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Basis of This Work

® Coding group at INUE, working on, e.g.,
= Polar & LDPC Coding for Wireless
= Staircase-like/Spatially Coupled Codes for Optical
= Ensemble Decoding
= Expectation Propagation
® Material taken from our recent Globecom paper
= Zunker et al., “ORCAS Codes: A Flexible Generalization of Polar Codes
with Low-Complexity Decoding,” IEEE Globecom 2025 Workshop on
Channel Coding beyond 5G, Taiwan, December 2025 [2508.09744]
" not yet on IEEE Xplore...
® Contact the authors

= zunker@inue.uni-stuttgart.de
" tenbrink@inue.uni-stuttgart.de
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Polar Codes
Strengths:

® Achieve channel capacity

® Low-complexity O(nlogn) successive cancellation (SC) decoding
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Polar Codes

Strengths:
® Achieve channel capacity

® Low-complexity O(nlogn) successive cancellation (SC) decoding

Weaknesses:
® Not so good performance under SC decoding

® Code length constrained to n =2"
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Polar Codes

Strengths:
® Achieve channel capacity

® Low-complexity O(nlogn) successive cancellation (SC) decoding

Weaknesses:
® Not so good performance under SC decoding

® Code length constrained to n =2"

Goals:
® Improve performance under SC decoding

® More code length flexibility
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Plotkin Construction

m —>‘Cl (n,kl,dl)j}—> u

m; — C2: (n7k2>d2) —

® Two component codes: C; and Cy

Stephan ten Brink ORCAS Codes April 10th, 2026 6/32



Motivation Polar Codes Component Codes Results Conclusion
0O@000 000000000000 00 OOOO0 0000

° University of Stuttgart

Institute of Telecommunications

Plotkin Construction

m —»\jCl: (n,ky,dq) cr=udv

v

my —s Cy: (n,ky,d>) c ="

® Two component codes: C; and Cy
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Plotkin Construction

Encoder

v

® Two component codes: C; and Cy
=» Plotkin concatenated code:

C={(udv|v)|uel,vel}
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Plotkin Construction

Encoder Channel: W
2 ~ |I-T T T T T T T T T T T
| | i =udv | |
M1 —Cyi (mky,dy) AP Wi o) - &
| |
: 1 : i
I ! = |
My —e Oyt (nkp,dy) —2—a——2= W (b |er) 5~ £
o ) T l
C: (2n, k) +kp, min{d,2d,}) p(€le)

® Two component codes: C; and Cy
=» Plotkin concatenated code:

C={(udv|v)|uel,vel}
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Decoding C;: Estimate u
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Successive Cancellation Decoding

Decoding C;: Estimate u

1. Cancel interference from v:

W |ludv) £ ‘ell — ¢, B,

W (& |v) )
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Decoding C;: Estimate u

1. Cancel interference from v:
Wit uey) & O =030
W (£, |v) £ 2. Apply decoder for Cy:

i = dec; (£))
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Successive Cancellation Decoding

Decoding C;: Estimate u

Synthetic Ch | for Cy: W~
yhihetic Lhannel torta: % 1. Cancel interference from v:

W(Zl|u®v) | £ /l:elEBez

! 0 2. Apply decoder for Cy:

W |v)
i = dec; (£))

Stephan ten Brink ORCAS Codes April 10th, 2026 7/32



Motivation Polar Codes Component Codes
[e]e] le]e}

Results Conclusion
000000000000 00 OOOO0 0000

° University of Stuttgart

Institute of Telecommunications

Successive Cancellation Decoding

Decoding C;,: Estimate v ) ) )
Obtain 2 observations of noisy v:

GH=(-1)"£+£,

Correct u

W |ludv) £

Wy |v) %3
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Decoding C;: Estimate v

Correct u

W |ludv) £

Wy |v) %3
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Obtain 2 observations of noisy v:
b= (—D)%-£1+£,
Apply decoder for Cy:

D = decy(£5)
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Successive Cancellation Decoding

Decoding C;,: Estimate v ) ) )
Obtain 2 observations of noisy v:

by=(-1)"2+,
Apply decoder for Cy:

D = decy(£5)

Stephan ten Brink ORCAS Codes April 10th, 2026 7/32



Motivation Polar Codes Component Codes Results Conclusion
[e]e] le]e} 000000000000 00 OOOO0 0000

University of Stuttgart
Institute of Telecommunications

Successive Cancellation Decoding

Decoding C;,: Estimate v ) ) )
Obtain 2 observations of noisy v:

GH=(-1)"£+£,
Apply decoder for Cy:
D = decy(£5)
=» Concatenated codeword estimate:

e=(a®v|d)
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Bit-Channel Capacities of n = 16 Polar Code

o
%

o
o

Capacity C

Eg /Ny in dB of the BI-AWGN channel

Design SNR ,% =0dB:

=» Reliability sequence: 0, 1, 2, 4, 8, 3, 5, 6, 9,10,12, 7,11, 13,14, 15
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Bit-Channel Capacities of n = 16 Polar Code

o
%

o
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Capacity C

Frozen

Information

Eg /Ny in dB of the BI-AWGN channel

Design SNR % = 0dB; Code dimension k = 8:

o

=» Reliability sequence: 0, 1, 2, 4, 8, 3, 5, 6, 9,10,12, 7,11, 13, 14,15

Frozen bits F Informations bits 7
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Factor Graph of (16,8,4) Polar Code
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® Can We Improve Polar Codes?
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Factor Graph of (16,8,4) Polar Code — DE Design
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Factor Graph of (16,8,4) Polar Code — DE Design
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[ Leaf nodes of polar codes simplify to larger component codes.
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BLERs of the component codes:

Ci: pr=Pr(d#ull), Cr: prp=Pr(d#v|u,r)
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Component Code BLERs Under SC Decoding

BLERs of the component codes:

Ci: pr=Pr(d#ull), Cr: prp=Pr(d#v|u,r)

BLER of the concatenated code C:

pe=Pr(é#cl|l) <pi+pr—pi-p2
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Component Code BLERs Under SC Decoding
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BLERs of the component codes:

Ci: pr=Pr(d#ull), Cr: prp=Pr(d#v|u,r)

BLER of the concatenated code C:

pe=Pr(é#cl|l) <pi+pr—pi-p2

[ Intuition: To minimize pe, jointly minimize and balance p; and p». ]
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Factor Graph of (16,8,4) Polar Code — 5G Design
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Factor Graph of (16,8,4) Polar Code — 5G Design

@
@&
Repetition: @
(4,1,4) @
@ RM(1,3):
@ (8,4.4)
Repetition: 1]
(4,1,4) ran 8] ©
PN T . 5
A 5 ﬂ;}
=] D— 3
SPC: S @ S
(4,32) @
&
RM(1,3) @
(8,4,4)
SPC:
(4.3,2)
Equivalent codes
April 10th, 2026 14/32

Stephan ten Brink ORCAS Codes



Motivation Polar Codes Component Codes Results Conclusion
(e]e] [e]

0000 0O000@000000000 OOOO0 0000 Universityof Stuttgart

Institute of Telecommunications

o

Factor Graph of (16,8,4) Polar Code — 5G Design
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[ Polar code degenerates into two shorter, independent codes. ]
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[ More balanced component code BLERs, but worse overall performance. ]
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Can We Improve?

DE-Polar: (16,8,4)

Repetition: i SPC: ® Unbalanced component code BLERs
(8,1,8) (8,7,2) * Lower total BLER
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Can We Improve?

DE-Polar: (16,8,4)

Repetition: SPC:

Unbalanced component code BLERs
618 |7 872 T .

Lower total BLER
“5G"-Polar: (16,8,4)

2 x Repetition: 2xSPC: ® More balanced component code BLERs
(8,2,4) (8,6,2) ® Poor component codes
=» Higher total BLER
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Can We Improve?

DE-Polar: (16,8,4)

Repetition: SPC:

Unbalanced component code BLERs
618 |7 872 T .

Lower total BLER
“5G"-Polar: (16,8,4)

2 x Repetition: 2xSPC: ® More balanced component code BLERs
(8,2,4) (8,6,2) ® Poor component codes
=» Higher total BLER

[ Can we construct better component codes with 2 message / parity bits? ]
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Cordaro—Wagner Codes (1

Primal code: (n,2, [27/3])

Three repetition codes of uniform length

111 J. Cordaro and T. Wagner, “Optimum (n,2) Codes for Small Values of Channel Error
Probability,” IEEE Transactions on Information Theory, vol. 13, no. 2, 1967
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Cordaro—Wagner Codes (1

Primal code: (n,2, [2n/3]) Dual code: (n,n—2,2)

Three repetition codes of uniform length Three SPC codes of uniform length

). Cordaro and T. Wagner, “Optimum (n,2) Codes for Small Values of Channel Error
Probability,” IEEE Transactions on Information Theory, vol. 13, no. 2, 1967
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Cordaro—Wagner Codes (1

Primal code: (n,2, [2n/3]) Dual code: (n,n—2,2)

Three repetition codes of uniform length Three SPC codes of uniform length

® Optimal binary linear block codes:

= Maximum minimum distance d
= Minimum number of minimum weight codewords A,

). Cordaro and T. Wagner, “Optimum (n,2) Codes for Small Values of Channel Error
Probability,” IEEE Transactions on Information Theory, vol. 13, no. 2, 1967
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Cordaro—Wagner Codes (1

Primal code: (n,2, [2n/3]) Dual code: (n,n—2,2)

Three repetition codes of uniform length Three SPC codes of uniform length

® Optimal binary linear block codes:
= Maximum minimum distance d
= Minimum number of minimum weight codewords A,
® Factor graph is a tree =¥ Allows simple maximume-likelihood decoding!

). Cordaro and T. Wagner, “Optimum (n,2) Codes for Small Values of Channel Error
Probability,” IEEE Transactions on Information Theory, vol. 13, no. 2, 1967
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Hopefully Improved (16,8,4) Code

5G-Polar: (16,8,4) Improved: (16,8,4)

Increased minimum distance CW:

2 Repetition: :
(8,2,5)

(8,2,4)

Fewer minimum weight codewords:

A4:2—>A4:0
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5G-Polar: (16,8,4) Improved: (16,8,4)
2% Repetition: Increased minimum distance CW:
(8’2’4) Fewer minimum weight codewords: (8’2’5)
+ Ag=2—>A4=0 +
2xSPC: CW dual:
(8,6,2) (8,6,2)

Fewer minimum weight codewords:

A2:12*>A2:7
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Hopefully Improved (16,8,4) Code

5G-Polar: (16,8,4) Improved: (16,8,4)
2% Repetition: Increased minimum distance CW:
(8’2’4) Fewer minimum weight codewords: (8’2’5)
+ Ag=2—>A4=0 +
2xSPC: CW dual:
(8,6,2) (8,6,2)

Fewer minimum weight codewords:

A2:12*>A2:7

[Reduced total number of minimum weight codewords: A4 =28 — A4 = 7]
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BLER Performance of the Hepefully Improved Code
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107!
Eo Full Codes
10-2 T “5G"-Polar: (16,8,4)
Sl DE-Polar: (16,8,4)
5 h —— Hepefally Improved: (16,8,4)
2 1073
\\\ Component Codes
1074 ---- CW: (8,2,5)
N CW dual: (8,6,2)
1075 \ \ \ T T
2 3 4 5 6 7 8
Ey /N in dB
[ Lower and balanced error rates =» Better BLER performance ]
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Repeated Simplex (Dual) Codes

Cordaro—Wagner (dual) codes: Limited to two message / parity bits.

=» Can we generalize this?

Cordaro—Wagner code:
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Repeated Simplex (Dual) Codes

Cordaro—Wagner (dual) codes: Limited to two message / parity bits.

=» Can we generalize this?

Cordaro—Wagner code:

SPC:
(3,2,2)
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° University of Stuttgart
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Repeated Simplex (Dual) Codes

Cordaro—Wagner (dual) codes: Limited to two message / parity bits.

=» Can we generalize this?

Cordaro—Wagner code:

Simplex(2):
(3,2,2)
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Repeated Simplex (Dual) Codes

Repeated simplex code:

Simplex(r):
@ —1,5271)
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Repeated Simplex (Dual) Codes

Repeated simplex code:

Simplex(r):
@ —1,5271)

=» k =r message bits
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Repeated Simplex (Dual) Codes

Repeated simplex code: Cordaro—Wagner dual code:

Simplex(r):
@ —1,5271)

=» k =r message bits
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Repeated Simplex (Dual) Codes

Repeated simplex code: Cordaro—Wagner dual code:
Simplex(r): Repetition:
@ =1, 27" (3,1,3)

=» k =r message bits
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Repeated Simplex (Dual) Codes

Repeated simplex code: Cordaro—Wagner dual code:
Simplex(r): Hamming(2):
@-1,n27" (3,1,3)

=» k =r message bits
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Repeated Simplex (Dual) Codes

Repeated simplex code: Cordaro—Wagner dual code:
Simplex(r): Hamming(r):
@i—1,n27Y 2" -1,2"-r—1,3)

=» k =r message bits
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Repeated Simplex (Dual) Codes

Repeated simplex code: Repeated simplex dual code:
Simplex(r): Hamming(r):
@ =1,327") (2 —1,2—r—1,3)

=» k =r message bits n—k=r parity bits
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° University of Stuttgart
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Repeated Simplex (Dual) Codes

Repeated simplex code: Repeated simplex dual code:
Simplex(r): Hamming(r):
@ =1,327") (2 —1,2—r—1,3)

=» k =r message bits n—k=r parity bits
=» For r <[logy(n+1)]: (Near) optimal codes
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Repeated Simplex (Dual) Codes

Repeated simplex code: Repeated simplex dual code:
Simplex(r): Hamming(r):
(@ =1, 5 27") (2r—1,27—r—1,3)

2" -1

=» Fast Hadamard transform Chase-1l syndrome-based near ML
(FHT)-based ML decoding decoding
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° University of Stuttgart

Institute of Telecommunications

Repeated Simplex (Dual) Codes

Repeated simplex code: Repeated simplex dual code:
Simplex(r): Hamming(r):
(@ =1, 5 27") (2r—1,27—r—1,3)

2" -1

=» Fast Hadamard transform Chase-1l syndrome-based near ML
(FHT)-based ML decoding decoding

=» Encoding / decoding complexity: O(r-n)
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Code Design

Conventional Polar Code Density Evolution
® Track LLR probability densities from channel to leaf nodes
® Select the k most reliable bit channels
=> Complexity: O(n)
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Code Design

Now: Two-Phase Density Evolution
1. Channel splitting until the component code length is odd:

= Recursively split input channel W into W~ and WT.
= Compute channel transition densities via density evolution (DE).
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° University of Stuttgart
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Code Design

Now: Two-Phase Density Evolution
1. Channel splitting until the component code length is odd:
= Recursively split input channel W into W~ and W+.
= Compute channel transition densities via DE.
2. Code combining at each stage:
" Find combination of earlier determined component codes with lowest
BLER for all dimensions, linear complexity.
= Replace low-rate / high-rate concatenated codes by NPRS (dual) codes,
compute their BLERs by the union bound.
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Code Design

Now: Two-Phase Density Evolution
1. Channel splitting until the component code length is odd:

= Recursively split input channel W into W~ and WT.
= Compute channel transition densities via DE.

2. Code combining at each stage:

" Find combination of earlier determined component codes with lowest
BLER for all dimensions, linear complexity.

= Replace low-rate / high-rate concatenated codes by NPRS (dual) codes,
compute their BLERs by the union bound.

=» Optimal component code combination for all 1 <k <n.

=» Complexity: O(nlogn).
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° University of Stuttgart
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Code Design

Now: Two-Phase Density Evolution
1. Channel splitting until the component code length is odd:

= Recursively split input channel W into W~ and WT.
= Compute channel transition densities via DE.

2. Code combining at each stage:

" Find combination of earlier determined component codes with lowest
BLER for all dimensions, linear complexity.

= Replace low-rate / high-rate concatenated codes by NPRS (dual) codes,
compute their BLERs by the union bound.

=» Optimal component code combination for all 1 <k <n.

=» Complexity: O(nlogn).
=» Optimally recursively concatenated simplex (ORCAS) codes % ﬁ;
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(96,48,8) ORCAS Code
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M) M)
(24,2,16)
= ()
@_ = & 12
g o
(12,3,6) = % ©) -
(12,8,3) & - D=
M) =
(12,4,6) "
(12,9,2) Z\ 5
(24,22,2) 2
J J 12
Cordaro—Wagner Repeated simplex Repeated simplex dual Cordaro—Wagner dual
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Code Length of Polar and ORCAS Codes
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Polar codes:
® “Length-1" component codes (frozen bits / information bits)
=» Code length: n=2"
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Code Length of Polar and ORCAS Codes

Polar codes:
® “Length-1" component codes (frozen bits / information bits)
=» Code length: n=2"

ORCAS codes:
® (Near) optimal component codes for all k up to length 10
=» Code length: n=1i-2", where i=1,...,10
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Construction of Polar and ORCAS Codes
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Comparison of the BLER performance:
® Successive cancellation decoding
¢ Design by density evolution for BLER 10~°

Stephan ten Brink ORCAS Codes April 10th, 2026 26/32



Motivation Polar Codes Component Codes Results Conclusion
00000 000000000000 00 OO0 0000

° University of Stuttgart

Institute of Telecommunications

Construction of Polar and ORCAS Codes

Comparison of the BLER performance:
® Successive cancellation decoding
¢ Design by density evolution for BLER 10~°

Parameters:
® Block lengths n € {96,256,640}
® Code rates R € {1/4,1/2,3/4}
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Construction of Polar and ORCAS Codes
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Comparison of the BLER performance:
® Successive cancellation decoding
¢ Design by density evolution for BLER 10~°

Parameters:
® Block lengths n € {96,256,640}
® Code rates R € {1/4,1/2,3/4}

=» For n # 2™: Polar codes are length matched by puncturing / shortening.
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SC Decoding Performance: Short Codes

Length n =96 and Dimensions k € {24,48,96}

Polar Length Matching
xR=1/4 ‘ oR=1/2 ‘ AR=3/4

Natural
shortening

Natural
shortening

Bit-reverse
puncturing

Codes Designed by DE for BLER 10~°
Polar ORCAS

Curves

Meta-converse bound
— -- DE analysis
xoa Monte Carlo simulation

Es/No in dB
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SC Decoding Performance: Short Codes

Length n =96 and Dimensions k € {24,48,96}

ATE A~

Polar Length Matching
xR=1/4 ‘ oR=1/2 ‘ AR=3/4

Natural
shortening

Natural
shortening

Bit-reverse
puncturing

Codes Designed by DE for BLER 10~°
---- Polar ORCAS

Curves

Meta-converse bound
— -- DE analysis
xoa Monte Carlo simulation

Es/No in dB
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SC Decoding Performance: Short Codes

Length n =96 and Dimensions k € {24,48,96}

Polar Length Matching
xR=1/4 ‘ oR=1/2 ‘ AR=3/4

Bit-reverse
puncturing

Natural
shortening

Natural
shortening

Codes Designed by DE for BLER 10~°
---- Polar —— ORCAS

Curves

“““ Meta-converse bound
— -- DE analysis
xoa Monte Carlo simulation

Es/No in dB
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SC Decoding Performance: Longer Codes

Length n =256 and Dimensions k € {64,128,192}

Polar Length Matching
xR=1/4 ‘ oR=1/2 ‘ AR=3/4
102 E None ‘ None ‘ None
g 107 Codes Designed by DE for BLER 10~
o 3 odes Designed by or 10
p} |
@ 4 o ----Polar —— ORCAS
10-5 é Curves
o N VT . S VO | IS Meta-converse bound
10-6 E — -- DE analysis
8 1 xoa Monte Carlo simulation
10~ T

Ey/No in dB
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Polar Length Matching

xR=1/4 ‘ oR=1/2 ‘ AR=3/4

Natural
shortening

Bit-reverse
shortening

Natural
puncturing

Codes Designed by DE for BLER 107

----Polar  —— ORCAS

Curves

Meta-converse bound
— -- DE analysis
xoa Monte Carlo simulation

Es/No in dB
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Contributions

Optimally recursively concatenated simplex (ORCAS) codes:
® Novel coding scheme based on Plotkin construction
® Composed of efficiently decodable high-rate and low-rate codes
® |Low-complexity optimal design based on density evolution
=» Outperform polar codes under SC decoding
=» Offer greater flexibility in block length
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o

Contributions

Optimally recursively concatenated simplex (ORCAS) codes:
® Novel coding scheme based on Plotkin construction
® Composed of efficiently decodable high-rate and low-rate codes
® |Low-complexity optimal design based on density evolution
=» Outperform polar codes under SC decoding
=» Offer greater flexibility in block length

=» Future work: List decoding of ORCAS codes.
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e University of Stuttgart

Decoding Complexity Of SC Decoding Institute of Telecommunications
Throughput of polar and ORCAS decoders in codewords per second:
® Single-threaded performance on Intel Core i9-13900K.

® For n#2™, the full polar successive cancellation decoder is used.

Length n Code R=1/4 R=1) R=3/4
96 Polar 1,727,526 1,281,004 1,435,785
ORCAS | 1,927,945 1,543,126 1,509,279
256 Polar 692,095 586,062 604,761
ORCAS 763,846 695,437 601,917
640 Polar 277,490 225,396 187,966
ORCAS 209,271 271,726 317,018
[ Near-identical throughput =» BLER gains are for free! ]
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