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WDM: Wavelength Division Multiplexing
SDM: Space Division Multiplexing
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WDM with polarization multiplexing

hitp://www.occfiber.com/
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Quadrature Amplitude Modulation (QAM):

3 Gsymbolis, 4096 QAM signal Second tone for Pol. Demux
. . . I Nyquist filt =0.2) Tone for OPLL

® Two carriers with the same frequency are amplitude-modulated o) 2GH ¥ pol data

independently. Arbitrary Noo 1.8 GH:

waveform o
. . 1{
® The phases of the two carriers are shifted 90 deg. from each other. genere” 1 p. Tone for v,/ Frequency
(9 Gsample/s, 12 bit) OPLL X pol. data
® 2N QAM processes N bits in a single channel, so it has N times the . C:i'lbz_lf_ret:‘u?rb!cy EA
- g stabilized fiber > 8
spectral efficiency of OOK. n Jaser

V.
-Linewidth: 4 kHz !
Quadrature-phase (Q)

Quadrature-phase (Q) Puﬁ{f kmULA
0000 0100 | 1100 1000 ( O W
® ® ® ® kBackward Raman Amp)
0001 0101 | 1101 1001
[ [ er E_.m
In-phase (I) In-phase (I) Pre-amp 3{B-PD]
o g | e @ ELE % ]
0910 o010 | 1110 1010 _ 18GHz ) : gnal processor
& [ () a OPLL circuit - z PC: Polarization controller
21-3 GHz| DBM: Double balanced mixer
LPF :;’PFI:.):BBaI:nced ;:ﬂ?‘oto-de(ector
Constellation map for 16 (=24) QAM With 00K oscliztor | eireut s DBM LPF: Low pass filter
5 I, OPLL : Optical phase-locked loop
72 Gbit/s, 4096 QAM{z % ) EEX#E R 2O2HD “M”: = VLFaAF77 74 /35—
10" | ™ Back-to-back _—
® After 160 km transmission (X-pol)
® After 160 km transmission (Y-pol)
2 8 UB FEC threshold
. o
38 . '......ﬁZO./:nverheadl
[
uj 107 # of cores |19 37 36 (3 modes/core)
. 39.0 um (Inner)
n u
Core pitch | 37 pm (Outer) 29.1 um 34 pm
n # -
gi':i‘:'t';f 220 pm 248 pm 306 um
-3
5 36 38 40 42 44 Loss 0.285 dB/km 0.241~0.291 dB/km | 0.242~0.308 dB/km
ORIl Aeff 85 um? 80.0~81.4 um? T4~TT7 um? (LP,,)
Spectral efficiency (Single-channel) Crosstalk |- 57 dB/km - 50 dB/km -39 dB/km
72 Gbit/s
J. Sakaguchi et al. (NICT, A - N
3.8 GHz x 1.2 (FEC overhead) Furukawa, Optoguest, Y. Sasaki et al. (Fujikura, | J. Sakaguchi et al. (NICT,
= 15.8 bit/s/Hz (Highest SE yet achieved) 5 : Reference OFS), ECOC2013, #LI’#J;U),OFCZOW, g:zg:$o+ggéo;uest)y
’ After 160 km transmission 7 AThA-C.6: _ i _
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Total Bit 2.15 Pbit/s (294 Gbit/s PDM- 2.05 Pbit/s (50 Gbit/'s PDM-QPSK

| Characteristics | Unit | Value
|_Cladding diameter | pm | 125
Coating diameter | um | 245
Core pitch | um | 43.0
| Effectivearea | um? | 871
Cut—of:;v;r:?langth . nm | 1539
| ___Dispersion | psinm/km | 226 |
Dispersion slope | ps/inm?km 0.08
Attenuation loss - |
Cross section Core 1. | _dB/km | 0.155
Core 2 | dB/km | 0.156
: Core 3. | _dB/km | 0.157
Core 4 dB/km 0.155

Inter core crosstalk - -
| Core1-Core2 | dB/100km | -63.8
Core2-Core 3 | dB/100km | -60.7
Core3-Cored | dB/100km | -62.7
Core4—Core 1 | dB/100km | -61.8

1450 1 5
ength [nn

Loss spectrum Characteristics of fabricated MCF at 1550 nm

Low loss (0.155 dB/km) and low crosstalk (< - 60 dB/100 km) were achieved
with trench-assisted index profile.

M. Takahashi et al. (Furukawa Electric.), ECOC 2020, Th1A-5. 1

rate 64QAM x 399 WDM x 22 core) x 360 WDM x 19 core x 6 mode)
Distance 31 km 9.8 km
LIe7 . Laser inscribed 3D waveguide Len§-coupled LD b G
coupling device
Ref B. J. Puttnam et al. (NICT, Sumitomo, | D. Soma et al. (KDDI), ECOC 2015,
- RAM Photonics), ECOC2015, Th2.1. PD2.2.
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Y. Amma et al., IEEE Summer Topicals 2013.
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Individual core pumping Uniform clad pumping

Erbium

-doped  pymps
core

Signals

Cladding-pumped MC-EDFA
MME~~ 980 nm
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Pump

. Tapered fiber bundled coupler Objective lens coupling
coupling

Net gain |23 ~27 dB >14 dB

Crosstalk | -30.2 ~ -36.6 dB (15 m) -32.7 ~ -38 dB (10 m)

NF <4dB <9dB

K. S. Abedin et al. (OFS), Opt. Y. Tsuchida et al. (Furukawa), OFC

Ref. Express 19 (2011) 16715. 2014, Tu2D.1.
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NTT Furukawa
Overviews of multi-core EDFAs

[1] J. Sakaguchi et al. Opt. Express 22, 90-95 (2014).
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[1] N. K. Fontaine et al., OFC 2017, Th5D.3. [2] S. Jain et al., ECOC 2020, M.2.A.4. 15

« In a wireless telephone system, a signal is transmitted through multiple

paths between multiple antennas at the transmitter and receiver.

« By representing the multiple paths as a channel matrix H, the
transmitted channels are separated via signal processing.
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MIMO system

H11
Tx | — R 1

H21 )
H11 H12
H=
H21 H22
H12

T 2 e
x2 o5 Rx 2

Channel matrix H
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Mode 1 Optical fiber
:
Mode 2 Mode k

(1) SISO (Single Input Single Output) (One Tx, One Rx)
Received (t) = thx(t) 45 n(t) x(t): Input signal, n(t): Noise, Q: Number of modes

signal:
= oz A Loss of mode k, 1,: Group delay of mode k
Distortion in mode k: hk = akKke’ ¥ Kk, Coupling ratio to mode k
(2) MIMO (Multiple Input Multigle Output) (M Tx, N Rx)

Received signal 5 _
necemedsional y ()= > hyx, () +m(1) = ZHU X, () +n(0),i=1--N
Jj=1 k=1
hy,: Distortion when transmitted from Tx j to Rx i via mode k
> Matrix representation y(t) HUx(t) + n(t) U: unit matrix, or unitary matrix
describing mode multiplexer

Recovery of transmitted signal x(t) from received signal y(t)
-Diagonalize H in the form D = Vt-H+ U using unitary matrices U, V
=x can then be obtained by receiving y by multiplying U and Vt to x and y, respectively

Vip(t)=V HUx(t))+V'n = Dx+V'n SExtractx by dividing with diagonal

E—FZEH Few-mode fibers

components (no noise enhancement) 17

Few-mode fiber (FMF) Coupled-core fiber Multi-core FMF

|
oo
(0]3 s3] o W% o
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®10 16 Pbit/s (19 core x 6 mode x 739 WDM x 121 Gbit/s) PDM-16/64 QAM transmission

over 11.3 km FMF with 12x12 MIMO  , gorma ¢ a1, EcOC 2017, POPAT
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@10.66 Pbit/s (38 core x 3 modes x 368 WDM x 254 Gbit/s) PDM-64/256 QAM
transmission over 13 km MMF with 6x6 MIMO
G. Rademacher et al., OFC 2020, Th3H.1
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