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Why Probabilistic Shaping?

2

B Consistent growth of internet usage drives demand for higher
bandwidth on fiber optical networks tu22)

[ITU22] https://www.itu.int/itu-d/reports/statistics/2022/11/24/ff22-international-bandwidth-usage/
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[FW89] G. D. Forney and L.-F. Wei, “Multidimensional constellations. |. Introduction, figures of merit, and generalized cross constellations,” IEEE

Journal on Selected Areas in Communications, vol. 7, no. 6, pp. 877-892, Aug. 1989.

[KP93] F. R. Kschischang and S. Pasupathy, “Optimal nonuniform signaling for Gaussian channels,” IEEE Transactions on Information Theory, vol.

39, no. 3, pp. 913-929, May 1993.
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@ Consistent growth of internet usage drives demand for higher International bandwidth usage by region, Tbit/s
bandwidth on fiber optical networks [ITu22] 1200 o sues
1000
B Increase capacity of existing infrastructure w00
@ Probabilistic shaping achieves up to 1.53 dB shaping gain 600
over uniformly distributed channel input symbols [Fwso,kpPa3] 400
@ Our contribution: A practical implementation of a 20
probabilistic shaping algorithm for research and development 2017 2018 2019 2020 2021 2022
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@ Continuous channel input is not feasible with current systems
B Adjust probabilities of discrete modulation symbols
@ Data bits follow a uniform distribution
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What are the Challenges of Probabilistic Shaping? AT
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@ Continuous channel input is not feasible with current systems
@ Adjust probabilities of discrete modulation symbols
@ Data bits follow a uniform distribution
@ Incorporate forward error correction (FEC) to protect transmission
B Probabilistic amplitude shaping (PAS) architecture [Bs15] transmits parity information in the signs

LLL Shaper & FEC FEC m LLL
Uniform Uniform

Data Bits Shaped Amplitudes Corrupted Shaped Data Bits
+ Parity Signs Amplitudes Amplitudes
+ Parity Signs

[BS15] G. Bécherer and P. Schulte and F. Steiner, “Bandwidth efficient and rate-matched low-density parity-check coded modulation,” IEEE Transac-
tions on Communications, vol. 63, pp. 4651 - 4665, Oct 2015.
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What are the Challenges of Probabilistic Shaping? AT

Karlsruhe Institute of Technology

@ Continuous channel input is not feasible with current systems
@ Adjust probabilities of discrete modulation symbols

@ Data bits follow a uniform distribution

@ Incorporate forward error correction (FEC) to protect transmission
B Probabilistic amplitude shaping (PAS) architecture [Bs15] transmits parity information in the signs
B Shaping only necessary for the amplitudes

LLL Shaper & FEC FEC m LLL
Uniform Uniform

Data Bits Shaped Amplitudes Corrupted Shaped Data Bits
+ Parity Signs Amplitudes Amplitudes
+ Parity Signs

[BS15] G. Bécherer and P. Schulte and F. Steiner, “Bandwidth efficient and rate-matched low-density parity-check coded modulation,” IEEE Transac-
tions on Communications, vol. 63, pp. 4651 - 4665, Oct 2015.
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How ESS Works ﬂ("‘

@ Multiple probabilistic shaping algorithms exist:
@ Constant composition distribution matching [sB1e]

[SB16] P. Schulte and G. Bdcherer, “Constant composition distribution matching,” IEEE Transactions on Information Theory, vol. 62, no. 1, pp.
430-434, Jan. 2016.
[LF94] R. Laroia and N. Farvardin and S. A. Tretter, “On optimal shaping of multidimensional constellations,” IEEE Transactions on Information

Theory, vol. 40, no. 4, pp. 1044-1056, July 1994.
[WW93] F. M. J. Willems and J. J. Wuijts, “A pragmatic approach to shaped coded modulation,” IEEE 1st Symp. on Commun. and Veh. Technol. in
the Benelux, Oct. 1993.
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@ Multiple probabilistic shaping algorithms exist:
@ Constant composition distribution matching [sB1e]

@ Laroia’s algorithms in [LFe4]
B Enumerative sphere shaping (ESS) algorithm published in (wwas)
@ Works on sequences of bits / amplitudes
@ Idea: Reach AWGN capacity by using an energy efficient data representation
@ Used amplitude sequences have minimal average energy

B Relevant parameters: Energy threshold E.x, amplitude sequence length IV, and modulation order M

[SB16] P. Schulte and G. Bdcherer, “Constant composition distribution matching,” IEEE Transactions on Information Theory, vol. 62, no. 1, pp.
430-434, Jan. 2016.
[LF94] R. Laroia and N. Farvardin and S. A. Tretter, “On optimal shaping of multidimensional constellations,” IEEE Transactions on Information

Theory, vol. 40, no. 4, pp. 1044-1056, July 1994.
[WW93] F. M. J. Willems and J. J. Wuijts, “A pragmatic approach to shaped coded modulation,” IEEE 1st Symp. on Commun. and Veh. Technol. in
the Benelux, Oct. 1993.

4  Ritter, Rode, Schmalen: Introducing RSESS Communications Engineering Lab (CEL) CEL



ESS Trellis Construction AT

Karlsruhe Institute of Technology

5  Ritter, Rode, Schmalen: Introducing RSESS Communications Engineering Lab (CEL) CEL



ESS Trellis Construction AT

Karlsruhe Institute of Technology

@ Amplitude sequence is a path through the trellis

n=>0 n=1 n=2 n=3 n=4
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ESS Trellis Construction

@ Amplitude sequence is a path through the trellis
@ Each transition is an amplitude € A = {1,3,5,7}

@ Each node represents a number of amplitudes n
and their total energy e
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ESS Trellis Construction AT
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| | |
B Amplitude sequence is a path through the trellis e 25 26 27 28
@ Each transition is an amplitude € A = {1,3,5,7} :
B Each node represents a number of amplitudes n 18 /4 19 /4 20
and their total energy e Z Z Z
B Size of the trellis limits sequence energy > > >
9 { 10 { 11 { 12
1 2 3 4
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@ Each node represents a number of amplitudes n
and their total energy e
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@ Amplitude sequence is a path through the trellis € 28
@ Each transition is an amplitude € A = {1,3,5,7}
@ Each node represents a number of amplitudes n 20
and their total energy e
@ Size of the trellis limits sequence energy 19
@ Value of a node T is the number of possible
continuations
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@ Amplitude sequence is a path through the trellis € 25 28
@ Each transition is an amplitude € A = {1,3,5,7}
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ESS Trellis Construction AT
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@ Amplitude sequence is a path through the trellis 28
@ Each transition is an amplitude € A = {1,3,5,7}
@ Each node represents a number of amplitudes n 20

and their total energy e
@ Size of the trellis limits sequence energy 19
@ Value of a node T is the number of possible

continuations

n=4
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What is RSESS? AT
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@ RSESS: Rust library implementing ESS (and Optimum ESS [cc22])

github.com
/kit-cel/rsess

[CC22] Y. Chen and J. Chen and W. Li and M. Zhang and D. Liu and M. Tang, “On optimization and analysis of enumerative sphere shaping for short
blocklengths,” Journal of Lightwave Technology, vol. 40, pp. 7265-7278, Nov. 2022.
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@ Implements encoding, decoding as well as multiple utility functions

@ PyRSESS is a Python binding for the full scope of RSESS

github.com
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[CC22] Y. Chen and J. Chen and W. Li and M. Zhang and D. Liu and M. Tang, “On optimization and analysis of enumerative sphere shaping for short

blocklengths,” Journal of Lightwave Technology, vol. 40, pp. 7265-7278, Nov. 2022.

Ritter, Rode, Schmalen: Introducing RSESS Communications Engineering Lab (CEL) CEL



What is RSESS? AT

Karlsruhe Institute of Technology

B RSESS: Rust library implementing ESS (and Optimum ESS [cc22))
@ Implements encoding, decoding as well as multiple utility functions
@ PyRSESS is a Python binding for the full scope of RSESS

@ Published to crates.io, pypi.org, and github.com

github.com
/kit-cel/rsess

[CC22] Y. Chen and J. Chen and W. Li and M. Zhang and D. Liu and M. Tang, “On optimization and analysis of enumerative sphere shaping for short
blocklengths,” Journal of Lightwave Technology, vol. 40, pp. 7265-7278, Nov. 2022.
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from pyrsess import ESS ‘
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from pyrsess import ESS

ess = ESS(28, 4, 8) # ESS instance with E_maz = 28, N = 4, and 8-ASK
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A Simple Example AT
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from pyrsess import ESS

ess = ESS(28, 4, 8) # ESS instance with E_maz

28, N = 4, and 8-ASK

data = [1, 1, 0, 1] # 1101 (binary) == indez 13
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A Simple Example AT
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from pyrsess import ESS
ess = ESS(28, 4, 8) # ESS instance with E_maz = 28, N = 4, and 8-ASK
data = [1, 1, 0, 1] # 1101 (binary) == indez 13

sequence = ess.encode(data)
print (sequence)
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from pyrsess import ESS
ess = ESS(28, 4, 8) # ESS instance with E_maz = 28, N = 4, and 8-ASK
data = [1, 1, 0, 1] # 1101 (binary) == indez 13

sequence = ess.encode(data)
print (sequence)
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A Simple Example AT
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from pyrsess import ESS
ess = ESS(28, 4, 8) # ESS instance with E_maz = 28, N = 4, and 8-ASK
data = [1, 1, 0, 1] # 1101 (binary) == indez 13

sequence = ess.encode(data)
print (sequence)

[3 13 1]

data_decoded = ess.decode(sequence)
print(data_decoded)
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A Simple Example AT

Karlsruhe Institute of Technology

from pyrsess import ESS
ess = ESS(28, 4, 8) # ESS instance with E_maz = 28, N = 4, and 8-ASK
data = [1, 1, 0, 1] # 1101 (binary) == indez 13

sequence = ess.encode(data)
print (sequence)

[3 13 1]

data_decoded = ess.decode(sequence)
print(data_decoded)

[1 10 1]
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RSESS is Fast T
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B Measured time for 10000 encodings / decodings and 8-ASK

103

—#— Encode RSESS
—4— Decode RSESS

- m= Encode PyRSESS
- &= Decode PyRSESS

Run time (us)

100

| T T
50 500 1,000 1,500

Amplitude sequence length
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B Measured time for 10000 encodings / decodings and 8-ASK
B Shaping rate (number of bits per amplitude) held constant at 1.5
B Tested on a 4-core Intel Core i7-7700 (2017)
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RSESS is Fast

B Measured time for 10000 encodings / decodings and 8-ASK
B Shaping rate (number of bits per amplitude) held constant at 1.5
B Tested on a 4-core Intel Core i7-7700 (2017)

Run time (us)
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RSESS Validation AT
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B Results using RSESS match up with literature
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RSESS Validation

B Results using RSESS match up with literature
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Results on AWGN channel with RSESS

AIR  (bit/symbol)

[cc22]

4.4 T Z7 0 T
4.2 —
) -=a- ESSN =20

4 —=—ESSN =40 |
-4- OESS N =20
N —— OESS N =40 ||
' Uniform
------ Capacity
36 T T T
12 12.5 13 13.5 14 14.5
Es/No (dB)

AIRV (bits/sym)

44

3.6

SKIT
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Reference results in [cc22]
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