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Introduction and motivation

A quantum Random Access Memory (qRAM) enables coherent access to a classical database in su-
perposition. Consider a database M with N = 2" memory cells, where each cell M(® is identi-
fied by a unique n-bit binary address a := aqi,a9,...,a, and stores m bits of classical information
bl@) .= bga), bga), .. ,bg,‘f ). When the address register A is prepared in a superposition ), a4 |a) 4 and
|0) 5, is a fiducial state of a data register D, the qRAM implements the unitary transformation:

3 aala),10)p T S agla) 4 [6@) ), (1)

Efficient qRAM is the bottleneck for quantum speedups in linear algebra [1-4], quantum chemistry [5—
8], machine learning [9, 10], and cryptography [11, 12]. Yet, turning qRAM from a theoretical ora-
cle into a physical device has proven daunting: proposed architectures often balance optimal query
complexity with impractical physical requirements. While the “bucket-brigade” architecture [13] of-
fered a seminal leap in noise resilience [14], its implementation remains challenging due to the active
routing requirements. Recently, a quantum walker-based architecture [15] emerged as a promising al-
ternative, theoretically achieving optimal circuit depth. However, this walker proposal suffers from a
critical physical drawback: to ensure time efficiency, it requires long-range connectivity scaling with
the inter-tree distance, along with a massive spatial overhead. We present a novel walker-based qRAM
architecture [16] that achieves polylogarithmic access time in the database size N using exclusively lo-
cal, nearest-neighbor interactions. By introducing a modular “backup walker” protocol, we decompose
the routing logic into local collision-based gates. This approach allows us to condense the required
hardware onto a single binary tree structure, matching the spatial footprint of the standard bucket
brigade, thereby avoiding the massive overhead of parallel trees or long-range connections required by
previous walker models. Crucially, our architecture operates with passive’ dynamics: routing is de-
termined solely by the internal quantum state of the walkers via unitary evolution, without requiring
external control signals at each node. This feature satisfies a fundamental scalability criterion recently
highlighted by Jaques and Rattew [17], who argue that the prohibitive overhead of “active” routing
risks negating the asymptotic speedups of qRAM-based algorithms. By combining the noise resilience
of the bucket brigade with the passive nature of quantum walkers, our model offers a realistic blueprint
for the first practical large-scale qRAM.

Prior works and the gap we fill

The seminal “bucket-brigade” (BB) qRAM [13] introduced a routing scheme on a binary tree of depth
n, where N = 2" leaves represent memory cells. Each node hosts a qutrit router that, upon interaction
with address carriers, dynamically opens a path to the target. While this architecture ensures that only

!Meaning that no address-dependent reconfiguration of the nodes is required.
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Figure 1: (a) Schematic of the proposed qRAM architecture on a single binary tree of depth d = 3. At
the root node, n = 3 address walkers and m + 1 data walkers are injected sequentially. The upper-right
inset shows the two operations at each node: the gate UM (purple box), which conditionally flips the
color of all subsequent walkers, and the scattering gate S , which routes red walkers left and blue walkers
right. The lower-right inset illustrates the scattering dynamics at two different time steps. (b) The
backup-walker decomposition of U for address a; = 1,a2 = 0,a3 = 0. Step 0: Usn transfers the
address bit from A; to its backup A;. Steps 1-2 (iterated): the three-body gate Ug propagates the
routing information to the next pair of walkers, followed by a spatial shift. The entire decomposition
uses only nearest-neighbor Clifford gates.

O(log N) nodes are active per query, granting high noise resilience [14], it requires O(N) three-level
systems to be present in the hardware, even though only O(log N) of them are activated per query.
The need to maintain coherence and control over these active routing elements constitutes a substantial
overhead. More recently, Asaka, Sakai, and Yahagi (ASY) proposed a walker-based model [15] that
eliminates active routers entirely: routing is encoded in the walkers’ internal states, making the tree
nodes passive scatterers. While theoretically promising, this design incurs a massive spatial overhead,
necessitating a forest of 2(n + m) parallel binary trees and long-range interactions to maintain time
efficiency. Under nearest-neighbor constraints, the effective circuit depth becomes the same as that of
BB, while requiring far more spatial resources.

Our model resolves this dichotomy: it matches the local-interaction time complexity and the passive
structure of ASY but collapses the spatial footprint onto a single binary tree. By strictly enforcing local
operations through our backup-walker protocol, we also eliminate the need for long-range connectivity.

Our approach: routing architecture

Encoding and scattering. In our qRAM model, the registers A and D of Eq. (1) are implemented
via ordered sequences of quantum walkers, each possessing an internal “color” degree of freedom spanned
by |R) (red) and |B) (blue), while the absence of a walker is denoted by |()). We emphasize that this
empty state is to be understood as a spatial gap between colored walkers in the input sequence, rather
than a distinct internal state. A bit a; = 0 is encoded as [() 4., and a; = 1 as [R) 4.. Since superpositions
of addresses require superpositions of particle number, the simplest realization uses bosonic carriers;
however, dual-rail and qudit-based encodings using fermionic or qubit carriers are also possible [16].
Each node of the binary tree implements a fixed scattering unitary S: red walkers exit left (color
unchanged), blue walkers exit right (color reset to red), and vacuum states propagate trivially (see
Fig. 1a). This gate is address-independent and requires no external control signals.

Routing via U®., Before scattering at depth 4, the i-th address walker transfers its routing informa-
tion to all subsequent walkers via a gate U®: if A; is red, it flips the color of all following walkers; if
A; is absent, nothing happens. After this conditional flip, S routes blue walkers right and red walkers



left, completing the address-dependent branching at level 7. In its basic form, U® is a multi-target
controlled-NOT with a fan-out scaling linearly with the number of subsequent walkers. The only form
of global coordination required is a classical clock that synchronizes the sequential application of U®
and S as walkers reach successive tree levels. This clock broadcasts no address information and does
not constitute active, address-dependent routing.

The backup-walker decomposition

The implementation of U® involves a many-body interaction whose range grows with the number of
walkers, which is the main obstacle to a local implementation [18, 19]. Our central technical contribution
is a modular decomposition of U® into nearest-neighbor gates, at the cost of doubling the walker count.
The initial state of the qRAM is prepared as in the standard protocol, but with a red backup walker
following each primary address and memory walker. More precisely, after each walker W;, we place
its corresponding backup W; in the state |R>Wi' The decomposition at depth ¢ proceeds in two steps,
applied iteratively (see Fig. 1b):

1. Initialization (Uin): A C-NOT between A; and its backup A; transfers the address bit. If A; is
in the state |R), the backup flips to |B); otherwise, it remains |R).

2. Propagation (UB, repeated): A C-NOT-NOT gate acts on three consecutive walkers (Wk, W1, Wk+1),
activated when the control backup Wy is blue. After each application, walkers shift forward by
two positions. This is iterated n +m — (i 4+ 1) times at level i.

Both Ui, and Up are Clifford gates acting on at most three walkers with nearest-neighbor connectivity.
One verifies by direct computation [16] that Usn followed by the iterated Ug reproduces U exactly on
the primary walkers. This compositional structure is the core of the architecture: routing to arbitrary
depth is realized by iterating a single local building block, with the tree depth entering only through
the number of repetitions.

Conclusions and Outlook

We have presented a qRAM architecture that achieves optimal asymptotic scaling across all fundamental
resources including circuit depth, spatial footprint, and active gate count. By relying on a single
binary tree structure and passive unitary dynamics, our design overcomes the massive spatial
bottlenecks of previous quantum-walker proposals without sacrificing their logarithmic speed advantage.
Crucially, the routing protocol is constructed exclusively from Clifford gates involving interactions at
a maximum distance of two, eliminating the need for complex active switching networks. The impact
of these reductions is significant for fault-tolerant implementations. Recent independent analysis [20]
highlights that, among the architectures analyzed, our protocol yields the “most optimal resource scaling
for generating fault tolerant queries” when combined with distillation/teleportation techniques. While
our model inherits the error scaling characteristics typical of bucket-brigade structures, the restriction
to local Clifford operations significantly simplifies the error-correction overhead. We also note that
the underlying routing mechanism is symmetric: running the protocol in reverse with appropriately
prepared data registers enables coherent write operations, extending the applicability beyond quantum
ROM to full qRAM. By bridging the gap between abstract query complexity and physical layout
constraints, this work provides a concrete blueprint for the experimental realization of the first scalable
quantum random access memory.
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