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Unit 3

Building a Quantum Computer — Theoretical Challenges and
Requirements

What is required to build a quantum computer (conceptual overview)?,Fragility of quantum
systems: decoherence, noise, and control, Conditions for a functional quantum system:
Isolation, Error management, Scalability, Stability, Theoretical barriers: Why maintaining
entanglement is difficult, Error correction as a theoretical necessity, Quantum hardware
platforms (brief conceptual comparison),Superconducting circuits, Trapped ions, Photonics,
Visionvs reality: what’s working and what remains elusive, The role of quantum software in

managing theoretical complexities
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3.0 Introduction

Quantum computing represents a revolutionary paradigm shift in the field of computation,
promising exponential speed-ups for specific classes of problems that are infeasible for classical
computers. The given figure 3.1 shows the blueprint for a Practical Quantum
Computer.However, building a functional and scalable quantum computer remains a profound
scientific and engineering challenge. This challenge is rooted not only in technological
constraints but also in deep theoretical issues that must be addressed to harness the full power of
quantum mechanics.

At the heart of a quantum computer lies the qubit — a quantum bit capable of existing in a
superposition of states. While this property enables parallelism and quantum interference, it also
introduces extreme sensitivity to environmental noise and errors. Maintaining quantum
coherence and achieving fault-tolerant computation are among the primary theoretical obstacles.
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Fig 3.1: Blueprint for a Practical Quantum Computer
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Theoretical challenges in building a quantum computer include:

* Quantum Decoherence and Error Correction: Qubits are highly susceptible to decoherence due
to interactions with their environment. Designing error-correcting codes that preserve quantum

information without direct measurement is a critical requirement.

* Qubit Scalability and Connectivity: Developing scalable architectures that support a large
number of qubits, along with efficient inter-qubit connectivity, is essential for executing complex

quantum algorithms.

* Quantum Gate Fidelity: High-precision control of quantum gates and operations is necessary
to ensure reliable computation. Theoretical models must support the design of gates that meet

fault-tolerance thresholds.

* Measurement and Readout: Extracting information from quantum states without disturbing

them significantly poses both theoretical and practical difficulties.

* Universal Quantum Computation: Establishing the minimum set of gates and operations

necessary for universal computation is a key theoretical concern in quantum computer design.

* Physical Implementation Models: Each physical platform — including superconducting qubits,
trapped ions, topological qubits, and photonic systems — has its own theoretical framework and

constraints, which must be rigorously analyzed and optimized.

This topic integrates quantum mechanics, computer science, and information theory to explore
the foundational principles required to construct a working quantum computer. Addressing these
theoretical challenges is vital to transforming quantum computing from a scientific curiosity into

a practical and transformative technology.

3.1 What is required to build a quantum computer (conceptual overview)?

Building a quantum computer is not just about assembling hardware—it's about engineering a
system that can faithfully implement the laws of quantum mechanics while overcoming
significant physical, technical, and theoretical barriers. Unlike classical computers, which

manipulate binary bits using transistors and electrical circuits, quantum computers manipulate
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qubits—quantum bits that rely on phenomena like superposition, entanglement, and interference.
To make this possible, several core requirements must be met, often referred to as the DiVincenzo
Criteria, proposed by quantum physicist David DiVincenzo.

To build a quantum computer, one must design and integrate a highly complex system that
leverages quantum mechanical phenomena to process information. Unlike classical computers
that use binary bits (0 or 1), quantum computers use quantum bits or qubits, which can exist in
multiple states simultaneously due to superposition and entanglement.

Below is a detailed conceptual overview of what is required to build a quantum computer.

3.1.1. Qubits: The Fundamental Building Block
A quantum computer begins with qubits, which are the quantum analogs of classical bits. Qubits
can exist in a superposition of 0 and 1 and can be entangled with other qubits, enabling powerful
computational capabilities.
Types of physical implementations of qubits:

e Superconducting circuits (e.g., IBM, Google)

e Trapped ions (e.g., lonQ, Honeywell)

e Photons (optical qubits)

e Topological qubits (still theoretical)

e Quantum dots or spin-based qubits

3.1.2. Initialization and Control
Qubits must be initialized to a known state (typically |0)) before computation begins. Reliable
control over qubits using external signals (microwaves, lasers, or magnetic fields) is essential to
manipulate their quantum states for logic operations.
Key requirements:

e Precise quantum gate operations (single-qubit and two-qubit gates)

e Low noise and minimal external interference

e High-speed control and synchronization mechanisms

3.1.3. Quantum Gates and Circuits
Quantum logic gates operate on qubits and are the building blocks of quantum circuits. Common
quantum gates include:

e Pauli gates (X, Y, 2)

e Hadamard gate (H)
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e Phase gates (S, T)
e Controlled-NOT (CNOT) gate

To perform algorithms, these gates are combined into quantum circuits following the rules of

unitary evolution governed by quantum mechanics.

3.1.4. Quantum Coherence and Decoherence Management
Coherence refers to the ability of a quantum system to maintain its quantum state over time.
Decoherence is the loss of this property due to environmental noise and interactions.
Challenges:

e Qubits must have long coherence times.

e Isolation from the environment is crucial.

e Use of cryogenics (e.g., dilution refrigerators) to reduce thermal noise in some systems.

3.1.5. Quantum Error Correction
Because quantum systems are fragile and prone to errors, error correction is vital for practical
quantum computing. Quantum error-correcting codes (QECCs) protect information without
measuring it directly.
Common approaches:

e Shor code

e Surface codes

e Concatenated codes
Requirements:

e Redundant encoding of logical qubits into multiple physical qubits

e Frequent error syndrome measurement

e Fault-tolerant implementation of gates

3.1.6. Scalability
A universal quantum computer must scale to hundreds or thousands of qubits. This involves:

e Modular design of qubit systems
¢ Inter-qubit connectivity (nearest-neighbor or all-to-all coupling)

e Integration with control electronics and hardware
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3.1.7. Readout and Measurement
At the end of a quantum computation, the final quantum state must be measured to obtain
classical output. Measurement needs:

e High-fidelity and fast measurement techniques

e Minimal disturbance to unmeasured qubits (in mid-circuit measurement scenarios)

e Repeated measurements for probabilistic outputs

3.1.8. Quantum Software and Algorithms
Quantum algorithms exploit the unique features of quantum mechanics to solve problems more
efficiently than classical algorithms.
Examples:
e Shor’s algorithm for factoring
e Grover’s algorithm for search
e Quantum simulations for chemistry and materials science
A high-level software stack is required for:
e Programming (using languages like Qiskit, Cirg, or Q#)
e Compilation into low-level quantum gates

e Error-aware execution and scheduling

3.1.9. Quantum Hardware Infrastructure
To physically implement the above components, extensive infrastructure is needed:
e Cryogenic systems (especially for superconducting qubits)
e Vacuum systems (for ion trap qubits)
e Lasers, microwave generators, and optical systems
e High-speed electronics and classical co-processors

e Shielding from electromagnetic interference

3.1.10. Integration and Control Architecture

An orchestrated control system must:
e Coordinate qubit initialization, gate operations, and measurements
e Handle timing synchronization and feedback

e Interface classical and quantum components in hybrid architectures
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3.1.11. Validation and Verification
Because of the probabilistic nature of quantum computation, verifying correctness is non-trivial.
Techniques include:

e Tomography (quantum state/process)

e Benchmarking (randomized or cross-entropy)

e Classical simulation of small quantum systems for comparison

3.1.12. Quantum Networking (for future scaling)
In distributed quantum computing or quantum internet settings, entanglement between qubits
across different machines will be necessary. This requires:

e Quantum repeaters

e Entanglement swapping and purification protocols

e Quantum communication interfaces (quantum teleportation)

To build a quantum computer, we must combine:
A physical platform to store and process qubits, Tools for initializing, controlling, and
measuring them, Methods for preserving quantum states long enough to compute, and

robust systems for error correction and fault tolerance

It’s a deeply interdisciplinary effort, involving physics, electrical engineering, computer science,
and materials science. Only by integrating all these elements can we move from small test
systems to powerful, large-scale quantum computers capable of solving the world’s hardest

problems.

1. Scalable Physical System with Qubits

The most basic requirement is a physical system that can represent qubits. These qubits can be
realized using trapped ions, superconducting circuits, quantum dots, photons, or atoms. The
system must be scalable, meaning that we can increase the number of qubits without losing
control or coherence. Scalability is crucial because real-world problems often require hundreds

to millions of qubits, and managing their states becomes exponentially more complex.
2. Initialization of Qubits to a Known State

Before computation begins, all qubits must be reliably initialized to a known reference state,

typically |0). This is similar to resetting classical memory before use. In quantum systems,
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initialization can be challenging due to thermal noise and environmental interactions, so the

system must be cooled or isolated to ensure clean starting states.

3. Long Coherence Time

Coherence refers to the ability of qubits to maintain their quantum state over time. The longer a
qubit remains coherent, the more complex computations it can perform. Unfortunately, quantum
states are extremely fragile and prone to decoherence—Iloss of quantum behavior due to
interaction with the environment. Building systems with long coherence times requires shielding,

cooling, and highly stable hardware components.

4. Universal Set of Quantum Gates

A guantum computer must be able to apply a universal set of quantum logic gates to manipulate
qubits. These gates are the building blocks of quantum circuits, just like AND/OR/NOT gates in
classical circuits. Essential gates include single-qubit gates (like the Hadamard and Pauli-X) and
multi-qubit gates (like the CNOT gate) that enable entanglement. Together, they must be able to

perform any quantum computation.

5. Qubit-Specific Measurement

After quantum computation, the result must be read out by measuring the qubits. This
measurement collapses the qubits into classical 0 or 1 values. It is vital that each qubit can be
measured individually, reliably, and without disturbing others. High-fidelity measurement is

essential for accurate output.

6. Quantum Error Correction

Due to the fragile nature of quantum states, errors are inevitable. However, unlike classical errors,
quantum errors involve not just flipping bits but also changing phases. Quantum error correction
(QEC) techniques are essential to protect against decoherence and operational errors.
Implementing QEC requires encoding logical qubits into groups of physical qubits and

detecting/correcting errors without collapsing the quantum state.

7. Control and Interconnects

Quantum computers require precise control systems to manipulate qubits with microwaves,
lasers, or magnetic fields. The architecture must include high-speed control electronics and
low-noise communication channels between qubits. As systems grow in size, creating efficient

interconnects and control networks becomes even more challenging.
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8. Fault-Tolerance and Scalability

A practical qguantum computer must be fault-tolerant, meaning it can perform long computations
even when some components fail or introduce errors. This involves building redundancy into
both the physical qubits and control logic. It also means the architecture should scale from small

labs to commercial-grade machines without degradation in performance or reliability.

3.2. Fragility of quantum systems:

Quantum systems, the foundation of quantum computing and quantum information science, are
governed by the principles of quantum mechanics—namely superposition, entanglement, and
coherence. These properties enable quantum computers to process information in powerful new
ways. However, quantum systems are inherently fragile, meaning they are highly sensitive to

external disturbances, environmental interactions, and imperfections in control mechanisms.

The fragility of quantum systems is one of the most critical challenges in realizing practical
quantum computing. Tiny interactions with the environment can destroy the delicate quantum
states—an effect known as decoherence. Moreover, even small inaccuracies in quantum gate
operations or fluctuations in temperature or electromagnetic fields can introduce errors. Because
quantum information cannot be cloned (as per the no-cloning theorem), standard redundancy and

error-handling technigues from classical computing do not apply directly.

This fragility necessitates stringent control over qubit environments, high-fidelity operations, and
the development of sophisticated quantum error correction strategies. Understanding and
mitigating the fragility of quantum systems is central to building stable, scalable, and fault-

tolerant quantum technologies.

3.2.1 Decoherence

Decoherence is one of the most fundamental and problematic challenges in quantum computing.
It refers to the process by which a quantum system loses its quantum mechanical properties—
particularly superposition and entanglement—due to interactions with the surrounding
environment. In theory, a qubit can exist in a coherent superposition of both 0 and 1, allowing
guantum computers to perform complex parallel calculations. However, in practice, qubits are
never completely isolated. They interact with stray electromagnetic fields, nearby particles,

thermal energy, and even cosmic radiation. These tiny interactions disturb the quantum state,
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forcing it to "collapse™ into a definite classical state, destroying the computation. Unlike classical
bits, which are stable under most conditions, qubits are fragile and highly sensitive. The
timeframe during which a qubit retains its coherence is known as the coherence time, and this is
often very short—ranging from microseconds to milliseconds depending on the hardware. The
shorter the coherence time, the fewer quantum operations (gates) can be performed reliably.
Extending coherence time is one of the central goals of quantum hardware design, and it requires
extreme isolation techniques, cryogenic temperatures, and highly pure materials. Until
decoherence is significantly minimized or managed with effective quantum error correction,
building large-scale, reliable quantum computers will remain a formidable task.

Decoherence is the process by which a quantum system loses its quantum behavior and begins

to behave classically due to interactions with its environment.

For example, if a qubit in superposition |0) + |1) interacts with a photon, it may end up in either
|0) or |1), destroying the computation. Mathematically, decoherence is modeled as the decay of
off-diagonal terms in the system’s density matrix.

Common types of decoherence:

Dephasing (loss of relative phase between |0) and |1))

Amplitude damping (loss of energy from excited to ground state)

Decoherence Time (T2): The characteristic time over which a qubit remains coherent. Longer

T2 times are desirable for computation.

Bit Flip

Phase Flip

|1

Fig3.2: Quantum decoherence as characterized by bit-flips and phase-flips

3.2.2 Quantum Noise: The Enemy of Accuracy
Closely related to decoherence is the concept of quantum noise, which refers to unwanted and
random variations in a quantum system that introduce errors during computations. In classical

systems, noise often manifests as minor fluctuations in voltage or current, which can be filtered
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or tolerated due to the digital nature of classical bits. But quantum systems, operating at the level
of probability amplitudes, are far more susceptible. Noise can arise from imperfections in the
material, inconsistencies in control pulses, or environmental vibrations and electromagnetic
interference. In a quantum processor, even tiny noise levels can cause bit-flip errors (where |0)
becomes |1) or vice versa) or phase-flip errors (which affect the relative phase between |0) and

|1)). These errors accumulate rapidly and can destroy the accuracy of a computation.

Encoding Decoding
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Fig3.3: Noise in Quantum Computing
What makes quantum noise particularly challenging is that it is often difficult to detect and
correct due to the no-cloning theorem, which prevents copying of an unknown quantum state.
Moreover, every physical implementation of a quantum computer—Dbe it superconducting qubits,
trapped ions, or photonic systems—has its own unique noise characteristics. Understanding,
modeling, and mitigating noise is essential for increasing fidelity in quantum gates and improving
overall system reliability. Advanced error correction codes like the surface code aim to
counteract noise, but they require a large number of physical qubits to protect just a few logical

qubits, further emphasizing how deeply quantum noise constrains system design.

Noise refers to any unwanted disturbance that affects the state of a quantum system.
Types of quantum noise include:

a) Thermal Noise:

Caused by fluctuations in temperature.

Can cause qubits to flip randomly (bit-flip errors) or change phase (phase-flip errors).
b) Gate Noise:

Arises from imprecise control over quantum gates.

Imperfect calibration leads to small but accumulating errors during gate operations.
c) Measurement Noise:

Occurs when reading out the quantum state.

Detectors may misidentify the qubit state due to limitations in resolution or interference.
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d) Crosstalk:
When operations on one qubit unintentionally affect another nearby qubit.
Noise models are often described using quantum channels such as:

e Bit-flip channel

e Phase-flip channel

e Depolarizing channel

Quantum systems are highly susceptible to noise due to their continuous, analog nature and the

lack of built-in error correction as in classical digital systems.

3.2.3 Control: The Precision Engineering of Quantum Gates

Operating a quantum computer demands extraordinary precision in control systems, far beyond
what is typically required for classical machines. Qubits are manipulated using finely tuned
electromagnetic pulses—such as microwave signals in superconducting qubits or laser beams in
trapped ions—to perform quantum gate operations. These gates must rotate the quantum state
precisely on the Bloch sphere, which geometrically represents the state of a qubit. Even the
slightest error in timing, amplitude, or phase of these control pulses can result in the qubit
deviating from the intended path, leading to computational errors. In classical systems, slight
inaccuracies may go unnoticed due to their binary nature; however, quantum systems demand
continuous, analogy precision, where even a minor fluctuation can ruin a quantum operation.

Additionally, as the number of qubits increases, the complexity of their interactions also rises.

Control systems must not only address individual qubits but also coordinate entanglement
operations between multiple qubits—often requiring synchronization at the nanosecond scale.
Any crosstalk, unintended coupling, or thermal noise in control lines can introduce correlated
errors. Developing scalable and accurate quantum control hardware—such as low-noise signal
generators, error-resilient pulse sequences, and high-speed electronics—is one of the most active
areas in quantum engineering. Without ultra-precise control, even a perfect theoretical algorithm

cannot be reliably executed on real hardware.

Controlling quantum systems with high precision is extremely difficult and crucial for reliable
computation.

Control challenges include:
a) Precision Requirements:
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e Quantum gates must operate at near-perfect fidelity.
e Even tiny inaccuracies can cause errors that propagate throughout a quantum circuit.

b) Timing and Synchronization:

o Operations must be perfectly timed to avoid decoherence or errors.
o Delays or jitter can desynchronize qubits and destroy quantum correlations.

c) Isolation vs. Accessibility:

e Qubits must be isolated from environmental noise but accessible for operations and
measurements.
e This duality is difficult to achieve and maintain.

d) Scalability:

e As the number of qubits increases, maintaining uniform control and minimizing cross-
qubit interference becomes exponentially more difficult.

3.3 Conditions for a functional quantum system:

To build a functional quantum system—especially for quantum computing—a number of stringent
conditions must be met. These are often summarized as the DiVincenzo Criteria, proposed by physicist
David DiVincenzo, which outline the fundamental requirements for a practical quantum computer.

Here’s a comprehensive breakdown of the key conditions for a functional quantum system:

1. Well-defined Qubits
A quantum system must have clearly defined two-level quantum states that act as qubits (quantum bits).
These states (e.g., |0) and |1)) must be distinguishable and controllable.
Examples: Spin states of an electron, energy levels of an ion, superconducting loops.
2. Initialization of Qubits
The system must be able to reliably prepare all qubits in a known initial state, typically |0).
Initialization is crucial for consistent quantum algorithm execution.
3. Long Coherence Time
Qubits must maintain their quantum state (coherence) long enough to perform computations.
Coherence time (T2) must be significantly longer than the time it takes to perform quantum gate
operations.
High coherence ensures the integrity of superposition and entanglement.
4, Universal Set of Quantum Gates
The system must support a set of quantum gates that can perform arbitrary operations on qubits.
This usually includes:
¢ Single-qubit gates (e.g., Hadamard, Pauli-X)
e At least one entangling two-qubit gate (e.g., CNOT)

Together, these gates must form a universal set, enabling the construction of any quantum algorithm.
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5. Qubit-Specific Measurement Capability

It must be possible to measure the state of individual qubits without disturbing others.

Measurement should yield reliable classical outcomes corresponding to quantum basis states.

6. Scalable Architecture

The system must allow for the integration of many qubits (tens to thousands or more) without excessive
overhead or noise.

Scalability involves both hardware and control systems, requiring modularity and fault-tolerance.

7. Qubit Interconnectivity

Qubits must be able to interact with specific others (not necessarily all), enabling entanglement and two-
qubit gates.

Efficient connectivity is essential for implementing quantum algorithms and error correction.

8. Error Correction and Fault Tolerance

The system must support quantum error correction to counteract decoherence and noise.

Error correction requires additional qubits (logical qubits encoded in many physical ones) and complex
operations.

9. Reproducible and Controllable Quantum Dynamics

All quantum operations (initialization, gates, measurements) must be precisely reproducible and
controllable.

Gate fidelities must be extremely high (typically >99.9% for fault-tolerant thresholds).

10. Interface for Input and Output

The system should be able to take classical inputs, execute quantum instructions, and return classical
outputs after quantum measurements.

This involves control electronics, classical computers, and user interfaces.

3.3.1 Isolation: Shielding Qubits from the World

Isolation is one of the most fundamental prerequisites for a functional quantum system. Qubits
must be completely isolated from environmental disturbances in order to maintain their fragile
quantum states. Even the tiniest interaction with the outside world—such as stray
electromagnetic waves, temperature fluctuations, air molecules, or mechanical vibrations—can
cause the qubit to lose coherence, the key property that enables quantum superposition and
entanglement. This process, known as decoherence, is the primary threat to accurate quantum
computation.

To combat this, quantum systems are built in highly controlled environments: ultra-high vacuum
chambers, cryogenic systems operating near absolute zero, and magnetically shielded rooms. For
example, superconducting qubits are kept at millikelvin temperatures using dilution refrigerators
to eliminate thermal energy, while trapped-ion systems are held in electromagnetic fields within

vacuum chambers to prevent collisions. Without such extreme isolation, qubits would interact
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with external noise and collapse into classical states, making quantum computation unreliable or

impossible.

3.3.2 Error Management: Handling the Fragility of Quantum Information

Error management in quantum systems is significantly more complex than in classical systems
due to the nature of quantum information. In classical computing, errors like bit-flips can often
be corrected using redundancy and parity checks. In contrast, quantum errors involve more than
just flipping bits—they include phase errors, amplitude damping, and crosstalk, all of which must
be detected and corrected without measuring or collapsing the quantum state.

This is where Quantum Error Correction (QEC) comes into play. QEC encodes a single logical
qubit across multiple physical qubits, allowing the system to detect and correct errors by
measuring ancillary qubits without directly disturbing the encoded quantum information. One
popular method is the surface code, which provides robustness against local errors and is scalable
for large systems. However, implementing error correction requires a large overhead: to protect
a single logical qubit, dozens to hundreds of physical qubits may be needed. The goal of error
management is to reach the fault-tolerant threshold, where the rate of error correction exceeds

the rate of error occurrence, allowing quantum algorithms to run reliably for extended periods.

3.3.3 Scalability: From a Few Qubits to Millions

Scalability is the bridge between experimental quantum computers and useful, industry-grade
guantum machines. Current quantum computers can control a few dozen to a few hundred qubits,
but solving real-world problems—Ilike breaking RSA encryption or simulating complex
molecules—may require thousands to millions of qubits. To scale quantum systems to this level,
the entire architecture must be designed to support modular, repeatable, and interconnected qubit
arrays.

This means the hardware, control electronics, error correction protocols, and communication
interfaces must be extensible without exponential increases in complexity or cost. One of the
challenges in scaling is that as the number of qubits grows, so does the cross-talk between them,
making control more difficult. Moreover, physical space, cooling infrastructure, and signal
routing become bottlenecks. Technologies like quantum interconnects, quantum buses, and
distributed quantum computing (where multiple quantum processors are networked) are being
explored to overcome these limitations. A scalable quantum system must not only add more

qubits, but also maintain their fidelity, coherence, and manageability as the system grows.

68



3.3.4 Stability: Ensuring Long-Term Reliability and Repeatability

Stability is the foundation upon which quantum computing must rest if it is to become
commercially viable and widely adopted. A functional quantum system must not just perform
one accurate computation—it must consistently deliver high-fidelity results across repeated
operations, over extended time periods, and under varying physical conditions. This requires both
physical stability of the hardware and logical stability of the quantum operations. Physical
stability involves minimizing thermal drift, vibrations, and electromagnetic fluctuations, all of
which can disturb the qubit environment.

Logical stability, on the other hand, demands that quantum gates behave predictably and
reproducibly with minimal error, despite operating in a probabilistic framework. Stabilizing a
guantum system also includes managing long-term degradation of materials, maintaining
calibration of control systems, and implementing feedback loops to self-correct errors or drifts.
Without stability, quantum systems cannot scale up, remain useful, or be trusted to run complex
algorithms—making it a non-negotiable requirement in the roadmap toward fault-tolerant, large-

scale quantum computing.

3.4 Theoretical barriers

Building a functional, scalable, and reliable quantum computer involves not just engineering
challenges, but also profound theoretical barriers that stem from the fundamental nature of
guantum mechanics.

3.4.1 Why Maintaining Entanglement Is Difficult

Entanglement is a cornerstone of quantum computing—allowing qubits to be deeply correlated in ways
that classical bits can never be. However, maintaining entanglement between qubits is one of the most
fragile and technically demanding aspects of building a quantum computer. Entangled states are highly
sensitive to external disturbances, such as temperature fluctuations, magnetic fields, or even atomic
vibrations. Any slight interaction with the environment can cause decoherence, breaking the delicate
correlations and rendering the entangled state useless.

Moreover, the more qubits you entangle, the harder it becomes to keep them stable over time and across
physical distance. Entanglement also requires precise synchronization between qubits, often involving
laser pulses, microwave signals, or magnetic fields that must be coordinated to near perfection. This
precision becomes increasingly difficult to maintain in large systems, leading to a loss of fidelity in
guantum operations. From a theoretical standpoint, entanglement must persist long enough to be used in

computation, communication, or measurement, which places a massive burden on system design,
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shielding, error correction, and control mechanisms. Without reliably maintaining entanglement, the very

foundation of quantum computing collapses.

3.4.2 Error Correction as a Theoretical Necessity

Unlike classical systems where error rates are minimal and redundancy can be added with simple
checks, quantum systems suffer frequent and subtle errors that cannot be addressed through
traditional means. Qubits can experience not only bit-flip errors but also phase-flip and combined
errors, due to the probabilistic nature of quantum mechanics. Compounding the issue is the no-
cloning theorem, which states that unknown quantum states cannot be copied—so we cannot
simply replicate data to safeguard it. As a result, quantum error correction (QEC) is not a
luxury—it is a theoretical necessity.

QEC codes such as the Shor code, Steane code, and surface codes work by encoding a logical
qubit into multiple physical qubits in a way that errors can be detected and corrected indirectly,
without collapsing the quantum state. However, implementing QEC comes with massive
overhead—sometimes requiring dozens or hundreds of physical qubits for a single logical qubit.
This introduces significant complexity and resource demands, pushing the limits of hardware and
control systems. From a theoretical standpoint, fault-tolerant gquantum computing—where
computations can proceed indefinitely despite the presence of noise and imperfections—is only
achievable through robust and scalable error correction, making it a foundational element of any

future quantum architecture.

3.4.3 Quantum Hardware Platforms (Brief Conceptual Comparison)

There is no single way to build a quantum computer, and several hardware platforms have emerged, each
with distinct theoretical advantages and practical limitations. The three most prominent approaches are
superconducting circuits, trapped ions, and photonic systems. Superconducting qubits, used by companies
like Google and IBM, are built on electrical circuits that operate at extremely low temperatures to
eliminate resistance. They offer fast gate speeds and are compatible with existing semiconductor
technologies, but suffer from short coherence times and significant control complexity. Trapped ions,
used by lonQ and Honeywell, involve storing individual atoms in electromagnetic fields and manipulating
them with lasers.

These systems have long coherence times and extremely high fidelity, but gate operations are slower and
the system is harder to scale due to the complexity of ion control. Photonic systems, being explored by
Xanadu and PsiQuantum, use particles of light (photons) as qubits. They are naturally robust to
environmental noise and excellent for quantum communication, but face challenges in generating and
interacting photons on demand. Each platform has theoretical implications regarding scalability,
coherence, speed, and connectivity, and ongoing research continues to refine which approach—or

combination—will lead to practical, universal quantum computing.
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3.4.4 Superconducting Circuits

Superconducting circuits are perhaps the most commercially mature quantum hardware platform
to date. They use tiny loops of superconducting materials cooled to near absolute zero, where
they exhibit zero electrical resistance and allow quantum effects like superposition and
entanglement to emerge. Qubits in this system are known as transmons, and they are manipulated
using microwave pulses. These systems are attractive because they are relatively fast, can be
fabricated using existing chip-making technologies, and are easily integrated with classical
electronics.

However, they have short coherence times (typically microseconds), meaning operations must
be performed quickly before the qubits lose their quantum behavior. Furthermore, maintaining
the cryogenic environment requires complex and costly infrastructure. Superconducting systems
are also susceptible to crosstalk and noise, which increases with the number of qubits. Despite
these challenges, they remain a leading contender in the race toward scalable quantum
processors, especially due to the rapid improvements being made in error correction and qubit

coherence.

3.4.5 Trapped lons
Trapped ion quantum computers use charged atoms (ions) suspended in electromagnetic fields as qubits.
These ions are isolated in ultra-high vacuum chambers and manipulated using precisely tuned laser beams.
One of the biggest theoretical advantages of trapped ions is their exceptionally long coherence times,
sometimes exceeding seconds or even minutes, which is orders of magnitude longer than superconducting
qubits. Additionally, all qubits in a trapped ion system are naturally identical, reducing variability and
improving error correction. Gate operations are highly accurate, and entanglement between ions is
relatively straightforward to create.

However, trapped ion systems are slower in operation—gates can take microseconds to milliseconds—
and become increasingly hard to control as the number of ions increases. The complexity of laser control
systems and the physical footprint of the apparatus make large-scale deployment challenging. Still, their
high fidelity and predictable behavior make them a favorite for small- to medium-scale fault-tolerant

guantum systems.

3.4.6 Photonics

Photonic quantum computing uses light particles (photons) as qubits, which makes them uniquely suited
for quantum communication and networking. Photons are naturally immune to many environmental
disturbances that affect matter-based qubits, giving them an inherent robustness to noise and decoherence.

Quantum information is typically encoded in properties like polarization, phase, or path of the photons.
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Because photons travel at the speed of light, photonic systems promise extremely fast communication,
making them ideal for building the quantum internet. However, photonic quantum computing also faces
significant challenges. Generating single photons on demand, routing them precisely through optical
circuits, and making them interact to perform logic gates require highly advanced technologies.

Unlike ions or superconducting qubits, photons do not naturally interact, so nonlinear optical components
or measurement-based schemes are needed to perform two-qubit gates. Despite these hurdles, advances
in integrated photonics and optical chips are making photonic quantum systems increasingly viable. Their
ability to operate at room temperature and interface with fiber-optic networks gives them a distinct edge

for scalable communication-focused quantum applications.

3.5 Vision vs. Reality

3.5.1 What’s Working and What Remains Elusive

The vision of quantum computing promises breakthroughs in areas like cryptography, material science,
machine learning, optimization, and secure communication. In theory, quantum computers can solve
problems that are intractable for classical machines, such as factoring large integers in polynomial time
(via Shor’s algorithm) or searching unstructured databases in square-root time (via Grover’s algorithm).
The ultimate vision is the development of universal, fault-tolerant, scalable quantum computers capable
of transforming entire industries—achieving so-called quantum advantage or even quantum supremacy
in practical tasks.

However, the reality today is far more constrained. Although there has been significant progress—maost
notably Google's demonstration of quantum supremacy in 2019 (where their quantum processor
completed a task in minutes that would take a classical supercomputer days)—these achievements are still
largely academic or proof-of-concept in nature. Current quantum devices are known as Noisy
Intermediate-Scale Quantum (N1SQ) systems. They typically consist of tens to a few hundred qubits, are
error-prone, and lack the fault-tolerance required for large-scale applications. Problems like decoherence,
error rates, limited qubit connectivity, and short coherence times still limit their utility.

Furthermore, most real-world problems require high-fidelity qubits in the thousands, if not millions—
something today’s hardware is far from achieving. Scalability, reliability, and robust error correction
remain elusive. Additionally, while gquantum algorithms theoretically outperform classical ones, they
often require thousands of perfect gate operations—currently impossible on today's hardware. Therefore,
although the foundational concepts have been validated, practical, industry-relevant quantum applications
are still largely out of reach. The field is progressing fast, but the gap between visionary expectations and

current technological maturity is still substantial.
3.5.2 The Role of Quantum Software in Managing Theoretical Complexities
While hardware development is essential, quantum software plays an equally critical role in

bridging the gap between theoretical quantum algorithms and practical implementation. Quantum
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software addresses the inherent complexities of quantum computation—such as encoding
algorithms into hardware-specific instructions, managing noise, optimizing gate sequences, and
handling quantum-classical hybrid models. These complexities arise from the very nature of
quantum information: it is non-intuitive, probabilistic, and fragile, requiring entirely new
programming paradigms.

Quantum software platforms like Qiskit (IBM), Cirg (Google), Ocean (D-Wave), and PennyLane
(Xanadu) allow researchers and developers to write and simulate quantum algorithms in high-
level programming languages. These frameworks handle low-level tasks like gate
decomposition, qubit mapping, and error mitigation, making quantum computing more
accessible. They also support hybrid quantum-classical algorithms like the Variational Quantum
Eigensolver (VQE) and Quantum Approximate Optimization Algorithm (QAOA), which are
particularly suitable for NISQ-era devices.

Moreover, quantum software plays a vital role in quantum error correction—designing codes that
detect and correct errors while preserving entanglement and superposition. It also assists in
compilation and transpiration, converting abstract algorithms into hardware-specific instructions
that account for connectivity constraints, coherence times, and gate fidelity. As quantum systems
scale up, software will be central to orchestrating parallel qubit operations, managing quantum
resources, and ensuring system stability.

In essence, quantum software is not just a support tool—it is a core enabler of quantum
computation, helping manage the complexities that come from both the theory and the limitations
of physical systems. It transforms quantum computers from abstract theoretical models into
usable, programmable machines and will continue to play a pivotal role as the technology

matures.
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