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Introduction

ÁWhat are flexible transceivers and why are they needed?

ÁTransceivers 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.  

ÁFlexibility realized using a common, fixed hardware configuration, with 

functionality selected via software commands.

ÁMotivations:

ÁSame transceiver can be used for different applications

Á Increased efficiency in network planning

ÁBetter exploitation of available resources

3

Reduction 

of costs
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Historical evolution of data rates

4

Winzer et al., JLT  vol. 35, p. 1099, 2017
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Historical evolution of data rates

ÁWDM with EDFA amplifiers

Á~5 THz available in the C-band

Á~100 channels with 50 GHz 

spacing

ÁLegacy direct-detection systems 

Ą low level of flexibility 

ÁDifferent hardware required for 

binary and multi-level formats

ÁTransmission reach increased 

using optical dispersion 

management

4

Winzer et al., JLT  vol. 35, p. 1099, 2017
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The ñCoherent Revolutionò

ÁIncreased Transmission Rate
ÁHigh-order modulation formats (data rate x number of bits per symbol)

ÁPolarization-multiplexing (x 2 in transmission rate)

ÁSpectral shaping Ą reduced frequency spacing can be tolerated Ą potential 

increase in spectral efficiency (SE) and data rate

5
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The ñCoherent Revolutionò

ÁIncreased Transmission Rate
ÁHigh-order modulation formats (data rate x number of bits per symbol)

ÁPolarization-multiplexing (x 2 in transmission rate)

ÁSpectral shaping Ą reduced frequency spacing can be tolerated Ą potential 

increase in spectral efficiency (SE) and data rate

ÁIncreased Reach
ÁDSP algorithms for linear and nonlinear system impairments compensation

ÁEnergy-efficient and nonlinearity-tolerant modulation formats

ÁIncreased Flexibility
ÁSame hardware can be used to generate and detect different modulation 

formats

ÁNo dispersion management needed

ÁAdaptive modulation techniques with fine granularity 

5
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Outline

6

1. Coherent transceivers architecture

2. Digital signal processing (DSP) algorithms

3. Standard QAM modulation formats

ÁRate/reach trade-off 

ÁFlexibility

4. Advanced modulation techniques 

ÁSubcarrier multiplexing (SCM)

ÁTime-domain hybrid formats (TDHF)

ÁMulti-dimensional modulation formats

ÁProbabilistic shaping (PS)

5. Modulation format independent DSP algorithms
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1) Coherent transceivers architecture

7

OFC 2018 ïTutorial ïFlexible Transceivers and the Rate/Reach Trade-off 

Dual-Polarization Coherent Transceiver

8
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Dual-polarization IQ modulator

ÁPBC: polarization 

beam combiner

ÁPR: polarization rotator

Áὺȟ ὸ,ὺȟ ὸ: in-

phase and quadrature 

component of the 

driving signal for x-pol 

Áὺȟ ὸ,ὺȟ ὸ: in-

phase and quadrature 

component of the 

driving signal for y-pol 
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Coherent Rx Optical Font-End

10
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optical
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PBS ÁPS (t): power of the optical signal

Á‰ ὸ: phase of the optical 
signal

ÁPLO : LO power

Á‰ ὸ: LO phase noise

Á‏Ὢ: frequency offset between 
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PBS: polarization beam splitter

Ὅ ὸ Ὅὸ ὮὍ ὸ

τὙὖ ὸὖ Ὡ

Ὅȟ ὸ

Ὅȟ ὸ

Ὅȟ ὸ

Ὅȟ ὸ



11/23/2018

7

OFC 2018 ïTutorial ïFlexible Transceivers and the Rate/Reach Trade-off 

DAC ïSampling speed

11

Á fDAC = DAC speed (in samp/s)

ÁTs= symbol time

ÁMaximum symbol rate: fDAC Ą

1 samp/symb

ÁBUT no shaping possible!

Sample

&

Hold

Lowpass

filter

Sample & hold + filter can be compensated for by DSP
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DAC ïResolution

ÁMaximum number of modulation levels limited by number of resolution bits

ÁMinimum number of bits @ 1 samp/symb: 

ÁRequired number of bits @ 2 samp/symb: 

12

( )2log M

4M = 16M = 64M =

( )2log 3M +

Pfau, JLT, vol. 27, p. 989, 2009
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ADC ïSampling speed

ÁIn order to avoid a performance degradation due to aliasing, the ADC sampling 

frequency fADC has to be higher than twice the bandwidth of the input signal.

ÁAn additional antialiasing electrical filter 

may be needed before the ADC in order 

to reduce the bandwidth of the input 

signal.

ÁThe distortions introduced on the useful 

signal by the bandwidth limitations of the 

Rx can be compensated for in the digital 

domain by the adaptive or static 

equalizers present in the DSP chain.

13

5-pole Bessel filter 

with 3-dB bandwidth 

equal to BRX
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Tx laser and LO ïLaser linewidth

ÁPhase noise can be modeled as a Wiener process:

Á the fiôsare independent and identically distributed 

random Gaussian variables with zero mean and variance

ÁDnis the sum linewidth of Tx laser and local oscillator

ÁTs is the symbol period.

ÁHigh-order formats 

are more impacted 

by phase noise

14

Pfau, JLT, vol. 27, p. 989, 2009

Modulation

format

Maximum 

tolerable

DnÖTs

Maximum

tolerable Dn

@ 10 Gbaud 

Maximum

tolerable Dn

@ 32 Gbaud 

Maximum

tolerable Dn

@ 64 Gbaud 

QPSK 4.1Ö10-4 4.1 MHz 13.1 MHz 26.2 MHz

16-QAM 1.4Ö10-4 1.4 MHz 4.5 MHz 9.0 MHz

64-QAM 4.0Ö10-5 400 kHz 1.3 MHz 2.6 MHz

256-QAM 8.0Ö10-6 80 kHz 256 kHz 512 kHz

k

k i

i

ff
=-¤

=ä

2 2f sTs p n= D Ö
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2) Digital signal processing algorithms

15
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Transmitter DSP

ÁSpectral shaping to increase SEĄ Nyquist-WDM

ÁPre-compensation of bandwidth limitations

ÁPre-compensation of Mach-Zehnder modulator non-linear transfer function  

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

16

bps FECs
bps FEC

n rR
SE n r

f fd

Ö
= Ö Ö =

D

Spectral efficiency (SE)

[bit/symb]

Khanna et al., PTL, vol. 28, p.752, 2016

Berenguer et al., JLT, vol. 34, p.1739, 2016

Roberts et al., JOCN, vol. 9, p. C12, 2017

Savory, Elec. Lett., vol. 42, p.407, 2006

Kamio et al., LEOS, p. MC1.2, 2008

Ghazisaiedi et al., ECOC, p. We.4.D.4, 2013

Rafique et al., JLT, vol. 33, p. 140, 2015

s

f
f

R
d

D
=



11/23/2018

10

OFC 2018 ïTutorial ïFlexible Transceivers and the Rate/Reach Trade-off 17

High SE modulation: Nyquist-WDM

ÁMaximum information that can be 

transmitted by the WDM comb: 

tot

b WDM

s
bps WDM FEC

WDM
bps FEC

R SE B

R
n B r

f

B
n r

fd

= Ö =

= Ö Ö Ö =
D

= Ö Ö

BWDM: total bandwidth of the WDM comb

rFEC: rate of the FEC code

nbps: number of bits per symbol
s

f
f

R
d

D
=
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ÁRs can be increased by reducing 

the ñoversampling factorò NSpSĄ

interference between spectral 

replica Ą need to use a proper 

anti-alias filter

18

Generation of a Nyquist-WDM signal

SpS

DAC
s

N

f
R =

DAC sampling speed (samp/s)

Number of samples per symbol

samp/symb15.1

Gsamp/s96.11

Gbaud4.10

=

=

=

SpS

DAC

s

N

f

R

Nespola et al., Opt. Exp., vol. 22, p.1796, 2014

shaping 

filter
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Receiver DSP ïBlock diagram
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Adaptive equalizer

21

Constant modulus algorithm (CMA) Least mean square (LMS)

ÁUpdate of the equalizer weights

based  on the minimizations of 

error signals using the 

stochastic gradient algorithm.

*

*

*

*
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Savory, Opt. Exp., vol. 16, p. 804, 2008
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Carrier phase estimation (CPE)

Viterbi & Viterbi

22

Blind phase search (BPS)

Pfau et al., JLT, vol. 27, p. 989, 2009
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3) Standard PM-QAM modulation formats

23
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Ideal back-to-back performance

24

s
bps FEC

R
SE n r

f
= Ö Ö

D

Spectral efficiency
ÁIf nbps increases, SE increases 

but the back-to-back performance

gets worse Ą reduction in reach
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Rate/reach trade-off

25

ÁAnalyzed setup:

ÁNyquist-WDM transmission at Rs = 32 Gbaud, with spacing Df=1.05 Rs (roll-off 0.05)

ÁBandwidth of the WDM comb: 5 THz

ÁSNR margin of 3 dB w.r.t. the ideal 

back-to-back performance

ÁEDFA only amplification with F = 5 dB

ÁPSCF or SSMF with 100-km span length
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Rate/reach trade-off

25

ÁAnalyzed setup:

ÁNyquist-WDM transmission at Rs = 32 Gbaud, with spacing Df=1.05 Rs (roll-off 0.05)

ÁBandwidth of the WDM comb: 5 THz

ÁSNR margin of 3 dB w.r.t. the ideal 

back-to-back performance

ÁEDFA only amplification with F = 5 dB

ÁPSCF or SSMF with 100-km span length

Results obtained using 

the EGN model

Poggiolini et al., JLT, 

vol. 35, p. 458, 2017
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ÁDistance between the 

operating point and the 

asymptotic performance 

Ą FEC overhead

Rate/reach trade-off
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ÁDistance between the 

operating point and the 

asymptotic performance 

Ą FEC overhead

ÁComplexity increases 

with modulation format 

order and FEC overhead

Rate/reach trade-off
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Flexibility ïAdaptive modulation format

Ánbps can be changed only in discrete steps

28

tot

b WDM

s
bps WDM FEC

WDM
bps FEC

R SE B

R
n B r

f

B
n r

fd

= Ö =

= Ö Ö Ö =
D

= Ö Ö

FEC with 20% overhead
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Flexibility ïAdaptive modulation format

Ánbps can be changed only in discrete steps

28

tot

b WDM

s
bps WDM FEC

WDM
bps FEC

R SE B

R
n B r

f

B
n r

fd

= Ö =

= Ö Ö Ö =
D

= Ö Ö

FEC with 20% overhead
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Flexibility - Adaptive code rate

29

tot

b WDM

s
bps WDM FEC

WDM
bps FEC

R SE B

R
n B r

f

B
n r

fd

= Ö =

= Ö Ö Ö =
D

= Ö Ö
20% overhead
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Flexibility - Adaptive code rate

29

tot

b WDM

s
bps WDM FEC

WDM
bps FEC

R SE B

R
n B r

f

B
n r

fd

= Ö =

= Ö Ö Ö =
D

= Ö Ö
20% overhead

30% overhead
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Flexibility - Adaptive code rate

29

ÁThe required hardware effort for 

implementation of several FEC 

encoders and decoders in order to 

support the various code rates is 

signiýcant and may lead to an 

undesired increase of transceiver 

cost 

tot

b WDM

s
bps WDM FEC

WDM
bps FEC

R SE B

R
n B r

f

B
n r

fd

= Ö =

= Ö Ö Ö =
D

= Ö Ö

15% overhead

20% overhead

30% overhead

Zhou, Comm. Mag., vol. 51, p. 41, 2013
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4) Advanced modulation techniques

30
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Fixed symbol-rate transceivers

ÁThe analog electronic and optoelectronic parts of a transceiver are usually 

designed for a speciýc target symbol rateĄ it is reasonable to assume that a 

cost-efýcient realization of a flexible transceiver operates at a ýxed symbol rate. 

ÁSeveral approaches exist to realize þexible variation of the three key 

parameters of a transceiver: 

Áspectral efýciency

Ábit rate

Á reach

31

Most promising approaches:

ÁSubcarrier multiplexing

ÁTime-domain hybrid formats

Á4D modulation formats

ÁProbabilistic shaping
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Å PM-QPSK

Å 24 Gbaud

Å roll-off 0.1

Å 80-km SMF

32

Subcarrier multiplexing

Qiu et al., Opt. Exp., vol. 22, p. 18770,  2014
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Á19 channel WDM comb, with channel spacing 37.5 GHz, 

for a total WDM bandwidth of 710 GHz

33

An experimental demonstration

f

single-carrier

16-subcarriers

8-subcarriers

P. Poggiolini, JLT, vol. 34, p. 1872,  2016


