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Dynamical decoupling (DD) is a well-established technique for protecting quantum systems from 
environmental noise. DD effectively mitigates decoherence in superconducting quantum computing 
systems, where precise implementation plays a crucial role in optimizing its performance. This study 
investigates how DD implementation timing and sequence design critically affect spectator-induced 
dephasing from adjacent qubits. We find that excited states of adjacent qubits dramatically degrade 
operational qubit coherence. We demonstrate that DD sequences applied to adjacent qubits effectively 
suppress this dephasing. This protection persists even when adjacent qubits remain in superposition 
states during the sequence. Through systematic characterization of Carr-Purcell-Meiboom-Gill (CPMG) 
sequences, we show that implementation timing strongly impacts protection effectiveness. While 
optimal timing achieves substantial coherence enhancement, improper sequence delays can severely 
degrade protection. Our results highlight the importance of precise timing control for implementing 
DD in optimizing multi-qubit quantum circuits.

In superconducting quantum computing systems, maintaining coherence across multiple coupled qubits presents 
unique challenges due to inter-qubit interactions and environmental noise1–3. Fixed-frequency transmon 
architectures exhibit inherent ZZ coupling between neighboring qubits (typically 40–100 kHz) and crosstalk 
between control lines4,5, leading to coherent phase errors that scale with qubit count. During idle periods, 
qubits show increased error rates from adjacent two-qubit operations, significantly impacting circuit fidelity6. 
Dynamical decoupling (DD) sequences have proven effective at suppressing environmental noise in various 
quantum platforms, from trapped ions to superconducting circuits7–12. DD offers a hardware-efficient approach 
that can be implemented during idle times in quantum circuits without requiring additional physical resources, 
making it valuable for larger quantum computing systems. While DD seems to be a practical method, precise 
implementation methodology should be investigated in optimizing its performance in multi-qubit architectures.

DD sequences, in convention, decouple qubits from environmental noise by applying precisely designed 
pulses to average out unwanted interactions13,14. Recent studies have demonstrated DD effectiveness beyond 
simple decoherence suppression, achieving significant improvements in quantum algorithm execution fidelity 
and enabling extended coherence times in error correction protocols15,16.

However, current multi-qubit systems face significant implementation challenges. The limited operational 
parallelism in quantum circuits creates unavoidable idle times, while variable gate latencies (ranging from 20 
ns for single-qubit to 300 ns for two-qubit gates) and data movement requirements further complicate DD 
timing6,17. Traditional DD protocols, typically applied to operational qubits, do not fully address the combined 
effects of crosstalk and decoherence in fixed-frequency transmon architectures. These challenges raise questions 
about optimal DD sequence design, particularly regarding sequence implementation timing in the presence of 
spectator qubits.

Among various DD techniques, Carr-Purcell-Meiboom-Gill (CPMG) sequences are well-known for 
mitigating dephasing caused by noise sources in quantum systems18–20. These sequences are implemented 
by applying a series of π-pulses to the qubit, where “CPMG-N” refers to applying N total π-pulses. CPMG 
sequences are widely used in quantum computing, particularly in superconducting qubits, to suppress low-
frequency noise by decoupling qubits from undesired effects12,21,22. Recent studies have demonstrated that 
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CPMG and implementing syncopated DD can effectively cancel ZZ interactions between qubits, making it 
particularly valuable for mitigating crosstalk in multi-qubit system23,24. However, while the previous work has 
explored relative timing shifts between pulses24, further case studies examining sequence delay as a distinct 
parameter across various CPMG orders are needed. Such studies are essential for understanding how DD can 
be properly applied in multi-qubit systems, as real-world implementations cannot always maintain precisely 
synchronized timing ratios.

In this study, we investigate how DD implementation timing and sequence design affect both operational and 
adjacent qubit coherence through detailed characterization of sequence parameters. By applying DD sequences 
to adjacent qubits rather than operational qubits, we provide effective protection against state-decay-induced 
dephasing originating from ZZ interactions. This approach maintains its effectiveness even when adjacent qubits 
remain in superposition states during the sequence - a critical capability for practical quantum circuits. Through 
systematic study of CPMG sequences, we investigate the relationship between timing parameters and protection 
effectiveness. Optimal timing achieves substantial coherence enhancement. However, improper sequence delays 
can reduce protection effectiveness dramatically. These findings provide practical guidelines for implementing 
DD protection in multi-qubit quantum circuits and establish a framework for optimizing coherence protection 
in increasingly complex quantum systems.

Results
Adjacent Qubit-Induced decoherence in multi-qubit systems
We utilize three fixed-frequency transmon qubits in a row, coupled by a fixed frequency resonator, as shown in 
Fig. 1. Qubit 2(Q2) is defined as an operational qubit, located in the middle of the qubit chain. The adjacent qubits 
(Q1, Q3) act as noise sources through their ZZ interactions with Q2. This configuration allows us to systematically 
study how adjacent qubit states affect operational qubit coherence and evaluate the DD effectiveness.

To evaluate the impact of adjacent qubit states on operational qubit coherence, we analyzed protection effects 
on adjacent qubits using a normalized performance ratio (p). This metric is defined as the ratio of measured 
coherence time to a reference value of 27.35 µs - the baseline T2 of operational qubit Q2 when adjacent qubits are 
in their ground state. This normalization enables direct comparison of coherence degradation or enhancement 
across different configurations and operating conditions.

Impact of adjacent qubit population on operational qubit coherence
We characterized Q2’s coherence by varying the excited state population of adjacent qubits Q1 and Q3 using 
scaled π-pulses (Fig. 2). The scaling factor s controls the amplitude of the π-pulse, where s = 0 leaves the qubit in 
ground state and s = 1 implements a full π-pulse for complete excitation. Starting from s = 0, where Q2 exhibits 

Fig. 1.  Schematic of DD implementation in a three-qubit system. A linear array of three coupled transmon 
qubits where the central qubit (Q2) serves as the operational qubit while adjacent qubits (Q1, Q3) act as noise 
sources through ZZ coupling. Red arrows indicate dephasing induced by adjacent qubits, which is suppressed 
when CPMG sequences are applied. This DD implementation protects Q2’s coherence by mitigating crosstalk 
effects from neighboring qubits.
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T2 = 27.35 µs (p = 1), we observed continuous degradation in coherence as s increased. Individual excitation 
of either Q1 or Q3 reduced the performance ratio to approximately 0.5, corresponding to T2 ≈ 13.7 µs in both 
cases. This symmetric response might be aligned with the similar ZZ coupling strengths (46 kHz for Q2-Q1 and 
40 kHz for Q2-Q3) and relaxation times (T1 of 19.7 µs for Q1 and 15.5 µs for Q3).

Due to ZZ interactions, the operational qubit experiences state-dependent frequency shifts based on 
adjacent qubit states4,25. When an excited adjacent qubit spontaneously decays to its ground state, this induces 
an abrupt phase change in the operational qubit. Given the finite lifetime of real qubits, this state-decay-induced 
dephasing becomes challenging whenever adjacent qubits are populated. Our observations show this effect 
becomes particularly pronounced with simultaneous excitation of both adjacent qubits, where p drops below 
0.4. While the ZZ interaction itself is coherent, the random timing of decay events introduces incoherent noise 
contributions that sum independently26,27. The relationship between dephasing magnitude, qubit lifetime, and 
ZZ coupling strength presents an interesting avenue for theoretical investigation, though detailed modeling 
remains a task for future work.

We observed a continuous decrease in the performance ratio even with partial excitation (0 < s < 1) of adjacent 
qubits, with particular significance at s = 0.5 - equivalent to placing adjacent qubits in superposition states. This 
state represents the condition encountered during CPMG sequence implementation, making our findings 
directly relevant to DD protection strategies. The smooth degradation in p contrasts with earlier models that 
considered only discrete ground/excited state effects28, establishing the importance of intermediate population 
states in multi-qubit systems. While a complete theoretical treatment of arbitrary quantum states remains an 
open challenge, our experimental results motivate the investigation of DD sequence optimization for protecting 
against dephasing when adjacent qubits occupy superposition states. We address this aspect in the following 
sections through systematic characterization of DD performance.

Fig. 2.  Coherence degradation of operational qubit Q2 due to adjacent qubit excitation. (a) Pulse sequences 
showing Hahn echo measurement of Q2’s coherence time (T2) while scaled π-pulses are applied to adjacent 
qubits Q1 and Q3. (b) Q2’s average T2 and normalized performance ratio versus π-pulse scaling, measured 
for three cases: excitation of Q1 only, Q3 only, and simultaneous excitation of both Q1 and Q3. (c) Resulting 
T2 decay curves of Q2 showing coherence dependence on the excitation of adjacent qubits (both Q1 and Q3 
active).
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Mitigation of adjacent qubit-induced dephasing by implementing DD sequence
Having established the impact of state-decay-induced dephasing from adjacent qubits, we next investigated 
dephasing mitigation via dynamical decoupling. We measured the pure dephasing time ( T ∗

2 ) of the operational 
qubit while applying CPMG sequences to the adjacent qubits. To ensure consistent timing control, we matched 
the total duration of both Ramsey and CPMG sequences (Fig. 3). Our investigation began with a Hahn echo 
sequence applied to the adjacent qubit, representing the simplest form of DD29,30. While less effective than CPMG 
for noise reduction, this approach provided a baseline for observing Ramsey oscillations of the operational qubit 
and determining its T ∗

2  through fitting.
We then increased the number of π-pulses in the CPMG sequence to evaluate its impact on the operational 

qubit’s performance ratio p. Figure  3 shows the improvement in p of the operational qubit Q2 for both 

Fig. 3.  Measurement of operational qubit Q2’s pure dephasing time ( T ∗
2 ) under adjacent qubit dynamical 

decoupling and Hahn Echo. (a, b) Pulse sequence diagrams showing Ramsey measurements on Q2 while 
CPMG sequences are applied to either adjacent qubit Q1 or Q3. The total duration of Ramsey and CPMG 
sequences are matched to ensure synchronized start and end times. Plots show Q2’s average T ∗

2  versus number 
of π-pulses in the CPMG sequence. Blue dashed lines indicate T ∗

2  values measured with adjacent qubits in 
their idle.
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configurations. In the Q2-Q1 configuration, p increased from 0.57 with a single π-pulse to 0.90 with 12 π-pulses. 
Similarly, the Q2-Q3 configuration exhibited enhancement from 0.58 to 0.89 when implementing 16 π-pulses. 
As the number of π-pulses increased, p approached the reference value observed when adjacent qubits were in 
their idle (indicated by blue dashed line in Fig. 3).

DD is well-known to effectively suppressing both coherent and incoherent sources of decoherence. The coherent 
errors arise from residual ZZ interactions and subsequent state-decay-induced dephasing31,32, while incoherent 
errors stem from environmental fluctuations including charge noise and magnetic field fluctuations33,34. Our 
earlier result demonstrated that adjacent qubits in superposition states degrade the operational qubit coherence. 
Notably, DD sequences improve the coherence while adjacent qubits remain in superposition states during the 
sequence. This indicates that there was a successful suppression of decay-induced dephasing effects.

The observed increase in p with higher π-pulse counts implies that DD sequences successfully decouple low-
frequency errors. However, the upper bound of p reaches only 0.90 when adjacent qubits are in their idle, rather 
than approaching unity achieved with an echo-sequence T2 on the operational qubit alone. In ideal conditions, 
we would expect p to approach identity35, but our results show that intrinsic noise components affecting the 
operational qubit persist even with optimal DD implementation on adjacent qubits. While DD effectively 
decouples the operational qubit from adjacent qubit noise, it does not directly shield the operational qubit from 
environmental decoherence. This observation highlights that DD sequences on adjacent qubits specifically target 
crosstalk-induced decoherence while leaving other decoherence channels unaffected.

Coherence time of operational qubit by implementing DD sequence on adjacent qubits
We investigated the impact of DD timing on the operational qubit’s T2​ with varying sequence delays and CPMG 
orders. The measurement protocol employed a Hahn echo sequence on the operational qubit concurrent with 
CPMG sequence on adjacent qubits. We maintained equal total duration for both Hahn echo and CPMG 
sequences. A virtual-Z gate with π-phase was applied before the final π/2 pulse to bring the adjacent qubit back 
to the ground state after the DD sequence.

Figure 4 shows the T2 and the performance ratio of the operational qubit as a function of sequence delay. 
With zero sequence delay, T2​ of the operational qubit increased with the number of π-pulses in both the Q2-

Fig. 4.   Impact of DD sequence timing on operational qubit coherence. (a, b) Pulse sequences showing Q2’s 
coherence time (T2) measurement using Hahn echo while CPMG sequences with varying delays are applied to 
either adjacent qubit Q1 or Q3. A virtual-Z gate with π-phase was applied to bring the adjacent qubit back to 
the ground state. Plots show Q2’s T2 with normalized performance ratio versus sequence delay from CPMG-
2 to CPMG-16. Red dashed lines indicate Q2’s T2 with idle adjacent qubits. These results show that while 
higher CPMG orders recover spectator-induced dephasing at zero sequence delay, even small sequence delays 
significantly reduce this protective effect, highlighting the importance of proper implementation timing.
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Q1 and Q2-Q3 configurations. The coherence time reached the values comparable to those observed with idle 
adjacent qubits (red dashed line in Fig. 4) when applying up to 16 π-pulses.

Interestingly, a few µs of delay dramatically reduces T2 of the operational qubit. With CPMG-2, a delay of 
2.5 µs caused T2​ to drop to 9.9 µs in the Q2-Q1 configuration, yielding a performance ratio of 0.36. The Q2-Q3 
configuration showed similar degradation, with the performance ratio falling to 0.42 at 3.75 µs delay. This is 
significantly less than 0.5 when Q3 is in a fully excited state, as compared to the values in Fig. 2. For sequences 
beyond CPMG-2, both configurations exhibited a performance ratio around 0.5 and 0.57 for a 10 µs sequence 
delay. These values approach the performance ratio of 0.5 observed under individual excitation of adjacent 
qubits at a maximum scaling factor s.

Within the sequence delay range of 0 to 7.5 µs, increasing the number of π-pulses partially compensated for 
timing misalignment. This deterioration in coherence occurred regardless of CPMG order. These results indicate 
that improper implementation of DD is highly detrimental to the coherence of the operational qubit. In other 
words, it is crucial that the proper implementation of DD sequence to keep coherence in complex quantum 
circuits.

We observed an unexpected behavior at longer sequence delays. The reduction in T2 began to reverse when 
delays exceeded approximately 10 µs, with coherence times gradually increasing at longer delays. At delays 
beyond 80 µs (not shown), T2 recovered to the upper bound observed with idle adjacent qubits. This recovery 
suggests a transition to a regime where the sequences operate independently, effectively decoupling their mutual 
influence. This observation provides insight into the timescales over which DD sequences maintain their 
coherent interaction effects.

We also applied DD to both adjacent qubits (Q1 and Q3) simultaneously (not shown) at zero sequence delay, 
and observed that the T2 of Q2 increased with the number of π-pulses in the CPMG sequences, reaching a 
saturated value similar to that observed when the adjacent qubits were in their idle. Based on this observation, we 
expect similar overall trends when applying sequence delays to both adjacent qubits as shown in Fig. 4. However, 
the detailed trend of T₂ as a function of sequence delay may differ due to the additive nature of crosstalk effects 
from both adjacent qubits, which depends on their respective T1, T2, and ZZ coupling strengths. Further study 
with various qubit combinations is necessary to fully characterize these combined effects.

Furthermore, as the coherence time of the operational qubit improved with DD applied to the adjacent 
qubits, we also examined the behavior of the adjacent qubits using the same sequences shown in Fig. 4, with 
0 sequence delay. As the number of π-pulses in the CPMG sequence increased, the T2 of the adjacent qubits 
improved, ultimately saturating to the T2 value observed when the operational qubit was in the idle (as detailed 
in the Supplementary Information). These findings demonstrate that our DD approach effectively enhances the 
coherence of both the operational and adjacent qubit.

Discussion
Our investigation reveals that spectator qubit decay significantly impacts operational qubit coherence in a 
superconducting quantum system, quantitatively demonstrated through consistent performance ratio analysis. 
When multiple adjacent qubits are excited, the coherence performance ratio drops below 0.4, yet optimal DD 
implementation can restore it to 0.9. This metric enables direct comparison across different system configurations 
and protection strategies.

The effectiveness of DD protection critically depends on implementation timing. Timing alignment emerges 
as the most critical parameter - even microsecond-scale misalignment between DD and measurement sequences 
significantly degrades protection. Notably, the protection persists even with spectator qubits in superposition 
states - a crucial capability for practical quantum computing where qubits commonly exist in superposition 
during algorithm execution36. We believe our DD approach can be effectively extended to multi-qubit entangled 
states, as demonstrated in previous works, where DD was shown to mitigate crosstalk and preserve coherence 
even in entangled systems6,15,37. While DD effectively suppresses crosstalk-induced decoherence, it leaves other 
environmental channels unaffected, suggesting opportunities for complementary protection strategies.

These findings provide insights for a proper way of implementing DD in multi-qubit circuits, though 
theoretical aspects remain to be fully explored. Future work matching experimental data with comprehensive 
models incorporating ZZ coupling strengths and qubit lifetimes would enhance our understanding of protection 
limits. Additionally, investigating the integration of timing-optimized DD with other error mitigation techniques 
could lead to more robust protection schemes.

Methods
Commercial dilution refrigerator (BlueFors LD400) was utilized to cool the superconducting qubit chip to 
a base temperature of approximately 10 mK. Fixed-frequency transmon qubits were selected for their well-
characterized coherence properties and stable operation. Qubit control were performed individually and 
measured by multiplexed readout with Zurich Instruments SHFQC. The drive pulses for all three qubits were 
Gaussian-shaped with a duration of 64 ns. The readout pulses were Gaussian square-shaped and had a duration 
of 1.5 µs. To protect the qubits from external decoherence, cryogenic filtering with low-pass and infrared filters 
was used. Isolators prevented back-action and reflections in the RF lines, ensuring clean readout signals. Readout 
amplification was achieved using HEMTs at 4 K as low-temperature amplifiers.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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