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Quantum Physical Unclonable Functions (QPUFs) offer a physically grounded approach to secure authentication, extending the ca-
pabilities of classical PUFs. This review covers their theoretical foundations and key implementation challenges—such as quantum
memories and Haar-randomness—, and distinguishes QPUFs from Quantum Readout PUFs (QR-PUFs), more experimentally acces-
sible yet less robust against quantum-capable adversaries. A co-citation-based selection method is employed to trace the evolution
of QPUF architectures, from early QR-PUFs to more recent Hybrid PUFs (HPUFs). This method further supports a discussion on
the role of information-theoretic analysis in mitigating inconsistencies in QPUF responses, underscoring the deep connection between
secret-key generation and authentication. Despite notable advances, achieving practical and robust QPUF-based authentication re-
mains an open challenge.

1 Introduction

Physical Unclonable Functions (PUFs) are devices characterized by their inherent unclonability and their
ability to produce responses that are unpredictable yet consistently reproducible for given inputs. Orig-
inally introduced in the classical context [1], PUFs have since found a wide range of applications. These
include secret-key generation [2–4], secure storage of cryptographic data [5, 6], and protocols such as
oblivious transfer and bit commitment [7, 8]. Central to this article, PUFs are employed in secure au-
thentication schemes [9–11]. In the recent years, a high number of different PUF models have been found
to be vulnerable against machine-learning-based attacks [12–16]. As pointed out in [17], this context has
motivated to bring the study of PUFs to the quantum realm, giving rise to a still young field of research
with the hope and expectation of finding mathematical and robust security guarantees.
Analogous to the classical case, token-based authentication schemes can be designed relying on Quan-
tum PUFs (QPUFs) by exploiting the fingerprint set by the unpredictable outputs (responses) of the
considered QPUF when being queried with new, i.e., unqueried, inputs (challenges). However, and dis-
tinctly, QPUFs, as formally defined in [18], accept quantum states as challenges, as well as they produce
quantum states as responses. The first documented attempt of deriving what one might, at a glance,
call a QPUF is found in [19]. Building on this work, [20] also proposes a PUF-based scheme involving
quantum systems. We intentionally avoid calling the mentioned proposals QPUFs because, as it will
become evident in Section 2, these fail to fall into the definition of a QPUF presented in [18]. A more
adequate and accepted label for the schemes proposed in the aforementioned cited works is Quantum
Readout PUF (QR-PUF). As we discuss in Section 4, these enjoy a reasonable sense of practicality, as
opposed to QPUFs, but require additional ad-hoc assumptions and do not seem to take full advantage of
the quantumness. That is, essentially, and as already pointed out in [21] for the specific work in [20], the

1

ar
X

iv
:2

50
8.

09
29

6v
1 

 [
qu

an
t-

ph
] 

 1
2 

A
ug

 2
02

5

https://arxiv.org/abs/2508.09296v1


quantum challenges and responses possible for QR-PUFs are typically mappable to classical information
known by the certifier who, as opposed to that of QPUFs, becomes a trusted party.
The work in [18] suggests that QPUFs must be unitary or negligibly non-unitary quantum transforma-
tions, and requires the analogous of uniform randomness referred to unitary operators: Haar random-
ness (we refer readers unfamiliar with this concept to the text book [22] and the tutorials found in [23,
24]). Interestingly, the subsequent work [25] circumvents the requirement of such a costly resource for
the challenge selection, while it remains needed, inconveniently, for the QPUF generation. Intimately
related to that, the authors in [26] derive two different QPUF models: the Measurement-Based QPUF
(MB-QPUF) and the Ideal QPUF, constituting other solutions to circumvent the cost of requiring Haar
randomness for challenge selection.
This article aims to provide the reader with a review on QPUFs, going in detail over all the aforemen-
tioned aspects within the complex development and evolution of an itself complex field of investigation.
In Section 2.1 we revisit the theoretical framework introduced in [18], and we comment on some imme-
diate implications of it when accepting certain assumptions commonly made for PUFs. In Section 2.2,
we deliver a discussion on the current incompatibility between requirements and experimental possibil-
ities for QPUF-based tokens, as well as the corresponding near-term perspectives. Later, in Section 3,
we present and justify the article selection criteria used in this review, focusing on the most theoreti-
cally relevant QPUF proposals. In Section 4, we present our analysis of several articles, providing an un-
derlying historical overview of QPUFs—illustrated as a QPUF timeline—, and a detailed discussion on
information-theoretic approaches used for the study and characterization of QPUFs. Finally, Section 5
concludes the article.

2 Theoretical and practical frameworks

In this preliminary section, we present the key theoretical definitions and assumptions underlying the
field of QPUFs, and discuss their connections to existing literature. Additionally, we examine the tech-
nical implications of this framework to clarify the practical requirements for making QPUFs operational.

2.1 Definitions and common assumptions

We begin by presenting the definition of a QPUF, originally introduced in [18]. It is important to note
that this and the subsequent definitions have not been reproduced in an unaltered form. While our aim
is not to change the meaning of the established concepts, we present slightly revised formulations that
seek to enhance clarity and remain consistent with the original formalism.

Definition 1. ({λi}, δr, δu, δc)-QPUF:
Quantum channel Λδr,δu,δc

{λi}-QPUF, with δr, δu, δc ∈ [0, 1], and with a set of security parameters {λi | λi ∈
R, ∀i} that serve to adjust the desired level of security within its associated authentication protocol. The

channel Λδr,δu,δc
{λi}-QPUF must fulfill the following with an overwhelming probability:

1. δu-uniqueness, ensuring that a sampled channel Λδr,δu,δc
{λi}-QPUF is δu-distinguishable (in the diamond

norm [27,28]) from any other sampled instance.

2. δr-robustness, ensuring that Λδr,δu,δc
{λi}-QPUF maps δr-indistinguishable (in fidelity [29]) challenges to δr-

indistinguishable responses.

3. δc-collision resistance, ensuring that Λδr,δu,δc
{λi}-QPUF maps δc-distinguishable (in fidelity) challenges to δc-

distinguishable responses.

Remark 1. On the almost-unitaricity requirement and the sampling problem:
In [18] (its Theorem 3) it is shown how the two last displayed requirements necessarily imply that Λδr,δu,δc

{λi}-QPUF

must be a unitary or a negligibly, with respect to certain security parameters, non-unitary channel. In
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parallel, the uniqueness requirement mandates the existence of a quantum-channel sampling procedure
available to the verifier party, and establishing a proper fingerprint.

Having formally defined a QPUF, we now proceed to outline the different schemes used in the literature
to leverage the QPUF potential for authentication. These schemes, ultimately aiming to achieve both
the completeness and soundness properties as defined in [17], so far include (see Table 1):

1. The prover holds the QPUF and, in the verification phase, is asked to produce the response to a
certain number of challenges (QPUF models in [18,30,31] or MB-QPUF in [26]).

2. The prover stores a response and is asked to provide it in the verification phase (Ideal QPUF in
[26]).

Table 1: Comparison of the features owned by the two main types of QPUF-based authentication schemes.

Protocol class Verifier Prover Verification type

1. QPUF as a token Stores a set of responses Holds the QPUF (token) Multiple-shot verification
2. Response as a token Holds the QPUF Stores a response (token) 1-shot verification

In this context, the two following assumptions, inherited from the framework of classical PUFs, are typi-
cally present.

Assumption 1. Unclonability:
The manufacturing process yielding Λδr,δu,δc

{λi}-QPUF is assumed to be uncontrollable, which prevents any ad-

versary from efficiently replicating it. Furthermore, the underlying physical structure of Λδr,δu,δc
{λi}-QPUF is too

complex to construct a clone of it.

Assumption 2. Query-based adversarial model:
It is assumed that adversaries can interact with the QPUF solely by querying it, i.e., by obtaining valid
challenge-response pairs. The number of queries allowed is typically stated as a function of certain secu-
rity parameters.

Referring to the mentioned query-based adversarial model, the work [18] defines three notions of un-
forgeability types for QPUF-based authentication protocols.

Definition 2. Quantum exponential unforgeability:
Property owned by those QPUF-based authentication protocols that, under any non-previously queried
challenge selection, remain unforgeable by any exponential adversary, i.e., any adversary with a number
of allowed queries to the QPUF equal to an exponential function of certain security parameters.

Definition 3. Quantum existential unforgeability:
Property owned by those QPUF-based authentication protocols that, under any non-previously queried
challenge selection, remain unforgeable by any polynomial adversary.

Definition 4. Quantum selective/universal unforgeability:
Property owned by those QPUF-based authentication protocols that, under a constrained non-previously
queried challenge selection, remain unforgeable by any polynomial adversary.

Remark 2. On the QPUF dimension and the non-inclusivity of Definition 1:
As already pointed out in [18], we notice how the assumption made on QPUF unclonability could be vio-
lated via process tomography [32] within the, also assumed, query-based adversary model. In this context,
exponential unforgeability is unattainable. However, an appropriate choice of security parameters, e.g.
the number of qubits targeted by the QPUF channel and the number of responses requested during verifi-
cation, can potentially lead to achieving the other two notions of unforgeability, which are more realistic
and typically sufficient. Importantly, as we discuss in detail in Section 4, we thus notice how Definition
1 denies the quality of being a QPUF for the QR-PUF models [19, 20, 33–35], which target systems of
fixed size thus leading to learnable quantum channels unless further assumptions are considered.
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Remark 3. On the Haar-randomness problem:
As stated in Remark 1, a quantum-channel sampling procedure must be available at the verifier side and,
informally, it should not allow for having two too similar instances among different runs of the QPUF-
generation scheme. Now, additionally, the unclonability assumption implicitly requires such sampling
procedure to be non-reproducible. The security proof (Theorem 6 in [18]) for the weakest form of QPUF
unforgeability, i.e., the selective one, motivates the cited authors to model such sampling procedure as
being Haar random. That is, Haar randomness paves the way towards having robust security guaran-
tees. Nonetheless, to the best of our knowledge, there is currently no efficient method for mimicking such
mathematical construction in real setups. Specifically, one can see how the two prescriptions for Haar-
randomly sampling unitary operators given in [24] introduce an exponential overhead in the number of
targeted qubits.

Remark 4. On the role of the No-cloning theorem:
Analogous to its classical counterpart, a QPUF is not fundamentally unclonable via brute-force physical
inspection. In this regard, the two assumptions stated in the current section become a source exploited
in security proofs and rely on a proper QPUF engineering, which we do not discuss in this article, pri-
marily focused on theoretic aspects. However, the No-cloning theorem for unknown quantum states [36]
does provide QPUFs with desirable properties not conceivable in the classical setting. Namely, within
the swap-test-based [37] verification stage found in [18], the No-cloning theorem eliminates the need for
a third trusted party, present in all classical-PUF-based authentication protocols.

2.2 QPUF requirements and today’s possibilities

As introduced in Section 2.1, a prover in a QPUF-based authentication scheme holds a QPUF or a set
of quantum states that serve as responses. Such token-based authentication can be especially useful in
quantum networks, where only a subset of links is authenticated [38]. When a token is delivered once
over an authenticated link, the token’s holder can subsequently verify their identity on unauthenticated
links by sending back quantum states or the QPUF.
If the tokens consist of quantum states, the distribution of these states must meet certain criteria, and
the quantum memories used for storage must satisfy their own requirements. First, each state must be
encodable in quantum carriers capable of transmitting information. Photons are the most common choice
[39,40], as they can propagate through the existing fiber-optic infrastructure. To store the photonic state,
a light–to-storage interface must exist.
In the absence of a one-time-authenticated channel within a network, an in-person enrollment phase is
required, and quantum state storage must be portable. However, long-lived quantum memories capable
of interfacing with unitary quantum operations and storing highly entangled token states [41, 42] have
not yet been realized. Currently, the only viable candidates for storing simple, unentangled states are
noble-gas memories, which exhibit coherence times ranging from 4 to 100 hours [43, 44], but these still
lack a functional interface with flying qubits.
In the more common scenario, the prover holds the QPUF for authentication rather than storing quan-
tum states. Quantum memories, along with interfaces between these memories and the system, are still
required to store the responses. The physical implementation of random unitaries remains an active re-
search area [45, 46]. Research focused on designing or analyzing methods to generate specific types of
randomness in quantum systems is sometimes discussed within the framework of unitary designs [47].
For example, Nakata et al. [48] conjecture that a physically natural unitary design could utilize geomet-
rically local, time-independent interactions, and propose a physical realization based on cavity Quantum
Electrodynamics (QED). If the assumption of time independence is relaxed, a cavity-fed system employ-
ing random pairwise interactions on individually emitted photons could also implement a natural-design
Hamiltonian [49,50].
Several platforms can host such devices and distribute their states across quantum networks, provided
that interactions between photons and stationary quantum systems are controllable. Candidate plat-
forms include atoms [49, 50], quantum dots [51], ions [52], and color centers [53]. Purely photonic imple-
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mentations have also been proposed [45,54].
Any QPUF platform that does require cryogenic cooling, i.e., all of the above, except for photonic imple-
mentations, will for the time being not be portable, and may only be available at fixed nodes in a net-
work.
Next, we provide a brief non-exhaustive overview on quantum memories and the current state of the art
in photonic state storage in network applications. A more in-depth overview can be found, for example,
in [55].

Working principles of quantum memories

This section focuses on two prevalent methods for storing quantum information via light-matter inter-
faces: atomic ensemble-based schemes and those that directly transduce photonic qubits into long-lived
degrees of freedom within single atom-like systems. Atomic ensemble memories typically utilize three-
level atomic systems in a Λ-configuration, allowing for the coherent transfer of quantum states between
photons and collective atomic spin excitations. This is achieved through mechanisms such as Electro-
magnetically Induced Transparency (EIT) or Raman absorption processes [56, 57]. In such setups, an in-
coming photonic qubit is coherently mapped onto the atomic coherence between the ground state (|g⟩)
and a storage state (|s⟩) via interaction with a classical laser field and resonant photon absorption. The
stored information is later retrieved through a coherent readout process, again driven by a control laser
field [58].
Quantum memories that directly transduce photonic qubits into single atom-like systems similarly uti-
lize a Λ-configuration of a long-lived two-level spin system, coupled via an intermediate optically excited
state. Photonic qubits can be encoded in various degrees of freedom, such as time-bin [59], frequency-
bin [60], or polarization states [61], and their quantum information is mapped onto long-lived spin states
through coherent photon-spin interactions [39].

Quantum memory platforms

A wide variety of quantum-memory platforms exists, each platform with its own strengths and limita-
tions. While we do not aim to provide an exhaustive review, we offer a concise overview of the current
state of the art across key platforms (see Table 2).

1. Atomic ensembles: Ensembles of cold or warm atoms can be employed for the storage of pho-
tonic qubits. A comprehensive overview of the current state of ensemble-based quantum memories
can be found in [57] and [55]. These atomic ensembles differ primarily in their operating tempera-
tures and coherence properties. Warm atom systems function at room temperature, eliminating the
need for intricate laser cooling setups. In contrast, cold atom memories offer longer coherence times,
attributed to reduced atomic collisions and narrower spectral lines.

2. Trapped Atoms: Hyperfine states of atoms serve as reliable qubit candidates [62] [63]. A key ad-
vantage of trapped atoms is their strong isolation from the environment, which significantly mini-
mizes decoherence. Various trapping techniques are employed depending on the type of atom: ions
are typically confined using oscillating radio-frequency electric fields, while neutral atoms are held
using optical tweezers.

3. Color centers: In materials like diamond, defects in the crystal lattice, such as vacancies or the
presence of foreign atoms, can give rise to color centers. These defects form energy-level structures
that are optically addressable and suitable for qubit implementation. Unlike trapped atoms, color
centers are inherently confined within the solid-state lattice, eliminating the need for external trap-
ping mechanisms. This simplifies the system design and allows for the integration of nanostructures
around the qubit. However, the solid-state environment introduces decoherence, primarily due to
interactions with other lattice defects and background noise.
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Table 2: This table presents the state-of-the-art performance metrics for each platform. The values shown are the best
reported figures and may not be directly comparable as they are not necessarily achieved under the same conditions. Su-
perscripts denote: ∗ — T ∗

2 coherence time measured via Ramsey interferometry, † — T2 coherence time measured via Hahn
echo or dynamical decoupling. Abbreviations: RT — Room Temperature, TW — Telecom Wavelength, NA - Not avail-
able.

Platform Storage time Operating temperature Wavelength Efficiency Bandwidth

Warm Atomic Ensemble 1.1 µs∗ [65] RT [65] 780 nm [65] 82% [65] 170 MHz [65]
Cold atom 4.7 ms [66] 100 µK [67] 780 nm [67] 87% [67] 29 Hz [66]

Trapped ions 1 hour∗ [68] RT [68] 369.5 nm [68] 98.6% [68] NA
Trapped neutral atoms 40 s† [69] 1 µK [70] 852 nm [71] 84% [72] 10 kHz [71]
Rare-Earth Ensemble 1 hour† [64] 1.7 K [64] 580 nm [64] 69% [73] 10 kHz [64]

Color Center 40 ms† [74] RT [74] 619 nm [75] 42.3% [76] NA
Fiber Loops 52 µs [77] RT [77] TW [77] 54% [78] 78 kHz [77]

4. Rare-Earth Ensemble: In these systems, the electron spin serves as the qubit. A key advantage
is that the electron resides in the atom’s inner shell [57], providing enhanced shielding from environ-
mental disturbances and thus improving coherence, which can be further extended up to one hour
by incorporating the state-of the-art atomic frequency-comb technique [64]. However, this shielding
also poses a challenge, as it makes the electron more difficult to manipulate, resulting in slower gate
operations and more complex control requirements.

5. Fiber loops: This approach represents a fundamentally different type of quantum memory, where
the photon is stored by circulating it through a long optical fiber loop. The primary advantage is
its simplicity, no quantum operations or auxiliary quantum systems are required to store the infor-
mation. However, this method has notable limitations: photon loss accumulates over time as the
photon travels through the fiber, and retrieval is not on-demand but strictly determined by the fixed
length of the loop.

Quantum Error Correction

Quantum error correction (QEC) [79, 80] was developed to make inherently noisy quantum hardware
fault-tolerant, enabling reliable quantum computation. The same principles can be extended to quantum
memories to protect stored quantum information. Here, we provide a brief overview on key concepts of
active QEC as applied to quantum memories, and highlight recent developments in the field. For a more
detailed treatment, refer to [81,82].
A common approach in active QEC combines multiple physical qubits (e.g., superconducting [83, 84],
spin [85], or photonic qubits [86]) into a single logical qubit, typically within the stabilizer-code frame-
work [81]. Below, we provide a brief overview on state-of-the-art implementations of active QEC in quan-
tum memories.
State of the art: Google recently demonstrated a significant experimental milestone by implementing
a distance-7 quantum error-correcting code using 101 qubits, achieving break-even error correction by
doubling memory lifetime to 291 ± 6 µs compared to the longest-lived physical qubit used in the exper-
iment [84]. In related experimental advances, the Tesseract code demonstrated distance-four encoding
using just 16 physical qubits, successfully performing up to five rounds of error correction [87], while De-
bry et al. encoded an error-corrected qubit in a single ion, achieving a coherence time extension factor
of 1.5 [88]. Complementing these experiments, recent theoretical research has emphasized the design of
local error-correction circuits aimed at significantly extending quantum memory lifetimes [89]; notably,
Park et al. proposed a low-resource code capable of preserving 12 logical qubits for nearly one million
syndrome cycles using only 288 physical qubits [89].
Overall, the storage times and logical error rates, even with the error correction achieved to date, do
not approach those of the unencoded case with conventional memories [90]. This limitation leaves only
a narrow set of specialized authentication scenarios, namely those permitting very short communica-
tion distances. Near-future applications may still arise, for example, blind quantum communication with
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identity authentication, in which users can authenticate only when in close proximity to the computing
resource [91].

3 Methodology

The procedure for identifying articles that extend QPUF research involves measuring the similarity be-
tween their reference lists, based on the assumption that articles building upon QPUFs tend to share
common citations. To select the relevant articles for our study, we employed a modified version of the
Jaccard similarity for sets [92], following these steps:

1. Select m baseline articles Bi that are known to contribute significantly to the development of QPUFs
(in our case, m = 4).

2. Construct the reference space B by taking the union of the reference sets from the baseline articles:

B :=
m⋃
i=1

T (Bi), (1)

where T (Bi) denotes the set of references cited by the baseline article Bi.

3. Extract metadata and reference information from candidate articles using web Application Pro-
gramming Interfaces (APIs) and/or ethical web scraping methods.

4. Compare each candidate article’s reference set with the baseline reference space by matching Digital
Object Identifiers (DOIs), using a cross-referencing API such as Crossref [93]. We define the modi-
fied Jaccard similarity as:

Sim(Ai) =
|T (Ai) ∩ B|
|T (Ai)|

, (2)

where T (Ai) is the reference set of article Ai.

5. An article Ai is selected for further study if it satisfies the similarity threshold condition: Sim(Ai) ≥
l, where l is the predefined acceptance threshold.

In this review, we have selected the works of QR-QPUF [94], QPUF [18, 26], and Hybrid PUFs (HPUFs)
[17] as our baseline articles, as they introduce novel theoretical perspectives related to the QPUF topic.
It is important to note a selection bias in our choice of baselines, as we primarily focus on approaches
that emphasize theoretical protocol innovation. Furthermore, for our analysis, we have set the accep-
tance threshold value to l = 0.1. The outcome of the article selection is presented in Table 4 within the
Appendix, where baseline articles are highlighted in yellow, and accepted articles for review are shaded
in light gray. To better illustrate the relationships between articles, Figure 1 shows the co-citation net-
work, with the article [18] on the left and [94] on the right, each serving as a baseline reference.
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Figure 1: Graph relation to [18] (left) and to [94] (right). We observe the collision of co-citations from the right graph into
the left one (highlighted in red). The years of the co-related papers are specified.

4 Review

In this section, we review the development of Quantum Physical Unclonable Functions (QPUFs), with a
timeline of key milestones illustrated in Figure 2. We begin with Quantum-Readout PUFs (QR-PUFs),
which are foundational to the field and noteworthy for their relatively modest hardware requirements
compared to QPUFs. We introduce the initial QR-PUF proposals and highlight the first significant ex-
perimental demonstration. We also identify recurring features across various implementations, such as
reliance on a trusted third party. With regard to QPUFs, our focus is on the body of work that builds
upon the framework introduced in [18], examining the key enhancements and new directions proposed.
A central point of discussion is whether these follow-up models satisfy the criteria established in Defi-
nition 1. In instances where they do not, we analyze the implications for the associated security prop-
erties. Moreover, we introduce another class of PUF models—known as Hybrid PUFs (HPUFs)—which
offer an alternative approach by incorporating classical PUF architectures at their core. Finally, one of
the articles selected for review ultimately inspired a comprehensive overview of QPUF analyses based on
information-theoretic approaches and tools.

2010

QR-PUF
First proposal of a

quantum enhanced PUF.
[B. Škorić]

First experimental quantum secure
authentication of a classical unclonable

 key using an optical-speckle PUF.
[S. A. Goorden et al.]

2014

2019

Formal framework 
for unitary QPUFs.
[M. Arapinis et al.]

2020

New identification protocols
using unitary QPUFs varying 

resource power for user-server parties.
[M. Doosti et al.]

Cloud quantum hardware
validation using a QPUF.

[K. Phalak et al.]
2021

2021

Efficient way of generating
Haar random QPUFs

using unitary t-designs.
[N. Kumar et al.]

2021

Hybrid Locked PUF proposed
preventing the attacker from
 querying the same challenge 

multiple times.
[K. Chakraborty et al.]

Hybrid QPUF 
proposal.

[S. Goswami et al.]
2025

2024

First proposal of
existentially unforgable
 non-unitary QPUF.

[S. Ghosh et al.]

...

Figure 2: Timeline with some of the major theoretical and hardware developments in the field of QPUFs.
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4.1 QR-PUFs

Birth and development of QR-PUFs

The first QR-PUF was coined in [19]. In this work, the author assumes the existence of a physically un-
clonable device capable of performing quantum unitary evolutions. Two further assumptions are, first,
that distinct sampled unitaries are unique and distinguishable, and second, that attackers cannot emu-
late such unitary evolution with a sufficiently small time delay. Under these assumptions, two protocols
are derived for remote authentication, each assuming different measurement capabilities at the verifier
side. Moreover, another protocol achieving both unidirectional and mutual authentication for a Quan-
tum Key Distribution (QKD) scheme is proposed.
The author of [19] highlights, as one of their main strengths, that the presented QR-PUF protocols do
not rely on trusted remote readers. This makes them secure against emulation attacks, but, however,
it comes at the price of the strong assumptions made. Specifically, and as discussed in the cited arti-
cle itself, assuming the impossibility of efficiently building a quantum emulator of the QR-PUF plays a
paramount role and it is unclear whether it is a plausible premise. Intimately related to that, the work
in [95] presents a cloning-based attack, further outlining the importance of the critical assumptions present
within the discussed model.
Readers interested in security analyses concerning the first QR-PUF prototypes are referred to [96, 97].
The former study examines the security of the models introduced in [19], specifically against challenge
estimation attacks. The latter presents a notable experimental implementation of a QR-PUF in a prac-
tical setup [94]. In particular, it evaluates the performance of a QR-PUF authentication protocol in an
optical setting, accounting for quadrature-based attack strategies. The authors introduce quantitative
metrics to effectively distinguish between legitimate clients and potential attackers.
Finally, we note that in an extension of the original model proposed in [19], the work in [20] presents a
scheme that leverages a QR-PUF to authenticate the transmission of both classical and quantum infor-
mation.

The QR-PUF theoretical framework

Within the formal aspect of QR-PUFs, the authors of [98] propose a theoretical framework in order to
establish common quantifiable notions of security for distinct instances of either classical PUFs or QR-
PUFs. We notice that under the considerations of the cited work, the set of challenges and responses
for a QR-PUF can be fully characterized by classical information owned by the certifier, who becomes
a trusted party. This trait, as pointed out in [21] for the already introduced work in [20], seems to en-
compass all QR-PUF models, and sets them apart from QPUFs. Moreover, [98] establishes the notions
of robustness and unclonability, which resemble, respectively, the security notions of completeness and
soundness [17]. The authors further distinguish between two kinds of unclonability. The first kind refers
to physical unclonability, while the second kind, under the label of mathematical unclonability, formal-
izes the feature of non-learnability of a QR-PUF via query-based attacks. Importantly, quantifying the
latter requires no reference to quantum properties, since it is done with respect to the classical charac-
terization of the QR-PUF.

4.2 QPUFs

Polysemy of the term QPUF in the literature

The introduced theoretical framework on QR-PUFs, together with the one presented for QPUFs in Sec-
tion 2.1, raises the question of whether the models presented in [33, 34] should be regarded as QR-PUF
proposals, even though they are presented as QPUFs. That is, while the challenge-response mapping
of the PUFs presented in the two cited articles stems from a quantum state preparation and measure-
ment, such mapping is known by the certifier, and encoded as classical information. Both works propose
a model that defines 1-qubit random rotations as challenges and monitors the output measurement his-
tograms, which become the responses. Notably, these proposed schemes introduce the concept of using
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variational circuits constrained to a specific architecture, capable of handling an arbitrary number of in-
put qubits. Such number loosely functions as a security parameter, because the circuit complexity, and
thus the learnability overhead, only scales polynomially with the number of input qubits.
Also labeled as a QPUF, the model proposed by the authors in [35] introduces the idea of associating a
unique fingerprint to quantum hardware devices due to the uncontrollable variations in their qubit fre-
quency, defined by its excited-to-ground-state energy difference. Remarkably, the authors display a de-
sirable hamming weight within the keys generated via their fuzzy extraction [99] scheme, as well as a de-
sirable hamming distance exhibited by different generated keys. Arguably, this contribution can also be
seen as a QR-PUF model because the proposed set of challenges and responses is mappable to classical
information owned by the certifier.

QPUF schemes building on [18]

With regard to QPUF models that adjust to the definitions provided in [18], we find three relevant works
(see Table 3 for a schematic comparative):

1. Firstly, the article [30] proposes using a QPUF device for client-server authentication. This work
includes two authentication protocols with distinct hardware requirements: one being suitable for
server authentication, with a Low Resources Verifier (LRV), and the other being suitable for client
authentication, with a High Resources Verfier (HRV). The former protocol introduces major vari-
ations to the initial scheme found in [18], owning extra steps that include QPUF-device exchange
and quantum state shuffling. At the verifier side, no quantum measurements are needed to be car-
ried out, but quantum memories are still required. As for the latter defined protocol, the main nov-
elty introduced is that it allows to choose between two different testing algorithms, one relying on
the ordinary swap test, as originally conceived, and the other one relying on the so-called general-
ized swap (gswap) test.

In the two mentioned types of test, exponential security is achieved in the following sense: the prob-
ability of having a successful forgery for a polynomial adversary, in the number of targeted qubits,
decreases exponentially with the security parameter N , i.e., the number of different challenges tested
per round. Nevertheless, it is worth stressing that the completeness property, i.e., the assurance
that legitimate provers are accepted, is highly dependent on the quantum noiseless assumption. That
is, for the swap-test-based verification algorithm, a tiny amount of quantum noise brings the proba-
bility of true acceptance to an exponentially, in the number of responses M tested per each different
challenge, low value. If gswap test is chosen instead, such problem is mitigated, but remains a con-
cern to be addressed in real scenarios.

More specifically, let us fix N = 1 challenges per verfication-decision round, and let us assume that
the fidelities {Fi}Mi=1 between the responses to the fixed challenge generated by a legitimate prover
and those stored by the verifier fulfill

1− µ ≤ Fi ≤ 1− ϵ ∀i, (3)

for some 0 < ϵ < µ < 1.

Then, the swap-test-based verification algorithm leads to a probability pTA of true acceptance fulfill-
ing the condition (

2− µ

2

)M

≤ pTA ≤

(
2− ϵ

2

)M

, (4)

having that M also constrains the probability pTR of true rejection, as
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pTR ≥ 1−

(
1 + d+1

D

2

)M

, (5)

where D is the dimension of the underlying Hilbert space, and d is the dimension of the largest sub-
space spanned by the set of challenges queried by an adversary.

For the gswap-test-based verification algorithm, instead, we find

1

M + 1
+

M

M + 1
(1− µ) ≤ pTA ≤ 1

M + 1
+

M

M + 1
(1− ϵ). (6)

That is, in this case, pTA is not upper-bounded by a quantity that approaches zero exponentially in
M , as in Equation (4) and, moreover, we observe an informative lower bound for it. However, for
pTR, we find

pTR ≥ 1− 1

M + 1
− M

M + 1

d+ 1

D
. (7)

Hence, we only find it to be lower-bounded by a quantity that approaches 1 at a slower pace than
the one shown in Equation (5).

Finally, notice that if larger values of N are set, in order to enhance soundness, completeness is ex-
ponentially affected. That is, pTA approaches zero exponentially fast in N for both types of tests
considered.

2. Secondly, the work in [31] makes different relevant contributions to the field. On the one hand, the
cited authors note that [18] lacks a uniqueness proof for their QPUF theoretical construction. Nev-
ertheless, they show that uniqueness is guaranteed by the Haar-randomness hypothesis. Notably,
they additionally prove that other sampling strategies can also deliver uniqueness. Furthermore this
article comments on the inconvenience of the Haar-randomness requirement, and proposes an al-
ternative relying on the well-known properties of t-designs, delivering the first application of this
concept for a general value of t. The proper functioning of this alternative, however, comes at the
price of restricting the number of queries by the adversary to t, instead of it being any polynomial
amount of certain security parameters. As a final remark, this work does not omit a discussion on
the effect of quantum noise, but they restrict it to the case of unitary noise channels. In such case
the proposed scheme remains functional.

3. As the third and last proposal building on [18], the authors of [26] develop different schemes that
further explore the potential of QPUFs, actively exploiting the Haar-randomness assumption. The
contributions of this work are two-fold: on the one hand, the introduction of the Ideal QPUF model
achieves the strongest kind of unforgeability against polynomial adversaries, i.e., quantum existen-
tial unforgeability, by harnessing the randomness provided by quantum measurements. Moreover,
for this proposal, multiple swap tests are no longer required for the verification algorithm. The new
acceptance procedure, instead, benefits from a one-shot scheme that owns similar desirable prop-
erties as those of the gswap verification. Nonetheless, the proposed implementations of such Ideal
PUF suffer from serious practical drawbacks including exponential circuit depth and the require-
ment of inverting an unknown unitary evolution. On the other hand, the derived Measurement-
Based PUF (MB-QPUF) takes advantage of the properties of maximally entangled states of arbi-
trary dimension in order to achieve selective unforgeability, while avoiding the costly resource of
Haar randomness for the challenge selection. In such case, desirably, the two entangled system par-
ties can be kept close to each other, avoiding the need of sustaining entanglement over large dis-
tances.

As a final observation before concluding this section, we aim to stress how, as pointed out by the
last cited authors, QPUF models require further investigation when considering noisy environments.
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Table 3: Comparison between proposals of novel schemes building on [18].

Article Proposal name Introduced improvement/s w.r.t. [18] Drawback/s

M. Doosti et al. [30] (a) HRV gswap & Remote authentication Haar randomness still
required for challenge

selection
M. Doosti et al. [30] (b) LRV Low-resources verifier & Haar randomness still

Remote autehentication required for challenge ´
selection

N. Kumar et al. [31] QPUF from Haar randomness not required & Vulnerable against
unitary t-designs Robust against unitary noise polynomial adversaries

S. Ghosh et al. [26] (a) Ideal QPUF Existentially unforgeable & Haar randomness still
Haar randomness not required required for QPUF generation &

for challenge selection & Exponential circuit complexity/
One-shot verification unknown unitary inversion

S. Ghosh et al. [26] (b) MB-QPUF Haar randomness not required Haar randomness still
for challenge selection required for QPUF generation

It remains an open question whether there exist error correction procedures able to maintain the
desirable security features of the introduced QPUF schemes while rendering them robust under re-
alistic conditions, given the current and near-term hardware limitations.

4.3 Hybrid PUFs

In an attempt to gain practicality, the authors in [100] introduce the idea of combining classical and weak
classical PUFs with a quantum encoding exploiting non-orthogonal states. Such construction, which they
label as quantum lock, allows for having a Hybrid PUF (HPUF) that supports challenge reusability and
is secure against attackers that have fully characterized the underlying classical PUF. On the other hand,
both the offline and online protocols presented in [17] constitute two other HPUF models that, instead
of relying on non-orthogonal state preparation, exploit the properties of maximally entangled states.
The above proposals represent a step towards requiring more realistic resources. For instance, they nei-
ther require quantum memories nor Haar randomness. Nevertheless, neither of the two articles discusses
the effect of quantum noise or the threat posed by phishing-attack schemes, which can presumably com-
promise their security with the following strategy: the attacker impersonates the client first, in order to
receive a challenge, and the server later, in order to obtain a valid response from the client and redirect
it to the server.

4.4 Information-theoretic analysis of QPUFs

The security analysis of QPUFs is predominantly grounded in information-theoretic frameworks. Unlike
computational security, which relies on hardness assumptions, information-theoretic approaches provide
unconditional guarantees on critical properties such as unpredictability, unclonability, and entropy. Such
an analysis establishes performance and security limits that are independent of implementation and ad-
versarial capabilities, including those of quantum-capable adversaries.
Our article-selection criteria include the work in [101], which introduces an information-theoretic frame-
work for QPUFs based on bipartite Discrete Memoryless Multiple Sources (DMMS), an abstraction de-
rived from biometric source models [102]. Within this framework, QPUFs are modeled as stochastic sources,
where a challenge is mapped to a response via a probabilistic transformation influenced by quantum or
device-specific noise, and the challenge (input), response (output), and internal randomness are mod-
eled as random variables. Unlike spatially distributed DMMS models, here the observations occur se-
quentially (in time) under varying physical conditions. This abstraction, which treats the QPUF as a
black-box oracle, decouples the analysis from specific physical implementations, thereby enabling gen-
eral, device-agnostic evaluations of uncertainty, noise, and information flow. It accommodates both clas-
sical and quantum challenge schemes while assuming quantum responses, encompassing a broad class of
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QPUF protocols [103]. This analysis relies on two key bounds: the achievability bound, which ensures
the existence of coding or challenge–response schemes that attain a target performance with vanishing
error probability, and the converse bound, which defines the theoretical maximum that no scheme can
exceed. Together, these bounds tightly determine the capacity and ultimate limits of QPUF-based cryp-
tographic systems.
Within this framework, authentication performance is characterized via standard security metrics such
as the False Acceptance Rate (FAR), representing the probability of an adversary being falsely accepted,
and the False Rejection Rate (FRR), representing the likelihood of a legitimate prover being rejected.
It has been shown that QPUF-based systems can be designed to achieve asymptotically vanishing FRR
and exponentially decaying FAR, ensuring robust security guarantees even in the presence of quantum-
capable adversaries [104].
Information-theoretic methods also underpin secure key generation and data storage using QPUFs [105,
106]. The core insight is that QPUFs’ intrinsic randomness supplies high entropy that can be harvested
into secret keys with provable secrecy. These high-entropy outputs can be processed (e.g., via privacy
amplification) to yield secret keys. Information-theoretic analysis precisely quantifies how many secret
bits can be extracted and how much information an adversary can learn. The secret key rate was shown
to be related to the FAR, thereby establishing that a higher secret key rate extracted from a QPUF cor-
responds to a tighter bound on the adversarial success probability [104]. In [101, 107] secret key capac-
ities extractable from QPUF outputs under privacy leakage have been bounded via mutual-information
expressions. Extensions to secure data storage and message identification (detecting if a specific mes-
sage is present instead of full decoding) via QPUFs were further characterized in [108] and [109], wherein
identification capacity was shown to scale double-exponentially with the QPUF output length under ide-
alized conditions. Importantly, these entropy-based bounds hold regardless of adversarial computational
power. An information-theoretic argument guarantees that even a quantum-enabled adversary cannot
reduce the QPUF’s inherent entropy below its limit. In turn, the QPUF’s intrinsic randomness is tied
directly to provable secrecy: for example, any key derived from the QPUF can be made statistically in-
dependent of public helper data. These security guarantees rely on the concept of privacy leakage, which
requires that public helper data reveal negligible information about the QPUF’s output. This require-
ment is especially critical in quantum settings, as compromise of QPUF output could lead to irreversible
identity theft.
All of these results rely on idealizations, i.i.d. noise, perfect challenge-response correlations, and unbounded
blocklength, that abstract away practical limitations such as hardware imperfections, correlated errors,
and finite-length effects. The necessity of bridging the gap between theoretical information-theoretic se-
curity proofs and realistic implementations has been emphasized in recent discussions [110, 111], and re-
mains an important direction for future work. Despite these caveats, the information-theoretic frame-
work provides a rigorous, implementation-independent foundation for the analysis of QPUF-based cryp-
tographic protocols, ensuring robustness even against adversaries endowed with quantum capabilities.

5 Conclusions

In this review article, we explore the concept of Quantum Physical Unclonable Functions (QPUFs) from
both theoretical and practical perspectives. The initial theoretical framework serves as a crucial start-
ing point for formalizing the essential criteria a QPUF must satisfy. However, while conceptually well
defined, this model faces substantial experimental limitations that currently hinder its practical deploy-
ment. Among the most pressing challenges are the handling of quantum noise and the development of
an effective and reliable QPUF sampler. However, a range of studies have emerged that build upon this
foundational framework, either by strengthening its security properties or by relaxing some of its more
demanding practical constraints. These contributions offer valuable insights into how theoretical models
might evolve towards implementable forms.
Our review also considers Quantum Readout PUFs (QR-PUFs), which represent a more practical and
experimentally demonstrated class of devices. Although promising, these implementations rely on certain
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strong assumptions, and their security may be compromised when those assumptions do not hold. We
also note that many models identified as QR-PUFs are frequently labeled as QPUFs in the literature.
This blending of definitions reveals a notable polysemy, highlighting the need for clearer terminology and
classification within the field.
Furthermore, we examine a novel solution found in recent contributions to the field: Hybrid PUFs (HPUFs).
These aim to extend the capabilities of classical PUFs by integrating quantum features. These models
show potential for supporting authentication protocols and represent a step towards practical applica-
tions grounded in classical-quantum hybrid systems.
Finally, we review the main works in the state of the art of studying QPUFs via information-theoretic
analyses, which typically focus on both achievability and converse bounds, and exploit the interconnec-
tion between secret-key generation and authentication. We further acknowledge the idealizations that
are typically present in approaches of this nature, and comment on how these affect the actual implica-
tions of the outcomes implied by such studies.

Acknowledgements

The authors gratefully acknowledge financial support from the Federal Ministry of Research, Technology
and Space of Germany (BMFTR) within the program Souverän. Digital. Vernetzt. This work was sup-
ported by the joint project 6G-life, project identification numbers 16KISK002 and 16KISK263. Further-
more, VG and JN acknowledge additional support from BMFTR through projects 16KISQ039, 16KISQ077,
and 16KISQ168, as well as from the German Research Foundation (DFG) under project NO 1129/2-
1. CD and PJF received further funding from BMFTR projects 16KISQ169, 16KIS2196, 16KISQ038,
16KISR038, 16KISQ170, and 16KIS2234. HB and KN were supported by BMFTR projects 16KISQ037K,
16KISQ077, 16KISQ093, 16KISR026, 16KIS2195, and 16KIS1598K. TS, GP, and MB acknowledge sup-
port from the BMBF projects QPIS (No. 16KISQ032K) and DINOQUANT (No. 13N14921), as well as
from the European Commission through the ERC Starting Grant project QUREP (No. 851810).

Appendix: Article-selection table for the review

Table 4 shows the list of articles considered in the review, including: title, authors, year, citation count,
reference count and similarity score.

14



T
it
le

A
u
th

o
rs

Y
e
a
r

C
it
a
ti
o
n
s

R
e
fe
re

n
c
e
s

S
im

il
a
ri
ty

[1
7
]
H
y
b
ri
d
A
u
th
en
ti
ca
ti
o
n
P
ro
to
co
ls

fo
r
A
d
va
n
ce
d
Q
u
a
n
tu
m

N
et
w
o
rk
s

S
u
ch
et
a
n
a
G
o
sw

a
m
i
et

a
l.

2
0
2
5

0
7
6

1
.0
0

[1
1
2
]
Q
P
U
F

B
a
se
d
o
n
M
u
lt
id
im

en
si
o
n
a
l
F
in
g
er
p
ri
n
t
F
ea
tu
re
s
o
f
S
in
g
le

P
h
o
to
n
E
m
it
te
rs
..

Q
ia
n
L
i
et

a
l.

2
0
2
5

3
4
9

0
.0
0

[1
1
3
]
N
ea
r-
In
fr
a
re
d
C
ir
cu

la
rl
y
P
o
la
ri
ze
d
L
u
m
in
es
ce
n
t
P
h
y
si
ca
l
U
n
cl
o
n
a
b
le

F
u
n
ct
io
n
s

J
ia
n
g
H
u
a
n
g
et

a
l.

2
0
2
4

1
3

1
4

0
.0
0

[1
1
4
]
Q
P
U
F

2
.0
:
E
x
p
lo
ri
n
g
Q
u
a
n
tu
m

P
h
y
si
ca
l
U
n
cl
o
n
a
b
le

F
u
n
ct
io
n
s
..
.

V
en

ka
ta

K
.
V
.
V
.
B
.
et

a
l.

2
0
2
4

0
5
5

0
.0
7

[1
1
5
]
Q
S
-A

u
th
:
A

Q
u
a
n
tu
m
-s
ec
u
re

m
u
tu
a
l
a
u
th
en

ti
ca
ti
o
n
..
.

M
a
h
im

a
M
a
ry

M
a
th
ew

s
et

a
l.

2
0
2
4

1
8
1

0
.0
5

[1
1
6
]
S
o
te
ri
a
:
A

Q
u
a
n
tu
m
-B

a
se
d
D
ev
ic
e
A
tt
es
ta
ti
o
n
T
ec
h
n
iq
u
e.
..

M
a
n
so
o
r
A
li
K
h
a
n
et

a
l.

2
0
2
4

1
0

4
6

0
.0
5

[2
6
]
E
x
is
te
n
ti
a
l
u
n
fo
rg
ea
b
il
it
y
in

q
u
a
n
tu
m

a
u
th
en
ti
ca
ti
o
n
..
.

S
o
h
a
m

G
h
o
sh

et
a
l.

2
0
2
4

4
4
1

1
.0
0

[1
0
1
]
In
fo
rm

a
ti
o
n
T
h
eo
re
ti
c
A
n
a
ly
si
s
o
f
a
Q
u
a
n
tu
m

P
U
F

K
u
m
a
r
N
il
es
h
et

a
l.

2
0
2
4

1
2
8

0
.2
9

[3
4
]
Q
P
U
F
:
Q
u
a
n
tu
m

P
h
y
si
ca
l
U
n
cl
o
n
a
b
le

F
u
n
ct
io
n
s
fo
r
S
ec
u
ri
ty
-b
y
-D

es
ig
n
..
.

V
en

ka
ta

K
.
V
.
V
.
B
.
et

a
l.

2
0
2
3

3
2
3

0
.1
3

[1
1
7
]
P
h
y
si
ca
l
R
ea
li
za
ti
o
n
..
.

S
a
ra

N
o
ce
n
ti
n
i
et

a
l.

2
0
2
3

1
4
1

0
.0
5

[1
1
8
]
Q
u
a
n
tu
m

L
o
g
ic

L
o
ck
in
g
fo
r
S
ec
u
ri
ty

R
a
si
t
O
n
u
r
T
o
p
a
lo
g
lu

2
0
2
3

6
1
6

0
.1
3

[1
1
9
]
Q
u
a
n
tu
m

C
ro
ss
ta
lk

a
s
a
P
h
y
si
ca
ll
y
U
n
cl
o
n
a
b
le

C
h
a
ra
ct
er
is
ti
c.
..

C
h
ri
st
o
p
h
er

Z
.
C
h
w
a
et

a
l.

2
0
2
3

2
1
8

0
.0
6

[3
5
]
T
ru
st
w
o
rt
h
y
Q
u
a
n
tu
m

C
o
m
p
u
ta
ti
o
n
th
ro
u
g
h
..
.

K
a
it
li
n
N
.
S
m
it
h
et

a
l.

2
0
2
3

0
2
8

0
.1
8

[2
1
]
C
o
m
p
a
ri
so
n
o
f
Q
u
a
n
tu
m

P
U
F

m
o
d
el
s

V
la
d
le
n
G
a
le
ts
k
y
et

a
l.

2
0
2
2

9
2
9

0
.1
3

[1
2
0
]
O
n
S
ec
u
ri
ty

N
o
ti
o
n
s
fo
r
E
n
cr
y
p
ti
o
n
in

a
Q
u
a
n
tu
m

W
o
rl
d

C
.
C
h
ev
a
li
er

et
a
l.

2
0
2
2

4
0

3
8

0
.0
5

[1
2
1
]
D
u
a
l-
co
lo
r
d
y
n
a
m
ic

a
n
ti
-c
o
u
n
te
rf
ei
ti
n
g
la
b
el
s
w
it
h
p
er
si
st
en
t.
..

N
g
ei

K
a
tu
m
o
et

a
l.

2
0
2
2

3
3

4
9

0
.0
2

[1
2
2
]
O
n
th
e
Q
u
a
n
tu
m

S
ec
u
ri
ty

o
f
O
C
B

V
a
ru
n
M
a
ra
m

et
a
l.

2
0
2
2

7
4
5

0
.0
2

[3
3
]
Q
u
a
n
tu
m

P
U
F

fo
r
S
ec
u
ri
ty

a
n
d
T
ru
st
..
.

K
o
u
st
u
b
h
P
h
a
la
k
et

a
l.

2
0
2
1

7
3

1
8

0
.2
8

[2
5
]
O
n
th
e
co
n
n
ec
ti
o
n
b
et
w
ee
n
q
u
a
n
tu
m

p
se
u
d
o
ra
n
d
o
m
n
es
s.
..

M
in
a
D
o
o
st
i
et

a
l.

2
0
2
1

5
4
8

0
.0
8

[1
2
3
]
A

U
n
ifi
ed

F
ra
m
ew

o
rk

F
o
r
Q
u
a
n
tu
m

U
n
fo
rg
ea
b
il
it
y

M
in
a
D
o
o
st
i
et

a
l.

2
0
2
1

1
2

3
4

0
.1
5

[1
0
0
]
Q
u
a
n
tu
m

L
o
ck
:
A

P
ro
va
b
le

Q
u
a
n
tu
m

C
o
m
m
u
n
ic
a
ti
o
n
A
d
va
n
ta
g
e

K
a
u
sh
ik

C
h
a
k
ra
b
o
rt
y
et

a
l.

2
0
2
1

8
7
0

0
.3
4

[3
1
]
E
ffi
ci
en
t
C
o
n
st
ru
ct
io
n
o
f
Q
u
a
n
tu
m

P
h
y
si
ca
l
U
n
cl
o
n
a
b
le

F
u
n
ct
io
n
s.
..

N
.
K
u
m
a
r
et

a
l.

2
0
2
1

1
4

4
1

0
.1
0

[1
2
4
]
L
ea
rn
in
g
cl
a
ss
ic
a
l
re
a
d
o
u
t
q
u
a
n
tu
m

P
U
F
s
b
a
se
d
o
n
si
n
g
le
-q
u
b
it

g
a
te
s

A
n
n
a
P
a
p
p
a
et

a
l.

2
0
2
1

8
2
1

0
.2
4

[1
1
]
R
em

o
te

q
u
a
n
tu
m
-s
a
fe

a
u
th
en
ti
ca
ti
o
n
o
f
en

ti
ti
es
..
.

G
.
N
ik
o
lo
p
o
u
lo
s

2
0
2
1

6
3
2

0
.1
9

[3
0
]
C
li
en
t-
se
rv
er

Id
en
ti
fi
ca
ti
o
n
P
ro
to
co
ls

w
it
h
Q
u
a
n
tu
m

P
U
F

M
in
a
D
o
o
st
i
et

a
l.

2
0
2
0

2
4

5
8

0
.1
6

[1
2
5
]
G
a
p
-e
n
h
a
n
ce
d
R
a
m
a
n
ta
g
s
fo
r
p
h
y
si
ca
ll
y
u
n
cl
o
n
a
b
le

a
n
ti
co
u
n
te
rf
ei
ti
n
g
la
b
el
s

Y
u
q
in
g
G
u
et

a
l.

2
0
2
0

2
2
7

6
4

0
.0
2

[1
2
6
]
S
ec
u
ri
ty

A
n
a
ly
si
s
o
f
Id
en
ti
fi
ca
ti
o
n
P
ro
to
co
ls
..
.

F
re
d
er
ic
k
H
et
h
er
to
n

2
0
2
0

0
3
0

0
.2
0

[1
2
7
]
A
n
a
ly
si
s
o
f
cr
o
ss
ta
lk

in
N
IS
Q

d
ev
ic
es
..
.

A
b
d
u
ll
a
h
A
sh
-S
a
k
i
et

a
l.

2
0
2
0

6
4

1
4

0
.0
0

[1
8
]
Q
u
a
n
tu
m

P
h
y
si
ca
l
U
n
cl
o
n
a
b
le

F
u
n
ct
io
n
s:

P
o
ss
ib
il
it
ie
s
a
n
d
Im

p
o
ss
ib
il
it
ie
s

M
y
rt
o
A
ra
p
in
is

et
a
l.

2
0
1
9

5
5

5
5

1
.0
0

[1
2
8
]
P
b
S
Q
u
a
n
tu
m

D
o
ts

B
a
se
d
o
n
P
U
F
s
fo
r
U
lt
ra

H
ig
h
-D

en
si
ty

K
ey

G
en

er
a
ti
o
n

Y
u
ej
u
n
Z
h
a
n
g
et

a
l.

2
0
1
9

5
2
9

0
.0
0

[9
8
]
T
h
eo
re
ti
ca
l
fr
a
m
ew

o
rk

fo
r
p
h
y
si
ca
l
u
n
cl
o
n
a
b
le
..
.

G
iu
li
o
G
ia
n
fe
li
ci

et
a
l.

2
0
1
9

2
4

4
1

0
.2
0

[1
2
9
]
O
p
ti
ca
l
sc
h
em

e
fo
r
cr
y
p
to
g
ra
p
h
ic

co
m
m
it
m
en
ts

w
it
h
p
h
y
si
ca
l
u
n
cl
o
n
a
b
le

k
ey
s

G
eo
rg
io
s
M
.
N
ik
o
lo
p
o
u
lo
s

2
0
1
9

5
3
3

0
.0
6

[1
3
0
]
In
te
rc
ep

t-
R
es
en

d
E
m
u
la
ti
o
n
A
tt
a
ck
s
A
g
a
in
st

a
C
o
n
ti
n
u
o
u
s-
V
a
ri
a
b
le
..
.

L
.
F
la
d
u
n
g
et

a
l.

2
0
1
9

1
4

3
5

0
.0
9

[1
3
1
]
(T

ig
h
tl
y
)
Q
C
C
A
-S
ec
u
re

K
ey
-E

n
ca
p
su
la
ti
o
n
..
.

K
ei
ta

X
a
g
aw

a
et

a
l.

2
0
1
9

1
2
4

0
.0
4

[1
3
2
]
A

q
u
a
n
tu
m

re
la
te
d
-k
ey

a
tt
a
ck

b
a
se
d
..
.

H
.
X
ie
,
L
.
Y
a
n
g

2
0
1
8

1
6

5
2

0
.0
0

[1
3
3
]
C
o
n
ti
n
u
o
u
s-
va
ri
a
b
le

q
u
a
n
tu
m

a
u
th
en
ti
ca
ti
o
n
o
f.
..

G
.
N
ik
o
lo
p
o
u
lo
s

2
0
1
8

4
7

3
7

0
.0
3

[1
3
4
]
A
sy
m
m
et
ri
c
cr
y
p
to
g
ra
p
h
y
w
it
h
p
h
y
si
ca
l
u
n
cl
o
n
a
b
le

k
ey
s

R
.
U
p
p
u
et

a
l.

2
0
1
8

3
4

3
8

0
.0
5

[1
3
5
]
A

R
et
ro
sp

ec
ti
v
e
a
n
d
a
L
o
o
k
F
o
rw

a
rd
:
F
if
te
en

Y
ea
rs

o
f.
..

C
h
ip
-H

o
n
g
C
h
a
n
g
et

a
l.

2
0
1
7

1
7
7

1
3
2

0
.0
5

[2
0
]
A
u
th
en

ti
ca
te
d
co
m
m
u
n
ic
a
ti
o
n
fr
o
m

q
u
a
n
tu
m

re
a
d
o
u
t
o
f
P
U
F
s

B
.
Š
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ć
et

a
l.

2
0
1
3

3
2

2
6

0
.2
3

[9
4
]
Q
u
a
n
tu
m
-s
ec
u
re

a
u
th
en

ti
ca
ti
o
n
o
f
a
p
h
y
si
ca
l.
..

S
.
A
.
G
o
o
rd
en

et
a
l.

2
0
1
3

2
2
2

2
3

0
.1
7

[8
]
O
n
th
e
p
ra
ct
ic
a
l
u
se

o
f
p
h
y
si
ca
l
u
n
cl
o
n
a
b
le

fu
n
ct
io
n
s
in
..
.

U
.
R
ü
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[8] U. Rührmair and M. van Dijk, “On the practical use of physical unclonable functions in oblivious
transfer and bit commitment protocols,” Journal of Cryptographic Engineering, vol. 3, pp. 17–28,
2013, DOI: https://doi.org/10.1007/s13389-013-0052-8.

[9] M. Asim, J. Guajardo, S. S. Kumar, and P. Tuyls, “Physical unclonable functions and their appli-
cations to vehicle system security,” in VTC Spring 2009 - IEEE 69th Vehicular Technology Confer-
ence, 2009, pp. 1–5, DOI: https://doi.org/10.1109/VETECS.2009.5073800.

[10] C. Herder, M.-D. Yu, F. Koushanfar, and S. Devadas, “Physical unclonable functions and ap-
plications: A tutorial,” Proceedings of the IEEE, vol. 102, no. 8, pp. 1126–1141, 2014, DOI:
https://doi.org/10.1109/JPROC.2014.2320516.

[11] G. M. Nikolopoulos, “Remote quantum-safe authentication of entities with physical unclonable
functions,” Photonics, vol. 8, no. 7, 2021, DOI: https://doi.org/10.3390/photonics8070289.

[12] G. T. Becker, “On the pitfalls of using arbiter-PUFs as building blocks,” IEEE Transactions on
Computer-Aided Design of Integrated Circuits and Systems, vol. 34, no. 8, pp. 1295–1307, 2015,
DOI: https://doi.org/10.1109/TCAD.2015.2427259.

[13] J. Delvaux, “Machine-learning attacks on PolyPUFs, OB-PUFs, RPUFs, LHS-PUFs, and
PUF–FSMs,” IEEE Transactions on Information Forensics and Security, vol. 14, no. 8, pp. 2043–
2058, 2019, DOI: https://doi.org/10.1109/TIFS.2019.2891223.
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