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Abstract
Quantum Random Access Memory (QRAM) is a fundamental primitive in many quantum algorithms,
enabling coherent access to large datasets. Existing QRAM architectures implement memory access by
routing address information through hierarchical switching networks, introducing structural complexity
and sequential dependencies. In this work, we investigate whether routing is an intrinsic requirement
for coherent quantum memory access. We answer this question in the negative by introducing a routing-
free QRAM architecture based on controlled cyclic permutations of the memory register. Instead of
propagating the address, the proposed construction rearranges the memory so that the requested cell
is brought to a fixed location for local access. We present an explicit quantum circuit implementation
with depth 𝑂(log𝑛) and size 𝑂(𝑛 log𝑛) in the standard quantum circuit model. Although it does not
improve the asymptotic complexity of existing QRAM constructions, our results show that routing is not
an intrinsic computational requirement for coherent memory access, establishing controlled global data
movement as an alternative computational paradigm for QRAM and revealing a fundamental tradeoff
between locality and parallelism.
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1. Introduction

Efficient access to large datasets is a fundamental requirement in many quantum algorithms,
including quantum search, optimization, and quantum machine learning [1, 2]. In the standard
computational model, this capability is provided by Quantum Random Access Memory (QRAM),
which enables coherent access to data in superposition and plays a central role in many quantum
algorithmic frameworks [3].

The most widely studied QRAM architectures, introduced by Giovannetti, Lloyd, and Mac-
cone [4, 5], implement memory access by routing address information through hierarchical
networks of quantum switches. A memory query activates a path of length 𝑂(log𝑛) in a
binary tree, yielding depth 𝑂(log𝑛) and size 𝑂(𝑛) [5]. While these asymptotic bounds are well
understood, they do not capture the computational organization induced by routing. Address-
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dependent communication paths introduce sequential dependencies, limit parallelism, and
accumulate errors during memory access [6, 7, 8]. Furthermore, fault-tolerant analyses and
system-level studies indicate that the cost of memory access may dominate that of the surround-
ing computation [9, 10, 11], while several quantum speedups based on QRAM assumptions
admit classical counterparts under comparable access models [3, 12].

These limitations have motivated numerous alternatives, including circuit-based construc-
tions [13, 14], hardware-oriented proposals [15, 16, 17], approximate and restricted mod-
els [18, 19], quantum-walk formulations [20], and algebraic approaches [21, 22]. Despite their
differences, these constructions continue to realize memory access through address-dependent
routing.

To make this distinction precise, we call a QRAM architecture routing-based if memory access
is realized by propagating address-dependent information through intermediate communication
elements that establish a path to the selected memory cell. Conversely, an architecture is
routing-free if no such communication path is established and the address controls only global
transformations acting directly on the memory register.

This naturally raises a fundamental question: is routing an intrinsic computational require-
ment for QRAM, or merely one possible architectural choice?

In this work, we answer this question in the negative. Rather than improving the asymptotic
complexity of existing QRAM constructions, our goal is to identify the computational principles
that are truly necessary for coherent quantum memory access. We show that routing is an
implementation strategy rather than an intrinsic computational requirement.

To this end, we introduce a permutation-based QRAM architecture in which memory access
is realized through controlled cyclic rotations of the memory register. Instead of propagating
the address toward the data, the proposed construction reorganizes the memory so that the
requested cell is brought to a fixed location, where it can be accessed by a local operation,
yielding the conceptual decomposition

QRAM = global permutation + local read.

Our construction exploits constant-depth implementations of cyclic rotations based on layers
of disjoint SWAP gates [23, 24]. Combining these primitives with a binary decomposition of
the address yields a controlled implementation consisting of a logarithmic sequence of highly
parallel permutation layers.

The resulting QRAM implementation achieves depth 𝑂(log𝑛) and size 𝑂(𝑛 log 𝑛) in the
standard quantum circuit model without relying on routing structures. Although these bounds
do not improve the asymptotic complexity of existing QRAM constructions, they demonstrate
that the same QRAM functionality can be realized through a fundamentally different computa-
tional organization based on global data movement followed by local access. This organization
exposes a tradeoff between locality and parallelism that is not reflected by standard circuit
complexity measures: routing-based constructions concentrate computation along localized
communication paths, whereas the proposed architecture distributes it across highly regular
permutation layers acting uniformly on the memory register.

Overall, our results establish controlled global data movement as a viable alternative com-
putational paradigm for QRAM, broadening the design space of coherent quantum memory
access in the standard quantum circuit model.



2. Model and Problem formulation

We work in the standard quantum circuit model over qubits, where computations are described
by unitary transformations decomposed into a sequence of one- and two-qubit gates. We assume
familiarity with the basic notions of quantum computation.

Let 𝑛 ∈ N denote the number of memory cells and let 𝑑 ≥ 1 be the number of qubits per
cell. The memory is modeled as a quantum register 𝑀 =

⨂︀𝑛−1
𝑗=0 𝑀𝑗 , where each 𝑀𝑗 ≃ (C2)⊗𝑑.

The total memory register therefore consists of 𝑛𝑑 qubits. We denote by 𝐴 the address register,
consisting of ℓ = ⌈log𝑛⌉ qubits, and by 𝑂 an output register of 𝑑 qubits initialized to |0⟩⊗𝑑.

We consider the problem of implementing a coherent read-only QRAM access. Formally, we
require a unitary transformation 𝑈QRAM acting on 𝐴⊗𝑂 ⊗𝑀 such that, for any basis state
|𝑖⟩𝐴 with 𝑖 ∈ {0, . . . , 𝑛− 1} and any computational basis configuration of the memory,

𝑈QRAM : |𝑖⟩𝐴 |0⟩𝑂 |𝑀0⟩𝑀0
· · · |𝑀𝑛−1⟩𝑀𝑛−1

↦−→ |𝑖⟩𝐴 |𝑀𝑖⟩𝑂 |𝑀0⟩𝑀0
· · · |𝑀𝑛−1⟩𝑀𝑛−1

,

and extended by linearity to arbitrary superpositions. In particular, the transformation preserves
the content of the memory register and coherently correlates each address state with the
corresponding cell content.

We introduce a family of unitary operators {ROT𝑖}𝑛−1
𝑖=0 acting on 𝑀 , where ROT𝑖 denotes

the cyclic shift by 𝑖 positions. Formally, for any tensor product basis state |𝑀0⟩⊗ · · · ⊗ |𝑀𝑛−1⟩,
we define

ROT𝑖

(︀
|𝑀0⟩ ⊗ · · · ⊗ |𝑀𝑛−1⟩

)︀
= |𝑀𝑖⟩ ⊗ |𝑀𝑖+1⟩ ⊗ · · · ⊗ |𝑀𝑛−1⟩ ⊗ |𝑀0⟩ ⊗ · · · ⊗ |𝑀𝑖−1⟩ ,

with indices taken modulo 𝑛. Each ROT𝑖 is a permutation unitary over the 𝑛𝑑 qubits of 𝑀 .
We define the controlled permutation operator

𝑈ROT =
𝑛−1∑︁
𝑖=0

|𝑖⟩ ⟨𝑖|𝐴 ⊗ ROT𝑖,

which acts on 𝐴 ⊗𝑀 and maps the content of the addressed cell to the first position of the
memory register. For convenience, we identify 𝑈ROT with its trivial extension to 𝐴 ⊗ 𝑂 ⊗
𝑀 , acting as the identity on the output register 𝑂. The QRAM read operation can then be
implemented as the composition of 𝑈ROT, a local extraction of the first cell, and 𝑈 †

ROT. More
precisely, let𝑈COPY be a unitary acting on𝑂⊗𝑀0 such that𝑈COPY : |0⟩𝑂 |𝑥⟩𝑀0

↦→ |𝑥⟩𝑂 |𝑥⟩𝑀0

for all 𝑥 ∈ {0, 1}𝑑, and extended unitarily to the whole space. Then the unitary

𝑈QRAM = 𝑈 †
ROT · (𝐼𝐴 ⊗ 𝑈COPY ⊗ 𝐼𝑀1···𝑀𝑛−1) · 𝑈ROT

correctly realizes the QRAM read functionality.
We evaluate quantum circuits in terms of size and depth. The size is defined as the total

number of two-qubit gates in the circuit, while the depth is the minimum number of sequential
layers of such gates required to implement it. We also consider the total number of qubits (circuit
width). In addition, for a circuit decomposed into layers 𝐿1, . . . , 𝐿𝐷 , we define the active set
at layer 𝑡 as 𝐴𝑡 = {qubits on which a gate in 𝐿𝑡 acts}, and the peak activity as max𝑡 |𝐴𝑡|. In
routing-based QRAM constructions, each layer involves 𝑂(log𝑛) active qubits corresponding
to a single path in a routing tree, whereas in permutation-based constructions the operations
act on Θ(𝑛) qubits in parallel at each layer. This distinction will be relevant in our analysis.



3. Cyclic rotations via constant-depth circuits

We show that cyclic permutations of a quantum register can be implemented by constant-depth
quantum circuits of linear size. The construction is based on a decomposition of cyclic shifts
into compositions of involutive permutations, each realizable as a layer of disjoint SWAP gates.
For simplicity, in this section we first describe rotations for one-qubit memory cells (𝑑 = 1); the
general case follows by treating each memory cell as an indivisible block.

Let 𝑀 = (C2)⊗𝑛 be an 𝑛-qubit register with computational basis indexed by {0, . . . , 𝑛− 1}.
For 𝑘 ∈ Z𝑛, define the cyclic shift operator ROT𝑘 as the unitary acting on basis states as

ROT𝑘 : |𝑞0⟩ ⊗ · · · ⊗ |𝑞𝑛−1⟩ ↦−→ |𝑞𝑘⟩ ⊗ |𝑞𝑘+1⟩ ⊗ · · · ⊗ |𝑞𝑛−1⟩ ⊗ |𝑞0⟩ ⊗ · · · ⊗ |𝑞𝑘−1⟩ ,

where indices are taken modulo 𝑛. Equivalently, ROT𝑘 corresponds to the permutation 𝜋𝑘(𝑖) =
𝑖+ 𝑘 (mod 𝑛) on wire indices.

We construct ROT𝑘 as the composition of two involutive permutations. Let 𝜎1 and 𝜎
(𝑘)
2 be

permutations of {0, . . . , 𝑛− 1} defined as follows:

𝜎1(𝑖) = −𝑖 (mod 𝑛), 𝜎
(𝑘)
2 (𝑖) = 𝑘 − 𝑖 (mod 𝑛).

Both 𝜎1 and 𝜎
(𝑘)
2 are involutions, i.e., 𝜎2

1 = 𝜎
(𝑘)2
2 = id. Moreover, their composition yields

(𝜎
(𝑘)
2 ∘ 𝜎1)(𝑖) = 𝑘 + 𝑖 (mod 𝑛) = 𝜋𝑘(𝑖), which implies that ROT𝑘 = 𝑈

𝜎
(𝑘)
2

· 𝑈𝜎1 , where 𝑈𝜎

denotes the unitary implementing the permutation 𝜎 on the 𝑛 wires.
Each involution 𝜎 can be decomposed into a product of disjoint transpositions. Therefore,

the corresponding unitary 𝑈𝜎 can be implemented by a single layer of SWAP gates acting on
disjoint pairs of qubits. This yields the following result.

Proposition 3.1. For every 𝑘 ∈ Z𝑛, the unitary ROT𝑘 can be implemented by a quantum circuit
of depth 2 and size Θ(𝑛) using only SWAP gates.

Proof. The permutation 𝜎1 consists of the transpositions (𝑖,−𝑖) for all 𝑖 ∈ Z𝑛 with 𝑖 ̸= −𝑖, and
possibly fixed points when 2𝑖 ≡ 0 (mod 𝑛). These transpositions are pairwise disjoint and can
therefore be implemented in parallel using SWAP gates in a single layer. The same holds for
𝜎
(𝑘)
2 , which consists of disjoint transpositions (𝑖, 𝑘 − 𝑖). Since ROT𝑘 = 𝜎

(𝑘)
2 ∘ 𝜎1, the circuit

consists of two such layers, yielding depth 2. The number of transpositions is Θ(𝑛), implying
linear size.

We next highlight a structural property of the second layer. Define the two base involutions:
𝜎
(0)
2 (𝑖) = −𝑖 (mod 𝑛) and 𝜎

(1)
2 (𝑖) = 1− 𝑖 (mod 𝑛).

For any 𝑘 ∈ Z𝑛, let 𝜏𝑡 denote the cyclic shift 𝜏𝑡(𝑖) = 𝑖 + 𝑡 (mod 𝑛) with 𝑡 = ⌊𝑘/2⌋. Then
it holds that 𝜎(𝑘)

2 = 𝜏𝑡 ∘ 𝜎(𝑘 mod 2)
2 ∘ 𝜏−1

𝑡 . This shows that all second-layer permutations
are obtained from two canonical patterns via conjugation by cyclic shifts. Consequently, the
dependence on 𝑘 reduces to a binary choice together with a cyclic relabeling of indices.

The circuit implementing ROT𝑘 is therefore obtained as follows: a first layer implementing
𝑈𝜎1 , followed by a second layer implementing 𝑈

𝜎
(𝑘)
2

. Each layer consists of disjoint SWAP gates
and can be executed in one time step. The overall circuit has depth 2 and size Θ(𝑛).



Input: 𝑛 ∈ N, 𝑘 ∈ Z𝑛

Output: Circuit 𝐶 implementing ROT𝑘

1. 𝐶 ← empty circuit on 𝑛 wires indexed by Z𝑛

First layer (involution 𝜎1(𝑖) = −𝑖)
2. for each 𝑖 ∈ Z𝑛 with 𝑖 < −𝑖 do
3. add SWAP(𝑖,−𝑖) to 𝐶

Second layer (involution 𝜎
(𝑘)
2 (𝑖) = 𝑘 − 𝑖)

4. for each 𝑖 ∈ Z𝑛 with 𝑖 < 𝑘 − 𝑖 do
5. add SWAP(𝑖, 𝑘 − 𝑖) to 𝐶
6. return 𝐶

Figure 1: Construction of a constant-depth circuit implementing ROT𝑘 . Each layer corresponds to an
involutive permutation decomposed into disjoint transpositions, and can therefore be applied in parallel.

This construction shows that cyclic shifts belong to the class of constant-depth permutation
circuits. The high degree of regularity of the construction, together with the fact that all
instances differ only by a cyclic relabeling of a constant number of base patterns, makes it
particularly suitable for controlled implementations and for integration into larger architectures.

For completeness, we provide an explicit circuit construction implementing ROT𝑘 , obtained
by decomposing the underlying permutations into disjoint transpositions, which can be directly
translated into parallel layers of SWAP gates (see Figure 1).

4. Controlled rotations and QRAM construction

We now describe an implementation of the controlled cyclic permutation

𝑈ROT =
∑︁

𝑖∈{0,...,𝑛−1}

|𝑖⟩ ⟨𝑖|𝐴 ⊗ ROT𝑖,

where 𝐴 is the address register and ROT𝑖 is the cyclic shift operator defined in the previous
section.

Let ℓ = ⌈log𝑛⌉, and write the binary expansion of an address 𝑖 ∈ {0, . . . , 𝑛− 1} as

𝑖 =
ℓ−1∑︁
𝑠=0

𝑏𝑠2
𝑠, 𝑏𝑠 ∈ {0, 1}.

For each 𝑠 ∈ {0, . . . , ℓ− 1}, let 𝛿𝑠 = 2𝑠 mod 𝑛.
Since cyclic shifts compose additively modulo 𝑛, for every valid address 𝑖 we have

ROT𝑖 =

ℓ−1∏︁
𝑠=0

(ROT𝛿𝑠)
𝑏𝑠 ,

where the product may be taken in any order, since all cyclic shifts commute.
This suggests a decomposition of 𝑈ROT into ℓ controlled fixed shifts. Let 𝐴𝑠 denote the 𝑠-th

address qubit, and define 𝑉𝑠 = |0⟩ ⟨0|𝐴𝑠
⊗ 𝐼𝑀 + |1⟩ ⟨1|𝐴𝑠

⊗ ROT𝛿𝑠 .



Then, on the subspace spanned by valid addresses {|𝑖⟩ : 0 ≤ 𝑖 < 𝑛}, 𝑈ROT =
∏︀ℓ−1

𝑠=0 𝑉𝑠.
We next analyze how to implement each unitary 𝑉𝑠 efficiently.

Lemma 4.1. For every 𝑚 ≥ 1, the coherent fan-out transformation 𝐹𝑚 : |𝑥⟩ |0⟩⊗𝑚 ↦→ |𝑥⟩ |𝑥⟩⊗𝑚,
for all 𝑥 ∈ {0, 1}, can be implemented by a quantum circuit of depth 𝑂(log𝑚) and size 𝑂(𝑚).

Proof. The transformation is implemented by a balanced binary tree of CNOT gates. Starting
from one control qubit, after one layer we obtain two copies, after two layers four copies, and
so on. After 𝑂(log𝑚) layers, 𝑚 target ancillae have been initialized to the value of the input
qubit. The total number of CNOT gates is 𝑂(𝑚).

For each 𝑠, Proposition 1 provides a circuit for ROT𝛿𝑠 consisting of two layers of disjoint
SWAP gates. Let ROT𝛿𝑠 = 𝑊𝑠,2 ·𝑊𝑠,1, where each 𝑊𝑠,𝑗 is a product of Θ(𝑛) disjoint SWAP
gates. Denote by 𝐸𝑠,𝑗 the set of transpositions appearing in 𝑊𝑠,𝑗 .

To implement 𝑉𝑠, we replace each SWAP gate in 𝑊𝑠,1 and 𝑊𝑠,2 by a controlled-SWAP gate
controlled on the address bit 𝐴𝑠. Since a single control qubit cannot be used simultaneously in
all these gates, we first distribute 𝐴𝑠 coherently to sufficiently many ancillary copies.

Lemma 4.2. For every 𝑠 ∈ {0, . . . , ℓ − 1}, the unitary 𝑉𝑠 can be implemented by a circuit of
depth 𝑂(1) and size 𝑂(𝑛), assuming the availability of one control ancilla for each transposition
in 𝐸𝑠,1 ∪ 𝐸𝑠,2 initialized to the value of 𝐴𝑠.

Proof. By Proposition 1, ROT𝛿𝑠 is the composition of two layers of disjoint SWAP gates. For
each transposition in 𝐸𝑠,1 and 𝐸𝑠,2, apply a controlled-SWAP gate using a distinct ancillary copy
of 𝐴𝑠 as control. Since the target pairs are disjoint within each layer and the controls are distinct,
all controlled-SWAP gates in a given layer can be applied in parallel. Each controlled-SWAP
admits a constant-size, constant-depth decomposition into one- and two-qubit gates. Hence the
resulting circuit has constant depth and size 𝑂(𝑛).

We now combine the above ingredients into a construction of 𝑈ROT. For each address bit
𝐴𝑠, we allocate 𝑂(𝑛) ancillae and use the coherent fan-out circuit of Lemma 2 to prepare one
control copy for each transposition in the two-layer decomposition of ROT𝛿𝑠 . Since the fan-out
circuits for different values of 𝑠 act on disjoint ancilla registers, they can be executed in parallel.

Theorem 4.3. The controlled cyclic permutation

𝑈ROT =
∑︁

𝑖∈{0,...,𝑛−1}

|𝑖⟩ ⟨𝑖|𝐴 ⊗ ROT𝑖

can be implemented by a quantum circuit of depth 𝑂(log𝑛) and size 𝑂(𝑛 log𝑛).

Proof. The circuit is composed of three stages.
First, for each address bit 𝐴𝑠, prepare 𝑂(𝑛) coherent copies of its value using Lemma 2. Since

all ℓ fan-out circuits act on disjoint ancilla registers, they can be performed in parallel. Their
total depth is therefore 𝑂(log𝑛), and their total size is 𝑂(𝑛ℓ) = 𝑂(𝑛 log 𝑛).

Second, for each 𝑠 = 0, . . . , ℓ−1, apply the controlled fixed shift 𝑉𝑠 using the copied ancillae,
as described in Lemma 3. Since the unitaries 𝑉𝑠 act on the same memory register, they must be



applied sequentially. Each has depth 𝑂(1) and size 𝑂(𝑛), so the total contribution of this stage
is depth 𝑂(ℓ) = 𝑂(log 𝑛) and size 𝑂(𝑛ℓ) = 𝑂(𝑛 log 𝑛).

Third, uncompute all ancilla copies by reversing the fan-out circuits. As in the first stage,
this contributes depth 𝑂(log𝑛) and size 𝑂(𝑛 log𝑛).

Summing the three contributions yields total depth 𝑂(log𝑛) + 𝑂(log 𝑛) + 𝑂(log 𝑛) =
𝑂(log𝑛), and total size 𝑂(𝑛 log𝑛) +𝑂(𝑛 log 𝑛) +𝑂(𝑛 log𝑛) = 𝑂(𝑛 log 𝑛).

We now use 𝑈ROT to implement QRAM read. Let 𝑈COPY denote the local extraction unitary
defined in Section 2. Then 𝑈QRAM = 𝑈 †

ROT · (𝐼𝐴 ⊗ 𝑈COPY ⊗ 𝐼𝑀 ′) · 𝑈ROT, where 𝑀 ′ denotes
the memory register excluding the first cell.

Theorem 4.4. Assume that each memory cell consists of 𝑑 = 𝑂(1) qubits. Then there exists a
permutation-based implementation of QRAM read on 𝑛 memory cells with circuit depth 𝑂(log𝑛)
and size 𝑂(𝑛 log 𝑛).

Proof. By the previous theorem, each occurrence of 𝑈ROT has depth 𝑂(log𝑛) and size
𝑂(𝑛 log 𝑛). Since 𝑑 is constant, the local unitary 𝑈COPY has constant depth and size. Therefore
the asymptotic complexity of 𝑈QRAM is dominated by the two controlled rotation circuits,
yielding depth 𝑂(log𝑛) and size 𝑂(𝑛 log𝑛).

This construction provides a coherent implementation of QRAM access entirely through
controlled global permutations of the memory register, without routing or path-dependent
information propagation.
Remark. The depth bound above is obtained by using 𝑂(𝑛 log 𝑛) ancillary qubits to distribute
all address bits in parallel. If one instead reuses ancillae separately for each stage 𝑉𝑠, the width
can be reduced to 𝑂(𝑛) at the cost of increasing the depth to 𝑂(log2 𝑛). Thus, the construction
admits an explicit width-depth tradeoff.

5. Complexity and comparison

In this section, we analyze the complexity of the proposed QRAM construction and compare it
with routing-based architectures. Our goal is to characterize both its asymptotic performance
and its structural properties.

5.1. Depth and Size

The core primitive underlying our construction is the controlled cyclic permutation

𝑈ROT =
∑︁
𝑖∈Z𝑛

|𝑖⟩ ⟨𝑖|𝐴 ⊗ ROT𝑖.

As shown in Section 4, each index 𝑖 ∈ Z𝑛 can be written in binary as 𝑖 =
∑︀ℓ−1

𝑠=0 𝑏𝑠2
𝑠, with

ℓ = ⌈log𝑛⌉, and the corresponding rotation decomposes as

ROT𝑖 =
ℓ−1∏︁
𝑠=0

(ROT𝛿𝑠)
𝑏𝑠 , 𝛿𝑠 = 2𝑠 mod 𝑛.



Since cyclic rotations commute, the order of the product is irrelevant.
This yields a decomposition of 𝑈ROT into ℓ = Θ(log 𝑛) controlled fixed shifts, each condi-

tioned on a single address bit. Each unitary ROT𝛿𝑠 admits a constant-depth implementation
using two layers of disjoint SWAP gates, which are promoted to controlled-SWAP gates.

To enable parallel execution of these gates, each address bit is coherently distributed to Θ(𝑛)
ancillary qubits using a fan-out circuit. This introduces a logarithmic-depth overhead.

The resulting circuit consists of three stages: (i) a fan-out stage distributing the ℓ address
bits, (ii) ℓ controlled permutation layers applied sequentially, and (iii) an uncomputation stage
removing the ancillary information.

The fan-out and uncomputation stages each have depth 𝑂(log𝑛), while each controlled per-
mutation layer has constant depth. Since ℓ = Θ(log 𝑛) such layers must be applied sequentially,
the overall depth is 𝑂(log𝑛).

The size is dominated by the controlled permutation layers. Each layer consists of Θ(𝑛)
controlled-SWAP gates acting on disjoint pairs of qubits, and Θ(log 𝑛) such layers are required.
Therefore, the total size is 𝑂(𝑛 log 𝑛).

When memory cells contain 𝑑 qubits, each SWAP acts on 𝑑 qubits, yielding size 𝑂(𝑛𝑑 log 𝑛)
and depth 𝑂(log𝑛+ 𝑑).

We emphasize that the logarithmic overhead in both depth and size arises from the binary
decomposition of the address and the sequential application of Θ(log 𝑛) global permutation
layers, while each individual permutation remains constant-depth and linear-size.

5.2. Comparison with routing-based QRAM

We compare the proposed construction with standard routing-based QRAM architectures, such
as the fan-out and bucket-brigade models [5, 4].

Routing-based QRAM implements memory access by propagating the address through a
hierarchical network, activating a path of length 𝑂(log𝑛) that selects the target cell. This yields
depth 𝑂(log𝑛) and size 𝑂(𝑛).

In contrast, the proposed construction eliminates routing and instead applies controlled
global permutations of the memory register. Rather than propagating the address, the data is
rearranged so that the selected cell is brought to a fixed location.

From an asymptotic perspective, both approaches achieve logarithmic depth. However,
the permutation-based construction incurs an additional logarithmic factor in size, yielding
𝑂(𝑛 log 𝑛), due to the need to apply Θ(log 𝑛) global permutation layers.

More significantly, the two approaches differ in their computational structure. Routing-
based architectures are inherently path-based: at each layer, only 𝑂(log𝑛) qubits are active,
corresponding to a routing path. In contrast, the permutation-based construction applies
uniform transformations to Θ(𝑛) qubits in parallel at each layer.

Table 1 summarizes the main characteristics of representative QRAM architectures. Besides
the standard complexity measures of depth and size, we also compare their structural organiza-
tion. In particular, the regularity of a construction refers qualitatively to the uniformity and
repetitiveness of its circuit structure, namely whether memory access is realized by repeatedly
applying the same pattern of gates across the entire memory register or by address-dependent
routing operations whose location varies with the access path. While this notion is not intended



Table 1
Comparison of representative QRAM architectures.

Model Depth Size Routing Global Ops Regularity Active Qubits
Fan-out QRAM [5] 𝑂(log𝑛) 𝑂(𝑛) Yes No Low 𝑂(log𝑛)
Bucket-brigade [4] 𝑂(log𝑛) 𝑂(𝑛) Yes No Medium 𝑂(log𝑛)
FF-QRAM [13] 𝑂(log𝑛) 𝑂(𝑛) Yes No Medium 𝑂(log𝑛)
Circuit QRAM [14] 𝑂(log𝑛) 𝑂(𝑛) Yes No Medium 𝑂(log𝑛)
RF-QRAM (this work) 𝑂(log𝑛) 𝑂(𝑛 log𝑛) No Yes High Θ(𝑛)

as a formal complexity measure, it highlights architectural differences that are not reflected by
asymptotic depth and size alone.

Overall, the proposed architecture should be viewed not as an asymptotic improvement, but
as an alternative paradigm that replaces address propagation with data movement, exposing a
tradeoff between locality and parallelism.

5.3. Structural and space-time tradeoffs

Standard complexity measures such as size and depth do not fully capture the structural
differences between routing-based and permutation-based QRAM constructions. To make
this distinction precise, we introduce additional measures that quantify the distribution of
computational activity.

Peak activity. Let a circuit be decomposed into layers 𝐿1, . . . , 𝐿𝐷 of disjoint two-qubit gates.
For each layer 𝐿𝑡, let 𝐴𝑡 = {qubits acted upon by gates in 𝐿𝑡}. The peak activity is defined as
max1≤𝑡≤𝐷 |𝐴𝑡|.

Proposition 5.1. Consider a QRAM access circuit on 𝑛 memory cells. Routing-based architectures
have peak activity 𝑂(log𝑛), whereas the permutation-based construction has peak activity Θ(𝑛).

Proof. In routing-based architectures, memory access proceeds along a root-to-leaf path in a
binary tree of depth 𝑂(log𝑛). At each layer, only qubits corresponding to nodes on this path
are involved, yielding |𝐴𝑡| = 𝑂(log 𝑛). In contrast, in the permutation-based construction,
each permutation layer consists of Θ(𝑛) disjoint SWAP or controlled-SWAP gates acting on the
memory register, covering all memory cells, and therefore |𝐴𝑡| = Θ(𝑛).

Space-time volume. Let 𝑊 and 𝐷 denote the width and depth of a circuit. The space-time
volume is defined as Vol = 𝑊 ·𝐷.

Proposition 5.2. A single QRAM access has space-time volume𝑂(𝑛 log2 𝑛) in the depth-optimized
permutation-based construction, and 𝑂(𝑛 log 𝑛) in routing-based architectures.

Proof. In routing-based architectures, the width is Θ(𝑛) and the depth is 𝑂(log𝑛), yielding
volume 𝑂(𝑛 log 𝑛). In the permutation-based construction, the depth is 𝑂(log𝑛), but the width
is dominated by the ancillary qubits required to distribute the address bits, which is 𝑂(𝑛 log 𝑛)
as discussed in Section 4. Therefore, the volume is 𝑂(𝑛 log 𝑛) ·𝑂(log𝑛) = 𝑂(𝑛 log2 𝑛).



While routing-based architectures achieve lower space-time volume, the distribution of
computational effort differs significantly. Routing-based constructions realize memory access
through a sequence of localized operations along a path, resulting in low peak activity and
temporally distributed computation. In contrast, the permutation-based construction concen-
trates the computation into Θ(log𝑛) layers, each involving Θ(𝑛) qubits in parallel. These
observations highlight a fundamental tradeoff between locality and parallelism: routing-based
architectures achieve spatial locality at the cost of sequential dependence, whereas permutation-
based constructions eliminate routing dependencies by distributing computation globally.

5.4. Write operation

The permutation-based framework naturally extends to support coherent write operations. Let
𝑊 be a 𝑑-qubit register containing the value to be written, and let 𝑀 =

⨂︀𝑛−1
𝑗=0 𝑀𝑗 be the

memory register. The write operation is defined as a unitary mapping

|𝑖⟩𝐴 |𝑤⟩𝑊 |𝑀0⟩ · · · |𝑀𝑛−1⟩ ↦−→ |𝑖⟩𝐴 |𝑤⟩𝑊 |𝑀0⟩ · · · |𝑤⟩𝑀𝑖
· · · |𝑀𝑛−1⟩ ,

extended by linearity.
Let 𝑈ROT denote the controlled cyclic permutation. The write operation is implemented

as 𝑈WRITE = 𝑈 †
ROT · (𝐼𝐴 ⊗ 𝑈UPD ⊗ 𝐼𝑀 ′) · 𝑈ROT, where 𝑈UPD is a reversible update acting

on 𝑊 ⊗𝑀0. A standard realization of 𝑈UPD is given by |𝑤⟩𝑊 |𝑥⟩𝑀0
↦→ |𝑤⟩𝑊 |𝑥⊕ 𝑤⟩𝑀0

,
implemented using 𝑑 parallel CNOT gates. Correctness follows from the fact that 𝑈ROT maps
the addressed cell 𝑀𝑖 to position 𝑀0, where the update is applied, and 𝑈 †

ROT restores the
original ordering. The construction is unitary and preserves coherence.

The complexity is dominated by the controlled permutation, yielding depth 𝑂(log𝑛 + 𝑑),
and size 𝑂(𝑛 log 𝑛+ 𝑑). Thus, the permutation-based approach supports both read and write
operations within a unified unitary framework, where memory access is realized via global data
movement followed by local operations.

5.5. Noise considerations

Beyond asymptotic complexity, the structural properties of the proposed construction suggest
qualitatively different noise behavior compared to routing-based QRAM architectures. Routing-
based constructions implement memory access through a sequence of operations along a
path of length 𝑂(log𝑛), leading to error accumulation across dependent layers [6, 7]. In
contrast, the permutation-based construction replaces sequential routing with a small number
of highly parallel layers acting on the entire memory register. As a result, errors are not
confined to a specific path, but may instead be distributed across Θ(𝑛) qubits involved in
each access. From a circuit-level perspective, this suggests a tradeoff between temporal and
spatial error accumulation: routing-based architectures concentrate errors along sequential
operations, whereas permutation-based constructions expose a larger number of qubits to noise
simultaneously but over fewer steps. We emphasize that this observation is qualitative, and
that the overall robustness depends on physical parameters such as error rates, connectivity
constraints, and the availability of error correction. A precise quantitative analysis, particularly
in fault-tolerant settings, remains an open problem.



6. Block-decomposed permutation-based access

We describe a variant of the permutation-based QRAM construction based on a decomposition
of the address into block and intra-block components. This construction does not improve the
complexity, but provides additional insight into the structure of permutation-based access.

Block decomposition. Let the memory register be partitioned into 𝐵 = 𝑛
𝑘 blocks of size 𝑘.

The address 𝑖 ∈ Z𝑛 is decomposed as 𝑖 = 𝑏 · 𝑘 + ℓ, where 𝑏 ∈ {0, . . . , 𝐵 − 1} identifies the
block and ℓ ∈ {0, . . . , 𝑘 − 1} identifies the position within the block.

Access procedure. The access operation is implemented in two stages.
First, we apply, in parallel to all blocks, a controlled cyclic rotation conditioned on the

intra-block address ℓ. Formally, for each block 𝑀 (𝑗), we apply the transformation 𝑀 (𝑗) ↦→
ROTℓ(𝑀

(𝑗)), so that in every block the element at position ℓ is moved to the first position.
Second, we consider the register consisting of the first cell of each block, which contains 𝐵

candidate elements. We apply a controlled cyclic rotation on this register, conditioned on the
block index 𝑏, bringing the desired element to the first position of the global memory.

Correctness. After the first stage, for each block 𝑗, the element originally at position ℓ within
that block is located at its first position. In particular, the target element 𝑀𝑖 is located at the
first position of block 𝑏. The second stage rotates the first elements of all blocks so that the first
element of block 𝑏 is moved to the first position of the global memory. Therefore, the overall
transformation correctly implements the desired memory access.

Complexity. The first stage consists of 𝐵 = 𝑛/𝑘 controlled rotations on blocks of size 𝑘,
applied in parallel. Each controlled rotation on 𝑘 elements can be implemented, using the
construction of Section 4, with size 𝑂(𝑘 log 𝑘) and depth 𝑂(log 𝑘). Therefore, the total size of
the first stage is 𝑂

(︀
𝑛
𝑘 · 𝑘 log 𝑘

)︀
= 𝑂(𝑛 log 𝑘), while its depth is 𝑂(log 𝑘). The second stage is a

controlled rotation on 𝐵 = 𝑛/𝑘 elements, which can be implemented with size 𝑂
(︀
𝑛
𝑘 log 𝑛

𝑘

)︀
and

depth 𝑂
(︀
log 𝑛

𝑘

)︀
. Therefore, the total size of the construction is 𝑂

(︀
𝑛 log 𝑘 + 𝑛

𝑘 log 𝑛
𝑘

)︀
, while the

total depth is 𝑂
(︀
log 𝑘 + log 𝑛

𝑘

)︀
= 𝑂(log𝑛).

Discussion. For all choices of 𝑘, the asymptotic complexity remains 𝑂(𝑛 log 𝑛) in size and
𝑂(log𝑛) in depth. However, the construction reveals a structural decomposition of the access
operation into a local phase, acting independently on each block, and a global phase, acting
on a reduced representation of the memory. This decomposition provides an intermediate
point between fully global permutation-based access and localized routing-based schemes. In
particular, it shows that different components of the address can be processed at different spatial
scales, inducing a hierarchy of data-movement operations.

While this variant does not improve asymptotic bounds, it may be relevant in settings where
local operations are significantly cheaper than global ones, or where memory is physically
organized in modular blocks. A detailed investigation of such scenarios is left for future work.

The above construction suggests a more general perspective on quantum memory access
based on hierarchical decompositions of the address space. In this view, access operations
can be structured as compositions of permutation primitives acting at multiple spatial scales,
interpolating between fully global transformations and localized routing mechanisms.



7. Discussion and conclusion

We have presented a permutation-based approach to coherent quantum memory access that
replaces address routing with controlled global transformations of the memory register. Rather
than propagating address information through a routing network, the proposed construction
reorganizes the memory so that the addressed cell is brought to a fixed location, where it can
be accessed by a local operation.

From a complexity-theoretic perspective, the resulting QRAM implementation achieves depth
𝑂(log𝑛) and size 𝑂(𝑛 log 𝑛) in the standard quantum circuit model. Although this does not
improve the asymptotic complexity of existing routing-based architectures, it demonstrates
that routing is not an intrinsic computational requirement for implementing coherent QRAM
access. The same functionality can instead be realized through controlled global data movement
followed by local extraction.

The key distinction therefore lies not in asymptotic complexity, but in the organization of
the computation. Routing-based constructions realize memory access by establishing address-
dependent communication paths through intermediate routing elements, leading to localized
operations with relatively low activity per circuit layer. In contrast, the proposed construction
deliberately replaces address routing with global data movement, applying a sequence of highly
regular permutation layers that act uniformly across the memory register. This organization
exposes a tradeoff between locality and parallelism that is not reflected by standard circuit
complexity measures.

Whether this tradeoff is advantageous ultimately depends on the underlying hardware ar-
chitecture and communication model. Our complexity analysis is carried out in the standard
circuit model, where SWAP and controlled-SWAP gates are treated as elementary operations.
Additional costs arising from restricted qubit connectivity, architecture-specific communication
constraints, or fault-tolerant implementations are outside the scope of the present work. Con-
versely, the high regularity of the proposed construction may simplify compilation, scheduling,
and optimization in architectures that efficiently support uniform parallel operations. A quanti-
tative comparison under realistic hardware assumptions remains an interesting direction for
future work.

On the theoretical side, the logarithmic overhead originates from the binary decomposition
of the address register, suggesting the investigation of alternative encodings or computational
models that could further reduce the complexity of controlled global permutations. More
generally, viewing quantum memory access as the composition of global data movement and
local operations provides a framework for exploring intermediate organizations between fully
global permutation-based constructions and localized routing-based architectures.

Overall, our results broaden the design space of QRAM implementations by showing that
coherent memory access in the standard quantum circuit model does not inherently require
routing. Rather than replacing existing routing-based architectures, permutation-based con-
structions complement them by demonstrating that the same computational functionality admits
fundamentally different organizations with comparable asymptotic complexity. We hope that
this perspective will stimulate further investigation into alternative computational models and
architectures for quantum memory access.
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