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FTTH / FTTB global ranking

FTTH Access networks: 128 million accesses worldwide
with a growth rate 30% onu

10 Mbit/s
per home

2 homes o s ex mx

a3a%

Household Penetration
of countries™ with more than
1% household penetration

“Economies with at least 200,000 households
ex. Iceland

Source: IDATE for FTTH Council Europe,
February 2017
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5| Domains to exploit oL
Electrical bandwidth:
e Increasing the transceiver bit rate up to 10 Gbit/s,
shared by up to 64 users dynamically, as defined
in ITU XG-PON and IEEE 10G Ethernet PON
standards.
+ They incorporate FEC to reach the same power RF BW
budget, typically around 28 dB.
+ To reduce the power consumption, silent mode
operation and bit-interleaving
o FDM and OFDM for finer bandwidth granularity. time d
- . . ) . 0
Code multiplexing, with electrical or optical code
correlation coding in time or spectral domain;
Optical bandwidth: WDM, . MUX,
o Coarse WDM, with service spacing of Dimensions
tens/hundreds of nanometers:
« Dense WDM, where the upstream wavelengths
have to be precisely generated and managed, in
two versions: R
+ With wavelength multiplexer at ODN, and RSOA, Opt|cal
ILFP.. BW
+ With splitter or with cyclic AWG at the optical
distribution network, and ONU with thermally c WDM
tuned distributed feed-back (DFB) laser and oarse
tunable filter. 3THSZWDMWDM
e Ultra-dense WDM, with coherent detection. trasCense
o Hybrid WDM and TDM, i.e. TWDM,
U h I co
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5 NG-PON: Technology Map °. .

Aggr. BW =userBW x wRb/userBW x (#wavelengths

e 1Gtothe Home
e 10G to the Antenna

2561
256x2 TRX @ 1G
(256 G)
()]
S 641
()]
=
o 32x2 TRx @ 2.5G
Y16 (80 G)
©
?_ 64+4 TRX @ 1D
o 41 (40 G)
-
()
{9
£, A B- G-
S T | PON PON PON
= ; : j
155M 622M 2.5G
Bit Rate
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5 E/O BW & power Efficiency e¢
P ¢

¥oa " =
PHEHE . o
""" ~ ACCORDANCE COCONUT _ & —
B N / Statistical WDM
o | multiplexing
Ef=R./BW 1000 /o Time-switched phase
b A diversity&modulation
j t 100% - RoF
OFDM
Electrical 10%
Spectrum
Efficien
& 10 - gD WDMTDM | ——
° XG-PON
\
0.1%
T T T T U
PowerComsumption: 0'01% 0'1% 1% 10% 100% Sarpan®
= CV2F, + I, 10%S Optical Spectrum Efficiency
x TDMActivity %
O . co
= PON Optical spectrum o
00
FSAN-ITU Standards: 6 wavelength channels
XG-PON G-PON NG NG
upstream upstream 2 2

2p0 1270 1280 1290 1300 1310 1320 1330 1340 1350 1360

1480 1490 1500 1510 1520 1530 1540
Future capacity:

1550 1560 1570 1580 1590 1600 1610

>

G
(udWDM proposal for ngPON3) /
20 wavelength channels / nm

JLIL

T

6.25 GHz = 0.05 nm / channel

= 40 nm, for compatibility: 40nm/6.25G

CAPACITY x 80 !!

= 300 nm, full band :

CAPACITY x 1000 !!

1545 54 52 53 54 55 56 57 58 59 1546

= 800 channels !!

6000 channels (6 Tbit/s)

by: Coherent UD-WDM with statistical wavelength allocation
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s comparison ge
GPON NGPON2 udwDM
XGS-PON
P, for PB > 37dB 40km 9 9 -3 dBm
Max. number of wavelenghts ch. 16 (1) 16 (8) 256
for Py; <21 dBm (safety limit)
Wav. ch. BW 2.5 10 2.5 GBit/s
Aggregate BW 40 (2.5) 160 (80) 640 GBit/s
Wav. ch. spacing 50 100 6.25 GHz
Optical BW 6.4 12.8 14.1 nm
ONU consumption 2.7 15.2 6.2 W
OLT TX DFB DBR/DFB DFB
+MZM
ONU TX DFB EML Random
DFB+filtering DFB
« DBRfor>4
« 2 Electrode DFB (35labs)
7
8 - Y ol . C O
2 udWBRNWRse PONfication o .

UDWDM with high aggregated capacity for access networks introducing the concept of “wavelength-to-the-user”.

50 to 100 GHz 6.25 GHz to 12.5 GHz

! !
AN E mvadin inanamn

Cost effective coherent transceivers lasers (DML) and simplified coherent receivers providing higher sensitivity and

inherent wavelength selectivity.

CONV. COH. ONU
B

LR
| M3
90° [ SIGNAL

1:
SIMPLE ANALOG
PROCESSING

(COCONUT STREP)

2:
SIMPLE DIGITAL

PROCESSING
high Av/Rb

OCONUT COH. ONU

4: 3:
TUNING: STATISTICAL WDM
tunable laser =% DFB coherent DML

DIRECT PHASE MODULATION
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Effectively demonstrated

e Development of low cost @ =) co gEzzz===zE 0 g

coherent transceivers

s —— I B e =
— direct DFB modulation — 3 N -
— fully real time coherent processing m S e

— Several possible solutions with

reduced complexity Fon .,: \ V,:
— -35to -53 dBm sensitivity o i
. - [ @
¢ Implementation of the A-to-the- S o
user concept in a filterless [ 1 frir]

optical network ‘ 4 Wiu (=)
+ UDWDM operations @ 6.25GHz

e Datarates 1G-10 Gb/s

e Development of an HR-OSA as
Monitoring System

e Network Capacity Upgrade by
reuse of legacy infrastructures

— Co-existence with legacy PON

e Real-Time, HD streaming

services

co
o ¢
00

UPC

Outline

Simple DSP for udWDM-PON
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5 Optical access scenario °
UI|tra—dense WDM-PON
I Coherent ONUN
Txarra udWDMOLT
Y ’ Coherent ONU 2
Feeder
l her . Coherent ONU1
LN Direct-PSK Tx
(] EEEnn)
r Power
l Coherent Rx 1 splitter \.q Coherent Rx
DRI - B I
<M, 'M. \ Coherent % é
\ front-end £ g
N B ¥ ] ¢
\ S s —
o 125Gb/s per wavelength % A Ah Am Jcontrol |
® 256 users
® §.25 GHz cannel spacing
“Optimized Differential Detection-based Optical Carrier Recovery for Intradyne PSK Receivers in udWDM-PON" .I .I
B . . co
= Carrier recovery architecture o
Differential carrier recovery for digital PSK receivers
® Conventional CR Frequency Phase
4| Estimation Recovery |
(FE) (PR)
Constellation points
Averaging block length
Symbol index - ’
Sample rate / symbol rate Carrier Recovery (CR)
® Proposed CR
W S, W o ] S
_l r[n] r'[n] d[n] _l ] (i) win] (i) dn] (i)
a

LO feedback

A. Leven et al., “Frequency estimation in
intradyne reception,” IEEE PTL, vol. 19,
no. 6, 2007.

“Optimized Differential Detection-based g
Carrier Recovery for Intradyne PSK Receive|
udWDM-PON", OFC 2018.

L{ feedback

btical
s in

12
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S| Carrier recovery architecture oL
= [Simplified differential carrier recovery for digital PSK receivers
® DPSK constellation
P F
In] ... R------ premmmmmemcFmnnnennnnn
_1 rin] (i) 0 ](u) [ ](m) ) win] ’ d[n]
fa D 3 3 e i) 3 (i)
Q[H‘]Ef Rl 81| :‘. sif .
[ [ k [ o
ENIN EJ 30--" ‘
o | o . o 4
A0 341 341 “ R '
3, L s,
LO feedback 24012 24012 24012
In-phase [a.u.] In-phase [a.u.] In-phase [a.u]
* Hardware resources for DPSK carrier recovery
CR architecture | Multipliers Adders Process delay
[symbols]
Conventional
Proposed
Reduction
“ OFf’18: Optimized Differential Detection-based Optical Carrier Recovery for Intradyne PSK Receivers in udWDM-PON" 13
© . . co
5 Real-time experimental setup ° o
pommmmmmemeees \ Intradyne Coherent Rx
IZSGb/s N
DirectPSKTx :
* Rehl-time DSP 156,25 MHzCLK ;
® Integrated ¢ 1-bit PWM DAC
front-end
T=RC=10ms
20kHz R l Analog
PWM > w output
C
1
14
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= Results o
00
= Sensitivity @ 1.25 Gb/s DPSK
Proposed CR normalized
eye diagram
g BERFE
H 109
< -
ﬂ Time[s] x10?
q L
—O—Prop. CR, Av =4MHz
107 | —&—Prop. CR, A= 8z z
o |5 Prop. CR, Av = 19MHz s
10° [l y—-Conv. CR, Av = Hz g BERF
109 1|~ @ -Conv. CR, Av =8Nz B 109
—A—-Conv. CR, Av = 19MHz <.
10710 I I I I | | L 1
60 58 -56 54 52 50 -48 -46 44 -42 Time(s]  x10°
Rx Power [dBm]
15
9] co
= Results °

360 —r——r——— 14
—O— Estimated phase )
207 _g-. Unwrapped phase 125
180 +| —9— AFC output 11
i s
904 0.95
8 z
o 0 0.8 3
o]
£ .90 2065 Q
& 3
-180 0.5
270 0.35
-360 : : 0.2
-1000-800 -600 -400 -200 0 200 400 600 800 1000

LO detuning [MHz]

10-4- 1 I

requency error estimation and correction

§ —o—NoFE

—&— Prop. CR, Av = 4MHz
—&A— Prop. CR, Av=19MHz
i —@—-Conv. CR, Av=4MHz
§ — - Conv.CR, Av=19MHz

©

%] 1dB penalty

-1000-800 -600 -400 -200 0 200 400 600 800 1000
LO detuning [MHz]
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= Results ° <
» Qptical frequency dithering tolerance
1.25 Gb/s DPSK photodetected Bias "n A TS
spectra i | t
'E-ZO
% No dithering Bi
=E
20l DFBTx
? | L
250
£ 1
o l—{ 500MHz dithering amplitude 10 - : T
A ——S— Conventional CR
§ —&— Proposed CR
£
2 5
0051152 253 35 4 45 5 &
Frequency [GHz] o
Dithering frequency [Hz]
| 17
9] co
5| Results o
> oo

* |Channel spacing

P Two 1.25 Gb/s DPSK users spaced by
6.25 GHz

()
S

SIR=0dB

Magnitude [dBm]

SIR=-15d8B

Magnitude [dBm]

0 125 25 375 5 625 75 875 10
Frequency [GHz]

SIR: Signal-to-interference ratio

N w ~

Penalty [dB]

0

—6— SIR=0dB
—&— SIR =-15dB
0.5dB penalty
"
0 125 25 375 5 625 75

Channel separation [GHz]

6.25 GHz spaced udWDM-PON, incjuding 15
dB differential link-loss with adjacent|channels

18
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5 Outl
= Outline e¢
. 5
i(t) Z# PSK
19
O . . co
5 Assembly and characterization of the DEML o_
Lehsed RF & Bias 1Apphed \/20||age onSEAM (VV)4 o [ ]
Fiber input (EAM) or 110
% a5 75
g d H
= 3 A
8 H
s ! E
- 3 9
2 = =
DFB So. o
47
EAM : (470 pmp>
(75 pm) RF & Bias
input (DFB) 20 40 60 80 100
Bias Current of DFB (mA) Frequency (GH]
A first-order HPF allows to obtain a flat response at Jow
frequencies. 7 =
o—HT .
= 1}, =7mA 1CR 1 A differentiator
= EAM linear region: Eq "~ o preg¢eding the
. -2. =i lasqr
o i Fo 2_ V) Laser model
= QFB linewidth: 1.5MHz D
= Modulation BW: 8GHz o <
= Not flat PM response at P &
ffeq < 2GHz2) I.N Cano., et al -> “Direct Phase J. C Velasquez, et al|-> “Direct
Modulation DFBs for Cost- beat phase modulaged DFB for
Effective ONU Transmitter n flexible 1,25 - 5 Gbjs coherent
udWDM PONs”, UDWDM-PONSs ", OFC|Conference,
IEEE Photon Tecnolo lett 2014 Los-Angeles—P017 20
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£ Simultaneous DPSK-ASK direct modulation L2
[ | bit1 | btz | bit3 "~ bit4 | bits |
1 g
Hicode-RZ 3 m
DPSK :
(DFB) ' 1) °
NRz ! | )
ASK | g
(EAM) © : ,
" bit1 bit 2 bit 3 bit 4 bits  ° rwedan
R
Transmitter (Tx) 10+
DFB EAM
Dy
+/ Photoline 1 430
N -40
L 50 , |
25 5 7.5 10
Frequency (GHz) .
. . ] co
£ Simultaneous DPSK-ASK direct modulation e

Transmitter (Tx)

Digital equalization for DPSK

bit bt bit bit bit bit bit bit bit
1234 5673809

R.S. Vodhanel -> “5 Gbit/s Direct Optical DPSK Modualtion pf a
1530-nm DFB Laser”,

IEEE Photon. Tecnolo. Lett.,1989
At-Af = 0.5 = 7 phase shift <+
R. Tucker-> “High-Speed Modulation of Semiconductor Lasprs”,
|IEEE Transactions on Electron Devices .,1985

a (d
Af(t)= E(Eln P()+ KP(I)) pu

J. C Velasquez., et al -> “15-dB Differential link foss

L . UDWDM-PON with Direct BeatPhase Modulated DfBs”, —
P - (N o 1 IEEE Photon. Tecnolo. Lett.,2018
Original 1 : .
PRBS : ' 1 \ ‘9,
o : 0 9| % %0,
ﬂ Differentially | 1 { i i 1 1 1o
coded +HPF | b . 80 g 1
E t?ut){ﬁycle s —
PN ! £
o
coded S
DPSK T 0 2 eof
dicode-RZ) | P! y 8 5.
0806 22
W\ NN
Y . 8
DPSK T ol ® m{
phqse 0 05 1 15 2 25
shift i 6
T

18/5/18
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% Experimental set o
5 Experimental setup g
Ay =1556,160m 22 optical T T

o eemen s DFB EAM coupler " Frequeng ¥ (GHz) |
EEHMHE‘ st > %S& A > i
| [PRas||_ coder ][ T ] E I !
i g 1 Isolator ERT m:
AWG W/ P :
| 1 SHF VOA '
i NRZ HDe\ay i
- __J RTO (Realtime Oscilloscope) E
e meeenn ) ECL
TX / Ao = 1556,16nm +0.04nm R)(
Tx composed by a DEML where both sections (DFB and EAM) were modulated
20 Gsa/s AWG for electrical data generation and synchronization
APSK optical signal with PTx = -1dBm and sent through 25 km of SMF
Rx based on heterodyne balanced detector and LO (based on ECL->100KHz ligewidth
50 Gsa/s RTO for signal processing where ASK (envelope detector) and DPSK
(differential demodulation) data were obtained independently and the BER calqulated
23
L . co
5 Experimental setup @

Tx

5 km
f SMF

18/5/18
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Results: Rx Sensitivity

25GC

| |—#—2.5Gbls ASK
—o—2.5 Gb/s DPSK

—=—5 Gb/s ASK+DPSK btb
t|=@-5 Gb/s ASK+DPSK 25 km w/ PLO =0 dBm

10_3 s || =-v-5 Gb/s ASK+DPSK 25 km w/ PLO =6 dBm
55 -50 45 40 35 -30 0 42 a0 38 3 34| a2
Pey [dBm] Pg, [dBm]
Bitrate (Gb/s)
25G 5G
BER at FEC e
level Rx sensitivity (dBm)
DPSK/ASK DPSK/ASK
DPSK ASK W.Po=0dBm | w.Pg=6dBm
1073 -45.5 -39.5 -37 -40
O . . co
= Results: Frequency drift tolerance ° o
107"
102
o
-3
g 10
104+ EAM = OFF oo
-0 -Only DPSK
—e— ASK+DPSK
-5 i i i i
-180-150-120-90 -60 -30 0 30 60 90 120 150 180
LO Frequency drift [MHZz]
= Only DPSK -> +80 MHz tolerance for < 1 dB penalty (from BER=10*to 8-1D%)
= ASK+DPSK -> +£50 MHz tolerance for < 1 dB penalty (from BER=104 to 3-104)
26
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; Outline °
4.
udWDM Statistical Multiplexing
AJL
/|- - M/ W\\ I\ L | I\

LTI hriclel—m—lm?,i,fﬂ_:i:i.
O . . . co
S DWA heuristic assignment algorithms oL

v' Three heuristic channel assignment algorithms:
First Fit (FF): allocates the free ch. BW closer to the random ONU wavelength (close to original
wavelength)
Maximum Scattering (MS): selects the free ch. BW providing max. distance between entrant ch. and next
working ch. (sparse distr.)
Maximum Admittance (MA): assigns the free channel BW giving the maximum admission of free NB slots
when a new request arrives at the same assigned channel (generate blocks) :

tuning window ch. i

tuning wind
1:ch. free Ch. i O Channel Sl vym o
. (Ao) ) ch. i+1
0 : ch. occupied ¢ J
e “/\A
LI | [ | N | l/\l [ 1/\1 l/\l [
FiTToTiT ot ToM 1T 1 ToTa Ta ToleTa 1T o 1T o a1 1 o 1T 1T 4!
ch.1 ch.i 111 11 ch.N
Cch.j 11 1111

28
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Tuned lasers with Maximum Scattering scheme

L1 LLLLLL LI

Tuned lasers with Maximum Admittance scheme

[IIILL T

Optical Channels

» Grid= 6.25 GHz
« Uniform laser statistical distribution
* Thermal tuning 2nm (DFB)
« Different schemes to spectral distribution.
» Two paradigms:
Static: not reallocated working ONUs.
Dynamic: reallocated working ONUs.
» Two lasers per ONU (Up/Downstream) in
separated bands

3

@.f Rejected ONUs

20 20 (288 w0 20 B 30
Njimber of Channels per Band

O co
> Wavelength contention statistics /44
[ | Spectrum distribution BEFORE and AFTER assignment.
Activation process to 256 ONUs
_ DFB-lasers with random wavelength 10
t 3 -=-FF Static
H[ Tuned |a'JersLuh lxrj[ F!lche[me” ] m ] thermal +:4F5DSY‘::: i
11— LL UL j tuning e

~~<__ | ~*MADynamic

360

Rejection prob. (to replace) : 0.25 ONU in 256

Channel efficiency:

2560NUs / 288 Wav. Channels = 90%

UPC

Environmental temperature variations

co
L

» Temperature variation:
*  50% ONUs: Outdoor:
+/-10°C daily (cycles of 24h).
«  50% ONUs: Indoor:
+/-2.5°C (1-6 cycles in 24h, random)

* Tuning limits +-10°C.
+ 256 ONUs (2 lasers per ONU)
This example: 300 channels in C band to remark the

blocking process

DBF-Lasers with random wavelength

101 0

Assigned wavelengths to center enironment temy

* ONUs can be reallocated with any scheme and:

Number of or°C

Static paradigm (DWA1)
Dynamic paradigm (DWA2)

An ONU can be blocked in the reallocation
process

—Blocked ONUs

6.00 |—Reallocations Requested

-8.00 [ —Environment Temperature (only outdoor,
is

0.00 6.00 12.00 18.00
Hours

24.00

18/5/18
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$| Environmental temperature variations (Il) L2
[ |[onu blocking probability during operation using DWA with 1
or 2 reassignments. 256 ONUs.
(Probability an ONU becomes blocked sometime in 10 days <103)
102 T
2 | o o Under these temperature changes, a blocking
z | ---ms pwa1 probability floor (0.2% in a 32 nm band = 640
% 10! | e o channels in C-band)
B4
Q
o
E 100
G we propose to add a guard
e . band at each side of the
260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 0r|g|na| band
Number of Channels per Band
ONU blocking probability using DWA with Extended Band
extended optical band (0.75 nm per side) [ ---s
O = H Random wavelength i
g PR T . 1 o
a— > >
% o ...xz m:; Guard Band Tuning Window Guard Band|
o ---MA DWA1 (2nm/40 channels)
g ——MA DWA2
8 Original Band
g ° A blocking probability (<0,1%) is obtained with 320
® . — slots.
‘0;60 280 300 320 340 360 380 400 420 440 460 i 480
Number of Channels per Band
9] . co
= | DWA and related laser power consumption 0..
O Laser and Peltier power consumption in operation
v' Same former simulation conditions with DFB TW moving
v" TLs that cannot hold current ch. reassigned by DWA, or DWA,
v Now +/-5°C to +/-20°C ONU thermal tunability with whole DFB potential
§ 15 | wusom £ o ewsom|
B |l emsome 2 50 = usoi
£, 3
3]
i mxThevmal Tunability ( t:y‘5 * +Thermal Tunability (*C)
Peltier average consumption for diff. DWA Number of needed chs./band to
schemes adapting to out/indoors furnish an OAR of 99.9% for the most
environmental conditions blocked ONU

v" Very low consumptions, 5 to 16 mW for +/-5°C to +/-20°C tuning, respect.
v" FF lowest and MA highest, DWA, or DWA, show very little differences
v" When tunability > +/-10°C, the number of chs. improves only lightly

18/5/18
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£ Optical Band o
> (Y1)
6.25 GHz spacing 300 1| —ONUs, all tuning 4155 nm
2 nm tuning - —Indoor case +144n0m
Two scenarios: 5250 —Out.door case 128 nmr
Outdoor case c = ~Esindor case
50% ONUS: Outdoor: @G 200 7L_— ~Es outdoor case
+/-10°C daily (cycles of 24h). <
50% ONUs: Indoor: QO 150
+/-2.5°C (1-6 cycles in 24h, random). N
Guard band 0.75nm per side (are included). © 100 < 10) o
. /7 s <L (S gl gyl LK K K R
Indoor case: = S, / w
50% ONUs: Indoor: 50 H£ 0.5
+/-2.5°C (1-6 cycles in 24h, random). Guard ,:// £
Guard band 0.25nm per side (are included). band <;A | | | | | | | 00 W
Probability an ONU becomes blocked 0 32 64 % 128 160 192 224 256
sometime in 10 days<10-3
¥ Number ONUs (Ngyy)
= We lose = 11% in spectral efficiency when using DFB lasers instead of tuneable
lasers in indoor case, and = 17% in outdoor case .
= Sharing wavelengths can be useless if the optical BW > 15.5 nm.
= Efficiency enhancement: Elastic Bandwidth assignment:
NS (3.125 GHz)
Detail of the Spectrum distribution for MA scheme
Optical NB Channels
®) co
[+ . . . .
S| DWA algorithms and spectrum distribution ’..

U Elastic Bandwidth & Wavelength Allocation (DWA) algorithm
v Optical band divided in equally NB channels (3.125 GHz)
v OLT assigns flexibly up & down channel BW in activation:
- Bandwidth Classes:

A1 22 23
- NB (3.125 GHz)
- MB (6.25 GHz)
. LB (12.5 GHz)
« Controlling with MAC messages OLT-ONU = = =

- Using heuristic DWA algorithms
- Considering the ONU tunability

HINB (3.125 GHz)
MB (6.25 GHz)
LB (12.5 GHz)

+Optical carrier

Detail of the Spectrum distribution for MA scheme

Optical NB Channels

18/5/18
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3. DWA ALGORITHMS AND SPECTRUM DISTRIBUTION (4) ...

U Evaluating the system with spectral efficiency 7

> Ratio of number of ONUs, Ny, per distribution BW average, B, over the
required number of NB channels, N,, for P,=0.1%

For diff. BW; distributions NB/MB/LB: 50/25/25 % and 25/50/25 %

3
n, = % with B, =" Prob(BW,) BW,

- i=1

Bandwidth distribution 50/25/25 Bandwidth distribution 25/50/25

(%)

28 160 192 22 256 ES 128
N, N

* MA scheme best performance, 7, up to 87% independent of Ngy, and BW;
distributions

« +/-20°C tunability increases 12% the spectral efficiency

UPC

co
L
o0

Conclusions

= Simple DFB-DMLs and simple coherent
detection enable to up-scale the FTTH and
BackHaul networks beyond current limits of
mass technologies.

e The technical specifications are fulfilled:
+ tuneability
* linewidth
* drifts
+ channel spacing
+ Power ranges
* Bwoq , Chirp

18/5/18
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