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ABSTRACT Noisy and intermediate-scale quantum (NISQ) processors are sensitive to noise, prone to
quantum decoherence, and are not yet capable of continuous quantum error correction for fault-tolerant
quantum computation. Hence, quantum algorithms designed in the prefault-tolerant era cannot neglect the
noisy nature of the hardware, and investigating the relationship between quantum hardware performance and
the output of quantum algorithms is essential. In this work, we experimentally study how hardware-aware
variational quantum circuits on a superconducting quantum processing unit can model distributions relevant
to specific use-case applications for credit risk analysis, e.g., standard Gaussian distributions for latent
factor loading in the Gaussian Conditional-Independence model. We use a transpilation technique tailored
to the specific quantum hardware topology, which minimizes gate depth and connectivity violations, and
we calibrate the gate rotations of the circuit to achieve an optimized output from quantum algorithms.
Our results demonstrate the viability of quantum adaptation on a small-scale, proof-of-concept model
inspired by financial applications and offer a good starting point for understanding the practical use of NISQ
devices.

INDEX TERMS Experimental quantum computing, quantum circuit transpilation, quantum finance, Super-
conducting quantum hardware.

I. INTRODUCTION

Quantum computing has been promised as a reliable solution
for use cases that are inefficiently addressed by standard clas-
sical computing. Among them, financial applications have
attracted considerable attention lately. In the credit risk anal-
ysis (CRA) domain, quantum strategies [1], [2], [3] for com-
puting quantities related to the estimation of economic cap-
ital, such as the value at risk (VaR) and the conditional
VaR (CVaR), rely on quantum amplitude estimation (QAE).
This technique promises a theoretical quadratic speed-up
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with respect to its classical counterpart, the Monte Carlo
simulation approach [4]. However, the reduced number of
addressable qubits and the relatively high level of gate errors
and decoherence in state-of-the-art quantum processing units
(QPUs) represent a technological challenge to overcome for
the demonstration of quantum algorithms, at least as proof of
concepts [5]. Nevertheless, great advances in hardware per-
formance enable us to explore several use cases with remark-
able results already in the noisy and intermediate-scale quan-
tum (NISQ) era [5]. Especially relevant in this framework
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are superconducting QPUs (sQPUs), which have attracted
noticeable interest worldwide for their remarkable circuit
analogies with CMOS-based classical processors, sharing
similar historical bottlenecks, advantages, limitations, per-
spectives, and compatibilities with state-of-the-art classi-
cal computing techniques [6]. Remarkably, superconducting
technology provides extensive engineering freedom, which
allows for an enriching day-by-day pool of applications in
the quantum technologies realm [7], [8] and a strong va-
riety of hardware platforms for quantum computing, each
designed to tackle specific limitations of current quantum
circuit designs [9]. sQPUs leverage the use of Josephson
junctions to artificially engineer macroscopic artificial atoms
in a way that allows easy preparation, manipulation, and
readout of quantum states with an increasing level of com-
plexity [10], [11], [12], and eventually exploit the fundamen-
tal computational resources of quantum computing: super-
position and entanglement. Most importantly, the practical
interface between sQPUs and classical computing platforms,
e.g., cloud computing and high-performance computing, has
provoked a strong speed-up and quantum awareness in the
field of quantum algorithms [13], [14]. Although pushing co-
herence times well above current limits and inventing smart
ways to overcome gate and decoherence errors [15], [16],
[17] is probably the most sound solution to reach the fault-
tolerant quantum (FTQ) regime [18], it is still worth system-
atically and coherently investigating the possible outcomes
achievable in NISQ devices.

In this work, we exploit a transmon-based sQPU, the
core of the Italian superconducting quantum computing cen-
ter Partenope, conceived to experimentally address quan-
tum algorithms directly at the hardware (or pulse) level. We
report here the first experimental investigation and imple-
mentation of one subcircuit in the QAE-based CRA algo-
rithm on this quantum machine. In this quantum procedure,
the first part of the Grover operator’s state preparation is
dedicated to loading an uncertainty model that represents
the probability of default (PD) of the counterparties under
analysis. To perform preliminary experiments on quantum
hardware, we decided to focus on this component since it
remains unchanged when estimating both the VaR and the
CVaR through repeated applications of the Grover operator.
Moreover, the construction of the uncertainty model requires
the loading of standard normal distributions N(0, 1), with a
mean equal to 0 and a standard deviation of 1, a task that
is also reusable for other quantum finance use cases, such
as option pricing [19], [20], [21], [22]. Concerning the ex-
ecution of the uncertainty model, the transpilation, i.e., the
process of converting a quantum circuit from one represen-
tation to another (often to optimize it for a specific quantum
hardware platform) plays a key role, especially in the NISQ
era and in QPUs characterized by limited connectivity (as the
sQPU analyzed in this work). Akin to compilation in classi-
cal computing, transpilation adapts quantum circuits for the
unique characteristics and limitations of different quantum
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computers instead of transforming code for different proces-
sors. Although in the long-term quantum computing should
be hardware agnostic, it is still not the case for NISQ devices.
This work, in fact, aims to bridge a fundamental gap be-
tween quantum algorithm specialists and quantum hardware
engineers, discussing in detail at the machine level the role
of 1) hardware circuit parameters; 2) qubit connectivity; 3)
hardware performance; and 4) electronics implementation of
quantum logic gates on the actual output of a quantum algo-
rithm, and the transpilation process that allows optimizing
the outcome of a quantum circuit.

The rest of this article is organized as follows. Section II
defines how the uncertainty model is mapped to a quantum
circuit. We present the scalable, parameterized circuit for
a single-counterparty model, whose PD is influenced by a
single risk-factor, and describe how each component of the
circuit was developed. Section III details the hardware we
used for the executions—qubit topology and gate fidelities—
and shows the transpiled circuit that reflects the device’s
coupling map, which differs from the idealized layout. This
allows us to detail the connection between the simulated
transpilation of the quantum circuits and the effective tran-
spilation required by the machine to achieve optimal results.
Section IV presents results and a comparison of the quan-
tum implementation with a classical baseline for the same
model. In Section V, we discuss on the scientific significance
of this work and main advantages. Finally, Section VI con-
cludes this article and discusses the limitations and future
perspectives.

Il. METHODS

A. CONTEXT OF CREDIT RISK ANALYSIS AND GAUSSIAN
CONDITIONAL INDEPENDENCE MODEL

CRA quantifies the likelihood and impact of borrower de-
fault at both single-exposure and portfolio levels. The core
ingredients are the PD and the loss given default (LGD),
which combine to determine expected and tail losses over a
horizon. Since debtors are not independent, portfolio models
introduce latent risk factors to capture dependence (e.g., one-
factor Vasicek or multifactor structures, often paired with
copulas for joint tails). The accurate simulation of correlated
default scenarios and loss distributions is fundamental for
practical tasks, e.g., pricing and capital allocation, as well as
Basel stress testing. The principal computational bottleneck
is the generation of high-fidelity samples from these corre-
lated models and the evaluation of portfolio losses across
many scenarios.

These requirements naturally favor latent-factor formu-
lations that balance realism with tractability. The Gaussian
conditional-independence (GCI) uncertainty model [23] pro-
vides an analytically convenient link from shared risk factors
to debtor-level default probabilities and is widely used as a
classical baseline [24], [25]. Classically, GCI posits that the
debtor-level conditional default probabilities are conditioned
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on one (or several) latent normal risk factor(s) z as

() — Vmkz
V1= pi

where & is the standard normal cumulative distribution func-
tion (CDF), and pg and py are, respectively, the baseline
default level and the correlation of the kth debtor (asset).
For the quantum mapping of this uncertainty model, we
define the conditional default probability PDy(z) as the
probability of measuring the state |1) on a target qubit

PDi(z) = P; = sin®(oz + Be) - )

PDy(z) = d)( ey

Here, the parameters o and S are obtained by represent-
ing the classical conditional default probability function in
a linear form within the latent factor z, such that the cor-
responding quantum rotation angle depends affinely on z
with a slope o and an offset f. Such parameters have been
computed analytically, and a detailed explanation on the cal-
culation is available in Supplementary Material [Formula (5)
for By and (6) for o of Supplementary Material]. In this
way, conditional default mechanisms can be implemented by
parameterizing single-qubit rotations of the type

Ry (2(axz + Br)) 3)

so that the amplitude of |1) encodes the desired conditional
default probability.

In the circuit, the latent factor z is represented by an n-qubit
register, whose computational basis states encode a discrete
set of latent factor values. Absorbing these discrete values
into effective linear parameters with slope @ and offset fy,
the gate implemented on the target qubit can be written
compactly as

Ry (2(5% Zeode + Bk)) “)

where Z.o4e denotes the integer value encoded by the n-qubit
z-register and controls the rotation angle, thereby encod-
ing the conditional default probabilities PDy(z) across the
encoded configurations (see Supplementary Material for
further details).

This setting is typical of a single risk factor model, but in
general the modeling requests the encoding of more of them.
The total number of qubits required for encoding the GCI
model is, in fact, determined by two contributions: 1) the
encoding of assets default event and 2) the representation of
the risk factors. In the present setting, each asset default event
is encoded with one qubit, so the number of qubits related to
this purpose scales linearly with the number of assets in the
portfolio. In addition, each risk factor requires a dedicated
register to load its corresponding normal distribution. The
size of this register depends on the chosen discretization,
which plays a crucial role in the accuracy of the model:
allocating more qubits to a risk-factor register allows for a
finer discretization, and therefore for a larger number of bins
to represent the corresponding distribution. As a result, the
total qubit cost depends not only on the number of assets and
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FIGURE 1. Quantum circuit for the target GCI model with one asset and
one risk factor. The green box underlines the Gaussian loading subcircuit.

[

risk factors but also on the level of discretization used for
each risk factor, as

Nrisk

Nqubits = Nassets + Z ng (5
k=1

where Nygeers 18 the number of qubits used to encode the
assets, Vg is the number of risk factors, and ny is the number
of qubits in the register used to discretize the kth risk factor.
In this work, we focused on a scenario involving one asset
and one latent factor employing three qubits: gg and g; form
the z-register (n = 2) that prepares a discrete normal distri-
bution over the latent factor z, while g is the asset qubit that
encodes the conditional default probability. As an example,
scaling the model to two assets and two risk factors requires
at least 6 qubits. Two qubits are used to represent the assets
default event, while each risk factor is encoded with n; = 2
qubits, allowing every discretized normal distribution to be
represented with 2"%* = 4 bins.

In real credit-risk applications, portfolio size can range
from hundreds to many thousands of exposures, while the
number of systematic risk factors depends on the modeling
framework. This shows directly that moving from toy mod-
els to real business cases can quickly increase the hardware
requirements. For example, a portfolio with 1000 assets al-
ready requires 1000 qubits for the assets’ default encoding
alone, and adding ten risk factors, discretized with 6 qubits
each, increases the total to 1060 qubits.

In the one-risk-factor/one-asset scenario, the loading of
the latent factor uses two single-qubit R, rotations followed
by a CNOT( | entangler, shaping the two-qubit amplitudes to
approximate a Gaussian over the (qq, g1 ) register (the green
square in Fig. 1). The state of the asset (default) qubit g, can
be prepared via controlled Ry rotations conditioned on g¢ and
q1, such that the effective rotation angle, and consequently
the probability of measuring |1) on g, depends on the en-
coded value of the normal factor. This realizes the conditional
map PD(z) = sinz(az + B), linking the risk factor to the as-
set’s default probability within a shallow, hardware-efficient
circuit.

B. VARIATIONAL CIRCUIT FOR A NORMAL DISTRIBUTION
A crucial role in the CRA and GCI models is played by
the preparation of a discrete normal distribution over the
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FIGURE 2. Two-qubit quantum circuit for the Gaussian distribution
loading.

latent factor. In fact, the GCI quantum circuit in Fig. 1 in-
cludes a Gaussian loading subcircuit on a register of 2 qubits
(green box). The generalization to n qubits, spanning 2"
computational basis states, yields the requirement to prepare
a quantum state ¥ (#). According to [26],

21

W©®) = Y Vps(®)b) 6)
b=0

so that measuring in the computational basis returns the
bitstring b with a probability of p(8).

We first adopt a distribution-agnostic strategy: select a
hardware-efficient ansatz and train its parameters 6 so that
the model distribution p(@) matches a prescribed histogram

P= 1 (7
Given a discrepancy functional D(p(9) || p*), gradients are
estimated via the parameter—shift rule, and 0 is updated with
a stochastic optimizer, such as Adam [27], [28], [29], which
is preferable compared to other optimizers for variational
quantum algorithms [30], since it uses more direct and sta-
ble gradient-based updates, leading to faster and smoother
convergence when the optimization landscape is simple.

This recipe—compact ansatz, target histogram, shift-rule
gradients, and Adam updates—supports arbitrary discrete
distributions over the register.

As concrete instances, we synthesize discrete Gaussians
on two and three qubits.

Two Qubits: On the register (qo, q1 ), we use the hardware-
efficient ansatz: single-qubit R, rotations on each qubit fol-
lowed by one entangler CNOT)y ; (Fig. 2). Let @ collect all
rotation angles; the Born probabilities are

Po(8) = [{b | ¥(8))

Three Qubits: We extend the circuit to (qo, g1, q2) by
adding an R,(6») on ¢> and a second entangler CNOT >
(control gg) (Fig. 3). The output probabilities are

ps(®) = |(b ] ¥(0)],

Target and Training: For either n € {2, 3} qubits, we map
each basis index b to a grid point 2(b) € [—Zmax, Zmax] Via an
affine transform and define the target histogram of N'(u, o%)
as

2

be{0,1,2,3}. ®)

be{0,1,....7}. (9

(z(b) — w)?

o ) b=0,...,2"— 1. (10)
o

Pp X eXp<—
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FIGURE 3. Three-qubit quantum circuit for the Gaussian distribution
loading.

Parameters are learned by minimizing the distributional loss

21
LO) =" (ps(0) — p})° (1)
b=0
using parameter-shift gradients and Adam updates.

After convergence, the measured histograms for the two-
and three-qubit circuits closely match the target normal spec-
ified by (u, o), yielding shallow, hardware-efficient load-
ers suitable for subsequent calibration and hyperparameter
tuning on the sQPU.

C. HARDWARE-LEVEL NORMAL DISTRIBUTION
PREPARATION: TWO AND THREE QUBITS

Starting with a two-qubit system, we study how the
gates affect the probability amplitudes of the basis
{100), 101), [10), |11)}. The single-qubit rotation

cos(0/2) —sin(@ /2)]

sin(6/2) (12)

Ry(©9) = |: cos(0/2)

acts on each qubit. From the initial state |00), whose ampli-
tude vectoris [1, 0,0, 0], we obtain

100) 1 cos(6p,2) cos(01/2)
|01) 0| Ry(Bp)®Ry(®)) cos(6p/2) sin(0;/2)
[10) 0 sin(0y/2) cos(01/2)
[11) 0 sin(6y/2) sin(6;/2)

Applying a cNOT with control gg and target g; yields

cos(6p/2) cos(61/2)
cos(0y/2) sin(61/2)
sin(6y/2) sin(0; /2)
sin(6y/2) cos(01/2)

13)

i.e., the amplitudes of |10) and |11) are swapped. Conse-
quently, the output probabilities depend on the choices of 6
and 0.

For a symmetric, bell-shaped target (e.g., a discrete
Gaussian), we require

Pooy = P11y Po1y = Poy, Pooy, 111y < Plo1y,j10)-
From (13), these symmetries are satisfied when
2 1
60 = j:( no + 1w
2
2 1
0, = 2n + Wno, noeN (14)
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and the “central-mass” condition Py 11y < Po1),[10) further
imposes

cos(01/2)<sin(0,/2) <— n/2<6,<37/2 (mod2m).
(15)

By taking the software-optimized loader as our baseline, we
can then fix 6y as the reference angle and tune 0; to match
the characteristics of the quantum hardware at hand. The
output profile is uniform when 6; = {7 /2, 57 /2, ...}, while
to obtain a Gaussian-like shape, one can choose 6; so that
COS(91 /2) < sin(91/2), which yields P|00H11) < P|01),\10)'

Extension to Three Qubits: We now scale to a three-
qubit register with basis {|000), |001), |010), |011), [100),
[101), |110), |111)}. Starting from the two-qubit output (with
0y = m/2) and adding an Ry (6,) on g, then a second entan-
gler CNOT)j > (control go, target g2), the amplitude trajectory
reads

[cos(6/2) ] [ cos(6;/2) cos(6,/2) |
0 cos(01/2)sin(6,/2)
sin(0/2) sin(61/2) cos(62/2)
L 0 Ry ) L sin(6;/2) sin(6,/2)
2 | sin(81/2) V2 | sin(81/2) cos(6,/2)
0 sin(0;/2) sin(6,/2)
cos(601/2) cos(01/2)cos(6,/2)
L 0 i | cos(01/2) sin(62/2) |
[ cos(6;/2) cos(62/2) |
cos(01/2)sin(6,/2)
sin(01/2) cos(62/2)
CNOT( 5 1 sin(01/2) sin(6,/2)
%
V2 | sin(8;/2)sin(6,/2)
sin(#;/2) cos(6,/2)
cos(01/2)sin(6,/2)
_cos(91/2) 005(92/2)_

The combined action of CNOTy ; and CNOT) » (control gg
in both cases) swaps the pairs [100) <> |101) and |110) <>
[111). Under the same symmetry conditions on 6y and 6; as
above, a symmetric three-qubit profile requires

Pioooy = Piiny Pooty = Piioy Poioy = Pliony
and
Po11y = Ppiooy
which is obtained when
) =2mny, 6, ny € N. (16)

To enforce a central tendency (highest mass near |000) and
[111)) with strictly decreasing “rings”,

Poooy, 1111y < Poo1y,j110y < Po1oy,j101y < Poti1),1100)
one further selects 6, so that cos(6,/2) < sin(6»/2), i.e.,
/2 <6, <5m/2 (mod4r). (17)
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FIGURE 4. Schematics of the processor, with focus on three-qubit
register A6, D3, and C4. The processor has four feedlines for multiplexed
readout: feedline A (light green), coupled to 6 qubits, and feedlines B
(pink), C (indigo), and D (purple), each coupled to 5 qubits. (Green)
Low-frequency qubits . (Blue) Mid-frequency qubits . (Red)
High-frequency qubits . (Yellow) Isolated qubits. (White) White color
identifies Qubits that are not operational.

These analytic angle relations provide hardware-level guid-
ance for shaping symmetric, bell-like histograms with shal-
low entangling patterns on today’s sQPUs. In fact, rotation
angles in sQPUs can be controlled by adjusting the ampli-
tude and the shape of microwave pulses at room temperature
with a dedicated FPGA-based electronics [31]. As we will
show in Section IV, a variational optimization of such elec-
trical parameters allows for a hardware-aware hypertuning
of rotation angles, first optimized classically through quan-
tum circuit simulations. This method eventually counteracts
for systematic errors arising at the electronics level, such as
amplitude and phase-errors, and automatically takes into ac-
count the intrinsic noisy nature of current NISQ processors,
as well as the electrodynamics of different qubits in the same
processor. Therefore, in Section IV, we examine how sQPU
connectivity and circuit choices (e.g., entangler placement
and single-qubit rotation settings) affect the quality of the
prepared distribution.

1Il. HARDWARE DESCRIPTION

The sQPU used in this work is a Contralto-D from Quantware
(Fig. 4), composed of 17 operational symmetric flux-tunable
transmons, connected in a rectangular 2-D matrix through
fixed high-frequency bus resonators.

Qubits are designed to fall into three frequency band-
widths: 1) high-frequency qubits have frequencies of the
order of 6 GHz (in red); 2) medium-frequency qubits have
frequencies of the order of 5 GHz (in cyan); and 3) low-
frequency qubits lie in a frequency range of the order of
4 GHz (in green). All the qubits are equipped with a dedi-
cated superconducting readout resonator, equally distributed
over four readout feedlines, thereby guaranteeing multi-
plexed readout. They also use dedicated drive and flux lines
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TABLE 1. Contralto-D QPU Specifications for A6, D3, C4 Qubits: Coherence Times (T; - Relaxation Time, T’ - Ramsey Coherence Time, T - Hahn-Echo
Coherence Time, With Errors Provided by 100 Repeated Experiments), Average Single-Qubit Gate (F.,;) and Readout (Fro) Fidelities, and Two-Qubit CZ

Interleaved Average Gate Fidelity Fc; for the Pairs

Ty (us) | T3 (ps) | Top (us) Favg (%) Fro (%) Foz (%)
A6 43+ 1 3743 40+ 1 99.855 +0.005 | 0.95 £0.01
C4 38+t 1 20+ 1 42 +4 99.924 4+ 0.002 | 0.95 £ 0.01
D3 3241 20+ 6 37+6 99.91 £+ 0.01 0.94 + 0.01
A6-D3 99.7+0.2
D3-C4 99.05 £ 0.07

In green low frequency band qubits, in blue mid frequency band qubits and in red high frequency band qubits.

to implement single-qubit X-Y-gates and Z-gates, as well
as the native two-qubit gate of the sQPU, the Conditional-Z
(CZ) gate, which we implement by using sudden-net-zero
flux pulses on the highest frequency qubit in a pair [32]. Flux
lines also allow for parking the qubits at specific working
points by using static magnetic flux. In this work, we have
focused on qubits C4, D3, and A6 (low-, medium-, and high-
frequency qubits, respectively), which have been operated at
their flux sweet-spots. The remaining qubits of the matrix
have been operated at their antisweet spot, i.e., nominally at
zero frequency, to limit the effect of frequency crowding and
qubit crosstalk.

The sQPU is installed at the coldest stage of a Bluefors
XLD1000SL, equipped with cryogenic attenuated drive and
read-in lines, superconducting cryogenic coaxial flux lines,
and read-out lines with high-electron mobility transistors
amplifiers, anchored at the 4 K plate of the cryostat, and a
double junction isolator at the MXC. Additional detail on
the cryogenic experimental setup is reported in [33, Sup-
plementary Material]. At room temperature, the sQPU inter-
faces with a host PC through LAN connections via a Qblox
cluster, equipped with FPGA-based modules for control,
read-out, and flux pulsing of qubits. Static flux-pulses for
qubits parking are delivered by low-noise DC electronics,
the stable power and interface (SPI) rack, and combined
with flux-pulsed signals from the cluster using bias-tees at
room temperature. The Qblox electronics can be controlled
by a Python-based framework, Quantify [34], which allows
us to design experimental schedules to run quantum circuits
of varying complexity, control every physical quantity of
X, Y, Z, and decompose the required two-qubit CNOT gate
in terms of the native cz gate directly at the pulse-level.
Specifically, in this sQPU, X- and Y-gates are implemented
using derivative reduction adiabatic gate (DRAG) microwave
pulses of 60 ns: rotation angles are set by changing the am-
plitude of such pulses, by using as an input the rotation angle
in degree directly dependent on the amplitude value, while
the rotation axis is selected by changing the phase of the
microwave signals (again, setting an angle in degree, directly
connected to the amount of phase-delay in the microwave
signal). Microwave pulses are also used to excite the dedi-
cated superconducting resonators, and readout is performed
by digitizing the output signal through the readout modules.
Meanwhile, Z single-qubit gates are virtually implemented

3103316

by phase updates of the control signal [35], [36]. All other
single-qubit rotations are generally decomposed in terms of
the X-, Y-, and Z-rotations. For additional details see [10].

In Table 1, we report on the coherence times, gate, and
read-out fidelities of the investigated qubits, acquired right
before the experiments to have available benchmarking co-
herence and fidelity parameters of the NISQ machine. This
comes in handy when we want to investigate any rela-
tion between a quantum algorithm output and the noise
of the NISQ processor [33]. Additional details on calibra-
tion procedures and the gate and readout fidelities, as well
as the assignment calibration matrices for the experiments
reported in this work, are collected in the Supplementary
Material.

IV. RESULTS

A. TWO-QUBIT NORMAL DISTRIBUTION ENCODING AND
LOADING

The first experimental investigation involved the D3—C4 pair,
and the goal was to identify the best 6y, #; angles combi-
nation to achieve a two-qubit standard normal distribution.
By preparing the two-qubit system in the |00) state, we first
applied an Ry, gate on D3 with fixed 6p = 90° and 0; = 111°,
obtained through the target and training procedure and the
Adam optimization discussed in Section II-B. The experi-
mental result on the quantum machine is reported in Table 2.
With the goal of experimentally assessing at the hardware
level the effect of the rotation angle on the probability dis-
tribution shape, we swept the angle 6; for the R, gate on
C4 in the range [90°, 450°] with a step of 21°. To provide
a comparison with the initial experiment, in Table 2 we
collect some of the acquired output distributions to show
that they exhibit a periodic trend: for 90° < 6; < 270°, the
probability amplitude distributions show a positive concave
shape; for 270° < 6; < 450°, the concavity inverts, while
for 6 around 90°, 270°, and 450°, the distribution becomes
uniform. The experimental probability amplitudes for the
two-qubit basis states as a function of all the angles 6; are
also reported in Fig. 5, showing a reasonable agreement with
the theoretical expectation. This first screening allowed us
to identify a promising region with a positive concave shape
and probabilities compatible with the simulated output. We
repeated the experiment by thickening the step to 1° between
these angles to find the optimal 6, which resulted in 6; =
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TABLE 2. Two-Qubit Circuit Output on D3-C4 Register as a Function of ¢; and Fixed 6, = 90°

0,=90°

90°

279°

For 6, € {90°,270°} probability amplitudes feature a Gaussian-like shape, while for 6; € {270°,450°} the concavity is inverted.

Probability amplitudes vs 67

— P‘go) — P|11) —— model P|00) &P‘u)
—— Poyy —*— Ppoy —— model Pjo1) & Pj10)

I
i

Probability amplitude
o o
N W

o
—

o
o

61 [°]

FIGURE 5. Comparison between probability amplitudes of
100), |01), [10), | 11) states and theoretical model as a function of
0, € {90°, 450°) and fixed 6, = 90°.

237° [Fig. 6(a)]. Similar experiments were also performed
by preparing |11) as the initial state, which can be found in
the Supplementary Material.

As one can notice, the quantum circuit output can reveal
fluctuations that may make the output distribution slightly
asymmetric. This can be accounted for state preparation and
measurement (SPAM) errors in an NISQ sQPU. Therefore,
we have investigated such an error by performing a statistical
analysis of 100 measurements for the optimal set of angles.
This provided us with a way to estimate the error bars on the
quantum circuit output in terms of the population states. In
detail, we assumed the deviation from the symmetric case,
i.e., Pooy = P11y and Po1y = Pj1gy, s0 APoy, 1) = Plooy —
P|11) and AP\OI),llO) = P‘()l) - P|10>. The detailed analysis for
one example output distribution can be found in the Supple-
mentary Material.

Finally, to investigate the role of hardware connectivity in
this quantum algorithm, we performed the same experiments
on the pair D3 and A6, with A6 (the highest-frequency qubit
in the pair) as the target qubit. As discussed in the Supple-
mentary Material, to optimize the performance of the cNOT
gate between D3 and A6 when A6 is both the flux-tuned
qubit and the target one in the register, a counter phase Z-gate
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FIGURE 6. Two-qubit Gaussian distribution at the optimal 6, and ¢,
angle and corresponding Gaussian fit for two different pairs. In (a),
experimental results for pair D3-C4. In (b), experimental results for pair
D3—A6. In green, the standard normal distribution is plotted for
comparison.

has been included in the cNOT decomposition to address
depolarizing errors due to single-qubit phase-accumulation.
The Gaussian distribution, obtained for an optimal angle
0, = 224° [Fig. 6(b)], differs from that obtained for D3-C4,
and is more consistent with a standard normal distribution
(highlighted in green). This result suggests that not only is
it fundamental to optimize rotation angles on the quantum
machine after prior optimization angles at the classical level
but also that the optimal rotation angles depend on the phys-
ical and hardware parameters of the particular pair of qubits
considered in the quantum register. This dependence cannot
be fully captured by offline hardware-agnostic optimization.
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FIGURE 7. Three-qubit Gaussian distribution for qubits D3-A6-C4.

B. THREE-QUBIT NORMAL DISTRIBUTION ENCODING
AND LOADING

For the three-qubit distribution sampling, we used the triplet
D3-A6-C4, where the implemented quantum circuit is
reported in Fig. 3. First, we fixed 6p = 90° of the R, gate on
D3 and changed 0; in the range [90°, 450°] with a step of 36°
for the Ry gate on A6, and 65 in the range [90°, 450°] for the
Ry, gate on C4. Again, the goal was to study the output distri-
butions as a function of the angles, also obtaining a transition
from positive to negative concavity, passing through a uni-
form output distribution (see the Supplementary Material).
Then, we adjusted the step on the angles in a range for which
the output distribution better satisfies the requirements of
a Gaussian-like output distribution, i.e., 100° < 6; < 250°
with a step of 7.5°, and 90° < 6, < 380° with a step of 14.5°.
The optimal angle combination for the D3—-A6—C4 register
is 6y = 90°, 0; = 212.5°, and 6, = 104.5° (Fig. 7). As for
the two-qubit case, we estimated errors for probability ampli-
tudes by performing a statistic of 100 measurements and by
computing the differences of amplitudes between symmetric
states.

The experimental evidence of our ability to fine-tune
the rotation angles for up to three qubits at a hardware
level to achieve a specific output distribution demonstrates
that the hardware and the experimental variational approach
used here promise the possibility to legitimately address a
more compelling quantum circuit such as the GCI quantum
circuit.

C. GCI QUANTUM CIRCUIT

Our hardware-tested GCI circuit instantiates the one-risk-
factor case for one asset [k = 1 in (1)]: alatent Z ~ N (0, 1)
perturbs the asset’s default probability around p(l) =0.25
with sensitivity p; = 0.027. The initial algorithm, intro-
duced and shown in Fig. 1, requires three qubits and com-
prises a 2-qubit Gaussian sampling algorithm (green box)
and one asset preparation and rotation gate, represented by a
third qubit. This quantum circuit includes a controlled-Y (CY
gate) that is prevented by the connectivity of the hardware.
We detail the steps performed to implement the proposed
quantum algorithm as follows.
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Step 1: We first transpiled the circuit using Qiskit’s preset
pass manager, configured for hardware-aware optimization
on the target backend. This pipeline performs comprehensive
algebraic and structural simplifications (e.g., commutation,
cancellation, and resynthesis) while respecting the backend’s
basis gates and coupling constraints. For both initial qubit
assignment and subsequent routing, we employed the
SABRE (SWAP-based bidirectional heuristic search algo-
rithm) [38], which prioritizes mappings that reduce SWAP
insertion and overall circuit depth on constrained topologies.
Gate translation utilized synthesis-based methods with an
approximation budget to allow slightly inexact unitary real-
izations in exchange for fewer two-qubit gates and shorter
depths, an advantageous tradeoff for NISQ hardware where
fidelity is limited by circuit length. The final GCI transpiled
quantum circuit is reported in Fig. 8.

Step 2: We implemented the transpiled quantum circuit.
Initially, the implementation of this quantum circuit on
the machine led to unsatisfactory results, with significant
deviations from the simulated output.

Step 3: We systematically simulated and experimentally
implemented on the machine the transpiled circuit layer-
by-layer. By systematically investigating the output of each
quantum subcircuit’s layer through both the Qiskit simulator
and the actual hardware, the output of the subcircuit in the
blue box of Fig. 8 results in a uniform three-qubit distribu-
tion. The investigation detailed in Section IV-B on the gen-
eration of a three-qubit normal distribution by exploiting the
quantum circuit in Fig. 3 allowed us not only to understand
for which rotation angles one can prepare a standard normal
three-qubit distribution but also to identify for which angles
we were able to implement a uniform three-qubit distribu-
tion. In fact, Fig. S12 of the Supplementary Material shows
that there are specific angles regions where a three-qubit
uniform distribution can be eventually recovered.

Step 4: We have opted for replacing the SABRE-based
transpiled subcircuit in the blue box with the one in Fig. 3,
achieving the configuration presented in Fig. 9. Here, the R,
rotation angles 6y and 6, (green box) control the shape of the
two-qubit distribution that represents the financial variable
z. This subcircuit must prepare a standard normal distribu-
tion, as previously discussed. As for the Ry rotation angle 65,
conditioned by the angles 61 and 6, it controls on one hand
the shape of the three-qubit uniform distribution that replaces
the SABRE-based transpiled subcircuit in the blue box of
Fig. 8. On the other hand, it controls the asset preparation,
and in part accounts for the transpiled realization, directly
at the hardware level, of the GCI quantum circuit, together
with the remaining R, rotation angles 63 and 604. In other
words, Ry (65), Ry (03), and Ry (64) are initially derived from
the offset and slope of the linearized PD in the noiseless
quantum circuit model by the Adam and SABRE optimizers,
but after transpilation and optimization, the circuit no longer
preserves a direct correspondence between these angles and
the original offset/slope parameters. Therefore, in the fi-
nal hardware-ready transpiled quantum circuit, they should
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FIGURE 8. Use-case GCI transpiled quantum circuit. In the blue square, the sub circuit provides an output equivalent to a three-qubit uniform
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FIGURE 9. Transpiled GCI model quantum circuit. The first cNor is here
decomposed in terms of Hadamard and cz gates, and includes a counter
phase Z gate with an angle of —135° to counteract cz depolarizing errors,
as discussed in Supplementary Material. The green box represents the
2-qubit normal distribution loading, while the blue box replaces the blue
one in Fig. 8.

be regarded as tunable hyperparameters whose values are
specific to the instance considered here.

Step 5: Having identified a reasonable transpilation of the
initial GCI quantum circuit directly at the hardware level, the
role of the rotation angles 6,, 63, and 64 changes. As tun-
able hyperparameters, we propose here to use the pulse-level
variational approach used for the optimization of the Gaus-
sian distribution, for the search of the optimal rotation angles
in the final hardware-ready transpilation of the GCI quantum
circuit.

Specifically, we exploited qubits D3 and A6 to load the
financial variable z as a standard normal distribution. We
recall that the optimal combination of rotation angles that
gives a standard normal distribution for this pair is 8y = 90°
on D3 and 0, = 224° on A6. C4 plays the role of the as-
set. Remarkably, the rotation angle 6>, combined with 6
on D3 and 0; on A6, allows to obtain the expected three-
qubit uniform distribution at the blue box subcircuit layer.
We performed experiments by changing 65 4 angles in the
interval [0°, 360°] to adapt the algorithm efficiency to the
hardware, while keeping the asset angle rotation 90° fixed
Ry(6>) (red square in Fig. 9). In Table 3, we collect the
experimental output of the GCI hardware-ready transpiled
quantum circuit in Fig. 9 as a function of the 65 4 rotation
angles.

As done for the two- and three-qubit distribution prepa-
rations, we here discuss on the dependence of the output
distributions on the varied angles. First of all, the experimen-
tal output resembles a bi-modal distribution in most cases.
Ry (63) (purple square in Fig. 9) affects the height of the left
or right Gaussian with a periodicity of 90°, while Ry (64)
(blue square in Fig. 9) acts on the single Gaussian symmetry,
with optimal behavior obtained for Ry(64) € [150°, 210°].
The profile that is most similar to the simulated output of the
quantum circuit transpiled using Qiskit’s preset pass manager
[Fig. 10(a)] is highlighted in green and obtained for 63 = 90°
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and 64 = 180°. As for the asset angle Ry(6;) (red square
in Fig. 9), in Table 2 of the Supplementary Material, we
show that it is the experimental parameter that controls the
symmetry between the two Gaussians at optimal {63, 04} =
{90°, 180°}.

Finally, to assess the impact of the quantum implemented
GCI on a relevant outcome for credit analysis we have used
these data to calculate classically the CDF as follows. The
preprocessing stage decomposes each measured bit string
into two logical components: 1) the leftmost bits encode
default indicators and 2) the rightmost bits represent the
latent variable Z. For every observed outcome with an as-
sociated probability, the rightmost bits are converted to an
integer index, allowing the marginal probability P(Z = z) to
be accumulated. The default bits determine which debtors
have defaulted; whenever a default bit is equal to one, the
corresponding probability contributes to the marginal default
probability, and the LGD value is added to the total loss for
that scenario. After iterating over all outcomes, the procedure
constructs 1) arrays of scenario losses and 2) their proba-
bilities, from which the expected loss is computed. Identi-
cal loss values are collapsed to form a discrete probability
density function (e.g., the PDF) and its CDF. In Fig. 10,
we compare the CDF for the simulated transpiled quantum
circuit with Qiskit’s preset pass manager (Fig. 8), the sim-
ulated hardware-ready transpiled quantum circuit (Fig. 9),
and the experimental implementation on the hardware of the
latter. The circuits’ outputs are reported in Fig. 10(a)—(c),
respectively.

The hardware-ready transpilation on the machine, af-
fected by a readout error of about ~ 5%, produces a CDF
[Fig. 10(c)] with a discrepancy of ~ 0.5%, with respect to
the simulation of the Transpiled circuit [Fig. 10(a)], indeed
showing a strong agreement with the expected CDF : P(L <
0) 2~ 0.75 and P(L < 1000) = 1.0. The main result is there-
fore not the recovery of the 95% VaR itself, since the VaR
is classically determined from the reference distribution, but
rather the fact that the quantum algorithm produces the same
distribution from which the VaR is obtained. Specifically, the
Hellinger fidelity [37] between the experimental distribution
[Fig. 10(c)] and the distribution simulated using the tran-
spiled quantum circuit in Fig. 8 [Fig. 10(a)] is Fy = (98.9 =
0.3)%. Therefore, the quantum and classical outputs leads
the same distributional description and, consequently, to the
same risk conclusion for this scenario. This confirms the
validity of our experimental approach, which relies entirely
on the performance of the available NISQ hardware, taken
into account through the variational hypertuning performed
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TABLE 3. GCl Circuit Outputs as a Function of 65 and ¢, At Fixed 6, = 90°
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In green, the use-case circuit output. In each plot is depicted the probability amplitude for each state in {|000), |001),]010),]011), |100),

[101),]110), [111)} basis of D3—A6-C4 three-qubit register.

directly on the machine. More generally, this result highlights
that transpilation, while effectively reassigning and recom-
bining unitary rotations to address connectivity constraints
and circuit depth, does not account for the sensitivity of an
NISQ device to specific noise sources, even though such
information is essential in the NISQ era.

V. DISCUSSION

The development of quantum algorithms for finance stems as
an impactful topic, which on one hand requires to design al-
gorithms that provide a measurable improvement compared
to their classical counterpart, and on the other there is a
strong requirement of compliance with current state-of-the-
art quantum hardware to experimentally demonstrate their
feasibility.

In our knowledge, one of the most common approach
in algorithm development implicitly rely on the fact that
quantum processors behave ideally without noise, or fault-
tolerantly [39]. Although there is a strong effort and interest
in achieving FTQ computing in the near term, with a sub-
stantial research on quantum error correction from both soft-
ware and hardware point of views [40], current NISQ quan-
tum processors are not yet capable of sustaining large-scale
problems.

The development of quantum algorithms in the NISQ-
era by noise-modeling current quantum machines [41], [42],
[43], promises to anticipate the outcome before running on
the real processor. In superconducting quantum processors,
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for example, one can mention bit-flip, phase-flip, and de-
coherence errors as the most important noise sources [44].
Although available circuit simulators include reasonable
noise-models for superconducting systems, these do not nec-
essarily apply to every quantum machine design, electrody-
namics, and circuital characteristics. In order to efficiently
develop quantum algorithms, it is still required a strong effort
to model most, if not all, noise sources of the device, since
they may not be limited to the ones aforementioned. In this
work, we have, in fact, relied on off-line noiseless quantum
circuit simulation for a first optimization of rotation angles,
which provided us a starting point for the implementation of
a GCI model on an NISQ processor.

The findings of this work have highlighted three important
noise sources that should be tackled and eventually included
in a noise-model: 1) readout noise; 2) phase errors; and 3) de-
polarizing errors. As discussed in Section IV, we investigated
on the impact of fluctuations on the output states discrimina-
tion due to SPAM errors, and provided a statistical analysis to
evaluate a maximum error to consider when comparing sim-
ulations and experimental results. Depolarizing errors have
been addressed by including a counter phase Z gate in the
CNOT implementation, as detailed in Supplementary Mate-
rial. As for phase-errors related to undershoot or overshoot
of control pulses used to implement Ry, rotations, these have
been accounted for by the variational technique deployed in
this work.

An alternative approach would rely on approximate noise
models by using existing circuit simulators, by counteracting
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FIGURE 10. CDF of total losses for a loss L = 1000$ and a VaR of 95%, calculated from the probability distribution output of the GCI model in (a)
simulation of the transpiled quantum circuit in Fig. 8, in (b) simulation of the transpiled quantum circuit in Fig. 9, and in (c) experimental output of the

same transpiled circuit.

remaining noise sources with error mitigation techniques.
Mitigating errors in real devices is also not trivial [45]. Ef-
ficient error mitigation requires to detect and identify what
noise sources are mostly impacting the machine, and con-
sistently apply a useful mitigation strategy. Readout error
mitigation, for example, allows to optimize for errors in
readout state discrimination, and eventually address bit-flip
errors [46]. Dynamical decoupling [47] allows to mitigate
idling errors by continuously executing sequences of single-
qubit operations on idle qubits that collectively function as
identity gates, thereby suppressing environmental noise and
relaxation. Depolarizing error mitigation, instead, involves
techniques to counteract decoherence. To address depolariz-
ing errors, common methods include Zero Noise Extrapola-
tion [45], a randomized compiling to convert coherent errors
into depolarizing noise, and estimating global depolarizing
rates via partner circuits to rescale results. In principle, the
identification of the best error mitigation technique relies on
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a systematic investigation and experimental characterization,
thus not necessarily providing a more efficient solution if
compared to variational approaches.

Most importantly, the study developed here provided a
useful playground to identify specific noise sources that, on
one hand, will be modeled and taken into account in a circuit
simulator to optimize rotation angles off-line prior to the
experimental realization on the hardware; on the other, the
direct access to the quantum processor allowed us to de-
vise an experimental variational approach able to counteract
such effects directly in-situ, while still being able to success-
fully implement the GCI quantum circuit. Remarkably, the
hardware-aware variational approach here proposed allowed
to counteract for systematic errors on the experimental con-
trol electronics: pulsed signals phase-errors, undershoot or
overshoot of pulsed signal amplitudes, delays in the control
lines setup, which are not entirely compensated by calibra-
tion and optimization mechanisms of single- and two-qubit
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gates rotations and would have required tailored or multiple
error mitigation techniques. In a way, we exploited the imple-
mentation of proof-of-concept quantum algorithms on real
NISQ devices as a tool to study noise and errors mechanisms,
and to include in the optimization task the real nature of the
hardware.

Although the quantum circuit-based adaptation approach
applies in principle to every superconducting quantum pro-
cessor, and to quantum algorithms designed for different ap-
plications, one must be aware that such a hardware-aware
variational approach is not hardware-agnostic. Such an opti-
mization depends on the processor, and in case of extended
tasks involving more random variables and more qubits,
as predicted in Section II, the optimization would need to
be repeated for each variable in play. For example, we ex-
pect a dependence of the performance on the quantum cir-
cuit scales. Let us consider an extension from a one-risk-
factor/one-asset quantum circuit to a quantum circuit that
encodes two risk factors and two assets. The Qiskit’s preset
pass manager transpilation requires several quantum gates
and qubits that roughly double with the toy-model addressed
in this work. We have measured readout fidelities increasing
the number of qubits from 1 to 4, and reported the readout
fidelity dependence as a function of the number of qubits
in Fig. S8 of Supplementary Material. The readout fidelity
scales linearly with the number of qubits, and we can project
to six qubits. In a three-qubit register, the readout fidelity
is ~ 88%, while in a six-qubit register, we expect a read-
out fidelity ~ 75%. For these numbers, state discrimination
will likely be affected, and readout error mitigation will be
necessary. As for what concerns the coherence impact, and
considering the single- and two-qubit gate durations reported
in Supplementary Material, the total duration of the Qiskit’s
preset pass-manager transpiled circuit implemented on hard-
ware was ~ 3 us, and has been reduced by a factor 2 in
the hardware-aware transpiled circuit (~ 1.6 us). For a two-
risk-factor/two-asset configuration, the Qiskit’s preset pass
manager transpiled algorithm would require a circuit of 31
layers of gates, with an estimated total duration of ~ 5 us.
The major contribution to the running time is due to the
number of CNOT gates. Although we require experimentally
implementing the algorithm to evaluate the scaling impact
of the hardware-aware transpilation, it is fair to expect to
achieve a reduction in time of a factor of 2 as in the one-risk-
factor/one-asset scenario. By comparing such durations with
the lowest coherence time of the register, i.e., Tz* =20 us,
the three-qubit original transpiled circuit duration is 15% of
T, and the six-qubit circuit projection should be the 25% of
the coherence time. Therefore, we do not expect that coher-
ence time is a limit for scaling to two-risk-factors/two-assets.

Finally, we have also reported a significant dependence
on the qubits chosen in a register, therefore confirming the
critical role played by the knowledge of the hardware to
develop quantum algorithms in the NISQ era.
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VI. CONCLUSION

In this work, we have provided a systematic experimental
investigation of how variational quantum circuits can model
distributions relevant to CRA on a superconducting quantum
computer: two- and three-qubit Gaussian distributions and
the GCL.

We have examined how sQPU connectivity, the different
circuit nature of superconducting qubits in quantum regis-
ters, and the quantum circuit transpilation itself (e.g., entan-
gler placement and single-qubit rotation settings) influence
the desired distribution, encoded in the probability ampli-
tudes of the prepared quantum states. A remarkable result
is that the rotation angles required to realize a normal-like
histogram are not generic but depend on the specific hard-
ware characteristics of the device. We have experimentally
analyzed the impact of single-qubit rotation angles on the
shape of probability amplitudes distributions encoded in both
two- and three-qubits registers. This allowed us not only to
identify the optimal angle configuration but also, and most
importantly, to determine the experimental confidence error
threshold in a typical NISQ device by implementing hun-
dreds of experimental runs.

The in-situ variational approach introduced here has also
been used to optimize the GCI quantum circuit output for
fixed problem parameters, taken here as an example, obtain-
ing excellent agreement with the classical counterpart. In a
sense, we have performed a hardware-aware transpilation
of the quantum circuits directly at the pulse level for this
use case, allowing us to capture the realistic nature of the
hardware, down to the level of the individual qubits’ perfor-
mances and connectivities. The validity of our approach has
been confirmed by the calculation of the CDF for a specific
use case, obtained by using the experimental data derived
from an ad-hoc transpilation of the quantum circuit, implic-
itly taking into account the errors of the machine, and by
simulating the same quantum circuit with a noiseless simula-
tor. Such dependence is critical in the NISQ era and empha-
sizes the requirement for a clear understanding of quantum
computing in all its parts to achieve quantum utility in the
near term: from algorithm coding to implementation through
analog pulses, which allowed us to construct a more efficient
quantum circuit in terms of gate depth.

Our investigation demonstrates that the readout fidelities
achieved on the processor already offer satisfying results,
since the Hellinger fidelities, used as a metric to quantify
the deviation between the quantum and classical simulated
outputs for the use-cases analyzed here, are remarkably close
to the state-of-the-art values and larger than more commonly
reported in literature [46], [49]. We specify that no readout
error mitigation technique has been applied, nor have we
integrated quantum-noise limited cryogenic amplifiers at the
hardware stage. However, since we expect that the readout
fidelity tends to decrease with increasing number of qubits
in the registers (see Fig. 8 in Supplementary Materials), we
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envision including both into our quantum algorithms imple- [61
mentation pipeline in the near term [33], [46], [48]. More-
over, a systematic implementation of variational quantum
algorithms and circuits, not necessarily limited to the ones
explored in this work, and that will eventually involve dif-
ferent qubits in the chip, will likely allow to uniquely define
the deviation of rotation angles from the noiseless case for
a fixed register. This will allow to obtain reproducible out-
puts on different registers of the quantum processor, once
the optimized angles have been determined for each register.
Moving to the envisioned generic approach in NISQ devices,
the possibility to exploit knowledge on hardware errors and [10]
noise from quantum circuits implementation is the key to de-

velop a tailored noise-model, which will be used to simulate
quantum circuits, especially when a large number of qubits (11
and parameters will be needed.

More and more research centers and industries will rely (12]
on proprietary superconducting hardware designs in the near
term, with their own geometries, connectivity, characteristic
circuits, and electronic parameters for quantum gate imple-
mentation. We believe this work provides a guide toward the
hardware-aware implementation of other proof-of-concept
quantum algorithms and motivates the use of quantum com-
pilers that adapt circuit structure and parameterization to
the specific QPU, rather than relying on a fixed, hardware-
agnostic configuration.
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