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Abstract— One intriguing but difficult route to scalable 

quantum information processing (QIP) is linear optical quantum 

computing (LOQC). The systematic growth of LOQC is 

examined in this research. It focuses on significant experimental 

developments, fault-tolerant methods, and the enduring 

difficulties influencing the field area. In addition, it highlights 

the incorporation of Gottesman-Kitaev-Preskill (GKP) encoding 

which is an essential step towards fault-tolerant quantum 

computation. We analyze the importance of the Knill-Laflamme-

Milburn (KLM) protocol in addressing the probabilistic limits 

of two-qubit gates. Strong quantum structures are made 

possible by this synergy, which increases resistance to phase 

errors and photon loss. Notwithstanding these developments, 

problems with state preparation, measurement accuracy, and 

error correction still exist, requiring multidisciplinary efforts to 

improve methods and investigate fresh ideas. 

Beyond its scope, the knowledge gathered from LOQC may 

have an impact on secure quantum communication networks 

and hybrid quantum systems. Enhancing error correction codes, 

creating new quantum optical technologies, and encouraging 

cooperation within quantum computing paradigms should be 

the main goals of future research. The present work intends to 

stimulate more developments and push QIP towards scalable 

and useful quantum computation by reviewing the state of 

LOQC today and defining strategic directions. 

I. INTRODUCTION 

QC has emerged as a revolutionary paradigm, promising 
unprecedented computational power by exploiting the 
principles of quantum mechanics. In this review, a seminal 
paper is analyzed by Kok et al.: “Linear optical quantum 
computing with Two Beam Splitters,” published in the 
Review of Modern Physics in January-March 2007 [1]. Our 
focus is on the fundamental aspects of LOQC. It is worth 
mentioning that optical information processing can also be 
effectively implemented without using quantum phenomena. 
The prominent examples include high-speed image 
recognition systems which use lens-based optical Fourier 
transform, where feature extraction is done by computer-
generated holograms functioning as ring-wedge detectors [2]. 
Such purely optical feature extractors can be optimized by 
evolutionary algorithms as described in [3], where the 
objective function is defined by the rough sets-based quality 
of classification. The latter is dependent on the 
indiscernibility relation, whose variation, modified for 
applications with computer-generated holograms used in 
optical image processing, is presented in detail in [4]. These 
attempts of classical optical information processing are 
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further enhanced by using the quantum nature of the light, 
where the state of entangled photons can serve as source of 
qubits. In the paper, we specifically address the challenges 
and solutions associated with two-qubit gates, with an 
emphasis on the use of beam splitters in the LOQC systems. 

By addressing the restrictions in linear optical systems 
caused by the non-interacting nature of photons, Kok's work 
on two-qubit gates in LOQC, notably Controlled-Phase (CZ) 
which only applies a phase shift when both qubits are in the 

 state and Controlled-NOT (CNOT) gates, opens the door 
for probabilistic gates in LOQC. The Hong-Ou-Mandel 
(HOM) phenomenon, which is essential for using photon 
interactions in beam splitters, is highlighted in Kok's 
literature review, which explores the basic ideas of simple 
gates in LOQC [5]. The nonlinear sign (NS) and CZ gates, 
along with CNOT gates, offer probabilistic gates for photon 
entanglement, enhancing the efficiency of LOQC. To 
improve their application in linear optics, ideas for NS gates 
that emphasise simplifications and probability limits make 
use of projective measurements [6]. 

This investigates how electron paramagnetic resonance 
(EPR) can be used to implement multi-qubit gates 
experimentally. It also discusses the factors affecting gate 
times, coherence, and challenges of the technique [7]. This 
tells how to achieve simultaneous single-qubit driving of 
semiconductor spin qubits at the fault-tolerant threshold [8]. 
It also reviews the recent progress, challenges, and strategies 
for optimal qubit control in this platform. 

Quantum teleportation, the dynamics of quantum 
coherence, and metrological non-classical correlations for 
two-qubit systems are the main topics. The authors use 
metrics such as local quantum fisher information, local 
quantum uncertainty, and quantum Jensen-Shannon 
divergence to study how the initial state's purity and the 
environment's nature affect these quantum phenomena [9]. 
They also highlight the importance of non-classical 
correlations and their applications for QIP. 

This also shows how an ancillary qubit can probe the 
symmetrical breaking of a light-matter system in the deep-
strong coupling regime. It also describes the experimental 
setup, and the insights gained into equilibrium super-radiant 
phase transitions [10].  

This research review's primary contributions are as 
follows:  

 It offers strategic research directions to solve these 
limits by methodically analysing persistent 
problems. 
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 Highlighting its cross-domain importance, the study 
explores how developments in LOQC can guide the 
creation of hybrid quantum computing systems and 
secure quantum communication. 

The format of this paper is as described below: The 
fundamentals and difficulties of quantum information 
processing are introduced in Section I.  Section 
II explores optical probabilistic quantum gates with some 
important notes. The advancements in qubit-based quantum 
computers, the use of the Grover search algorithm, and 
breakthroughs in quantum communication are some of the 
significant achievements referred to as "quantum leaps" that 
are covered in Section III. The conclusion of Section IV 
offers some suggestions for future developments in quantum 
technologies. 

II. OPTICAL PROBABILISTIC QUANTUM GATES 

A. Quantum CNOT Gates 

The CNOT operation implements probabilistic quantum 
logic using polarizing beam splitters and single-photon qubits 
encoded in polarization. With a success rate of 1/4 and an 
error rate of about 21%, the gate converts qubits according to 
ancillary photon polarization. A particular horizontal 
polarization state was used to prepare the ancilla qubit [10], 
[11]. 

This gate involved the creation of polarized qubits 
through the parametric down-conversion, followed by a 
series of beam splitters. The gate was post-selected by 
discarding the cases where the ancilla photon was vertically 
polarized. The gate operated by inducing a CZ shift, resulting 
in a bit flip in the target qubit. The CZ shift was induced by 
applying a phase shift of pi to the target qubit if both the 
control and ancilla qubits were horizontally polarized. The 
experimental fidelity of the gate was approximately 84%, 
with conditional fringe visibilities exceeding 90% in non-
orthogonal bases [12]. 

B. From Probabilistic Gates to Fault-Tolerance in Two-

Qubit Systems 

As quantum research advances, more sophisticated 
optical gates and circuits continue to be explored, covering 
the scalable and practical quantum computer technologies 
[13]. The KLM protocol has opened new possibilities for 
fault-tolerant LOQC [14]. The KLM protocol accomplishes 
scale quantum computing, whereas a simple CNOT gate 
possesses a 1/16 percent accomplishment. This can be 
increased towards precision by using feedforward and 
teleportation, but doing so comes with a significant resource 
price that calls for hundreds to thousands of supplementary 
photons. KLM gates are physically implemented using linear 
optical components.  These gates, like the CNOT gate, are 
intrinsically random and use quantum teleportation and 
measurement-induced nonlinear properties to carry out 
logical operations. KLM is still a fundamental method for 
scalable photonic quantum computing, while being 
practically difficult because of resource requirements and 
photon loss. 

Error correction is necessary for fault-tolerant quantum 
computation, and GKP encoding is a crucial method [15], 
[16], which encodes qubits in coherent states such as |α⟩ and 
|-α⟩. This encoding prevents photon loss and phase errors, 
state preparation, and measurement, but error correction still 
presents difficulties. The GKP technique achieves error 
correction thresholds of 1–1.4% by encoding qubits in 
oscillators to rectify tiny, displaced errors. It takes 10–20 
photons per logical qubit to balance the precision and 
consumption of resources. Its ability to correct shift errors up 
to about 0.3 and provide fault-tolerant computation with 
Gaussian operations, which is confirmed in hybrid systems. 
To physically execute GKP states, significantly non-classical 
states that incorporate qubits in continuous-variable systems 
and have a structure in phase space must be created. Through 
methods, these states have been achieved utilizing optical 
modes, trapped ions, or superconducting circuits. GKP states 
are essential for fault-tolerant QC because they can 
effectively address tiny shift mistakes by producing rapid 
spikes in phase space through careful control [15], [16]. 
When integrating GKP encoding with KLM-based designs, 
KLM protocols use linear optics to build quantum gates. 
GKP states offer resilience over noise and shifting errors in 
the hybrid configuration, although KLM's feedforward and 
teleportation strategies allow for scalable, probabilistic gate 
operations. This combination improves the fault tolerance. 

C. Experimental Realization 

Experimental progress in realizing two-qubit operations 
has been remarkable. Studies have demonstrated the 
implementation of two-qubit entangling gates in EPR 
systems, with gate times exceeding coherence times [17], [7]. 
These results highlight the potential for two-qubit systems to 
perform coherent quantum operations. 

The accuracy and control of Germanium-based quantum 
dot qubits have been improved recently [8], and control of 
semiconductor spin qubits is crucial for scalable quantum 
computing. Qubit control can be enhanced by constructing 
barrier gates and optimizing gate structures, enabling large-
scale quantum computation [18]. Quantum error correction 
reduces errors in Fig. 1, while control/readout electronics 
manage qubit management. A quantum computer block 
diagram shows how algorithms are converted into micro-
architecture instructions. 

 

Figure 1. Control of semiconductors in a qubit system [19] 



  

D. Quantum Teleportation and Dynamics 

Quantum teleportation relies on non-classical correlations 
and quantum coherence for transferring quantum information 
[20]. A study has explored the dynamics of these factors in 
open two-qubit systems, demonstrating the potential of two-
qubit systems for quantum teleportation protocols [9].  

The significant progress made in understanding and 
utilizing two-qubit systems for quantum computation is 
demonstrated. Two-qubit systems offer a promising path 
toward realizing practical quantum computers with the 
potential to revolutionize various fields, including computing, 
materials science, and medicine. 

III. QUANTUM LEAPS 

A. A Scanning Transmon Qubit for Strong Coupling Circuit 

Quantum Electrodynamics 

The field of QC has witnessed remarkable progress in 
recent years, with one of the most significant breakthroughs 
being the observation of strong coupling between a scanning 
transman qubit and a Co-planar Waveguide Resonator 
(CPWR) [21]. This approach introduces a new dimension to 
quantum measurements by providing spatial resolution, 
thereby unlocking a diverse array of applications within the 
realm of circuit Quantum Electrodynamics (QED) [22] is the 
main focal point. The creation of stationary qubits allowed 
for the exploration of quantum phenomena with unparalleled 
flexibility and variety. As a result, two different quantum 
circuits made especially for a 4-qubit system enable coupling 
strength (g) modification, offering a novel approach to 
studying and manipulating the behaviour of quantum systems 
[23]. For circuit QED studies, Fig. 2 shows a transmon qubit 
interacting with a microwave resonator to maximize g. This 
configuration is vital for researching quantum interactions in 
superconducting qubit systems between matter and light. 

 

Figure 2. Scanning transmon qubit coupled to a microwave resonator for 

strong coupling circuit QED 

Fig. 3 depicts how qubit location influences g by coupling 
a scanning transmon qubit to a microwave resonator. The 
upward trend of the coloured data lines indicates that 
coupling grows with increasing microwave driving power, 
also demonstrating a clear correlation with higher power 
leading to stronger coupling.  

B. Qubit Quantum Computer 

In quantum computing, scientists have made significant 
progress using a 32-qubit trapped ion system. In Oracle 
executions for the Bernstein-Vazirani (BV) and Hidden Shift 
(HS) algorithms, they exceeded the BQP limit by 87.8%. The 

success rate was 50.2% even in the worst-case scenario. This 
indicates that achieving the BQP threshold in this case would 
require fewer than 11,500 repetitions. With a greater gate 
count, the HS algorithm was able to obtain a 35% overlap 
between the expected and measured outputs. The ion trap 
system's effective scheduling and high-fidelity gates were the 
main factors in this achievement [24]. 

 

Figure 3. Transmon qubits entangled through a microwave resonator 

Traditionally, achieving fast qubit control requires high g 
between the qubit and its control line. However, this 
unfortunately resulted in a shorter lifetime due to radiative 
decay, ultimately limiting the scalability of such systems. The 
researchers executed a clever arrangement by consolidating a 
Josephson Quantum Filter (JQF) into the qubit control line 
[25], [26]. This device acted as a selective filter, effectively 
controlling qubit radiation decay without compromising the 
Rabi frequency or gate fidelity [27]. This remarkable 
achievement enabled a significant reduction in Rabi drive 
power; a stunning three orders of magnitude lower compared 
to conventional weak coupling methods while maintaining 
long coherence times exceeding 1 ms for advanced qubits 
[26].  

By lowering qubit heating and crosstalk, the JQF 
improves superconducting quantum computing and makes 
scalable quantum computers possible. For parametric control, 
such as two-qubit gates, single-photon production, and active 
cooling of quantum systems, its nonlinear characteristics are 
helpful. The experiments demonstrated its versatility as a 
power-dependent variable impedance element for microwave 
modes [28].  

C. Grover Search Algorithm 

The Grover search algorithm, assured for scalable 
quantum computing, was demonstrated by [29] who used 
trapped atomic ions to successfully apply it to three qubits. 
They revealed links between quantum and classical search 
algorithms by introducing a new Boolean state-marking 
technique in addition to the conventional phase-flip method. 
They also succeeded in creating a deterministic four-qubit 
Toffoli gate with a 70.5% fidelity, which is required for the 
effective operation of the Grover algorithm [29]. 

Beyond the immediate implications for quantum search 
algorithms, the research holds broader significance for the 
field of QC. The successful implementation of the Grover 
search algorithm on three qubits demonstrates the feasibility 
and potential of realizing increasingly complex quantum 
algorithms [30].  Furthermore, the exploration of different 
state marking techniques and the realization of high-fidelity 



  

multi-qubit gates contribute to the advancement of QC 
technology for future developments in various areas of QIP 
[31]. 

The creation and complete depiction of a high-fidelity 
entangled spin-photon qubit pair in a solid-state system is an 
important leap in quantum communication. The development 
of quantum networks, where entangled qubits allow for safe 
and effective communication, depends on this innovation.  

Fig. 4 shows the schematic diagram of the experimental 
setup for generating and characterizing an entangled spin-
photon qubit pair in a quantum dot system, whereas the 
initialization is the first step in the setup. Through optical 
excitation, the Oracle produces spin-photon entanglement. A 
clock is used to time the amplified photon before it is 
transmitted to the Oracle for entanglement verification and 
make a loop. This allows for the production and 
characterisation of spin-photon qubits with high fidelity. 

 

Figure 4. High-fidelity solid-state entangled spin-photon qubit pair 

D. Quantum Communication 

 The authors highlight its significance concerning 
quantum communication repeaters, which are envisioned to 
extend the range of quantum communication beyond the 
limitations of direct transmission. Within a quantum repeater 
network, repeater nodes separated by long distances store 
spin qubits [32]. To create entanglement between distant 
nodes, photons are emitted from entangled spin-photon pairs 
and made to interfere at the nodes. This process, known as 
entanglement swapping, produces Bell states between the 
remote spin qubits [33]. The researchers propose a lower-
bound threshold of 0.71 for spin-photon entanglement fidelity 

as a sufficient condition for achieving scalable quantum 
networks [34]. This threshold ensures that the errors 
introduced during communication can be effectively 
overcome by entanglement distillation, a process that purifies 
entangled states. They successfully operate the generation of 
a spin-photon pair with entanglement fidelity exceeding the 
proposed threshold in a system using InAs quantum dots 
[35]. This research opens the door for useful quantum 
networks with enhanced communication security and faster 

transmission rates by achieving previously unheard-of high-
fidelity entanglement in a solid-state system with 99.9% 
confidence. The generated spin-photon state's resilience is 
further confirmed by Monte Carlo uncertainty analysis [36]. 
This rigorous analysis further strengthens confidence in the 
reported results and adds weight to the potential applications 
of this work.  

Table I shows the comparative analysis of different 
papers in terms of their contributions, the problems they 
addressed, the performance parameters, and their proposed 
future work. Fig. 5 outlines the methodology for selecting 
and organizing literature, based on publication timeframe, 
databases consulted, selection criteria, and the structure used 
to categorize the research. 

 

Figure 5. Selection and organization of the research review 

Semiconductor spin qubits offer a promising possibility 
for building versatile quantum computers due to their long 
coherence times, potential for integration with existing 

TABLE 1. STATE-OF-THE-ART CONTRIBUTIONS 

Paper Contribution Addressed Problem Performance Parameters Future Work 

Successful implementation of the Grover search 

algorithm on three qubits demonstrates the 

feasibility and potential of realizing 

increasingly complex quantum algorithms [26]. 

The challenge of quantum error rates 

and their impact on efficiency. 

Measurement of algorithmic 

success rate, error correction 

efficiency, and computational 

overhead. 

More complex quantum 

error correction schemes 

will be proposed. 

Grover's search algorithm offers a remarkable 

quantum advantage compared to classical 

algorithms for searching unsorted databases 

[29]. 

Need to demonstrate the viability of 

quantum algorithms in scalable 

systems. 

Terms of speed, accuracy, and 

quantum coherence times. 

The proposed system will 

be improved by scaling up 

the system to more qubits. 

Exploration of state marking techniques and the 

realization of high-fidelity multi-qubit gates 

[31]. 

The challenge of leveraging NISQ 

computers, which are limited by noise 

and a lack of error correction. 

NISQ devices, including 

computational speed, error 

rates, and gate fidelity. 

More robust error 

mitigation techniques will 

be proposed. 

Quantum communication repeaters are 

proposed, which are envisioned to extend the 

range of quantum communication beyond the 

limitations of direct transmission [32]. 

Identifying and addressing the 

computational limitations of classical 

data science methods. 

Computational speed, data 

handling capacity, and 

algorithm efficiency. 

Explore broader 

applications of quantum 

data science in healthcare 

and finance. 

Establishment of entanglement between distant 

nodes, photons are emitted from entangled 

spin-photon pairs and made to interfere at the 

nodes [33]. 

Need for a clear, pedagogical 

explanation of complex quantum 

theories. 

Clarity, depth, and 

pedagogical effectiveness. 

More advanced theories 

and applications of 

quantum mechanics in 

modern technology. 



  

semiconductor technology, and compatibility with room-
temperature operation [37].  However, controlling and 
manipulating these qubits efficiently remains a significant 
challenge.  

The authors present a thorough examination of a 
dedicated integrated control system specifically designed to 
address the needs of semiconductor spin qubits. This system 
was meticulously designed by translating the specific 

requirements of GaAs spin qubits into a concrete electrical 
system implemented on a 65-nanometer CMOS process [19].  

Beyond the immediate applications, the research [38] 
contributes considerably to the broader field of quantum 
technology. Their work builds upon previous advancements 
in hBN spin defect research, including: 

 Defect Engineering: Researchers have identified and 
characterized various spin defects in hBN, each with 
unique properties suitable for specific applications 
[39]. 

 Coherence Control Techniques: Various techniques, 
such as spin-echo sequences and dynamical 
decoupling protocols, have been developed to 
improve the coherence times of spin defects [40].  

 Fabrication and Integration: Techniques for 
fabricating and integrating hBN spin defect arrays 
on different substrates have been developed, of the 
advancements for scalable quantum devices [41]. 

The combined efforts of these research areas provide a 
solid basis for the development of hBN-based quantum 
technologies. The extended coherence times achieved which 
become the key route to this field [38], bringing us closer to 
the realization of practical quantum applications in sensing, 
communication, and computing [42]. Effective qubit 
dephasing induced by spectator-qubit relaxation, spectator  

qubits, which appear to be passive onlookers in QIP, can 
unexpectedly hurt the dephasing of their entangled 
counterparts. It is revealed that hidden threats and proposed 
mitigation strategies advance the quest for robust and 
scalable quantum computation [43].  

Table II shows the major hardware contributions of 
under-reviewed research in which different industrial-based 
quantum computers are selected with their unique properties.  

IV. CONCLUSION 

This study emphasizes the important developments in 

LOQC, especially the use of fault-tolerant methods like GKP 

encoding and the KLM protocol. By addressing important 

issues with two-qubit gate error resistance and dependability, 

these methods have made tremendous advancements towards 

scalable quantum computing. This work's contribution is to 

show how fault tolerance and scalability may be increased 

through hybrid designs and enhanced optical techniques. To 

improve quantum error correction, develop new quantum 

optical technologies, and combine LOQC with other quantum 

platforms, interdisciplinary work will be crucial going 

forward. LOQC is a fundamental concept in the ongoing 

search for scalable and useful quantum computing systems as 

the science develops. Nevertheless, there are still several 

obstacles to overcome, including accurate state preparation, 

photon loss, and effective error correction in future 

directions. 
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