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Why Quantum Computers?

v Quantum computers provide large speedup 
for problems in material science, machine 
learning, and medicine

Quantum Computers enable solutions to important problems

Molecule and Material Simulations
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Quantum Bits: Background 

Quantum computer use quantum bits (qubits) to encode the information.

Classical BitQuantum Bit
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v State of a Classical Bit
à 1 or 0 two points on sphere 

v State of a Quantum Bit 
à Any point on the sphere



Quantum Instruction: Background 

v Quantum Instructions 
manipulate the state of qubit

à By rotating state vector in the 
Hilbert space  

Quantum Instruction
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Organization of Quantum Computer
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Organization of Quantum Computer

Control Processor -- Interface between Qubits & Programmer
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Todays Quantum Computer 

20mK

Dilution Refrigerator

5 Qubit Chip (IBM)

Ref: IBM Quantum Experience  
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Todays Quantum Computer 

20mK

Dilution Refrigerator
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Ref: IBM Quantum Experience  
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Cryogenic Control Processor
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Cryogenic Control Processor
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Cryogenic Control Processor

Cryogenic Control Processor is essential for scalable Quantum Computer 
(Ref: Cryogenic Control Architecture for Large-Scale Quantum Computing by  Hornibrook et. al)
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Cryogenic Control Processor

Cryogenic Control Processor is essential for scalable Quantum Computer 
(Ref: Cryogenic Control Architecture for Large-Scale Quantum Computing by  Hornibrook et. al)
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Scalable Organization
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Outline

v Background

vProblem à Instruction Bandwidth Bloat due to Error Correction

vDesign à HW managed error correction 

vChallenges

vEvaluation & Conclusion



Quantum bits are fickle 

Even at 20mK, qubits can lose state
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Quantum bits are fickle 

Need Error Correction to protect Quantum bits

Even at 20mK, qubits can lose state
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Quantum Error Correction

v Copying qubits is not allowed 

vMeasurement destroys the qubit state
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Quantum Error Correction

Continuous Quantum Error is essential to protect the state

v Copying qubits is not allowed 

vMeasurement destroys the qubit state

vQuantum Error Correction can protect qubits 
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Programmable Quantum Error Correction 

vDifferent QECC Designed

v New error correction codes à
QECC needs to be programmable

Concatenation 
Code 
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Programmable Quantum Error Correction 

vDifferent QECC Designed

v New error correction codes à
QECC needs to be programmable

v Software managed QECC à
Compiler inserts QECC instructions 
in regular instruction stream

C
os
t

Error Rate

Concatenation 
Code 
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Baseline Architecture
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Can’t use 
i-cache

Problem: Instruction Bandwidth Bottleneck 

v Can’t use i-cache -- delay in 
delivery of QECC instructions 
results in error 
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Can’t use 
i-cache

Problem: Instruction Bandwidth Bottleneck 

v Can’t use i-cache -- delay in 
delivery of QECC instructions 
results in error 

vSW-QECC + no i-cacheà
instruction bandwidth must
scale linearly with number of 
qubits

Instruction Bandwidth bottleneck è 99.99% of instructions are QECC
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QECC Instruction Bandwidth Bloat

v Realistic Quantum workloads 
require substantially large 
number of qubits

vLarge number of qubits à
must support large instruction 
bandwidth

QECC instruction bloat is dominant in all large scale quantum workloads 
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Goal: To enable programmable Quantum Error 
Correction without bandwidth bloat 
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Insight

QECC can be executed independently without any global 
synchronization
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Insight

QECC can be executed independently without any global 
synchronization

QECC is simple enough to manage in hardware using 
programmable microcode
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QuEST Architecture

v MCE continuously issues 
QECC µops from local µcode

Master Controller
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MCE Microarchitecture

QuEST alleviates instruction bandwidth by issuing QECC ops locally
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Microcode Design

Dedicated QECC microcode continuously run QECC

vLogical Microcode à supplies 
logical µops 

vQECC Microcode à supplies 
QECC µops to all qubits

vMask Bits à selects between 
QECC µop and Logical µops
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Microcode Memory Capacity Requirements
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Microcode Memory Capacity Requirements
22

µ-Code C bits Log(N) bits

Microcode memory capacity requirement increase linearly with  no. of qubits

QECC µops

Qubits



Limited Memory Capacity at 4 Kelvin

Ref: Beyond CMOS Superconducting Digital Circuits by MIT Lincoln Labs
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Limited Memory Capacity at 4 Kelvin

Capacity of JJ-based memory is limited

Ref: Beyond CMOS Superconducting Digital Circuits by MIT Lincoln Labs
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Memory Capacity Limits Number of Qubits
24

Capacity of state of the art JJ based Memory 



Memory Capacity Limits Number of Qubits
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4Kb µcode memory can only support about 35 qubits

Capacity of state of the art JJ based Memory 
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Insight- Repetition in QECC Instructions

v QECC have spatially repeating instruction blocks -- Unit Cell
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Insight- Repetition in QECC Instructions

QECC instruction patterns are leveraged to minimize µcode capacity

v QECC have spatially repeating instruction blocks -- Unit Cell

vUnit-Cell µops can generate QECC µops for all the qubits
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Unit-Cell Enables Constant Storage

QECC instruction patterns are leveraged to minimize µcode capacity

Capacity of state of the 
art JJ based Memory 
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QECC instruction patterns are leveraged to minimize µcode capacity

Capacity of state of the 
art JJ based Memory 

27

O(1)



Number of Qubits Serviced  

Microcode can service up to 2000 qubits with 4Kb of microcode
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Evaluations

QuEST reduces global bandwidth demand by seven orders of magnitude 
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