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Accurately characterizing multipartite entangled states is a critical challenge in quantum infor-
mation processing. In this work, we focus on applying compressed sensing techniques to efficiently
estimate the fidelity of Greenberger-Horne-Zeilinger (GHZ) states. By exploiting the inherent spar-
sity of these states, our compressed sensing protocol drastically reduces the measurement overhead
traditionally required for state verification while maintaining high accuracy. To evaluate the practi-
cal performance of this approach, we test the protocol on GHZ states using both quantum simulators
and Quantinuum’s trapped-ion hardware. Furthermore, we implement error detection techniques
during our hardware evaluations, demonstrating the robustness and viability of compressed sensing
for fidelity estimation in noisy experimental environments.

I. INTRODUCTION

The creation and verification of large-scale entan-
gled states are fundamental tasks in quantum comput-
ing technology. Among these, the Greenberger-Horne-
Zeilinger (GHZ) state[11]—a maximally entangled state
of N qubits—serves as a critical benchmark for quantum
hardware performance, vital for applications in quantum
secret sharing [15], quantum metrology [10], error correc-
tion [30], and many others.

To utilize GHZ states as benchmarks, we have to reli-
ably and efficiently estimate the fidelity of the prepared
quantum state. Standard quantum state tomography,
or Direct Fidelity Estimation [5, 8], is prohibitively ex-
pensive for large N , and while Parity Oscillation meth-
ods [13, 23, 32] are more efficient, they still require a large
number of data points to satisfy the Nyquist-Shannon
sampling theorem. To overcome these limitations, we
observe that parity oscillation signals from the quantum
measurements are “sparse signals”. This allows us to use
tools from the field of compressed sensing (CS) [4] to
exponentially reduce the number of data points needed
to reconstruct the parity oscillation signal and hence the
coherence of the prepared GHZ state. We want to note
that compressed sensing as a general technique has al-
ready been widely used in quantum information, for ex-
ample, in state tomography [2, 12], Hamiltonian learn-
ing [20, 29], and there are many other examples.

To evaluate the practical performance of this com-
pressed sensing approach, we test the protocol on GHZ
states using both quantum simulators and actual quan-
tum hardware. However, preparing large GHZ states re-
mains a significant challenge due to their extreme sen-
sitivity to imperfections in the experiment. There have
been many attempts at preparing large-scale GHZ states
in many different quantum computing platforms like ion-
traps [18, 23, 28], neutral atoms [27, 31], photons [36],
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and superconducting [1, 19, 24, 32, 37]. The most recent
and largest-scale GHZ state is due to the recent work
by IBM [16], where they prepare a 120-qubit GHZ state
with fidelity > 0.5. The main tools used in that work
are based on the low-overhead error detection ideas de-
veloped in [22] by the same group. The main idea is to
use pairs of qubits in the GHZ states to apply a par-
ity check that maximizes “coverage” (this is defined in
Section IIA).

Building upon these recent low-overhead error detec-
tion strategies, our work adapts this framework to the
all-to-all connectivity of trapped-ion systems such as
Quantinuum hardware. First, this allows us to prepare
GHZ states of size N in log(N) depth, significantly re-
ducing errors. Second, the choice of parity checks be-
comes significantly more simplified, and we can reach
much higher coverage of qubits with fewer parity checks,
thus reducing the amount of extra operations needed and
thus reducing the potential of adding more noise.

The aim of this paper is twofold: 1) we want to show
that there are compressed sensing techniques that can
be used to efficiently estimate the fidelity of GHZ states
using the parity oscillation method, and 2) that this pro-
tocol can be successfully tested on simulators and actual
hardware by applying an error-detection protocol using
flag qubits, which works particularly well on all-to-all
connected devices.

II. PRELIMINARIES

In this section, we lay the groundwork for the methods
we use. We begin by describing the structure of GHZ
states and the specific error detection strategy using flag
qubits. We then outline the theoretical basis for efficient
verification of the fidelity: first, by detailing the parity
oscillation method for measuring coherence, and second,
by introducing the compressed sensing framework that
allows us to estimate fidelity efficiently.
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A. Error detection on GHZ states

The N -qubit GHZ state is a maximally entangled state
defined as

|GHZ⟩ = 1√
2
(|0⟩⊗N + |1⟩⊗N ) (1)

It has its stabilizer group generated by ZiZi+1 for i =
1, . . . , n− 1 and XX . . .X. Therefore, we can coherently
check the parity of any two qubits i, j by introducing an
ancilla qubit and applying CNOTs with control qubits i
and j to the ancilla. Post-selecting on the ancillas being
in the zero state gives us an error detection protocol. We
call these ancilla qubits flag qubits.

In this work, the N -qubit GHZ state is prepared using
a binary tree structure of CNOT gates, starting from a
root Bell pair and expanding outwards. This logarithmic-
depth circuit is efficient but susceptible to errors near the
root, which can propagate to affect a large fraction of the
system (high-weight errors). Error detection protocols
employ flag qubits to detect dangerous faults that could
otherwise propagate and corrupt the logical state. In our
approach, we leverage the flexibility of the assumed all-
to-all connectivity to place these flag qubits strategically
within the GHZ state preparation circuit.

To enhance fidelity using error detection and post-
selection, we implement a flag strategy utilizing opti-
mized ZZ checks: we employ flag qubits to perform ZZ
measurements on subsets of the data qubits at the end of
the preparation circuit such that we maximize the “cov-
erage” of that check [16].

The coverage of a check is defined to be the size of the
path from the two qubits on which the check is applied
to the least common ancestor following the path of the
CNOTs backwards in time. By the size of the path, we
mean the number of qubits we visit on this path. The
coverage ratio is this size divided by the total number
of qubits. Intuitively, for a given check, the larger the
coverage, the more errors it can potentially detect. Any
bitflip error that might happen on a qubit in the path of a
check will propagate to the flag qubit. So we want to pick
pairs of qubits in the GHZ state such that we maximize
the total coverage of all the flag qubit checks. Figure 1
shows the CNOT structure of a logarithmic depth GHZ
preparation circuit with an example of a selected pair of
qubits together with the coverage. Using a greedy algo-
rithm, we identify the optimal pairs of qubits to connect
via a flag to maximize this coverage. This ensures that
a small number of flags can effectively monitor the most
critical error pathways in the large entangled state.

We note that this flag placement optimization can be
viewed as an instance of the classical maximum cover-
age problem: given a collection of sets—each defined by
a pair of leaf qubits and the nodes along their respec-
tive paths to the least common ancestor in the prepara-
tion tree—select k sets whose union is maximized. The
objective function f(S) = |

⋃
(i,j)∈S path(i, j)| is mono-

tone submodular, since the marginal gain from adding

a new flag pair diminishes as earlier pairs already cover
overlapping portions of the tree. A classical result of
Nemhauser, Wolsey, and Fisher [26] guarantees that the
greedy algorithm achieves at least a (1 − 1/e) ≈ 0.632
fraction of the optimal coverage, and this ratio is known
to be the best achievable in polynomial time under stan-
dard complexity-theoretic assumptions [7]. This provides
a formal worst-case performance guarantee for the greedy
flag placement strategy we employ.
Finally, we utilize a post-selection scheme: any exper-

imental shot where a flag qubit signals an error (mea-
sures ‘1’) is discarded. This yields a “heralded” state
with significantly higher fidelity as we will show empir-
ically using noisy simulators and Quantinuum hardware
in Sections III B and III C respectively.

B. Estimating fidelity using parity oscillation

The parity oscillation method [13, 23, 32] is a standard
approach for estimating state fidelity by decomposing the
GHZ state into its population and coherence components.
The fidelity F is defined as

F = ⟨GHZ|ρ|GHZ⟩ = 1

2
(⟨P ⟩+ ⟨χ⟩) (2)

where ⟨P ⟩ = ⟨0|ρ|0⟩ + ⟨1|ρ|1⟩ represents the popula-
tion, which is estimated directly from computational ba-
sis measurements.
The coherence ⟨χ⟩ = ⟨0|ρ|1⟩+⟨1|ρ|0⟩ requires measure-

ments in different bases. This is achieved by measuring
the global parity operator P(ϕ) after applying a rotation
Rz(−ϕ) followed by Ry(−π/2) to all N qubits

P(ϕ) = ⟨
N⊗
j=1

(cosϕXj + sinϕYj)⟩ (3)

For an N -qubit GHZ state, this signal oscillates as
C cos(Nϕ+ θ). The phase-offset θ is the result of coher-
ent noise acting on the qubits and results in the rotated
GHZ state

|GHZθ⟩ =
1√
2
(|0⟩⊗N + eiθ|1⟩⊗N ). (4)

To estimate the coherence C and phase-offset θ, one may
perform a non-linear least squares curve fit to the par-
ity data collected at various angles ϕ. Alternatively, a
Fourier transform can be applied to extract the signal
components

Iq =
1

2(N + 1)

2N+1∑
j=0

e
iqjπ
N+1 ⟨P(

jπ

N + 1
)⟩ (5)

In this framework, the absolute coherence is determined
by C = |IN |+ |I−N |. Both methods are physically equiv-
alent and provide a robust estimate of the state’s off-
diagonal elements. The state is certified as having gen-
uine multi-partite entanglement if the estimated fidelity
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FIG. 1. Binary tree of depth four. The two red leaf nodes are the qubits we use for a parity check, and the paths to their least
common ancestor (following the CNOTs) are highlighted in red too. In this case, using just one parity check covers 46.67% of
the qubits.

F > 0.5. With a non-zero phase-offset θ, the estimated
fidelity with respect to the ideal GHZ state will be lower
than with respect to the rotated version |GHZθ⟩. Both
have genuine multi-partite entanglement.

To satisfy the Nyquist-Shannon sampling theorem and
avoid aliasing, one has to measure the parity signal at 2N
equally spaced angles ϕ = kπ

N+1 for k = 0, 1, . . . , 2N − 1.

C. Compressed sensing for sparse signals

Here we follow the reference [9] on compressed sensing,
but only focus on the parts necessary for our application.

The compressed sensing problem consists in recon-
structing a sparse vector x ∈ CN from

y = Ax, (6)

where A ∈ CM×N is the so-called measurement matrix
and y the measurement values. The vector x is the coef-
ficient vector of the signal f in some orthonormal basis
{ψk}k,

f(t) =
∑
k

xkψk(t). (7)

Here M is the number of measurement values and we
wish to minimize this while still be able to recover x. The
efficiency in compressed sensing comes from the random-
ness of the measurement matrix A. Let t1, . . . , tM be
random sampling points and suppose we are given the
values

yl = f(tl) =
∑
k

xkψk(tl). (8)

In this case, the measurement matrix A has entries
Al,k = ψk(tl). The task of compressed sensing is to re-
construct f from the samples vector y and to perform
this task with as few samples m as possible. We will be

mainly interested in the orthonormal basis consisting of
{sin(kt), cos(kt)}k, which is also known as the Discrete
Cosine Transform (DCT).
In the context of GHZ verification, the parity oscilla-

tion signal P(ϕ) can be expanded as

P(ϕ) = C cos(Nϕ+θ) = C cos θ cos(Nϕ)−C sin θ sin(Nϕ)
(9)

We can view this as a DCT of a signal that is extremely
sparse, possessing non-zero coefficients only at frequency
N . We construct the measurement matrix A of candidate
frequencies k ∈ {1, . . . , N}, where N is the system size
of the GHZ state. The measurement matrix contains
columns for both cosine and sine components

Ak,i = (cos(kϕi),− sin(kϕi)) (10)

We collect data yi = P(ϕi) atM randomly chosen angles
ϕi, where M ≪ 2N . The recovery problem is formulated
as an L1-regularized least squares optimization (Lasso)

min
x

1

2M
||y −Ax||22 + α||x||1 (11)

The L1 penalty promotes sparsity, forcing most coeffi-
cients in x to zero and isolating the true frequency com-
ponent nrec.
However, empirically, we saw that Lasso estimation in-

troduces a bias (shrinkage) to the coefficients. To correct
this, we perform a two-step procedure

1. Support detection: Use Lasso to identify the
dominant frequency nrec by selecting the index k
with the largest coefficient magnitude

√
a2k + b2k.

2. Parameter refinement: Perform an unregular-
ized Ordinary Least Squares (OLS) fit using only
the columns corresponding to nrec. This yields un-
biased estimates for a = C cos θ and b = C sin θ.

Finally, the coherence parameters are recovered as C =√
a2 + b2 and θ = arctan(b/a).
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The theoretical foundation for this efficiency lies in the
Restricted Isometry Property (RIP) [4]. For a signal that
is s-sparse in the DCT basis of size N , compressed sens-
ing theory guarantees stable recovery with high proba-
bility provided the number of random measurements M
satisfies:

M ≥ cs log(N) (12)

where c is a constant. In our case, the signal contains
only a single frequency component (plus its conjugate),
meaning s = 2. Consequently, the required number
of measurements scales logarithmically with the system
size, M ∝ log(N). This represents a double exponential
reduction in measurement overhead compared to full to-
mography, and an exponential improvement over stan-
dard parity oscillation, which typically requires O(N)
samples. This scaling allows us to efficiently verify even
very large entangled states.

Crucially, in realistic experimental settings, the parity
measurements yi are corrupted by statistical shot noise
and hardware imperfections, yielding y = Ax + e with
bounded noise ∥e∥2 ≤ η. The RIP further guarantees
that the reconstruction error is bounded by:

∥x− x∗∥2 ≤ C1s
−1/2∥x− xs∥1 + C2η (13)

Because the ideal GHZ parity signal is exactly 2-sparse
(s = 2), the first term (compressibility error) vanishes,
and the reconstruction error is dominated entirely by the
measurement noise η. Since η scales as 1/

√
S for S ex-

perimental shots, this provides a formal guarantee that
the compressed sensing estimator will stably converge to
the true coherence as the shot count increases, without
requiring a dense grid of measurement angles. Further-
more, this noise bound provides theoretical justification
for our two-step procedure: the support detection via
Lasso is stable under bounded noise η, and once the
support is correctly identified, the unregularized OLS fit
serves as the optimal unbiased estimator on that support.

We remark that the single-frequency recovery prob-
lem we solve has connections to several well-studied ar-
eas in classical computer science and signal processing.
The sparse Fourier transform literature [14] addresses the
general problem of recovering K-sparse frequency rep-
resentations in sublinear time; for the K = 1 case rel-
evant here, classical spectral estimation methods such
as Prony’s method [33] can recover the frequency alge-
braically, though they are considerably less robust to
noise than the L1-regularization approach we employ.
Our measurement strategy also parallels non-adaptive
combinatorial group testing [6], where pooled tests iden-
tify a small number of “defective” items in a large popu-
lation. Each random-angle parity measurement acts as a
pooled test that mixes all frequency components, and the
logarithmic scalingM ∝ log(N) mirrors the information-
theoretic lower bounds for identifying a constant number
of active items among N candidates.

III. EXPERIMENTS

To validate our approach, first, we perform numerical
simulations to benchmark the accuracy of the compressed
sensing estimator and the efficacy of the flag qubit pro-
tocol under controlled noise models. Second, we verify
our findings on actual quantum hardware, demonstrating
high-fidelity GHZ state preparation and efficient verifica-
tion on Quantinuum’s trapped-ion processor.

A. Verification of compressed sensing estimation

Before using the compressed sensing protocol on hard-
ware data, we verify its accuracy and scalability using
numerical simulations. The goal is to confirm that the
coherence C estimated from a logarithmic number of ran-
dom samples (M ∝ logN) reliably tracks the true state
coherence, even in the presence of noise.

1. Methodology

We implemented a verification pipeline comparing the
Compressed Sensing (CS)-estimated coherence (Cest)
against an exact theoretical benchmark (Cexact) for GHZ
states of size N ∈ [5, 40]. To handle the simulation com-
plexity, we used a hybrid strategy:

• Small scale (N ≤ 10): We performed full density-
matrix simulations using Qiskit’s AerSimulator
under depolarizing noise. Cexact was computed di-
rectly from the off-diagonal element |ρ0...0,1...1| of
the density matrix.

• Large scale (N > 10): For larger systems where
density matrix simulation is intractable, we utilized
a “Fast Emulator”. This approach analytically pre-
dicts the expected coherence Cexp by counting the
number of single-qubit (N1q) and two-qubit (Ncx)
gates in the specific circuit. Assuming a depolariz-
ing noise channel with rates p1q and p2q, the coher-
ence decays as

Cexp ≈ (1− p2q)
Ncx(1− p1q)

N1q (14)

To simulate experimental data, we sample the par-
ity outcomes directly. For a given phase ϕ, the
probability of observing even parity is Peven(ϕ) =
1
2 (1+Cexp cos(Nϕ)). The number of even outcomes
in S shots is then drawn from the binomial distribu-
tion neven ∼ B(S, Peven(ϕ)), yielding a statistical
simulation of the measurement process without the
cost of vector evolution.

For each N , we performed 100 independent trials. In
each trial, the Compressed Sensing (CS) estimator re-
constructed the signal frequency and amplitude from
M ≈ 5 lnN random phase samples.
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FIG. 2. Left: Verification of the compressed sensing estimation. The plot shows the median (red line) absolute error |Cest −
Cexact| and 95th percentile (green dashed line) error, confirming high accuracy across all system sizes. The blue points represent
individual trial errors. Right: Coherence estimation of a fixed-size GHZ state as a function of the number of chosen random
angles. The plot shows the median absolute error |Cest − Cexact| (red line), the 95th percentile (green dashed line), and the
range 5th-95th percentile error.

2. Results and measurement bias

The results, summarized in Fig. 2, demonstrate that
the CS estimator maintains high accuracy across the en-
tire range of N . The median and 95-percentile error re-
main bounded, confirming that the logarithmic sampling
scaling is sufficient for reliable coherence estimation. The
depolarizing error rates that we used here are p1q = 0
and p2q = 0.01. We explain now why we used perfect
single-qubit gates.

The exact coherence measures the state before the par-
ity measurement, whereas the CS protocol estimates the
visibility after applying the necessary rotations (Rz(ϕ))
and Hadamard gates. These measurement gates intro-
duce additional single-qubit errors spreading across the
N qubits, scaling as (1− p1q)

N . Using noisy single-qubit
gates would then add noise to the CS approach, while
for the density matrix simulation, that noise would not
be present. This was confirmed by running simulations
with noisy and perfect single-qubit gates, where the dis-
crepancy appeared with noisy single-qubit gates and dis-
appeared with perfect single-qubit gates. Thus, the CS
estimator correctly reports the fidelity, also accounting
for the degradation inherent in the measurement process
itself.

3. Frequency identification probability

The fidelity of the coherence estimation relies on cor-
rectly identifying the oscillation frequency n. If the com-
pressed sensing algorithm retrieves the wrong frequency
(nrec ̸= N), the subsequent amplitude fit will character-
ize noise rather than the signal. Also, we wouldn’t be
certain that the quantum computer prepared the GHZ
state of the correct size: the frequency of the signal is
exactly equal to the size of the GHZ state.

We define the “success probability” as the fraction of
trials where the recovered frequency matches the true
GHZ size P (nrec = N). Fig. 3 illustrates this probabil-
ity as a function of the number of random samples M
for a GHZ state of size N = 42. We observe that the
success probability rapidly converges as M increases at
the start and saturates after M exceeds a heuristic cut-
off of M = 15 (a bit lower than the 5 log(N) threshold
used in Figure 2). This empirically confirms the theory
that a logarithmic sampling strategy provides sufficient
information to uniquely identify the GHZ signal from the
sparse spectral domain.

B. Increasing fidelity through parity checks

To show the effectiveness of the error detection proto-
col before hardware execution, we performed numerical
simulations using Qiskit’s AerSimulator. We modeled
a noisy quantum processor with depolarizing error chan-
nels, setting the single-qubit gate error rate to p1q = 0.1%
and the two-qubit gate error rate to p2q = 1.0%.

We simulated the preparation and verification of GHZ
states for system sizes N = 10 under depolarizing and
thermal noise. We varied the number of flag qubit pairs
k incorporated into the circuit, ranging from k = 0 (stan-
dard preparation without checks) to k = 2 pairs. The
“coverage ratio”—defined as the percentage of qubits in
the GHZ state whose error paths are monitored by the
flags—increases with k.

For each configuration, we estimated the state fidelity
using our compressed sensing protocol with M ≈ 5 lnN
random measurement angles. The fidelity was calculated
as F = (P+C)/2, where the population P was measured
in the Z-basis, and the coherence C was recovered from
the sparse parity oscillation signal. To ensure small er-
ror bars, we accumulated 30, 000 shots per measurement
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FIG. 3. Success probability of recovering the correct frequency component n = N as a function of random samples M . The
vertical line indicates the heuristic threshold 15, beyond which the recovery rate approaches 100%.

circuit.
The results, illustrated in Figs. 4 for the N = 10 case,

demonstrate a clear advantage to using flag qubits un-
der both depolarizing and (more realistic) thermal noise.
As the number of flag pairs increases (corresponding
to higher coverage), the post-selected fidelity improves.
For example, moving from 0 flags (0% coverage) to 2
flags (90% coverage) yields a marked increase in fidelity,
demonstrating that the flags successfully herald the pres-
ence of errors. This confirms that maximizing the cov-
erage ratio is a valid proxy for maximizing experimental
fidelity.

C. Hardware and emulator results

In this section, we show the results of the experiments
performed on the Quantinuum H2-1 quantum computer
and on the H2-1E emulator. In Figure 5 the results are
shown for a 26 qubit experiments on the H2-1E emulator.
In Figure 6 we show the result of a 50-qubit experiment
with a varying number of flag qubits on the 56-qubit H2-1
device. In both cases one sees that error detection using
flag qubits helps in increased fidelity for the rotated GHZ
states.

The divergence between the standard fidelity and ro-
tated fidelity highlights a fundamental trade-off between
stochastic and coherent errors. The flag checks effec-
tively detect and filter stochastic bit-flips occurring dur-
ing state preparation. This post-selection increases the
purity and the magnitude of the coherence, thus improv-
ing the rotated fidelity. However, executing these extra
checks requires additional two-qubit gates and ion trans-
port. In trapped-ion architectures, these extra physical
operations introduce coherent over-rotations. For a GHZ
state, these local phase errors rapidly accumulate into a

global phase offset θ. Because the standard fidelity is
penalized by cos(θ), this accumulated phase offset sup-
presses the standard fidelity even as the underlying co-
herence magnitude improves.

1. Quantum error mitigation

While flag qubits detect errors during state prepara-
tion, they do not correct for all noise sources present on
the hardware. In particular, readout errors systemati-
cally bias the observed bit-string distributions, and low-
frequency dephasing during idle circuit periods degrades
coherence. To address these residual error channels, we
layer two quantum error mitigation (QEM) techniques—
individually and in combination—on top of the flag qubit
protocol: Readout Error Mitigation (REM) [3, 21, 25]
and Dynamical Decoupling (DD) [34, 35, 38].
REM corrects measurement bias by applying the in-

verse of a tensored single-qubit confusion matrix to the
post-selected probability vector. Because the confusion
matrix factorizes as a tensor product over qubits, the
correction scales efficiently to large systems and is ap-
plied entirely in classical post-processing—the quantum
circuits remain unchanged. DD targets a complemen-
tary noise source: during idle time steps where a qubit
waits while two-qubit gates act on other qubits, low-
frequency dephasing accumulates. Inserting identity-
equivalent gate sequences (XX pairs) into these idle win-
dows refocuses the qubit and suppresses decoherence.
We use the digital dynamical decoupling implementation
from Mitiq [17], applying XX sequences to all idle qubit
slots before circuit submission. We evaluate four config-
urations on 25-qubit GHZ states with k ∈ {0, 2, 4, 6} flag
pairs: (i) unmitigated, (ii) REM only, (iii) DD only, and
(iv) REM+DD.
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FIG. 4. Simulation results for N = 10 GHZ state preparation under depolarizing and thermal noise. The plot shows the
estimated fidelity as a function of the number of flag qubits used. Annotation labels indicate the coverage ratio. We observe
a clear monotonic increase in population, coherence, and fidelity estimates as more flag qubits are added, confirming that the
protocol effectively detects and filters out errors propagating through the circuit.
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FIG. 5. Simulation results for N = 26 GHZ state preparation using Quantinuum H2-1 Emulator with noise. The plot shows
the estimated fidelity as a function of the number of flag qubits used. We used 20 random angles at which we sample. The
coverage ratio for several flags can be found at the top of the figure. We observe a clear monotonic increase in population and
rotated fidelity estimates as more flag qubits are added. However, the standard fidelity is decreasing for which the reason is
the increasing phase offset θ, due to unwanted rotations. We have also applied dynamic decoupling (DD).
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FIG. 6. Estimated fidelity of the 50 qubit standard and rotated GHZ state on the H2 Quantinuum device. We used 1000 shots
on each parity oscillation circuit. We used 19 random angles at which we sample. The error bars are quite wide as a result of
low number of shots to reduce cost. No error mitigation has been applied here.

As shown in Figure 7, REM provides a massive boost
to the estimated fidelity. Because GHZ states are macro-
scopic, observing the correct population requires all N
qubits to be read out perfectly; for N = 25, even a 0.2%
readout error rate per qubit results in approximately a
5% failure rate per shot. By applying the inverse con-
fusion matrix, REM systematically unbiases this large
classical error. In contrast, DD provides only a mod-
est improvement. This is likely because the simplified,
memoryless Markovian noise models often used in emu-
lators do not fully capture the correlated, low-frequency
drifts that DD is explicitly designed to refocus on physi-
cal hardware.

Furthermore, unlike the results on the H2-1 hardware
and H2-1E emulator, adding flag qubits on the H2-2E
emulator fails to improve the overall fidelity. This indi-
cates that the break-even threshold for error detection
is not met under the specific noise model calibrated for
H2-2E. If the baseline two-qubit gate error rate is very
low, mid-circuit faults are rare. In this regime, the ad-
ditional gates and transport operations required for the
parity checks inject more depolarizing and SPAM errors
than they successfully catch, resulting in a net decrease
in fidelity.

IV. CONCLUSION

In this work, we have demonstrated a robust and scal-
able framework for preparing and verifying large GHZ

states. By combining flag-based error detection with a
compressed sensing verification scheme, we address two
critical challenges in quantum computing technology: the
sensitivity of large entangled states to noise and the pro-
hibitive cost of full state tomography. Our results confirm
that strategically placed flag qubits can enhance state fi-
delity by heralding errors, while compressed sensing al-
lows us to verify these states with logarithmic measure-
ment overhead. This approach offers a practical path-
way for benchmarking GHZ state preparation circuits on
next-generation quantum processors.

Our work also reveals connections between quantum
state verification and classical algorithmic theory that
may guide future improvements. The flag placement
optimization is a submodular maximization problem on
tree-structured sets, and the binary tree topology of
the preparation circuit may admit more efficient exact
algorithms—for example, via Euler tour decompositions
or tree dynamic programming—that go beyond the (1−
1/e) approximation guarantee of the greedy approach.
On the verification side, the single-frequency structure
of the parity oscillation signal connects our method to a
broader landscape of spectral estimation techniques and
group testing strategies, suggesting alternative recovery
algorithms with different noise-robustness tradeoffs. Ex-
ploring these classical-quantum algorithmic connections
is a promising direction for further improving scalable
entanglement verification.
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FIG. 7. Comparison of QEM techniques on the Quantinuum H2-2E emulator for 25-qubit GHZ state preparation with com-
pressed sensing verification. The estimated fidelity is shown as a function of the number of flag qubit pairs (k ∈ {0, 2, 4}) for
four configurations: unmitigated, REM only (analytical correction with pro = 0.2%), DD only, and REM+DD. REM provides
the largest improvement by correcting measurement bias in both population and coherence estimates. DD shows a modest effect
on the emulator, consistent with the emulator’s noise model having limited idle-time dephasing. The combination REM+DD
yields the highest fidelities across all configurations.
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