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Introduction

A What are flexible transceivers and why are they needed?

A Transceivers that enable operation at one of multiple data rates, by changing
at least one parameter such as the modulation format, symbol rate or number of
subcarriers used for an aggregate channel.

A Flexibility realized using a common, fixed hardware configuration, with
functionality selected via software commands.

A Motivations:
A Same transceiver can be used for different applications

A Increased efficiency in network planning
A Better exploitation of available resources

Reduction
of costs
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Historical evolution of data rates
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Historical evolution of data rates

Pbls 1 4 A WDM with EDFA amplifiers
100 Extrapolation, 40% A ~5 THz available in the C-band
A ~100 channels with 50 GHz
2710 spacing
(-
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Single-carrier interfaces and WDM capacities
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hY

The nACoherent Revolutiono

A Increased Transmission Rate
A High-order modulation formats (data rate x number of bits per symbol)
A Polarization-multiplexing (x 2 in transmission rate)
A Spectral shaping A reduced frequency spacing can be tolerated A potential
increase in spectral efficiency (SE) and data rate

Pbis 1 A

Extrapolation, 40%
100
- 20%

Tb/s

Gb/s

Single-carrier interfaces and WDM capacitie:
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The nACoherent Revol utiono

A Increased Transmission Rate

A High-order modulation formats (data rate x number of bits per symbol)

A Polarization-multiplexing (x 2 in transmission rate)

A Spectral shaping A reduced frequency spacing can be tolerated A potential

increase in spectral efficiency (SE) and data rate
A Increased Reach

A DSP algorithms for linear and nonlinear system impairments compensation

A Energy-efficient and nonlinearity-tolerant modulation formats
A Increased Flexibility

A Same hardware can be used to generate and detect different modulation

formats
A No dispersion management needed
A Adaptive modulation techniques with fine granularity
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Outline

1. Coherent transceivers architecture
2. Digital signal processing (DSP) algorithms

3. Standard QAM modulation formats
A Rate/reach trade-off
A Flexibility

4. Advanced modulation techniques
A Subcarrier multiplexing (SCM)
A Time-domain hybrid formats (TDHF)
A Multi-dimensional modulation formats
A Probabilistic shaping (PS)

5. Modulation format independent DSP algorithms
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1) Coherent transceivers architecture
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Dual-Polarization Coherent Transceiver
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Dual-polarization 1Q modulator
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Coherent Rx Optical Font-End
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DAC 1T Sampling speed

- T T

] 2 4 6 8 10 LOWpaSS ) 5 10 15 20

filter

A foac = DAC speed (in samp/s)

=20

A T,= symbol time «
A Maximum symbol rate: fo,c A - I B e
1 samp/symb D ore
A BUT no shaping possible! Sample & hold + filter can be compensated for by DSP
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DAC T Resolution

A Maximum number of modulation levels limited by number of resolution bits

M =4 M =16 M =64
o | o tt T R

A Minimum number of bits @ 1 samp/symb: |092(N)
A Required number of bits @ 2 samp/symb: _ |092(N) +3

Pfau, JLT, vol. 27, p. 989, 2009
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ADC 1 Sampling speed

A In order to avoid a performance degradation due to aliasing, the ADC sampling
frequency f,pc has to be higher than twice the bandwidth of the input signal.

A An additional antialiasing electrical filter 06

may be needed before the ADC in order 5-pole Bessel filter
t(? reduce the bandwidth of the input . with 3-dB bandwidth
signal. | equal to By
A The distortions introduced on the useful o’
signal by the bandwidth limitations of the ;é 04
Rx can be compensated for in the digital
domain by the adaptive or static 0.3
equalizers present in the DSP chain.
0.2 ‘
1.2 1.4 1.6 1.8 2
TfADC"RS
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Tx laser and LO T Laser linewidth

k
A Phase noise can be modeled as a Wiener process: /« = a f

A the f6 are independent and identically distributed T |
random Gaussian variables with zero mean and variance s; =2 p D A¢

A D ris the sum linewidth of Tx laser and local oscillator
A T, is the symbol period.

Modulation Maximum Maximum Maximum Maximum
i format tolerable tolerable D n | tolerable D n | tolerable D n
A High_order formats D 1, @ 10 Gbaud | @ 32 Gbaud | @ 64 Gbaud
are more impacted QPSK 4.1004 4.1 MHz 13.1 MHz 26.2 MHz
by phase noise 16-QAM 1.404 1.4 MHz 4.5 MHz 9.0 MHz
64-QAM 4.000° 400 kHz 1.3 MHz 2.6 MHz
256-QAM 8.00006 80 kHz 256 kHz 512 kHz
Pfau, JLT, vol. 27, p. 989, 2009
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2) Digital signal processing algorithms
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Transmitter DSP

A Spectral shaping to increase SEA Nyquist-WDM
Spectral efficiency (SE

. G . Df
SE= R, %— rQ %3% [bit/symb] df :E

A Pre-compensation of bandwidth limitations
A Pre-compensation of Mach-Zehnder modulator non-linear transfer function

A Pre-compensation of propagation effects: CD and/or nonlinear interference (NLI)

Savory, Elec. Lett., vol. 42, p.407, 2006 Khanna et al., PTL, vol. 28, p.752, 2016
Kamio et al., LEOS, p. MC1.2, 2008 Berenguer et al., JLT, vol. 34, p.1739, 2016
Ghazisaiedi et al., ECOC, p. We.4.D .4, 2013 Roberts et al., JOCN, vol. 9, p. C12, 2017

Rafique et al., JLT, vol. 33, p. 140, 2015
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High SE modulation: Nyquist-WDM

Standard WDM Ideal Nyquist-WDM Quasi Nyquist-WDM
Af >>R, A'=R, N>R,
ATATA P TRV
‘ [ VS L
! i !

A Maximum information that can be |R® = SE @&, =
transmitted by the WDM comb: 55_ 3y ;
= nbps Df B\QBM rFECO

E .. Df
DM r df -
el

Byown: total bandwidth of the WDM comb
leec: rate of the FEC code =n

bps &
Npps: NUMber of bits per symbol
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Generation of a Nyquist-WDM signal
’_I DAC ."‘ "‘.‘ zzn T\ ] shaping
DSP 1Q mod) - o o filter
DAC spectrum 2
Q % 0z 04 = 08 08 1
i _k—— DAC sampling speed (samp/s) T— @
R, =2 T
Nsps Number of samples per symbol £ : R =10.4Gbaud
Do) : © + - foac =11.96Gsamp/s

. . . Q Frequency [GHz]

ARq can be increased by reducing : R Nq, =1.15samp/sym
theﬁoversampll‘ilsﬁg fact te [ i e |
interference between spectral =
replica A need to use a proper E——— |

i . . Frequency [GHZ]
anti-alias filter Nespola et al., Opt. Exp., vol. 22, p.1796, 2014
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Receiver DSP 1 Block diagram
( ) ( B ( ) ( ) 4 ) ( B ( )
c 5
— ?l o = > > 5 c >
= 3 T S I kel o
je) N = = c
— O >S5 S > N V) k7 £z N oy o)
- © o S0 2 >3 2 Z o °|® £| Mod. format
3 29 5 o T O o 3 £l 4 d
° S o 4] gL o 3 s S ependent
2 o C c = 5 0 o0 T O
= E = > ] 5 =2 = o © S )
— 4“—): - o © 7l rd E > >0 T 7| C S
s © G o = o 2 o c o2
= 0o o = S S 9 ©
H O & = = = o
—> > S| © |— > T < > 0
7 c Qo O
D LL
\ J L J L J \ J \_ J . J L J
Kuschnerov et al., JLT, vol. 27, p. 3614, 2009 Savory, JSTQE, vol. 16, p. 1164, 2010
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Adaptive equalizer
Eln) I Eq. hy, I Euln) @ Exla) Exe(n) = E-I;(h XX ET)h Xy
Eq. hy, Epsln) \ // Eye(n) = ETxh yx 'ETsh vy
X A Update of the equalizer weights
A based on the minimizations of
Fa- o ' \ error signals using the
£(m) B IE-‘r‘ (n) @ Loeln) stochastic gradient algorithm.
Constant modulus algorithm (CMA) Least mean square (LMS)
hxx = hxx WquExe e =1 -IE |2 hxx = hex WQEX ex = dx _Exe( n)
hxy = hxy WQEYE;Q 1 e 2 hxy = hxy -'ng*X ey = dy 'Eye( n)
hVX = hyx WQEX Eye ey - -I v hyx = yX W?E‘;
_ d,, d,: constellation points
hyy ~ hyy ﬂn‘?EyEye hyy =Ny W?Ev o P
Savory, Opt. Exp., vol. 16, p. 804, 2008
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Carrier phase estimation (CPE)

Input Y Output
Viterbi & Viterbi symbels - M 2 Phase QDest_t Phase Error Symbolg
Xk - [) ™ z > Marg“ > Unwrap "1 Comection _?{L
I~ __—_— 7 7, i
o |mi £
> |
H : Min(. ) I
Blind phase search (BPS) | |
Pfau et al., JLT, vol. 27, p. 989, 2009 I |
| <
| d
| |
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3) Standard PM-QAM modulation formats
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Ideal back-to-back performance

-

=
o

Gl
o

-
-7 256QAM

128QAM

MI [bits/symb]
o = N W A (= ] ~ o ©

0 5 10 15 20 25 30 5 10 15 20 25 30
E /N, [48] E_/N, [d8]

Spectral efficiency A If Nyps iNCreases, SE increases

SE=n, 55_ 7] but the back-to-back performance
Of gets worse A reduction in reach
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Rate/reach trade-off

A Analyzed setup:
A Nyquist-WDM transmission at Ry = 32 Gbaud, with spacing Df=1.05 Rq (roll-off 0.05)
A Bandwidth of the WDM comb: 5 THz A EDFA only amplification with F = 5 dB

A SNR margin of 3 dB w.r.t. the ideal APSCF or SSMF with 100-km span length
back-to-back performance
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Rate/reach trade-off

A Analyzed setup:
A Nyquist-WDM transmission at R, = 32 Gbaud, with spacing Df=1.05 Rq (roll-off 0.05)
A Bandwidth of the WDM comb: 5 THz A EDFA only amplification with F = 5 dB

A SNR margin of 3 dB w.r.t. the ideal APSCF or SSMF with 100-km span length
back-to-back performance

450 450
Jasor gesor . .
P e e P Results obtained using
oo pPteM—— N & 250 the EGN model
8 500 | PM-5QAM N S 20
T < 3 Poggiolini et al., JLT,
= 1901 eM-apsk = 190 Pm-apsk vol. 35, p. 458, 2017
& 100 & 100 ' '

50 50

WODD ZI]ID 51]’0 1060 21]6’] 51]1‘][) 1061]1] 20000 1000 200 500 1000 2000 5000 10000 20000

Reach [km] Reach [km]
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Rate/reach trade-off

450 ; ; ; ; ; ; ,
A Distance between the
_ operating point and the
2 %/ pm-32cam 1 asymptotic performance
© 300 _\ 1 A FEC overhead
el e A MRS LR L L ]
E
S 200
g
~ 150 pM-QPSK
& 100
50 r
0 | | | | | |
100 200 500 1000 2000 5000 10000 20000
Reach [km]
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Rate/reach trade-off
0 | | | | | ‘ A Di b h
istance between the

_ operating point and the
2 %00 pm.3z0am 1 asymptotic performance
9,300 _\ ’ A FEC overhead
e St S P AL R R EEE : < L
s A Complexity increases
g0 1 with modulation format
= 150 [ pm-aPsK order and FEC overhead
& 100

50 r 7

0 | | | | | |

100 200 500 1000 2000 5000 10000 20000

Reach [km]
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Flexibility T Adaptive modulation format
tot T 450 [ [ [ i i [
= SE =
=R o
= Nyps % Bfdu MeecO 2350
a R _
©.300 N
Eﬁf ” o S pm-
=n,. CYRSY 8 oso PM-320AM
df g
S200- SN
E O :“:?&SQAM
E 100 b —~:§’:Ni-§Q\PSK7
50 E
00 200 500 1000 2000 5000 10000 20000
Reach [km]
A Nyps €N be changed only in discrete steps
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Flexibility T Adaptive modulation format

F{Ot = SE @IDM =
=1, & BO 1eed

= r]bps % rFE?

450 T T T T T T
FEC with 20% overhead
L SSMF
400
g 350
o B _
9,300 N
2 “®.PM-32QAM
© 250 -
g :
S0 T T
6 “\\ \\
e PM-8QAM
S50t o PM-8Q
£ 100 e puapsK
50 -
0 | | | | | |
100 200 500 1000 2000 5000 10000 20000
Reach [km]

A Nyps €N be changed only in discrete steps
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Flexibility - Adaptive code rate

RP'= SE Gy -
=n,. & B, 1.0

= r)‘ops M I’Flgé

af

450 : :
400 [PM-64QAM @
2990 | oyaa \M\\\
a _,,1,%_<\‘\.\
©. 300 BN ® 20% overhead
o PM-16QAM T,
So50r """ T S
ke 3
8200 PM-8QAM I
T T
L ~N
~10Tpmaprsk R
o BN
£ 100 * vy,
e
50 ]
0 | | | . | |
100 200 500 1000 2000 5000 10000 20000
Reach [km]
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Flexibility - Adaptive code rate

RY = SE Gy =
=nbps % B\QM rFECo

= r]bps M rFIQ

af

450 ‘ ‘
400 'PM-64QAM SSMF
290 o320 \M\\\
a _,,1,%_4‘\\
©. 300 NN ® 20% overhead
- 3
L PM-16QAM o, 0 .
W ogg Fooen | NN e 30% overhead
8 RN
S 200 PM-8QAM_________ e
E Ty
Y
~10Tpmapsk RN
& 100 TSy
S
50 1 1
0 ‘ ‘ ‘ . ‘ ‘
100 200 500 1000 2000 5000 10000 20000
Reach [km]
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Flexibility - Adaptive code rate

RP'= SE Gy -
=n,. & B, 1.0

= r)‘ops M I’FIQ

af

A The required hardware effort for
implementation of several FEC
encoders and decoders in order to
support the various code rates is
signiycant and
undesired increase of transceiver
cost

450 : :
400 [PM-64QAM @

@350 T

2 |PM-320AM "o e 15% overhead

O 300 \\:!i ® 20% overhead

[0

L PM-16QAM . 0

T o5 Fo-OWAM | At e 30% overhead

i The.

S 200 -PM-8QAM e —

6 ‘\\‘f§\

c L L NN

~10Tpmaprsk N

L - gy

£ 100 his 'R

e
50 1

P I R R
may100| £Oa 0500[1%0 ﬁot’p

Zhou, Comm. Mag., vol. 51, p. 41, 2013

5000 10000 20000
Reach [km]
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4) Advanced modulation techniques
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Fixed symbol-rate transceivers

A The analog electronic and optoelectronic parts of a transceiver are usually
designed for a s pr&aeA iyicreasoaablgte assumg thabao |
cost-ef yci ent r eflaxible zaasceivero pef ataes at a vy Xx

A Several approaches existtor eal i ze pexi bl e variati on
parameters of a transceiver:

Aspectral efyci erfdspromising approaches:

A bit rate A Subcarrier multiplexing

A reach P . .
A Time-domain hybrid formats
A 4D modulation formats
A Probabilistic shaping
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Subcarrier multiplexing
| I —— 1 z Singl rrier 2 subcarriers 4 subcarriers 8 subcarriers
3 gle carrie
S | - &
o = =
c | ; g
& SZ _.l H(f) —ﬂ{—'o 8 8 -16 16 -16 0 16 -16 0 16 -16 0 16
3 | .3 Frequency [GHz]
-% : P 5 )
v |
s~ i k. !
« -’I | ‘=—————" I Frequency A PM-QPSK
shift =0
g A 24 Gbaud
N =1
2! o
19 § -8~ Single carrier A roll-off 0.1
£ -2/ =e=2 subcarriers
@ . € e subcarriers A 80-km SMF
o 10 == Single caner| = &3 =8~ 8 subcarriers
== 2 subcarriers
= 4 subcarriers
10 =8~ 8 subcarriers 1-3%00 4500 5000 00 6000 6500 7000 7500
===Theory Transmission Distance [km]
9 10 11 12 13 6
OSNR [dB] Qiu et al., Opt. Exp., vol. 22, p. 18770, 2014
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An experimental demonstration

A19 channel WDM comb, with channel spacing 37.5 GHz,

for a total WDM bandwidth of 710 GHz P, Poggiolini, JLT, vol. 34, p. 1872, 2016

AERRANNNRRNEREEERNEE
—

single-carrier

8-subcarriers

16-subcarriers
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