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Our mission is to make quantum computers useful sooner

ÅOne of the biggest challenges is dealing with noise in quantum systems.

ÅWe are tackling the hard problem of implementing QEC in real-time.
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Our mission is to make quantum computers useful sooner.

QEC Research
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Hardware-aware Research
òDeveloping QEC strategies that address and exploit the 

idiosyncrasies of quantum hardwareó

1. Directional 
codes 

3. Colour Code 
Decoding

2. ACID

1. Gyorgy Geher, et. al, òDirectional Codes: a new family of quantum LDPC codes on hexagonal- and square-grid connectivity hardwareó, arXiv:2507.19430. 

2. Stasiu Wolanski, òAutomated Compilation Including Dropouts: Tolerating Defective Components in Stabiliser Codesó,  arXiv:2512.01943.

3. Mark Walters and Mark Turner, òMinimum Weight Decoding in the Colour code is NP-hardó, arXiv:2603.04234.
| QEC26 tutorial ς 7th June 26

QEC Research at Riverlane



ÅQLDPC codes: 

ÅGood QLDPC codes have k θ n, d θ  n. 

ÅEncode multiple logical qubits per code block 

ÅTypically higher weight stabilisers than surface code.

ÅRequire long-range connectivity. Eg: BB codes.

ÅBut engineering long-range couplers/interactions is hard for superconducting

ÅMotivation: 

Å Can we exploit the native gate set of SC hardware to measure high weight stabilisers of qLDPC codes? 

Å éwithout requiring long range couplers?
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1. Directional Codes

Å Gyorgy P. Geher, David Byfield, Archibald Ruban, arXiv:2507.19430.

| QEC26 tutorial ς 7th June 26

Hardware-aware Research at Riverlane



7

ÅInspired by the use of ISWAP gates for surface codes1.

ÅISWAP gate ~ Clifford equivalent to a CXSWAP or CZSWAP gate (henceforth CPSWAP).

ÅISWAP is a native gate for superconducting qubits. 

Qubits interact and then their states get swapped,

effectively allowing interactions with a new set of qubits after each gate.

| QEC26 tutorial ς 7th June 26

Hardware-aware Research at Riverlane

1. M. McEwen, et. al., òRelaxing Hardware Requirements for Surface Code Circuits using Time-dynamicsó, Quantum 7, 1172 (2023).
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Å Data qubits, Å X-ancilla qubits, Å Z-ancilla qubits,  CPSWAP gate

| QEC26 tutorial ς 7th June 26

Using CPSWAP to enable long-range interactions on square grid connectivity

Hardware-aware Research at Riverlane



Discovery of new families of QLDPC codes : N2E3N2 code
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Ån, n, e, e, e, n, n

Åweight-7 stabilisers 

Å12 logical qubits

Å[[~6d2, 12,  d]

ÅPeriodic Boundaries

| QEC26 tutorial ς 7th June 26

Hardware-aware Research at Riverlane
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Comparison to Toric and BB codes          (Decoder: Tesseract, short-beam)
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N2E3N2 

(Rotated, Rect) RTC

ÅReduced physical qubit overhead w.r.t. 
surface/toric code.

ÅAt error rate of 10-3 (SI 1000), 

N2E3N2 code requires 4x fewer 
physical qubits than the Rotated Toric 
code to achieve LER = 2 x 10-6.

Hardware-aware Research at Riverlane
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ÅA new paradigm for designing QLDPC codes tailored to platforms with local connectivity. 

ÅFuture scope:

ÅEmbedding the codes on a plane instead of a torus.

ÅLogical architectures based on Directional Codes.

ÅCheckout the poster presentation #49 by Archibald Ruban on Tuesday for more details!

| QEC26 tutorial ς 7th June 26

Hardware-aware Research at Riverlane

1. Directional Codes: Summary

Gyorgy Geher, David Byfield, Archibald Ruban, arXiv:2507.19430.



ÅMotivation: 

ÅDeal with fabrication defects (dropouts) in fixed-qubit hardware, eg: superconducting qubits.

ÅDesign syndrome extraction circuits for QEC codes in the presence of defective qubits or couplers.

ÅInspired by LUCI1 for the surface code with dropouts, generalised to arbitrary CSS codes.

ÅStasiu Wolanski, arXiv:2512.01943.

ÅAutomates the design of syndrome extraction circuits for general CSS codes given some qubit connectivity and 
dropout configuration. 

ÅFirst study of the colour code and the BB codes2 subject to defects.
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2. Automated Compilation Including Dropouts

| QEC26 tutorial ς 7th June 26

Hardware-aware Research at Riverlane

1. D. Debroy, et. al., òLUCI in the Surface Code with Dropoutsó, Quantum 9, 1936 (2025).

2. S. Bravyi, et. al., òHigh-threshold and low-overhead fault-tolerant quantum memoryó, Nature (2024).
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ÅDefects turn stabilisers into anti-commuting (gauge) operators.

ÅCan still construct product operators (superstabilisers) that commute with the original stabiliser group. 

ÅMeasure the gauge operators, and multiply outcomes to obtain superstabiliser measurements.

ÅThe resulting subsystem code can still protect logical info, perhaps with slightly lower distanceé

 

I. Dealing with defective qubits

| QEC26 tutorial ς 7th June 26

Hardware-aware Research at Riverlane
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II. Taking advantage of the morphing1 perspective of syndrome extraction

ÅCan contract a stabiliser onto any 
single data qubit in its support.

ÅNo need for designated ancilla 
qubits.

ÅCanõt contract both an X-type & Z-
type stabiliser on a single qubit at 
the same time.

ÅTypically, need at least 2 layers or 
òsub-roundsó to measure all X and Z 
stabilisers of a CSS code.

| QEC26 tutorial ς 7th June 26

Hardware-aware Research at Riverlane

1. M. Shaw, et. al., òLowering Connectivity Requirements for Bivariate Bicycle Codes Using Morphing Circuitsó, PRL 134, 090602 (2025).
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II. Dealing with defective couplers

We can use any qubit as the measurement qubité

Different possible contractions of the stabiliser can help avoid the use of defective couplers.

| QEC26 tutorial ς 7th June 26

Hardware-aware Research at Riverlane
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ACID: Putting these togetheré

1. Deal with defective qubits 2. Deal with defective couplers 3. Find compatible schedules

Using a SAT solver to optimise for 
low depth syndrome extraction 

circuits. 

| QEC26 tutorial ς 7th June 26

Hardware-aware Research at Riverlane
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Degree-6 Qubit connectivity graph Degree-5 Qubit connectivity graph 

The IBM BB code [[144, 12, 12]] on ACID
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ÅA systematic way to design syndrome extraction circuits for arbitrary CSS codes in the 
presence of dropouts.

ÅFuture scope:

ÅCode specific heuristics for improved circuit design, eg. for the BB codes.

ÅCheckout the poster presentation #44 by Stasiu Wolanski on Tuesday for more details!

| QEC26 tutorial ς 7th June 26

Hardware-aware Research at Riverlane

2. Automated Compilation Including Dropouts: Summary

 Stasiu Wolanski, arXiv:2512.01943.
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ÅMotivation: 

ÅColour code: the òmore-bang-for-your-buckó relative of the surface code.

Å Fewer physical qubits for similar LERs.

Å Transversal Clifford operations.

Å Permits magic state cultivation/distillation protocols.

ÅOptimal decoding of the Colour code remained unsolvedé

ÅMark Walters and Mark Turner, arXiv:2603.04234.

ÅReduce the exact colour code decoding problem to 3-SAT, proving it is NP-hard.

ÅKeep calm, and find good heuristics for polynomial-time approximate solutions J

ÅCheckout talk by Mark Walters tomorrow @ 12pm for more details!

| QEC26 tutorial ς 7th June 26

Hardware-aware Research at Riverlane

3. Minimum weight decoding of the colour code is NP-Hard
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Hardware-aware Research
òDeveloping QEC strategies that address and exploit the 

idiosyncrasies of hardwareó

1. Directional 
codes 

3. Colour Code 
Decoding

2. ACID

1. G. P. Geher, et. al., òDirectional Codes: a new family of quantum LDPC codes on hexagonal- and square-grid connectivity hardwareó, arXiv:2507.19430. 

2. S. Wolanski, òAutomated Compilation Including Dropouts: Tolerating Defective Components in Stabiliser Codesó,  arXiv:2512.01943.

3. Mark Walters and Mark Turner, òMinimum Weight Decoding in the Colour code is NP-hardó, arXiv:2603.04234.
| QEC26 tutorial ς 7th June 26

QEC Research at Riverlane: Recap
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Our mission is to make quantum computers useful sooner.

QEC Research

| QEC26 tutorial ς 7th June 26
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Deltakit
An open-source QEC toolkit for researchers 
and companies

| QEC26 tutorial ς 7th June 26
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Our mission is to make quantum computers useful sooner.

QEC Research

| QEC26 tutorial ς 7th June 26
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000 What is needed to compute interesting things?

001 Program generation in Deltakit

010 Deep-dive into a pipeline

011 Ways to improve your code/decoder/implementation/hardware

100 Spoilers

Deltakit

A QEC toolkit for researchers and companies

| QEC26 tutorial ς 7th June 26
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Universal computation in QEC

What it takes to compute?

| QEC26 tutorial ς 7th June 26
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Riverlaneõs software stack

| QEC26 tutorial ς 7th June 26

Simulation

Result analysis
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ÅCompiler architecture (inspired by MLIR)

ÅPython framework (xDSL)

ÅFrom logical programs to control-system 
instructions

Riverlaneõs software stack

Zooming on program generation

| QEC26 tutorial ς 7th June 26



32

What is a compiler?

Data representation(s)

Intermediate Representation (IR): 

Representation of the state of the program at one point 
during the compilation.

Dialect:

Subset of an IR. Ideally small and mutually orthogonal.

Example:

stim.Circuit is an IR that could be decomposed as:

1. gates: for quantum gates (Clifford)

2. struct: for REPEAT blocks

3. det: for detectors

4. obs: for observables

Data transformation(s)

Pass:

Code applied on an IR.

Can modify an IR (optimisation, lowering), or annotate after 
analysis.

Examples:

ÅA pass on det that would try to reduce the average 
number of measurements in each detector.

ÅA pass unrolling REPEAT blocks, removing the struct 
dialect from the IR.

| QEC26 tutorial ς 7th June 26
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Riverlaneõs software stack

Example of a pipeline
?

| QEC26 tutorial ς 7th June 26
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Riverlaneõs software stack

Control-flow awareness
?

| QEC26 tutorial ς 7th June 26

Significant changes

Small changes
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Riverlaneõs software stack

Example of a pipeline on ACID

Wolanski, S., òAutomated Compilation Including Dropouts: Tolerating Defective Components in Stabiliser Codesó, arXiv e-
prints, Art. no. arXiv:2512.01943, 2025. doi:10.48550/arXiv.2512.01943.

| QEC26 tutorial ς 7th June 26

Significant changes

Small changes



36

Riverlaneõs software stack

| QEC26 tutorial ς 7th June 26

Simulation

Result analysis
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Ways to improve performance?

Whatõs the first step?

Error suppression factor ǉ:    ‐θ ɤ ϳLogical error probability (LEP) per round: ᶽ

Benchmarking!
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Ways to improve performance?

How to know what should be improved?

Detector correlation matrixDefect rate

One benchmark per improvable quantity?

| QEC26 tutorial ς 7th June 26


