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Abstract

Oracle-based quantum algorithms cannot use deep loops because quantum
states exist only as mathematical amplitudes in Hilbert space with no physical
substrate. Critically, quantum wave functions are inherently self-destructive.
Quantum information must complete all operations within decoherence time,
T;, before the state is destroyed, fundamentally limiting implementable cir-
cuit depth. This constraint is particularly severe for algorithms like Grover’s

search, which requires O(x/N ) sequential iterations. We identify what we

term the Loop Depth Barrier (or Quantum Loop Barrier): any quantum algo-
rithm requiring A .NV) sequential operations faces the physical constraint {.N)
X lye < T3, where fu is the gate operation time. We analyze a concrete rein-
forcement learning problem to quantify these limits. For this problem requir-
ing search over 3% states, we systematically compare multiple physical factors
limiting quantum loop depth. We identify that the most restrictive limits arise
from coherence time and gate fidelity constraints. The coherence time con-
straint limits implementable loops to approximately 10* iterations on super-
conducting hardware and 10° iterations on ion traps. The gate fidelity con-
straint, accounting for cumulative errors over deep sequential circuits, limits
reliable loops to approximately 1000 iterations. Both constraints are severely
restrictive, falling short of requirements by many applications. Critically, we
identify that these limits arise from fundamental physics—quantum states
have no persistent physical substrate and decohere on timescale 73, bounded
by the Margolus-Levitin limit on operation speed and the Heisenberg uncer-
tainty principle on state fidelity. These cannot be overcome by technological
advancement; they represent absolute physical constraints on sequential
quantum operations. We demonstrate a fundamental asymmetry in scaling:
For Grover-type algorithms with problem size N = &’, qubit requirements
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scale linearly as O(7) (manageable through engineering), while sequential op-
eration requirements scale as O(\/ k" ) = O(k I ) , exponentially exceeding

available coherence time 7;. Decoherence time improvements are logarithmic
while algorithm requirements are exponential in problem size, which suggests
the barrier is fundamental to quantum physics rather than a temporary engi-
neering challenge.

Keywords

Quantum Algorithms, Coherence Time, Decoherence, Gate Fidelity, Loop
Depth Barrier, Grover’s Algorithm, Oracle, Oracle-Based Algorithm,
Quantum Search, Margolus-Levitin Bound, Amplitude Amplification

1. Introduction

Quantum computing promises exponential speedups for certain computational
problems through exploitation of quantum superposition and interference. Grover’s
algorithm [1], for instance, claims to search an unsorted database of NV items in
O(W ) queries, offering a quadratic speedup over classical algorithms requir-
ing O(N) queries. Quantum machine learning algorithms similarly promise
speedups for optimization and learning tasks by operating on superpositions of
exponentially many states [2] [3]. While other quantum algorithms such as Shor’s
factoring algorithm achieve polynomial circuit depth, algorithms based on ampli-
tude amplification and oracle-based quantum search require circuit depths that
scale as O(W ) , creating particularly severe physical constraints.

Classical algorithms can use loops with arbitrary depth because classical bits
persist in physical memory—the state of computation exists in transistors or mag-
netic storage that maintain their values indefinitely. Oracle-based quantum algo-
rithms cannot use deep loops because quantum states exist only as mathematical
amplitudes in Hilbert space with no physical substrate. Critically, quantum wave
functions are inherently self-destructive: all wave functions have a limited lifetime.
Quantum information must complete all operations within decoherence time 7
before the state is destroyed, fundamentally limiting implementable circuit depth.

Consider the Grover algorithm:

Input: Search space of size N, Oracle O

Output: Target item x*

1) Initialization: Uniform superposition in Equation (1)

2) For (i=0; i< O(VN); i++)

* Oracle
¢ Amplitude Amplification
3) Measurement: Measure to obtain target x*
The total query complexity is O(W ) , providing a quadratic speedup over

classical search requiring O(N) queries [1].
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Oracle-based algorithms requiring deep sequential operations share a common
implicit assumption: quantum computation can be performed with arbitrary cir-
cuit depth. This assumption is physically invalid because it ignores the decoher-
ence constraint. Consider the quantum loop in Grover’s algorithm:

for (i= 0; i< O(VN); i++)

Physical reality imposes a fundamental constraint. For all quantum algorithms,

this must be:
for (/= 0; /< min {D, O(VN)}; i++)

where Dis the maximum implementable loop depth determined by physical con-
straints. When O(x/ﬁ ) > D , the algorithm becomes physically infeasible regard-
less of qubit count or gate quality.

In this paper, we systematically analyze multiple factors that limit D. After ex-
amining all factors, we identify the most restrictive limits through rigorous com-
parison. We demonstrate that for large-scale problems where O(\/N ) exceeds
physically achievable D, oracle-based quantum search cannot provide practical
advantage—not due to engineering limitations, but due to fundamental physical
barriers.

We identify what we term the Loop Depth Barrier [4] [5] (or Quantum Loop
Barrier): any quantum algorithm requiring A V) sequential operations faces the
physical constraint {N) X fye < T3, Where Z,. is the gate operation time and 7; is
the decoherence time. To illustrate this barrier concretely, we use reinforcement
learning for financial trading [6] as a motivating example throughout this paper.
Our analysis considers the physical constraints of current quantum computing
platforms: superconducting qubits [7], trapped ions [8], photonic systems [9], and
neutral atoms [10].

This barrier manifests through five distinct physical constraints:

1) Superposition maintenance constraint [11]: Large superpositions cannot
be maintained during sequential operations exceeding 75.

2) Coherence time constraint [11]: Quantum coherence cannot be preserved
for O(W ) sequential operations when JN Xtye > T, -

3) Cumulative decoherence: Sequential operations experience cumulative deg-
radation unlike classical operations on persistent memory.

4) Effective measurement: Long sequential evolution causes decoherence that
effectively measures the quantum state.

5) Verification impossibility: Results cannot be verified without time compa-
rable to classical computation.

While quantum error correction (QEC) [12] [13] can theoretically extend co-
herence time, it introduces substantial overhead that scales with circuit depth,
transforming the coherence constraint into an execution time constraint (Section
5.3).

A fundamental distinction exists between classical and quantum computing.

Classical algorithm analysis focuses primarily on time complexity (number of op-
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erations) and space complexity (memory requirements). Once these resources are
available, classical computation proceeds reliably—bits remain stable in physical
memory, gates operate with near-perfect fidelity, and intermediate states can be
observed without affecting the computation. The key enabler is persistent physical
substrate: classical bits stored in transistors maintain their values throughout ar-
bitrarily long sequential operations.

Quantum computing, in contrast, faces a vastly more complex constraint space.
Quantum states are probability amplitudes in abstract Hilbert space, not physical
objects that can be stored. Without persistent physical substrate, quantum infor-
mation decays via decoherence on timescale 73, typically microseconds to milli-
seconds. This creates fundamental constraints: superposition stability limited by
T3, quantum coherence time restricting sequential operation count, gate fidelity
degradation accumulating over time, measurement-induced collapse from envi-
ronmental coupling, and the impossibility of verifying intermediate states without
destroying them. These are not merely engineering challenges but arise from the
fundamental physics of quantum systems lacking persistent storage substrate. The
Loop Depth Barrier encapsulates these constraints, and our analysis reveals that
satisfying all of them simultaneously is physically impossible for algorithms re-
quiring deep sequential operations on large-scale problems.

A central contribution of this work is distinguishing between engineering lim-
itations (which improve with technology) and absolute physical limits (which can-
not be overcome). While the Bekenstein Bound (Information Density Limit) [14]
and Landauer’s Limit (Thermodynamic Bound) [15] can be ignored, we identify
fundamental barriers—including the Margolus-Levitin quantum speed limit, Hei-
senberg uncertainty bounds on gate fidelity [11] [16], and unavoidable decoher-
ence sources [16]—that constrain sequential quantum operations regardless of
technological advancement. Current quantum platforms [17] and error correction
schemes [18] [19] face significant engineering challenges; however, our analysis
reveals that even if all engineering challenges were solved, fundamental physics
would still prevent algorithms requiring O(W ) or deeper sequential opera-
tions from achieving practical quantum advantage for large .

Critically, we demonstrate a fundamental asymmetry in scaling: For Grover-
type algorithms with problem size N= &7, qubit requirements scale linearly as O( 7)
(manageable through engineering), while sequential operation requirements
scale as O(\/ITT ) = 0<kr/ 2), exponentially exceeding available coherence time 7.
Decoherence time improvements are logarithmic (10 us - 100 us - 1 ms) while
algorithm requirements are exponential in problem size. This exponential diver-
gence between what can be built (qubits) and what must be maintained (coher-
ence during deep sequential operations) suggests the barrier is fundamental to
quantum physics rather than a temporary engineering challenge.

We systematically analyze the following factors that limit quantum loop depth:
* Superposition size constraint (Section 3): We derive fundamental require-

ments on physical qubits and analyze implications for deep sequential opera-
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2.

tions using a concrete reinforcement learning example.
Operator size constraint (Section 4): We derive fundamental requirements on
physical operators.
Temporal coherence constraint (Section 5): We establish the Loop Depth Bar-
rier, showing precisely how 7; limits maximum implementable sequential
depth.
Gate fidelity requirements (Section 6): We derive minimum fidelity bounds
[20] [21] and show how errors accumulate during deep loops [22]-[24], im-
posing strict limits on sequential operations.
Measurement boundary problem (Section 7): We analyze three independent
mechanisms [25]-[28] —weak measurement accumulation, the Margolus-Levitin
quantum speed limit [29], and information leakage—each imposing distinct
bound on achievable sequential operations.

In the rest of the paper:
Synthesis (Section 8): We unify these findings into a comprehensive frame-
work showing how these constraints collectively prevent deep sequential op-
erations.
Engineering vs. absolute limits (Section 9): We distinguish between techno-
logical limitations and fundamental physical barriers, ranking constraints by
their impact on sequential operation depth.
Future directions (Section 10): We discuss implications for quantum algo-
rithm design, comparisons with prior work on quantum computational limits,
and open questions.
Complete barrier framework (Section 11): We integrate the physical barriers
identified in this work with the computational/logical barriers from compan-
ion work, demonstrating that oracle-based quantum search must avoid four
independent barriers simultaneously to achieve practical advantage. We ana-
lyze why even the narrow theoretical exception (cryptographic primitives) fails
due to physical implementation constraints.
Conclusion (Section 12): We summarize our findings and chart the path for-

ward for quantum computing paradigms that avoid the Loop Depth Barrier.

Motivating Example: Reinforcement Learning Trading

Consider a concrete reinforcement learning problem [6]: finding an optimal trad-

ing policy for a financial instrument. This problem serves as an excellent test case

for oracle-based quantum search because quantum results can be easily verified

against efficient classical solutions.

Stock Trading Problem Setup: Consider an automated trading agent that must

decide actions based on recent stock price history:

L]

L]

Price hiStOI’Y: D:[poapla'“;pTJerl]
Price windows: tiz[p,.,pm,”-,piw_l] for i=0,---,T-1
Price Vectors: [tO et ]

Actions: A = {Buy, Sell, Hold}
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¢ State: 4 € {0, 1} (holding 0 or 1 share)
* Trading history: [ao,al,---,arfl] , where a; € {Buy, Sell, Hold}
* Policy m Decision rule mapping a; = 71'(11.) for i=0,---,7-1
* Objective: Maximize total profit over trading period
An optimal policy 7° is one that achieves the highest possible expected profit:

7" =argmax {E(D,ﬁ)} (1)

where E(D, n) is total profit when following policy, 7, for data, D, and argmax is
the argument of the maximum.

Although this problem can be solved efficiently (O(T'x §x A)) using dynamic
programming with a value function and Bellman recursion from /= 7'— 1 back-
ward to /= 0, we adopt an exhaustive search approach to examine quantum com-
putational limits. The efficient classical solution serves as verification for quantum
search results.

Classical Complexity: To find the optimal policy 7" through exhaustive
search, we must examine all possible action sequences {ao, a, -, am} . Since each
action can be one of 3 choices (Buy, Sell, Hold) and there are 7 time steps, the
search space has size 3. Evaluating each action sequence requires computing
profit over 7 steps. Therefore, the classical exhaustive search time complexity is
O(Tx 37).

The optimal policy 7* must be learned from the optimal action sequence:
{a;,af,---,a;_l} , where a,=7" (tl.), for i=0,---,T—-1.

Quantum Approach: A quantum algorithm using Grover’s search would
search through the space of 37 possible action sequences, requiring O(\/TTT ) se-
quential iterations, with each iteration evaluating the oracle on a superposition of
action sequences.

This example uses exhaustive search strictly to illustrate quantum algorithm
limitations, not because it represents optimal problem-solving.

Why this example matters:

1) Quantum algorithm proposals: Several papers have proposed quantum algo-
rithms for reinforcement learning [30]-[32] and portfolio optimization [33] [34]
claiming quantum advantage through Grover-style search or quantum sampling
methods.

2) Ilustrates general barrier: The physical depth barrier demonstrated here ap-
plies to any problem requiring deep sequential quantum operations, regardless of
whether classical alternatives exist.

3) Clear cost accounting: Trading provides concrete parameters (7 = 20, N =
3?°) enabling precise calculation of required qubit count, circuit depth, and phys-
ical requirements.”

For concreteness, consider 7= 20 (a 20-step trading horizon):

* Search space size: N =3 ~3.5x10° action sequences

* Classical complexity: O (20 X 320) ~7x10" operations

* Quantum complexity (theoretical): 0(20 x /3% ) ~1.2x10° operations
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* Required sequential Grover iterations: 3 ~ 55000 or (TE/Z)\/N ~ 59000

This example will be used throughout this paper.

3. Superposition Size Constraint

The fundamental question: Can quantum systems create and maintain super-
positions large enough to enable deep sequential operations that provide quantum
advantage?

Superposition size limit: There exists a physical limit, Ny, on the dimension
of maintainable quantum superpositions, such that superpositions over state
spaces with N > Ny cannot be reliably created or maintained throughout the

sequential operations required by algorithms like Grover’s search.

3.1. Current Experimental Bounds

The largest quantum superpositions demonstrated experimentally involve (See

Table 1):

* Superconducting qubits [7]: Google’s Sycamore processor achieved 53-qubit
random circuit sampling, corresponding to superpositions over 2% = 9 x 10'°
states

* Trapped ions [8]: Up to 32 qubits in fully connected architectures, giving 2*
=~ 4.3 x 10° states

* Photonic systems [9]: Up to 20 photons, with states in O(10"*) dimensional
Hilbert spaces

* Neutral atoms [10]: Arrays of up to 256 qubits reported, though with limited

connectivity

Table 1. Current experimental superposition limits.

Platform Maximum qubits  Superposition size Notes
Superconducting 53 9 x 10* states Google Sycamore [7]
Trapped ions 32 4.3 x 10° states Fully connected [8]
Photonic systems 20 photons ~10" states Boson sampling [9]

Limited connectivity

Neutral atoms 256 22% = 1077 states [10]

Note: While neutral atom systems have demonstrated the largest qubit counts (256), the
limited connectivity means not all qubits can interact, reducing the effective size of achiev-
able superpositions for many algorithms. For our trading example requiring full connec-
tivity among 32 logical qubits (~80,000 physical qubits with error correction), trapped ions
and superconducting platforms are more relevant benchmarks.

3.2. The Scaling Challenge

Oracle-based quantum algorithms for practical problems require superpositions
over much larger spaces than currently demonstrated. Critically, these large su-
perpositions must remain coherent throughout all sequential operations—typi-
cally O(\/ﬁ ) iterations for Grover-type algorithms.
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PROPOSITION 3.1 (Exponential Resource Growth): A quantum system rep-
resenting k" action sequences requires 1= 7T'log,(k) qubits. For k= 3, this gives n
=~ 1.585 7 qubits.

EXAMPLE 3.1 (Trading Problem Requirements): For 7= 20, k& = 3: logical
qubits needed: n = 32 qubits.

In addition to basic qubit requirements:

1) Encoding overhead: Representing ternary choices (three actions) in binary
qubits requires additional qubits and gates for basis transformations [11].

2) Ancilla requirements: Oracle implementation typically requires O(1) ancilla
qubits [11].

3) Error correction: Fault-tolerant computation requires 10° - 10* physical
qubits per logical qubit [12].

THEOREM 3.1 (Effective Qubit Requirement): Including encoding overhead
(a=1.5), ancilla qubits (S = 1) [11], and error correction (y = 10°) [12], the total
physical qubit requirement is:

N =7 -(a+B)-Tlog’ (k) ®)
where y=1if no error correction is required.

EXAMPLE 3.2 (Without Error Correction): For 7= 20, k = 3, assuming no
error correction (y=1): phys = 1-2.5-32 = 80 physical qubits. This would be achiev-
able with current technology if error-free operation throughout 55,000 sequen-
tial iterations were possible.

EXAMPLE 3.3 (With Error Correction): For 7' = 20, k = 3, including error
correction (y = 10%): My = 80 x 10°> = 80,000 physical qubits, see Table 2.

Table 2. Gap between available and required qubits (with error correction).

Platform Maximum qubits [7]-[10] Required Gap
Superconducting 53 80,000 ~1500x%
Trapped ions 32 80,000 ~2500x
Photonic systems 20 photons 80,000 ~4000%
Neutral atoms 256 80,000 ~310x

EXAMPLE 3.4 (Longer Trading Windows with Error Correction):
*  T'=30 steps: ~120,000 physical qubits and \/3W ~ 8.5 million sequential it-
erations
* T'=60 steps: ~240,000 physical qubits and \/3W =~ 6 billion sequential itera-
tions
* T'=100 steps: ~400,000 physical qubits and \/3IT ~7x10” sequential itera-
tions
The double barrier: As problem size T'increases, both the superposition size
and the required sequential depth grow exponentially, while hardware improve-
ments grow logarithmically.

REMARK: These calculations assume only representing the action sequence
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space. Adding the state representation (price windows) would require additional
qubits. Current systems provide ~500 physical qubits, while practical problems
typically require 10* - 10° physical qubits, creating gaps of 20x - 2000x that grow
exponentially with problem size T.

Critically: Without error correction (y = 1), qubit requirements would be mod-
est (~80 qubits for typical problems), but the necessity of fault-tolerant operation
imposes a ~1000x overhead that transforms achievable problems into infeasible
ones. However, without error correction, the 55,000 sequential operations would
accumulate errors making the result meaningless (see Section 5).

PROPOSITION 3.2 (Unverified Scaling Assumption): Grover’s algorithms
assume superposition size scales exponentially with qubit count indefinitely, and
that these superpositions remain coherent throughout deep sequential operations.
This has been experimentally verified only up to n = 50 - 60 qubits with shallow
circuits. Extrapolation to n = 1000+ qubits with O(\/N ) sequential depth re-

quired for practical algorithms is unverified by experiment.

3.3. Summary: The Superposition-Depth Coupling

Oracle-based quantum algorithms face a fundamental superposition size con-
straint that is intrinsically coupled to the Loop Depth Barrier. For algorithms
searching over k" possible configurations (such as action sequences), physical
qubit requirement is given in Equation (2), where:

* y=10° (error correction overhead)

* a= 1.5 (encoding overhead)

* pB=1 (ancilla qubits)

Sequential operation requirement is O(\/? ) = 0<kT/ 2) iterations. For quan-
tum advantage, both constraints must be satisfied simultaneously:

1) Superposition constraint: Zhys < Havailable

2) Loop depth constraint: O(k"%) X tye < 75 (next two sections)

The fundamental asymmetry: Qubit requirements scale as O(7) (linear),
which is potentially achievable through engineering. Sequential operation re-
quirements scale as O(k™*) (exponential Loop Depth), which faces the absolute
physical limit 75. As T'increases, the gap between what can be built and what must
be maintained during deep sequential operations grows exponentially.

Connection to Loop Depth Barrier: Even if sufficient qubits are available to
create the initial superposition, maintaining coherence throughout the exponen-
tially many sequential operations required by Grover-type algorithms remains
physically impossible for large problem sizes. The superposition must not only be
created, but must survive intact through thousands to millions of sequential gate

operations—this is where the Loop Depth Barrier becomes insurmountable.

4. Operator Depth Constraint

This section makes an estimate: how deep are the quantum circuits required for
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each iteration of Grover’s algorithm?

Grover’s algorithm requires O(W ) iterations, but each iteration involves
applying two operators: the oracle, O; and the diffusion operator, Ouusion, for am-
plitude amplification, with depth, dision. Understanding operator depth is criti-
cal because total circuit depth is IN X dies

diter = doracle + ddiffusion (3)

where dier, doracte and diisrusion are iteration, oracle, and diffusion depth, respectively.

4.1. Oracle Circuit Depth Analysis

DEFINITION 4.1 (Oracle Depth): The oracle depth, dyrce, is the minimum
number of sequential gate layers required to implement the oracle operation Of
that marks target states.

Any unitary operator Uon an n-qubit system is a 2” x 2” complex matrix. The
oracle operator must be implemented as a quantum circuit consisting of elemen-
tary gates (single-qubit rotations and two-qubit controlled gates).

Oracle Parameter Complexity: Any n-qubit unitary operator can be decom-
posed into O(4") elementary gates [11]. A general n-qubit unitary has 4” inde-
pendent real parameters. Each elementary gate provides O(1) degrees of freedom.
Therefore, O(4") gates are required in the worst case. However, practical oracles
exploit problem structure and require far fewer gates.

THEOREM 4.1 (Oracle Depth Bounds): For a quantum oracle marking solu-
tions to a problem on n qubits, the circuit depth depends on problem structure:

1) Simple marking oracle (marks one specific state): dorace = O(12)

2) Function evaluation oracle (evaluates £ {0,1}” > {0,1}): dorace = O(n1) to O(11%)

3) Complex predicate oracle (evaluates compound Boolean formula): dorace =
O(1r'logn)

Proof: We establish these bounds through concrete examples representing each
oracle class:

* Simple marking: Original Grover’s algorithm oracle (marks a single target state
from the search space)

* Function evaluation: Subset sum optimization oracle (evaluates arithmetic
conditions on bit strings)

e Complex predicate: SAT problem oracle (evaluates Boolean formulas with
multiple clauses)

These examples illustrate the general scaling behavior for their respective oracle
classes.

1) Simple marking: An oracle marking state |x) requires checking if all n qubits
match pattern x. This is implemented as an n-controlled NOT gate, which decom-
poses into O(n) two-qubit gates using ancilla qubits [11] (Nielsen & Chuang, Ch.
4). Since these gates must be applied sequentially, depth is O(n).

Example: For n = 3, marking target |101): the oracle O marks target states by

phase inversion:
ol)=(-1)*"

x) (4)
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where f{x) = 1 if x= 101, else 0.

a) apply X (NOT Gate) to middle qubit, transforming [101) - |[111), b) apply
multi-controlled-Z gate: this gate checks if all qubits equal |1) and flips the phase
only for that state (|111) > -|111)), leaving all other states unchanged—since only
our target |101) became |111) in step (a), only it gets marked, (c) undo the X gate.
Total depth: O(n).

2) Function evaluation: Computing fx) requires:

* Arithmetic operations: O(n) to O(:7) depth
* Comparison operations: O(logn) depth
e Total: O(P) in typical cases

Example: For n = 3, consider an oracle that marks states where the sum of bits
exceeds 1: Oracle definition is Equation (4) where Axxix) =1, if (0 + x + x5 >
1), else 0. Oracle circuit implementation:

(a) Compute sum (depth O(n)):

* Apply quantum adder: |x)|x1)|x:)|0}|0) > |x0)|x1)| %) |sum)|carry)
e For 3 bits: sum = x + x1 + x (O(n))
(b) Compare sum > 1 (depth O(logn)):
* Apply comparator circuit checking if sum > 1
* Stores result in ancilla: |result) = |1} if sum > 1, else |0)
(c) Apply phase flip (depth O(1)):
* Apply controlled-Z on |result) ancilla
¢ This implements (—1)* phase flip
(d) Uncompute (depth O(n)):
* Reverse steps (a) and (b) to clean up ancillas

Total oracle depth: O(n) + O(logn) + (1) + O(n1) = O(n) for this function. For
more complex functions like {x) = “product of first two bits plus third bit exceeds
threshold” (requiring multiplication), depth becomes O(:?) due to cascaded arith-
metic operations.

3) Complex predicates: Evaluating Boolean formula with m clauses over nvar-
iables requires O(nlogm), typically O(*logn) when m = O(n).

Example: For n = 3, consider an oracle marking satisfying assignments of:
(0=<x0v—|x1vxz)/\(—|x°vxlva)/\(xvalv—‘xz) (5)

Oracle definition is Equation (4), where fx) = 1 if ¢(x) = TRUE, else 0.
Test case |x) = |110):
e Clausel: (1v-1v0)=(1vov0)=1/
e Clause2:(-1v1iv0o=(0V1iv0o=1/
e Clause3:(1v1iv-0)=(1vivl)=1/
e Result: £110) = 1, so O|110) = —|110)
Circuit depth (sequential architecture):
* Each clause with n literals evaluated sequentially: O(n) depth per clause
* m clauses evaluated sequentially: m x O(n) = O(n) x O(n) = O(11*) depth

* Combining results and uncomputation adds O(logn) overhead

DOI: 10.4236/jqis.2026.161003

85 Journal of Quantum Information Science


https://doi.org/10.4236/jqis.2026.161003

Y. Liu

Circuit depth:

* Parallel evaluation (tree architecture): Each n-literal clause requires O(logn)
depth, combining m clauses requires O(logm) depth. Total: O(nlogn) when m
= O(n).

* Sequential evaluation (linear architecture): Each n-literal clause requires O(n)
depth (sequential OR gates), evaluating m = O(n) clauses sequentially requires
mx O(n) = O(?) depth, plus O(logn) for combining. Total: O(Flogn).

EXAMPLE 4.1 (Trading Oracle Depth): For our trading problem with 7'= 20
steps, n = 32 qubits, the oracle must evaluate: “Does action sequence {ay, ..., 10}
yield profit above threshold?”

Oracle computation:

1) Decode binary to action sequence: O(n) depth

2) Simulate 7'trading steps: O(T x n) = O(640) depth

3) Compare profit to threshold: O(log7) depth

Total oracle depth estimate: dyrace = O( 7% 1) = 640 gates.

4.2. Diffusion Operator Depth

The diffusion operator D performs inversion about the mean: D= 2|y)(y| — I
PROPOSITION (Diffusion Depth): The diffusion operator can be imple-
mented with circuit depth djusion = O(12).
Proof: D decomposes as:
* Computing the mean, and shifting the amplitude coordinate system, O(1n);
* Reflecting all amplitudes, O(n);
¢ Shifting the amplitude coordinate system back, O(n).
Total depth: O(n).
For n = 32 qubits: duiusion = 96 gates.

4.3. Estimating the Conservative Bound

Total Iteration Depth: Each Grover iteration requires, dy.r, in Equation (3). For
our problems:
* Best case (simple marking): dir = O(n1) = 100 gates
* Typical case (function evaluation): d. = O(17%) = 500 - 2000 gates
* Our trading example: dir = 1000 gates

Conservative Bound for Analysis: For subsequent quantitative analysis, we
adopt:

d

~d ... =1000 gates per Grover iteration.

iter oracle
The Oracle-based circuit depth is VN X dier; where N can only use se-

quential evaluation and di. can use parallel evaluation, which can have:
d, =d

oracle

~100 gates per Grover iteration.

iter

This is the key parameter for coherence analysis in Section 5.

4.4. Summary

Oracle depth is not negligible. Key findings:
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1) Oracle depth varies: From O(n) for simple marking to O(s#?) for function
evaluation.

2) Trading example iteration depth: dier = doracte + daifusion = 1000 gates total.

For Grover’s algorithm searching Nitems, the circuit depth is given in Equation

(6):

d. =0(JN)xd, ~Nx1000 gates (6)
Grover iter

This amplifies the Loop Depth Barrier by ~1000x compared to naive analysis
assuming unit-depth operations.
Section 5 analyzes how coherence time 7; limits this total circuit depth, estab-

lishing quantitative bounds on maximum searchable N.

5. Temporal Constrains on Coherence

Quantum coherence is the ability of a quantum system to maintain well-defined

phase relationships between its quantum states—the essence of being “quantum”

[16] [26]. Decoherence occurs when a system interacts with its environment,

which effectively “measures” or randomizes the phase information through en-

tanglement with environmental degrees of freedom. Quantum coherence (the off-

diagonal terms of the density matrix) typically decays exponentially with time

(p(t)=p(0)e’™), characterized by the coherence time 7. This exponential de-

cay sets fundamental practical limits on:

* Circuit depth: How many sequential gate operations can be performed before
coherence is lost.

* Algorithm execution time: How long quantum information can be stored and
manipulated coherently.

* Computational capacity: The total number of operations achievable within
the coherence window.

For Oracle-based quantum algorithms requiring many sequential operations—
such as Grover’s algorithm with O(W ) iterations—coherence time becomes a
critical bottleneck that may be insurmountable even with technological improve-
ments.

Decoherence Bound: Quantum coherence time 73 imposes a hard limit on
achievable circuit depth dnax X T3/ fyue [17], Where . is single-gate execution time.
If dnax < dyg (required algorithm depth), the algorithm cannot complete within
coherence time 73, causing the quantum state to decohere and eliminating quan-

tum advantage.

5.1. Current Coherence Times

State-of-the-art coherence times and single-gate execution times vary by platform
[17], as shown in Table 3.
THEOREM 5.1 (Coherence-Depth Constraint) [17]: The maximum achieva-

ble circuit depth on a quantum computing platform is limited by:
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Table 3. State-of-the-art coherence times, single-gate execution times by platform [17], and
maximum achievable circuit depths (dnax = 73/ fgate).

Platform T: (coherence) Lyate nax
Superconducting 100 - 200 ps 20 - 50 ns 2,000 - 10,000
Trapped ions 1-10s 10 - 100 ps 10,000 - 1,000,000
Neutral atoms 1-10s 1-10ps 100,000 - 10,000,000
Silicon spin 0.1-1s 1-10ps 10,000 - 1,000,000
s = )
tgate

where T; is the coherence time and #a. is the single-gate execution time (given in
Table 3).

Note: Grover’s algorithm for searching Nitems requires the circuit depth, dgrover,
in Equation (7). The maximum achievable circuit depths (dnex = 73/ fyaee) are com-
puted in the last column of Table 3.

COROLLARY 5.1 (Coherence Requirement for Quantum Advantage): For
the coherence bound not to eliminate quantum advantage in Grover’s algorithm,

we require:
T2 >T Grover — tgate : \/ﬁ ' diter (8)

where Nis the search space size, f is the gate time, and dj.. is the circuit depth

for each iteration.

5.2. The Coherence Gap and Time Gap Estimates

EXAMPLE: For N= 3% = 3.5 x 10° action sequences:
Grover iterations = (1/4)v/N = 59000

Assuming iteration depth, dir = 1000 gates (see Section 4), the total Grover’s
algorithm depth is:

d,.; ~59000x1000 = 59000000 ~ 6x 10" gates

total

Assuming some parallelization exist and iteration depth, der = 100 gates (see

Section 4), the total Grover’s algorithm depth is:
d, .. ~59000x100 = 5900000 ~ 6x10° gates

total

Note on circuit depth: Circuit depth measures the longest sequential path
through the circuit, not the total gate count. While many gates can operate in par-
allel on different qubits, the oracle depth, s, represents the minimum number
of sequential layers required to evaluate the trading policy. The 59,000 Grover it-
erations are inherently sequential (one iteration must be completed before the
next begins). Thus, dow = 59,000 X dier = 59,000 X dorace represents the total se-
quential depth of the algorithm.

EXAMPLE (Coherence Gap): For the depth, diow = 6 X 107 gates, the coherence
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gap is given in Table 4.

Table 4. Coherence gap between achievable and required circuit depths for Grover search
example, N = 3%,

Platform dmax (gates) Required Gap
Superconducting ~10* 6% 107 6000x
Trapped ions ~10¢ 6 x 107 60x
Neutral atoms ~107 6x107 6x
Silicon spin ~108 6 x 107 60x

Even the best current platforms (neutral atoms) fall short by a factor of 6, while
most platforms fall short by 2 - 3 orders of magnitude.

EXAMPLE (Time Gap): For N= 3%, dyr.qe = 1000, the required coherence time
varies by platform gate speed:

Ty > Ty =t NN iy = L x59000x1000 9)

The time gap is given in Table 5.

Table 5. Time gap between achievable and required circuit depths for Grover search ex-

ample, N= 3%,
Platform Lgate Required 7> Current 73 Gap
Superconducting 50 ns 2950 s (49 min) 200 ps ~15 millionx
Trapped ions 100 ps 5.9 x 10° s (68 days) 10s ~590,000x
Neutral atoms 10 ps 5.9 x 10° s (6.8 days) 10s ~59,000%
Silicon spin 10 ps 5.9 x 10° s (6.8 days) ls ~590,000x

Key insight: Faster gates (superconducting) reduce the required coherence
time but still exceed current capabilities by orders of magnitude. Slower gates
(trapped ions) require impossibly long coherence times—68 days for trapped

ions—making the problem even more severe.

5.3. Quantum Error Correction

Quantum error correction (QEC) can extend effective coherence time, but at sig-

nificant cost [18] [19]:

* Qubit overhead: Surface codes require ~10° physical qubits per logical qubit

* Time overhead: Error correction cycles add latency, increasing effective f

* Depth overhead: Additional gates for syndrome measurement and correction
PROPOSITION (QEC Depth Penalty) [12] [18] [19]: With surface code error

correction achieving logical error rate p, = P:ﬁs (where dis code distance), the

effective gate time becomes:

=d-t

f gate,phys

+1

gate,logical syndrome

EXAMPLE (QEC Time Overhead): For #.. = 50 ns (superconducting), code
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distance d= 31, and &yndarome = 1 us [12] [18] [19]:
t

gate,logical

~31x50ns+1pus=2.5pus

This QEC increases required coherence time by 50x, from 50 ns to 2.5 ps. Thus,

QEC transforms the requirement to:

T, > 2.5 usx59000x1000 ~ 147500 seconds ~ 41 hours

This exceeds any demonstrated coherence time by orders of magnitude.

Important distinction: Quantum Error Correction (QEC) is theoretically ca-
pable of extending logical coherence time indefinitely through repeated error cor-
rection cycles. However, QEC introduces substantial overhead: each logical gate
requires multiple physical gates, and error correction cycles must occur faster than
error accumulation. For the trading example requiring 10° sequential logical op-
erations, even with QEC:

1) Practical barrier: If each logical operation requires 10° physical operations
(conservative estimate), total physical depth becomes 10° x 10° operations. At 1
us per operation, execution time is many days—during which environmental drift,
calibration errors, and other non-correctable noise accumulate.

2) Overhead scaling: QEC overhead grows with circuit depth, potentially re-
quiring () physical operations for d logical operations in worst case.

3) Threshold requirements: QEC only works if physical error rates fall below
fault-tolerance threshold (~107* to 107*). Current systems approach but don’t re-
liably maintain this threshold.

The barrier is not physical impossibility of maintaining coherence (QEC ad-
dresses this theoretically), but the practical impossibility of executing exponen-
tially many operations within reasonable timeframes while maintaining error
rates below fault-tolerance thresholds. This distinction is important: our argu-
ment is about practical feasibility given physical overhead, not theoretical impos-
sibility.

Summary: Quantum coherence time fundamentally limits both achievable cir-
cuit depth and total algorithm execution time. The exponential decay of coherence
creates a race between computation speed and decoherence: algorithms must
complete before the quantum advantage dissipates. Current platforms support
circuit depths of ~10* gates (superconducting) to ~10” gates (neutral atoms). Two
fundamental coherence constraints must be satisfied:

1) Circuit depth constraint: The maximum achievable circuit depth is limited
by: dnax = T3/ tyate.

2) Algorithm time constraint: For Grover-type algorithms with O(\/N ) it-
erations, coherence must persist through: 7, >7,,, N d e -

These constraints are particularly severe for algorithms requiring deep circuits
(large d) or many iterations (large JN ). Quantum error correction can extend
effective coherence time but introduces overhead that increases the required 7; by
additional orders of magnitude, suggesting coherence may represent a fundamen-

tal rather than merely engineering barrier for large-scale quantum algorithms.
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6. Gate Fidelity Requirements

Quantum gate fidelity measures how closely an implemented quantum gate
matches the ideal unitary transformation—it is the fundamental accuracy metric
for quantum operations [20] [21].

Cumulative Degradation: Sequential quantum operations cause cumulative fi-
delity loss [11]. After d operations with per-gate fidelity, Fy, system fidelity,
F (d ) = F;te , may fall below the threshold for quantum advantage [22] [23].

6.1. Gate Fidelity Accumulation

Current gate fidelities are given in Table 6 [20] [21]:

Table 6. Gate fidelities.

Platform Single-qubit Two-qubit
Superconducting 99.9% - 99.99% 99% - 99.5%
Trapped ions 100.00% 99.90%

Silicon spin 99.90% 99%

THEOREM 6.1 (Fidelity Decay): For a circuit with circuit depth, d, and two-
qubit gate fidelity, Fg = 1 — € [11], the system fidelity is:

F(d)z(l—e)d ~e ™ (10)

Here, Hd) = (1 — &)“follows from the definition and (1 — £)?~ e™*is an identity.
PROPOSITION (Minimum Required Fidelity): For quantum advantage with
circuit depth, d, we require:

Foop (), 0693

gate d d ( 1 1)

Equivalently, for a given gate fidelity F., the maximum achievable circuit
depth is:
J - In(2) _ 0.693
™1-F 1-F,

gate gate

(12)

For quantum advantage, we typically require Ad) > 0.5 (better than random
guessing) [22]:

F(d):e_‘gd >%, -ed=-In(2), e=—

therefore,

Solving this equation,
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Maximum achievable operations for current platforms: Using two-qubit gate
fidelities from Table 7 and dna.x = 0.693/(1 — Fyue), Table 7 gives the maximum
depth.

Table 7. Maximum depth, dmax = 0.693/(1 — Fiate).

Platform Two-qubit Fate 1 — Fate dnax (Operations)
Superconducting (best) 99.50% 0.005 139
Superconducting (typical) 99% 0.01 69
Trapped ions 99.90% 0.001 693
Silicon spin 99% 0.01 69

Note: These dmax values represent the maximum number of sequential operations before
system fidelity drops below 50% (A d) < 0.5). For the trading example, all platforms violate
fidelity requirements. Even the best platform (trapped ions at 99.9% fidelity) can only sup-
port ~700 operations while maintaining quantum advantage. This is the most restrictive
condition in this paper.

6.2. Depth-Limited Qubit Constraints

Both Section 5.1 and Section 6.1 introduce the maximum number of sequential
operations, dnuax, Which in turn will introduce restrictions on qubits.

THEOREM 6.2 (Depth-Limited Qubit Constraint): The maximum achieva-
ble circuit depth, dn.x, imposes a fundamental limit on usable qubits for Grover

search:
d
nusable < 210g2 [ i J (13)
g

where gis the gate count per Grover iteration. Equivalently, the maximum search-

2
N, < [dﬂj (14)

Proof: Grover’s algorithm requires JN iterations, each with g gates, giving
total depth

able space is:

dy, = gx/ﬁ

For executability,

2
dyy =g VN <dy,, Ny < (dL)
g g

Since N states are represented by 11 qubits, N = 27", we have:
d
Mysable <2 10g2 (ﬂj
g

Implications:
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1) Quadratic depth-to-space relationship: Doubling dn.x only quadruples

2 2
A[n’laX S (deax J = 4(dmax j
g g
2) Logarithmic qubit scaling: Doubling d.x adds only two usable qubits:

nusable < 2 logz [Zd;ax ] = 2 logZ (%] + 2

searchable space M.

3) Oracle overhead: For complex oracles where g = O(:7), usable qubits be-

come:

d
nusable < 210g2 ( :;X j

This creates negative feedback: more qubits > larger g-> more restrictions on us-
able qubits. Building systems with more qubits provides no advantage for Grover

search if circuit depth remains bounded by decoherence and fidelity constraints.

6.3. Gate Fidelity Gap

EXAMPLE (Fidelity Loss): With d= 6 x 107 gates and Fyu = 0.995 (optimistic
two-qubit fidelity):

7 | 7 _
F(d)20.9956><10 ~e 0.005x6x10 —e 300000 ~0

The system fidelity becomes negligibly small, completely eliminating quantum
advantage.
EXAMPLE (Required Fidelity): For depth, d=6 x 10"

F >1—ln(2)/d ~1-0.693/d =0.999999988

gate

The current two-qubit gate fidelities are ~1000x below this requirement.
EXAMPLE (dnax Gap): The gate fidelity gap is given in Table 8.

Table 8. Gate fidelity gap.

Platform dmax (Operations) Required Gap
Superconducting (best) 139 6 x 107 430,000%
Superconducting (typical) 69 6 x 107 870,000
Trapped ions 693 6 x 107 87,000x
Silicon spin 69 6 x 107 870,000x

REMARK: For algorithms with d= 107 - 10® operations, this requires Fye > 1 -
107® (gate fidelities better than 99.999999%), which is approximately 1000x better
than current two-qubit gate fidelities of 99% - 99.5%. Current gates, at 99.5% fi-
delity, would yield system fidelity A{(d) = 0 after 6 x 107 operations, completely

eliminating quantum advantage.
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6.4. Error Correction Cannot Fully Solve This

While QEC addresses random errors, it faces limitations:

1) Threshold requirement: QEC works only if & < &reshola = 1072 to 107° [22]
[23].

2) Overhead multiplication: Each logical gate requires O(&*) physical gates,
where dis code distance [22] [23].

3) Coherent errors: Systematic errors may not be correctable [24].

THEOREM (QEC Overhead) [12] [18] [22]: With code distance d and syn-

drome measurement cycles, logical gate count becomes:

dlogical X (d2 to d3 ) = dphysical (15)

EXAMPLE (QEC): For dogica = 6 x 107 with d = 31:

d ~6x10" x31* ~ 5.8x10'° physical gates

physical

This depth further exacerbates the coherence time requirement.

REMARK: The longest demonstrated quantum circuits have depth d = 100 -
1000 [7] [25]. The assumption that fidelity can be maintained for d ~ 107 - 10®
operations is extrapolated by 4 - 6 orders of magnitude beyond experimental ver-
ification. Even with quantum error correction, the overhead scales as O(&) to
O(P), further exacerbating depth and coherence requirements.

Summary: Cumulative gate errors impose exponential fidelity decay—after
d sequential operations with per-gate fidelity, Fg, system fidelity decays as
F(d)= Fg‘f‘te ~e ', where £= 1 — Fy. For quantum advantage, we require A d) >

0.5, which imposes a fundamental constraint:

F.>1-1n(2)/d ~1-0.693/d

gate

Equivalently,
J - In (2) N 0.693
- Fgatc 1- Fgatc

7. Measurement Boundary Problem

After Section 5 and 6, this section continues to analyze various factors that limit
circuit depth. Kraus operators mathematically describe how a quantum system
evolves when it interacts with an environment—they encode all possible environ-
mental effects (noise, decoherence, dissipation) in a compact operator-sum rep-
resentation [11] [16]. These environmental interactions manifest through multi-
ple physical mechanisms that blur the boundary between unitary quantum evolu-
tion and measurement:

1) weak measurement accumulation (where each gate operation slightly “ob-
serves” the system) [27] [28],

2) fundamental time-energy constraints from the Margolus-Levitin quantum
speed limit [29],

3) information leakage to the environment [11] [16], and
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4) quantum Zeno effect [35] [36].

Each mechanism independently imposes an upper bound on the number of se-
quential operations a quantum algorithm can perform before accumulated deco-
herence destroys the superposition. This section examines these three fundamen-
tal constraints and demonstrates that accumulated quantum operations—even in
the absence of intentional measurement—constitute unavoidable decoherence
that destroys quantum advantage.

Measurement Boundary: There exists a threshold on the number of sequential
operations, dnax, beyond which accumulated quantum operations constitute ef-
fective decoherence, degrading the superposition and destroying quantum ad-
vantage. Section 5, 6, and 7 all point to quantum computers with limited diax [37]-
[41]. In Section 9, more fundamental physical limits on dn.« will be introduced,

such as Heisenberg Uncertainty Principle [42]-[44].

7.1. What Constitutes Measurement?

In standard quantum mechanics, measurement is defined operationally: an inter-
action that:

1) Collapses the wave function to an eigenstate;

2) Is irreversible (increases entropy);

3) Yields classical information.

However, the boundary between unitary evolution and measurement is not
sharp [16] [26].

DEFINITION (Decoherence): Decoherence is the process by which a quan-

tum system loses coherence through interaction with its environment:

pl0) =S Ep(0)E; 19
k

where pis the density matrix (describing the quantum state of the system), £ are
Kraus operators representing environmental interactions [11], and p(?) is the den-
sity matrix at time ¢after environmental interaction. Decoherence causes the off-
diagonal elements of p (which encode quantum superposition) to decay exponen-
tially, transforming pure quantum states into classical mixtures without requiring

measurement.

7.2. Decoherence from Sequential Operations (Weak
Measurements)

Each quantum-gate operation couples qubits to their environment through una-
voidable interactions. While gates are designed as unitary evolutions, physical im-
plementation requires control fields (electromagnetic or optical pulses) that inter-
act with qubits and inevitably couple them to external degrees of freedom, causing
information leakage to the environment.

Decoherence mechanism: The accumulated decoherence from d sequential

operations follows [27] [28]:

d d
Prinat =€ Pt T (1 —¢ )pmixed (17)
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where ¢is the fidelity per operation, pia is the initial density matrix representing
the quantum state, pmixea = £/2” is the maximally mixed state (where 7is the identity
matrix and 2 is the number of qubits), and &/ represents the exponential decay of
quantum coherence after d sequential operations. This equation is the discrete-
time approximation of the Lindblad master equation [27] [28] [45] [46], which
governs the continuous evolution of open quantum systems interacting with their
environment. Decoherence manifests as exponential decay of the off-diagonal el-
ements of p, which encode quantum coherence and superposition: the off-diago-

nal elements decay as
d . .
pij(d)zg plj(o)> 1#] (18)

This is not measurement-induced collapse, but rather continuous information
leakage to the environment.

Quantifying decoherence accumulation: For a sequence of d operations, each
with gate fidelity £= 1 — y (where yrepresents the error rate per operation), the
probability that the system remains in a coherent quantum state is:

P (d)=e' ~e (19)

coherent

Here, Ponerent(d) = &” follows from the definition and &= e (=1 - y) is an

identity. Equivalently, the probability of losing quantum coherence is:

Preconere (d) ®1—€7 (20)

decohere

Practical limit on operations: For quantum advantage, we require Puccohere <

1/2 (superposition maintained with >50% probability). This gives:
d <0.693/y

Derivation: 1 - e % < 1/2, implies, e > 1/2, thus, —dy > In(1/2) =—0.693, and
d<0.693/y.

EXAMPLE 7.2.1 (Maximum operation count): If each gate operation has er-
ror rate y = 107 (representing minimal environmental coupling achievable with

current technology), then:

d <0.693/107° ~ 693000 ~ 7x10° operations

This sets an upper bound of approximately 7 x 10° sequential operations before
the superposition is more likely to decohere than remain coherent.

EXAMPLE 7.2.2 (Trading problem): For the reinforcement learning trading
problem requiring d = 2.4 x 10° operations with gate fidelity £ = 0.999 (error rate
y=0.001):

P

9 6
o1 a0001x24x10° g —24x10° _
decohere (d)Nl_e ~l-e ~1

The system is essentially guaranteed to decohere completely before computa-

tion completes. Even with optimistic gate fidelity €= 0.9999 (y=10"%):

104 9 _ 5
P (d)zl_e 1077x2.4x10 :1_62.4><10 zl

decohere

Complete decoherence remains inevitable.
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REMARK (Additive effect of fidelity and environmental decoherence): Both
gate fidelity errors and environmental decoherence contribute to system degrada-
tion. The combined effect is multiplicative:

* System fidelity from gate errors: Hd) =~ e~ where £= 1 — Fy
e Environmental decoherence: 1 — Pojiapse(d) = €779
e Combined system quality: e*¢ x e779 = e (#*1d

The effective error rate is the sum: £+ y.

Important distinction: This analysis describes decoherence (gradual infor-
mation loss to environment) rather than measurement (instantaneous wavefunc-
tion collapse). While some early literature framed environmental interactions as
“weak measurements” [27] [28] [47] [48], the modern understanding treats this
as continuous decoherence governed by the Lindblad formalism [27] [28] [45] [46]
introduced above. The mathematical form (exponential decay) is the same, but
the physical mechanism differs: decoherence is gradual entanglement with envi-
ronmental degrees of freedom, not repeated projection onto measurement eigen-
states. Our argument relies on decoherence theory, which is well-established and

does not require invoking measurement formalism.

7.3. The Energy-Time Uncertainty Relation

The energy-time uncertainty relation provides another bound:
THEOREM (Margolus-Levitin Quantum Speed Limit) [29]: The minimum
time for a quantum state to evolve orthogonally is:

72% 1)

where AEis the energy uncertainty of the state.
Fundamental speed limits by platform: Typical energy scales by platform
[29]:
Superconducting qubits:
AE = hx5GHz ~6.6x107*x5x10” ~3.3x10™J

o Ty 2Th/(2AE) x mx1.05x107/(2x33x107*) 2 50ps  (picoseconds)

L]

Trapped ions:
AE =~ hx1 MHz ~ 6.6x107* x10° » 6.6x107%J

Ty 2 TH/(2AE) = x1.05x10/(2x6.6x10™* ) ~ 250 ns

L]

Neutral atoms:
AE ~ hx10 MHz ~ 6.6x10* x10" = 6.6x107 J

Ty 2 ThJ(2AE) » x1.05x10™/(2x6.6 %107 ) ~ 25 ns

L]

Silicon spin:
AE ~ hx10 MHz =~ 6.6x10 7 x10" = 6.6x107 J
© 7, 27mh/(2AE)~25ns

L]

Minimum gate times from Margolus-Levitin Bounds are given in Table 9.
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Table 9. Minimum gate time from Margolus-Levitin Bounds.

Platform Typical AE Tmin (M-L bound)  Current e Ratio (Zate/ Zmin)
Superconducting  ~h x5 GHz ~50 ps 20 - 50 ns ~400 - 1000x
Trapped ions ~h x 1 MHz ~250 ns 10 - 100 ps ~40 - 400x
Neutral atoms ~ ~h x 10 MHz ~25ns 1-10ps ~40 - 400x
Silicon spin ~h x 10 MHz ~25ns 1-10us ~40 - 400x

Key insight: Current gate times are already within 40 - 1000x of the fundamen-
tal Margolus-Levitin bound. This means gate speeds cannot be arbitrarily im-
proved—we are already approaching fundamental physical limits. Even if engi-
neering advances improve gate times by another order of magnitude, the required
coherence times for our trading example (49 minutes to 68 days) would still be
orders of magnitude beyond current capabilities.

Maximum achievable operations before decoherence (at M-L bound, based

on current coherence times): Using

d,, =—2 (22)

under the current decoherence time, 73, the absolute maximum depths (if gates

operated at fundamental speed) are given in Table 10.

Table 10. The absolute maximum depths if gates operated at fundamental speed.

Platform T Tinin inax
Superconducting 200 ps 50 ps 4 x10°
Trapped ions 10s 250 ns 4 %107
Neutral atoms 10s 25ns 4x 108
Silicon spin ls 25 ns 4 %107

EXAMPLE (Time Gap) Even at the fundamental speed limit, the problem
remains insurmountable. For d sequential operations at the Margolus-Levitin
bound, the minimum total time is:
>dxt (23)

min

t

total,min

For our trading example with d = 6 x 107 operations, the coherence time gaps

are given in Table 11.

Table 11. The coherence time gaps for d= 6 x 107 operations.

Minimum time

Platform Tmin (M-L bound) (6% 107 ops) Current 7> Gap
Superconducting 50 ps 3 milliseconds 200 ps 15x
Trapped ions 250 ns 15 seconds 10's
Neutral atoms 25 ns 1.5 seconds 10's
Silicon spin 25 ns 1.5 seconds ls
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Even if gates could operate at the fundamental Margolus-Levitin speed limit
(impossible in practice), the computation time would still conflict with current
coherence limits for superconducting under the current decoherence time, 7>.

EXAMPLE (Depth Gap): For our trading example with d= 6 x 107 operations,
the depth gaps are given in Table 12.

Table 12. The depth gaps for d= 6 x 107 operations.

Platform dnax (at M-L limit) Required Gap

Superconducting 4 x10° 6 x 107 15%
Trapped ions 4 x 107 6 x 107
Neutral atoms 4 x 108 6 x 107
Silicon spin 4 x 107 6 x 107

Even at the theoretical speed limit, the computation depth would still conflict

with the current coherence limits for superconducting.

7.4. Interaction with Environment

Each gate operation involves [16] [17] [26]:
* Control fields: External electromagnetic fields that could leak information.
e Thermal bath: Coupling to phonon modes in the substrate.
* Control electronics: Classical systems that must remain correlated with quan-
tum state.
PROPOSITION (Information Leakage Bound) [11] [16]: If each operation
leaks A7bits of information to the environment, then after d operations:

Ileaked =d-Al (24)

Current experimental techniques can characterize information leakage at best
to ~107 to 107 bits per operation through process tomography and randomized
benchmarking [24].

EXAMPLE For quantum advantage, we require fexea < 10g2(N) (less infor-
mation leaked than gained from quantum speedup). For N= 3% (log,(N) = 32 bits)
and d=6x 10"

Al =1 ,../d< 32/(6>< 107) ~5x107" bits per operation

REMARK: This requires each gate operation to leak less than 1 part in 107 of a
bit of information, leaving a gap of 3 - 4 orders of magnitude in measurement
precision. Whether gates actually achieve A7< 5 x 1077 bits per operation remains
experimentally unverified.

Maximum allowable operations before information leakage destroys quan-
tum advantage: Using the above example for an order of magnitude estimate, we
require feaed < 32 bits. Using the inequality, feaea = d*AZ< 32, we can compute the

maximum number of operations for different platforms:
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2

. 25
max =7 (25)

Assuming current best-case information leakage rates A7~ 10~* bits per opera-

tion (optimistic), the restrictions on depth are given in Table 13.

Table 13. maximum achievable circuit depths from informaation leak.

Platform A (bits/op) dnax (Operations)
Superconducting ~107* 320,000
Trapped ions ~107* 320,000
Neutral atoms ~107* 320,000
Silicon spin ~107* 320,000

Note: These estimates assume the best-case measured information leakage rate of A/~ 10
bits per operation. If actual leakage rates are higher (A7 = 107%), the maximum allowable
operations drops to dnax = 32,000.

7.5. The Zeno Effect

Frequent interactions can lead to the quantum Zeno effect [35] [36], where con-
tinuous measurement prevents evolution:

THEOREM (Quantum Zeno Regime): If the rate of environmental interac-
tions exceeds the characteristic evolution rate w of the system, the system remains
in its initial state:

Ieny > w = Evolution suppressed

EXAMPLE For d = 6 x 107 operations, superconducting qubits, 50 ps for the
Margolus-Levitin bound, the minimum time is: £= d X Tmin = 6 X 107 X 50 ps = 3

x 107, the operation rate is:
T, =d/t=(6x107) /(3x107s) =2x10" Hz

If environmental interactions occur at comparable rates, Zeno freezing may
prevent the quantum algorithm from executing.

Summary: Each quantum gate operation constitutes a physical interaction that
may act as weak measurement—accumulated over many operations, these inter-
actions risk collapsing the superposition before computation completes. Similar
limits on maximum achievable operations arise from multiple independent phys-
ical constraints examined in this section, based on current coherence.

Comparison of fundamental operation limits are given in Table 14.

Table 14. Limits from Section 5, 6, and 7.

M-L + Info leakage
Platform Weak measurement (7.2) h 73) (7.4) 8 Fidelity (6.2) Coherence (5.1)
coherence (7. .

Superconducting 7 x 10° 4 x 10° 3.2x10° 139 2,000 - 10,000
Trapped ions 7 x 10° 4 x 107 3.2x10° 693 10,000 - 1,000,000
Neutral atoms 7 x 10° 4x 108 3.2x10° ~1000* 100,000 - 10,000,000

Silicon spin 7 x 10° 4 x 107 3.2x10° 69 10,000 - 1,000,000
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*Estimated for neutral atoms assuming similar two-qubit fidelity to trapped
ions.

Key insight: Multiple independent physical mechanisms are:
* Coherence
*  Weak measurement accumulation
* The quantum speed limit combined with decoherence
¢ Information leakage, and
* Gate fidelity decay

All impose upper bounds on the number of sequential operations that can be
performed while maintaining quantum advantage (Table 14). Remarkably, gate
fidelity (Section 6.2) is the most restrictive constraint for all platforms, limiting
achievable operations to 100 - 1000 even under ideal conditions. While weak
measurement (7 x 10°), Margolus-Levitin bounds (4 x 10° to 4 x 10%), and infor-
mation leakage (3.2 x 10°) also create significant barriers, the exponential decay
of fidelity with circuit depth ( F(d)=Fy, ) represents the most immediate and
severe limitation. These are no alternatives; the cumulative constraints must all be

satisfied simultaneously.

8. The Unified Constraint Framework

8.1. The Combined Constraint

The five variables in the last section impose joint constraints that may be impos-
sible to satisfy simultaneously for Grover-Type Algorithms:

THEOREM (Quantum Loop Satisfaction Conditions): For a Grover-Type
quantum algorithm with problem size N = &7, to achieve practical quantum ad-
vantage, ALL of the following must hold:

1) Superposition Size:

* Physical qubits available: s = y(a + B)- Tlog(k)
* where y= 10° (error correction), a = 1.5 (encoding), S = 1 (ancilla)

2) Coherence Time:

* Algorithm completion: 7, >/, N d e
* Circuit depth limit: dna = 73/ ate

3) Gate Fidelity:

* For algorithms with depth & Fue > 1 — In(2)/d, where d -JN-d

oracle

for
Grover-type algorithms
* Equivalently, maximum achievable depth: dhex = In(2)/(1 — Fyae)
4) Measurement Boundary:
* Weak measurement: P, .. (d)~1-¢*
* Quantum speed limit: dna = T3/ Tgae (Margolus-Levitin bound)
* Information leakage: feaea = A7 < log,(N) (where A7is bits leaked per opera-
tion)
All categories of constraints must be satisfied simultaneously for quantum ad-

vantage to be achievable.

DOI: 10.4236/jqis.2026.161003

101 Journal of Quantum Information Science


https://doi.org/10.4236/jqis.2026.161003

Y. Liu

8.2. Current Status

We analyze a concrete reinforcement learning problem for financial trading to
quantify these limits. For this problem requiring search over 3% states, we system-
atically compare multiple physical factors limiting quantum loop depth. We iden-
tify that the most restrictive limits arise from coherence time and gate fidelity con-
straints. The coherence time constraint limits implementable loops to approxi-
mately 10* iterations on superconducting hardware and 10° iterations on ion traps—
while our problem requires far more iterations. The gate fidelity constraint, ac-
counting for cumulative errors over deep sequential circuits, limits reliable loops
to approximately 1000 iterations. Both constraints are severely restrictive, falling

short of requirements by many applications.

8.3. Scaling Behavior

As problem size grows, requirements become more stringent:
PROPOSITION (Scaling Exacerbation for Grover-Type Algorithms): For
Grover-type algorithms with search space size N= k":
1) Qubit requirement:
* Ipnys = pa+ f)-Tlogy(k)
e Scales as O(T)—linear in problem size T

2) Coherence requirement:
° TZ > tgate ' \/N : doracle = tgate ' \/k7 ' dorac]e
Scales as O(\/ﬁ ) = O(kT/ ? ) —exponential in problem size T’

3) Fidelity requirement:
Fae > 1 —1In(2)/dwhere d = x/ﬁdomle

* Equivalently: dhax = In(2)/(1 — Faee)
* Scalesas F(d)=(1 —e)d ~(1- g)km —exponentially stringent in 7"

COROLLARY: The Quantum Loop Barrier becomes exponentially harder to
satisty as problem size T increases for Grover-type algorithms, suggesting a fun-
damental scaling barrier rather than mere engineering challenges. While qubit re-
quirements grow linearly (manageable), coherence time requirements and fidelity
requirements become exponentially more demanding, creating an insurmounta-
ble barrier for large T

REMARK: Algorithms with polynomial circuit depth in problem size n (such
as Shor’s algorithm with d= O(z7)) face less severe constraints. For example, fac-
toring a 2048-bit number requires d =~ 2048* ~ 8.6 x 10° operations, which still
violates condition (2), Coherence Time, but by less than our trading example. The

key distinction is whether circuit depth scales polynomially (in 1) or exponentially
(in \/p )
9. Engineering vs. Absolute Physical Limits

An important question arises: as technology advances, which Quantum Loop Bar-

rier requirements could theoretically be satisfied, and which face fundamental
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physical limits that no engineering improvement can overcome?

9.1. Technological Progress Projections

Technology projections are given in Table 15.

Table 15. Technology projections.

Near-t Engineering
ear-term
Constraint Current (2024) limit Absolute physical limit

(5 - 10 years) (20 - 50 years)

None known (Bekenstein

100,000 -
Qubits ~500 1000 - 10,000 bound [14] at ~10% for
1,000,000 .
room-sized system)
Yes: CMB radiation,
10 s (ions), Minutes (ions), ravitational waves,
i) (ions) (ions) Hours-Days 8

200 ps (SC) 1 ms (SC) vacuum fluctuations

(~years max)

Yes: Heisenberg
Fate 0.995 - 0.999 0.9999 0.999999 uncertainty [11] (~1 -
107'° per operation)

Here:
¢ SC = Superconducting qubits
* CMB = Cosmic Microwave Background

9.2. Fundamental Physical Barriers

Several absolute limits exist that cannot be overcome by any technology:
1) The Margolus-Levitin Bound (Quantum Speed Limit) [29]

The minimum time for a quantum state to evolve orthogonally is:

> % (26)

This is an absolute physical limit derived from energy-time uncertainty. For d

sequential operations (Section 5.3):
nh
t . =dx—<T, 27
min 2E 2 ( )

2) The Bekenstein Bound (Information Density Limit) [14]
Maximum information content in a finite volume is [14]:
< 2nRE
™ heln2

where Ris the radius and E'is the total energy.

(28)

Example calculation: For a room-sized quantum computer (R =5 m) with en-
ergy E=10°]:
[ % 2mx5x10°/(1.054x107 x3x10° xIn2) 10 bits
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This corresponds to ~10°' qubits - far beyond any practical need. This limit can
be ignored. While not limiting on quantum computers, this sets an ultimate
bound on information processing in finite space.

3) Landauer’s Limit (Thermodynamic Bound) [15]

Minimum energy per irreversible bit operation:
E, =k, TIn2~3x107'J, at T=300K (29)

While quantum gates are theoretically reversible, practical implementation in-
volves irreversible operations (measurement, error correction, classical control).
If a fraction, & of the d operations are irreversible, the minimum energy dissipa-
tion is:

Etotal ngdemin =€><d><kBT1n2

EXAMPLE: For d= 6 x 107 operations at 7= 300 K, if £= 1% (1% of operations
irreversible): Fior1 2 0.01 X 6 X 107 x 3 X 107 ] = 1.8 x 107" ] = 2 femtojoules; At
d =6 x 107 operations completing in seconds, power dissipation is: P = Egu/t =
10-" to 107 watts (femtowatts to tens of femtowatts). This limit can be ignored.

Implication: While Landauer’s limit is not currently restrictive (femtowatts are
manageable), energy dissipation scales linearly with operation count. For algo-
rithms requiring d ~ 10° - 10'? operations or higher repetition rates, heat dissipa-
tion could become a fundamental constraint, particularly when combined with
cooling requirements for superconducting qubits.

4) Heisenberg Uncertainty Principle (Measurement Precision Limit)

AE-AtZ% (30)

This fundamentally limits the precision with which we can control quantum
operations.
Gate fidelity limit derivation: Consider a quantum gate operation with:
* Energy scale E: The characteristic energy of the quantum operation (e.g., qubit
transition energy)
* QGate time f£,.: Duration of the gate operation
* Energy uncertainty: From Heisenberg uncertainty, 0F > A/(2 )
Phase error mechanism: In quantum mechanics, a quantum state with energy

Eevolves in time according to [11] [42]-[44]:

_i(E)
pe)=e " lv(0) (1)
The phase accumulated over gate time, Zut, is:
E-t
_ gate 32
o= (32)

When there is energy uncertainty JF (from the Heisenberg principle), the ac-
tual energy is £+ OF, leading to phase uncertainty:
t

5p=(9E)- 2 (33)
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The relative phase error is:

Connection to gate fidelity: Phase errors translate to gate infidelity. A state

with phase error dg evolves as:
|W'(f)> = ¢ (o+d0) |¢//(0)> —e .o % |W(0)>

For small &g, we can expand: e = 1 - idp, the fidelity (overlap with the ideal

state) is:
F=ly @y @) =[Ol () (1-(50)’) (35)

Therefore, the gate error is:

2
O
gfundamemal ~ (5(p)2 = (fj : (02

Now:

2 2
Efundamental © [%ﬂj o (%j ¢’ (36)

Fundamental limit calculation: For any quantum state with energy uncer-
tainty A E'evolving over time A¢ Equation (29) must hold. During a quantum gate
operation:
* AE = energy uncertainty in the control Hamiltonian
* At = ty. = duration of the gate operation

A quantum gate is implemented by a time-dependent Hamiltonian H(?) that
acts for duration f.. This Hamiltonian has characteristic energy scale £and in-
herent uncertainty JF in how precisely this energy is defined/controlled. There-
fore:

1) Energy control precision: AE= 0F

2) Gate operation time: Af = fe

Sty > 0

gate 2 (37)

For a gate operating at the quantum speed limit (Margolus-Levitin bound), the
minimum gate time is:
nh

min 2E ( )

Substituting into the Heisenberg bound:

P ———
2tmin zlh T
2E
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Thus, the minimum relative energy uncertainty is:

E _1
%1 (39)
EF =
This yields a fundamental error floor:
2 2
Efundamental ~ [l\J : ¢2 ~ ¢_ per Operation (40)
T 10

Interpretation: This naive estimate assumes:

1) Operations at the quantum speed limit (shortest possible gate time)

2) Maximum Heisenberg uncertainty (no error suppression)

3) No control engineering or optimization

Therefore, 10% per gate represents an absolute worst case, not a realistic limit.

More realistic estimate: In practice, quantum control systems operate with mul-
tiple error suppression mechanisms (dynamical decoupling, optimal control pulses,
composite pulse sequences, etc.) that can suppress this fundamental uncertainty
by several orders of magnitude. The achievable fidelity is limited not by the crude
Heisenberg bound above, but by:

1) Control Hamiltonian precision: How accurately can we engineer the de-
sired quantum operation?

2) Systematic error cancellation: Pulse shaping and concatenation techniques.

3) Environmental isolation: Shielding from external noise sources.

Current theoretical analyses [11] [17] [20] and experimental extrapolations
suggest that with optimal control engineering, fundamental fidelity limits are in
the range:

Fge =1 -107""to 1 — 107" per operation
Equivalently, the fundamental error rate is:

Ehundamental = 107'° to 1072 per operation

This represents the ultimate physical limit achievable with perfect control en-
gineering, beyond which quantum uncertainty prevents further improvement.
This limit constrains the maximum achievable sequential depth dnax.

Relationship to control theory:

Advanced quantum control techniques (optimal control, dynamical decoupling,
composite pulses) can suppress errors below the naive Heisenberg limit, AEAt>
A/2, for individual gates by [11] [30] [49]:

1) Averaging over multiple pulses

2) Engineering pulse shapes to cancel systematic errors

3) Using concatenated gate sequences

However, these techniques face fundamental limits for deep sequential circuits:

1) No free lunch: Error suppression for individual gates requires additional
operations (multiple pulses, decoupling sequences), increasing total depth d.

2) Overhead scaling: Achieving n times better fidelity per gate requires O(n)

additional operations, increasing total depth by factor of n.
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3) Net effect: For deep circuits (d = 10°), improving individual gate fidelity
through control techniques increases total operation count proportionally, main-
taining or worsening the overall (1 — £)? fidelity decay.

4) Heisenberg bound applies to aggregate: While individual gates can surpass
naive limits through control engineering, the total energy-time budget for the en-
tire circuit remains Heisenberg-bounded: A = A/(2A Eyvaitable)-

Thus, the Heisenberg bound is not absolute for individual gates but becomes
absolute in aggregate for exponentially deep circuits [29]. Control theory provides
constant-factor improvements but cannot overcome exponential scaling.

EXAMPLE: Assumes:

1) Perfect achievement of fundamental limits (no engineering imperfections
beyond Heisenberg uncertainty)

2) No other error sources (environmental decoherence, control errors, cross-
talk)

3) Ideal error correction (if QEC overhead is included, requirements become
more stringent)

For d= 6 x 107 operations, even at the fundamental limit of Fgee =1 - 1071
X 7 _
F(d)=(1-10")" ~ e ~0.994

While this example exceeds the absolute minimum threshold (£ > 0.5), Hd)
grows with d.

REMARK: Even with perfect future technology achieving absolute physical
limits, large-scale Oracle-based quantum algorithms operating near d ~ 107 - 10®
operations are at the edge of physical feasibility. Any additional error sources be-
yond the Heisenberg limit would push the system below the quantum advantage
threshold.

5) Fundamental Decoherence Sources

Even with perfect engineering isolation, unavoidable interactions exist:

* Cosmic microwave background (CMB): 7= 2.7 K, photon density ~400/cm’

* Gravitational wave fluctuations: Strain ~107*' at frequencies relevant to
quantum gates

* Vacuum fluctuations: Zero-point energy of quantum fields

* Neutrino background: Cosmic neutrino flux ~10%(cm?s)

Estimated fundamental coherence time: While these effects are extraordinar-
ily weak, they set an absolute upper bound on coherence times, estimated to be on
the order of years to centuries for perfectly isolated systems [16]. This limit can
be ignored.

Implication: For our example requiring 73 > 49 minutes (without QEC) or 41
hours (with QEC), fundamental decoherence is not the limiting factor. However,
it represents an ultimate ceiling.

Summary: Among the absolute physical limits identified in this section, the
Margolus-Levitin bound (quantum speed limit) and Heisenberg uncertainty prin-

ciple (gate fidelity limit) impose the most restrictive constraints on Oracle-based
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quantum algorithms requiring deep circuits. The Heisenberg limit on gate fidelity
(Eundamental ~1071° to 1072) allows only Hd) = 0.994 for d= 6 x 107 operations even
under ideal conditions, creating a narrow margin above the quantum advantage
threshold. The Margolus-Levitin bound constrains the minimum time per opera-
tion, and even at this fundamental limit, current coherence times remain insuffi-
cient for algorithms requiring ~107 - 10® sequential operations.

In contrast, the Bekenstein bound (information density), Landauer’s limit
(thermodynamic energy dissipation), and fundamental decoherence sources (cos-
mic background, vacuum fluctuations) do not currently constrain practical quan-
tum algorithms. The Bekenstein bound allows ~10°* qubits in room-sized systems
(far exceeding any practical need), Landauer’s limit permits femtowatt-scale op-
eration (manageable), and fundamental decoherence sets coherence time limits of

years to centuries (far beyond current technological coherence of seconds).

9.3. The Fundamental Tradeoff

The critical insight is that multiple fundamental limits interact:

1) Need more operations > Requires minimum time (Margolus-Levitin).

2) Each operation has maximum fidelity (Heisenberg) - Cumulative errors.

3) Long computation time > Decoherence accumulates (even fundamental
sources).

Even with perfect future technology, these fundamental limits create a con-
straint space that may not contain a solution for large-scale Oracle-based quan-
tum algorithms requiring deep circuits.

THEOREM (Fundamental Feasibility Bound): For a quantum algorithm with
d operations to be fundamentally feasible, it must satisfy ALL of:

1) tmin = dx nhA/(2E) < T; (Margolus-Levitin vs decoherence)

2) Hd) = (1 — &min)¥> 0.5 where &nin = 1071° (Heisenberg limit)

3) Total energy < Bekenstein bound for system volume

4) Heat dissipation < Landauer limit x operation rate

For d = 6 x 107, the Heisenberg limit alone gives: F(d)~e ™" ~0.994.
This suggests that even with unlimited technological advancement, the trading
RL example (and similar large-scale Oracle-based quantum algorithms requiring
O(W ) or deeper circuits) may be fundamentally infeasible due to the interac-

tion of absolute physical limits.

10. Future Directions

Implications for Quantum Algorithm Design:

1) Depth awareness: Algorithms should minimize circuit depth, not just gate
count.

2) Verification strategy: Include built-in verification that doesn’t negate quan-
tum advantage.

3) Realistic problem sizing: Target problems where JN s within demon-

strable coherence bounds.
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4) Hybrid approaches: Use quantum subroutines only where Quantum Loop
Barrier can be satisfied.

A Path Forward: Modular Quantum Computation

The constraints identified in this work—particularly the exponential growth in
coherence and fidelity requirements with circuit depth—suggest that viable Ora-
cle-based quantum algorithms must adopt a fundamentally different structure.
Instead of fighting the exponential barrier with deeper circuits, we must embrace
the constraints by decomposing problems into shallow phases separated by meas-
urements. This transforms an impossible problem (exponential depth) into a po-
tentially tractable one (many polynomial phases). Rather than attempting deep
circuits with O(W ) sequential operations, practical Oracle-based quantum al-
gorithms may need to follow a modular measurement-based architecture:

Repeat as necessary:

Phase i: Polynomial-depth quantum computation (within physical bounds)

Measurement: Extract result m;

End repeat

Classical post-processing: Combine measurements {1, 12, ..., 1}

Key principles of this approach:

1) Bounded depth per phase: Each quantum phase operates within demon-
strated coherence times (. = 10* - 107 operations depending on platform).

2) Intermediate measurement: Each phase terminates with measurement, col-
lapsing the superposition and extracting classical information before decoherence
destroys quantum advantage.

3) Progressive computation: Each phase’s measurement outcome informs sub-
sequent phases, allowing complex problems to be decomposed into manageable
quantum subroutines.

4) Classical coordination: Post-processing combines measurement results to
solve the overall problem, similar to MapReduce parallelization in classical com-
puting.

Advantages of this architecture:

* Respects physical bounds: Each phase stays within coherence time, fidelity,
and measurement boundary constraints

* Fault tolerance: Errors are contained within individual phases rather than ac-
cumulating exponentially

* Verifiable: Intermediate measurements provide checkpoints for verification

* Scalable: Problem size can grow by adding more phases (linear overhead) ra-
ther than deeper circuits (exponential overhead)

Challenges:

* Not all problems decompose naturally into this structure
* May lose quantum advantage if too many measurements are required
* Requires new algorithm design paradigms
We will explore this modular quantum computation framework in future work,

investigating which problem classes can benefit from this architecture while main-
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taining quantum advantage within physical constraints.

Open Questions: Several fundamental questions remain:

1) Experimental limits: What is the maximum demonstrated circuit depth with
maintained fidelity?

2) Measurement boundary: Can we quantify the weak measurement strength
of gate operations?

3) Fundamental bounds: Are there other information-theoretic limits on su-
perposition size or operation count?

4) Operator depth limits: Are there theoretical estimates on the maximum im-
plementable operator complexity (circuit depth diaae) for specific problem classes?
While we assumed dorace = 100 - 1000 for our trading example, a rigorous lower
bound on oracle complexity for learning problems would strengthen our analysis.

5) Alternative architectures: Do topological quantum computers [39] or meas-

urement-based quantum computation [40] avoid these limitations?

11. The Complete Barrier Framework: Computational and
Physical Constraints

Our companion work [4] established three independent computational/logical
barriers affecting oracle-based quantum search algorithms: the Grover Dilemma,
Setup Cost Dilemma, and Oracle Circularity. That analysis identified a narrow
exception—cryptographic primitives with polynomial-size specifications and no
structural weaknesses—that theoretically avoids all three computational barriers
and achieves asymptotic quantum advantage O(2%2) versus classical O(2%).

This work demonstrates that even this narrow exception faces insurmountable
physical barriers. The combination reveals that oracle-based quantum search faces
fundamental limitations from two independent directions: computational/logical

barriers [4] and physical implementation barriers (this work).

11.1. The Four Independent Barriers

A complete evaluation of oracle-based quantum search algorithms must consider
all four barriers:

Computational/Logical Barriers [4]:

Barrier 1 - Grover Dilemma: For Type A problems where computational space
exceeds valid data space, constructing superposition over only valid states requires
O(| D)) or O(]8)) classical preprocessing, eliminating quantum advantage.

Barrier 2 - Setup Cost Dilemma: Oracle construction or data loading may re-
quire classical computation with cost Cietp = Cuassicals €liminating quantum ad-
vantage for single-query scenarios.

Barrier 3 - Oracle Circularity: Oracle construction or specification may re-
quire solving the target problem, creating circular dependency where ({oracle) >
((problem).

Physical Implementation Barrier (This Work):

Barrier 4 - Loop Depth Barrier: Quantum coherence time 7; and gate fidelity
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constraints impose fundamental limits on achievable sequential circuit depth. For
algorithms requiring dy, sequential operations, quantum advantage is eliminated
when:
* Coherence constraint: dig X lyae > T3
* Fidelity constraint: (1 —g)d'"“g < threshold for reliable computation
* Fundamental limits: Margolus-Levitin bound, Heisenberg uncertainty, una-
voidable decoherence

Key Property: These four barriers are logically and physically independent. An

algorithm must avoid ALL FOUR simultaneously to achieve practical quantum

advantage.

11.2. Why the Barriers are Independent

The independence of these barriers is crucial for understanding why quantum ad-
vantage is so rare:
Computational barriers are problem-dependent [4]:
* Grover Dilemma affects Type A problems (structured data) but not Type B
(natural encoding).
* Setup Cost affects problems requiring expensive oracle construction or data
loading.
* Oracle Circularity affects optimization/learning problems where oracles must
identify solutions.
Physical barriers are implementation-dependent:
* Loop Depth Barrier affects ALL algorithms requiring deep sequential opera-
tions.
* Applies regardless of problem structure or oracle specification.
* Determined by fundamental physics, not problem formulation.
Critical insight: An algorithm can avoid Barriers 1-3 (computational) but still
fail due to Barrier 4 (physical), or vice versa. All four must be avoided simultane-

ously.

11.3. Cryptographic Key Search: The Narrow Exception of Barrier
1,2,and 3

Reference [4] identified cryptographic primitives (e.g., AES key search) as avoid-
ing Barriers 1-3:
Barrier 1 (Grover Dilemma) - AVOIDED:
e Type B encoding: All 2¥keys are valid computational states
* No invalid states requiring filtering
* Superposition construction: O(k) Hadamard gates
Barrier 2 (Setup Cost) - AVOIDED:
* AES specification is public and compact: O(poly(%)) circuit complexity
* Both classical and quantum implement same algorithm with polynomial setup
*  Symmetric setup cost for both approaches
Barrier 3 (Oracle Circularity) - AVOIDED:
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* Oracle evaluates “Does this key produce correct ciphertext?”

* This evaluation does NOT require knowing which key is correct

¢ The oracle checks a condition without encoding the solution
Asymptotic Advantage:

* Classical: O(poly(k)) + O(2%) = O(2%)

e Quantum: O(poly(k)) + O(2¥?) = O(2%?)

* Theoretical advantage exists

11.4. Barrier 4 Eliminates the Exception

However, this narrow exception faces the Loop Depth Barrier (Barrier 4) analyzed
in this work:
AES-128 (k = 128 bits): Required sequential operations:

e Grover iterations: O (\/ 2! ) = 0(264) ~1.8x10" iterations

* Each iteration: Oracle evaluation + Diffusion operator = 40,000 gates (AES
circuit)
* Total sequential depth: dyg ~ 1.8 X 10" X 4 X 10* = 7.2 x 10* gates
Physical constraints (best case - trapped ions):
* Coherence time: 75 = 1000 seconds (optimistic future projection)
*  Gate time: £y = 107° seconds
* Maximum achievable depth: dna = T3/ e = 10° gates
The gap:
* Required: 7.2 x 10% gates
* Achievable: 10° gates
» Shortfall: 7.2 x 10" x (14 orders of magnitude)
Fundamental limits prevent closing this gap:
1) Margolus-Levitin bound: Quantum operations require minimum time A¢>
B/ (2AE). For available energy budgets, cannot achieve required operation speed.
2) Heisenberg uncertainty: Gate fidelity limited by AEA¢ > /2. Required fi-
delity (1-2)"""

3) Unavoidable decoherence: Cosmic microwave background radiation, grav-

~1-107 per gate is physically impossible.

itational wave fluctuations, and vacuum fluctuations impose ultimate 7; ceiling
regardless of shielding.

4) Exponential scaling: For AES-256 (k= 256), required depth becomes 2'?® ~
10% gates—astronomically beyond any conceivable technology.

Conclusion for AES: While asymptotic complexity shows O(2%?) advantage,
physical implementation barriers make this advantage unachievable for any prac-

tical key length.

11.5. The Complete Picture

For oracle-based quantum search algorithms to achieve practical advantage,
they must simultaneously:

1) Avoid Grover Dilemma (Type B encoding)
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2) Avoid Setup Cost (polynomial oracle construction for both quantum and

classical)

3) Avoid Oracle Circularity (oracle specifiable without solving problem)

4) Avoid Loop Depth Barrier (dyg < dnax With reliable fidelity)
Classification of all analyzed problems are given in Table 16 [4].

Table 16. All four barrier: no oracle-based quantum search algorithm provides genuine computational advantage [4].

Algorithm

Deutsch (general case)
Deutsch-Jozsa (black-box)
Deutsch-Jozsa (explicit formula)
Simon (black-box)

Simon (structured/linear)
Database search (Type A)
Subset Sum

SAT, TSP, NP-complete
Reinforcement Learning
AES-128 key search
AES-256 key search

Barrier 1 Barrier 2 Barrier 3 (Oracle Barrier 4

(Grover Dilemma) (Setup Cost) Circularity) (Loop Depth) Advantage?
v Avoids X Fails v Avoids v Avoids NO
v Avoids X Fails v Avoids v Avoids NO
v Avoids ~ Neutral v Avoids v Avoids NO*
v Avoids X Fails v Avoids v Avoids NO
v Avoids ~ Neutral v Avoids v Avoids NO*
X Fails X Fails v/ Avoids X Fails NO
v Avoids v Avoids X Fails X Fails NO
v Avoids v Avoids X Fails X Fails NO
v Avoids v Avoids X Fails X Fails NO
v/ Avoids v Avoids v Avoids X FAILS NO
v/ Avoids v Avoids v Avoids X FAILS NO

Universal finding: Through systematic analysis of major problem classes and

specific quantum algorithms, we found no practical cases where oracle-based
quantum search provides genuine computational advantage over optimal classical
approaches when all four barriers are properly accounted for.

Even the narrow exception of cryptographic primitives—which avoids the first
three computational/logical barriers—faces the fourth barrier of physical imple-
mentation constraints, making practical advantage impossible despite theoretical

asymptotic improvements.

11.6. The Fundamental Asymmetry

The combination of computational and physical barriers reveals a fundamental
asymmetry in quantum vs. classical computing:
Classical computing:
* Bits persist in physical memory indefinitely
¢ Can perform arbitrarily deep sequential operations
* Fidelity constraints are not engineering challenges (99.9999...% achievable)
* Intermediate states can be verified without destruction
Quantum computing:
* Qubits exist as probability amplitudes without persistent substrate

* Sequential operations limited by 75 (microseconds to seconds)
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* Fidelity constraints are fundamental physics (Heisenberg uncertainty)
* Measurement destroys superposition

For shallow circuits (polynomial depth): Quantum can provide exponential
advantages (Shor’s, simulation)

For deep sequential operations (O(W ) or deeper): Physical barriers be-
come insurmountable as N grows, while classical faces no such fundamental depth

limit
11.7. Summary

The complete four-barrier framework establishes that oracle-based quantum
search faces fundamental limitations from two independent directions:

Computational direction [4]: Three barriers eliminate advantage for most
problem classes, with only cryptographic primitives as narrow theoretical excep-
tion.

Physical direction (This work): Loop Depth Barrier eliminates advantage even
for the narrow theoretical exception, due to exponential scaling of sequential op-
eration requirements versus logarithmic improvements in coherence time.

Combined result: No practical quantum advantage exists for oracle-based quan-
tum search when all four barriers are properly accounted for. This is not a tem-
porary limitation of current technology but a fundamental constraint arising from
the combination of:

Computational and Logical requirements of oracle specification (Barriers 1-3).

Physical limits of quantum state coherence (Barrier 4).

Exponential divergence between algorithm requirements and physical capabil-
ities.

The path forward for quantum computing lies not in overcoming these barriers
(which is physically impossible for deep sequential operations) but in exploiting

paradigms that naturally avoid them.

12. Conclusions

We have identified and analyzed the Quantum Loop Barrier affecting oracle-based
quantum algorithms requiring deep sequential operations. These algorithms share
a foundational assumption: that computation can be performed in superposition
over exponentially large state spaces with arbitrary circuit depth. This assumption
decomposes into five distinct physical claims:

1) Arbitrarily large superpositions can be created

2) Arbitrarily large operators can be created

3) Coherence persists through O(W ) sequential operations (Grover-type
algorithms)

4) Sequential operations don’t cause cumulative degradation

5) Sequential operations don’t constitute measurement

Using reinforcement learning for financial trading as a concrete example, we

demonstrated that:
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* Current systems fall short of Loop Barrier requirements by 160x (qubits), 300x
(coherence for best platforms), 1000x (fidelity)
* For superconducting qubits, coherence shortfall is ~15 million times
* The search space (3% action sequences for 7'= 20) requires superpositions far
beyond current capabilities
* Requirements scale exponentially with problem size (trading horizon 7)
* Verification faces fundamental epistemological barriers
* These physical constraints are independent of the computational/logical bar-
riers (Grover Dilemma, Setup Cost, Oracle Circularity) identified in compan-
ion work [4]
Most significantly, we have identified absolute physical limits that cannot be
overcome by any technological advancement:
* Margolus-Levitin bound [29]: Imposes fundamental time-energy tradeoff for
quantum operations
* Heisenberg uncertainty [11]: Limits achievable gate fidelity
* Fundamental decoherence [16]: Sets ultimate ceiling on coherence times
from unavoidable cosmic interactions
* Bekenstein bound: Limits information density in finite volume
* Landauer limit: Constrains minimum energy per operation
These fundamental limits interact to create a constraint space that provably
does not permit solutions for large-scale oracle-based quantum search algo-
rithms. It is not merely that current technology is insufficient—fundamental phys-
ics prevents these algorithms from ever working at scale for problems requiring
O(W ) or deeper sequential operations when JN  exceeds physically achiev-
able limits.
Critical Finding - Fundamental Asymmetry in Scaling:
For Grover-type algorithms with problem size N= k"
* Qubit requirements: Grow linearly as O( 7)—a manageable engineering chal-
lenge
* Coherence time requirements: Grow exponentially as O(4"?)—fundamental
barrier /
* Gate fidelity requirements: Become exponentially stringent as (1—¢) "
must remain above threshold—fundamental barrier
This exponential divergence means that while we can build systems with more
qubits through engineering advances, the exponentially growing demands on co-
herence and fidelity create an insurmountable barrier. The Loop Depth Barrier
becomes exponentially harder to satisfy as problem size increases, revealing a fun-
damental scaling limit on Grover’s algorithm rooted in quantum physics rather
than engineering limitations.
Implications:
The combination of computational barriers [4] and physical barriers (this work)
suggests that oracle-based quantum search faces fundamental obstacles from mul-

tiple independent directions:
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1) Computational barriers: Grover Dilemma, Setup Cost, Oracle Circularity
2) Physical barriers: Loop Depth Barrier, coherence constraints, fidelity re-
quirements
An algorithm must avoid ALL barriers simultaneously to achieve practical
quantum advantage. For the current oracle-based quantum search on large-scale
problems, this appears physically impossible.
The Path Forward: Quantum computing’s future lies in paradigms that avoid
deep sequential operations:
* Shor’s algorithm: Exploits mathematical structure with polynomial circuit
depth
* Quantum simulation: Direct physical implementation without deep loops
* Variational algorithms: Shallow circuits with classical optimization loops [37]
[38]
* Future paradigms: Yet to be discovered approaches avoiding the Loop Depth
Barrier
Our analysis clarifies that the limitation is not quantum computing itself, but spe-
cifically the paradigm of oracle-based amplitude amplification requiring O(W )

or deeper sequential operations on large N.
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