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Whole-Device Entanglement in a 65-Qubit Superconducting
Quantum Computer
Gary J. Mooney, Gregory A. L. White, Charles D. Hill, and Lloyd C. L. Hollenberg*

The ability to generate large-scale entanglement is an important progenitor of
quantum information processing capability in noisy intermediate-scale
quantum (NISQ) devices. In this paper, the extent to which entangled
quantum states over large numbers of qubits can be prepared on current
superconducting quantum devices is investigated. Native-graph states on the
IBM Quantum 65-qubit ibmq_manhattan device and the 53-qubit
ibmq_rochester device are prepared and quantum readout-error mitigation
(QREM) is applied. Connected entanglement graphs spanning each of the full
devices are detected, indicating bipartite entanglement over the whole of each
device. The application of QREM is shown to increase the observed
entanglement within all measurements, in particular, the detected number of
entangled pairs of qubits found within ibmq_rochester increases from 31 to 56
of the total 58 connected pairs. The results of this work indicate full bipartite
entanglement in two of the largest superconducting devices to date.

1. Introduction

In the context of quantum computing, entanglement is usu-
ally characterized by the presence of non-classical correlations
between qubits.[1] It can be thought of as a resource unique
to quantum computation[2–4] that is at the heart of achieving
quantum speedup[5–8] as well as playing an important role in
fundamental physics – being the phenomenon behind Ein-
stein’s “spooky action at a distance,”[9] The development of noisy
intermediate-scale quantum (NISQ) devices[10] is rapidly ad-
vancing, with “quantum supremacy” demonstrated on sampling
problems.[11,12] To measure the advance of quantum computer
technology, a variety of metrics within the quantum computing
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literature exist that encapsulate progress
in a range of categories such as qubit co-
herence times, cross-talk, state preparation
and measurement, and fidelities of gate
operations.[13–18] As the field progresses to-
ward larger multi-qubit systems, an ap-
propriate metric to summarize the perfor-
mance of a quantum information proces-
sor is the generation and characterization
of large entangled states. Such states can be
generated in the form of either mixed state
bipartite entanglement, where the state is
inseparable with respect to all bipartitions
of qubits within the system, or the stronger
condition of genuine multipartite entangle-
ment (GME), where the state always con-
tains inseparable pure states spanning all
of its qubits. These two forms of entangle-
ment are described in more detail in ref.
[19]. Alternatively, the detailed structure

of entanglement can be determined for a deeper analysis.[20]

For systems with full qubit control, large states that have been
demonstrated to be fully bipartite entangled in recent years con-
sist of 16 and 20 qubits in superconducting systems,[19,21] and 20
qubits in ion trap systems.[22] The stronger condition of genuine
multipartite entanglement has recently been shown on systems
of sizes 18 and 27 qubits in superconducting systems,[23,24] 12
photons in a photonic system (polarization),[25] 18 qubits in a
photonic system (multiple degrees of freedom),[26] 20 qubits in a
neutral atom system,[27] and 24 qubits in an ion trap system.[28]

There has also been recent work showing violations of robust
Bell inequalities for path graph states on up to 57 qubits on the
65-qubit superconducting ibmq_manhattan device.[29]

A variety of superconducting quantum devices are hosted
by IBM Quantum’s cloud service,[30,31] ranging in sizes from
1 to 65 qubits. Extensive reviews on superconducting qubits
are provided in the works.[32–34] The two largest of the IBM
Quantum devices are the ibmq_rochester and ibmq_manhattan
devices, consisting of 53 and 65 qubits respectively. Although
ibmq_rochester has a large number of qubits, the error rates are
relatively high in comparison to other IBM Quantum devices,
with an average readout error rate of ≈13% and coherence times
of T1, T2 ≈ 53 µs.[31] The ibmq_manhattan on the other hand has
relatively low error with an average readout error rate of ≈2%
and coherence times of T1 ≈ 60 µs and T2 ≈ 78 µs.[31] In this
work, we investigate the extent to which whole-device entangled
quantum states can be prepared on IBM Quantum devices
such as ibmq_rochester and ibmq_manhattan. A native-graph
state (which has an edge corresponding to each connected pair
of qubits within the device) was prepared on the devices, and
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Figure 1. An example of preparing a native-graph state on a heavy-hexagon unit-cell layout. a) A heavy-hexagon unit-cell layout with q3 being adjacent
to q1, q2, and q4. The unit cell is defined to help visualize how the native-graph state is prepared across the full devices with a CNOT circuit depth of
only three. b) The heavy-hexagon architecture for the ibmq_manhattan device. The graphic shows how the unit cells can be patterned across the layout,
where they are stitched together with controlled-phase gates to prepare the native-graph state over the full device. c) The circuit to prepare the graph
state for the heavy-hexagon unit cell. There are three controlled-phase gates applied to q3, leading to a CNOT depth of three for the circuit. To generate
the native-graph state for the full device, the unit cells can be stitched together by using additional controlled-phase gates without needing to increase
the circuit depth. For example, three unit cells U0, U1, and U2 can be stitched together by applying two controlled-phase gates, one from q0 in U1 to q4
in U2 during the second layer of controlled-phase gates and one from q0 in U1 to q2 in U0 during the third layer.

quantum state tomography was performed on each pair of
connected qubits and their neighbors. Using these measure-
ments, the negativity[35,36] was calculated to detect entanglement
between each pair of connected qubits. The measurement
process of reading out physical qubits is imperfect, leading to
a significant amount of readout error that can obfuscate the re-
sulting data. This can cause prepared quantum states within the
device to appear much less entangled than they actually are. To
address this issue, a quantum readout-error mitigation (QREM)
technique[37] based on quantum detector tomography (QDT),[38]

that is commonly used on superconducting qubits[23,24,39–42]

is used to correct raw data. For both devices, we find that the
entangled pairs of qubits form connected entangled graphs that
include all qubits of the devices, indicating the states were fully
bipartite entangled. The results for the ibmq_manhattan device
show clear whole-device entanglement, whether QREM was
used or not, with all connected pairs of qubits exhibiting en-
tanglement. However, for the ibmq_rochester device, our results
indicate that the application of QREM was crucial to mitigate
the relatively large readout errors and observe whole-device
entanglement, with the number of entangled pairs of qubits
increasing from 31 to 56 from the total 58 connected pairs.

2. Results

2.1. Generating and Detecting Entanglement in Graph States

Graph states are entangled states that are defined in relation to
a particular connected graph.[43] Vertices represent qubits that
are prepared in the |+⟩ := (|0⟩ + |1⟩)∕√2 state by applying a
Hadamard gate to their initial |0⟩ state and edges represent pairs
of qubits that are acted upon by controlled-phase gates. A graph
state can be expressed as

|GN⟩ = ∏
(𝛼,𝛽)∈E

CZ𝛼

𝛽
|+⟩⊗N (1)

where E is the edge set of the graph GN corresponding to the
N-qubit graph state, and CZ𝛼

𝛽
represents a controlled-phase gate

between connected qubits 𝛼 and 𝛽. Graph states have a dis-
tinct advantage over other highly entangled states because they
can be prepared in parallel, allowing them to be prepared in
constant circuit depth with respect to qubit count. Additionally,
they have been shown to have entanglement that is more ro-
bust against local measurements and noise than Greenberger–
Horne–Zeilinger (GHZ) states prepared over the same qubits.[44]

Preparing a large graph state is related to showing the power
of one-way quantum computation.[4,45–47] In one-way quantum
computing, all of the entanglement is created in the initialization
of the state, then any quantum computation can be performed us-
ing only single-qubit measurement operations. To measure the
extent of entanglement within a quantum device, we attempt to
prepare a native-graph state which contains all qubits of the de-
vice by having an edge for every connected pair of qubits. An
example of a native-graph state preparation circuit is shown in
Figure 1. The CNOT depth of the preparation circuit is at least
as long as the maximum number of neighboring qubits any
single qubit is adjacent to within the device. This is because a
controlled-phase gate is applied between the single qubit and
each of its neighbors.
A mixed state 𝜌 is separable if it can be expressed as a proba-

bilisticmixture of separable pure states with respect to fixed qubit
bipartitions A and B, that is,

𝜌 =
N∑
i

pi𝜌
A
i ⊗ 𝜌Bi (2)

where 𝜌Ai and 𝜌Bi are pure states of A and B respectively, N is the
number of pure states over all qubits in the composition, and the
probabilities satisfy pi ≥ 0 and

∑
i pi = 1. A mixed state is bipar-

tite entangled if it is not separable with respect to all bipartitions
of qubits within the system. To detect bipartite entanglement,
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instead of using full quantum state tomography on the entire
quantum state (which infeasibly scales as 3N circuits, since there
are four basis states for each qubit where measurements that
include the I basis can be obtained through post processing) we
show that entanglement is present between partitions of any bi-
partition of qubits.[19,21] Bymeasuring the entanglement between
every adjacent pair of qubits in the quantum state, an entangled
graph can be constructed with edges present only when the pair
is found to be entangled. Connected regions of entangled graphs
represent entangled clusters of qubits, since they cannot be bi-
partitioned into disconnected (separable) partitions. Thus, gener-
ating a connected entangled graph spanning the full graph state
is equivalent to showing that the state is inseparable with respect
to any fixed bipartition of qubits and is therefore fully bipartite
entangled. The graph representation of the native-graph state for
any particular system naturally maximizes the number of possi-
ble cycles, enabling the corresponding prepared state to tolerate
the highest number of non-entangled pairs while still having a
connected entangled graph that spans all qubits. Graph states
are particularly convenient for measuring the entanglement
between adjacent pairs of qubits. They have the property that by
projecting all but 2 qubits of the state, the remaining 2 qubits can
be transformed to a Bell state (up to local transformations).[48]

This is related to the generation of a Bell state through one-way
quantum computation, where the logical qubits are adjacent to
one another in the graph state. Entanglement can be measured
between the pair of qubits by measuring the negativity.[35,36] For
a quantum state represented as a density matrix 𝜌, the negativity
 (𝜌) between qubit bipartitions A and B can be calculated as

 (𝜌) :=
∑
i

|𝜆i| − 𝜆i

2
(3)

where 𝜆i are the eigenvalues of the partial transpose of 𝜌 with re-
spect to bipartition B.[49] 2 qubits are entangled if and only if the
negativity between them is non-zero.[50,51] To experimentally ob-
serve this, quantum state tomography is performed for each adja-
cent pair of qubits and their neighboring qubits within the graph
state, as shown in Figure 2. Due to imperfections in measure-
ment, the resulting density matrix may have negative eigenval-
ues, making it non-physical. The nearest physical density matrix
under the two-norm is obtained using an efficient algorithm by
Smolin et al.[52] The neighboring qubits are then projected onto
each combination of Z-basis states to obtain Bell pairs (in princi-
ple). These pairs are used to calculate negativities and the largest
negativity among the combinations of Z-basis state projections
is used to indicate the extent of entanglement within the pair.

2.2. QREM

Due to error introduced during the measurement process, quan-
tum states are often significantly more entangled than indicated
by entanglement measures. Even highly entangled states can
have measurements fail to detect entanglement. This breakdown
can stem from physical errors which may be either classical or
quantum in nature, or to a lesser extent, statistical noise due to
the limited number of shots. For IBM Quantum devices, it has
been shown that the dominant form of measurement noise is

0

1

Figure 2. An example of measuring the negativity between arbitrary adja-
cent qubits q2 and q3 from an experimentally prepared native-graph state
on a heavy-hexagon layout. Full quantum state tomography is performed
on the pair and their nearest neighbors, that is, qubits q0, q1, q2, q3, and
q4. The neighboring qubits q0, q1, and q4 are projected onto the Z-basis
states 0 and 1 for each possible combination, that is, 000, 001, 010, 011,
100, 101, 110, 111. The negativity is measured for all combinations and
the highest negativity is chosen to represent the extent of entanglement
between the two qubits. The neighboring qubits are included in tomogra-
phy and manually projected in this way because it is important to control
which state the qubits are projected onto, since different combinations of
projected Z-basis states may produce different Bell states. Thus tracing
out the neighboring qubits without projecting them onto particular states
may cause the remaining 2-qubit state to look maximally mixed.

classical, motivating a QREM technique used to alleviate mea-
surement error.[37] The measurement noise is represented as
a stochastic calibration matrix Λ that contains the conditional
probabilities for measuring each erroneous state given each ide-
ally measured state. The calibration matrix is constructed using
QDT[38] where combinations of all measurement states in the
computational basis are used as the basis states. To build a cali-
bration matrix that considers readout-error correlations between
all qubits, the number of basis state measurements required is
2N where N is the number of qubits. For large quantum devices,
the number of circuits is too impractical to build the full calibra-
tion matrix using QDT. Instead, we assume that the errors are
uncorrelated. This allows the calibration matrix, Λ, to be written
as

Λ :=
n⨂
i=1

Λi (4)

where Λi is the calibration matrix for an individual qubit i in the
computational basis, defined as

Λi :=
(
pi(0|0) pi(0|1)
pi(1|0) pi(1|1)

)
(5)

where the notation pi(x|y) indicates the probability of measur-
ing qubit i in the state |x⟩ given the prepared state |y⟩, where|x⟩ and |y⟩ are in the computational basis. This simplification re-
duces the circuit count to a constant of two since the basis states
for each of the qubits can be measured in parallel. In our previ-
ous work,[24] the assumptionsmade in performing QREM in this
way on a similar IBM Quantum device (27-qubit ibmq_montreal)
were investigated in detail. These include the assumptions that
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measurement error is significantly larger than preparation er-
ror, that measurement error is predominantly classical, and that
measurement error ismostly uncorrelated between qubits. It was
shown on sets of 4 qubits that there were only small differences
between full calibration matrices and ones that assume uncorre-
latedmeasurement error. This is consistent with another work[37]

that showed correlations between readout errors of pairs of qubits
on the IBM Quantum’s 5-qubit ibmqx4 device are typically small
in most but not all cases. Once the calibration matrix Λ has been
constructed, it can be inverted and applied to the measured prob-
ability vectors pexp obtained from tomography measurements be-
fore the state is constructed as a density matrix, to correct for
classical noise. However, the resulting vector is not always phys-
ical and may contain negative probabilities due to other forms
of noise. To overcome this, the closest physical probability vector
p∗ to Λ−1pexp under the Euclidean norm can be found using the
equation

p∗ = argmin
{p′ | ∀i p′

i
≥0,

∑n
i=1 p

′
i
=1}

(||Λ−1pexp − p′||2) (6)

This can be solved by using an efficient algorithm that finds the
maximum-likelihood probability distribution to a set of real val-
ues summing to one.[52]

2.3. Entanglement of Graph States in the ibmq_rochester and
ibmq_manhattan Devices

We perform entanglement detection on the now retired 53-qubit
ibmq_rochester device which was measured to have a quantum
volume of 8[55] and the 65-qubit ibmq_manhattan device which
currently has a quantum volume of 32. Both devices have a heavy-
hexagon layout where qubits are located on vertices and edges
of a hexagonal grid, as shown in Figure 3. The large numbers
of qubits in the devices make them ideal targets for demonstrat-
ing the existence of large entangled states. The standard QREM
procedure is applied to both devices to help reduce the effects of
measurement errors obfuscating entanglement detection. This
is especially important for the ibmq_rochester device which has
comparatively high qubit readout error rates (an average of 12.6%
compared to 2.1% for the ibmq_manhattan device during the
times that the experimental results were obtained in this work).
To measure entanglement, we first prepare a native-graph state
containing all qubits and an edge for every connected pair of
qubits within the device. The CNOT depth of the preparation cir-
cuit for a native-graph state is at least as long as the maximum
number of qubits any single qubit is connected to (see Figure 1).
For native-graph states in the ibmq_rochester and ibmq_manhattan
devices, the CNOT circuit depths are both three.
For the ibmq_rochester device, we perform tomography on all

pairs of qubits and their neighbors using circuits consisting of
4000 shots. Additionally, there were two calibration circuits, each
of 8192 shots, performed for QREM, which was applied to the
tomography measurements before constructing density matri-
ces and projecting neighboring qubits onto the Z-basis. The cal-
ibration circuits were executed separately because the tomogra-
phy basis measurements are on the prepared graph state, while
the calibration measurements are on the combinations of mea-
surement bases in the computational basis (where each qubit

is prepared to be either |0⟩ or |1⟩). Executions of the experi-
ment were completed within the time period between system cal-
ibrations, although we found it challenging to do so due to the
sheer number of circuits. Some circuits were executed consider-
ably later than others within a calibration period. In particular,
for the ibmq_rochester experiments, all tomography circuits were
executed before any QREM circuits, which might have reduced
the effectiveness of QREM due to the qubit readout error rates
drifting over time. However, measurements we conducted on the
readout error for each qubit across a single calibration period (17
samples per qubit and 8192 shots per measurement) showed the
system to be relatively stable with an average standard deviation
of the error rate at the 1% level. For an analysis of IBMQuantum
calibration data in the context of noise modeling, see ref. [56]. We
successfully completed a total of six full executions of the exper-
iments within calibration times. The results for the best of them
are shown in Figure 4a. The figure displays the results for the
highest negativity calculated over each combination of Z-basis
state projections of neighboring qubits. The negativity ranges be-
tween 0 and 0.5 where 0 indicates no entanglement and 0.5 in-
dicates maximal entanglement. When QREM was applied, full
53-qubit entanglement was detected within the system with 56
of the 58 pairs shown to be above zero negativity with 95% confi-
dence, visualized in Figure 3a. The negativity values with QREM
applied had a mean of 0.24 with standard deviation 0.12. When
QREM was not applied, 31 of the 58 pairs were found to be sig-
nificantly above zero negativity with the largest entangled region
consisting of 9 qubits. The negativity values in this case had a
mean of 0.06 with standard deviation 0.07. The density matrix
for the qubit pair exhibiting the highest negativity with QREM is
shown in Figure 5. The densitymatrices for the highest negativity
pair without QREM and the lowest negativity pair with and with-
out QREM are shown in Figure A1. The other five experiments
on ibmq_rochester that ran to completion demonstrated entangled
regions of 53, 52, 52, 38, and 21 qubits when QREMwas applied.
For the ibmq_manhattan device, tomography was performed

with the same approach as the ibmq_rochester device. Although, to
include device drift noise in the error bars when applying QREM,
the calibration data was not bootstrapped from a single source of
measured data. Instead, we gathered data from 50 calibration ex-
periments across the execution period and applied QREM from
each of them to 50 copies of the tomography data, which were
then each resampled to become the bootstrapped samples. The
calibration experiments were performed such that 25 were exe-
cuted before the tomography circuits and 25 were executed af-
terward to help account for the difference in readout errors of
the device across the execution period. We completed one full ex-
ecution of the experiment between device calibration times with
results shown in Figure 4b. We found that all 72 of the connected
pairs of qubits had negativity above zero with 95% confidence in
both cases of applying and not applying QREM. Thus the entan-
gled region of the device clearly included all 65 qubits. The neg-
ativity values when QREM was applied had a mean of 0.40 with
standard deviation 0.05, and when QREM was not applied, had
a mean of 0.33 with standard deviation 0.05. The density matrix
for the qubit pair exhibiting the highest negativity with QREM
is shown in Figure 5. The density matrices for the highest nega-
tivity pair without QREM and the lowest negativity pair with and
without QREM are shown in Figure A2.
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Figure 3. A graphic visualizing the entangled pairs of qubits detected within native-graph states prepared on the 53-qubit ibmq_rochester and 65-qubit
ibmq_manhattan devices. Native-graph states are graph states spanning all qubits of the device with entangling gates performed on each connected
pair of qubits in the layout. They can be prepared with a CNOT circuit depth of three using the strategy shown in Figure 1, where heavy-hexagon unit
cells are prepared in parallel and stitched together using controlled-phase gates. Colored lines indicate that entanglement was detected between the
corresponding pair of qubits with 95% confidence and light gray lines indicate that entanglement was not detected with confidence. Thick blue lines
indicate high negativity maximizing at 0.5, which corresponds to maximal entanglement. Conversely, thin red lines indicate low negativity minimizing at
0, which corresponds to no entanglement (in which case the edge is colored light gray). Connected subgraphs induced by entangled pairs of qubits are
considered to be entangled regions of the device. a) Entanglement within the ibmq_rochester device. When quantum readout-error mitigation (QREM)
was not applied (left), 31 of the 58 pairs were found to be entangled with the largest entangled region consisting of 9 qubits. When QREM was applied
(right), a total of 56 out of 58 connected pairs of qubits were found to be entangled with the entangled region consisting of all qubits of the device. The
corresponding negativity values used to determine entanglement are shown in Figure 4a. b) Entanglement within the ibmq_manhattan device. In both
cases of applying and not applying QREM, all 72 pairs of connected qubits were found to be entangled. Thus, the entangled region includes all qubits
of the device. The corresponding negativity values are shown in Figure 4b.
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Figure 4. Negativity experimental results on the IBM Quantum devices showing 53-qubit and 65-qubit entanglement. Each adjacent pair of qubits i and
j of the native-graph state is represented as i–j in the figure. The plotted data are the highest negativity values among combinations of neighboring qubit
Z-basis projections between each adjacent pair of qubits. The negativity ranges between 0 and 0.5 where 0 indicates no entanglement and 0.5 indicates
maximal entanglement. The 95% confidence intervals are calculated using bootstrapping methods.[53,54] The data are arranged in ascending order of
confidence interval lower bounds in the case of QREM. a) The negativity results for the ibmq_rochester device. Out of the 58 qubit pairs, 56 were found
to be entangled when using QREM and 31 when not using QREM. The 2 qubit pairs 13–14 and 12–13 did not have negativity values significantly above
zero in either case of QREM or no QREM. When QREM was applied, the resulting values have mean 0.24 with standard deviation 0.12. When QREM
was not applied, the mean is 0.06 with standard deviation 0.07. Detected pairs of entanglement are visualized on the device layout in Figure 3a. b) The
negativity results for the ibmq_manhattan device. All 72 of the qubit pairs were found to be entangled in both cases of QREM and no QREM. When
QREM was applied, the resulting values have mean 0.40 with standard deviation 0.05. When QREM was not applied, the values have mean 0.33 with
standard deviation 0.05. Detected pairs of entanglement are visualized on the device layout in Figure 3b.
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(a) Highest negativity 2-qubit state (49, 50) in ibmq_rochester (QREM)
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(b) Highest negativity 2-qubit state (26, 37) in ibmq_manhattan (QREM)
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Figure 5. The density matrices for the pairs of qubits found to be most entangled in each device using QREM. When calculating the negativity, the
neighboring qubits in the density matrix are projected onto each combination of Z-basis states and the combination that produces the highest negativity
is chosen to represent the extent of entanglement between the target pair of qubits. These plots show the resulting 2-qubit states after projecting the
neighboring qubits to Z-basis states that maximize the negativity and then partial tracing over them. Ideal states are the corresponding Bell states (up
to local transformations) formed by the neighboring qubit projections. a) The density matrix for qubit pair (49, 50), which had a measured negativity
of 0.44, in the ibmq_rochester device after projecting neighboring qubits q41 and q48 onto the 0 state. The density matrices with the highest negativity
without QREM and the lowest negativity with and without QREM in the ibmq_rochester device are shown in Figure A1. b) The density matrix for qubit pair
(26, 37), which had a measured negativity of 0.48, in the ibmq_manhattan device after projecting neighboring qubits q23 and q36 onto the 1 and 0 states
respectively. The density matrices with the highest negativity without QREM and the lowest negativity with and without QREM in the ibmq_manhattan
device are shown in Figure A2.

During the calibration periods for these experiments, the av-
erage qubit readout error rate for the ibmq_rochester device was
12.6% with a standard deviation of 9.3% across the qubits and
the average CNOT error rate was 4.6% with a standard deviation
of 2.4%. For the ibmq_manhattan device, the average qubit read-
out error rate was 2.1% with a standard deviation of 1.5% across
the qubits and the average CNOT error rate was 1.5%with a stan-
dard deviation of 0.6%. More detail can be found in Appendix B
and Figure B1. Although the results of this work show full bipar-

tite entanglement across each of the two devices, they are incon-
clusive as to what level of entanglement is present, for example
whether the states are genuinely multipartite entangled.
In previous work,[19] graph state entanglement witnesses[57,58]

were measured across a prepared graph state over the full 20-
qubit ibmq_poughkeepsie device, to detect the presence of genuine
multipartite entanglement within regions of the state. Entangle-
ment witness protocols typically provide methods to measure
sufficient but not necessary conditions for genuine multipartite
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entanglement. Due to the noise within the ibmq_poughkeepsie
device, genuine multipartite entanglement was only detected on
up to 3-qubit regions within the prepared state. It would be in-
teresting to investigate this question thoroughly for graph states
in future research, especially with the application of QREM.
The confidence intervals for all negativity values in our data are

calculated using bootstrappingwith bias correction.[53,54] Without
bias correction, we found that the negativity sample estimates
were often above the bootstrapped sample means and in some
cases were above the bootstrapped confidence intervals entirely.
This suggests that the bootstrapped negativity is a biased esti-
mate of the sample negativity when using 4000 shots in the ex-
periments, thus bias correction is used to adjust the confidence
intervals to match the negativity estimate. This also suggests that
the negativity estimate is biased with respect to the population
negativity, thus we could further bias correct the estimate and
the confidence intervals upward again to approximate the popu-
lation. However, this assumes that the bias between the bootstrap
and the sample is the same as the bias between the sample and
the population. This extra step is not required to show entangle-
ment within our experiments so we do not use it here. To perform
bootstrapping on our data, the data are partitioned into tomog-
raphy measurement related data and QREM calibration related
data. For each bootstrap sample, a copy of the tomography data
ismade. TheQREMdata are bootstrapped by resampling with re-
placement, then applied to each of the copies of tomography data,
which are then each resampled once to produce the bootstrapped
QREM-applied tomography samples. The negativities are then
calculated for each sample to produce the final bootstrapped dis-
tribution of negativities which are used to calculate the 95% con-
fidence intervals. For pairs of connected qubits with low values of
negativity where some of the bootstrapped values are zero, bias
correction leaves the bottomof the distribution clamped disallow-
ing bootstrapped values lower than the estimate subtracted by the
bootstrap sample mean. This could be a problem, for example, if
all bootstrapped values for the lower bound of the confidence in-
terval are zero, and are bias corrected to be equal to the mean,
which may be above zero, leading to the full confidence interval
being above zero. To help avoid this problem, the zero values are
ignored when calculating the mean of the bootstrap sample neg-
ativities, which increases the mean and consequently decreasing
the amount of bias correction applied to the bootstrapped sample
negativities upward, leading to a more robust error bar. Applying
bias correction did not change whether any of the confidence in-
tervals include the zero negativity value or not, hence the conclu-
sion of these results is unaffected.

3. Discussion

We prepared native-graph states on the IBM Quantum
ibmq_rochester and ibmq_manhattan devices and measured
the level of 2-qubit entanglement across the states. Full quan-
tum state tomography was performed on each connected pair
of qubits and their neighbors within the graph states. The
neighboring qubits for each of the pairs were projected onto the
Z-basis and the negativities were measured from the resulting
density matrix. To reduce the effects of individual qubit noise
introduced during the measurement process, we performed
the experiments with and without QREM. For the now retired

ibmq_rochester device which had a quantum volume of 8, a total
of 56 out of 58 of the connected pairs of qubits were found to
be entangled when QREM was applied, resulting in the region
of entangled qubits spanning all 53 qubits of the device, with a
mean negativity of 0.24 and a standard deviation of 0.12. When
QREM was not used, 31 out of the 58 connected pairs had a neg-
ativity significantly above zero with 95% confidence, resulting
in the largest region of entangled qubits consisting of 9 qubits.
This signifies the power of QREM in devices with relatively
high readout error rates such as the ibmq_rochester. For the
ibmq_manhattan device which at the time of these experiments
had a quantum volume of 32, all 72 connected pairs of qubits
were found to be entangled in both cases of QREM and no
QREM, with a mean negativity of 0.40 and a standard deviation
of 0.05 whenQREMwas applied. This indicates that the region of
entangled qubits in both cases of QREM and no QREM included
all qubits of the device. The results of this work demonstrate the
capability of whole-device bipartite entanglement within two of
the largest IBM Quantum superconducting devices to date and
indicate the positive direction toward the physical computation
of sizeable and complex quantum algorithms.

Appendix A: Reduced Density Matrices for
Connected Pairs of Qubits

After performing tomography on a connected pair of qubits and
their neighbors and projecting the neighboring qubits to Z-basis
states, the pair ideally forms a Bell pair up to local transforma-
tions. To help conceptually associate the resulting density ma-
trices and the corresponding negativities, the density matrices
for the highest and lowest negativity qubit pairs for the cases of
QREM and noQREMon both devices were plotted along with the
ideal density matrices. The highest negativity pairs with QREM
on both devices are shown in Figure 5. For the ibmq_rochester
device, density matrices for the highest negativity pair without
QREM and the lowest negativity pair with and without QREM
are shown in Figure A1. The equivalent density matrices for the
ibmq_manhattan device are shown in Figure A2.

Appendix B: Device Calibration Data

Due to temporal instability of the internal control parameters and
external influences on quantum devices, the parameters of the
devices drift over time.[59] To alleviate this, IBMQuantumdevices
undergo routine calibrations. Each calibration produces different
error rates in the device. For the ibmq_rochester device, during
the calibration period for which the results in this work were ob-
tained, the average qubit readout error rate was 12.6%with a stan-
dard deviation of 9.3% and the average CNOT error rate was 4.6%
with a standard deviation of 2.4%. For the ibmq_manhattan de-
vice, during its calibration period, the average qubit readout error
rate was 2.1% with a standard deviation of 1.5% and the average
CNOT error rate was 1.5%with a standard deviation of 0.6%. The
error maps for these experiment calibration periods were con-
structed using the IBM Quantum Qiskit python framework[60]

and are displayed in Figure B1.
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(a) Highest negativity 2-qubit state (49, 50) in ibmq_rochester (no QREM)

(b) Lowest negativity 2-qubit state (13, 14) in ibmq_rochester (QREM)

(c) Lowest negativity 2-qubit state (13, 14) in ibmq_rochester (no QREM)
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Figure A1. The densitymatrices for the highest and lowest negativity pairs of qubits in the ibmq_rochester device. The highest negativity pair withQREM is
shown in Figure 5. These plots show the resulting 2-qubit states after projecting the neighboring qubits to Z-basis states that maximize the negativity and
then partial tracing over them. Ideal states are the corresponding Bell states (up to local transformations) formed by the neighboring qubit projections.
a) The qubit pair (49, 50) without QREM, which had a measured negativity of 0.21 after projecting neighboring qubits q41 and q48 to the 1 and 0 states
respectively. b) The qubit pair (13, 14) with QREM, which had a measured negativity of 0 after projecting qubits q6, q12, and q15 to the 1, 0, and 0 states
respectively. c) The qubit pair (13, 14) without QREM, which had a measured negativity of 0 after projecting qubits q6, q12, and q15 to the 0 state.

Adv. Quantum Technol. 2021, 4, 2100061 2100061 (9 of 13) © 2021 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advquantumtech.com


www.advancedsciencenews.com www.advquantumtech.com

(b) Lowest negativity 2-qubit state (52, 56) in ibmq_manhattan (QREM)

(c) Lowest negativity 2-qubit state (52, 56) in ibmq_manhattan (no QREM)

(a) Highest negativity 2-qubit state (26, 37) in ibmq_manhattan (no QREM)
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Figure A2. The density matrices for the highest and lowest negativity pairs of qubits in the ibmq_manhattan device. The highest negativity pair with
QREM is shown in Figure 5. These plots show the resulting 2-qubit states after projecting the neighboring qubits to Z-basis states that maximize the
negativity and then partial tracing over them. Ideal states are the corresponding Bell states (up to local transformations) formed by the neighboring
qubit projections. a) The qubit pair (26, 37) without QREM, which had a measured negativity of 0.41 after projecting neighboring qubits q23 and q36 to
the 1 state. b) The qubit pair (52, 56) with QREM, which had a measured negativity of 0.23 after projecting qubits q43, q55, and q57 to the 1, 1 and 0
states respectively. c) The qubit pair (52, 56) without QREM, which had a measured negativity of 0.17 after projecting qubits q43, q55, and q57 to the 1,
1, and 0 states respectively.
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Figure B1. The error maps corresponding to the calibration periods of the experiments performed in this work. These were obtained using code from the
IBMQuantumQiskit python framework.[60] The color legends on the nodes and edges correspond to Hadamard gate and CNOT error rates respectively
(for the ibmq_rochester device, CNOTs only). a) The ibmq_rochester device. Three edges were removed from the map because the corresponding CNOT
error rates were undefined in our data. These edges were (38, 41), (41, 50), and (43, 44). b) The ibmq_manhattan device.
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