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Quantum computation and quantum sim-
ulation require a versatile gate set to opti-
mize circuit compilation for practical applica-
tions. However, existing platforms are often
limited to specific gate types or rely on para-
metric couplers to extend their gate set, which
compromises scalability. Here, we propose a
scalable quantum simulator with an extended
gate set based on giant-atom three-level sys-
tems, which can be implemented with super-
conducting circuits. Unlike conventional small
atoms, giant atoms couple to the environ-
ment at multiple points, introducing interfer-
ence effects that allow exceptional tunability of
their interactions. By leveraging this tunabil-
ity, our setup supports both CZ and iSWAP
gates through simple frequency adjustments,
eliminating the need for parametric couplers.
This dual-gate capability enhances circuit ef-
ficiency, reducing the overhead for quantum
simulation. As a demonstration, we showcase
the simulation of spin dynamics in dissipative
Heisenberg XXZ spin chains, highlighting the
setup’s ability to tackle complex open quan-
tum many-body dynamics. Finally, we discuss
how a two-dimensional extension of our system
could enable fault-tolerant quantum computa-
tion, paving the way for a universal quantum
processor.

1 Introduction
Scalable universal quantum simulators are powerful
tools for exploring complex quantum systems, includ-
ing many-body physics in condensed matter physics
and open quantum many-body dynamics [1–3]. A
universal gate set for a quantum simulator or quan-
tum computer can be realized using a complete set of
single-qubit gates combined with an entangling two-
qubit gate, such as iSWAP or CZ [4]. Most existing
quantum simulators are optimized for implementing
only specific two-qubit gates [3, 5, 6], limiting their
versatility. Expanding the available gate set beyond
the bare minimum facilitates more efficient quantum
circuit compilation [7–9], reducing circuit depth and
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improving performance. Notably, having access to
both iSWAP and CZ gates enables any Clifford op-
eration to be performed using single-qubit gates and
no more than two two-qubit gates [10]. Moreover, in-
troducing tunable qubit decay would open the door
to simulating open quantum many-body dynamics.
However, achieving a larger gate set typically requires
additional resources, such as parametric couplers [10–
18], other coupling elements [19–24], or complicated
drive schemes [25–31], which limit the feasibility of
building large-scale quantum simulators.

In this article, we show how giant artificial
atoms [32] can be used to build a scalable quan-
tum simulator for open quantum systems with both
iSWAP and controlled-phase (CZφ) two-qubit gates
in the gate set. Unlike traditional small atoms, which
couple to their environment at a single point, giant
atoms couple at multiple discrete points, often sep-
arated by wavelengths. The consequences of having
multiple coupling points have been explored in many
articles in recent years, both theoretically in, e.g.,
Refs. [32–55] and in experiments mostly using super-
conducting circuits, e.g., in Refs. [56–67]. The main
point is that the multiple coupling points produce in-
terference effects, enabling frequency-dependent con-
trol of relaxation rates [33, 64] and qubit-qubit in-
teraction strengths [35]. This tunability makes giant
atoms well-suited for implementing diverse gate op-
erations without overhead like parametric couplers.
For instance, iSWAP gates and tunable decays can be
achieved in giant-atom systems by tuning qubit fre-
quencies [61], enabling applications such as the Trot-
terized simulation of quantum Zeno dynamics in open
quantum systems [68]. However, an extended gate set
including CZ operations has not been studied previ-
ously in giant-atom setups.

Here, to enable the execution of CZφ gates in ad-
dition to iSWAP gates, we introduce three-level giant
atoms with additional coupling points to eliminate
unwanted interactions and reduce errors. We demon-
strate the ability of our simulator built from such sys-
tems to simulate the dynamics of the dissipative XXZ
model, illustrating the advantages of an extended gate
set in reducing simulation errors. Additionally, we
propose a two-dimensional extension of our quantum
simulator, which enables the execution of long-range
two-qubit operations. This extension further allows
the implementation of surface codes for quantum er-
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ror correction [69], thereby supporting fault-tolerant
quantum computation and positioning our setup as a
potential universal quantum processor.

The rest of this article is organized as follows. In
Section 2, we put forward a setup with two three-
level giant atoms as the building block of our scalable
quantum simulator. We demonstrate how this build-
ing block can realize both iSWAP and CZ gates, as
well as the more general RXY and controlled-phase
(CZφ) gates, through simple frequency tuning of the
giant atoms. We then analyze the average gate fidelity
of these gates under realistic noise conditions, show-
ing that state-of-the-art techniques yield fidelities of
� 98.8% for both iSWAP and CZ operations; these
fidelities can quite easily be increased by coupling the
giant atoms more strongly to the waveguide. Then,
in Section 3, we combine such building blocks into a
scalable simulator architecture where the two-giant-
atom structure is repeated to form a one-dimensional
chain. We provide a protocol for tuning the atomic
frequencies to implement nearest-neighbor RXY and
CZφ gates across this simulator, demonstrating the
scalability of the extended gate set.

To highlight the simulator’s potential, we showcase
in Section 4 its simulation of spin dynamics in a dissi-
pative XXZ spin chain [70–73], illustrating its ability
to handle complex open quantum many-body system.
To further enhance the capability of our simulator
to execute long-range two-qubit gates, we propose in
Section 5 a two-dimensional extension of it. We dis-
cuss how long-range two-qubit gates can be operated
in such a setup by tuning the frequencies of the giant
atoms. In particular, this extension allows to per-
form surface codes, enabling fault-tolerant quantum
computation, and offering our setup as a universal
quantum processor. We provide a discussion on the
physical realization of our setup and the influence of
non-Markovian effects in Section 6, followed by con-
cluding remarks in Section 7. Some additional details
on the error analysis for the quantum simulation in
Section 4 are provided in Appendix A.

2 Two-qubit gates with giant atoms
We begin by studying a two-giant-atom setup that al-
lows us to perform both iSWAP and CZ gates by sim-
ple frequency tuning. This setup serves as the build-
ing block for our scalable giant-atom-based simulator.
The giant atoms we consider are Ξ-type three-level
systems with an anharmonicity χk = ω12,k �ω 01,k <
0, where ωij,k is the transition frequency between
states jii and jji in atom k; for simplicity, we use
in the following the notation ω01,k � ω k. Such neg-
ative anharmonicity and ladder-type level structure
are typical for superconducting transmon qubits [74],
which is the most common platform for experiments
on giant atoms so far. The giant atoms are coupled
to a waveguide at multiple spatially separated points

Figure 1: A two-giant-atom setup for performing both
iSWAP and CZ gates. (a) Sketch of the setup. The two
giant atoms, with frequencies ω1,2 and detunings χ1,2 , are
coupled to the waveguide (black line) at multiple points with
different coupling strengths γkn and spacings ∆xn . The cou-
pling points are organized in a braided fashion. (b) Frequency
dependence of the individual decay rates Γ1,2 , inter-atomic
coupling strength g12 , and collective decay rates Γcoll,12 of
the giant atoms. (c,d) The protocol to perform (c) an iSWAP
gate and (d) a CZ gate in this setup.
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each (with coordinate xkn for the nth coupling point
of atom k), and these coupling points are organized
in a braided fashion, as shown in Fig. 1(a).

Due to the coupling to the waveguide, the two
atoms acquire individual decay rates Γ ind,k (ω), a
coherent interaction with strength gjk(ω) between
atoms j and k, and a collective decay rate Γ coll,jk (ω)
for atoms j and k. The dependence on the frequency
ω of the transition that these rates hold for is a con-
sequence of the interference effects arising from the
multiple coupling points of giant atoms. Assuming
Markovianity, i.e., that the travel time between cou-
pling points is negligible, the decay rates and interac-
tion strengths are given by [35]

Γ ind,k (ω) =
NkX

n=1

NkX

m=1

p
γknγkm cosφkn,km(ω),

gjk(ω) =
NjX

n=1

NkX

m=1

p γjnγkm
2

sinφjn,km(ω),

Γcoll,jk (ω) =
NjX

n=1

NkX

m=1

p γjnγkm cosφjn,km(ω),

(1)

where Nk is the number of coupling points of atom k,
γkn is the coupling strength at the nth coupling point
of atom k, φjn,km(ω) = ω∆x jn,km/v is the accumu-
lated phase between the coupling points, ∆x jn,km =
jx jn � x kmj the distance between the coupling points,
and v the speed of light in the waveguide, which we
assume to have linear dispersion. We note that using
nonlinear structured waveguides [48] would not qual-
itatively change our results.

The interference effects in the giant atoms result in
decoherence-free frequencies where the atomic decay
into the waveguide vanishes. To illustrate this, we
consider that all the coupling strengths are identical
(γ), and ∆x 1/2 = ∆x 7/2 = ∆x 2 = ∆x 3 = ∆x 4 =
∆x 5 = ∆x 6 = ∆x in Fig. 1(a). This leads to a peri-
odic dependence of Γ ind,k (ω), gjk(ω), and Γcoll,jk (ω)
on ω, with a periodicity of ω0 = 2πv/∆x. No-
table are the decoherence-free frequencies ωDF,nm =
(n + m/8)ω 0 (n 2 N ,m = 1, 2,3, 5, 6,7), at which
the interaction g12 is non-zero, as shown in Fig. 1(b).
These frequencies are essential for performing high-
fidelity two-qubit gates.

Moreover, the individual decay rates are mini-
mal within the frequency ranges [ωDF,n1 , ωDF,n3 ] and
[ωDF,n5 , ωDF,n7 ], as highlighted in the grey regions in
Fig. 1(b). This behavior results from having four cou-
pling points for each giant atom; the regions can be
extended by having more coupling points. As we will
see in the following, this property reduces qubit decay
during gate operations and provides a broad opera-
tional frequency range. To enable both iSWAP and
CZ gates with high fidelity, we set χ1 = �χ = �ω 0/8.

We now show how different gates can be performed
with this setup. The first thing to notice is that when

the two atoms are at different decoherence-free fre-
quencies, they will have negligible coupling due to
the detuning between them, and thus the system re-
mains in a steady state. On top of this, single-qubit
decay can be implemented by tuning the qubit’s fre-
quency to a non-decoherence-free value, allowing con-
trolled dissipation. This feature is particularly benefi-
cial for simulating open quantum systems, as explored
in Section 4.

2.1 iSWAP gate with giant atoms
Decoherence-free interactions between braided gi-
ant atoms facilitate the realization of the iSWAP
gate [61]. The action of an iSWAP gate leaves the
states j00i and j11i unchanged, while the states j01i
and j10i are swapped and acquire a phase factor i.
This outcome is achieved in our setup by setting
ω1 = ω2 = ωDF,nm such that the j0i $ j1i transi-
tions of the two atoms are resonant [Fig. 1(c)].

We now analyze the fidelity of the giant-atom
iSWAP gate in realistic cases, when the qubits are
subject to decay and dephasing. To be concrete, we
consider the case of transmon qubits, where the de-
cay and dephasing of the j2i state are twice those for
the j1i state [74]. Additionally, for transmon qubits,
a direct decay from j2i to j0i is prevented due to a
vanishingly small matrix element connecting the two
states. Thus, the Lindblad dissipators for qubit decay
and dephasing are

L � =
p

Γ ind + Γ ex

�
j1ih0j +

p
2j2ih1j

�
, (2)

Lϕ =
p

2Γϕ(j1ih1j + 2j2ih2j), (3)

respectively, where Γex is the extra decay rate of the
qubit to environments other than the waveguide, and
Γϕ is the qubit’s dephasing rate. For simplicity, we
further assume that the two qubits have the same de-
cay and dephasing rates. We also neglect the effect of
tuning the atoms in and out of the conditions enabling
the gate; we return to that topic in Section 4.

Taking into account these decoherence processes,
we show in Fig. 2(a)-(b) the effect of decay and de-
phasing on the average process fidelity [75] of the
iSWAP gate,

FiSWAP =
�
tr

� q p
ΦΦ0

p
Φ

�� 2

, (4)

where Φ and Φ0 are the Choi matrices [76] of our gate
and the perfect iSWAP gate, respectively. The Choi
matrix Φ of a process E is defined as

Φ =
X

n

jnihnj 
 E(jnihnj). (5)

where n runs over the basis states of the computa-
tional subspace. We observe an expected linear de-
pendence [77] of the process fidelity on both the decay
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Figure 2: Average process fidelity of two-qubit (a,b) iSWAP (c,d) CZ and (e) CZϕ gates performed with the setup in Fig. 1(a),
as a function of qubit decay rate Γex and dephasing rate Γφ . Here, g � 2.1γ is the qubit-qubit coupling strength used in the
gates.

and dephasing: FiSWAP � 1 � 1.57Γ ex /g � 1.57Γ ϕ/g,
where g is the qubit-qubit coupling. This means the
average gate fidelity of the iSWAP gate is given by
Fave, iSWAP � 1 � 1.26Γ ex /g � 1.26Γ ϕ/g, in agreement
with previous results 1. Assuming that the iSWAP
gate is performed with ω1 = ω2 = ωDF,n3 , which
yields g � 2.1γ, and taking an experimentally ac-
cessable value of γ/(2π) = 2 MHz, Γ ex = 0.02 MHz �
0.76�10�3 g and Γϕ = 0.05 MHz � 1.89�10 �3 g [78–84],
the average gate fidelity is 99.67 %. To achieve even
higher fidelity, we can increase the qubit-waveguide
coupling γ and consequently the qubit-qubit coupling
g, such that the gate time becomes smaller; for exam-
ple, with γ/(2π) = 4 MHz, an average gate fidelity of
99.83 % can be achieved.

As the iSWAP gate in our setup is performed via
the XY interactions between the giant atoms, an
RXY (θ) gate can in general be performed with our
setup. This can be achieved by setting the interact-
ing time τ = θ/g for g > 0 and τ = (2π � θ)/jgj for
g < 0. In particular, the iSWAP gate is RXY (π/2).

2.2 CZ and CZϕ gates with giant atoms
Our setup also allows the implementation of CZ and
CZφ gates between giant atoms. The CZ gate, which
adds a phase of π to the j11i state of the two-qubit
system and leaves all other states unchanged, can
be achieved by bringing the population of the j11i
state to j02i or j20i and back [85]. This process re-
quires a resonant transition between these two states.
In our setup, this resonance is achieved by having
ω2 = ω1 + χ 1 (or ω1 = ω2 + χ 2) such that there is an
interaction between the j11i and j20i (or j02i) states.
To ensure that at the same time no extra decay hap-
pens for the involved levels, we can take ω1 = ωDF,n2

1The average gate fidelity and the process fidelity are related
as [75]: Fave = 1 � dF/(d + 1) where F ave and F are the
average gate and process fidelities, and d is the dimension of
the computational space. For two-qubit iSWAP and CZ gates,
we take d = 4. The average gate fidelity of a two-qubit iSWAP
gate is Fave, iSWAP � 1 � 0.8Γ ex τ � 0.8Γ φ τ , where τ is the gate
time [77]. For two qubits coupled with interaction strength g,
the gate time is τ = π/(2g). Combining these equations, we
find that it agrees with the equation in the main text.

and ω2 = ωDF,n1 [Fig. 1(d)]; this choice yields a qubit-
qubit coupling g � 2.1γ. The coupling between the
corresponding levels is then

p
2g, where the factor ofp

2 originates from the fact that transmons are close
to harmonic oscillators [33, 74].

The average process fidelity of the CZ gate imple-
mented in this way is shown in Fig. 2(c)-(d). Due to
the fact that CZ involves higher levels with higher de-
cay and dephasing rates, and that it takes

p
2 longer

time than iSWAP for the same coupling strength g,
the process fidelity is lower than for iSWAP: FCZ �
1 � 2.19Γ ex /g � 2.97Γ ϕ/g. Correspondingly, the aver-
age gate fidelity is Fave, CZ � 1�1.75Γ ex /g�2.34Γ ϕ/g.
The average gate fidelity shows a stronger depen-
dence on dephasing, in agreement with previous re-
sults [86, 87]. Taking a typical value of γ/(2π) =
2 MHz, Γex = 0.02 MHz and Γ ϕ = 0.05 MHz, the
average gate fidelity is 99.42 % for our setup. The
gate fidelity can be improved by increasing the qubit-
waveguide coupling γ; for example, with γ/(2π) =
4 MHz, the average gate fidelity becomes 99.71 %.

We can also perform a generalized controlled-phase
gate CZφ by introducing a detuning from the reso-
nance condition used in the CZ gate. Specifically,
settingω2 = ω1+χ 1+∆ produces the following Hamil-
tonian in the subspace spanned by j11i and j20i:

HCZφ =
�

∆/2
p

2gp
2g �∆/2

�
, (6)

where
p

2g is the coupling between j11i and j20i.
Starting in j11i, the shortest evolution time that re-
turns the state to j11i (up to a phase) is τ = π/g 0,
where g0 =

p
2g2 + ∆ 2/4. This yields

exp(iH CZφπ/g0)j11i = exp(iϕ)j11i (7)

with a ∆-dependent phase ϕ [19]:

ϕ = π

 

1 +
∆

p
8g2 + ∆ 2

!

. (8)

The detuning ∆ in qubit 2 with respect to the
decoherence-free frequency results in the decay of its
j1i level to the waveguide, which depends on ∆/ω 0.
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The process fidelity of the CZφ gate is thus influenced
by both the shorter gate time and the decay into the
waveguide induced by the detuning.

To analyze the process fidelity for the CZφ gate, we
consider a realistic situation of χ/(2π) = 200 MHz,
which yields ω0/(2π) = 1.6 GHz = 800γ; we also fix
the dephasing rate to a value of Γϕ = 0.05 MHz with-
out loss of generality. The process fidelity for different
ϕ and Γ ex is shown in Fig. 2(e). We observe that, for
jϕ � πj < ϕ c, where ϕc � 0.9π, the process fidelity
is sensitive to Γex , while for ϕ close to 0 and 2π it
is not. This is because to have ϕ close to 0 and 2π,
the detuning ∆ in Eq. (8) will be large, resulting in
a large decay into the waveguide that dominates over
the intrinsic qubit decay Γex . For smaller jϕ � πj,
the intrinsic qubit decay Γex dominates over decay
into the waveguide, and thus the fidelity is mostly in-
fluenced by Γex and the gate time τ . In particular,
when jϕ �πj increases, the gate time decreases, and a
higher fidelity is obtained. Unlike the CZ gate, whose
fidelity increases with γ due to the shorter gate time,
the fidelity of the CZφ gate does not increase mono-
tonically with γ. While a larger γ speeds up the gate,
it also enhances decay of the detuned qubit into the
waveguide, which lowers the fidelity. As this decay
increases with ∆/ω 0, a larger ω0 reduces it and low-
ers γc, allowing high-fidelity CZφ gates over a wider
range of ϕ.

We finally note that, taking ω1 = ωDF,n3 , different
two-qubit operations can be achieved by solely tuning
ω2 within [ωDF,n1 , ωDF,n3 ]: to have no evolution, ω2 =
ωDF,n1 ; to have CZ, ω2 = ωDF,n2 , and to have iSWAP,
ω2 = ωDF,n3 . As the individual decay rates within
this frequency range are small, highly tunable two-
qubit gates with high fidelity can be realized here.
We also note that negative couplings g < 0 can be
achieved in our setup by switching to the frequency
regime of [ωDF,n5 , ωDF,n7 ] — this allows to perform
inverse operations of RXY (θ). The setup’s versatility
and tunability establish it as a robust building block
for scalable quantum simulators.

3 Scalable giant-atom-based quantum
simulator
The tunability of giant atoms enables controlled
single-qubit decay, iSWAP gates, and CZ gates via
coupling to a waveguide, forming an extended gate
set. All these operations can be realized using the
simple structure depicted in Fig. 1(a), making the
setup inherently scalable toward a many-body quan-
tum simulator for open quantum systems. In this
section, we demonstrate how such a scalable simula-
tor can be constructed, in a configuration optimized
for nearest-neighbor two-qubit iSWAP and CZ gates.
Additionally, we note that alternative architectures,
such as one supporting all-to-all tunable couplings,

Figure 3: Scalable giant-atom-based quantum simulator. (a)
The architecture of the quantum simulator, where neighbor-
ing giant atoms are coupled to the waveguide in a braided
configuration. (b,c) The frequency dependence of individual
decay rates Γind, coupling strength g, and collective decay
rates Γcoll for (b) neighboring and (c) non-neighboring giant
atoms.

are feasible using a similar approach as in Ref. [68].

3.1 Setup
The architecture of the scalable simulator is shown
in Fig. 3(a), where neighboring giant atoms are cou-
pled to the waveguide in a braided fashion. Com-
pared to Fig. 1(a), two more coupling points per atom
have been added to create more decoherence-free fre-
quencies for the performance of two-qubit operations
between different neighbors. To minimize individual
atom decay within the operational frequency range,
the coupling strength at the middle connection points
of each atom is set slightly higher than that of the
outer ones: γ0 = 1.4γ.

The frequency dependence of the coupling strength
g, individual decay rates Γind , and collective decay
rates Γcoll between neighboring and non-neighboring
giant atoms, is depicted in Fig. 3(b)-(c). A set of
decoherence-free frequencies ωDF,nm (n 2 N , m =
1, . . . ,10) allows coupling between neighboring atoms
(g12 6= 0), while suppressing unwanted coupling be-
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tween non-neighboring atoms (g13 = 0). This feature
is crucial for ensuring that only intended qubits in-
teract during gate operations. The frequency regime
[ωDF,n1 , ωDF,n5 ], which includes five decoherence-free
frequencies, is ideal for operating the two-qubit gates
due to minimal individual decay in this range.

The qubits in the simulator are arranged with odd-
site qubits placed at fixed frequenciesω4k�3 = ωDF,n2 ,
ω4k�1 = ωDF,n5 (k 2 N ), where n is chosen such that
ωDF,n2 and ωDF,n5 lie in the optimal frequency regime
for the qubits. The even-site qubits are tunable, en-
abling diverse gate operations with their neighbors by
adjusting their frequencies. This design minimizes er-
rors from decoherence during frequency tuning, since
only half of the qubits require tunability, and then
only in a limited range.

3.2 Performing gates
We now discuss how different qubit operations can
be executed in the scalable simulator. To maintain
a steady state of the simulator, we can set ω2k =
ωDF,n3 such that all atoms are decoherence-free, while
neighboring atoms are detuned and will not couple to
each other. On top of this, single-qubit decay can
be achieved by tuning the targeted qubit to a non-
decoherence-free frequency.

To perform iSWAP gates, and in general RXY (θ)
gates, between neighboring atoms, there are two pos-
sibilities: (i) RXY (θ) between qubits 2k � 1 and 2k
and (ii) RXY (θ) between qubits 2k and 2k + 1. To
achieve (i), we set (k 2 N ) [Fig. 4(a)]

ω4k�2 = ωDF,n2 , ω4k = ωDF,n5 , (9)

such that qubits 4k � 3 and 4k � 2 are coupled with
a strength of g0

1 � 1.79γ, qubits 4k � 1 and 4k are
coupled with a strength of g0

2 � 2.05γ, and qubits
2k and 2k + 1 are detuned and thus are decoupled.
Similarly, (ii) can be achieved with (k 2 N ) [Fig. 4(b)]

ω4k�2 = ωDF,n5 , ω4k = ωDF,n2 . (10)

Similar to iSWAP gates, there are also two possi-
bilities to perform CZ gates: (i) CZ between qubits
2k�1 and 2k and (ii) CZ between qubits 2k and 2k+1.
To achieve (i), we set [Fig. 4(c)]

ω4k�2 = ωDF,n1 , ω4k = ωDF,n4 , (11)

and similarly for (ii) we set [Fig. 4(d)]

ω4k�2 = ωDF,n4 , ω4k = ωDF,n1 . (12)

On top of this, to perform CZφ gates, a detuning ∆
given by Eq. (8) can be added to the qubits on even
sites.

We have thus demonstrated an architecture for a
scalable quantum simulator with an extended gate
set of RXY (θ) and CZφ gates with giant atoms. Here,

Figure 4: Protocol to perform different two-qubit operations
on the giant-atom-based simulator. The qubits’ frequencies
are tuned to achieve: (a) RXY(θ) between qubits 2k � 1
and 2k, (b) RXY(θ) between qubits 2k and 2k + 1, (c) CZ
between qubits 2k � 1 and 2k and (d) CZ between qubits 2k
and 2k + 1.

the interference effects mediated by the waveguide not
only enable different qubit operations with simple fre-
quency tuning, but also eliminate unwanted couplings
between non-neighboring qubits. The extended gate
set reduces circuit depth for simulation tasks requiring
a combination of these operations, and thus reduces
simulation errors. Furthermore, the simulator’s con-
trollable qubit decay is uniquely suited for simulating
open quantum dynamics. We illustrate these benefits
in the next section with a concrete example of quan-
tum simulation of the dynamics of an open quantum
system.
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4 Application in quantum simulation
The extended gate set of our giant-atom-based simu-
lator makes it versatile for simulating a broad range of
open quantum dynamics, such as the dynamics of dis-
sipative XXZ chains [70–73] and the quantum contact
process [88–90]. In this section, we illustrate the ver-
satility of our simulator by showcasing the simulation
of a dissipative XXZ model for N spins,

H =
N �1X

k=1

�
J

�
σxkσ

x
k+1 + σ ykσ

y
k+1

�
+ J zσzkσ

z
k+1

�
, (13)

where J and Jz are coupling strengths and we add
dissipation on the last site: L =

p
Γσ �

N . Here σx,y,z
are Pauli matrices and σ� = σ x � iσ y.

To simulate the dynamics given by the above model,
we employ the Trotter-Suzuki decomposition [91, 92]

exp(Lt) =

2

4
nY

j=1

exp(L j t/l)

3

5
l

+O
�
t2

l

�
, (14)

where L[ρ] = �i[H, ρ]+LρL y � 1
2 (L yLρ+ρL yL) is the

Liouvillian superoperator governing the dynamics of
this model, l is the number of Trotter steps, and L =P

j L j . We divide L into components L 1,2,3,4 [ρ] =
�i[H 1,2,3,4 , ρ] and L5[ρ] = LρL y � 1

2 (L yLρ + ρL yL),
where

H1 = J
N/2X

k=1

�
σx2k�1 σ

x
2k + σ y2k�1 σ

y
2k

�
,

H2 = J z
N/2X

k=1

σz2k�1 σ
z
2k,

H3 = J
N/2�1X

k=1

�
σx2kσ

x
2k+1 + σ y2kσ

y
2k+1

�
,

H4 = J z
N/2�1X

k=1

σz2kσ
z
2k+1 .

(15)

This decomposition enables the simulation of the
original model by sequentially applying the dynamics
of each component. In particular, exp(�iH 1t/l) and
exp(�iH 3t/l) correspond to R XY (θ) gates between
the corresponding qubits with θ = �2Jt/l. Simi-
larly, exp(�iH 2t/l) and exp(�iH 4t/l) yield R ZZ (ϕ 0)
gates with ϕ0 = �J zt/l. This can be achieved with
a CZφ gate with ϕ = �4J zt/l and two single-qubit
Rz(�ϕ/4) gates. Lastly, L 5 represents single-qubit
decay at the chain’s end. We note that additional
single-qubit Rz gates are required to compensate for
phase shifts from frequency tuning before the perfor-
mance of RXY (θ) gates. Combining all these consider-
ations, the protocol for a single Trotter step is shown
in Fig. 5(a).

As detailed in Section 3, the circuit in Fig. 5(a)
can be implemented by simply adjusting the qubit

Figure 5: Protocol to simulate the dynamics of the dissipative
XXZ spin chain using the quantum simulator in Fig. 3(a).
(a) The operations that need to be performed within a single
Trotter step to simulate the dynamics. (b) The protocol
to tune the frequencies of the giant atoms to achieve the
operations in (a).

frequencies. Specifically, the frequencies of odd site
qubits are fixed as ω4k�3 = ωDF,n2 and ω4k�1 =
ωDF,n5 . During the execution of the RXY (θ) gate be-
tween qubits 4k �2 and 4k �3, the frequency of qubit
4k � 2 is tuned to ω DF,n2 , and the system evolves for
a duration of t1 = θ/g 0

1, where g0
1 denotes the cou-

pling strength between these qubits. Concurrently,
the RXY (θ) gate between qubits 4k�1 and 4k is imple-
mented by tuning the frequency of qubit 4k to ωDF,n5
and evolving for t01 = θ/g 0

2, where g0
2 represents the

coupling strength between qubits 4k�1 and 4k. Given
that t01 < t 1, the frequency tuning for qubit 4k starts
later than that for qubit 4k � 2 by a time interval
t0 = t 1 � t 0

1 [Fig. 5(b)].
Similarly, other gates in the circuit of Fig. 5(a) are

executed by frequency tuning, enabling the full cir-
cuit for a single Trotter step to be realized as shown in
Fig. 5(b). In this process, t2 = ϕ/g 0

1 denotes the dura-
tion for executing the CZ gate on qubits 4k �1 and 4k,
t00 = ϕ/g 0

1 � ϕ/g 0
2 represents the time offset between

CZ gates on different qubits, t3 is the duration for a
single-qubit RZ gate, and t4 = Γt/(Γ 0l) is the sim-
ulation time for single-qubit decay, with Γ0 � 1.36γ
being the decay rate to the waveguide when the qubit
frequency is set to a value ωdecay 2 [ωDF,n2 , ωDF,n3 ].

We now present concrete simulation results using
typical parameter values: γ/(2π) = 2 MHz, Γ ex =
0.02 MHz and Γϕ = 0.05 MHz. ω0 is set to ω0/(2π) =
3.2 GHz such that (ωDF,n2 �ω DF,n1 )/(2π) � 200 MHz
is achievable as the detuning of the qubits. A con-
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Figure 6: Simulation of the dynamics of the dissipative XXZ
spin chain [Eq. (13)] with N = 4 sites, using our giant-atom-
based quantum simulator. In (a) and (b), l = 30 Trotter
steps were used; in (c) and (d), l = 10 Trotter steps were
used. The results faithfully capture the slowdown of the spin
transport as Jz increases.

servative single-qubit gate time of 30 ns is used [93].
The time required for tuning qubit frequencies is neg-
ligible (� 1 ns) compared to the simulation duration,
as tuning rates of � 0.1 GHz/ns are achievable [94].
Thus, we do not include it in our simulations. We
simulate the spin dynamics for N = 4 sites with the
initial state jψ0i = σ +

1 jΩi, where jΩi is the all-spin-
down state. The XXZ Hamiltonian drives spin exci-
tations across the chain, captured by the site popu-
lations nk(t) = (hψ(t)jσ z

k jψ(t)i + 1)/2. This quantity
corresponds to the qubit population in the simulator
and is experimentally measurable.

The simulation results are presented in Fig. 6, with
the number of Trotter steps optimized to balance
Trotter and gate errors (see Appendix A). Without
Jz coupling or dissipation, the spin excitation oscil-
lates between sites 1 and 4 [Fig. 6(a)]. Dissipation
at site 4 reduces the oscillation amplitude [Fig. 6(b)].
The inclusion of Jz interaction decreases spin current,
with Jz = J marking the transition between ballistic
and diffusive transport regimes [72]. For Jz = 5J > J ,
the reduced spin current diminishes the impact of dis-
sipation on the dynamics [Fig. 6(d)].

We note that the extended gate set in our simula-
tor minimizes circuit depth compared to alternatives
using only iSWAP gates: at least two iSWAP gates
(among other single-qubit gates) are required to per-
form a RZZ gate. Instead, in our case, the RZZ gate is
performed with only one CZφ and single-qubit gates.
The efficient compilation provided by our simulator

reduces the simulation time and enhances the fidelity
of the simulation; as discussed in Section 2, the in-
crease in fidelity is approximately linear in the de-
crease in simulation time [77, 86].

5 Extension to simulations in higher
dimensions and a universal quantum
processor
The one-dimensional structure of our simulator as it is
laid out in Section 3 introduces significant overhead
when executing long-range two-qubit gates. Conse-
quently, the implementation of quantum algorithms
and protocols requiring such interactions—such as
those used in the surface code [69]—becomes ineffi-
cient, restricting our simulator’s ability to function as
a universal quantum processor. One potential solu-
tion to this limitation involves implementing a multi-
braided configuration by having the waveguide cross
itself once to enable tunable all-to-all couplings be-
tween giant atoms [35, 68]. However, this approach
introduces a frequency-crowding challenge: distinct
two-qubit gates must operate at sufficiently separated
frequencies to prevent unwanted interactions during
execution. Since qubits function within a constrained
frequency range, increasing the number of qubits re-
duces the available frequency spacing, ultimately lim-
iting scalability.

To alleviate this frequency-crowding issue, a
square-lattice arrangement [95, 96] can be employed
to suppress unwanted interactions between non-
neighboring qubits while still enabling both iSWAP
and CZ gates. Achieving this with giant atoms ne-
cessitates extending our simulator into two dimen-
sions, incorporating an array of waveguides that me-
diate interactions between different giant atoms, as
shown in Fig. 7(a). In this setup, the giant atoms
(except the ones on the first and last row) are cou-
pled to two waveguides in an identical fashion. This
arrangement ensures that the giant atoms can be
decoherence-free with respect to both waveguides at
decoherence-free frequencies, enabling decoherence-
free interactions between giant atoms that allows to
execute two-qubit gates.

Since every giant atom is braided with at most four
other giant atoms, we need at least nine decoherence-
free frequencies (four for executing RXY s, four for ex-
ecuting CZφ, and one for a decoupled regime) within
the operational frequency range of the atoms. To
minimize individual atom decay within this frequency
range, we choose ten coupling points to each waveg-
uide for each giant atom. The coupling points are
evenly spaced by 2∆x and have the same coupling
strength γ. This yields a set of decoherence-free
frequencies ωDF,nm = (n/2 + m/20)ω 0 with n 2
N , m = 1, . . . , 9. At ωDF,nm , the braided giant atoms
have a non-zero coupling while the unwanted cou-
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Figure 7: A two-dimensional extension of the giant-atom-based simulator from Fig. 3(a) into a universal quantum processor.
(a) Sketch of the structure of the quantum processor. In this design, each giant atom—except those at the boundary—is
braided with four neighboring atoms via two waveguides, enabling tunable interactions. This structure supports various two-
qubit gate operations through frequency tuning. (b,c) The frequency dependence of individual decay rates Γind, coupling
strengths g and collective decay rates Γcoll for (b) neighboring and (c) non-neighboring giant atoms.
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pling between non-braided giant atoms is eliminated
[see Fig. 7(b)-(c)]. Additionally, within the opera-
tional frequency regime [ωDF,n1 , ωDF,n9 ], the individ-
ual decay rates of the giant atoms are small, and
can further be minimized by optimizing the coupling
strengths. Thus, the giant-atom-based quantum pro-
cessor in Fig. 7(a) maintains the benefits of the giant-
atom-based quantum simulator in Fig. 3(a), and fur-
thermore offers possibilities for long-range two-qubit
gates owing to its two-dimensional structure.

We now demonstrate how different gates can be ex-
ecuted in the quantum processor in Fig. 7(a), focus-
ing on its building block containing five qubits (num-
bered 1, 2, 4, 6, 7) indicated with the dashed orange
rectangle. We set the anharmonicities of the atoms
to χ1,2,6,7 = �ω 0/20 to ensure minimal decay. To
avoid decoherence and interactions while performing
single-qubit gates, the frequencies of the qubits can be
set to ω1(2,4,6,7) = ωDF,n2(4,5,7,9) , such that there are
no couplings between the giant atoms. To perform
an RXY gate between qubits 1 and 4, we can tune
ω4 ! ω DF,n2 ; to perform a CZφ gate between qubits
1 and 4, we can tune ω4 ! ω DF,n1 . Similarly, two-
qubit RXY and CZφ gates can be performed between
qubit 4 and other qubits.

We have thus demonstrated the ability of our two-
dimensional quantum processor to execute the ex-
tended gate set between neighboring atoms on the
square lattice. This in particular allows to perform
algorithms such as the surface code [97, 98] to enable
fault-tolerant quantum computation on our setup, of-
fering it as a universal quantum processor. A detailed
analysis of implementing specific algorithms within
this structure would require extensive many-body cal-
culations, which we leave for future investigation.

6 Discussion
We have presented a scalable quantum simulator for
open quantum systems. The simulator is based on
giant atoms and features an extended gate set that
enhances its versatility for simulating open quantum
many-body dynamics. Furthermore, we have dis-
cussed how to extend the structure in two dimensions
for a universal quantum processor. We now move on
to discuss (i) the physical realization of the proposed
setups and (ii) the potential impact of non-Markovian
effects as the system scales up.

6.1 Physical realization
A promising platform for implementing our quantum
simulator is superconducting qubits [93, 99], such as
transmons [74], coupled to a waveguide. There have
already been several experiments demonstrating that
this platform can be used for giant atoms [61, 64, 66,
67]. With a typical waveguide speed of light v �
1.3 � 10 8 m/s and ω0/(2π) = 3.2 GHz, the required

coupling-point spacing is ∆x = 2πv/ω 0 � 41 mm.
This means that adding a single qubit necessitates an
additional waveguide length of 5∆x � 0.21 m. State-
of-the-art fabrication techniques can produce waveg-
uides up to 30 m in length [100, 101], which could ac-
commodate approximately 140 qubits, demonstrating
the feasibility of our proposed architecture.

In addition to superconducting qubits, other phys-
ical platforms could support the realization of this
setup. For example, cold atoms coupled to an optical
lattice [36] present an intriguing alternative, offering
distinct advantages in terms of coherence times and
system scalability. Exploring such platforms could
pave the way for diverse implementations of giant-
atom-based quantum simulators.

6.2 Non-Markovian effects
Scaling up our simulator enhances non-Markovian ef-
fects, which could challenge the validity of Eq. (1).
The primary source of non-Markovianity in this sys-
tem is the time delay associated with photons trav-
eling between coupling points. The Markovian as-
sumption holds as long as γLw/v � 1, where L w is
the length of the waveguide between coupling points
and γ is the coupling rate. With γ/(2π) = 2 MHz
and v = 1.3 � 10 8 m/s, this condition is satisfied
for Lw � 130 m, exceeding current state-of-the-art
waveguide lengths.

However, as waveguides approach these lengths or
coupling rates increase, deviations from the Marko-
vian regime may emerge. In such cases, incorporating
time delays into the theoretical framework and explor-
ing non-Markovian models is necessary. As solving
non-Markovian many-body systems remains an open
challenge, we leave this for future work.

7 Conclusion
We have proposed a scalable quantum simulator with
an extended gate set, leveraging the unique proper-
ties of giant atoms to simulate open quantum sys-
tems. The fundamental building block of this pro-
cessor consists of two giant three-level atoms coupled
to the same waveguide in a braided configuration.
We demonstrated that this setup enables the realiza-
tion of both RXY and controlled-phase (CZφ) gates
through simple frequency tuning of some of the giant
atoms. This capability arises from the decoherence-
free interaction characteristic of giant atoms, elimi-
nating the need for additional hardware components
like parametric couplers.

The scalability of this building block facilitates
the construction of a many-body quantum simulator,
where nearest-neighbor RXY and CZφ gates can be
implemented efficiently by controlling the qubit fre-
quencies. To showcase the simulator’s potential, we
performed a Trotterized simulation of the dynamics of
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a dissipative XXZ spin chain, demonstrating its capa-
bility to tackle complex problems in open quantum
many-body dynamics.

Our work provides a versatile and scalable plat-
form for quantum simulation, featuring an extended
gate set that enhances circuit compilation efficiency
while maintaining scalability. The inclusion of both
iSWAP-like and controlled-phase gates positions this
simulator as a promising candidate for addressing
state-of-the-art challenges in quantum simulation,
particularly in open quantum many-body physics.
Furthermore, extending our simulator into two dimen-
sions could provide a pathway toward a scalable uni-
versal quantum processor.

As an outlook for future work, we have already
mentioned a detailed analysis of the simulation of spe-
cific quantum systems (including ones featuring non-
Markovian effects) or of implementation of specific
quantum algorithms (including the surface code for
error correction), as well as actual experimental im-
plementation with superconducting circuits or other
platforms. We also note the possibility of extending
the gate set for giant-atom-based simulators even fur-
ther, e.g., by incorporating three-qubit gates using

schemes similar to those in Refs. [102, 103].

Acknowledgements
We thank Liangyu Chen, Akshay Gaikwad, and
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A Error analysis for the quantum sim-
ulation of the dissipative XXZ model
Here we present the numerical details for the simu-
lations presented in Fig. 6. The simulator dynamics,
which involve 3-level atoms, are governed by the equa-
tion

∂tρ = �i

2
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Here ωj , χ j are the transition frequency and an-

harmonicity of qubit j, respectively, while σ +,(01)
j

(σ�,(01)
j ) is the raising (lowering) operator of the j0i

(j1i) level of qubit j. The coupling strength between
the qubits mediated by the waveguide is denoted by
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Figure 8: Simulation error for the dynamics of the dissipative
XXZ spin chain [Eq. (13)] with Jz = 0, Γ = J , and N = 4
sites with our quantum simulator. With a larger number of
Trotter steps l, the Trotter error is decreased while a larger
error stems from the need for more gates to be performed. At
short times, gate error dominates and thus a smaller number
of Trotter steps results in a smaller error; at long times,
Trotter error dominates and a larger number of Trotter steps
results in a smaller error.

g. Γ(ωj) and Γ coll represent the individual and col-
lective decay rates of the qubits, respectively, and
H.c. denotes Hermitian conjugate. The parameter de-
pendencies on the qubit frequencies are illustrated in
Fig. 3(b).

Our simulations operate within the decoherence-
free frequency regime, ensuring that non-neighboring
qubits do not interact [Fig. 3(c)]. During the sim-
ulation, the time evolution of the qubit frequencies
follows the profile shown in Fig. 5(b), leading to a
time-dependent master equation as in Eq. (16), which
we solve numerically using QuTiP [104–106].

We define the simulation error in the simulated pop-
ulation nk(t) := (hψ(t)jσ z

k jψ(t)i + 1)/2 as

∆n k(t) = [n k(t)] exact � n k(t), (17)

where [nk(t)] exact is the exact result. We analyze the
simulation error as a function of the number of Trotter
steps l.

We first consider the case of Jz = 0 and Γ = J in
Eq. (13), where no CZφ gates are needed in the simu-
lation. The results are shown in Fig. 8. There are two
main sources of error: (i) the Trotter error stemming
from the Trotterization, which scales as t2/l, and (ii)
the gate error, which increases with l since the num-
ber of gates grows with l. Thus, there is an optimal
number of Trotter steps lopt (t) for the simulation of

Figure 9: Simulation error for the dynamics of the dissipative
XXZ spin chain [Eq. (13)] with Jz = 5J , Γ = J , and N = 4
sites with our quantum simulator. Compared to the case of
Jz = 0 in Fig. 8, the inclusion of CZϕ gate results in faster
growth of gate error with respect to l. Thus, the optimal
number of Trotter steps has decreased for the same time t.
In particular, for t = 2, l = 10 results in smaller errors than
l = 20.

the dynamics at time t, and in particular, l opt (t) in-
creases with t. This explanation is in agreement with
the simulation error shown in Fig. 8, which decreases
with l for large t, and increases with l for small t.

We next analyze the simulation error for Jz = 5J
and Γ = J in Eq. (13). Here, CZ φ gates are neces-
sary, which increases the number of gates per Trotter
step. Consequently, the gate error grows more rapidly
with l compared to the J z = 0 case, resulting in a
smaller lopt (t). This is illustrated in Fig. 9, where the
decreased lopt (t) leads to a higher Trotter error and
thus greater overall simulation error.

The above analysis underscores the significance of
minimizing circuit depth to ensure high simulation
accuracy. In particular, a shorter circuit slows the
growth of gate error with increasing l, enabling a
larger lopt (t) and reducing simulation error. The
extended gate set provided by our simulator effec-
tively reduces circuit depth, enhancing the accuracy
of quantum simulations.
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berg, Marcus Rommel, Christopher Warren,
Per Delsing, August Yurgens, Jonas Bylander,
and Anita Fadavi Roudsari. “Mitigation of in-
terfacial dielectric loss in aluminum-on-silicon
superconducting qubits”. npj Quantum Infor-
mation 10, 78 (2024).

[83] Shingo Kono, Jiahe Pan, Mahdi Chegnizadeh,
Xuxin Wang, Amir Youssefi, Marco Scigli-
uzzo, and Tobias J. Kippenberg. “Mechanically
induced correlated errors on superconducting
qubits with relaxation times exceeding 0.4 ms”.
Nature Communications 15, 3950 (2024).

[84] Mustafa Bal et al. “Systematic improvements in
transmon qubit coherence enabled by niobium
surface encapsulation”. npj Quantum Informa-
tion 10, 43 (2024).

[85] F. W. Strauch, P. R. Johnson, A. J. Dragt, C. J.
Lobb, J. R. Anderson, and F. C. Wellstood.
“Quantum Logic Gates for Coupled Supercon-
ducting Phase Qubits”. Physical Review Letters
91, 167005 (2003).

[86] Tahereh Abad, Yoni Schattner, Anton Frisk
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Gali, Jake Lishman, Rushiraj Gadhvi, Rochisha
Agarwal, Asier Galicia, Nathan Shammah, Paul
Nation, J.R. Johansson, Shahnawaz Ahmed, Si-
mon Cross, Alexander Pitchford, and Franco
Nori. “Qutip 5: The quantum toolbox in
python”. Physics Reports 1153, 1–62 (2026).

Accepted in Quantum 2026-01-19, click title to verify. Published under CC-BY 4.0. 18

https://dx.doi.org/10.1103/PRXQuantum.5.030350
https://dx.doi.org/10.1103/PRXQuantum.5.030350
https://dx.doi.org/10.1038/s41567-020-0920-y
https://dx.doi.org/10.1038/s41586-022-05434-1
https://dx.doi.org/10.1016/j.physrep.2017.10.002
https://dx.doi.org/10.1016/j.physrep.2017.10.002
https://dx.doi.org/10.1103/PhysRevX.5.021035
https://dx.doi.org/10.1103/PhysRevX.5.021035
https://dx.doi.org/10.1038/s41586-023-05885-0
https://dx.doi.org/10.1103/PRXQuantum.2.040348
https://dx.doi.org/10.1038/s41534-023-00711-x
https://dx.doi.org/10.1016/j.cpc.2012.02.021
https://dx.doi.org/10.1016/j.cpc.2012.02.021
https://dx.doi.org/10.1016/j.cpc.2012.11.019
https://dx.doi.org/10.1016/j.cpc.2012.11.019
https://dx.doi.org/10.1016/j.physrep.2025.10.001

	Introduction
	Two-qubit gates with giant atoms
	iSWAP gate with giant atoms
	CZ and CZ gates with giant atoms

	Scalable giant-atom-based quantum simulator
	
	

	

