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 A B S T R A C T

The scalability of quantum computing is currently limited by physical, technological, and architectural 
constraints that hinder the integration of a large number of qubits within a single quantum processor. 
Distributed quantum computing (DQC) has therefore emerged as a viable alternative, aiming to interconnect 
multiple smaller quantum processing units (QPUs) to jointly operate on a global quantum state. While this 
paradigm enables scalable architectures, it introduces significant communication overhead due to the cost of 
non-local quantum operations across distant nodes. In this work we propose a distributed formulation of the 
iQFT over a quantum network composed of 𝑃  nodes, each hosting 𝑄 qubits, enabling the execution on a global 
register of size 𝑛 = 𝑃 ⋅𝑄. Furthermore, we introduce a communication-efficient variant based on a threshold-
driven pruning strategy, referred to as a communication horizon, which exploits the exponentially decreasing 
significance of controlled-phase rotations to safely omit remote gates with negligible impact. By reducing 
the number of inter-node quantum interactions, the proposed approach significantly lowers the quantum 
communication requirements of the distributed iQFT while operating within a strictly bounded approximation 
error. Crucially, we show that this approach fundamentally alters the scaling of the algorithm: the entanglement 
resource consumption per node saturates to a constant value, reducing the global communication complexity 
from quadratic (𝑃 2) to linear (𝑃 ). As the iQFT constitutes a critical building block in many quantum 
algorithms, the techniques presented in this paper directly contribute to improving the practicality and 
scalability of distributed quantum computation.
. Introduction

Distributed quantum computing (DQC) has emerged as a promis-
ng architectural approach to overcome the scalability limitations of 
urrent monolithic quantum processors [1,2], which are fundamentally 
onstrained by qubit noise, decoherence, and the increasing complexity 
f control and calibration as the system size grows [3–5]. Rather 
han relying on a single large quantum processor, DQC interconnects 
ultiple smaller quantum processing units (QPUs) through quantum 
ntanglement and classical communication channels, enabling the cre-
tion of a global quantum state spanning several physical devices [6–8]. 
y entangling qubits across a network of 𝑃  interconnected QPUs, each 
osting 𝑄 local qubits, a collective global register of size 𝑛 = 𝑃 ⋅𝑄 can 
e realized. This modular paradigm allows quantum systems to scale 
eyond the physical limits of individual processors [9,10].
Regarding quantum computing itself, it represents a fundamental 

hift in the computational paradigm, with several cornerstone quantum 
lgorithms demonstrating its advantage, being the well known Shor’s 

I This article is part of a Special issue entitled: ‘Adv. Quantum Vol. IV’ published in Future Generation Computer Systems.
∗ Corresponding author.
E-mail address: javier.cardama@usc.es (F.J. Cardama).

integer factorization algorithm [11] the most representative. Shor’s al-
gorithm leverages the Quantum Phase Estimation (QPE) [12] algorithm 
to factor large integers in polynomial time, with the inverse Quantum 
Fourier Transform (iQFT) playing a central role in it, due to the QPE 
encoding its final results in the relative phases of quantum states ex-
pressed in the Fourier basis. The iQFT acts as a decoding operation that 
transforms this phase information back into the computational basis, 
enabling the extraction of classical outcomes through measurement. 
Consequently, the efficiency and scalability of the iQFT directly impact 
the performance of the QPE and, therefore, the Shor’s algorithm—and 
all of those employing these oracle as part of their operations.

However, the standard implementation of the iQFT on an 𝑛-qubit 
register requires (𝑛2) two-qubit controlled-phase gates and exhibits an 
all-to-all interaction pattern, as each qubit must, in principle, interact 
with every other qubit. This quadratic gate complexity and dense con-
nectivity pose significant challenges for both monolithic and distributed 
quantum architectures. In distributed settings, the cost of non-local 
two-qubit gates is particularly high, as they require entanglement 
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generation, quantum communication, and classical synchronization be-
tween remote nodes [13–15].

Because of these demanding communication requirements, the dis-
tribution of the QFT and iQFT serves as a benchmark challenge in the 
field. Standard approaches rely on topology-aware qubit mapping [16], 
remote-gate batching (such as the partitioning methods proposed by 
Kaur et al. [17]), and optimized circuit scheduling to efficiently route 
inter-node communications [18,19]. While these strategies minimize 
the practical execution time of network operations, they preserve the 
full logical structure of the exact circuit, meaning they do not re-
duce the fundamental asymptotic complexity of the communication 
overhead.

Recently, the theoretical limits of these exact implementations were 
formalized by Ebnenasir [20]. In this work, the author established 
the theoretical lower bounds for the communication costs of distribut-
ing the exact QFT on clique networks (quantum network with clique 
topology; i.e., complete graph, where any pair of quantum machines 
have a direct quantum link between them), rigorously proving that any 
exact execution necessitates an aggregate communication complexity of 
𝛺(𝑃 2) across 𝑃  processing nodes.

In this work, we address these challenges by proposing a
communication-efficient distributed implementation of the iQFT. The 
main contributions of this paper are twofold:

• Distributed iQFT: we present a systematic decomposition of the 
iQFT across a quantum network composed of 𝑃  nodes, each with 
𝑄 qubits, enabling the execution of the transform over a global 
register of size 𝑛 = 𝑃 ⋅𝑄.

• Communication-efficient: we introduce a communication-
optimized variant of the distributed iQFT based on a well-known 
threshold-driven pruning strategy [21]. By establishing a max-
imum communication horizon, this approach successfully re-
duces the global entanglement complexity of the network from 
quadratic (𝑃 2) to linear (𝑃 ) scaling.

The remainder of this paper is organized as follows. Section 2 re-
views the theoretical background of the iQFT and distributed quantum 
computing primitives. Section 3 introduces the proposed distributed 
iQFT formulation and the communication horizon optimization strat-
egy. Section 4 analyzes the impact of the proposed approach in terms 
of communication cost and accuracy. Finally, Section 5 conclude the 
paper and outlines directions for future research.

2. Background

2.1. Inverse quantum fourier transform

The Quantum Fourier Transform (QFT) is a linear unitary trans-
formation analogous to the classical discrete Fourier transform. For 
a quantum system of 𝑛 qubits, let 𝑁 = 2𝑛 be the dimension of the 
Hilbert space. The QFT maps the orthonormal computational basis 
states {|𝑥⟩}𝑁−1

𝑥=0  to a new set of orthonormal states, which we refer to 
as the Fourier basis {|𝑥⟩}𝑁−1

𝑥=0 . This operation is defined as: 

QFT|𝑥⟩ = |𝑥⟩ = 1
√

𝑁

𝑁−1
∑

𝑦=0
𝑒2𝜋𝑖

𝑥𝑦
𝑁
|𝑦⟩. (1)

Each state |𝑥⟩ in the Fourier basis is an equal superposition of all 
computational basis states, distinguished only by their relative phases. 
Consequently, the Inverse Quantum Fourier Transform (iQFT) serves as 
the decoding operation that maps a state from the Fourier basis back 
to the computational basis: 

QFT−1|𝑥⟩ = |𝑥⟩. (2)
2 
Mathematically, the iQFT is the adjoint of the QFT operator (QFT†). 
Its action on an arbitrary computational basis state |𝑦⟩ is given by 
introducing a negative sign in the complex exponential: 

QFT−1|𝑦⟩ = 1
√

𝑁

𝑁−1
∑

𝑥=0
𝑒−2𝜋𝑖

𝑥𝑦
𝑁
|𝑥⟩. (3)

This transformation is fundamental in quantum algorithms such as 
Quantum Phase Estimation (QPE) and Shor’s algorithm, where the so-
lution is encoded in the relative phases of the qubits (Fourier basis) and 
must be transformed back to the computational basis to be measured 
with high probability.

2.1.1. Circuit implementation
The decomposition of the iQFT into a quantum circuit consists of a 

structured sequence of Hadamard (𝐻) gates and two-qubit Controlled-
Phase (𝐶𝑃 ) rotations, followed by a SWAP network to reverse the order 
of the qubits. The specific circuit implementation considered in this 
work is illustrated in Fig.  1.

The rotation angle applied to a target qubit 𝑖 □, controlled by qubit 
𝑖 ∙, is determined by the logical index difference 𝑘 between them, 
denoted as: 
𝜃(𝑖 ∙, 𝑖 □) = 𝜃𝑖 □−𝑖 ∙ = − 𝜋

2𝑖 □−𝑖 ∙ . (4)

𝐶𝑃 (𝜃𝑘), applies a diagonal phase shift depending on the index 
difference between the qubits (𝑘 = 𝑖 □ − 𝑖 ∙). For the inverse transform, 
the rotation angle is negative: 
𝐶𝑃 (𝜃𝑘) = diag

(

1, 1, 1, 𝑒−𝑖
𝜋
2𝑘
)

, (5)

where 𝑘 represents index difference between the control and target 
qubits in the register. The exact implementation requires (𝑛2) such 
gates. However, as 𝑘 increases, the rotation angle approaches zero. 
lim
𝑘→∞

𝜃𝑘 = 0. (6)

This property is crucial for distributed implementations, as it al-
lows for the truncation of small-angle rotations (approximate iQFT) to 
reduce inter-node communication, a concept we detail in subsequent 
sections.

To illustrate the specific connectivity pattern by these operations, 
Fig.  2 describes the interactions between an arbitrary pair qubits, 𝑖 ∙ as 
control and qubit 𝑖 □ as target. The angle 𝜃 applied follows the Eq. (4):

2.1.2. Gate complexity and scaling
The computational cost of the exact iQFT is dominated by the num-

ber of two-qubit controlled-phase (𝐶𝑃 ) rotations required to encode 
the relative phases. For an 𝑛-qubit register, the standard decomposition 
involves a sequence of operations where the 𝑗th qubit (for 𝑗 = 1,… , 𝑛) 
acts as a control for 𝑛 − 𝑗 target qubits.

The total number of controlled-phase gates, denoted as 𝑁𝐶𝑃 , is 
determined by the summation of these interactions across the entire 
circuit: 

𝑁𝐶𝑃 (𝑛) =
𝑛−1
∑

𝑗=1
𝑗 =

𝑛(𝑛 − 1)
2

. (7)

Consequently, the gate complexity scales quadratically with the sys-
tem size, i.e., 𝑁𝐶𝑃 ∈ 𝛩(𝑛2). While the number of Hadamard gates scales 
linearly as 𝛩(𝑛) and the final SWAP network requires 𝛩(𝑛) operations, 
the quadratic growth of the entangling 𝐶𝑃  gates presents the primary 
bottleneck for scalability.

Beyond gate count, the iQFT imposes demanding connectivity con-
straints on the underlying hardware topology. The algorithm dictates 
that every qubit 𝑖 ∙ must interact directly via a two-qubit gate with every 
other qubit 𝑖 □ (where 𝑖 □ > 𝑖 ∙) to apply the necessary phase shifts.

From a graph-theoretic perspective, the interaction graph of the 
iQFT corresponds to a complete graph 𝐾𝑛, where an edge exists be-
tween every pair of vertices.

This disparity between the algorithmic requirement (all-to-all) and 
physical constraints significantly increases the effective circuit depth 
and the total operation count in realistic implementations.
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Fig. 1. Circuit realization of the 𝑛-qubit Inverse Quantum Fourier Transform (iQFT). The circuit maps the input state from the Fourier basis |𝑥⟩ to the computational 
basis |𝑥⟩ using a sequence of Hadamard gates (𝐻) and controlled phases 𝐶𝑃 (𝜃𝑘) where 𝜃𝑘 = 𝜋∕2𝑘.
 

Fig. 2. Interaction between the 𝑖 ∙-th qubit as control and the 𝑖 □-th qubit as 
target within the iQFT sequence. The diagram highlights the Hadamard gate 
applied to |𝑥𝑖 ∙ ⟩ and the conditional phase rotation controlled by |𝑥𝑖 ∙ ⟩ acting 
on |𝑥𝑖 □ ⟩.

2.2. Distributed quantum computing: teledata and telegate

Scaling quantum computation beyond the qubit limits of a single 
processor requires the interconnection of multiple Quantum Process-
ing Units (QPUs) into a distributed network. In such an architecture, 
the execution of a monolithic quantum circuit is partitioned across 
distinct nodes. To realize non-local interactions between qubits resid-
ing on physically separated QPUs, the system must rely on quantum 
communication channels and the distribution of entanglement [22–24].

We assume the network links are capable of generating and sharing 
Einstein–Podolsky–Rosen (EPR) pairs, specifically the Bell state |𝛷+

⟩ =
1
√

2
(|00⟩+ |11⟩), between nodes. Utilizing this shared resource, two pri-

mary communication primitives are established to support distributed 
logic: Teledata [25] and Telegate [26,27].

2.2.1. Teledata: state teleportation
The Teledata strategy, based on the standard quantum teleportation 

protocol [25], physically relocates the quantum state of a qubit from a 
source node to a destination node. As depicted in Fig.  3, this protocol 
consumes exactly one shared EPR pair and requires one round of 
classical communication. The fundamental advantage of this primitive 
is that once the state is reconstructed at the destination, it becomes 
entirely local; consequently, an arbitrary number of subsequent quan-
tum gates can be executed on the migrated qubit without incurring 
3 
Fig. 3. Circuit schematic of the Teledata protocol. The quantum state |𝜓𝐴⟩ is 
teleported from QPU𝐴 to QPU𝐵 utilizing a shared EPR pair. Upon receiving 
the classical measurement outcomes for Pauli corrections (𝑋,𝑍), the state is 
reconstructed at the destination. This allows the subsequent interaction with 
|𝜙𝐵⟩ (depicted here as a CZ gate) to be executed as a local operation, avoiding 
non-local gate overhead.

further inter-node communication penalties. However, if the algorith-
mic logic demands that the qubit act as a control or target back in its 
original node later, a ‘‘round-trip’’ teleportation is necessary, effectively 
doubling the entanglement and latency costs.

2.2.2. Telegate: remote gate application
The Telegate protocol enables the execution of a non-local con-

trolled unitary 𝑈 between a control qubit in node 𝐴 and a target qubit 
in node 𝐵 without transporting the quantum information of the control 
qubit itself [26,27]. As illustrated in Fig.  4, the protocol proceeds in 
three high-level phases: first, an entanglement stage (Cat-Ent) tem-
porarily extends the superposition of the control across the network 
to a remote ‘‘proxy’’ qubit via a shared EPR pair; second, the intended 
controlled operation is executed locally at the destination node using 
the proxy as the control; and finally, a disentanglement stage (Cat-
DisEnt) decouples the channel and restores the original control qubit 
via Pauli corrections. This sequence realizes the remote interaction at a 
total resource cost of exactly one EPR pair and two bidirectional rounds 
of classical communication.

Compared to state teleportation, Telegate is highly resource-efficient
for isolated non-local interactions, consuming only half the entan-
glement required for a Teledata ‘‘round-trip’’ (1 EPR pair versus 2). 
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Fig. 4. Circuit implementation of the Telegate protocol. This primitive executes 
a non-local controlled-Z gate between a control qubit |𝜓𝐴⟩ in QPU𝐴 and a 
target |𝜙𝐵⟩ in QPU𝐵 using a single shared EPR pair. The process involves 
an entanglement stage (Cat-Ent) to link the control to the channel, followed 
by the local interaction, and a disentanglement stage (Cat-DisEnt). Note 
the bidirectional classical communication required for the 𝑋 and 𝑍 Pauli 
corrections.

However, this efficiency comes at the expense of higher synchroniza-
tion overhead. The protocol necessitates a bidirectional exchange of 
classical information (a signal to initiate the remote sequence and the 
return of measurement results to finalize the gate) which exposes the 
circuit to the latency of two distinct classical communication events.

2.3. Approximate QFT−1 with phase fraction 𝜀

The exact formulation of the QFT−1 entails a complete interaction 
graph, requiring a two-qubit controlled-phase rotation 𝐶𝑃 (𝜃𝑘) for every 
pair of qubits, where 𝑘 denotes the index difference between the control 
and target qubits (𝑖 □− 𝑖 ∙). As detailed in Section 2.1, the rotation angle 
is given by: 
𝜃𝑘 = − 𝜋

2𝑘
. (8)

A critical observation for optimization is the exponential decay of 
these rotation angles as 𝑘 increases. The magnitude of the phase shift 
is reduced by half for each increment. Consequently, the total phase 
accumulated by the last target qubit 𝑛−1, assuming all possible control 
qubits are in the state |1⟩, follows a geometric progression: 

𝜑(𝑛 − 1) =
𝑛−1
∑

𝑘=1
𝜃𝑘 =

𝑛−1
∑

𝑘=1

𝜋
2𝑘

= 𝜋
(

1 − 1
2𝑛−1

)

. (9)

As 𝑛→ ∞, this sum converges to 𝜋, representing a maximum phase 
shift of 180◦. However, the contributions from distant qubits (large 𝑘) 
become vanishingly small. This behavior is illustrated in Fig.  5, which 
visualizes how the significance of the rotation diminishes rapidly with 
𝑘.

To reduce the gate count, we can employ an approximate QFT−1 by 
truncating these negligible rotations. To bound the algorithmic error 
introduced by this truncation, we define a fractional phase tolerance 𝜀, 
guaranteeing that the total accumulated phase of the discarded gates 
strictly does not exceed 𝜀𝜋. Based on this tolerance, we introduce 
a threshold parameter 𝑡, such that all 𝐶𝑃 (𝜃𝑘) gates with 𝑘 > 𝑡 are 
discarded. The unitary operator for the approximate transform, denoted 
as 𝑈̃ , differs from the exact operator 𝑈 by the omission of these 
small-angle gates.

To rigorously formalize the algorithmic error introduced by this 
truncation strategy, we encapsulate the analytical tracking of the dis-
carded rotations into a formal phase-bound framework.

Theorem 1 (Accumulated Phase Error Bound).  Let 𝜑(𝑛−1) = ∑𝑛−1
𝑘=1 |𝜃𝑘| be 

the absolute phase accumulated by the final target qubit within an 𝑛-qubit 
iQFT register (assuming a worst-case scenario where all controls are |1⟩), 
4 
and let 𝜑(𝑡) =
∑𝑡
𝑘=1 |𝜃𝑘| be the implemented accumulated phase under a 

pruning threshold 𝑡. The absolute phase deviation resulting from omitting all 
controlled-phase interactions where 𝑘 > 𝑡 is strictly upper-bounded by: 
𝜑(𝑛 − 1) − 𝜑(𝑡) ≤ 𝜋

2𝑡
(10)

Proof.  By partitioning the exact accumulated phase summation at the 
threshold cutoff parameter 𝑡, the residual phase contribution of the 
truncated controlled-phase gates can be isolated as follows: 

𝜑(𝑛 − 1) = 𝜑(𝑡) +
𝑛−1
∑

𝑘=𝑡+1
|𝜃𝑘|. (11)

Consequently, the deviation between the exact and the implemented 
rotation is determined entirely by the sum of the truncated angles. By 
substituting the specific absolute rotation values |𝜃𝑘| = 𝜋∕2𝑘, we obtain: 

𝜑(𝑛 − 1) − 𝜑(𝑡) =
𝑛−1
∑

𝑘=𝑡+1

𝜋
2𝑘

= 𝜋
𝑛−1
∑

𝑘=𝑡+1
2−𝑘. (12)

Using the geometric series property ∑𝑛−1
𝑘=𝑡+1 2

−𝑘 = 2−𝑡 − 2−(𝑛−1), the 
analytical expression for the approximation error evaluates exactly to: 

𝜑(𝑛 − 1) − 𝜑(𝑡) = 𝜋
( 1
2𝑡

− 1
2𝑛−1

)

. (13)

In the asymptotic limit as the global register scales (𝑛 → ∞), the neg-
ative component 1∕2𝑛−1 vanishes. This establishes the strict, network-
independent upper bound: 
𝜑(𝑛 − 1) − 𝜑(𝑡) ≤ 𝜋

2𝑡
. □ (14)

To ensure that the approximation does not exceed the specified 
tolerance 𝜀𝜋, we require the bounded deviation to satisfy 𝜑(𝑛−1)−𝜑(𝑡) ≤
𝜀𝜋. Solving for the threshold 𝑡, we obtain the cutoff condition: 

2𝑡 ≥ 𝜋
𝜀𝜋

⟹ 𝑡 ≥ log2
( 1
𝜀

)

= − log2(𝜀). (15)

Thus, to maintain an accuracy of 𝜀, it is sufficient to retain only 
those controlled-phase gates where 
𝑘 ≤ 𝑡 = ⌈− log2(𝜀)⌉. (16)

This transforms the gate complexity from (𝑛2) to (𝑛 ⋅ 𝑡), offering a 
significant reduction for large 𝑛 while preserving algorithmic fidelity.

3. Methods and methodology

3.1. Distributed iQFT across 𝑃  nodes

To distribute the iQFT across a networked architecture, we must 
restructure the monolithic circuit into a sequence of operations that 
distinguishes between intra-node (local) and inter-node (distributed) 
dependencies.

To formalize the distributed architecture, we define a quantum 
circuit characterized by the following parameters:

• Network dimension: The system consists of 𝑃  nodes, indexed by 
the identifier 𝑝 ∈ {0, 1,… , 𝑃 − 1}. To explicitly distinguish func-
tional roles during distributed quantum operations, we introduce 
the modifiers 𝑝 ∙ to denote a node acting as a control and 𝑝 □ to 
denote a target node.

• Node capacity: We assume a homogeneous distribution where 
each node hosts exactly 𝑄 local qubits. Consequently, the total 
global register size is 𝑛 = 𝑃 ⋅𝑄.

• Qubit state notation: We introduce the notation |𝑥̃(𝑝)𝑞 ⟩ to denote 
the state of the 𝑞th qubit residing in the 𝑝th node. Here, 𝑞 ∈
{0, 1,… , 𝑄 − 1} represents the local index of the qubit within 
its host node. Similar to the node notation, we use 𝑞 ∙ and 𝑞 □

to designate a control and target qubit, respectively. To simplify 
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(a) Geometric representation of phase sectors.

  
(b) Exponential decay of rotation angles.

 

Fig. 5. Representation of the accumulated phase in the iQFT. (a) Geometric visualization showing the sectors for 𝑘 = 1 to 𝑘 = 5. The threshold cutoff 𝑡 indicates 
the truncation point; interactions beyond this limit contribute a negligible phase shift bounded by 𝜀𝜋. (b) Semilogarithmic plot quantifying the rapid exponential 
decay of the rotation angles 𝜃𝑘 = 𝜋∕2𝑘 as a function of the 𝑘 parameter, explicitly highlighting a generic truncation threshold 𝑡 = 7.
Fig. 6. Distributed decomposition of a 6-qubit iQFT across 3 nodes (𝑝 = 0, 1, 2). The circuit is restructured into Local iQFT blocks (light gray), which require 
no external communication, and Communication Blocks (darker gray), where Node 𝑝 interacts with qubits from previous nodes 𝑝′ < 𝑝. The phase angles follow 
𝜃𝑘 = 𝜋∕2𝑘.
complex mathematical expressions and improve readability, we 
define the shorthand notation |𝑥̃(𝑝)𝑞 ⟩

∙ as strictly equivalent to 
|𝑥̃(𝑝

∙)
𝑞 ∙ ⟩, concisely indicating that both the specific qubit and its 

host node serve the control role. The same equivalence applies 
to the target notation |𝑥̃(𝑝)𝑞 ⟩

□ ≡ |𝑥̃(𝑝
□)

𝑞 □ ⟩.
• Global mapping: The global index of any given qubit within 
the complete 𝑛-qubit register can be recovered through the linear 
mapping function 𝐼(𝑞, 𝑝) = 𝑝 ⋅𝑄 + 𝑞.

The standard iQFT decomposition (as seen in Section 2.1) requires 
applying Controlled-Phase (𝐶𝑃 ) rotations between every pair of qubits. 
In a distributed setting, these interactions fall into two distinct cate-
gories:

1. Local blocks: Interactions where both the control and target 
qubits reside within the same node 𝑝 (so, 𝑝 □ = 𝑝 ∙). These 
operations can be executed entirely within the QPU without 
utilizing the quantum network.

2. Communication blocks: Interactions where the control qubit 
resides in node 𝑝 ∙ and the target qubit resides in node 𝑝 □ (with 
𝑝 □ ≠ 𝑝 ∙). These require entanglement-assisted communication 
primitives to realize the non-local phase shifts.
5 
Fig.  6 illustrates this segmented architecture for a specific case of 
𝑃 = 3 nodes with 𝑄 = 2 qubits each (𝑛 = 6). The structure reveals 
a distinct execution pattern: each node 𝑝 must first apply a series of
Communication blocks, interacting sequentially with nodes 𝑝 ∙ < 𝑝. Only 
after these non-local phases are applied can the node proceed to execute 
its Local block. Crucially, this local component can be identified as a 
lower-order iQFT instance; specifically, it corresponds to a local iQFT 
acting on the 𝑄 qubits assigned to the node, executed without external 
dependencies.

The generalized interaction logic is depicted in Fig.  7. For a control 
qubit |𝑥̃(𝑝)𝑖 ⟩

∙ in node 𝑝 ∙ and a target qubit |𝑥̃(𝑝)𝑖 ⟩

□ in a remote node 
𝑝 □, the rotation angle depends on the global index difference between 
them. Assuming the node index 𝑝 □ represents the higher-order signifi-
cance bits, the index difference 𝑘 between the control qubit 𝑞 ∙ of node 
𝑝 ∙ and the target qubit 𝑞 □ of node 𝑝 □ is derived from their global 
indices: 
𝐼 ∙ = 𝑝 ∙ ⋅𝑄 + 𝑞 ∙, 𝐼 □ = 𝑝 □ ⋅𝑄 + 𝑗 □. (17)

The rotation index 𝑘 corresponds to the difference |𝐼 □ − 𝐼 ∙
|. In the 

standard decomposition where controls are applied from distant nodes 
𝑝 < 𝑝′, the specific rotation angle applying Eq. (4) is given by: 
𝜃(𝐼 ∙, 𝐼 □) = −𝜋 . (18)
2𝑄(𝑝 □−𝑝 ∙)+(𝑞 □−𝑞 ∙)
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Fig. 7. Generic interaction between a target qubit 𝑞 □ in node 𝑝 □ and a control 
qubit 𝑞 ∙ in a distant node 𝑝 □. The rotation angle is determined by the global 
index difference, formalized as 𝜃𝑘 where 𝑘 = −𝜋

2𝑘
.

This formulation allows us to map the abstract algorithm directly 
to physical link requirements. The communication blocks effectively 
group these interactions.

To formally demonstrate that the intra-node operations constitute 
a standard iQFT of dimension 𝑄 (local block), we apply the locality 
condition 𝑝 ∙ = 𝑝 □ to the generalized rotation formula derived in 
Eq. (18). When both control and target qubits reside in the same node, 
the term 𝑄(𝑝 □ − 𝑝 ∙) = 0. Consequently, the rotation angle 𝜃 simplifies 
to depend solely on the local indices 𝑞 ∙ and 𝑞 □: 
𝜃𝑝 □=𝑝 ∙ =

−𝜋
2𝑄(0)+(𝑞 □−𝑞 ∙)

= −𝜋
2𝑞 □−𝑞 ∙ , for 𝑞 □ > 𝑞 ∙. (19)

This expression is mathematically identical to the phase shift defi-
nition of the monolithic iQFT shown in Fig.  7 and Eq. (4), specifically 
for a difference 𝑘 = 𝑖 □ − 𝑖 ∙. Since the indices 𝑖 range from 0 to 𝑄 − 1, 
the set of operations within this block generates exactly the interaction 
graph of a 𝑄-qubit iQFT. Thus, the Local Block is equivalent to an 
iQFT(𝑄), verifying that no inter-node communication is required for 
these specific gates.

Fig.  8 depicts the generalized execution schedule for an arbitrary 
node 𝑝 within the network. The quantum circuit is abstracted into a 
sequence of communicative layers followed by a local computation (as 
shown in Fig.  6).

Instead of treating non-local interactions as isolated gates, the inter-
action with preceding nodes is structured into communicative blocks 
denoted by 𝐂𝐏(𝛩𝑑 ). Here, 𝑑 represents the logical distance to the 
control node (i.e., interacting with node 𝑝 □ = 𝑝 ∙ + 𝑑). Each block 
encapsulates the complete set of remote controlled-phase rotations 
required between the 𝑄 qubits of the target node 𝑝 □ and the 𝑄 qubits 
of the control node 𝑝 □ − 𝑑 = 𝑝 ∙.

Mathematically, 𝛩𝑑 is defined as the set of all phase rotations to be 
applied within that specific block. Following the generalized rotation 
derived in Eq. (18), this set is strictly formulated as: 
𝛩𝑑 = {𝜃 (𝐼 (𝑞 ∙, 𝑝 ∙) , 𝐼 (𝑞 □, 𝑝 □)) ∣ 𝑝 □ = 𝑝 ∙ + 𝑑} , (20)

where 𝑞 □ denotes the qubit index in the target register (node 𝑝 □) and 
𝑞 ∙ the index in the control register (node 𝑝 □−𝑑 = 𝑝 ∙). This formulation 
ensures that all cross-node dependencies are satisfied for the given 
distance.

As shown in the circuit, the sequence proceeds from the most distant 
interactions (𝑑 = 𝑝, corresponding to node 0) to the nearest neighbor 
(𝑑 = 1, corresponding to node 𝑝 − 1).

3.1.1. Entanglement resource allocation profile
Entanglement cost is strictly tied to the inter-node migration of the 

quantum state, rather than the number of remote gates. When a control 
qubit |𝑥̃(𝑝)𝑞 ⟩

∙ must interact with multiple targets in a remote node 𝑝□, 
the Telegate protocol consumes exactly one EPR pair to create a cat-
entangled proxy at the destination. Once this proxy is established in 
the remote node, it can be applied to an arbitrary number of target 
qubits with zero additional entanglement cost.
6 
Fig. 8. Generic interaction between nodes, execution model for an arbitrary 
node 𝑝. The circuit illustrates the sequential application of communication 
blocks 𝐂𝐏, starting from the most distant dependency (Node 0, 𝑑 = 𝑝) up 
to the nearest (Node 𝑝 − 1, 𝑑 = 1). The execution of this sequence assumes 
that all previous nodes 0,… , 𝑝 − 1 have already initiated their corresponding 
operations to act as controls. The process concludes with a local inverse QFT 
on the 𝑄 qubits of node 𝑝.

3.2. Communication efficiency: block pruning strategy

While the standard approximate iQFT reduces the total gate count 
by discarding small-angle rotations, its impact is particularly transfor-
mative in a distributed setting. In monolithic architectures, removing a 
gate merely saves execution time. However, in a distributed architec-
ture, the primary bottlenecks are the generation of entanglement (EPR 
pairs) and the latency of classical communication rounds. Therefore, 
the optimization goal shifts from simply reducing 𝑁𝐶𝑃  to minimizing 
the number of active inter-node links.

We leverage the geometric decay of the rotation angles derived in 
Section 2.1 to define a communication horizon. Recall that for a target 
accuracy 𝜀, any controlled-phase rotation 𝐶𝑃 (𝜃𝑘) with distance 𝑘 > 𝑡
can be approximated as the identity, where 𝑡 = ⌈− log2(𝜀)⌉ (Eq. (16)). 
We apply this threshold to the coarse-grained communication blocks 
𝐂𝐏(𝛩𝑑 ) (Eq. (20)) defined in Section 3.1.

Based on this truncation condition, we can formalize the maximum 
interaction range required in the distributed architecture.

Proposition 1 (Communication Horizon).  For a distributed quantum reg-
ister of node capacity 𝑄 and a target algorithmic tolerance 𝜀, the maximum 
required interaction distance between nodes, denoted as the communication 
horizon 𝑑max, is strictly bounded by: 

𝑑max =
⌊

⌈− log2(𝜀)⌉ − 1
𝑄

⌋

+ 1. (21)

Proof.  A communication block 𝐂𝐏(𝛩𝑑 ) encapsulates interactions be-
tween a target node 𝑝 □ and a control node at distance 𝑑. To determine 
the relevance of the entire block, we consider the maximum interaction 
strength within it, which corresponds to the smallest qubit distance 
𝑘min (i.e., the largest rotation angle). This occurs between the least 
significant qubit of the target node (𝑞 □ = 0) and the most significant 
qubit of the control node (𝑞 ∙ = 𝑄 − 1). Applying Eq. (18): 
𝑘min(𝑑) = 𝑄 ⋅ (𝑝 □ − 𝑝 ∙) + (0) − (𝑄 − 1) = 𝑄(𝑑 − 1) + 1. (22)

If this strongest interaction falls below the significance threshold (i.e., if 
𝑘min(𝑑) > 𝑡), then every other interaction in the block will also 
satisfy 𝑘 > 𝑡. Consequently, the entire communication block becomes 
negligible and can be pruned from the schedule. Setting the retention 
condition 𝑘min(𝑑max) ≤ 𝑡, we solve for 𝑑max: 

𝑄(𝑑max − 1) + 1 ≤ 𝑡 ⟹ 𝑑max ≤
𝑡 − 1
𝑄

+ 1. (23)

Substituting 𝑡 from Theorem  1 (Eq. (16)) and applying the floor func-
tion for integer node distances completes the proof. □

This structural limitation directly alters the asymptotic scaling of 
the algorithm’s quantum network footprint.
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Corollary 1 (Linear Global Entanglement Scaling).  In the communication 
efficient distributed iQFT, the global entanglement complexity scales linearly 
(𝑃 ) with respect to the total number of nodes 𝑃 , rather than the quadratic 
(𝑃 2) scaling of the exact distributed implementation.

Proof.  In the exact distributed iQFT architecture, each node must 
establish entanglement links with all its preceding nodes, yielding an 
all-to-all communication topology where the total number of inter-
node blocks grows as ∑𝑃−1

𝑖=1 𝑖 ∈ (𝑃 2). By Proposition  1, the pruning 
strategy bounds the connectivity degree of any node 𝑝 to a maximum 
of 𝑑max nearest neighbors. Since 𝑑max depends solely on the localized 
parameters 𝑄 and 𝜀 and is independent of 𝑃 , the maximum number 
of required communication links per node is bounded by a constant 
(1). Summing this over all 𝑃  nodes reduces the aggregate global 
communication complexity to (𝑃 ). □

3.2.1. Granularity of the truncation strategy
Pruning operates strictly at the block level. If a block is retained 

(𝑘min(𝑑) ≤ 𝑡), all its internal gates are executed—even those where 
𝑘 > 𝑡. Since the EPR pair required to migrate the control qubit is already 
consumed by the block’s significant interactions, executing the remain-
ing weak rotations incurs zero additional communication cost. Retain-
ing them maximizes algorithmic fidelity without any entanglement 
overhead.

To illustrate the practical impact, consider a network composed 
of nodes with capacity 𝑄 = 4 qubits. Targeting a high algorithmic 
fidelity with 𝜀 = 10−5, the phase truncation threshold is 𝑡 ≈ 17. 
Applying Eq. (21), the communication horizon is bounded by 𝑑max =
5. This implies that in a large-scale network (e.g., 100 nodes), Node 
99 is not required to establish costly long-range entanglement links 
with Nodes 0 through 93; it strictly needs to coordinate with its 5 
nearest predecessors (Nodes 94–98). Interactions beyond this horizon 
contribute negligible phase shifts and are safely discarded, drastically 
reducing the demand on quantum repeater networks.

3.3. Metrics evaluated

To rigorously assess the impact of the proposed distributed archi-
tecture and optimization strategies, we quantify performance using the 
following set of metrics. These metrics are designed to evaluate the 
trade-offs between algorithmic fidelity, communication resources, and 
circuit locality.

3.3.1. Fidelity vs. Threshold
We evaluate the accuracy of the approximate distributed iQFT by 

computing the state fidelity, defined as: 
 = |⟨𝜓ideal|𝜓approx⟩|

2, (24)

where |𝜓ideal⟩ is the output state of the exact transform and |𝜓approx⟩ is 
the output of the pruned circuit. This metric is analyzed as a function 
of the pruning threshold 𝑡. The objective is to validate the theoretical 
error model derived in Section 2.3 by comparing the fidelity obtained 
from full state-vector simulations against the theoretical lower bound 
implied by the chosen accuracy parameter 𝜀.

What does it prove? This serves to empirically validate the theoret-
ical error bound and cutoff condition derived in Section 2.3 (Eq. (16)).

3.3.2. Expected state probability vs. Threshold
While state-vector simulations provide exact fidelity calculations 

under ideal conditions, assessing the architecture’s viability in the NISQ 
era requires modeling stochastic hardware errors. To facilitate the 
introduction of realistic physical noise profiles, such as those provided 
by IBM Qiskit Runtime FakeBackends, we utilize a measurement-based 
error metric compatible with shot-based simulators (which output dis-
crete measurement counts rather than exact state amplitudes).
7 
The evaluation protocol involves initializing the system in a known 
Fourier basis state |𝑥̃⟩, which corresponds to the ideal QFT transforma-
tion of a computational basis state |𝑥⟩. Upon applying the approximate 
distributed iQFT, we measure the output in the computational basis. 
In an ideal execution, the probability mass should concentrate entirely 
on the state |𝑥⟩. We define the empirical error 𝐸counts as the fraction of 
measurement shots that fail to collapse into the expected computational 
state: 

𝐸counts = 1 −
𝑁𝑥
𝑁total

, (25)

where 𝑁𝑥 is the count of shots matching the expected bitstring 𝑥, and 
𝑁total is the total number of shots executed.

What does it prove? This metric allows us to evaluate how the exe-
cution of the circuit is affected by applying different pruning thresholds 
in noisy systems, providing a practical method to assess algorithmic 
resilience in large-scale distributed architectures where direct fidelity 
computation is intractable.

3.3.3. Scalability of entanglement resources (EPR per node)
This metric quantifies the aggregate cost of inter-node communi-

cation required to execute the algorithm. We measure the total count 
of EPR pairs consumed across the entire network during the circuit 
execution. We analyze the behavior of this cost as a function of the 
pruning threshold 𝑡, comparing the baseline distributed iQFT against 
the optimized implementation.

What does it prove? This metric directly demonstrates the global 
communication savings achieved by the pruning strategy described in 
Section 3.2.

3.3.4. Accuracy under connectivity constraints
Suppose hardware limitation of a fixed communication horizon 

𝑑max (the maximum distance between interacting nodes) and a specific 
node capacity 𝑄, we analyze the achievable algorithmic accuracy. By 
inverting the relationship established in the block pruning strategy, 
we determine the minimum error 𝜀 that can be guaranteed when the 
communication topology is restricted.

What does it prove? This analysis confirms the feasibility of the 
bounded interaction model and the communication horizon (𝑑max) 
proposed in Section 3.2.

3.3.5. Coupling ratio
We define the Coupling Ratio 𝜂 as the quotient between the number 

of remote controlled-phase gates (inter-node) and local controlled-
phase gates (intra-node). This metric serves as a proxy for the degree of 
independence of the nodes. We analyze how 𝜂 evolves with respect to 
the node capacity 𝑄, the total network size 𝑃 , and the approximation 
tolerance 𝜀. 

𝜂(𝑄,𝑃 , 𝜀) =
𝑁 remote
𝐶𝑃

𝑁 local
𝐶𝑃

(26)

The objective is to try to achieve a 𝜂 → 0 in the distributed 
algorithm.

What does it prove? This demonstrates the effectiveness of the 
distributed decomposition in Section 3.1 in clustering operations locally 
to minimize network latency.

3.3.6. Communication overhead
To quantify the operational penalty introduced by the network 

protocols, we define the Communication Overhead (𝛾). This metric is 
calculated as the ratio between the number of physical operations 
dedicated exclusively to quantum communication (𝑁comm) and the 
number of logical computational gates (𝑁comp): 

𝛾 =
𝑁comm
𝑁

(27)

comp
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In the context of the Telegate protocol utilized in this work, 𝑁comm
encompasses all auxiliary operations necessary for state transfer, in-
cluding Bell pair generation, entanglement swapping operations
(CNOTs), and measurement-dependent corrections. Conversely, 𝑁comp
refers strictly to the logical controlled-phase rotations required by the 
iQFT algorithm. A visual decomposition distinguishing between these 
communication-specific overheads and the fundamental computational 
gates is presented in Fig.  4. It is important to emphasize that 𝛾 is a 
global metric, representing the aggregate overhead of the distributed 
execution rather than a per-node average.

What does it prove? This metric exposes the communication cost of 
the distributed implementation, quantifying the exact ratio of physical 
overhead operations required to execute a single useful logical gate.

3.4. Experimental methodology

To validate the proposed distributed architecture and the efficiency 
of the pruning strategy, we implemented the distributed iQFT algorithm 
utilizing the Qiskit software development kit. The numerical simula-
tions were performed using the statevector simulator backend provided 
by Qiskit Aer. This simulator performs an ideal execution of the quan-
tum circuit, computing the exact final quantum state vector |𝜓𝑓𝑖𝑛𝑎𝑙⟩
rather than a probability distribution of measurement outcomes.

The choice of a state-vector simulation is essential for this study 
for two primary reasons: first, it allows for the precise calculation of 
the algorithmic fidelity  by computing the overlap with the ideal 
mathematical output, enabling a direct verification of the theoretical 
error bounds and threshold equations derived in Section 2.3. Second, 
it permits the exact tracking of entanglement resources without the 
statistical noise associated with shot-based sampling.

All experiments were conducted on the High-Performance Com-
puting cluster of the Centro Singular de Investigación en Tecnoloxías 
Intelixentes (CiTIUS).1 Specifically, the simulations were executed on 
a dedicated compute node designed for memory-intensive workloads, 
equipped with the following specifications:

• Processors: 4 × Intel Xeon Gold 6248 CPUs @ 2.50 GHz (20 cores 
per socket, totaling 80 physical cores).

• Memory: 1 TB of RAM.

This high-memory configuration is critical for the study, as the memory 
requirements for state-vector simulations scale exponentially with the 
number of qubits (16 × 2𝑛 bytes). The available 1 TB of RAM enabled 
the simulation of distributed systems with sufficient qubits to analyze 
the asymptotic behavior of the communication horizon 𝑑max and the 
locality ratio 𝜂.

4. Results and discussion

The results presented in this work demonstrate that the communica-
tion aware optimization of the distributed iQFT significantly improves 
scalability without compromising algorithmic integrity. By restruc-
turing the circuit to exploit the quadratic decay of controlled-phase 
rotation angles, we effectively transform a global, all-to-all interaction 
problem into a localized execution model. In this section, we analyze 
the performance of the proposed architecture, evaluating the trade-
offs between algorithmic fidelity, communication resources, and circuit 
locality.

1 More information about the HPC cluster: https://wiki.citius.gal/centro:
servizos:hpc
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Fig. 9. Analysis of the algorithmic infidelity (1 − ) as a function of the 
pruning threshold 𝑡 for local register size 𝑄 = 18. The data is plotted on a 
semilogarithmic scale to visualize the exponential decay of the error. Solid 
lines represent the results obtained from full state-vector simulations, while 
dashed lines correspond to the theoretical error bounds derived in Eq. (16).

4.1. Fidelity and theoretical bounds

Fig.  9 illustrates the infidelity, defined as 1 −  (Eq. (24)), as a 
function of the pruning threshold 𝑡 (Eq. (16)) for a system size of 
𝑄 = 18 qubits. The data is presented on a semilogarithmic scale to 
accommodate the wide dynamic range of the error, which spans from 
approximately 10−1 to 10−10.

The linearity of the curves indicates that the infidelity decays ex-
ponentially with a linear increase in the threshold 𝑡. This behavior 
confirms the efficacy of the proposed pruning strategy: a moderate 
increase in the threshold parameter yields a reduction in the final state 
error by several orders of magnitude. For instance, in the 𝑄 = 18 case, 
increasing the threshold from 𝑡 = 4 to 𝑡 = 10 suppresses the error by 
nearly four orders of magnitude.

A consistent divergence is observed between the numerical simu-
lations and the analytical predictions, where the simulated infidelity 
(solid lines) remains strictly bounded by the theoretical error estimates 
(dashed lines). This discrepancy is attributable to the conservative 
nature of the theoretical bound, which is derived under a worst-case 
scenario assumption. The theoretical upper model assumes that every 
pruned controlled-phase gate, 𝐶𝑃 (𝜃), introduces its maximal possible 
error (physically corresponding to the control and target qubits in-
variably being in the state |1⟩). However, in a practical execution 
environment, the quantum register exists in a superposition of compu-
tational basis states. For any subspace of the wavefunction where the 
control qubit is |0⟩, the 𝐶𝑃 (𝜃) gate acts as the identity operator (I), 
and its truncation introduces zero error. Consequently, the actual accu-
mulated phase error is statistically lower than the sum of the absolute 
magnitudes of the discarded angles, offering a safety margin where the 
realized algorithmic fidelity exceeds the strict design requirements.

4.2. Expected state probability under fake backends

To evaluate the resilience of the proposed architecture against phys-
ical decoherence, we analyzed the Expected State Probability (𝐸counts) 
across different truncation thresholds 𝑡. The algorithm was executed on 
an ideal state-vector simulator alongside three realistic noisy hardware 
models provided by IBM Qiskit Runtime (Fake Hanoi, Fake Montreal, 
and Fake Paris). The results are depicted in Fig.  10.

For the ideal simulator, increasing the threshold 𝑡 monotonically 
improves the success probability. As 𝑡 grows, the algorithm transitions 

https://wiki.citius.gal/centro:servizos:hpc
https://wiki.citius.gal/centro:servizos:hpc
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Fig. 10. Expected State Probability (1−𝐸counts) as a function of the truncation 
threshold 𝑡 for register 𝑄 = 18. The ideal simulator converges to 1.0, 
whereas noisy backends degrade due to physical circuit depth. The horizontal 
dashed lines represent the baseline performance of the standard iQFT without 
thresholding for each respective backend.

Fig. 11. Topological coupling map of the three IBM Qiskit Fake backends 
utilized in the simulations (Hanoi, Montreal and Paris). The sparse, restricted 
connectivity imposes a heavy SWAP-gate penalty for two-qubit operations.

from a highly approximate state to a more exact transformation, reach-
ing a 100% success rate at 𝑡 = 16. Interestingly, at the most aggressive 
pruning level (𝑡 = 2), the algorithmic error dominates the execution, 
yielding an ideal baseline probability that is nearly identical to those 
obtained from the noisy hardware models.

Conversely, the noisy backends exhibit a markedly inverse trend: 
as the threshold 𝑡 increases, the empirical success probability steadily 
degrades (i.e., the error 𝐸counts increases). This degradation is fun-
damentally driven by the severe mismatch between the algorithmic 
requirements of the distributed iQFT and the physical connectivity of 
the hardware.

As illustrated in Fig.  11, the physical hardware features a sparse and 
restricted topological coupling map. However, the exact iQFT theoreti-
cally demands an all-to-all connectivity graph. When higher thresholds 
are applied, a larger number of controlled-phase gates are retained in 
the circuit. Transpiling these extended logical interactions to the re-
stricted physical topology requires the insertion of extensive SWAP-gate 
routing networks. This routing drastically increases the physical circuit 
depth, amplifying the accumulation of depolarizing and readout errors, 
which quickly eclipse the theoretical gains in algorithmic fidelity.

It is important to emphasize that at 𝑡 = 16, the point at which 
the ideal simulator attains perfect accuracy, the circuit becomes math-
ematically equivalent to the conventional, state-of-the-art iQFT. The 
degraded performance observed on noisy backends precisely at this 
value of 𝑡 therefore indicates the intrinsic fragility of the standard iQFT 
in NISQ backends, rather than any fundamental shortcoming of the 
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proposed pruning strategy. Instead, these findings substantiate the es-
sential role of the introduced communication horizon. By intentionally 
enforcing a more conservative threshold, the architecture drastically 
reduces the algorithmic demand for non-local interactions. On NISQ 
backends characterized by sparse coupling maps, this reduction trans-
lates directly into a significantly smaller physical circuit depth by 
avoiding extensive SWAP-gate routing. Consequently, the communica-
tion horizon suppresses the otherwise accumulation of physical noise, 
providing a critical operational trade-off that maximizes the robust 
extraction of computational information on NISQ hardware.

4.3. Entanglement resource scaling

Fig.  12 presents a comparative analysis of the entanglement re-
sources required for the distributed iQFT, expressed as the number of 
EPR pairs generated per node. The results are depicted as heatmaps 
varying with the local system size (𝑄) and the number of comput-
ing nodes (𝑃 ) for the unbounded case (no pruning) and two pruned 
configurations (𝑡 = 7 and 𝑡 = 3).

It is crucial to emphasize that the metric displayed corresponds 
to the EPR pairs generated per individual node. While the total entan-
glement consumption across the entire network would naturally scale 
with 𝑃 , the per-node burden provides a more insightful measure of 
the local communication overhead. As observed in the leftmost panel 
(unbounded case), without pruning, the resource demand per node 
grows linearly with both 𝑄 and 𝑃 . This leads to a quadratic aggregate 
complexity (𝑃 2), where a system of 𝑃 = 20 nodes with 𝑄 = 20 qubits 
necessitates ≈ 180 EPR pairs per node.

The central and rightmost panels demonstrate the efficacy of the 
proposed pruning strategy. By applying a filtering threshold 𝑡, this 
initially quadratic growth is effectively suppressed. Consistent with 
the theoretical analysis in Section 3.2, the threshold acts as a cutoff 
for long-distance interactions. For stricter thresholds (e.g., 𝑡 = 3), 
the number of EPR pairs per node saturates rapidly, becoming inde-
pendent of the system size 𝑃 . Even a moderate threshold of 𝑡 = 7
caps the requirement at a maximum of approximately 7 EPR pairs per 
node, regardless of the network size. This transition from quadratic 
to linear global scaling (constant per node) transforms the all-to-all 
entanglement requirement into a localized resource pattern, shifting the 
bottleneck from entanglement generation rates to local gate fidelities 
and making the architecture highly scalable.

4.4. Coupling ratio and node decoupling

To assess the computational efficiency of the distributed implemen-
tation relative to the communication overhead, we analyze the Coupling 
ratio (𝜂 defined in Eq. (26)). In distributed quantum architectures, the 
quantum interconnect bandwidth and latency constitute the primary 
performance bottlenecks, often orders of magnitude slower than local 
gate operations. An ideal distributed algorithm should strive for 𝜂 →

0, indicating that the computational workload is dominated by local 
processing.

Fig.  13 illustrates the evolution of 𝜂 as a function of the pruning 
threshold 𝑡. In the standard, unpruned iQFT, the algorithm exhibits a 
high dependency on remote operations, with 𝜂 values reaching ≈ 35 for 
large systems, indicating that inter-node communication dominates the 
execution time.

A central contribution of this work is the establishment of the 
communication horizon, 𝑑max(𝑄, 𝜀) (Eq. (21)), which acts as a decisive 
control parameter. Since the amplitude of the controlled-phase rotation 
𝜃𝑘 = 𝜋∕2𝑘 decays exponentially with the logical distance 𝑘, the pruning 
threshold 𝑡 effectively imposes a hard limit on the interaction range. 
This mechanism preferentially filters out long-range remote operations 
typically corresponding to high 𝑘. The application of this optimization 
drastically suppresses the ratio. For thresholds 𝑡 ≤ 7, 𝜂 approaches 
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Fig. 12. Density of entanglement resources, quantified as the number of EPR pairs generated per computing node, as a function of the local register size 𝑄 and 
the total number of nodes 𝑃 . Note that higher values correspond to increased communication overhead and resource consumption. The leftmost panel 
(Unbounded) shows a linear increase in local resource demand with respect to 𝑃 , implying a quadratic global complexity. The central (𝑡 = 7) and rightmost (𝑡 = 3) 
panels demonstrate how the pruning threshold effectively saturates this cost, rendering the resource consumption independent of the network size for sufficiently 
large distributed systems.
Fig. 13. Evolution of the Coupling Ratio 𝜂, defined as the ratio between remote and local controlled-phase gates (𝜂 = 𝑁𝑟𝑒𝑚𝑜𝑡𝑒∕𝑁𝑙𝑜𝑐𝑎𝑙), as a function of the pruning 
threshold. Note that higher values represent a higher dependency on inter-node communication, which constitutes the primary bottleneck in distributed 
architectures. The plot demonstrates how the proposed pruning strategy successfully minimizes this ratio (𝜂 → 0), effectively decoupling the nodes and shifting 
the computational load towards efficient local processing.
asymptotic zero (𝜂 → 0). This reduction signifies a fundamental de-
coupling of the nodes: the computational workload is almost entirely 
confined to the local QPU, with inter-node links serving only for sparse, 
nearest-neighbor synchronization. This decoupling ensures that the 
latency of the quantum channel does not exponentially compound.

4.5. Accuracy under connectivity constraints

Fig.  14 depicts the impact of imposing a fixed communication 
horizon 𝑑max on the algorithmic accuracy. The heatmaps quantify the 
theoretical error bound defined in Eq. (12) as a function of the local 
node capacity (𝑄) and the maximum allowed communication distance 
(𝑑max defined in Eq. (21)).

The concept of the communication horizon emerges as a decisive pa-
rameter for distributed architecture design. As evidenced by the rapid 
error convergence in the heatmap, the algorithmic error decays pre-
cipitously as the communication horizon increases. Even for moderate 
horizon values, the fidelity of the distributed iQFT remains extremely 
high. For instance, in a system with local capacity 𝑄 = 9 qubits per 
node, restricting the interaction range to just 𝑑max = 2 neighboring 
nodes yields an error bound of approximately 2−10. Extending con-
nectivity beyond a small neighborhood provides diminishing returns in 
accuracy while incurring significant communication costs.
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A fundamental property revealed by this analysis is the indepen-
dence of the error bound from the total number of nodes 𝑃 . The 
accuracy is determined solely by the local register size 𝑄 and the 
communication horizon 𝑑max. This implies that for any target precision 
𝜖, the connectivity graph does not need to scale with the network size. 
A constant connectivity radius guarantees a specific error tolerance 
whether the network consists of 𝑃 = 20 or 𝑃 = 100 nodes. This indepen-
dence is a prerequisite for scalable distributed quantum computing, as 
it prevents the communication overhead from diverging as the system 
grows.

4.6. Communication overhead

Fig.  15 analyzes the Communication Overhead ratio (𝛾) across 
different system sizes and pruning configurations. A crucial observa-
tion from these results is that the overhead factor remains relatively 
invariant with respect to the pruning threshold 𝑡.

This stability implies that the application of the threshold does 
not alter the fundamental architectural efficiency of the distributed 
protocol. The rationale lies in the fixed operational cost of the Telegate
mechanism: each executed remote 𝐶𝑃  gate necessitates a specific, 
proportional set of auxiliary communication operations (Bell pair gen-
eration, entanglement swapping, and corrections). Therefore, when the 
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Fig. 14. Impact of the communication horizon 𝑑max and local register size 
𝑄 on the algorithmic accuracy. The values within the cells represent the
negated exponent 𝑖 of the theoretical error bound (such that 𝜀 ≈ 2−𝑖). 
Therefore, higher values indicate lower errors and higher fidelity. A rapid 
convergence is observed, showing that small horizons are sufficient to achieve 
high precision.

Table 1
Comparison of distributed QFT/iQFT approaches and communication scaling 
across 𝑃  nodes.
 Reference Paradigm Key

Concept
Comm. 
Scaling

 

 Standard Distributed
iQFT Exact Baseline all-to-all

mapping (𝑃 2)
 

 Compiler Batching 
[17] Exact Remote-gate batching

and scheduling (𝑃 2)
 

 Theoretical Bound 
[20] Exact Lower bound proof

for clique networks 𝛺(𝑃 2)
 

 Proposed work Approximate Communication
horizon (𝑑max) (𝑃 )

 

pruning strategy removes a logical gate, it simultaneously eliminates 
the associated communication burden.

Consequently, while the total count of operations decreases dras-
tically, the ratio between communication and computation tasks (𝛾) 
remains stable. This confirms that the overhead is an intrinsic property 
of the chosen quantum interconnect protocol and is not artificially 
inflated or distorted by the pruning approximation.

4.7. Comparison with state-of-the-art and theoretical bounds

To contextualize the impact of the proposed architecture, Table 
1 summarizes the communication complexity and core strategies of 
existing distributed QFT and iQFT frameworks.

An analysis of the distributed quantum computing literature re-
veals that existing solutions operate under distinct methodological 
paradigms. In this context, the work of Ebnenasir [20] constitutes a 
fundamental theoretical predecessor that establishes the strict lower 
bounds for the communication costs of distributing the exact QFT on 
clique networks. This study rigorously proves that any exact implemen-
tation is mathematically constrained to an aggregate communication 
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complexity of 𝛺(𝑃 2) due to the dense, all-to-all logical connectivity 
of the circuit. The linear (𝑃 ) communication scaling achieved by 
our proposed communication-efficient iQFT is fully consistent with 
Ebnenasir’s theoretical limit and does not violate it, since his theorem 
applies strictly to the exact formulation. By strategically transitioning 
to an approximate transform bounded by a fractional phase tolerance 
𝜀, the introduction of the communication horizon (𝑑max) deliberately 
circumvents this mathematical barrier. This demonstrates that long-
range interactions are structurally dispensable, successfully localizing 
the network overhead.

Conversely, this algorithmic reduction is fundamentally comple-
mentary to the compiler-level optimization frameworks proposed by 
Kaur et al. [17]. The approach by Kaur et al. focuses on mitigating 
network latency by batching and parallelizing the mandatory inter-
node interactions required by the circuit. In contrast, our pruning 
strategy intervenes at an earlier stage of the software stack, drastically 
reducing the absolute volume of non-local operations before the circuit 
is ever processed by the scheduler. Consequently, both methodologies 
are not mutually exclusive but highly synergetic: an optimized compiler 
can seamlessly apply remote-gate batching techniques over the circuit 
already simplified by our communication horizon, further maximizing 
the global efficiency of the distributed architecture.

5. Conclusions

In this work, we have presented a communication-aware optimiza-
tion of the Inverse Quantum Fourier Transform (iQFT) designed specifi-
cally for distributed quantum architectures. By rigorously analyzing the 
geometric decay of the controlled-phase rotation angles, we introduced 
a pruning strategy that transforms the algorithm’s connectivity require-
ments from a global all-to-all topology to a bounded nearest-neighbor 
interaction model.

Our theoretical and empirical analyses demonstrate that establish-
ing a communication horizon, 𝑑max, allows for a drastic reduction in 
the consumption of entanglement resources. Specifically, we showed 
that the number of EPR pairs per node transitions from a linear scaling 
(𝑃 ) with respect to the network size to a constant saturation level 
(1), effectively making the resource overhead independent of the 
total number of nodes in the system. Furthermore, the analysis of the 
Coupling Ratio (𝜂) confirms that our method successfully decouples the 
processing nodes, reducing the dependency on high-latency inter-node 
links to near-zero values while maintaining algorithmic fidelity well 
within the theoretical error bounds derived.

Ultimately, this approach provides a scalable pathway for imple-
menting large-scale Quantum Phase Estimation and other Fourier-based 
primitives on near-term networked quantum processors, offering a 
tunable trade-off between execution fidelity and communication band-
width.

5.1. Future work

While the current study utilized state-vector simulation to validate 
the theoretical error models and resource scaling exactitude, several 
key areas for future investigation. First, it would be valuable to extend 
the validation of this algorithm to specialized distributed quantum 
computing (DQC) simulators such as NetQMPI, CUNQA, or CUDA-
Quantum. These platforms would allow for a more granular analysis of 
network-specific effects, including link latency, generation rates, and 
the impact of classical control delays on decoherence.

Additionally, future work should address the integration of this 
optimized iQFT schedule with quantum error correction codes suitable 
for distributed environments, such as surface codes over noisy inter-
connects, to further suppress the effective error rates in the presence of 
realistic channel noise.
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Fig. 15. Global Communication Overhead 𝛾, defined as the ratio between the number of auxiliary communication operations (entanglement generation, swapping, 
and corrections) and the logical computational gates (𝑁comm∕𝑁comp). This metric indicates the multiplicative factor by which the communication burden exceeds 
the useful processing work. Note that higher values are detrimental, representing a regime where the system execution is dominated by network maintenance 
rather than algorithmic progress.
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