= erfinv(l — 2-8-BERy) - sqrt (2) 4
which leads to

P'rx/Prx = sart(1 + (P'rx/Prx)” - 0Bwm/Onermat) (5
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Fig. 1. Calculated FWM-induced receiver sensitivity penalty as a function of
co-polarized FWM crosstalk assuming BER¢}, = 4.85E-3 and ER = 5 dB.

After some derivations, we have

P'rx/Prx =

sqrt{1/[1 — 36 - Q2 - Xpwwm - ER (ER + 1) /(ER — 1)%]}
(6)

where Xpwwm is the FWMe-induced co-polarized in-band
crosstalk power that is normalized to the signal power. Note
also that half of the FWM crosstalk is in-phase with the
PAM-4 signal and causes the so-called signal-crosstalk beating
noise.

Fig. 1 shows the calculated FWM-induced receiver sensitivity
penalty as a function of the co-polarized FWM crosstalk assum-
ing a BER of 4.85E-3 and an ER of 5 dB.

For a FWM crosstalk of —33 dB (—30 dB), the FWM-induced
receiver sensitivity penalty is 0.4 dB (0.8 dB). These analytical
results are in good agreement with the experimental results
reported in [20]. In certain LAN-WDM systems, the FWM
crosstalk can be higher than -30 dB [4], [5], [6] and needs to
be mitigated.

This inter-channel FWM induced transmission impairment
in 800G-LR4 has been actively studied by multiple teams
within the IEEE 802.3df/dj project [14], [15], [16]. The FWM
penalty can be avoided by using statistically significant zero-
dispersion wavelength (ZDW) lower limit of 1306 nm, or shift-
ing the laser wavelengths by ~0.2 nm via slight temperature
tuning. The FWM penalty can also be effectively mitigated
when using real fiber ZDW distribution [12], as shown in
Fig. 2.

The probability density function (PDF) of SSMF ZDW
based on data SSMFs from four major fiber suppliers [12] can
be approximated as a truncated Gaussian Distribution with a
mean of 1313 nm and a standard deviation (std) of 2.2 nm,
or N(mean = 1313 nm, std = 2.2 nm). When actual fiber
cable segmentation is used, a recent analysis shows that the
FWDMe-induced static outage probability (OP) can be reduced
to below 1E-7 [16], which will be discussed in the following
sections.
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Fig. 2. Probability density function (PDF) of SSMF ZDW based on data
SSMFs from four major fiber suppliers (after [12]).

III. INTER-CHANNEL FWM MITIGATION VIA “XYYX”
POLARIZATION ARRANGEMENT

Fig. 3(a) shows the schematic of an 800G-LR4 IM/DD
transceiver with four 224Gb/s PAM-4 channels. The wavelength
plan can be based on the longest four wavelengths of LAN-
WDM [1],L4~L7, as shown in Fig. 3(b), or 400GHz-red-shifted
[8]. The input polarization alignment of “XYYX” is illustrated
in Inset (a). For typical transmission fibers, the random bire-
fringence model (RBM), where the fiber polarization axes and
birefringence strength vary randomly with distance, is applica-
ble [18]. Under the RBM, the first three wavelength channels
with polarizations “XYY” will not generate any non-degenerate
FWM component with X-polarization at the 4th channel under
the ideal case of zero PMD, due to this special polarization
alignment [19]. Even in the presence of PMD, the phase of the
generated FWM component prwn(z) = 2y (2)-p«(2) is fast
varying with transmission distance z due to the very short fiber
beat length of a few meters typically, so that the phase-matching
condition for the non-degenerate “XYYX” FWM interaction is
quickly destroyed [8]. Moreover, the degenerate FWM from the
two Y-polarized center channels only generates two Y-polarized
FWM components at the two edge channel locations, which
are orthogonal to the two X-polarized edge channels, so the
degenerate FWM induced penalty is also negligibly small [7].
Also, in the three channel WDM case with (XYY) polarization
arrangement at frequencies (fi,f5,f3), there is a non-degenerate
FWM interaction f; x+f3 v-f2 v generating fs x, which is or-
thogonal with the Y-polarized signal at the same frequency fs
and thus does not interfere with the signal.

Numerical simulations are performed, using a split-step nu-
merical simulator with the fiber RBM, to quantify the effective-
ness of the FWM suppression in LAN-WDM systems. Fig. 4(a)
shows the simulated optical spectra after 10-km SSMF transmis-
sion with three 800GHz-spaced input signals having “XXX”,
“YXY”, and “XYY” input polarization alignments under zero
PMD. Evidently, the FWM interference on the 4th channel in
the “XYY” case is the weakest. Fig. 4(b) shows the simulated
signal eye diagrams of 224Gb/s PAM-4 signals (with a chirp of
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0.5) after 10-km SSMF transmission with four 800GHz-spaced
input signals having “XXXX”, “XYXY”, and “XYYX” input
polarization alignments. Consistently, the FWM-induced eye
closure is minimized in the “XYYX” case. Fig. 5(a) shows
the BER performances for “XXXX”, “XYXY”, and “XYYX”
input polarization alignments under zero PMD and 9 dBm signal
launch power per channel, clearly showing the effective FWM
suppression in the “XYYX” case. Fig. 5(b) shows the receiver
sensitivity penalty at a FEC BER threshold of 4.5 x 1073
due to dispersion and FWM as a function of the fiber ZDW for
the “XYYX” case, indicating unnoticeable FWM penalty for
all relevant ZDW values. Fig. 5(c) shows the complementary
cumulative distribution function (CCDF) of the FWM penalty
with over 2800 fiber PMD realizations, indicating that under
the alignment of ZDW and laser frequencies, the FWM-induced
“outage” is ~1073 for a 1dB penalty and a signal launch power
of 5 dBm per channel.

Further assuming that the fiber ZDW distribution is uniform
over 1300 nm~1324 nm, the chance of “FWM wavelength
matching” was found to be 0.563% [21]. Due to the laser
frequency tolerance of Af = 100 GHz, the probability of the
FWM being within the receiver bandwidth is approximately
B/2Af, or 0.56 according to Ref. [5]. Thus, the FWM-induced
overall outage probability becomes ~3.2 x 107 [8], which is
reasonably low, given that the PMD-induced outage probability
specified in OIF 400ZR is 4.1 x 10~°. The actual FWM-induced
overall outage probability may be much lower when considering
(i) the realistic SSMF ZDW distribution [12], [21], (ii) fiber cable
splicing induced randomization of ZDW in field-deployed fiber
segments that are typically 2~3 km in length [13], [16], and/or
(iii) longitudinal fluctuations of fiber ZDW due to non-uniform
fiber fabrication conditions [15], [22].

IV. INTER-CHANNEL FWM MITIGATION DUE TO FIBER
SEGMENTATION

It is important to consider the effect of longitudinal ZDW
fluctuations along the fiber link in order to avoid overestima-
tion of FWM penalty [15], [22]. As each deployed fiber cable
generally consists of multiple cable segments that are spliced
together, and the each segment is usually less than 3 km (even
for ultra-long-haul systems), as shown in Ref. [13], we need to
consider the realistic randomization of ZDW from segment to
segment [16]. In this Section, we evaluate the FWM powers for
a 10-km G.652 fiber consisting of (i) 2x 5 km (ii) 3x 3.33 km
(iii) 4x 2.5 km and (iv) 5x 2 km cable segments where the
ZDW is randomized between segments, in comparison with a
hypothetic 10-km link without fiber segmentation.

We start with the well-known analysis model describing the
FWM power in ZDW region, which is written as

Pr (fi, fjs frr o, {Ls})

- (87%)2 P,(0) P, (0) P (0) (51

2
9'"3 A2,

where P;(0), P;(0), P;(0) are the input powers of f;, f;, fx
frequencies, Pp isthe FWMpowerat fr = f; + f; — fr;, 7,

n (7
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(b) Four LAN-WDM wavelengths in or near the ZDW window

LAN-WDM Center Center Dispersion after
index frequency (THz) |wavelength (nm)| 10km (ps/nm)
L4 2314 1295.56 -26.16 ~ -4.08
L5 230.6 1300.05 -22.03 ~ 0.05
L6 229.8 1304.58 -17.87 ~4.21
1305:/12 L7 229.0 1309.14 | -13.67 ~ 8.41
Inset (a) Inset (b)
X N X X
L4 5 L6 L7

(a) Schematic of an 800G-LR4 IM/DD transceiver with four 224 Gb/s PAM-4 channels; (b) A wavelength plan based on LAN-WDM. Inset (a): Illustration

of the “XYYX"” input polarization alignment. Inset (b): An exemplary eye diagram of a 224 Gb/s PAM-4 signal.
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(a) Simulated optical spectra after 10-km SSMF transmission with three 800GHz-spaced input signals having “XXX”, “YXY”, and “XYY” input

polarization alignments; (b) simulated signal eye diagrams after 10-km SSMF transmission with four 800 GHz-spaced input signals having “XXXX”, “XYXY”,
and “XYYX” input polarization alignments. Simulation model: RBM for PMD = 0; launch power per channel: 6 dBm; fiber ZDF: 230.2 THz.
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(a) Simulated BER performance after 10-km SSMF transmission for “XXXX”, “XYXY”, and “XYYX" input polarization alignments; (b) the receiver

sensitivity penalty due to dispersion and FWM as a function of the fiber ZDW for the “XYYX" case; and (c) CCDF of the simulated FWM penalty with over 2800
PMD realizations. Fiber ZDF: 230.2 THz, exactly at the center of the four LAN-WDM channels, L4, L5, L6, and L7.

D, and Ag T denote fiber loss, nonlinear coefficient, degener-
acy factor and fiber effective area around ZDW X, respectively;
L; denotes the length of the i-th segment of the fiber link, and
7 is the FWM efficiency as a function of phase-mismatch Af.

By considering boundary conditions between consecutive fiber
segments, 7 was extended to 2-segment case having independent
ZDW’s [18]. Following the same approach, it is straightforward
to further generalize n to multi-sectional cases, which has a
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TABLE I
SIMULATION PARAMETERS USED FOR 800G-LR4

Parameters Values
L4 (L0) 1295.56 nm
L5 (A1) 1300.06 nm
L6 (A2) 1304.59 nm
L7 (A3) 1309.14 nm
Fiber effective area 70 pm?
Fiber nonlinear reflective index 2.6E-20 m*/W
CD slope 0.09 ps/(nm>km)
Fiber attenuation 0.31 dB/km
Launch power 5.65 dBm/channel
PMD coefficient 0 ps/sqrt(km)

compact form

2
N i1 (7Ot+’LAﬂ7,)L7, _ 1

n= |3 JeCoramns A —a

i=1j=1

®)

The total received Pr at fr given Xg, simply denoted as
> Pr(fr)ls,, is the n-segment accumulation of the sum of Pp
over all {7, j, k} combinations, assuming FWM tones of same
frequencies can be coherently combined. In fact, such assump-
tion may be too strong as each {1, j, k} light field was suggested
to have uniformly distributed random phase in practice [23],
rendering lower total FWM crosstalk. The ratio of received
total FWM power and channel launch power at fr frequency
is referred as the XPM crosstalk for that channel. With this iter-
ative technique, we can evaluate XPM crosstalk in probabilistic
manner by randomizing 1. Using Monte-Carlo simulations, we
have assessed the FWM crosstalk (Xpwai) distributions under
the assumption that the 10-km LR link consists of multiple fiber
segments with random ZDW values within the ZDW distribution
shown in Fig. 2.

Totally, 100 million ZDW realizations have been performed
with the key simulation parameters specified in Table I. Each
channel has launch power of 5.6 dBm, and worst-case polariza-
tion alignment (“XXXX” with PMD = 0) is considered where
the four channels are exactly uniformly spaced.

Fig. 6. Shows the simulated CCDF of FWM crosstalk after
800G-LR4 transmission over 10-km SSMF link consisting of
a single 10-km segment with the ZDW distribution shown in
Fig. 2. From the results, we can see that the probability of
having FWM crosstalk, defined here as the generated FWM
power (Prw) divided by the signal launch power (P)), larger
than —30 dB is about 4E-5, indicating noticeable FWM penalty.

Fig. 7 shows the simulated CCDF of FWM crosstalk after
800G-LR4 transmission over a 10-km SSMF link consisting
of five 2-km segments with independent ZDW’s. From the
results, we can see that the probability of having Xgw larger
than —33.5 dB is as low as 1E-7. Further considering realistic
channel misalignments and raw BER averaging over 4 channels,
the effective FWM crosstalk at 1E-7 static OP is <—34.5 dB,
indicating practically insignificant penalty.

1089
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Fig.6. Simulated CCDF of FWM crosstalk after 800G-LR4 transmission over

10-km SSMF link consisting of a single 10-km segment with a fixed ZDW.
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Fig. 7. CCDF of FWM crosstalk after 800G-LR4 transmission over a 10-km

SSMF link consisting of five 2-km segments with independent ZDW’s.

With the further consideration of the “effect of longitudi-
nal ZDW fluctuation” within each cable segment [15], [22],
the FWM penalty is expected to further reduced. In addition,
field-deployed systems are operating with extra margin, because
of statistical distribution of component and fiber losses and
impairments, therefore the actual static OP is even lower. Given
the above, the 800G-LR4 baseline specification proposed in Ref.
[21] is expected to be well supported in real-world deployments
[16], especially when the “XYYX” FWM suppression technique
is also utilized as well.

V. DISPERSION PENALTY REDUCTION DUE TO FIBER
SEGMENTATION

In the specification of IEEE 800G-LR4 optical modules, the
ZDW values for the PAM-4 transmitter and dispersion eye
closure penalty (TDECQ) measurements are recently proposed
to be different from the worst-case SSMF ZDW values, i.e.,
1300 nm and 1324 nm, in order to minimize the overall system
cost [24]. The two ZDW values under consideration for TDECQ
measurements are ZDW; = 1305 nm and ZDW5 = 1319 nm,
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based on a statistical model [24]. This statistical model assumes
a normal distribution having a standard deviation (o) of 2nm,
and a mean value (ZDW ,¢.1,) that is uniformly distributed from
1309 to 1315 nm for each fiber segment, i.e., N(ZDW,ean
= 1309~1315 nm, 0 = 2 nm), which accounts for variation
among fiber manufacturers and mean shifts [24]. In this Section,
we show that the probability of CD penalty higher than that
predicted by TDECQ measurement at 1305 and 1319 nm (Pcp)
is very low (e.g., <1E-6) when actual fiber cable segmentation is
taken into consideration in a rigorous analysis [17]. To evaluate
the PDF of the LR link ZDW’s, we assume that

® The fiber cable segments in a given 10-km link when

they happen to come from the same manufacturing batch
are correlated and have a fixed ZDW,ean that is inside
[1309 nm, 1315 nm], which is on the conservative side),
and

e The distribution of ZDW,can inside [1309 nm, 1315 nm]

is uniform, which is also on the conservative side.

The resulting PDF’s of the LR link ZDW’s under the assump-
tions of 1,2, 3,4, 5 and 10 segments in the 10-km link are shown
in Fig. 8.

Fig. 9 shows the probability for the ZDW of the entire 10-km
link (ZDWj;,,x) being outside the [1305 nm, 1319 nm] window
in a 10-km SSMF fiber link consisting of (i) 2 x 5 km, (ii)
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TABLE II
CHANNEL WAVELENGTH PLAN OPTIONS FOR 1.6T-LRS

Option 1 Option 2 Option 3 Option 4

(400-GHz spacing | (400-GHz spacing| (800-GHz spacing | (800-GHz spacing
without G) with G) without G) with G)

1293.32 (X) 1291.10 (X) 1277.89 (X) |1273.54 (X), LO
1295.56 (Y) 1293.32 (Y) 1282.26 (Y) |1277.89 (Y), L1
1297.80 (Y) | 1295.56 (Y) | 1286.66(Y) |1282.26 (Y), L2
1300.05 (X) 1297.80 (X) 1291.10 (X) | 1286.66 (X), L3
1302.31 (X) 1300.05 (G) 1295.56 (X) |[1291.10 (G), Lg
1304.58 (Y) | 1302.31(X) | 1300.05(Y) |1295.56(X), L4
1306.85 (Y) 1304.58 (Y) 1304.58 (Y) |1300.05 (Y), LS
1309.14 (X) 1306.85 (Y) 1309.14 (X) |[1304.58 (Y), L6
1309.14 (X) 1309.14 (X), L7

Note: the wavelengths listed in this table is in units of nm.

3 x 3.33 km, (iii) 4 x 2.5 km, (iv) 5 x 2 km, and (v) 10
x 1 km cable segments, as compared to that in a hypothetic
10 km link without cable segmentation. The region to the right
of the red dashed line indicates ZDWj;,,i being outside [1305 nm,
1319 nm], corresponding to a deviation from the mean (Azpyy)
of 7 nm.

From Fig. 9, it can be seen that the probability of CD penalty
higher than that predicted by TDECQ measurement at 1305
and 1319 nm is very low (e.g., <1E-6) when actual fiber cable
segmentation with the assumption that the ZDW is randomized
between segments is taken into consideration. Field-deployed
systems are operating with extra margin, because of statistical
distribution of component and fiber losses and impairments,
therefore the actual Pcp is even lower. Thus, the two ZDW test
points proposed in Ref. [24] represent statistically significant
worst-case dispersion scenarios. Given the above, the “SMF
Channel Specification Proposal Using Existing ITU-T Codes”
[24] for link budget calculations and transceiver testing is well
supported. In effect, this statistical approach to specify the
chromatic dispersion (CD) penalty is similar to that specifying
the PMD¢, in multiple ITU-T standards recommendations [25],
and a specification on a new CDq parameter can be developed
in the future [26], [27].

VI. SCALING CAPACITY FROM 800G-LR4 1O 1.6T-LR8

With the FWM impairment being effectively suppressed by
using the “X’YYX” polarization arrangement and/or reducing the
ZDWinx region (e.g., to 1305 nm~1319 nm), it is feasible to
scale up the transceiver capacity to 1.6 Tb/s via eight wavelength
channels. Table IT shows four options of channel and polarization
arrangements for 1.6T-LR8. In Option 1, eight 400 GHz-spaced
224 Gb/s PAM-4 channels with “XYYXXYYX” input polariza-
tion alignment may be used [7]. In Option 2, a guard band (G)
of 400 GHz may be added in the middle of the eight wavelength
channels [15], so the channel plan become “XYYXGXYYX".
For cost-effective implementations, it is preferred that four of
the eight wavelength channels are located on the LAN-WDM’s
800-GHz grid.

When the ZDWj;, region is reduced as discussed in Sec-
tion V, the dispersion penalty is reduced and it is feasible for
1.6T-LR8 to leverage the widely used LAN-WDM wavelengths
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Fig. 10.  Simulated receiver sensitivity of 1.6T-LR8 after 10 km SSMF trans-

mission. MLSE is applied in the receiver signal processing.

with 800-GHz spacing to be more cost-effective. In Option 3,
all the channels are spaced at 800 GHz without a guard band.
In Option 4, the original eight-channel LAN-WDM wavelength
planis used, where an 800 GHz guard band is added in the middle
of the eight channels (Lg) to facilitate easy multiplexing/de-
multiplexing of the 800G-LR4 band (L4~L7) with/from the
newly added four channels.

Fig. 10 shows the simulated receiver sensitivity performances
of all the LR8 channels for Option 4 (800-GHz spacing with
G) after 10-km SSMF transmission at the ZDW test point of
1319 nm, which represents the worst-case CD penalty. In the
simulations, maximum-likelihood sequence estimation (MLSE)
is applied in the receiver signal processing to improve the CD
tolerance. At a BER threshold of 4.5E-3, all the eight channels
achieve a receiver sensitivity of better than —5 dBm and a
TDECQ of less than 2 dB, which are sufficient to meet the LR
link budget as in the case of LR4 [21].

VII. EXTENDING REACH FROM LR TO ER

In some data center and metro network applications, ex-
tending the reach beyond LR is needed. The 100G Lambda
multi-source agreement (MSA) group [28] has recently devel-
oped the 400G-ER4-30 km specification based on four 400GHz-
spaced 106.25-GB/s PAM-4 channels, centered at 1304.58 nm,
1306.85 nm, 1309.14 nm and 1311.43 nm, for reaching 30
km in SSMF. As the FWM impairment is more severe in the
400G-ER4-30 km case than that in the 800G-LR4 case, we need
to use the “XYYX” based FWM suppression technique, and
carefully consider the impact of the link PMD that may reduce
the effectiveness of the “XYYX” technique.

To evaluate FWM crosstalk subject to the link PMD, a direct
approach s full field simulation, which however can hardly allow
us to extract FWM at signal frequency. Instead, we introduced
a simplified simulation technique assuming fiber birefringence
does not depend on channel loading. Specifically, 3 CW channels
(10-2) and 1 CW channel (A3) are transmitted separately over a
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TABLE III
SIMULATION PARAMETERS FOR ASSESSING THE EFFECTIVENESS OF THE
“XYYX” FWM SUPPRESSION TECHNIQUE IN THE PRESENCE OF PMD

Parameters Values
RMB On
Correlation Length 20m
PMD Step width 200m
Split Fourier Step maximal phase | 0.05 degree
change
Number of PMD coarse step realizations | 10,000
Number of Input SoP realizations 100
B e e e e e
XXXX @ PMD=0
-28
@ -30
Z
32
o
@)
O _364
o
©
a -38
=
g
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-42
-44
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PMD (ps/sqrt(km))
Fig. 11.  FWM crosstalk at CCDF = 0.1 for 400G-ER4-30 km transmission

under the “XXXX” and “XYYX” polarization arrangements for different link
PMD coefficients. Piaunch = 5.8 dBm/channel, ER = 5 dB.

pair of identical optical fiber links (with same PMD randomiza-
tions), referred as probe link and reference link respectively; at
the output of probe link, FWM field, extracted by an optical filter
centered at A3, can be divided into its co-polarized and orthogo-
nal components with respect to the received state of polarization
(SoP) of A3 CW of reference link. The ratio of co-polarized and
A3 in terms of their measured power is referred as the FWM
crosstalk of interest. Note that this CW FWM may be a slight
overestimate since different bit patterns in neighboring channels
help to statistically reduce FWM crosstalk in practice.

With this fast simulation geared toward this specific interest,
we conduct 1000000 PMD realizations (10000 fiber realizations
x 100 input SoP) within reasonable time. Besides the parameters
already given as above, the extra fiber parameters related to Split-
Step Fourier Method (SSFM) solver are listed in Table III.

The simulation results are summarized in Figs. 11, 12, and
13. The key takeaway messages are:

1) As compared to the worst-case polarization alignment
(i.e., “XXXX” with PMD = 0), “XYYX” suppresses the
“co-polarized” FWM power by over 10 dB for PMD <
0.09ps/sqrt(km) at a static OP of 10% (Fig. 11), or for
PMD < 0.05ps/sqrt(km) at a static OP of 1% (Fig. 12).
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Fig. 12.  FWM crosstalk at CCDF = 0.01 for 400G-ER4-30 km transmission

under the “XXXX” and “XYYX” polarization arrangements for different link
PMD coefficients. Pjaunch = 5.8 dBm/channel, ER = 5 dB.
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Fig.13. CCDF of the FWM crosstalk for 400G-ER4-30 km transmission under
the “XXXX” and “XYYX" polarization arrangements when the link PMD is 0.05
ps/sqrt(km). Plaunch = 5.8 dBm/channel, ER =5 dB.

2) For a static OP of 1E-6, “XYYX"” suppresses the FWM
crosstalk by 7 dB as compared to the worst-case polariza-
tion alignment (i.e., “XXXX” with PMD = 0).

We then conduct Monte-Carlo simulations for the worst-case
polarization alignment (i.e., “XXXX” with PMD = 0) with the
additional consideration of realistic fiber segmentation in fiber
cable deployments. The 30-km ER link is assumed to consist
of ten 3-km fiber segments whose ZDW'’s are independent. The
ZDW of each fiber segment follows the Gaussian distribution
presented in Ref. [12]. Totally, over 100 million link realizations
are simulated. Fig. 14 shows the CCDF of FWM crosstalk
after 400G-ER4-30 km transmission over a 30-km SSMF link
consisting of ten 3-km segments with independent ZDW’s.

For the “XXXX” case, at the static outage probability of
1E-7, the FWM crosstalk is about —28 dB. For the “XYYX”
case, the FWM crosstalk would be suppressed by 7 dB to about
—35 dB based on the results shown in Fig. 13. Such a low FWM
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Fig. 14.  Simulated CCDF of FWM crosstalk after 400G-ER4-30 km transmis-

sion over a 30-km SSMF link consisting of ten 3-km segments with independent
ZDW’s. P = 5.8 dBm/channel. ER = 5 dB.

crosstalk would cause a small penalty of less than 0.4 dB. It is
worth noting that when the worst-case FWM occurs when the
link ZDW is in the middle of the four wavelength channels, at
which the CD penalties for the four ER4 channels are minimized
and are typically lower than the maximum CD penalty by over
1 dB. Thus, when considering the transmission penalty from the
combined effects of CD and FWM, there is no need to allocate an
extra penalty for FWM beyond what is already allocated for the
maximum CD penalty. With the combined use of the “XYYX”
FWM suppression technique and fiber segmentation induced
ZDW randomization along the fiber link, 400G-ER4-30 km has
been supported with sufficient margin [28].

VIII. 5G FRONTHAUL BASED ON BIDIRECTIONAL O-BAND
WDM TRANSMISSION WITH 800-GHZ CHANNEL SPACING

For short-distance 5G C-RAN front-haul links, low-cost opti-
cal transceivers based on IM/DD are usually used, together with
widely-installed G.652 fibers. With IM/DD, fiber dispersion
effect cannot be fully compensated as in the case of digital
coherent optical detection, thus the low-dispersion O-band is
well suited. The ITU-T is working on a work item termed
G.owdm for “Multichannel bi-directional WDM applications
with single-channel optical interfaces in the O-band” [3]. In this
work item, a 12-channel L-WDM approach based on 25-Gb/s
non-return-to-zero (NRZ) optical transceivers is be actively eval-
uated. It leverages the ecosystem for LAN-WDM and expands
the number wavelength channels from eight (in LAN-WDM) to
twelve as shown in Fig. 15.

Due to the acceleration of 5G C-RAN construction and the
rapid growth of intra-data-center transceivers using O-band
optics, the ecosystem of the O-band WDM system is fast
growing. It is expected that the O-band WDM network will
expand from front-haul to the metro-access segment. The next-
generation O-band WDM technology can be considered in terms
of WDM bandwidth, channel data rate, and channel spacing. In
terms of WDM bandwidth, the existing 12-channel L-WDM
front-haul solution supports further expansion. However, the
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Fig. 17.  Linear “black link” approach for bi-directional applications with two

12-channel L-WDM [1]. Bidirectional transmission makes it
easy to realize accurate synchronization, which is required for
5G fronthaul [1]. We can take the advantage of the bidirectional
transmission property to realize unequal channel spacing in each
direction to effectively mitigate FWM. With the use of unequal
channel spacing in the ZDW window for each of the DL and UL
directions, as shown in Insets (a) and (b), the FWM penalty can
be effectively suppressed [10], [11].

Fig. 16 shows that the receiver sensitivity penalties due to
FWM for all the relevant fiber ZDW values are smaller than the
allocated optical path penalty of 2 dB [10], [11].

Fig. 17 shows a “black link” approach for bi-directional
applications with two fibers connecting to each transceiver in
accordance with G.owdm [3] where the head-end equipment
(HEE) to tail-end equipment (TEE) direction uses the UL wave-
length channel plan shown in Fig. 15, while the TEE-to-HEE

fibers connecting to each transceiver in accordance with G.owdm [3].

direction uses the DL wavelength channel plan shown in Fig. 15,
to mitigate the FWM impairments in both directions.

IX. CONCLUSION

We have reviewed recent advances in mitigating the inter-
channel FWM impairments for O-band WDM based 800G-LR4,
1.6T-LRS8, 400G-ER4-30km, and bidirectional 5G fronthaul
with twelve 800GH-spaced channels. With the effective miti-
gation of the FWM impairments, IM/DD will continue to be
a viable technology for cost-effectively and energy-efficiently
supporting future high-speed data center, 5G, and metro-access
networks.
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