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We introduce tile codes, a simple yet powerful way of constructing quantum codes that are local on a
planar 2D lattice. Tile codes generalize the usual surface code by allowing for a bit more flexibility in terms
of locality and stabilizer weight. Our construction does not compromise on the fact that the codes are local
on a lattice with open boundary conditions. Despite its simplicity, we use our construction to find codes
with parameters [[288, 8, 12]] using weight-6 stabilizers and [[288, 8, 14]] using weight-8 stabilizers,
outperforming all previously known constructions in this direction. Allowing for a slightly higher
nonlocality, we find a [[512, 18, 19]] code using weight-8 stabilizers, which outperforms the rotated surface
code by a factor of more than 12. Our approach provides a unified framework for understanding the
structure of codes that are local on a 2D planar lattice and offers a systematic way to explore the space of
possible code parameters. In particular, due to its simplicity, the construction naturally accommodates
various types of boundary conditions and stabilizer configurations, making it a versatile tool for quantum

error-correction code design.
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The surface code was introduced in 1998 [1,2], and until
today, it is arguably the quantum error-correcting code best
suited for current and near-term quantum devices [3—6]. It
owes its practicability mainly to the fact that its stabilizer
checks are local on a regular, planar 2D lattice. In fact,
having nearest-neighbor connectivity between the physical
qubits on a chip is sufficient to realize a surface code without
further overhead. Fundamentally, this locality comes at a
price: The surface code encodes just one logical qubit.

Compared to the surface code, so-called quantum low-
density parity-check (qLDPC) codes may offer higher
encoding rates and better protection of encoded qubits
[7]. However, realizing the promises of qLDPC codes is far
from trivial: qLDPC codes with the best theoretical
performance are inherently non-2D [8].

Recent advances in quantum hardware design, particu-
larly for superconducting circuits, suggest that slightly
relaxed locality constraints may be achievable in near-term
devices [9-14]. This raises hopes, but it is a priori not clear
how to leverage this additional flexibility to develop more
efficient codes.
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This Letter addresses the main question of constructing
more efficient quantum error correction (QEC) codes by
slightly relaxing the locality of the surface code. We
introduce tile codes, a natural generalization of the surface
code that relaxes locality in two key ways. Instead of
assuming nearest-neighbor connectivity, we allow for the
stabilizer generators to be supported in boxes of a certain
size. Second, we allow for stabilizer weights higher than 4,
as in the case of the surface code. Tile codes follow a
systematic approach where stabilizer tiles (specific stabilizer
patterns) are placed on a layout according to simple rules that
guarantee that the stabilizers of the code commute.

While our general construction is extremely simple, we
discover codes that outperform the surface code by factors of
up to 12 while still maintaining practical locality constraints.
For example, with just a 3 x3 box size and weight-6
stabilizers, we obtain a [[288,8,12]] code—a 4-times
improvement in efficiency compared to the rotated surface
code. Increasing to weight-8 stabilizers yields a [[288, 8, 14]]
code, while a 4 x 4 box with weight-8 stabilizers produces
[[288, 18, 13]] and [[512, 18, 19]] codes—a remarkable 10-
times and 12-times gain in efficiency compared to the
rotated surface code. We remark that the [[288, 8, 12]] code
was first discovered by Liang et al. [15] and served as an
inspiration for our constructions.

Tile codes are related to bivariate bicycle (BB) codes
[16-22]. BB codes generalize the toric code, allowing for
some modest (constant) amount of nonlocality assuming
periodic boundaries on the lattice. This means that the

Published by the American Physical Society


https://orcid.org/0000-0003-4913-6833
https://orcid.org/0000-0003-2909-922X
https://orcid.org/0000-0002-7211-5515
https://orcid.org/0000-0001-5638-6334
https://orcid.org/0000-0003-0577-9159
https://ror.org/0107a5128
https://ror.org/023b0x485
https://crossmark.crossref.org/dialog/?doi=10.1103/l4mx-l3xx&domain=pdf&date_stamp=2025-10-21
https://doi.org/10.1103/l4mx-l3xx
https://doi.org/10.1103/l4mx-l3xx
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 135, 170601 (2025)

(c)

[
!ll :
@
(b) ® .
(a)
FIG. 1.

An example of a [[288, 8, 12]] tile code following our construction. The qubits sit on the edges of the lattice. The X- and Z-type

stabilizer tiles sit at the vertices of the lattice. A black dot indicates that both an X- and a Z-type stabilizer tile is there. Red dots and blue
dots indicate X-type and Z-type stabilizers, respectively. The dots are the anchors of the 3 x 3 boxes that contain the stabilizer tiles. In
(a), we enlarge on an example of an X-type bulk stabilizer tile, and in (b) an example of a Z-type boundary stabilizer tile. Since the dotted
edges that usually would be in the support of the Z-type stabilizer are not in the set of physical qubits, the support of this stabilizer is
restricted to the nondotted edges for this tile code. In (c), we visualize that naturally, if two boundary stabilizers overlap, by the choice of
the layout, their overlap is contained in the lattice of physical qubits. We intentionally only draw the B x B box containing the stabilizers
and do not mark the edges in the support of the stabilizers, since the argument is agnostic of the specific stabilizer.

stabilizer checks are not truly local in a planar layout. There
is still a growing number of stabilizer checks that require a
growing amount of nonlocality. This issue is addressed if
one can build reliable long-range couplers [17] or by
simulating nonlocal interactions by teleportation-based
routing [23] or swapping qubits [24]. Tile codes, on the
other hand, do not require periodicity and thus have true
O(1) locality on a planar 2D lattice. With that, tile codes
address this major challenge in quantum error correction,
achieving high efficiency while preserving implementabil-
ity on near-term hardware.

Tile codes—We now introduce a family of quantum
stabilizer codes which we call tile codes. For a visual
overview, we refer to Fig. 1. Tile codes are a natural
generalization of surface codes: similar to surface codes,
they have a bulk region with translation-invariant stabilizer
checks and boundaries where stabilizer checks can have
restricted supports. They arise by choosing a local struc-
ture, which consists of shapes of an X- and Z-type stabilizer
called tiles, and a global structure, which is a layout of
qubits and positions of stabilizer checks.

A tile is a subset of edges of a B x B square grid,
excluding the edges on the top row and the rightmost
column. We identify edges with physical qubits so that a
tile defines the support of a Pauli-X or Pauli-Z stabilizer
check. For example, one can recover the vertex and
plaquette operators of the surface code, which are sup-
ported on the edges adjacent to a vertex and a face, by using
the following X and Z tiles:

o

We will draw tiles with a marked dot, which indicates
their placement in the layout that we will explain next.

The layout of a tile code determines the full set of
physical qubits, as well as the position of tiles (and hence,
stabilizer checks). More specifically, a layout is a finite
subset of the square grid. The subset of edges is identified
with the physical qubits. The vertices are marked depend-
ing on the placement of tiles which represent the stabilizer
checks. We will mark vertices in black, grey, or white. We
place both X and Z tiles on black vertices, whereas on each
grey vertex of the layout, we place only an X tile, and on
each white vertex only a Z tile. Note that not all vertices
have to be marked. Unmarked vertices do not have any
stabilizer checks associated with them. If the set of edges of
the tile code does not contain the whole support of a
stabilizer, then the support of the stabilizer should be
thought of as truncated to the available qubits. We will
refer to stabilizers whose support is contained in the set of
edges of the layout as bulk stabilizers, and to the remaining
stabilizers as boundary stabilizers.

This concept of a layout is hence a generalization of the
various shapes and sizes of surface codes, both rotated and
unrotated, and the notion of smooth and rough boundaries.
For example, using the surface code tiles, the following
layout specifies a usual, unrotated surface code with
distance 4:
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While this is an unorthodox way of presenting the surface
code, our convention will be useful for the general con-
struction of tile codes, which we describe in the following.

Systematic construction of tile codes—Not every choice
of tiles and layout yields a well-defined CSS code. Indeed,
one of the key challenges in constructing tile codes is to
choose these such that the boundary stabilizers commute.
We will now explain a systematic construction that ensures
commutativity.

We first determine the local structure of our code by
choosing an X tile and a Z tile such that (T1) Both tiles are
confined within a box of size B x B with no support at the
top horizontal and right vertical edges of the box:

(T2) The X tile and Z tile determine each other in the
following way: for each X tile with support on a horizontal
(or vertical) edge with coordinate (x,y), there is a vertical
(or horizontal, respectively) edge with coordinates
(B—1—x,B—1-y) in the Z tile [25].

The condition (T2) guarantees that X and Z tiles, in any
relative position, have an even overlap [26,27].

Next, we start constructing a layout by defining a
designated set of bulk-stabilizer positions. While this set
can be arbitrary, we will always restrict ourselves to
following (rotated) rectangular shapes:

Since in the end, we want these stabilizers to be bulk
stabilizers, and therefore their support completely con-
tained in the layout, we will choose as the set of edges the
union of all B x B boxes over all bulk stabilizer positions.
For example, the following layouts are induced by the
lattices depicted above together with 3 x 3 boxes contain-
ing the bulk stabilizers:

Next, we want to add boundary stabilizers. Here, we
require that for any pair of an X- and a Z-boundary tile, they
either do not intersect, or the intersection of their supports is
entirely in the set of edges of the layout. Inspired by the
rough and smooth boundaries of the surface code, we can,
for example, choose the following sets of boundary
stabilizers:

Lo
o 0 ¢ @)
[ J

[ ]

For the surface code, the boundary decorated by X
stabilizers corresponds to a smooth boundary, and the
boundary decorated by Z stabilizers corresponds to a rough
boundary. It is clear that the choices of the sets of boundary
stabilizers shown above generalize to any sizes of the initial
bulk stabilizer lattice, as well as the boxes that contain the
stabilizers. Note also that all boundary stabilizers commute.
This is because any pair of boxes at a grey and a white dot
does either not overlap or has their intersection of edges
completely contained in the set of physical qubits; see
Fig. 1(c) for a visualization. Hence, either their overlap is
empty, or there is complete overlap of the two boxes at
these relative conditions, which by (T2) is even.

We emphasize that so far, the construction is agnostic of
the specific support of the stabilizer tiles. In fact, we only
use the fact that the support is contained in boxes of size
B x B; see (T1).

Finally, we fine-tune the layout to the specific support of
the stabilizers. In more detail, we will first remove all qubits
that are not supported in any X-type stabilizer or are not
supported in any Z-type stabilizer. Finally, we remove all
stabilizers, whose support has become empty because of
this. Note that this step largely depends on the supports of
the stabilizers in the tiles.

Examples of tile codes—Despite the simplicity of this
construction, we will now see that this approach can yield
planar versions of BB codes that drastically outperform all
known constructions in this direction [18,29].

We systematically searched for a variety of box sizes and
stabilizer weights. We first estimated the distance of the
codes using a probabilistic algorithm [30,31] and then
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TABLE I. Parameters of some tile codes. We identified these
examples by fixing the layout to the (unrotated) square layout and
values for box size B, check weight w, and number of physical
qubits n. We then performed a brute force search among all
possible tile configurations and selected those that produced
codes with the highest efficiency ratio kd?/n. The distances
presented are exact values, calculated using integer linear pro-
gramming.

B w ([, k, d]] kd?*/n X and Z tiles
3 6 [1288,8,12]] 4
O
3 8 [1288,8,14]] 54
4 8 [[288,18,13]] 10.6
4 8 [[512,18,19]] 12.7

confirmed the results using an integer linear program
solver. The results of this search can be found in
Table I. We will now highlight a few concrete codes with
attractive parameters.

We start by searching for codes using the unrotated
layout using 10 x 10 copies of X- and Z-bulk tiles, where
we exhaustively check all stabilizers confined in a 3 x 3
box. Assuming that we will not remove qubits and
stabilizers in the last step, the construction will always
yield a code with 288 physical and 8 logical qubits. In
general, for box size B, one gets 2(B — 1)? logical qubits
under the assumption that the construction finishes without
the removal of qubits and stabilizer checks. We find that the
best possible distance is 12, giving a [[288, 8, 12]] code.
Note that this slight relaxation of locality therefore gives a
4-times improvement in kd?/n over the rotated surface
code. We depict an example of stabilizer tiles giving these
parameters here and refer to Appendix B for more
examples:

If we allow for weight-8 stabilizers instead of weight-6 in
the same construction stabilizers, we can even find codes
with parameters [[288, 8, 14]]. The following is an example
of stabilizer tiles realizing these parameters:

Refer to Appendix C for more examples.

Finally, if we allow for weight-8 stabilizer tiles that are
confined in 4 x4 boxes, we can obtain codes with
parameters [[288,18,13]] and [[512,18,19]] using the
unrotated square layouts with 9 x 9 and 13 x 13 copies
of the bulk tiles, respectively. They give a 10- to 12-times
improvement over the rotated surface code. We depict
examples of stabilizer tiles here:

For higher stabilizer weights, we did not perform an
exhaustive search. By a randomized search for weight-10
and 4 x 4 boxes, we found a [[512, 18, < 23]] code with the
following stabilizer tiles. We strongly expect that d = 23,
and hence kd?/n ~ 18.6, though we did not formally verify
this using integer linear programming:

We also mention that all results from Ref. [18] on the
pruning of hypergraph product codes of cyclic codes can be
reconstructed from our construction using the unrotated
bulk stabilizer lattice. For a proof, we refer to Appendix A.
In addition, we remark that the rotated surface code can be
recovered from our construction using a rotated layout. We
also found some codes with weight-6 or weight-8 stabi-
lizers using the rotated layout, but their parameters were not
as good as those using the unrotated layout.

Discussion—In this Letter, we give a simple but powerful
construction for 2D-local codes on a planar lattice. With
this, we address an important problem in making qLDPC
codes practical for near- and mid-term superconducting
hardware. By relaxing the locality condition of the surface
code slightly, we observe up to a 12-times improvement
over the rotated surface code, and we find codes that
outperform current state-of-the-art proposals for the imple-
mentation of qLDPC codes.

Our construction is simple and general, and we believe
that there are many ways forward to construct further tile
codes—e.g., using other bulk stabilizer tile layouts like
rotations and layouts with holes or polygonal boundaries.
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Another future line of research is to investigate protocols
and design ancillary systems for performing logical com-
putation on the codes we found. We expect that one can
adapt the QEC cycle for BB codes developed in Ref. [17] to
tile codes. It would be very interesting to see how the
boundary impacts the numerical simulations and threshold.
Furthermore, one could explore the construction of non-
CSS versions of tile codes by applying Clifford deforma-
tions similar to the XZZX surface code.
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FIG. 2. Visualization of the construction in the hypergraph product setup. Following the simple steps of choosing a rectangular layout
of bulk stabilizers and following the construction in the main text recovers all constructions from Refs. [18,29].

nonhypergraph product codes we construct in the main
text drastically outperform hypergraph product codes
even without assuming locality for similar sizes.

The stabilizer tiles are specified by a pair of polynomials,
a(x) and b(y). The stabilizer generators will fit into a box
of size (deg(a) + 1) x (deg(b) + 1). For the X-type sta-
bilizer tile, the polynomial a(x) describes which of the
horizontal edges in the highest layer of the box are colored,
and the polynomial b(y) describes which of the rightmost
vertical edges are colored. For the Z-type stabilizer, a(x)
describes which of the vertical edges on the lowest layer
are colored, and which of the horizontal edges on the
leftmost layer. For example, if a(x) =1+ x+ x> and
b(y) = 1+ y + y?, the stabilizer tiles appear as follows:

1
ol 1
Y y?
2
1 Yy
s J 1(/ x| 22
1

BB codes arise by tiling a torus with these stabilizer tiles.
In Refs. [18,29], the authors try to find planar versions of

TABLE IL

these codes. We will now demonstrate that all codes they
find can be recovered using our simple construction. For a
visualization of the construction, see Fig. 2.

While it is straightforward to generalize this construc-
tion, we will for convenience assume that ¢ and b have the
same monomial terms. In this case, the minimal possible
size of a box supporting the X- and Z-type stabilizers will
be B = deg(a) + 1.

In the first step of our construction, we draw a (I — (B —
1)) x (m — (B — 1)) lattice of bulk stabilizers, which in the
next step will lead—because of our choice of stabilizer tiles
—to an [ x m lattice of qubits. Then, we place (B — 1)
layers of X-type stabilizers on the bottom and top and
(B — 1) layers of Z-type stabilizers on the left and right.
From the shape of the X- and Z-type stabilizers, it is clear
that the uppermost B — 1 layers of vertical qubits are not
supported by any Z-type stabilizer, and the leftmost B — 1
layers of vertical qubits are not contained in the support of
any X-type stabilizer. In step 4 of the algorithm, we
therefore remove these qubits, as also depicted in Fig. 2.
Again, carefully examining the shape of the stabilizers, we
observe that the uppermost B — 1 layers of X-type stabi-
lizers, as well as the leftmost B — 1 layers of Z-type
stabilizers, have empty support, since all of their support

All pairs of weight-6 stabilizers in 3 x 3 boxes achieving the code parameters [[288, 8, 12]]. Eight pairs of X- (left) and

Z-type (right) stabilizers are shown, and one can obtain the rest by swapping the role of X- and Z-type stabilizers.
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has just been removed. Consequently, these stabilizers will
be removed as well in step 4. It is clear that all remaining
stabilizers have nonempty support and are independent.
The final code has 2im—I(B—-1)—m(B-1)=
Im + (I —deg(a))(m — deg(b)) physical qubits and
(I=(B=1))(m=(B=1))+ (I- (B=1))(B~1)+ (m—
(B—1))(B—1) independent stabilizer generators, hence
(B —1)? = deg(a)? logical qubits. It is clear that starting
with two different polynomials ¢ and b and using rec-
tangular boxes instead of square boxes, this analysis
demonstrates a logical dimension of deg(a) deg(b), which
is precisely the result of Refs. [18,29]. It is also clear that
our algorithm removes whole rows or columns of qubits
and stabilizers—that is, the resulting code is still a hyper-
graph product code.

TABLE III.

Appendix B: Stabilizers of weight 6 confined in 3 x 3
boxes yielding [[288,8,12]] codes—We exhaustively
searched over all possible weight-6 stabilizers confined
in a 3 x 3 tile. We find that there are 16 different codes
with these parameters. All of those stabilizers yielding
[[288, 8, 12]] codes are depicted in Table II.

Appendix C: Stabilizers of weight 8 confined in 3 x 3
boxes yielding [[288,8,14]] codes—We exhaustively
searched over all possible weight-8 stabilizers confined
in a 3x3 tile. We find that there are more than 300
pairs of stabilizers yielding [[288,8,14]] codes. In
Table III, we depicted some of them.

Four selected pairs of weight-8 stabilizers in 3 x 3 boxes achieving the code parameters [[288, 8, 14]].
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