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 I like to thank a lot the following people for sharing with me their technical views 
on the topics of this talk:
 My PhotoNext Team on optical access at POLITO  

 Giuseppe Rizzelli, Mariacristina Casasco, Valter Ferrero, 
 And my ex collaborator Pablo Torres, now in Infinera

 www.photonext.polito.it
 The Telecom Italia (TIM) team on optical access

 Annachiara Pagano, Maurizio Valvo, Roberto Mercinelli

 In my review, I will often report graphs selected from papers published by groups 
working on access in Nokia, Orange and Huawei
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 A brief history on Digital Signal Processing (DSP) 
in PON standards

 Forward Error Correcting Codes (FEC) in PON

 Adaptive equalization in PON
 The resulting ultimate limitation in power 

budget, reach, capacity for IM-DD PON

 Research on more advanced DSP techniques 

 A look toward the (near?) future: coherent PON
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Outline for this Tutorial



 Let me skip the usual "mantra" about 
exponential growth of Internet traffic 
And about access network exponential 

growth
… and get to this tutorial focal points!

Just one number and one fact:
 1 billion home passed with optical access 

worldwide today 
Mostly using  PON
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Orange (France) declared 
that it will decommission 
copper twisted-pair access 
by 2030
Many other Operators 

have similar plans
…likely, PON will be the " new copper" for the next 70 years!



 PON physical layer
 i.e. mostly the Physical Media Dependent (PMD) Layer
 I will not discuss on higher layers

 Higher bit rates per lambda (i.e. at least 50 Gbps per lambda… and going 
higher!)
 In fact, we will see that DSP in PON basically started from 50G-PON 

 apart from FEC, that started much earlier

 A caveat: when relevant, I will present examples and definitions coming from the 
ITU-T PON-related Recommendations

 IEEE standards are similar (… but not identical )
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Focus of this tutorial and some caveats…



Passive 
splitters

ODN

 OLT:  Optical Line Termination
 ONU: Optical Network Unit
 i.e. the "Optical Modem" in 

Fiber to the Home (FTTH)
 ODN: Optical Distribution 

Network
 i.e. fiber + optical 1:N splitter
 ODN loss: overall optical loss

introduced by the ODN
 Or "OPL" Optical Path Loss
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PON Acronyns



 Point-to-multipoint
 Typical target split-factor: up to 64 users (at least)
 Typical target distance: 20 km

 Shared access using Time Division Multiplexing 
(TDM/TDMA, for all standards so far)
 Burst mode TX and RX in upstream

 Bidirectional transmission on a single fiber
 Using two different wavelengths for downstream 

and upstream
 Very ODN high loss due to the presence of 1xN 

splitter
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What's so "special" about PON at the physical layer?

Take away message #1
PON is short reach but… it is VERY different from point-to-point short reach
(such as all IEEE GBASE-SR) 

From latest ITU-T standard 50G-PON:
• Class N1: 29 dB
• Class N2: 31 dB 
• Class E1: 33 dB 
• Class E2: 35 dB 

"minimum" target loss for 
practical PON: 29 dB 
- 20 km in O-band 

(0.4dB/km)  8dB
- 1x64 splitter 18 dB
- Extra loss 2-3 dB



 Thus PON transceiver CANNOT reuse "as-is" short- and medium- reach transceivers
 Significantly better sensitivity is required
 …while bit rate and cost targets are similar 
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An example of power budget (XGS-PON ITU-T 
recommendation )

TX

RX

Resulting power budgets
(no inline optical 
amplification)

30dB 32dB 34dB 36dB



 A result from an excellent paper on short reach 
point-to-point IM-DD at 200 Gbps for LAN-WDM

 … but this system would  NOT be directly 
applicable to PON. 
 Even at the "PON minimum" ODNloss=29dB it 

would require an unrealistic transmitter 
power:
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Research in PON is NOT identical to 
Research in short-reach point-to-point! 

7dBm
RXP dBm= −

22     ... + margins!dBm
TXP dBm≥ +

This is just one example on the many recent
papers on ultra-high speed IM-DD short-reach

How to obtain higher sensitivity in optoelectronics?
- High-speed APD-based receivers
- SOA pre-amp 



 Improve receiver sensitivity (typically using FEC)
 To combat stringent power budget 

requirements

 Combat power penalties generated by: 
1. Optoelectronic bandwidth limitations
2. Chromatic dispersion 

 typical target distance is 20 km, maybe more in 
the future

3. … and nonlinear effects
 Mostly in the optoelectronic devices (TX and RX)
 Less relevant for the fiber

10

… so what DSP is used for in PON? 

• Adaptive equalization at receiver
• Pre-compensation at transmitter
• Variable rate transmitters

FEC



 Obviously yes! (particularly in the Academia!)
BUT

 Remember that the PON Optical Distribution Network installed base is so huge (1billion 
FTTH home passed worldwide, mostly PON) that telecom operators will NOT change its 
structure for many years to come  
 For instance:

 Do you want to propose to change the splitter with a WDM Mux? 
 Do you want to use two separate fibers for upstream and downstream?

 Ok but… think twice  !

 "Blue sky" research is more reasonable for the PON transceivers (ONU and OLT)
 BUT ANYWAY… pay attention to costs and complexity!

 Today (2023) a GPON ONU bill of material is <10€ !
 … and an XGS-PON <30€
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Can we go for "blue sky" research in PON?



In the rest of the tutorial I will try to clearly 
discriminate my presentation between:

 The state of the art: current most advanced but 
standardized PON solutions

 The current open research directions
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Organization of the presentation

Graphical labels used 
in next slides in this 

presentation 



A BRIEF HISTORY ON DSP 
IN PON STANDARDS
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FROM THE ITU-T RECOMMENDATIONS ON PON
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The evolution of ITU-T PON standards

GPON 
(G.984)

2003

• 2.5Gbps downstream
• Still most commonly deployed 

today (with E-PON)
• Market volume about 7 Billion 

USD per year
• IM-DD, NO DSP, 
• NO FEC originally

• … introduced later for 
highest ODN loss classes

XG-PON and XGS-PON 
(G.987 and G.9807) 

2010-
2016

• 10Gbps downstream (2.5G or 
10G upstream)

• Start to be commercially deployed 
now (2023)

• Still NO DSP
• FEC introduced 

• Reed-Solomon FEC for 
BERpreFEC=10–3

Year of final ratification 
by ITU-T

TWDM-PON 
(G.989.1)

2013

• In its basic version, four XG-PON 
in parallel on four DWDM 
wavelengths (100GHz spacing)

• 4x10Gbps downstream
• Very little commercial deployment 

so far

50G-PON 
(G.9804)

2020

• 50Gbps downstream (25G up)
• Adaptive equalization 

introduced… the birth of DSP in 
PON!

• Much stronger FEC
• LDPC for BERpreFEC=10–2



 Extremely simple modulation format
 Intensity modulation and direct detection (IM-DD)
 Binary NRZ OOK (i.e PAM-2)

 NO optical amplification in the ODN
 SOA are considered today, but only in the OLT

 Maybe also in the ONU in the near future

 Separate wavelengths for upstream and downstream 
on a single bidirectional fiber

 TDMA burst mode in upstream
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Common features of all approved PON standards (so far)



FORWARD ERROR CORRECTING 
CODES (FEC) IN PON
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FEC CODES: 
ARE THEY DSP OR NOT?

… WHO CARES  !



 For what concerns already ratified ITU-T standards
 XG-PON and XGS-PON and highest class GPON: Reed-Solomon RS(248,216)

 A truncated form of the super-succesfull RS(255,223) code
 BERref =10-3

 50G-PON: low-density parity check LDPC(17280,14592)
 A shortened and punctured version of low-density parity check codes

 The 50G-PON standards specifies the LDPC encoder, while it leaves an open 
implementation of the decoder
 LDPC allows for both hard-decision and soft-decision decoding
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A short summary of FEC in PON standards

From the 50G-PON standard:  BERref =10-2

This BER reference level assumes hard-decision FEC decoding with interleaving 
defined in [ITU-T G.9804.2].

When soft-decision FEC decoding is used, estimate BERref is around 2∙10-2



 Flexible FEC usage on a per-ONU base
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What's next in FEC for PON?

Hard decoding Soft decoding



 All PON standards ratified so far are quite "unflexible" 
 Bit rate, modulation format, FEC are fixed
 In contrast, the ODN parameters have a wide variability in practical PON installation

 Fiber length (from 0 to 20 km)
 Power budget variation: up to 20dB even inside a single PON tree

 15dB due to differential optical path loss (DOPL) + 5 dB of transmitted power range

 A large research is active on "adaptive" DSP strategies tailored on the actual 
parameters of each individual point-to-point link
 Variable FEC type inside the same TDMA downstream frame
 But also (… and here we really go into the "DSP realm")

 Adaptive equalization at receiver
 Adaptive pre-compensation at transmitter
 Adaptive modulation formats + probabilistic or geometrical shaping 
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… leading to the general idea of flexible PON 
physical layer

Flexible-PON 
enabled by DSP
new research trend



A REVIEW ON
RECEIVER

EQUALIZATION
IN PON

(MOSTLY FOR PAM-M)
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 Starting from 50G-PON, optoeletronic devices introduces 
severe bandwidth limitations
 In fact, for cost reasons 50G-PON will try to use 25G-

class optoelectronics
 Even more critical for future 100G-PON

 In IM-DD, also chromatic dispersion generates an 
equivalent low-pass effect (under reasonable approx. more 
on this later)
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Why equalization in high-speed PON?

25G-class 
optoelectronics 
frequency 
response

 The most common approach to "DSP-combat" the 
two effects in IM-DD is equalization at RX
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Key principles of receiver (adaptive) equalization

decision

TIA( )RxP t
Adaptive equalizer filter

f

2( )elH f Analog transfer function of the 
end-to-end optoelectronic circuits 
+ fiber

(low pass)

f

2
( )equalizerH f Transfer function of 

the filter 
implemented by the 
adaptive equalizer

A bandlimited and noisy 
example (experiments)

A bandlimited but noiseless 
example (simulations)

"Channel" 
response
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The basic principle behind adaptive equalization

 The equalizer filter should be optimized (by proper optimization algorithms) to find an optimum 
between:
 Inter-symbol interference (ISI) reduction at equalizer output 
 Noise enhancement due to the high-pass nature of the equalizer filter

f
2( )elH f

Analog transfer function 
of the end-to-end 
optoelectronic circuits

22( ) ( ) ( )TOT el equalizerH f H f H f= ⋅

Transfer function of the 
filter implemented by the 
adaptive equalizer

End-to-end Transfer 
function including the 
adaptive equalizer

baud rateD =

2
D



Take away message #2
Rule of Thumb on equalization: 
The resulting end-to-end transfer function 
should be flat up to at least f=D/2

• Due to the Nyquist criterion for ISI

Example: a 100Gbit/s PAM-4 system should be 
flat up to about 25 GHz after equalization

The channel drop in dB around f=D/2 is 
thus a key parameter
(it sets the equalizer noise enhancement)



Review of equalization options:
 Mainstream options 
 Analog Continuous Time Linear Equalizer (CTLE)
 Feed-forward equalizer (FFE) using Finite Impulse Response (FIR) structures
 Decision-Feedback equalizer (DFE)

 The "information theory" optimal option for a linear channel:
 Maximum-Likehood Sequence Estimation (MLSE)

 More advanced (and much more complex!) option

 More esoteric options
 Neural-network based equalization
 Volterra series based equalization
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Receiver equalization implementation options



 PROs (compared to the following 
options)
 Low complexity
 Low power consumption

 CONs
 Limited degrees of freedom in 

transfer function
 Usually: frequency position of 

one zero and one pole on the 
transfer function
 With constraints given by the 

use of analog components
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Analog Continuous Time Linear Equalizer (CTLE)

TIA( )RxP t

Analog filter with 
tunable parameters

𝜔𝜔

𝐻𝐻 𝑗𝑗𝑗𝑗 dB

𝜌𝜌0

𝜌𝜌∞

𝜔𝜔𝑧𝑧 𝜔𝜔𝑝𝑝

𝐻𝐻 𝑠𝑠 =
𝑅𝑅2

𝑅𝑅1 + 𝑅𝑅2
⋅

1 + 𝑅𝑅1𝐶𝐶1𝑠𝑠

1 + 𝑅𝑅1𝑅𝑅2
𝑅𝑅1 + 𝑅𝑅2

𝐶𝐶1 + 𝐶𝐶2 𝑠𝑠
= 𝜌𝜌0 ⋅

1 + 𝑠𝑠
𝜔𝜔𝑧𝑧

1 + 𝑠𝑠
𝜔𝜔𝑝𝑝

= 𝜌𝜌∞ ⋅
𝑠𝑠 + 𝜔𝜔𝑧𝑧
𝑠𝑠 + 𝜔𝜔𝑝𝑝

Active filter implementation
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DSP-based Feed-forward Equalizer (FFE) 

decision

Adaptive 
equalizer 

filter

( )RxP t
FIR filter 
with variable taps

Analog-to-digital 
converter 

(at 1 to 2 samples 
per symbol)

ADC

Taps coefficient updates

DSP chipset

x[n]

 Why FIR filter structure?
 Intrinsically stable
 Extensive IP VHDL libraries available for parallel implementation 

enabling ultra-high speed implementation in ASIC

f

2
( )eq

FIRH f



 Many variants available
 Ts or Ts /2 spaced taps
 Taps optimization algorithms

1. Pre-computed (i.e. non adaptive)
2. Adaptive for zero-forcing ISI
3. Adaptive for minimum-mean square error (MMSE): 

minimization of the joint effect of ISI and noise on the 
useful output sample 
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Why it works?
Channel impulse response

Useful 
sample

Inter-symbol 
interference
(ISI) samples

Time normalized to symbol duration Ts

FIR filter with properly 
optimized taps

Time normalized to symbol duration Ts

Channel+equalizer
impulse response

"Almost zero" ISI samples
after equalization

Useful 
sample

1 2 3 4-1



 PROS
 Usually much better performance than CTLE
 A good compromise in terms of cost-complexity 

 (compare to the following more advanced options)
 Widespread in all high-speed commercial optical receivers today

 …including all commercial coherent-receivers

 CONS
 Compared to CTLE… it requires ultra-fast ADC and DSP digital logic
 Does not perform well around frequency nulls in the channel transfer function 
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Feed-forward Equalizer (FFE)



 Focusing on IM-DD system, and for a given PAM-M 
modulation at baud rate D
 No equalization is needed until the 3dB overall system 

bandwidth B3dB is above 0.6∙D
 FFE is greatly effective for B3dB in [0.3∙D,0.6D]
 For B3dB <0.3∙D power penalties starts to be huge

 Due to the noise enhancement effect

 A more precise estimation can be done only by knowing
1. The exact shape of the transfer function
2. The number of taps of the equalizer
3. The power penalty one can accept
4. … and many other aspects (SNR level, BER 

reference, modulation formats, etc)
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FFE performances in IM-DD: rule of thumb

Example for 50G-PON using PAM-2
D=bit rate= 50 Gbaud

FFE greatly helps for 
 B3dB =[0.3∙D,0.6D] = [15 GHz ,30 GHz]

Take away message #3

JOCN2018



 Example taken from our paper, 
considering a two-pole transfer 
function for both TX and RX 
(with same f3dB)
 Power penalties wrt. 

"unlimited bandwidth" case

 Let's start focusing on the black 
curve for PAM-2
 2.5dB penalty for B3dB =0.3∙D 
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FFE performances in IM-DD: example

Channed 3dB Bandwidth normalized to bit rate

PAM-2 
(or NRZ or OOK)

APD+TIA receiver

JOCN2018



 PAM-4 and Electrical 
duobinary (EDB)  have a 
strong "starting penalty" 
 They "beat" PAM-2 only 

when:
B3dB <0.3∙bit_rate
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Other (simple) modulation formats

PAM-2 
(or NRZ or OOK)

PAM-4

Electrical 
duobinary

Bandwidth normalized to bit rate

JOCN2018



 In this tutorial, I tried to give general trends
 Anyway, "exact" performance results are strongly dependent 

on system details 
 For instance, sensitivity penalties have different slopes 

depending on the optical receiver type:
 PIN+TIA
 APD+TIA
 SOA+PIN+TIA
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A very important caveat

… and also on receiver implementations 
 Example: EDB was proposed in several 

possible implementations, each with different 
performance 
 And its pros and cons PAM-2

EDB

Enhanced
EDB

Performance 
WITHOUT FFE

50G PAM-2



 DFE principle: For cancelling impulse response post-
cursors, one can feedback "decided" symbols, again after 
multiplication by proper weights 
 Intrinsically noiseless samples in the ISI-reduction 

process (while they are noisy in FFE structures)
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Decision-feedback equalizers (DFE)

>

-w1

dk

z-1

-w2 z-1

DFE

𝑦𝑦𝑘𝑘 𝑧𝑧𝑘𝑘

Channel impulse response
Useful 
sample Post-cursors 

that can be 
"cancelled" by 
DFE structure

Time normalized to symbol duration Ts

DFE can thus, under proper conditions, achieve better 
performance than FFE
 CONS

 The symbol "error propagation problem": the number 
of feedback taps should usually be very small
 4-5 taps at most

 In high speed ASIC design, feedback loops has very 
tight timing constraints
 Another reasons why number of taps must be small 



 A Ts /2 spaced feed-forward filter with many taps
 Followed by a DFE with few taps
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Taking the best of both: FFE +DFE structures

 Optimization of the number of taps
 Performance usually monotonically increases with number of 

FFE taps
 Saturating when number of taps is able to cover the full duration of 

channel impulse response
 Due to error-propagation effect, DFE taps should on the 

contrary be properly optimized on a case by-case study

Performance FFE
FFE
tapsN

Performance DFE
DFE
tapsN



 Optimal number of taps greatly depends on the memory length and time-shape 
of the channel impulse response to be compensated
 Here are some papers on equalizer optimization for 50- and 100-G PON
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FFE+DFE Performances vs. number of taps

https://arxiv.org/abs/2304.10834

NO DFE

with DFE

Example: 
PAM4 
B3dB =     0.25∙D



 ITU-T has introduced the provision for equalization in G.9804 50G-PON
 The actual implementation of receiver equalization structure is anyway completely 

open in the G.9804.3 Recommendation

 The only explicit mention to equalization is in the "Transmitter and Dispersion Eye 
Closure" (TDEC, see next slide), that is anyway a TX specification

 Moreover, no specification yet for upstream burst mode operation
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PON standards and equalization 

50G upstream not defined yet

25G upstream: 
equalization is not needed



 TDEC defines the power penalty introduced by a given 
transmitter compared to an ideal (ISI-free) one when 
considering:
 A reference channel

 G.9804.3 50G-PON: 4th-order Bessel-Thomson, B3dB=18.75 GHz
 A given adaptive equalizer at the receiver

 In 50G-PON, the reference is feed-forward equalizer (FFE) using 
13 (symbol spaced) taps

 A given target BER after equalization
 10-2 in 50G-PON
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About TDEC (and TDECQ PAM-4)

(TDEC and TDECQ share 
the same basic idea)



 The FFE+DFE structure is based on amplitude threshold decision on a single sample at 
the output of the equalizer structure
 Information theory demonstrated that one can do (at least theoretically) even better 

deciding observing a finite sequence of received symbols. This is the key idea behind 
Maximum Likehood Sequence Estimator (MLSE) for PAM-M
 Assume that the channel has a memory of L symbols
 Over this time frame, the received (noiseless) sequence has ML possible realizations
 The optimal receiver should compare the received noisy signal with these ML possible 

sequences
 and decide for the one at minimum Euclidean distance

 On a linear channel + Gaussian noise, MLSE is the theoretically optimal solution
 MLSE has unfortunately a very high complexity (even using the famous Viterbi algorithm)
 Mixed solutions are possible: channel shortening FIR + short memory MLSE
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Maximum Likehood Sequence Estimator (MLSE)

FIR for channel shortening



BURST MODE

ADAPTIVE EQUALIZATION 
FOR UPSTREAM PON

39



 The 50G G.9804.3 Recommendation has for the moment specified 25G only for the 
upstream (50G is for further study)
 Thus, upstream equalization is NOT needed  

 Anyway, when and if needed, equalization in the upstream must be TDMA burst mode 
compliant
 This requirement opens a very interesting research area, for which there is already a 

vast literature
 A first non trivial key requirement is that the burst-mode receiver electronic must be 

designed to be linear over the required huge receiver dynamic range (about 20 dB!)
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Burst mode equalization for upstream detection
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Burst mode equalization research trends

AC-coupling 
capacitor

Zooming in 

 For burst mode in TDMA upstream PON, (at least) 
two other key problem pops up:

 A linear high-speed receive is usually AC-
coupled, creating a difficult situation for soft-
loud packet equalization due to AC-transients

 The convergence speed of the taps training 
phase should be as fast as possible (and 
definitely below 1000 symbols)



Several tricks have been proposed in the literature
 "gear-shifted" LMS: FFE and DFE µ−coefficients are 

step-wise decreased over time during the 
"convergence preamble" inside the burst
 Recursive least-square (RLS) FFE-taps adaptation
 A variant of the taps-adaptation that allows faster 

convergence (but greater complexity)

 PON specific: use knowledge of the taps from the 
previous bursts coming from the same ONU
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Speeding up taps adaptation

ECOC2023



 We experimentally demonstrated that using previous burst 
taps as the "initial guess" for taps adaptation in the following 
burst (from same ONU) is very effective
 We show convergence in less than 300 bits

 The actual implementation would anyway require significant 
changes in the current PON physical layer standard
 The equalizer should "know" from which ONU is currently 

receiving to retrieve the stored previous taps
 … which is an information that is available today only by 

the higher protocol layers

43

Speeding up taps adaptation



CHROMATIC DISPERSION 
AND 

EQUALIZATION

44



 Given the typical 20km target distance, Chromatic Dispersion (CD) was NOT a 
problem up to XGS-PON (10Gbps)

 Starting from IEEE 25G-PON and ITU-T 50G-PON, CD became anyway a major 
issue
 In fact, these higher speed PON standards had to be specified using both 

upstream and downstream in O-Band (in specific bands around 1300 nm)
 For 100G-PON, CD will be critical even at the "borders" of O-Band

 Does adaptive equalization helps?
 Yes, but to a limited extent
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Chromatic Dispersion and PON
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 Reminder: CD is a linear effect on the optical 
field
 So that (rigorously) it is a nonlinear effect in 

terms of instantaneous power,
 i.e. on the photo-detected signal

 Anyway, it is well know that a CD "small-signal" 
linear approximation is possible for IM-DD
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A quick review on CD impact on IM-DD







 ⋅−+

⋅
= )arctan()(221

2 2 α
πλ

Dsigni
LD

cf i
notch

0
notchf

1
notchf

Modulator 
chirp α

!!!
Fiber 

Length L
Fiber Dispersion 

parameter D

Example:
1550 nm,
α=0 
D=16 ps/nm/km
L=20 km

-3dB

f3dB

The "small signal" concept in this approximation practically means a PAM-M outer 
extinction ratio below a given value (about 5dB in our evaluations)



 Let's assume that the only limiting factor is 
CD, so that the resulting 3dB bandwidth is 
given by the figure vs. accumulated 
dispersion DL

We remind the previous "rule of thumb": 
using FFE, power penalty starts to be huge for:

𝑩𝑩𝟑𝟑𝟑𝟑𝟑𝟑
𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 <0.3∙baud_rate

 Thus for 50G-PON PAM-2 𝐵𝐵3𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≅ 15𝐺𝐺𝐺𝐺𝐺𝐺
 𝐷𝐷𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 ≈ 180 ps/nm

 And for 100G-PON PAM-2 𝐵𝐵3𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≅ 30𝐺𝐺𝐺𝐺𝐺𝐺
 𝐷𝐷𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 ≈ 50 ps/nm 
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A rule of thumb on FFE + CD
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DL [ps/nm]
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3dB bandwidth in small-
signal CD transfer 
function vs. DL for a 
zero chirp transmitter

Situation in which the systems would have a 
very large penalty due to CD alone.

In fact, ITU-T G.9804.3 50G-PON specifies 77ps/km 
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… and again, more precise results depends on 
many system assumptions

Assumption behind this 
graph:
- zero dispersion 

wavelength at 1330 nm
- 100G-PON NRZ

Assuming a dispersion slope S=0.089 ps/nm2/km, then at 
1333 nm we have D=2.9 ps/nm/km and DL=58 ps/km 
… not so far from the "dispersion rule of thumb" of the 
previous slide

For zero chirp, max. 
wavelength is about 1333 nm



 The first "lobe" of the CD small signal transfer 
function is a typical low-pass transfer function, with 
a deep frequency notch
 FFE affected by strong noise enhancement 

around frequency notches
 DFE and MLSE improve performances

 These three equalizers are "natively born" for linear 
channels

 But… the CD linear transfer function on IMDD is 
only a small signal approximation!
 Specifically, it holds true only up to a given 

extinction ratio (ER)
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CD and "standard" equalizers (FFE, DFE, MLSE)

This observation is the rationale for a 
huge amount of scientific papers on 
more complex nonlinear equalizers 
and modulation formats



NUMERICAL MODELLING
POWER BUDGET, REACH, CAPACITY 

FOR IM-DD PON
USING FFE OR FFE+DFE

EQUALIZATION
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 The prediction of IM-DD performance with ISI and noise 
AND without equalization usually requires numerical time-
domain simulations
 Anyway, we recently showed that when FFE or FFE+DFE 

equalizers are used at the receiver, a completely analytical 
performance estimation is possible with good accuracy
 Assuming linear transmitters 
 … and "sufficiently long" equalizers

51

Theoretical model for IM-DD prediction

https://arxiv.org/abs/2304.10834
Submitted on 21 Apr 2023

https://arxiv.org/abs/2304.10834


NEW TRENDS ON ADAPTIVE 
TRANSMISSION: 

PROBABILISTIC OR 
GEOMETRICAL SHAPING

52



 Available power budget on PON has a large 
variation even inside the same PON tree
 See papers on the left, with data coming from 

deployed fibers
 Same for chromatic dispersion, since also fiber 

length is spread from 0 to more than 20km 

 Flexible-PON idea: optimizing on a "per-ONU" 
characteristics
 Adaptive equalization
 Adaptive FEC
 but also: probabilistic shaping on PAM-4 to 

further "tailor" the resulting rate 
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Adapting the TX format to the specific ONU
ECOC 2020
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An example of flexible modulation + variable FEC

=ODN loss

PAM-2PAM-4 Probabilistic shaped
PAM-4



OTHER MODULATION FORMATS 

MORE ADVANCED EQUALIZER 
STRUCTURES
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A non-exhaustive taxonomy on advanced solutions
… still IM-DD based

Modulation 
formats

Probabilistic-shaped PAM-M (PS-PAM)

OFDM/DMT (in a myriad of variants!)

Carrierless amplitude/
Phase modulations (CAP)

Kramers-Kroning

Single sideband (SSB) or
vestigial sideband (VSB) 
modulation

Chirp-assisted modulation

Non-linear 
pre-distortion at TX

Non-linear 
equalization at RX

Neural-network

Volterra-series Ad-hoc solutions

Simplified Volterra

… then we have all the 
coherent solutions
(and their coherent-like 
and coherent-lite variants)



 Regarding advanced and nonlinear solutions, there are hundreds of 
published research papers with tons of different solutions for PON
 No way to present all of them in a systematic way  !

57

…Houston we have a problem!

I thus pick just one advanced example for the next slides

… just by coincidence coming from my group 



OUR WORK ON ENABLING 100G 
DOWNSTREAM TRANSMISSION 

IN C-BAND
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 PON standards up to now have been 
"backward compatible" in wavelength 
allocation, in order to allow co-existence on 
a single PON ODN
 As a result, the wavelength spectrum is 

almost full
 But high speed PON can work only in O-

band
 due to chromatic dispersion limits

 Can we open up again the C-band for IMDD 
100G-PON?
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Rationale for this research

O-band
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Our proposal: CD Digital Pre-Compensation (CD-DPC)

Given a link with (known) accumulated dispersion D∙L [ps/nm] (or equivalently 𝜷𝜷𝟐𝟐𝑳𝑳 )
 An electrical PAM-4 signal is sent to a CD-DPC DSP complex filter that implements an

accumulated dispersion -D∙L in the discrete-time DSP domain, generating a complex-
valued (I and Q) signal that is applied to a dual arm IQ-MZM.

CD-DPC IQ-MZM

𝐻𝐻𝑃𝑃 ω = 𝑒𝑒+
𝑗𝑗ω2𝑓𝑓𝜷𝜷𝟐𝟐𝑳𝑳

2

PAM x(nT) xo(nT) Ei(t)

DSP 
domain

TX 

Eo(t)

i=R|Eo(t)|2

Set PAM 
levels

Standard direct 
detection receiver

DAC1

DAC2

FIR filter introducing a -D∙L accumulated dispersion
… "unfortunately", it generates a complex signal, 
thus requiring an IQ modulator 

-DL 
precompensation

SMF

Fiber dispersion
+DL
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100 Gbps L-band operation

PTX

 Main simulation parameters:
 f3dB=20 GHz TX and f3dB=35 GHz RX optoelectronics
 Transmitter Power (PTX) scanned from 9 to 13 dBm (PTX=11dBm unless something else stated).
 Gain of SOA (G) of 11 dB, Noise figure F=7dB, Optical filter bandpass BW=75GHz
 PIN noise parameters (R=0.7 A/W and IRND=22.4 pA/sqrt(Hz) )

 Main experimental parameters:
 AWG sampling frequency: 92 GSa/s (i.e 3.6sps - 50Gbps, 1.8sps - 100Gbps, 1.47sps - 125Gbps)
 25G-class IQ-MZM with PTX=11dBm and Broad-bandwidth PIN Probe.
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Experimental results at 50G and 100G
 We recently tested experimentally our proposal

 On L=25 km but in C-band
 Accumulated dispersion D∙L≈400 [ps/nm]  is 

about the same as for L=20km in L-Band

 Optimal transmitted power: PTx=11dBm

 At 50Gbps we experimentally show 32 dB ODN loss 
over a very broad ∆L range
 1dB penalty for ΔL = ±12 km

 At 100 Gbps we reach 29 dB ODN loss
 1dB penalty for ΔL = ±2 km
 using pre-emphasis -PE at TX to compensate 

optoelectronic bandwidth limitations Here ∆L is the difference between the actual fiber 
length and the one assumed inside the DSP at TX 

EXPERIMENTS
L = 25 km
C-band

50G

100G PE: pre-emphasis

100G
125G

PTX=11dBm
SOA+PIN 
receiver



 Nonlinear equalization based on 
Volterra series at RX
 We obtained very similar results 

with neural network-based 
equalizer

Example: 
 IQ-DD experiment
 100 Gbps PAM-4, PTX=11dBm
 SOA+PIN receiver
 C-band, 16 km of SMF fiber
 Up to 34 dB ODN loss
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Adding (even more) complexity…

Standard FFE+DFE 
equalizer

Sqrt-law

Volterra 
equalizer

L = 15.8 km, LC = 14.8 km



A LOOK TOWARDS THE 
(NEAR?) FUTURE: 

COHERENT PON 
FOR HIGHER REACH AND CAPACITY?

64

Another 1 hour tutorial would be needed…

… to give an overview on all what is "boiling" in research today on coherent in PON 
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From ECOC2023 program: search for
"Coherent PON"
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From OFC2023 program: search for
"Coherent PON"

In Data Center…

…and even in 
Satellite Comm!

Coherent PON



 PROs
 From a transmission perspective, coherent in PON may enable not only 200G-PON

but even 400G-PON on today standard ODN
 Moreover, coherent can also "break" the traditional 20km "PON barrier", towards 

extended reach PON
 And it can even break the 1x64-split barrier, allowing more than 64 ONUs per PON

 CONs
 Cost and complexity: PARAMOUNT relevance for PON!!

 Many papers are proposing simplified coherent solutions
 "Traditional" full-coherent long-haul solutions are NOT directly suitable for single-

fiber bidirectional transmission and for upstream burst mode operation
 Many papers are thus proposing

 Fast-convergence variants of "traditional" coherent DSP
 Subcarrier-based coherent for point-to-multipoint bidirectional
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DSP-based Coherent PON



 Telecom operators often investigates on a 
convergence between metro and access to 
"jump" one central office

 There is a ongoing research trend on studying 
solutions for convergence between metro and 
access networks 
 i.e. all-optical transparent lightpaths

generated in the metro and routed toward 
a PON to the final termination
 And vice-versa

 In this possible future scenario, coherent 
seems again the only viable solutions 
 for 100+G high speed transmission, 

 For 10G, there is already the "Super-PON" standard 
(IEEE 802.3cs-2022)
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What about metro+PON convergence?

Figure taken from:
https://www.researchgate.net/publication/325999589_Cost-
effective_ROADM_design_to_maximize_the_Traffic_Load_Capacity_of_u-DWDM_coherent_metro-access_networks

PON

PON

https://www.researchgate.net/publication/325999589_Cost-effective_ROADM_design_to_maximize_the_Traffic_Load_Capacity_of_u-DWDM_coherent_metro-access_networks
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Experimental Scalability curves at 400 Gbit/s
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CW 
laser

PM-QAM 
modulator

Field-deployed 
metro fibers in 

Turin, Italy

Traditional 
unamplified PON on

17km deployed 
fiber + VOA

Coherent 
receiver

Optically 
amplified 
ROADM

POLITO 
PhotoNext 
Center

17 km deployed 
fiber

+ VOA

PON ODN

11TX
fiberP dBm= +

BER = 10−2

𝐵𝐵𝐵𝐵𝐵𝐵 = 2∙10−2

35dB: ITU-T highest 
ODN loss class 

But at least OSNR>23 dB 
necessary at metro segment output 

Preliminary good news but…
… many other physical layer 
issues still to be investigated!
- Upstream burst mode
- Reflections / MPI
- Wavelength plan
- Network level issues



The following very large EU projects are (among several other topics) 
investigating the idea of metro-access convergence

 Horizon Europe RIA "ALLEGRO" (Agile uLtra Low EnerGy secuRe
netwOrks, Start date: 01 January 2023)
 https://www.allegro-he.eu/

 Horizon 2020 RIA "Beyhond 5G Open" (Start Date: 01 Nov 2021)
 https://www.b5g-open.eu/

 SEASON "SElf-mAnaged Sustainable high-capacity Optical 
Networks", 
 https://www.season-project.eu/
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The EU project ALLEGRO and B5G-OPEN

https://www.allegro-he.eu/
https://www.b5g-open.eu/
https://www.season-project.eu/


CONCLUSION
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 Let's start easy: above 50G-PON, advanced DSP is more and more 
needed (!!)
 But the $ (or € or £) is key 

 100G-PON: IM-DD at its "absolute limits"… but still physical layer 
doable
 Flexible PAM2 and PAM4 combined with strong equalization

 +SOA amplification at OLT and ONU
 And maybe flexible modulation at TX

 200G-PON (and more): coherent needed IF 200G per wavelength
 Key issue would be CAPEX and OPEX cost
 At the physical layer: a very interesting field of research is open!

 Burst mode coherent AND/OR subcarried multiplexed
 Simplified coherent (not only DSP, but also optoelectronics)

 The other possible direction: WDM Nx50G or Nx25G
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Conclusions… with my personal bets! 

JOCN
November 2022
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Email:
roberto.gaudino@polito.it

Interested in our papers on PON?
Follow this QR-code!

The Tutorial slides will be 
made available at this QR-
code link

mailto:roberto.gaudino@polito.it
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