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Abstract

In this paper, Grover's Algorithm is surveyed in quantum computation,
specifically regarding optimizing oracles for information extraction via quantum
means. The phase oracle plays a central role in achieving Grover's quadratic
speedup of O N) versus classical O(N), but implementing it efficiently proves
to be a major difficulty in current Noisy Intermediate-Scale Quantum (NISQ)
hardware, increasing gdate and coherence errors. Through a detailed review of
twenty peerreviewed papers, da taxonomy of algorithms is discussed based on
Grover's search, hybrid classical-quantum oracles, amplitude estimation oracles,
parallel oracle processing, and NISQ-era oracle optimization. Comparative
analysis is performed on IBM Quantum's Eagle r3 processor (127 qubits). Key
open problems identified include: Oracle Construction Owerhead, General
Adaptive Oracle Theory, QRAM Bottleneck in Oracle Data Loading, and lack
of Standard Oracle Benchmarks.

INTRODUCTION AND DOMAIN OVERVIEW
A. Background and Motivation

Data creation in digital form has escalated at a never-

before-seen pace, resulting in huge challenges for
classical searching systems. In traditional search
algorithms for unstructured databases, the time
complexity is O(N), which means that all elements
need to be searched sequentially in worst-case

The larger the dataset, the more
cumbersome the task becomes in terms of efficiency
and cost-effectiveness.

scenarios.

Quantum computing represents a radically new
paradigm. By exploiting superposition,
entanglement, and quantum interference, it can
explore exponentially large solution spaces at once.
Grover's Algorithm, introduced by Lov Grover in
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1996 [1], is the most well-known quantum search
method. It delivers a provably optimal quadratic
speedup through two main components: a phase
oracle and a diffusion operator. While the diffusion
operator is fixed and hardware-efficient, the phase
oracle must be custom-built for each target problem,
making oracle design the central challenge for
practical quantum information retrieval.

B. Quantum Computing Fundamentals

The core formulas governing Grover's Algorithm are
as follows. The initial uniform superposition state is
[s) = H2|0)* = (1/YN) 2 |x). The phase oracle acts
as UM|x) = (-DM(x)|x), where f(x) = 1 if x = x*
(target), else 0. The Grover diffusion operator is G =
2|s)s| — L. The full Grover iterate Q = G-UwM is
applied TVN/4 times, reducing query complexity
from O(N) to O(VN). After k iterations, the state is
|sk) = sin((2k+1)0) | x*) + cos((2k+1)0) | sL), where 6
= arcsin(1/VN), achieving ~99% success probability
after TVN/4 steps.

On IBM Quantum hardware, the multi-controlled
Toffoli (CCX) gate — the main oracle building block
— must be decomposed into nine native ECR
(Echoed Cross-Resonance) gates, each with a median
error of ~8x1073. Reducing CCX gate count
through oracle optimization is therefore the primary
strategy for improving algorithm reliability on NISQ
devices.

Quantum computers use quantum bits (qubits).
Unlike bits, qubits can
superpositions of |0) and |1). A system of n qubits
spans a state space of dimension 2", Key quantum
operations include: the Hadamard gate (H), which
creates equal superposition of all states; the phase
oracle (Um), which marks the target state by flipping
its phase; and the Grover diffusion operator (G),
which amplifies the marked state's amplitude by
inverting about the mean.

classical exist in

This survey reviews twenty studies published
between 1996 and 2026, covering oracle theory,
hardware-level decomposition, application-specific
designs, and adaptive oracle frameworks.

II. ALGORITHM TAXONOMY

A. Classical Grover's Algorithm and Phase Oracle
The standard Grover's Algorithm works on an
unstructured database of N = 20 elements. It starts
with all qubits in equal superposition using n
Hadamard gates, then repeatedly applies the
operator G-Um about m™VN/4 times. The phase
oracle UM applies a conditional phase flip to the
marked state(s): Um|x) = (=1)M(x) |x), where f is the
Boolean function defining the search criterion. For
a simple equality test, the oracle is a multi-controlled-
Z gate built from Toffoli gates, the count of which
grows with fs complexity, making
construction the main driver of circuit depth and
error accumulation.

oracle
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B. Oracle Overhead Reduction (Biasse & Pring)

Environment Oracle Igpl. ASP (Singla) ASP (Two-Sol) | State Fidelity

Noise-Free Sim. Ideal CCX oracle T00.09% "00.00% 00 358%

Noisy Simulation Depolarized 78.39% 84.44% 78.13%

IBM ibm_shechronke CCX—QECR 51.19% 54.44% 34.32%

IBM ibm_lvoto CCXE—Q ECR "40.5% "62.1% "52.1%
Approach Query Complexity Oracle Type NISQ Ready
Classical Linear ON) N/A N/A
Classical Binary O(log N) N/A N/A
Standard Grover OHN) Static Phase Yes (shallow)
Grover + GLO Sub-O(FN)* Adaptive/Learned Partial
Distributed Grover OHN/k) Parallel Oracles Future
Amplitude Estimation | O(1/¢) Generalized Partial
Oracle Reduced | O(VN) lower const. Optimized Static Yes
(Biasse)

Biasse and Pring [2] created a method to reduce the
number of ancilla qubits and gate operations in
quantum oracles without losing search accuracy.
Their approach exploits the structure of specific
Boolean functions to eliminate redundant Toffoli
decomposition layers, resulting in circuits with fewer
two-qubit gates. On IBM hardware, fewer ancilla
qubits also reduces crosstalk errors in densely
connected qubit graphs.

C. Adaptive and Learning-Based Oracle Variants
(GLO)

Ohno's Grover's Search with Learning Oracle (GLO)
[3] replaces the fixed phase oracle with a
parameterized unitary U6, updated classically
between Grover iterations through an optimization
loop. Unlike VQE, GLO uses Grover's amplitude
amplification rather than
minimization, making it wellsuited to discrete
search tasks in dynamic environments such as real-
time cybersecurity monitoring or adaptive medical
diagnostics. Table I summarizes the cross-paradigm
comparison.

expectation  value

D. Amplitude Estimation Oracle Variants
Amplitude Estimation applies Grover's
method to estimate the probability a = | (x| W) |2 of
a quantum state |5} belonging to the marked
subspace |x). The complexity is O(1/€) oracle calls
versus O(1/€2) classically, where € is the estimation
precision. Guo et al. [6] utilize this mechanism for

oracle

efficient anomaly detection in high-dimensional
data. Wang, Jiang, and Coveney [10] demonstrated
quantum anomaly detection with reduced parameter
counts compared to classical counterparts using
amplitude estimation.

E. Distributed and Parallel Oracle Execution

Qiu et al. [5] presented an architecture to distribute
Grover's algorithm among quantum
computing devices operating in parallel using local
oracles, decreasing each node's circuit depth by
O(N/Kk), where k is the number of processors. The
challenge lies in designing local oracles that
approximate the global predicate f while minimizing
state transmission cost.

several

https://thesesjournal.com

| Khan et al., 2026 |

Page 1384



https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

SPECTRUM OF ENGINEERING SCIENCES

ISSN (E) 3007-3138 (P) 3007-312X

VOLUME 4, ISSUE 6, 2026

F. Hybrid Quantum-Classical Oracle Designs

The hybrid oracle framework utilizes classical-
trained models as oracle definitions within quantum
algorithms. Mazouzi and Harel [9] merged Grover's
search with classical outlier detection, where the
defines the marking
implemented via a quantum oracle. This shifts data-
dependent computation to the classical layer,
utilizing quantum amplitude amplification only
during the search stage.

G. NISQ Circuit-Optimized
Implementations

AbuGhanem [4] experimentally performed Grover
search on 3 qubits for all possible single-marked
(eight) and two-marked (nine) states. The CCX gate
was realized using nine ECR gates — IBM's native
two-qubit gate — with ECR error rates ranging from
7.565%x1073 t0 9.675%1073 on average. The resulting
ASP was 51.19% on real hardware versus 99.99% in

a noiseless environment, as shown in Table II.

classical model criteria

Oracle

TABLE 1I. Oracle Performance on IBM Quantum
Eagle r3 Hardware (3-Qubit Grover Search)

*ASP = Algorithm Success Probability; ECR =
Echoed Cross-Resonance. AbuGhanem
(2025) [4].

Source:

III. COMPARATIVE ANALYSIS

A. Classical vs. Quantum Oracle-Based Search
Grover's algorithm delivers a quadratic speedup:
O(N) classically versus O(VN) in the quantum case.
For N = 10°, this translates to 1,000 quantum oracle
queries compared to 500,000 classical function
evaluations. According to the lower-bound result by
Bennett et al. [20], Q(VN) is optimal for any general
static oracle.

B. Experimental Performance on Real Quantum
Hardware

AbuGhanem's study [4] provides the
comprehensive empirical benchmarking of the
Grover oracle on quantum hardware. Performance
varied significantly between simulation and real
devices (Table II). The ASP on IBM'
ibm_sherbrooke dropped to 51.19% for single-
marked states versus 99.99% in noiseless simulation,
highlighting the practical gap between theoretical
and realized speedups.

IV. LITERATURE ANALYSIS

Table III presents a structured analysis of thirteen
key references from this survey, covering oracle
design focus, key results, and limitations across
twenty studies spanning 1996-2026.

most
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TABLE I11. Literature Analysis — Oracle Design Focus Across Key Studies

Year & Authos(s) Oeacle Focus Kev Results Limitations

1996 - Grover Phaze oracle (L) O M) epeadus Unstrucrured only

2010 - Biasse & Prige Cracle zate reduction Reduced ancilla qubits | Problem-specific

2014 - Ohno Parameterized adaptive oracle Exp.  spesdup  for| Mot zenecalizable
constrained binary

2025 - AbuGhanem CCH—ECR decomposition ASP 51.19% on real | Ccherence limits
HW

2024 - Qg et al. FParallel oracle execution OAMNA over k| Quantum network
processoes nesded

2022 - Guo eral. Amplitude estimation oracle {1/ complexity QFRAM bottleneck

2020 - Mazeusi & Harel | Hybrid classical-marking oracle lmproved accuracy on | Noise limics HYW
NISQ

2014 - Wang et al. Parameter-efficient oracle Fewer params  ws| Qubit count limits
classical

2023 - Sangestha et al. | Oracle taxonomy review Hybrid QC synthesis | HW degloyment limits

2023 - Haider & Jima Deacle for cyber threat Superior ws classical | High qubit demands
ML

2026 - Chaksabarti et al. | Oracle across QAGF&;“I.-’QE;’IHHL Q‘ua.ntl.tm CF BMSE | Bareen plateaus
Q.85

2024 - Incudigd et al. Fernelbased featurs oracle Efficient guanmm | Hizh meas. overhead
kernel

2023 - Bhattacharya et | Graph-state oracle Anomalous  pattern | Scalability & noise

al. detection

*ASP = Algorithm Success Probability; GLO =
Grover Learning Oracle; QRAM = Quantum
Random Access Memory; ECR = Echoed Cross-

Resonance gate.

V. RESEARCH GAP IDENTIFICATION

A review of existing work shows that Grover's
algorithm has been studied extensively as a quantum
search method. The main gap is that oracle design is
often treated as a supporting element rather than the
primary subject of research.

A. No General Theory for Oracle Construction
Complexity

Bennett et al. [19] establish a lower bound of Q(/N)
on query complexity for general static oracle
construction, but provide no inductive framework
for the oracle's circuit complexity. The depth of
oracle circuits grows superlinearly with problem

parameters for anomaly detection, genomic search,
and financial optimization — eliminating Grover's
speedup advantage.

B. NISQ Noise Resilience of Oracle Circuits
Current oracle implementations are designed for
depth minimization but lack systematic noise-aware
design strategies. On NISQ hardware, coherence
time limits and gate error rates compound rapidly
with circuit depth, necessitating new approaches
such as error mitigation, noise-aware transpilation,
and dynamical decoupling tailored to oracle circuits.
C. Scalability Beyond Small Qubit Counts

All current empirical results are limited to 3-5 qubit
demonstrations. Scaling oracle implementations to
problem sizes where quantum advantage materializes
(n > 20 qubits) remains an open challenge, as
crosstalk and connectivity constraints on current
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hardware architectures grow non-linearly with qubit
count.

D. Quantum Data Loading (QRAM) Bottleneck
For Grover's Algorithm to beat classical search,
database elements must be accessible via oracle
queries in O(1) time. Efficient QRAM architectures
promise O(log N) loading via bucket-brigade
addressing, but no practical QRAM has been
demonstrated at scale. Until this bottleneck is
solved, many Grover-based applications retain only
asymptotic rather than practical advantage.

E. No Standardized Oracle Benchmarks

No standardized oracle benchmarks equivalent to
classical circuit benchmarking sets exist. Research
efforts use dissimilar criteria such as ASP, SSO, state
fidelity, and gate counts across varying physical
systems, qubit counts, and noise environments,
making cross-study comparisons impossible.

VI. FUTURE DIRECTIONS

A. Fault-Tolerant Oracle Co-Design

Faulttolerant quantum processors will require
logical oracle circuits co-designed with specific error
correction codes (surface codes, Steane codes). Co-
designing oracle circuits to minimize logical T-gate
count — the dominant overhead in surface code
implementations — is a critical near-term research
priority bridging oracle theory and practical fault-
tolerant hardware deployment.

B. LLM-Assisted Automated Oracle Synthesis

The combination of Large Language Models and
quantum synthesis technology enables
automated oracle creation from natural language
problem  descriptions. Ajimon et al. [17]
demonstrated this approach for oracle specification
in cybersecurity contexts, suggesting a promising
direction for lowering the barrier to oracle
programming.

circuit

C. Quantum-Classical Integration Frameworks

Standardized software frameworks embedding
Grover-type search as a primitive within classical ML
pipelines are needed. These should support oracle
lifecycle management: construction from classical
specifications, circuit optimization and

transpilation, error mitigation, and versioning for
adaptive environments, with noise-aware oracle
management handled automatically behind high-
level interfaces.

D. Standardized Oracle Benchmarking Initiative
A community benchmark program for quantum
oracle design should specify standard test sets of
Boolean functions at varying complexities (n = 5, 10,
20), multiple noise models and hardware platforms
(superconducting, ion-trap, photonic), and unified
metrics covering ASP, gate count, circuit depth,
oracle error rate, and wall time. This would enable
progress tracking analogous to TREC for classical IR
and MLPerf for classical ML.

E. Adaptive Oracle Frameworks for Dynamic
Environments

Future oracle designs must accommodate dynamic
search criteria that evolve over time, such as in real-

time threat detection or adaptive medical
diagnostics. Parameterized oracle frameworks
combining classical learning with quantum

amplitude amplification — building on the GLO
paradigm of Ohno [3] — represent a compelling
research direction for practical adaptive quantum
search.

F. QRAM Architectures and Quantum Data
Loading

Developing practical QRAM architectures is perhaps
the single most impactful step toward realizing
Grover's advantage in real applications. Research
should focus on errorresilient bucketbrigade
QRAM designs, compact quantum data-loading
circuits, and hybrid approaches where -classical
preprocessing reduces the volume of data requiring
quantum oracle access.

VII. CONCLUSION

This survey provides a comprehensive review of
Grover's Algorithm with particular focus on oracle
design optimization for quantum information
retrieval. A six-category taxonomy of oracle variants
— from static phase oracles to adaptive learning-
based and distributed architectures — was
constructed and analyzed. Empirical evidence from
IBM Quantum's Eagle r3 hardware demonstrates
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that current NISQ devices achieve only 51.19%
algorithm success probability for 3-qubit instances,
compared to 99.99% in ideal simulation,
underscoring the practical urgency of oracle
optimization research.

Five critical research gaps were identified: absence of
general oracle construction complexity theory, lack
of noiseresilient oracle circuit design, limited
scalability beyond small qubit counts, the unresolved
QRAM bottleneck, and the absence of standardized
oracle benchmarks. Six future research directions
were proposed addressing these gaps. Grover's
Algorithm remains one of quantum computing's
most important primitives, and advances in oracle
design are the decisive factor in translating its
theoretical quadratic speedup into practical
quantum advantage for real-world information
retrieval tasks.
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