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Keywords: Noisy intermediate-scale quantum computers (NISQ) have demonstrated superior performance compared to
Entangling gates conventional computing schemes. Nonetheless, errors associated with two-qubit entangling gates remain a
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substantial obstacle in fully harnessing the potential of current superconducting quantum computers. The
achievement of quantum computation and quantum information processing critically depends on the presence
of entangled states. These states are indispensable for quantum computers to surpass classical computers in
terms of computational power. This paper presents a comprehensive characterization of a two-qubit entangling
gate, known as Dagwood Bumstead (DB) gate, to investigate the challenges posed by errors in the DB gate on
NISQ devices. Firstly, we propose a scheme for the realization of the DB gate using two capacitively coupled
Josephson Superconducting qubits, based on the experimental setup carried out in Bialczak et al. (2010).
Additionally, we introduce and characterize a novel two-qubit quantum gate. Our proposed gate showcases an
impressive average gate fidelity of 0.85450. The DB gate’s performance is fully described through quantum
process tomography (QPT) and quantum state tomography (QST) experiments conducted in three different
environments: noisy, noiseless, and on a real IBM quantum computer. The process fidelity of the DB gate is
measured to be 0.8069705, and the state fidelity is determined to be 0.8858750. This study offers valuable
insights into the performance of the DB gate on a NISQ device, showcasing its potential for executing intricate
algorithms and operations on an authentic quantum computer.

Introduction

Quantum computing has emerged as a groundbreaking technology
that could potentially solve problems that are currently intractable for
classical computers. Scaling up quantum processors has advanced sig-
nificantly [1] in recent years, with multiple implementations showing
54 [2] or more qubits (433) at different phases of development [3,4].
However, in order to fully benefit from growing qubit counts in noisy
intermediate-scale quantum computers (NISQ) [5], the error rates of
these processors must be limited proportionally.

To fully exploit the efficiency of quantum computing and quantum
information processing, entangled states are required [6,7]. However,
deficiencies in operating the two-qubit entangling gates are the princi-
pal inputs of error in the state-of-the-art quantum computing artificial
architectures, such as trapped ions and superconducting qubit [8]. The
implementation of scalable quantum computing architectures presents
several challenges [9], particularly in gate implementation [9-14]. To
address these challenges, researchers have explored various physical

architectures. One of the most promising artificial architectures that
could support scalable quantum computation on a solid-state platform
is Superconducting qubits [15].

While many physical implementations of quantum computers ex-
ist [16-23], the Superconducting qubits based on Josephson junctions
has garnered significant attention due to its advantages [24]. Super-
conducting (SC) qubits [25,26] are a highly promising platform for
practical quantum computing systems. Their scalability on a solid-
state platform [15], long coherence times, high fidelity, flexibility,
and compatibility with classical electronics make them a preferred
choice [24,26,27] for researchers and quantum computing manufac-
turing companies. SC qubits can be manufactured using standard semi-
conductor fabrication techniques, which makes them highly scalable
for large-scale quantum computing systems. The coherence times of
Superconducting qubits are relatively long, making them resistant to
the decoherence phenomena that can be detrimental to quantum com-
putations. Additionally, they are designed with high fidelity, with low
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error rates for quantum operations and measurements, making them
an excellent choice for quantum computations [28,29]. SC qubits are
flexible and can be reconfigured and controlled with external elec-
tromagnetic fields, providing the flexibility to design and implement
various quantum algorithms. Finally, they are compatible with classical
electronic circuits, facilitating efficient control and readout of qubit
states [26]. Nevertheless, there are still significant challenges to over-
come, such as improving the coherence times of qubits and reducing
error rates for quantum operations.

Two-qubit gates are extremely difficult to achieve with
High-fidelities. Furthermore, experimental implementations of such
high-fidelity quantum gates is a crucial task in varied quantum sys-
tems [2]. To realize a universal quantum computer [30-32], a set
of quantum gates is required [33,34], including two-qubit entangling
gates [35,36]. The successful implementation of these gates is a critical
milestone in the development of practical quantum computers [6]. One
of the key challenges in developing a scalable quantum computer with
Superconducting qubits is executing high-fidelity, 2-qubit quantum
gates among an architecture that contains numerous resonant elements.
The frequency space of the design becomes crowded as the number
of elements in the architecture increases, or the variety of couplings
between them rises, which has an adverse effect on device performance.

The two-qubit entangling gate is particularly essential, as it allows
for the creation of entangled states, which are necessary for quan-
tum computations that cannot be simulated efficiently on classical
computers. Many approaches have been proposed for implementing
two-qubit (entangling) gates in architectures composed of Supercon-
ducting qubits [37]. One approach uses fixed-frequency qubits with
static couplings, where 2-qubit operations are energized by employing
transverse microwave drives [38-44]. However, such architectures re-
quire stringent constraints on anharmonicities and qubit frequencies,
which can limit scalability [42-44].

Another approach employs frequency-tunable qubits, and 2-qubit
gates are made active by tuning qubits in- and out- of resonance with a
certain transition [45-51]. While this approach offers scalability, it oc-
curs at the expense of more decoherence channels, which significantly
limits coherence times [52]. Additionally, it is challenging to deliver
shaped unbalanced control signals in this approach, and unwanted
crossings with neighboring qubit energy levels all along gate operations
can limit the connectivity and flexibility of this architecture.

An alternate of these techniques is to regulate the couplings or en-
ergy levels of a circuit at a frequency that corresponds to the detuning
between certain energy levels of interest [53-61]. This approach allows
for an entangling gate to be created between: a qubit and numerous
resonator modes [56], a qubit and a single resonator [57,58], two
tunable transmons coupled to a mediating resonator [50,57], or two
transmon qubits coupled via an adjustable mediating qubit [50,57].
Overall, this alternative approach offers potential benefits in terms of
flexibility and scalability for constructing a scalable quantum computer
with Superconducting qubits.

This paper is divided into two parts, Part I proposes a scheme for
realizing two-qubit quantum gates based on the experimental scheme
presented in [62], particularly an entangling gate known as Dagwood
Bumstead (DB) gate [63], using the system combining two capacitively
coupled Josephson Superconducting qubits. While Part II exploring the
performance of the DB gate using a state-of-the-art Superconducting
quantum architecture. We also give a full quantum characterization of
the two-qubit gate by running two different tomography experiments:
quantum process tomography (QPT) and quantum state tomography
(QST) on a real IBM’s superconducting quantum computer. The rest
of this paper is structured as follows: In Section “Setup and implemen-
tation”, the system combining two Josephson phase qubits coupled to
capacitance can be employed to implement different two-qubit quan-
tum gates, specially the 2-qubit entangling gate DB. In Section “The
actual implementation of the DB gate”, we present the implementation
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of the two-qubit DB gate using an IBM quantum computer. In Sec-
tion “QST experiments” and Section “QPT experiments”, we construct
QST and QPT experiments for the DB gate, respectively, to give a
full characterization and verification of quantum states. We run these
quantum experiments in three distinct environments (noisy, noiseless,
and on a real quantum machine). Then results from running quantum
experiments are used to reconstruct the density matrices as well as the
process matrices. Measurement errors and fidelities are also compared,
with a discussion in the same sections. Finally, we draw our conclusion
in Section “Conclusion”.

Part 1: A proposed scheme for implementing the two-qubit entan-
gling gates

Setup and implementations

According to the electrical circuit experimentally designed, fabri-
cated and carried out in [62], the system combining two Josephson
phase qubits coupled to capacitance was successfully employed to
implement and characterize an entangling universal two-qubit gate,
SQiSW (the square root of i-SWAP) gate. The most straightforward way
to couple two superconducting Josephson phase qubits is through an
interdigitated capacitor, as depicted in Fig. 1. Each qubit retains its
own set of wires, allowing the adjustment of individual parameters
and the option to measure, read out, and operate on them separately
or together [64,65]. Capacitive coupling enables coupling of qubits
at microwave frequencies while providing effective isolation at lower
frequencies, preventing flux bias signals on one qubit from affecting the
other [24,66].

In this setup, a single-shot measurement is performed to obtain
the state of each qubit simultaneously, as each Josephson phase qubit
has its own design parameters and bias. Also, it can be operated on,
adjusted, measured and read out separately or simultaneously [64,65].
The interaction Hamiltonian of this system, in the rotating frame, takes
the form [62]:

h¢
Hipe = T(O'XA Ox, + 0y, 0y,), (@))

where oy oy, are Pauli spin operators for qubit A. With 7 = h/2x, h
is the Plank’s constant, { ~ (C./C + Cc)w?e’B represents the coupling
strength corresponding to the circuit design parameters, C, is the
coupling capacitance, C is the qubit capacitance We consider here the
same system parameters as [62], namely: C = 1 pF, C, = 2 fF and,
w?gB /2r ~ 5 — 6 GHZ, so that {/2x ~ 11 MHz. Nonetheless, the
fixed coupling strength; the qubit-qubit interaction can be minimized
by biasing the qubit off resonance such that I(w?e - wfe)l > ¢. As shown
in Eq. (1), Pauli’s operators offer a concise method of expressing the
interaction Hamiltonian. However, they do not provide an immediate
or intuitive visual understanding of the system. Thus, it is helpful to
rephrase the interaction Hamiltonian in a way that demonstrates its
impact on the two-qubit states. The effect of H;, on the two-qubit
states, in the state space defined by |g4,ep) and |e,, g5), can be written
as:

ng
H;, = 7(|gA,eB)<eA,gB|+|eA,gB)(gA,eB|) 2)

where [g4.ep) = [g)4 ® le)p, le);and|g); are excited and ground
states for qubit j = A, B respectively. When we express H,,, in this
manner, we can observe that the coupling interaction exchanges the
populations of the |g4,ep) and (e4, gp| states. Since only these two
states are interacting, we can represent the coupled qubit system using
a reduced state space consisting solely of the |g4, ep) and (ey4, g| states.

When the two qubits are biased on-resonance, (‘”?e = wfe), the
interaction Hamiltonian coupling the two-qubit states, in the sense that
the states amplitudes oscillate in accordance with the time evolution
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Fig. 1. Schematic circuit of the model a. Schematic diagram of two superconducting
phase qubits that are capacitively coupled. b. Electrical schematic circuit of the
Josephson superconducting qubit. Each qubit junction, marked by a single cross, has
a critical current 1, and is connected to an external capacitor C and inductor L. The
qubits are coupled through an interdigitated capacitor C, = 2 fF, which creates an
interaction of g/2 = 11 MHz. The qubit is biased with V;;,,, microwave control is applied
using I,,,, and qubit readout is done using a three Josephson-junctions superconducting

ws

quantum interference device (SQUID) marked by three crosses and read out. The qubits
can be biased on and off resonance using fast pulses on the V, lines.

operator Uj,, as shown in Eq. (3). In the RWA [67], this unitary
two-qubit transformation takes the form

6§zg =cos((ty/2)(lg4- gp){ea- epl + leq, ep)(ga, gpl)
—i Sin(Ctg/Z)(IeA,gBXgA, epl + 184, eB)<eA,gB|) 3
+184.88)(84- 88l + leq. ep) ey, epl.
where 7, is the interaction time, one way to express the concept of
“H,,,” is to use a rotation around the x-axis at an angle of w, where “w”
refers to the duration that qubits are on resonance. When considering
a single qubit, this rotation can be written as the quantum operation
X = cos(w/2) —isin(w /2)
77 \=isin(w/2)  cos(w/2)
6§,g, can be used to represent H,,, which describes a rotation (X,,)
between the |g4,ep) and |e,, gp) states in the two-qubit basis set

{18) 4 ®g)5, 18)a®le)p, le)4 ® |g) 5, le) 4 ® |e)p}. The matrix operator
corresponding to this unitary can be written as follows:

>. Thus, the unitary two-qubit matrix,

1 0 0 0

~ |0 cos({t,/2) —isin({t,/2) O

Ou, =[o sin(ggzg/z) cos(Cth) 0 @
0 0 0 1

In this system, it was demonstrated that high fidelity single-qubit
operations can be used to prepare the 2-qubit basis states with state
fidelity of 98% [62]. For an interaction time {ty, = m, the iSWAP
gate is formed [62]. The gate swapped the state amplitudes such that
1g) ® le) = —ile) ® lg).le) ® |g) — —ilg) ® |e). Whereas, by coupling
for one-half this time, {t, = /2, the two-qubit universal entangling
gate SQiSW [62] is realized. The gate transforms the basis states such
that [g), ® le)p — 5194 8 le)p = 2le)s @ lg)pandle)s ® I8 —
FlRa®le)s+ £lehs @ l2)s

When coupling for {1, = 2z/5, the dynamical evolution in Eg. (3)
progresses to realize a novel two-qubit gate. The unitary operator
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(a) Re.(x) Im.(x)
Ideal process :

(b) Re.(x) Im.(x)

Fig. 2. Two-qubit QPT of the O,, /s gate executed in different environments: (a) Real
(Re.(y)) and imaginary (Im.(y)) parts of the ideal process matrix for the two-qubit
gate 62”/5, which does not hold effects arising from decoherence, (perfect O,, /5 gate
in the Pauli basis) 11,IX,1Y,1Z, X1, XX, XY, XZ,YI.,YX,YY,YZ,ZI, ZX, ZY and
ZZ. (b) Real and imaginary parts of the process matrix from running QPT experiments
in a noise-free environment. (c) Real and imaginary parts of the process matrix from
running QPT experiments in a noisy environment.

corresponding to this gate reads,

1 0 0 0

R 0 la+vs) —2;\'/5\/5—\/5 0
Oy,ys5 = i | (5)

—sEVS-Vs a0

0 0 0 1

This gate transforms the basis states such that:

18)a ®1g)s — 18)4 ®18)p:

1804 ®1e)s = 11+ V5) 1), @ les - 2;\'/5\/5 - V51004 ® lg).
4@l = V5= VSl @l + T+ V5)10), @ 1)

leys @ leyp = le) s @ le)p.

While the CNOT gate [32,68-71] has gotten the greatest promi-
nence in quantum computation, this qubit architecture allows for an-
other -simpler- entangling gate, the DB gate [63]. This gate appears
directly from the time evolution of the Hamiltonian for two coupled
flux-biased phase qubits [70]. Compared to the CNOT gate, the DB
gate has a shorter pulse sequence, which is important for performing
as many gate operations as feasible before coherence is lost. The DB
gate can be realized by letting two coupled qubits evolve under the
interaction Hamiltonian Eq. (1) for three-fourths the time required for
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Fig. 3. Quantum process tomography of the two-qubit gate 62,[/5. (a) Visualizations of the ideal process matrix of the two-qubit QPT of 62”/5 gate, which does not hold effects
arising from decoherence, on the sixteen two-qubit basis states in the Pauli basis: I1,1X,1Y,IZ, XI, XX, XY, XZ,YI,YX,YY,YZ,ZI,ZX,ZY, and ZZ, as Hinton diagrams.
(b) Two qubit process tomography of 62”/5 gate in a noisy environment using the IBM’s 27-qubit noisy simulator, which includes effects caused by decoherence from previous
quantum experiments. The left panel depict the combined parts, while the middle and right plots show the real and imaginary parts, respectively. We demonstrate an average gate
fidelity of 0.85450, while the process fidelities were 0.9837423 and 0.39840 in noiseless and noisy environment, respectively.
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Fig. 4. A schematic circuit decomposition that is equivalent to the DB two-qubit entangling gate. The gate is broken down into a set of single-qubit gates including the rotation
gates R, and the square root of NOT gate (\/i) with only two controlled-NOT (CNOT) gates.

the iISWAP operation, {t, = 3z /4. The resulting matrix for the coupling
interaction reduces to

0 0

We-v2 o -iy2+v2

0 -4V24v2 1y2-v2
0 0

0

1

A 0

Opp =B = (6)

- o o O

An equivalent quantum circuit representation for the DB gate is shown
in Fig. 4. The gate transforms the basis states as follows:

18)4®Ig)p = 18)4 ® 18)5,

104 ®1e)s = 3 V2= V21e)s @ lehs = £1/2+V21), ® le),
04®lg)s = 2 V2+ V2184 ® le)s + 3 V2= V2Ie), ® i)

leya ®leyp = le)4 @ le)p.

The DB-gate has an entangling power [72] of 1.96/9. It is of special
significance as itself belongs to the canonical family, it is natively

available to systems where iISWAP gate is available, and it can arise
naturally in such systems [63,73].

To gain insights into the gate’s performance and how it affects
different qubit states, a quantum process tomography (QPT) analysis
for the 0,, /5 gate was performed. QPT is a vital technique in the field
of quantum computing, as it enables the validation of quantum gates
and the identification of flaws in configuration and gate design. The ob-
jective of QPT is to obtain a precise description of the quantum process
or dynamical map through a series of carefully designed experiments.

In our analysis, we utilized the Choi-Jamiolkowski representation,
also known as the Choi matrix [77,78], to fully characterize our quan-
tum operations. Specifically, we designed and perform QPT analysis for
the 2-qubit gates, and based on the results, we re-constructed the Choi
matrices y for these gates. To quantitatively compare the reconstructed
(estimated) Choi matrix with theoretical (ideal) expectations, we calcu-
lated the process fidelity [76] of noisy quantum channels. This fidelity
value represents how closely the measured Choi matrices match the
ideal process, with a value of 1 indicating a perfect match. Further
discussions of both QPT and QST are given in Section “Quantum
tomography study of DB gate on an IBM’s quantum computer”. Detailed
descriptions of QPT theory are available in [79-83].
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Fig. 5. A schematic of the ibm.oslo quantum machine from the IBM Quantum
Experience. Seven superconducting transmon qubits construct the processor, which runs
at a very low temperature, close to absolute zero Kelvin. The processor has a median
qubit frequency of 5.046 GHz, and can outperform up to one hundred quantum circuits,
with 20,000 maximum shots.
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Fig. 6. The schematic diagram of IBM’s 27-qubit noisy simulator, which includes effects
caused by decoherence from previous quantum experiments. The noise backends are
designed to mimic the behavior of actual IBM Quantum systems.
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Fig. 7. Measurement outcomes from the two-qubit DB gate’s actual implementation.
Result obtained after conducting the experiment for 4096 shots on both a gasm_simulator
and a real quantum computer, ibm oslo. Small probabilities result from noisy in the
quantum computation.

Two-qubit QPT for the 8,, /s gate is presented in Fig. 2. Where
Fig. 2(a) presents, real (Re.(y)) and imaginary (Im.(y)) parts of the
ideal process matrix (theoretically expected) for the perfect 0, /5 gate
in the Pauli basis, which does not include decoherence effects; Fig. 2(b)
illustrates real and imaginary parts of the process matrix from run-
ning QPT experiments in a noise-free environment. Fig. 2(c) Real
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Fig. 8. Equivalent quantum circuit for the DB two-qubit entangling gate. The gate is
deconstructed in terms of single-qubit gates with only two CNOTs. This quantum circuit
is executed for 4096 shots, on the IBM quantum machine, ibm oslo.

Table 1
The average gate fidelities and the process fidelities of the two-qubit quantum gates:
SQiSW, 62”/5 and DB, calculated in different settings.

Two-qubit gate Fidelity

Pt F,° (noisy)
SQiSW [62] 0.78284 0.61 [62]
B,, /s (Eq. (5)) 0.85451 0.39840
DB (Eq. (6)) 0.58236 0.88213

2 Average gate fidelity [74,75].
b Process fidelity [76] from running QPT in noisy environment.

and imaginary parts of the process matrix from running QPT exper-
iments in a noisy environment. The process matrices for the 0,, /s
gate can be further analyzed by separating it into its combined, real,
and imaginary parts, and plotted as a Hinton diagram as shown in
Fig. 3. The combined parts are depicted in the left-panel, while the real
(imaginary) parts are shown in the middle (right) plots, respectively.
By analyzing these visualizations, one can gain insights into the gate’s
performance and how it affects different qubit states. We demonstrate
an average gate fidelity of 0.85450. In using QPT to estimate the gate
fidelity [74,75], we demonstrate process fidelities of 0.9837423 and
0.39840 in noiseless and noisy environment, respectively.

Table 1 illustrates the average gate and the process fidelities of the
two-qubit gates SQiSW, 8, , /5 and DB. In a noisy environment, the DB
gate has the highest process fidelity F,(noisy), followed by the SQiSW
gate and then O,, /5 gate. In what follows, our focus is to present a
thorough characterization of the two-qubit entangling gate (DB), with
the goal of investigating the challenges posed by errors in this gate on
NISQ devices.

Part 2: Exploring the Performance of DB Gate on an IBM’s Quan-
tum Computer

The actual implementation of the DB gate

In this work, to outperform our implementations, we used the
IBM Quantum Experience [3] real machine, known as ibm oslo. This
processor is made up of seven superconducting transmon qubits, which
are arranged as shown in Fig. 5.

The Basis gates of this architecture are: the identity (I), the NOT gate
(X), the square root of NOT gate (\/} ), the rotation gate around z-axis
(RZ), and the Controlled-NOT gate (CNOT). The coupling map between
qubits is CNOT: ¢[0] — g[1], CNOT: ¢[1] — g[2], CNOT: g[1] - ¢[3], CNOT:
q[11—4[0], CNOT: ¢[2]-g[11, CNOT: ¢[3]—q[1], CNOT: ¢[3]1—g¢[5], CNOT:
q[4] — q[5], CNOT: g[5] — q[4], CNOT: ¢[5] — ¢[3], CNOT: ¢[5] — ¢q[6], and
CNOT: ¢[6] — q[5].

The median qubit frequency (w/2z) of this processor [3] is
5.046 GHz, the median relaxation times 7'1 and 72 are 10.962 ps and
39.84 ps, respectively. [84]. The median qubit anharmonicity (y/2x)
is —0.34293 GHz, the qubit readout assignment error (£(R)) has a
median of 1.17 x 1072, The qubit flip probabilities from |[1) to |0) (¢)
and from |0) to |1) (), have a median of 1.24 x 1072 and 1.2 x 1072,
respectively. The readout length (6) is 910.2222 ns, Pauli error rates
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(a) Re.(x) Im.(y)
Ideal process

Fig. 9. Real and imaginary parts of the Choi matrices, reconstructed from 144 quantum circuits that executed in the QPT experiments for the two-qubit DB gate, with the final
results for the 576 measurement outcomes across all circuits. (a) The perfect Choi matrié (theoretical expectations). (b) QPT experiments carried out in a noisy environment. (c)
QPT experiments were carried out in a noise-free environment. (d) QPT experiments performed on a real IBM quantum computer. The QPT experiments were repeated for 4,000
times in each setting, we obtain a process fidelity of 0.8821327, 0.9707305 and 0.8069705, respectively. The running time in the ibm_ oslo machine was 2 m and 43.5 s.
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Fig. 10. Real and (imaginary) parts Re.(p) (Im.(p)) of the density matrices, rebuilt
from QST experiments of the two-qubit DB gate. (a) The perfect density matrix
(theoretical expectations). (b) QST experiments carried out in a noisy environment. (c)
QST experiments were carried out in a noise-free environment. (d) QST experiments
performed on a real IBM quantum computer. The QST experiments are repeated for
4000 times in each setting, we obtain a state fidelity of 0.69365, 0.99269 and 0.88587,
respectively. The running time in the ibm_oslo machine was 13.8 s.

Table 2

The general performance of the seven qubits Superconducting quantum computer,
ibm oslo. With Qubit frequency (w/2x), anharmonicity (y/2x), readout length (5),
readout assignment error (&), the bit flip probabilities (¢ and #), and the relaxation
times T'1 and T2, accessed on September 11, 2022.

qlil T1 (us) T2 (ns) w/2x (GHz) y/2z (GHz) &(R)  ( (%) n (%) & (ns)

q[0] 165.51 110.68 4.925 —0.34448  0.0098 0.0124 0.0072 910.222
q[1] 137.93 39.840 5.046 —0.34293  0.0117 0.0140 0.0094 910.222
q[2] 152.04 28.470 4.962 —-0.34565  0.0071 0.0084 0.0058 910.222
q[3] 98.280 38.530 5.108 —0.34186  0.0171 0.0124 0.0218 910.222
q[4] 174.68 191.83 5.011 —0.34389  0.0220 0.0210 0.0230 910.222
q[5] 126.02 34.840 5.173 —-0.34234  0.0116 0.0112 0.0120 910.222
q[6] 105.89 246.23 5.319 —0.33883  0.0287 0.0314 0.0260 910.222

have a median of 2.166 x 10~* while, the median CNOT gates Error
(CNOTe) is 6.3405 x 1073, with a median gate time 286.222 ns.
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Table 3

Error rates of the 1-qubit Pauli X gate and controlled-NOT gates (CNOTe) between
different qubits ¢[i] with the corresponding gate time during operating on the ibm_ oslo
quantum computer, as accessed on September 11, 2022.

qli] Pauli’ Se" Coupling map Gate time (ns) CNOTe
4[0] 0.0002978 CNOT: ¢[0] — ¢[1] 341.333 0.007126
CNOT: ¢[1] - ¢q[2] 248.889 0.005801
q[1] 0.0001952 CNOT: ¢[1] - (3] 263.111 0.007571
CNOT: ¢[1] - ¢[0] 412.444 0.007126
q[2] 0.0002166 CNOT: ¢[2] —q[1] 213.333 0.005801
CNOT: ¢[3] —q[1] 334.222 0.007571
E 1
a3 0.0004017 CNOT: ¢[3] - ¢[5] 238.222 0.005110
q[4] 0.0001985 CNOT: ¢[4] — ¢[5] 305.333 0.009309
CNOT: ¢[5] — q[4] 341.333 0.009309
ql5] 0.0003516 CNOT: ¢[5] — q[3] 167.111 0.005110
CNOT: ¢[5] — q[6] 405.333 0.007232
q[6] 0.0002141 CNOT: ¢[6] — ¢[5] 334.222 0.007232

2 Error rates of the controlled-NOT gates between different qubits g[i].
b Ppauli’s error rates.

Detailed device specifications of the ibm oslo and qubit parameters
are presented in Table 2. The coupling map between qubits with the
corresponding CNOT gate time are shown in Table 3. Single-qubits
Pauli as well as error rates of the CNOT gates’ between qubits are
displayed in Table 3.

Here, the two-qubit DB gate is decomposed into the main gate set of
IBM’s quantum architecture, in terms of a set of single-qubit gates and
only two controlled-NOT gates, as shown in Fig. 8. Then, the quantum
circuit was executed for 4,096 shots, on both the gasm simulator and
the ibm oslo quantum processor (see Table 4).

The gasm_simulator predicts that for 4096 shots, the classical register
returns |11) for 4,096 of the time, and gives zero for the computational
basis |01), |10) and |11). Whereas in the real experiment on the ibm_oslo,
measurement outcomes return: |11) for 3,609 of the time, |10) for 348
of the time, |01) for 102 of the time, and |11) for 37 of the time.
Measurement outcomes from the actual implementation of the two-
qubit gate on both a gasm simulator and a quantum computer are shown
in Fig. 7. The median qubit frequency (w/2x) is 5.04644 GHz, the
median relaxation times T'1 and T2 are respectively 139.6641 ps and
39.87324 ps. The median qubit anharmonicity (y/2x) is —0.3429 GHz,
whereas, the qubit readout assignment error (£(R)) has a median of
0.014199. The qubit flip probabilities from |1) to |0) ({) and from |0)
to |1) (n), have a median of 0.0138 and 0.014599, respectively. With a
readout length (§) of 910.2222 ns.

Quantum tomography study of DB gate on an IBM’s quantum
computer

QPT experiments

Quantum process tomography is a critical procedure for validat-
ing quantum gates and identifying flaws in configuration and gate
design [85,86]. The goal of QPT is to find a description of the quan-
tum process (dynamical map) from a series of quantum experiments.
QPT necessitates initializing the qubits-system in a suitable density
matrix basis, then applying a process to these basis states, and fi-
nally describing the output quantum states using a quantum state
tomography algorithm. Detailed descriptions of the QPT theory are
provided in [79-83]. Through our QPT experiments, we used the Choi—
Jamiolkowski [77,78] representation (Choi matrix) to fully characterize
our quantum operations.

In this section, we design and run QPT experiments for the DB
gate [87]. These quantum experiments are carried out in three environ-
ments: a noisy environment, a noise-free environment, and a real IBM
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Fig. 11. Experimental results over all QST circuits. The results collected from a total of 9 measurement circuits that executed in the QST experiments for the two-qubit DB gate.
With the final results for the 36 measurement outcomes over all circuits of all qubits in the Pauli bases {XX,XY,XZ,YX,YY,YZ,ZX,ZY,ZZ}. These quantum experiments are
repeated for 4000 shots for each measurement basis on the real IBM’s quantum computer, ibm_ oslo. Running time in system was 13.8 s.
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Fig. 12. QST design of the two-qubit DB gate. State preparation circuit (a) appended for the nine QST circuits,(b). Followed by measurements of all qubits in the Pauli bases
{(XX. XY, XZYX.YY,YZ,ZX,ZY,ZZ}, (c).

quantum computer. In each environment, the QPT experiments were
repeated 4,000 times. We use the results to construct the Choi matrices
for the DB gate. Calculating the process fidelity (0 < 7, < 1) of noisy
quantum channels [76] demonstrates quantitative comparison, which

indicates how close the measured Choi matrices are to theoretical
expectations (ideal process). Fig. 9 depicts the real and imaginary parts
of the Choi matrices, as well as the process fidelities corresponding to
the QPT experimental realizations in the three environments.
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QST experiments.
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Table 4

Results in Physics 56 (2024) 107236

The experimental system characteristics during performing the experimental implementation of DB gate for 4,096 shots on the ibm oslo. The

running time on the system was 5.1 s.

qli] T1 (ps) T2 (ps) /2 (GHz) r/2x (GHz) &(R) ¢ (%) n (%) 5 (ns)
q[0] 186.0054 70.66683 4.925055 —0.344396 0.009900 0.0124 0.007399 910.2222
ql1] 178.4910 31.15843 5.046440 —0.342862 0.014199 0.0138 0.014599 910.2222
q[2] 112.3796 30.41982 4.962016 —0.343890 0.008399 0.0094 0.007400 910.2222
q[3] 79.67078 39.87324 5.108289 —0.341193 0.016100 0.0156 0.016599 910.2222
ql4] 140.1864 200.5518 5.011118 —0.342900 0.024100 0.0246 0.023599 910.2222
q[5] 118.8671 34.66211 5.173375 —0.342940 0.009600 0.0096 0.009000 910.2222
q[6] 139.6641 207.2135 5.319373 —0.337626 0.025500 0.0220 0.029000 910.2222

Table 5

The experimental system parameters that used during running the QST experiments of the DB gate, by the IBM quantum computer, ibm_oslo.
qli] T1 (ps) T2 (ps) /2x (GHz) y/2z (GHz) E(R) ¢ (%) n (%) 5 (ns)
q[0] 84.79215 108.2099 4.925052 —0.344395 0.008099 0.00840 0.007800 910.2222
ql1] 133.5468 34.16858 5.046449 —0.342862 0.012599 0.01400 0.011199 910.2222
q[2] 112.2141 30.62661 4.962017 —0.343890 0.009199 0.01120 0.007200 910.2222
q[3] 103.5158 45.19890 5.108277 -0.341193 0.014399 0.01480 0.014000 910.2222
ql4] 156.0072 157.7809 5.011111 —0.342900 0.024799 0.02559 0.024000 910.2222
q[5] 99.70150 32.20664 5.173382 —0.342940 0.010700 0.01180 0.009600 910.2222
q[6] 117.9182 168.9771 5.319378 -0.337626 0.026000 0.02480 0.027200 910.2222

We demonstrate a process fidelity of 0.8821327, 0.9707305 and
0.8069705 respectively corresponding to the QPT experiments for the
DB gate via; a noisy simulation, noise-free environment, and on the IBM
real machine ibm_oslo, as illustrated in Table 7.

Results obtained by repeating the quantum experiment for 4000
shots for each measurement basis on the ibm oslo, over all the 144
QPT circuits, that were executed in the QPT experiments for the two-
qubit DB gate, together with the final results for the 576 measurement
outcomes over all circuits are used to rebuild the Choi matrices, which
are presented in Figs. 9. Detailed device specifications of the ibm oslo
and qubit parameters that used during performing the QPT experi-
ments are presented in Table 6. The median qubit frequency (w/27) is
5.046449 GHz, the median relaxation times T'1 and T2 are respectively
101.948 ps and 45.1989 ps. The median qubit anharmonicity (y/2x) is
—0.3429 GHz, whereas, the qubit readout assignment error (£(R)) has a
median of 1.2599 x 102, The qubit flip probabilities from |1) to [0) (¢)
and from |0) to |1) (1), have a median of 1.4 x 10~2 and 1.1199 x 1072,
respectively. With a readout length (§) of 910.2222 ns. Fig. 13 shows
parameters distribution and readout errors for each qubit across the
ibm_oslo quantum computer, as well as the processor performance while
executing the QPT experiments.

QST experiments

A procedure for extracting a description of a system’s quantum
state from a sequence of quantum experiments is known as quantum
state tomography. The approach for QST is to perform a series of
repeated measurements, aiming to reconstruct or approximate the den-
sity matrix p that describes the state of an open quantum system. In
doing so, a state preparation circuit must be appended to a series of
measurements, with respect to different operators. The measurement
data are then used to rebuild or approximate the state. A number of
methods for reconstructing a valid description of the density matrix of
the actual state obtained in the system from measured data have been
proposed [88-92].

Here, we design and perform QST experiments for the two-qubit
entangling gate. Quantum experiments are carried out in three envi-
ronments: noisy, gasm simulator, and on a real IBM quantum computer.
The gasm simulator was designed to simulate quantum circuits, both
with and without noise. The gasm simulator supports various simulation
techniques, and each simulation technique has configurable settings,
according to the circuits, and noise model. Although the gasm_simulator
mimics a flawless (ideal) quantum computer, it can also be configured
to mimic a real noisy quantum computer. The gasm simulator was set
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up to simulate the perfect quantum computer while executing our
experiments.

In contrast, noisy simulations were employed to compare with
actual quantum systems. We used the 27-qubit IBM noisy simulator, as
shown in Fig. 6, which includes effects caused by decoherence from
past experimental implementations. The noise backends are built to
mimic the behaviors of real IBM quantum architectures by utilizing
noise models developed from system snapshots, collected from previous
quantum experiments. Important information about the quantum sys-
tem are stored in system snapshots, such as qubit properties, relaxation
times (T1 and T2), coupling maps, and error rates. This data is useful
for executing noisy simulations of the actual quantum systems. Readers
are directed to [3,93] for more information on the gasm simulator’s
functionality as well as the IBM’s backends.

In these experimental setups, we add measurements of all qubits
in the X, Y, and Z Pauli bases, for the DB gate’s appended state
preparation circuit (shown in Fig. 12). As a result, nine measurement
circuits must be executed for the two qubit DB gate. And the final
result for all 36 measurement outcomes provides a tomographically
overcomplete basis, allowing us to reconstruct the quantum state. This
data is used to rebuild density matrices for DB gate, as shown in Fig. 10.
This figure depicts the real- and imaginary- parts of the reconstructed
density matrices obtained by running QST experiments for 4,000 shots
on each measurement basis. Fig. 11 presents results from repeating the
quantum experiment for 4,000 shots for each measurement basis on the
ibm_oslo, with measurements across all the nine QST circuits that were
executed during the tomography experiments for DB gate; and the final
results for the 36 measurement outcomes across all circuits. The state
fidelity for two input states (density matrices) is given by

2
Fy(Pideals Pexp.) = (T’ [ V Pideal Pexp. \//’ideal]) ,

where pjgeq1 and p,,, are theoretical and experimental density matrices,
respectively. The state fidelities Fg corresponding to the QST experi-
ments for DB gate; with noiseless environment, noisy, and on the IBM
real machine ibm oslo, are 0.99269, 0.69365 and 0.88587 respectively,
as summarized in Table 7. Table 5 displays the system experimental
parameters used while running the QST experiment of the DB gate on
IBM’s quantum processor, ibm oslo.

The median qubit frequency (w/2x) is 5.046449 GHz, the median
relaxation times 7’1 and T2 are respectively 112.2141 ps and 45.1989 ps.
The median qubit anharmonicity (y/2x) is —0.3429 GHz, whereas, the
qubit readout assignment error (£(R)) has a median of 1.2599x1072. The
qubit flip probabilities from |1) to |0) (¢) and from |0) to |1) (), have
a median of 1.4 x 1072 and 1.1199 x 1072, respectively. With a readout
length (8) of 910.2222 ns.

)
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Table 6

Results in Physics 56 (2024) 107236

The experimental system parameters that used during running the QPT experiments (the 144 QPT circuits) of DB gate, by the IBM quantum

computer, ibm_oslo.

qli] T1 (ps) T2 (ps) w/2x (GHz) v/2x (GHz) &(R) ¢ (%) n (%) & (ns)

q[0] 119.1475 108.2099 4.925052 —0.344395 0.008099 0.00840 0.007800 910.2222
ql1] 101.2761 34.16858 5.046449 —0.342862 0.012599 0.01400 0.011199 910.2222
q(2] 94.45657 30.62661 4.962017 —0.343890 0.009199 0.01120 0.007200 910.2222
q[3] 101.9480 45.19890 5.108277 —0.341193 0.014399 0.01480 0.014000 910.2222
ql4] 132.5345 157.7809 5.011111 —0.342900 0.024799 0.02559 0.024000 910.2222
q[5] 94.12509 32.20664 5.173382 —0.342940 0.010700 0.01180 0.009600 910.2222
q[6] 136.7163 168.9771 5.319378 —0.337626 0.026000 0.02480 0.027200 910.2222

Table 7

Comparable fidelities (the state Fg, and the process F, fidelities) demonstrated from running both QPT and
QST experiments of the two-qubit entangling gate DB in different settings.

Quantum process tomography

Quantum state tomography

Gate Fidelity ~ F, (noiseless) F,* (noisy)

F, (IBM)

Fg(noiseless)  Fg (noisy)  Fg (IBM)"

Value 0.97073 0.88213

0.80697

0.99269 0.69365 0.88587

2 The process fidelity from running QPT experiments with noise.
b The state fidelity from running QPT experiments on the real quantum computer, ibm_oslo.

Fig. 13 shows the parameter distribution and readout errors for each
qubit over the ibm oslo quantum computer, in addition to the hardware
performance while running the QST experiments. Comparable fidelities
from running these quantum experiments in different settings (noise
free, noisy and on a real quantum machine) are summarized in Table 7.

Conclusion

The presence of entangled states is essential to completely harness
the power of quantum computation and quantum information process-
ing. At the absence of such states, quantum computers cannot surpass
the computational power of its classical counterparts. Although noisy
intermediate-scale quantum computers (NISQ) have demonstrated su-
perior performance in handling complex tasks compared to conven-
tional computing schemes, the errors associated with two-qubit entan-
gling gates are still a significant impediment to reaping the benefits of
today’s superconducting quantum computers.

In this paper, we presented a scheme to implement a natural two-
qubit entangling gate, known as DB gate. Furthermore, we present and
analyze an additional two-qubit quantum gate (5,, /5)- The 05, /5 gate
demonstrates an average gate fidelity of 0.85450. These implementa-
tions are based on the system joining two superconducting Josephson
phase qubits coupled to capacitance. The DB gate is of particular im-
portance, as it belongs to the canonical family, compared to the CNOT
gate, the DB gate has a shorter pulse sequence, which is important for
performing as many gate operations as possible before coherence is
lost. Furthermore, we have investigated the challenges posed by errors
in two-qubit entangling gate (DB) on NISQ devices, which have the
potential to perform complex tasks more effectively than conventional
computing schemes. We have analyzed an actual implementation of
the two-qubit entangling DB gate, which can be implemented on a
transmon-based superconducting qubit quantum computer.

To evaluate the performance of the DB gate, we have conducted
quantum process tomography (QPT) and quantum state tomography
(QST) experiments in three different environments: noiseless, noisy,
and on IBM’s real quantum computer. We have obtained results by
repeating the quantum experiment for 4,000 shots for each measure-
ment basis on the ibm_oslo machine, over all the 144 QPT circuits that
were executed for the two-qubit DB gate. The final results for the 576
measurement outcomes over all circuits are used to rebuild the Choi
matrices, which are then compared with the ideal expectations.

Our results demonstrate comparable fidelities from theoretical pre-
dictions and experimental settings, providing insights into implemen-
tations accuracy, measurement errors, and noise properties of the DB
gate. Specifically, we have achieved a process fidelity of 0.8821327,

11

0.9707305 and 0.8069705 for the QPT experiments for the DB gate via
a noisy simulation, noise-free environment, and on the IBM real ma-
chine ibm_oslo, respectively. The running time on the ibm_oslo quantum
computer was 2 m and 43.5 s. Additionally, we have performed the
QST experiments for 4,000 times in each setting, and obtained a state
fidelity of 0.69365, 0.99269 and 0.88587, respectively. The running
time on the ibm oslo machine was 13.8 s. This study provides impor-
tant insights into the performance of the DB gate on a NISQ device
and demonstrate the potential of the two-qubit entangling gate for
performing complex algorithms and operations on a genuine quantum
computer.
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