~ Y International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

A Survey on Quantum Computing
Architectures: Implications for Electrical Circuit
Design and Optimization

Rishaan Bhatia

Student, Daly College

Abstract:

Quantum computing, a paradigm shift with the potential to revolutionize fields ranging from cryptography
to optimization, is rapidly evolving. This survey delves into the key quantum computing architectures—
gate-based and quantum annealing—and their profound impact on circuit design and optimization. Gate-
based systems, such as those utilizing superconducting qubits and trapped ions, offer versatile platforms
capable of executing a broad array of quantum algorithms. However, they present unique challenges for
circuit designers, including noise sensitivity, scalability, and the need for complex error correction circuits.
Quantum annealing, exemplified by D-Wave systems, offers a more specialized approach to solving
optimization problems, requiring distinct circuit design considerations focused on energy efficiency and
coherence preservation.This paper reviews the foundational research on these architectures, compares
their respective design challenges, and examines the optimization techniques that have emerged in
response to these challenges. Gate count reduction, error correction, and hybrid quantum-classical
methods are highlighted as key approaches for improving circuit efficiency and scalability in quantum
systems. Furthermore, this survey emphasizes the importance of interdisciplinary collaboration between
quantum physicists, electrical engineers, and computer scientists to address the complex challenges
associated with quantum circuit design. By combining expertise from these fields, researchers can develop
innovative solutions that bridge the gap between theoretical concepts and practical hardware
implementations. Ultimately, this survey underscores the need for continued innovation at the intersection
of quantum computing and electrical engineering, as researchers strive to overcome current limitations
and develop practical, large-scale quantum systems that can harness the full potential of this revolutionary
technology.

1. Introduction

Quantum computing represents a paradigm shift in how computation is performed, offering immense
potential in solving complex problems that are intractable for classical computers. With the ability to
perform computations using quantum bits (qubits), which can exist in superposition states, quantum
computers have the potential to revolutionize fields like cryptography, optimization, drug discovery, and
materials science. As the field progresses, one of the critical areas of interest is how different quantum
computing architectures impact other engineering domains, particularly electrical circuit design and
optimization.

Electrical circuit design has been a cornerstone of classical computing for decades, governed by well-
established principles and optimization techniques. Classical circuits are based on binary logic, where
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transistors serve as the basic building blocks. These circuits are designed for efficiency, power
management, and error minimization. With the rise of quantum computing, traditional circuit design faces
new challenges and opportunities, as quantum computers require different approaches for circuit layout,
error correction, and overall system optimization. Quantum architectures, which deviate significantly from
classical ones, present unique challenges in circuit design, ranging from noise control to qubit
connectivity.

The key motivation behind this survey is the growing need to understand how quantum computing
architectures can shape the future of electrical circuit design and optimization. Quantum architectures are
not monolithic; they come in different forms, each with distinct characteristics and implications for circuit
designers. The most prominent architectures include gate-based quantum computing, quantum annealing,
and topological quantum computing. Each of these architectures has different hardware requirements,
error tolerance thresholds, and operational efficiencies, all of which affect how circuits are designed and
optimized for quantum applications.

Gate-based quantum computing is currently the most widely researched architecture, featuring qubits that
can perform logical operations via quantum gates. These gates operate under quantum mechanical
principles, introducing challenges such as decoherence and noise, which require innovative circuit designs
that can support high-fidelity quantum operations. On the other hand, quantum annealing, popularized by
D-Wave systems, focuses on solving optimization problems by exploiting quantum tunneling,
necessitating circuits that are optimized for energy minimization. Meanwhile, topological quantum
computing promises greater stability and fault tolerance by using anyons—quasiparticles that exist in two
dimensions—but requires highly specialized circuit designs that are still largely theoretical.

This survey aims to explore these quantum architectures, identifying their implications for electrical circuit
design and optimization. By examining the differences between gate-based systems, quantum annealers,
and topological systems, this paper will assess how each architecture influences design decisions such as
layout, scalability, power consumption, and error correction.

Furthermore, while quantum computing holds great promise, many challenges remain, particularly in the
development of circuits that can harness the full potential of quantum systems. Error rates, coherence
times, and scalability issues continue to pose significant hurdles, making it crucial for electrical engineers
to adapt and innovate new design methodologies.

In the following sections, we will provide a comprehensive review of the existing literature on quantum
computing architectures, discuss their implications for electrical circuit design, and highlight the
challenges and opportunities that arise from integrating quantum computing into modern electrical
engineering practices.

2. Literature Review

Quantum computing, as an evolving field, has garnered significant research attention, particularly in the
context of its architectures and their impact on classical engineering domains like electrical circuit design.
The following review examines the key studies in quantum computing architectures, their influence on
electrical circuit design, and the ongoing challenges in this interdisciplinary space.

2.1 Research on Quantum Computing Architectures

The foundation of any quantum system lies in its architecture, which dictates how quantum computations
are performed and how these systems interact with physical hardware.

e Gate-Based Quantum Computing: Gate-based quantum computing has emerged as the most well-

IJFMR240529088 Volume 6, Issue 5, September-October 2024 2



https://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

studied quantum architecture, largely because of its versatility and ability to support various quantum
algorithms, including Shor’s and Grover’s algorithms. Researchers such as Nielsen and Chuang (2000)
have provided foundational works on quantum gates and circuits, discussing how quantum systems
utilize qubits to perform computations that outpace classical systems in certain applications.
Superconducting qubits, as demonstrated by IBM’s Quantum Experience and Google’s Sycamore,
have been pivotal in scaling gate-based quantum systems. According to Arute et al. (2019), gate-based
systems have achieved “quantum supremacy,” yet challenges remain in error correction and the
integration of reliable circuits that can handle high levels of noise and decoherence.

Quantum Annealing: Quantum annealing, exemplified by D-Wave systems, has focused on solving
optimization problems by finding the ground state of a quantum system. As documented by Johnson
et al. (2011), quantum annealers are particularly useful in tasks that can be mapped to energy
minimization problems, such as those found in electrical circuit design. However, as discussed by
Hauke et al. (2020), quantum annealing is more specialized compared to gate-based systems and has
limitations when applied to broader computational tasks. The design of circuits that leverage quantum
annealing principles often focuses on minimizing energy loss and controlling qubit connectivity,
making it a vital area for future research in circuit optimization.

Topological Quantum Computing: Topological quantum computing, still in its early stages,
promises robust error correction and fault-tolerant quantum computation. Kitaev (2003) introduced
the concept of using anyons for computation, a method that protects information from noise by
encoding it in topological states. According to Nayak et al. (2008), topological systems offer
significant advantages in terms of error rates, but current hardware implementations are limited. From
a circuit design perspective, topological quantum computers could drastically reduce the need for
complex error correction circuits, but practical implementations are yet to be realized.

2.2 Impact of Quantum Architectures on Electrical Circuit Design

Quantum computing architectures, by their nature, have profound implications for how electrical circuits
are designed and optimized. Researchers have begun exploring how quantum circuits differ from classical
ones and the modifications required to make them feasible.

Circuit Design for Gate-Based Systems: Traditional circuit design relies on well-established
Boolean logic, but quantum circuits operate on entirely different principles. According to Svore et al.
(2018), circuits for gate-based quantum computers must accommodate qubits' need for coherence and
isolation from external noise. This has led to the development of advanced qubit control systems,
cryogenic electronics, and low-latency feedback loops for error correction. Classical circuits designed
for digital logic must be significantly rethought when applied to quantum processors. Researchers like
Ghosh et al. (2021) have explored the challenges of scaling these circuits for larger quantum systems,
particularly in terms of power management and interconnectivity between qubits.

Optimization Techniques for Quantum Circuits: Quantum circuit optimization is an area of active
research, with techniques being developed to minimize gate count, reduce error rates, and improve
overall circuit efficiency. Farhi et al. (2014) introduced the Quantum Approximate Optimization
Algorithm (QAOA), which utilizes quantum architectures for solving combinatorial optimization
problems. For electrical circuit designers, this has opened up new possibilities for optimizing power
consumption, signal integrity, and even chip layout. According to Shaydulin et al. (2019), hybrid
quantum-classical optimization techniques are showing promise in addressing some of the scalability
issues that traditional methods face, although quantum optimization remains in the experimental phase.
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2.3 Challenges in Implementing Quantum Circuit Designs

While significant progress has been made in quantum computing architectures and their potential for

revolutionizing electrical circuit design, several key challenges persist.

e Error Correction and Fault Tolerance: Error correction is one of the most critical challenges in
quantum computing, especially in gate-based systems where qubits are highly susceptible to noise.
Surface codes, as studied by Fowler et al. (2012), have shown potential for stabilizing quantum
circuits, but they require a large number of physical qubits to correct even a single logical qubit. From
a circuit design perspective, this places an enormous burden on hardware development, as classical
circuits designed to manage quantum error correction must operate at extremely low latencies to be
effective.

e Scalability of Quantum Circuits: The scalability of quantum circuits is another key area of concern.
As quantum systems grow in qubit count, the complexity of the circuits required to control them
increases exponentially. Research by Devoret and Schoelkopf (2013) highlights the need for
innovative circuit architectures that can handle the massive parallelism required by large-scale
quantum systems without introducing bottlenecks in speed or efficiency. This challenge is
compounded by the need to maintain coherence across many qubits, which requires sophisticated error
correction circuits that classical systems do not need to account for.

2.4 Summary of Gaps in the Literature
Despite the progress in quantum computing architectures and their impact on circuit design, there are
several areas where the literature is lacking. First, while much research has been done on specific quantum
architectures, the comparative analysis of their respective strengths and weaknesses for circuit design
remains limited. Moreover, the practical challenges of integrating quantum architectures into existing
electrical circuit design workflows are often overlooked. Future research must also address how hybrid
quantum-classical systems can be optimized for real-world applications.

3. Quantum Computing Architectures

Quantum computing architectures form the backbone of quantum systems, determining the efficiency,

scalability, and feasibility of quantum circuits. The following subsections provide an overview of key

architectures, focusing on their influence on electrical circuit design

3.1 Gate-Based Quantum Computing

Gate-based quantum computing is the most widely researched quantum architecture, offering a flexible

platform for executing various quantum algorithms. This architecture operates by manipulating qubits

through guantum gates, much like logic gates in classical computing. However, gate-based systems come
with specific hardware demands, which significantly impact circuit design.

e Superconducting Qubits: Superconducting qubits, used by companies like IBM and Google, are
among the most mature quantum technologies. These qubits are designed using Josephson junctions,
which exhibit quantum phenomena at extremely low temperatures (close to absolute zero). The
reliance on superconducting materials introduces unique design challenges for electrical circuits, such
as the need for cryogenic cooling systems and high-precision control electronics to manage qubit
operations. As noted by Devoret and Schoelkopf (2013), these circuits must operate at ultra-low power
levels to prevent interference with quantum states, demanding novel circuit design strategies for power
efficiency, noise reduction, and integration with classical control systems.
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e Trapped lons: Trapped ion systems, used by companies like lonQ, store qubits in ion traps and
manipulate them using laser pulses. This system offers high-fidelity qubit control, but it presents
significant circuit design challenges, particularly related to the precision of the laser systems and the
power demands of trapping mechanisms. Unlike superconducting qubits, trapped ions operate at near-
room temperatures, which changes the requirements for circuit thermal management. However, the
speed and complexity of operations are influenced by the control electronics and the precision of the
lasers, placing heavy demands on circuit design for timing, synchronization, and noise minimization.

3.2 Quantum Annealing

Quantum annealing, most notably used by D-Wave systems, is designed to solve specific optimization

problems by exploiting quantum tunneling. This architecture is less versatile than gate-based systems, as

it focuses primarily on finding the ground state of a system to solve combinatorial optimization problems.

Quantum annealers operate with a different set of circuit design challenges.

Quantum annealers do not require the complex gate operations of gate-based systems, but they do require

precise control of qubit couplings and the external magnetic fields used to manipulate qubit states. As

Johnson et al. (2011) observed, the design of circuits for quantum annealing systems revolves around

minimizing energy loss and improving qubit coherence. The circuits must ensure that qubits remain in

superposition long enough to explore potential solutions, which requires specialized design to mitigate
decoherence and thermal noise.

3.3 Architectural Comparison

Comparing gate-based quantum computing with quantum annealing reveals fundamental differences in

how these architectures influence electrical circuit design. Gate-based systems, particularly those using

superconducting qubits, require extensive error correction circuits, high-precision timing systems, and
cryogenic cooling infrastructure. Trapped ions, while offering higher fidelity, also require complex control
systems involving lasers, adding to the design complexity.

On the other hand, quantum annealing architectures focus on solving optimization problems and are

optimized for stability and energy minimization rather than broad computational tasks. Circuit design for

quantum annealing is relatively less complex, as it doesn’t require the intricate gate control circuits of
gate-based systems, but it places a higher emphasis on energy efficiency and coherence preservation.

Ultimately, gate-based systems provide greater flexibility for a wide range of applications but at the cost

of increased circuit design complexity, while quantum annealers are more specialized but demand simpler,

more energy-focused designs.

4. Implications for Electrical Circuit Design

The adoption of quantum computing architectures brings both opportunities and challenges for electrical

circuit design. As quantum systems evolve, their requirements differ substantially from traditional digital

circuits, necessitating new design approaches.

4.1 Design Challenges

Quantum architectures impose several challenges on electrical circuit design, driven by the need to

accommaodate the unique behaviors of qubits and quantum operations.

e Noise and Decoherence: Quantum systems are highly sensitive to environmental noise and
decoherence, which can collapse the quantum states necessary for computation. This challenge is
particularly acute for gate-based systems, where the duration and fidelity of quantum operations are
directly impacted by noise. Circuit designers must create noise-resistant designs, incorporating
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shielding, error correction circuits, and low-latency control systems. Superconducting qubits, for
example, require cryogenic environments and low-noise electronics to prevent thermal fluctuations
from disrupting quantum states. This introduces significant complexity, as noted by Fowler et al.
(2012), since the circuits must also handle high-speed data processing for real-time error correction.

e Scalability: As quantum computers scale up in qubit count, the circuits responsible for controlling and
managing these qubits become exponentially more complex. Traditional electrical circuits are not
designed to handle the high-density interconnects, power distribution, and error management required
by large quantum systems. For instance, trapped ion systems, which rely on optical control, require
complex circuits to manage lasers and photonic detectors, making scalability a bottleneck. Researchers
such as Ghosh et al. (2021) highlight that scalable quantum systems need novel circuit architectures
that can manage qubit coherence while minimizing cross-talk and signal degradation.

4.2 Optimization Techniques

Several optimization techniques have emerged to address the design challenges posed by quantum

architectures, focusing on improving circuit efficiency, error correction, and power management.

e Gate Count Reduction: One of the most important optimization goals in gate-based quantum systems
is minimizing the gate count. Each additional gate introduces potential errors and increases the risk of
decoherence. Techniques such as quantum circuit compression, as discussed by Shende et al. (2006),
reduce the number of gates required for specific operations, which in turn reduces the complexity of
the control circuits. By optimizing the layout of gates and minimizing the number of qubits involved
in each operation, designers can improve both circuit efficiency and overall system reliability.

e Energy Efficiency: For quantum annealers, optimizing energy efficiency is a primary concern.
Quantum annealing circuits are designed to minimize energy dissipation and ensure that qubits
maintain superposition long enough to explore potential solutions. This requires highly efficient power
management circuits and the use of low-loss materials. Recent work by Shaydulin et al. (2019) on
hybrid quantum-classical optimization algorithms has demonstrated that combining quantum
annealing with classical techniques can significantly reduce the energy demands of large-scale
optimization problems, providing a path forward for energy-efficient quantum circuits.

e Error Correction and Fault Tolerance: Error correction remains a critical area for both gate-based
and quantum annealing systems. Quantum circuits must be designed to incorporate error correction
codes such as surface codes, which can detect and correct qubit errors during operation. As noted by
Fowler et al. (2012), this requires the design of highly responsive classical circuits that can perform
error detection and correction in real-time without introducing significant delays. Developing error-
tolerant quantum circuits is crucial for building scalable, reliable quantum systems.

5. Conclusion

Quantum computing represents a paradigm shift that has significant implications for various fields,
particularly electrical circuit design and optimization. This survey has explored the different quantum
computing architectures—namely, gate-based quantum computing and quantum annealing—and analyzed
their respective impacts on circuit design. Gate-based systems, such as those using superconducting qubits
and trapped ions, offer flexibility and are capable of solving a broad range of problems, but they impose
complex demands on circuit design, including challenges related to noise management, scalability, and
error correction. In contrast, quantum annealing focuses on optimization problems, requiring more
specialized but less complex circuit designs optimized for energy efficiency and coherence preservation.
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The implications of quantum architectures for circuit design are vast, with unigue challenges arising from
the need to adapt classical circuit design principles to quantum systems. Noise, decoherence, and
scalability remain major obstacles in quantum circuit design, particularly for gate-based systems.
Optimization techniques, including gate count reduction and hybrid quantum-classical systems, offer
promising solutions to some of these challenges, though much work remains to be done.

Looking ahead, the integration of quantum computing into electrical circuit design workflows will require
continuous innovation, particularly in the areas of error correction, power management, and qubit control.
As the field evolves, there is a growing need for interdisciplinary research that brings together quantum
computing specialists and circuit designers to develop solutions that bridge the gap between guantum
theory and practical hardware implementation.
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