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Abstract—The paper wraps up the call for formal analysis of the new security
handshake protocol EDHOC by providing an overview of the protocol as it was
standardized, a summary of the formal security analyses conducted by the
community, and a discussion on open venues for future work.
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Introduction
The rise of the Internet of Things (IoT) has driven
organizations like the Internet Engineering Task Force
(IETF) to develop protocols that meet the requirements
of the involved devices and networks. Some of the
challenges are their low processing power, scarce
bandwidth, battery lifetimes and reduced data rates.
To address these issues, the Internet community has
developed and standardized protocols that are tailored
for constrained environments. The results of these
efforts include the Constrained Application Protocol
(CoAP) and the Object Security for Constrained REST-
ful Environments (OSCORE). CoAP is a specialized
web transfer protocol that provides the REST services
of HTTP but with reduced overhead and processing.
OSCORE is a security protocol that can be applied
to protect CoAP communication, including end-to-end
encryption and integrity across CoAP proxies, replay
protection and binding of responses to requests.

OSCORE itself does not define a key establishment
protocol. Prior to using OSCORE, the communicating
parties must establish a security association, including
a shared cryptographic key through some out-of-band
mechanism. To resolve this matter, the IETF created
the Lightweight Authenticated Key Exchange (LAKE)
working group which developed and standarized the
Ephemeral Diffie-Hellman Over COSE (EDHOC) pro-
tocol. EDHOC is designed to enable an authenticated

Diffie-Hellman key exchange and shared secret key
derivation between two peers, both possibly operating
on resource-constrained devices utilizing low-power
IoT radio communication technologies. EDHOC, like
OSCORE, builds on the Concise Binary Object Rep-
resentation (CBOR) encoding and the object security
format CBOR Object Signing and Encryption (COSE),
enabling reduced message sizes and combined code
footprint.

EDHOC and OSCORE provide an application layer
alternative or complement to Transport Layer Security
(TLS) for protection of CoAP. TLS 1.3 is the go-
to standard for web security but faces challenges
in constrained environments due to large handshake
message sizes and more elaborate state machines.
The same applies to Datagram TLS (DTLS) 1.3 used
for connectionless transports, such as User Datagram
Protocol (UDP). A DTLS handshake transfers around
1 kB of data [1].

EDHOC, for comparison, allows for handshakes
that transfer 100+ bytes of data, requires only three
mandatory flights, is transport agnostic, and code size
can be kept low by reusing the same elements as
OSCORE. Fedrecheski et al. [2] show that EDHOC
achieves a 7.75× reduction in message footprint, 1.9×
reduction in energy and time, and uses up to 4× less
flash and RAM than DTLS 1.3.

In November 2021, Vučinić et al. [3] invited the
formal analysis community to study the EDHOC pro-
tocol. During the following six-month period, the stan-
dardization process was “frozen” and no modifications
to the protocol were done. This paper wraps up the
formal analysis stage by offering an overview of the
protocol as formalized in RFC 9528 and RFC 9529 and
a summary of the security analyses conducted by the
time of publication. The paper also identifies potential
areas for improvement and outlines future research



directions.

Security Goals
The security goals of the protocol adhere to the re-
quirements established by Vučinić et al. [4]. They can
be summarized as follows:

• Confidentiality. The shared secret established
at the end of the session must be known only
to the two authenticated peers. In addition, an
active attacker who has compromised either one
of the peer’s private keys shall still not be able to
compute past session keys (Forward Secrecy).
This is achieved by generating session keys from
ephemeral keys, which are freshly defined in
each session. Therefore, even if a session key
is compromised, only the data from the current
session is at risk, but not past communications.

• Mutual authentication. At the end of the ses-
sion, each peer should have freshly authenti-
cated the other peer. Both peers must agree on
a fresh session identifier, roles and credentials.
Compromising the long-term secret of one party
should not break that party’s authentication of
their peer in the given session (Key Compromise
Impersonation resistance). In addition, the proto-
col shall offer protection against identity misbind-
ing attacks, where a peer becomes unknowingly
associated with a third party.

• Identity protection. “Identity” refers to a unique
identifier that allows different entities within the
protocol to recognize and authenticate each
other. Identity may be represented by a crypto-
graphic certificate, public keys, MAC addresses
or any other unique identifier exchanged during
the protocol execution. The protocol must protect
the identity of one of the peers against active at-
tackers and the identity of the other peer against
passive attackers.

• Cryptographic strength. The target security
level of the protocol’s key shall be greater or
equal than 128 bits, meaning that the complexity
of an attack is greater or equal to 2128 to brute-
force the key. This security level targets the
strength of the authentication, established keys,
and protection of negotiation for all cryptographic
parameters.

• Protection of external security data. For ef-
ficiency, the protocol should support integration
of external security applications using so called
“External Authorization Data” (EAD) message
fields having the same level of protection as the
protocol message they are carried within.

• Downgrade protection. In response to long
deployment lifetimes, the protocol must support
cryptographic agility, including modularity and
negotiation of preferred cryptographic primitives.
At the end of the session, both peers must
agree on the cryptographic algorithms that were
proposed and chosen. Downgrade protection is
crucial to prevent attackers from forcing the use
of weaker security features. Some related at-
tacks include (1) cipher suite downgrade attack,
in which attackers attempt to manipulate the
negotiation process to force the use of less se-
cure cipher suites, or (2) key material downgrade
attack, in which an adversary intercepts the key
derivation process and modifies the generated
key to use weaker or compromised key material.

The EDHOC Protocol
A Primer on SIGMA
EDHOC is designed following the SIGMA protocol,
a family of key-exchange protocols that introduce
a general approach to building authenticated Diffie-
Hellman (DH) protocols using a combination of digital
signatures and message authentication code (MAC)
functions. SIGMA is widely used and constitutes the
cryptographic basis of known protocols such as the
Internet Key Exchange (IKE) (IKE version 1 and ver-
sion 2) or Transport Layer Security (TLS) version 1.3.
In SIGMA, each party can authenticate to the other
without needing to know the peer’s identity before-
hand. This property allows the protocol to support
identity protection, a requirement that plays a central
role in its design. More specifically, it decouples the
authentication of the ephemeral Diffie-Hellman public
key (GX , GY ) performed via digital signatures, from
the binding of key and identities, done by computing
a MAC function. The most basic form of the SIGMA
protocol, without identity protection, consists in sending
both the digital signatures and the MAC (see Fig. 1).
The output of the protocol is a session key derived from
the Diffie-Hellman shared secret (GXY ).

In case the identity protection functionality is
needed, one of the peers can delay communicating
its own identity until it learns the peer’s identity in
an authenticated form. This gives rise to two variants
of SIGMA: (1) SIGMA-I, which protects the identity
of the peer initiating the session, called Initiator, and
(2) SIGMA-R, which protects the identity of the peer
engaging in an already initiated session, called Re-
sponder.

To reduce the size of the messages on the wire, of
special interest in constrained environments, SIGMA
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RESPONDERINITIATOR

TH - Transcript Hash
K - Symmetric Key

I - Initiator
R - Private static key of the Responder
X,Y - Ephemeral DH keys

GX

GY CREDR SIG(R; GX, GY,  MAC(B      ) MAC(R)

CREDI SIG(I; GX, GY,                   ) MAC(I)

key

MAC(R)

Ke

key Ke

MAC(I)

SIGMA-I (Encryption with key k) SIGMAMAC-then-Sign

key K

FIGURE 1. Message flow of the SIGMA protocol. The blue boxes denote additions to the SIGMA-I variant. The yellow boxes
denote additions to the MAC-then-Sign variant.

ID Initiator Responder

0 Signature Signature

1 Signature Static Diffie-Hellman

2 Static Diffie-Hellman Signature

3 Static Diffie-Hellman Static Diffie-Hellman

TABLE 1. Current authentication methods registered by IANA.

introduces the MAC-then-Sign variant. In MAC-then-
Sign, MAC is included under the Signature, allowing
to reduce message length by not sending the MAC
explicitly. The MAC-then-Sign messages are therefore
shorter for the length of the MAC. As long as the MAC
covers the identity of the signer the same security of
the basic SIGMA protocol is preserved. Fig. 1 shows
the differences between the basic SIGMA protocol,
SIGMA-I and MAC-then-Sign variants.

EDHOC Additions to SIGMA
EDHOC cryptographic core follows the MAC-then-Sign
variant of the SIGMA-I protocol. However, apart from
conventional signature keys used for authentication,
EDHOC enables the use of static Diffie-Hellman keys.
The EDHOC “authentication method”, sent in the first
message, defines which type of the authentication key
the peers are using (see Table 1).

The use of static Diffie-Hellman keys allows signif-
icant reduction in message size. While following the
SIGMA-I MAC-then-Sign structure, EDHOC replaces
the digital signature with a MAC in case the peer is us-
ing the Static Diffie-Hellman key for its authentication.
This works because the peer can combine the static
Diffie-Hellman key pair with an ephemeral key pair of

the other peer and produce an ephemeral-static shared
secret to compute the MAC. The peer then needs to
send a shorter MAC (e.g. 8 bytes) instead of a digital
signature (e.g. 64 bytes).

To enable crypto agility, flexibility and modularity in
the design, EDHOC includes a list of ordered algo-
rithms in its first message. A single integer encodes
the cipher suite: a set of algorithms such as the
authenticated encryption algorithm, a hash function, an
elliptic curve (see Table 2).

EDHOC Protocol Outline
The protocol consists of three mandatory messages,
an optional fourth message, and an error message.
Figure 2 shows the message flow for the EDHOC
protocol outlined below.

• Message 1. The Initiator sends the first mes-
sage containing the setup information, which
includes the authentication method to be used,
the cipher suites, the ephemeral Diffie-Hellman
public key GX , a connection identifier CI (with no
cryptographic purpose) and the additional infor-
mation called external authorization data EAD1.

• Message 2. If the Responder agrees on the
method and cipher suites, it generates an
ephemeral key pair (Y , GY ) and computes the
Diffie-Hellman shared secret GXY . If the Re-
sponder uses static DH for authentication with
key pair (R, GR) then it also computes the
ephemeral-static Diffie-Hellman shared secret
GRX . The Responder derives two intermediate
pseudo-random keys using the Key Derivation
Function EDHOC_KDF: PRK2e and PRK3e2m, see
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ID AEAD Hash MAC length ECDH Curve Signature Application AEAD

0 AES-CCM-16-64-128 SHA-256 8 X25519 EdDSA AES-CCM-16-64-128

1 AES-CCM-16-128-128 SHA-256 16 X25519 EdDSA AES-CCM-16-64-128

2 AES-CCM-16-64-128 SHA-256 8 P-256 ES256 AES-CCM-16-64-128

3 AES-CCM-16-128-128 SHA-256 16 P-256 ES256 AES-CCM-16-64-128

4 ChaCha20/Poly1305 SHA-256 16 X25519 EdDSA ChaCha20/Poly1305

5 ChaCha20/Poly1305 SHA-256 16 P-256 ES256 ChaCha20/Poly1305

6 A128GCM SHA-256 16 X25519 ES256 A128GCM

24 A256GCM SHA-384 16 P-384 ES384 A256GCM

25 ChaCha20/Poly1305 SHAKE256 16 X448 EdDSA ChaCha20/Poly1305

-24, -23,
-22, -21

Private use

TABLE 2. Current cipher suites and their identification integer as registered by IANA.

INITIATOR RESPONDER

Method Cipher Suites CIGX EAD1

Sent in clear

GY

CR,   ID_CREDR,   EAD2

key KEYSTREAM2

PLAINTEXT2

Sym. Encryption with key K  

key K

 EAD4

key K4

PLAINTEXT4

Shared secret:
GXY = ECDH(X, GY)

Shared secret:
GXY = ECDH(Y, GX)

Computed out of band

TH : Transcript Hash
K : Symmetric Key
      : Optional

   

I, R : Initiator, Responder
X,Y : Ephemeral DH Private keys
GX, GY :  Ephemeral DH Public keys

SIG(R; ID_CREDR, TH2, CREDI, EAD2,MAC2) MAC2=KDF(PRK3e2m, ID_CREDR, CREDR, TH2, EAD2 ,len2)

ID_CREDI,   EAD3

key K3

PLAINTEXT3

SIG(I; ID_CREDI, TH3, CREDI, EAD3, MAC3) MAC3=KDF(PRK4e3m, ID_CREDI, TH3, CREDI,EAD3,len3)

Auth. with Static DH

Auth. with Signature

Final authenticated key:
PRKout = KDF(PRK4e3m, TH4)

Final authenticated key:
PRKout = KDF(PRK4e3m, TH4)

(Private key of I, CREDI) (Private key of R, CREDR)

(X, GX)

(Y, GY)

OR

OR

FIGURE 2. The EDHOC message flow. The fields (X, GX ) (resp. (Y, GY )) represent ephemeral private and public key
of the Initiator (resp. Responder). Field CREDI (resp. CREDR ) denotes the authentication credentials containing the public
authentication keys of I (resp. R). Method is an integer (0-1-2-3) denoting the authentication method (see Table 1). Cipher
Suites is an ordered set of preferred algorithms (see Table 2). If method is either 0 or 1 for the Initiator (resp. 0 or 2 for the
Responder), then Sig or MAC equals Sig. The fourth message is optional (represented with a dashed line).
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Fig. 3. The index in the key name indicates in
what message and operation the key is involved.
Thus, PRK2e is used for the encryption of the
message 2 whereas PRK3e2m is used for en-
cryption of message 3 and MAC of message 2.
The Responder also computes a transcript hash
TH2 that includes the first message and the
ephemeral Diffie-Hellman public key GY . When
the Responder uses a Static Diffie-Hellman key,
authentication is ensured by a MAC2 (methods 1
and 3). This MAC is derived using EDHOC_KDF

with PRK3e2m and some additional information
(context2) that includes the previously calcu-
lated transcript hash TH2 and its own creden-
tials CREDR . Otherwise (methods 0 and 2),
the Responder authenticates via a signature.
The parameters used in the signature algorithm
are: (1) ID_CREDR , an identifier to facilitate
retrieval of CREDR . (2) external authorization
data, including TH2, CREDR and EAD2, and (3)
the previously calculated MAC2. Message 2 is
finally encrypted using keystream K2, derived
from PRK2e.

• Message 3. After receiving the second mes-
sage, the Initiator computes the shared secret
GXY , the decryption key K2 derived from PRK2e,
and the pseudo-random keys PRK3e2m, all used
for verifying message 2. If the Initiator uses
static DH for authentication with key pair (I,
GI) then it also computes the ephemeral-static
Diffie-Hellman shared secret GIY used in the
derivation of PRK4e3m, see Fig. 3.
I verifies R’s credentials by means of either the
signature or MAC. I then computes a new tran-
script hash TH3 including R’s credentials, and
a MAC, MAC3, using EDHOC_KDF on PRK4e3m

and some additional data (context3) that includes
the previous hash TH3 and its own credentials
CREDI . Depending on the method used, the
MAC is either sent raw or protected by a signa-
ture. It is further encrypted using keying material
K3 / IV3 derived from PRK3e2m.

• Message 4. The Responder receives the third
message and decrypts it to authenticate the
Initiator. R can then send an optional fourth mes-
sage containing external authorized data EAD4

as acknowledgment, encrypted using the keying
material K4 / IV4 derived from PRK4e3m.

Key Schedule

EDHOC uses a similar key schedule to the Noise
XX pattern [5], a handshake pattern within the Noise
protocol framework designed for establishing secure

communication channels between two parties with
static long-term keys.

Two functions are involved in the key sched-
ule: (1) EDHOC_Extract and (2) EDHOC_Expand. In
a first stage, EDHOC_Extract receives as input a
salt and an Input Keying Material (IKM), and gen-
erates a fixed-length pseudorandom key (PRK) that
is uniformly random-distributed. In a second stage,
EDHOC_Expand takes the previously generated PRK,
a sequence named info, and the key length, and
outputs several additional pseudorandom keys that will
be used both in the EDHOC_KDF and as output keying
material. The definition of both functions depends on
the hash algorithm of the cipher suites. Details on the
different keys used in EDHOC are illustrated in Fig. 3.

Security Analysis of EDHOC
Before TLS 1.3, the process of standardization and
formalization often occurred sequentially. Formaliza-
tion, which involves the rigorous mathematical analysis
of the protocol’s security properties, typically occurred
independently or as part of academic research efforts.
Meanwhile, standardization efforts, led by organiza-
tions such as the IETF, focused on developing and doc-
umenting the protocol specification, considering practi-
cal deployment considerations, interoperability require-
ments, and feedback from implementers. However,
with the increasing recognition of the importance of
formal analysis in protocol design, especially in the
context of Internet security and privacy, there has been
a growing emphasis on integrating formal methods into
the standardization process from an early stage. In this
regard, the standardization of EDHOC followed this
parallel approach, with formal analysis informing the
design and development of the protocol specification
from the outset.

In order to obtain proofs that security protocols
are correct, one first needs to model them mathemat-
ically. Two models of protocols have been considered
to study the security requirements of EDHOC: (1) a
symbolic model, and (2) a computational model. The
symbolic model, often called Dolev-Yao model, is an
adversary model that employs idealized cryptographic
primitives and that allows the adversary to control
the communication channel and interact with protocol
sessions by dropping, injecting or modifying messages.
In this model, the cryptographic primitives are rep-
resented by function symbols considered as black-
boxes, the messages are terms on these primitives,
and the adversary is restricted to compute only using
these primitives. As for the computational model, the
messages are bit strings, the cryptographic primitives
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KEYSTREAM2ExpandPRK2eExtractGXY CIPHERTEXT2

ExpandPRK3e2mExtract
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STAT?T

F

Expand K3  / IV3 AEAD in m3
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ExpandPRK4e3mExtract

Expand
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T

TH2  = H( H(message1), G
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K4  / IV4 AEAD in m4

key
salt

key
salt

salt
key

key

info

info

info

key

key

key

key

info

info

TH - Transcript Hash
K - Symmetric Key
IV - Initialization Vector

I, R - Initiator, Responder
X, GX,Y, GY - Ephemeral DH keys
GI, GR - Static DH public keys

GRX

GIY

TH3  = H(TH2, PLAINTEXT2,CREDR)

TH4  = H(TH3, PLAINTEXT3,CREDI)

DH-shared secret

Pseudo-random key

TH2 

Encryption / MAC key

PLAINTEXT2

CIPHERTEXT3

PLAINTEXT3

SIGN2
R uses 
SIG?

TMAC2

MAC2 SIGN3
I uses 
SIG?

T

PLAINTEXT4

Expand
info

key PRKout Expand PRKexporter Expand

m4
?

T

Session key

Application 
key

FIGURE 3. The EDHOC key schedule as standardized in RFC 9528, adapted from Vučinić et al. [3].

are functions from bit strings to bit strings, and the
adversary is any probabilistic Turing machine. In this
model, a security property is considered to hold when
the probability that it does not hold is negligible in
the security parameter. In the computational model
it is common to use a code-based game framework
where initially the problem is represented as a code-
based game, named game 0, and it is sequentially
modified creating a chain of games in which the last
game has the property that it cannot be won by the
adversary, i.e. the advantage is zero. By using the fun-
damental lemma of game playing (see Bellare et al. [6]
for details), the probability of the adversary winning
the original game can be bounded. Even though the
computational model is much more realistic, the sym-
bolic model is suitable for automation, essentially by
computing the set of all messages the adversary can
know.

In this section, we discuss the main vulnerabilities
that were found by the community in the security
analyses of EDHOC and how they were resolved in
order to meet the listed security goals. A summary of

the vulnerabilities and their proposed mitigations can
be found in Table 3.

• Confidentiality. Jacomme et al. [7] performed
a symbolic analysis of draft 12 on all authen-
tication methods and found a flaw in the key
derivation that lead to a weak session key, due
to a reuse of the last key exchange internal
key (PRK4e3m). Their proposed fix was to add
a final key derivation that would depend on
both PRK4e3m and TH4. The advantages of this
improvement are: (1) the session key is different
from the MAC key, (2) a key confirmation implies
authentication of all the data, (3) a dishonest
party cannot control the final value of the session
key and (4) the final state of the protocol is
simplified since only the session key needs to be
stored, rather than storing a key and a transcript.
The improvement was added in draft 14 and
formally verified (in a computational model) by
Günther et al. [8].
Later on, Günther et al. [8] performed a com-
putational proof of draft 14 using authentication
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Security
goal Vulnerability Mitigation Initial

draft
Improved

draft Method Proof
type Ref.

Weak final key. Reuse of
the last key-exchange

internal key

Final key depending on PRK4x3m
and TH4 (PRKout )

12 14 0-1-2-3 S [7]

Transcript collision attack
Reorder arguments in the hash

function
12 14 0-1-2-3 S [7]

Duplicate Signature Key
Selection (identity
misbinding attack)

Include full/unique authentication
credentials in the hash function.
Build transcript hashes based on

plaintext

14 17 0 C [8]

Key reuse
Not to reuse keys across calls of

EDHOC_Extract and
EDCHO_Expand

14 17 0 C [8]

Confidentiality

Salt Collision Attack
Use TH2 as salt in the HKDF

Extract function to derive PRK2e
15 16 3 C [9]

KCI
Modify the construction of message

3
15 - 3 C [9]

Leaking ephemeral secrets
breaks authentication

Entity authentication should only
rely on long-term authentication

secrets
12 14 0-1-2-3 S [7]

Mutual

authentication

Injective agreement Add a fourth message as an option 00 Op. 0-1-2-3 S [10]

Initiator impersonation
Include the Initiator identity in the

list of trusted identities for the
Initiator

12 14 0-1-2-3 S [7]

Identity

protection Partial privacy disclosure of
the Responder’s identity

Authenticate the first message and
provide a way to validate the

second message
07 - 0-1-2-3 S [11]

Attacks in 264 operations
for the Responder

Add a fourth message 15 Op. 3 C [9]Cryptographic

strength

AEAD Key/IV reuse
Do not allow message

recomputation from stored data
12 14 0-1-2-3 S [7]Protection

of external

data

Unclear intended use
The Initiator should verify whether

the identity of the Responder
matches the intended one.

00 05 0-1-2-3 S [10]

Malleable signatures
Do not accept low-order points or

the identity group element
12 - 0-1-2-3 S [7]

Non-

repudiation

Sessions sharing the same
PRK _4e3m

Do not accept low-order points or
the identity group element

12 - 0-1-2-3 S [7]

TABLE 3. Different vulnerabilities found during the security analysis of EDHOC and their corresponding mitigations. Op. denotes
optional, and - denotes not included. S denotes symbolic analysis and C denotes computational analysis.
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method 0 and suggested including full/unique
credentials in the transcript hashes (TH3 and
TH4). The aim was to strengthen EDHOC
against attacks leveraging non unique creden-
tials, such as identity misbinding attacks, where
a legitimate but compromised peer manipulates
the honest peer so that it becomes unknowingly
associated with a third party.
Lastly, Cottier and Pointcheval [9] performed a
computational proof of draft 15 using method 3
and detected a salt collision attack (an attacker
manages to find two different inputs that, when
combined with their respective salts, produce
the same hash value). Indeed, previous to their
suggestion, an empty string was used in the
derivation of PRK2e. However, this means that
no additional randomness is added to the hash-
ing process. Thus, they suggested replacing the
empty string used as salt with TH2 in the deriva-
tion of PRK2e. This proposal was included in
draft 16.

• Mutual authentication. Norrman et al. [10] per-
formed a formal analysis of all four authentica-
tion methods in draft 00 in a symbolic model.
In their analysis, they proved two flavors of
mutual authentication. The first one is injective
agreement, which guarantees to an initiator I that
whenever I completes a run with a Responder R,
then R has been engaged in the protocol as a
Responder. It also guarantees that I and R agree
on a set of parameters, including the session
key material. The corresponding property for R
is analogous. The second variant of authentica-
tion is implicit agreement, which establishes that
if the Initiator I (resp. Responder R) assumes
that the Responder R (resp. Initiator T) knows
the session key material, then it must be the
intended party. In their analysis they show that
implicit agreement on the session key material
and the initiator’s identity hold for all four authen-
tication methods. Contrary, given that EDHOC
aims to protect the Initiator’s identity, injective
agreement on the initiator’s identity does not
hold for any of the methods. As for the injective
agreement on the session key material, it is not
supported whenever the Initiator uses methods
1 or 3, i.e., static Diffie-Hellman key. To solve it,
they propose to add a fourth message from R to
I carrying a MAC based on a key derived from
the session key material. The optional message
four was added by the LAKE Working Group as
an optional feature of the protocol.
Cottier and Pointcheval [9] completed a com-

putational proof of draft 15 using authentication
method 3, i.e., static Diffie-Hellman keys. They
discovered a Key Compromise Impersonation
(KCI) attack on K3, where an attacker gains
access to a peer’s private key and compro-
mises and impersonates this peer. It turns out
that K3, used by the Initiator to encrypt mes-
sage 3, is computed by calling EDHOC_Expand

on PRK3e2m, and can be computed by an ad-
versary that knows the Initiator ephemeral key
GX . In order to break the Initiator’s authentica-
tion, an adversary must know as well MAC3.
However, in the most constrained cipher suites
(identifiers 0 and 2 in Table 2), MAC3 is 64 bits
long. They suggest modifying the construction
of message 3 by splitting it in two parts: (1) the
first one contains the identity credentials of the
initiator and is encrypted using the correspond-
ing encryption key K3 derived from PRK3e2m, (2)
the other half corresponds to the authentication
tag MAC3 and the EAD3 and is sent without
encryption. The main reason why this change
was not included in the draft was that it did not
offer protection against active attackers, since
the identity credentials were not be protected
with a MAC. The proposed alternative is to use
a longer 16 bytes MAC3, which was already
contemplated by some cipher suites, such as 1
and 3 (see Table 2).
Ferreira [12] performed a computational analysis
of the final draft of EDHOC, draft 23, on the
four authentication methods. Similarly to Nor-
rman et al. [10], they proved that a fourth mes-
sage is necessary only when the initiator authen-
ticates by means of a static DH key, i.e. authen-
tication methods 1 and 3. For these authentica-
tion methods, the fourth message proves to the
initiator that the responder shares the same key
PRK4. Furthermore, it also proves to the initiator
that the responder shares the same session
identifier.

• Identity protection. Kim et al. [11] studied draft
7 leveraging BAN Logic, a set of rules for defin-
ing and analyzing information exchange proto-
cols, and AVISPA (Automated Validation of Inter-
net Security Protocols and Applications), a tool
designed for the automated analysis and valida-
tion of security protocols and applications. Their
results show vulnerability against privacy attacks
affecting the identity credentials (ID_CREDR and
ID_CREDI). Thus, an attacker can easily break
the privacy of ID_CREDR by establishing the
session key with the Responder, leading to a
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partial privacy disclosure of the Responder’s
identity. They recommend authenticating mes-
sage 1 and providing a way to validate mes-
sage 2.
Jacomme et al. [7] detected a privacy leak in
draft 12 when the list of trusted identities for
the Initiator I is only missing I’s identity. They
proposed to fix it by adding the Initiator identity
in its own list of trusted identities.
In their computational analysis of draft 23 of
the protocol, Ferreira [12] suggests that identity
privacy can be enhanced by systematically us-
ing padding before encryption, particularly with
plaintext elements like EAD2, EAD3 and EAD4.
Padding can obscure the actual size of the data
being transmitted, making it harder for an ad-
versary to infer information about the identities
involved. However, padding should be used with
care as it enlarges the messages and increases
bandwidth consumption.

• Cryptographic strength. The cryptographic
strength of the protocol was formally studied by
Cottier and Pointcheval [9]. They proved that in
the three-flow scenario and using the most con-
strained cipher suites with 8-byte long MACs, the
protocol provides a 64-bit security level for the
Responder authentication. They further showed
that a fourth message using authenticated en-
cryption (AEAD) from the Responder to the Ini-
tiator increases this security up to a 128-bit level,
being consistent with the security requirements.
Ferreira [12] showed that the security of EDHOC
depends essentially on that of the authenticated
encryption algorithm used. They show that the
cipher suite based on A256GCM is preferable
for high security applications, in contrast with
ChaCha20Poly1305, also recommended in the
EDHOC draft for the same kind of applications.

• Protection of external data. Jacomme et al. [7]
detected an attack in draft 12 due to the possibil-
ity of resending the last message, which lead to
a nonce reuse of AEAD, breaking confidentiality
and integrity. They therefore suggested not to al-
low message resending when using randomized
signatures. This was specified in draft 14.

• Non-repudiation. Non-repudiation was high-
lighted by Norrman et al. [10] in their analysis
of draft 00 and Jacomme et al. [7] in their study
of draft 12. They signaled cases in which non-
repudiation would be unclear. These include:
(1) sessions sharing the same PRK4e3m due to
acceptance of low-order points or the identity
group element and (2) signatures being mal-

Security goal Method

0 1 2 3
Confidentiality S,C S,C S,C S,C

Mutual authentication S,C S,C S,C S,C

Identity protection S,C S,C S,C S,C

Cryptographic strength C C C C

Protection of external data S S S S

Downgrade protection S S S S

TABLE 4. Summary of the EDHOC security analyses. S de-
notes symbolic proof and C computational proof. Method
refers to the authentication method (listed in Table 1).

leable. These situations were considered side
cases and were thus not included by the Working
Group in the draft.

• Downgrade protection. There were no vulner-
abilities found regarding downgrade attacks in
any of the studies. The defined cipher suite
negotiation in the specifications is thus found to
be resistant against these attacks.

Table 4 summarizes how EDHOC meets the dis-
cussed security goals, including the corresponding
authentication method for which the proof holds and
the type of proof.

Discussion
The security analyses of EDHOC are restricted to the
cryptographic core of the protocol, and thus, they do
not capture all aspects of the protocol like negotiation
of authentication methods and cipher suites.

Moreover, they do not consider other attack sur-
faces in low-power devices that may undermine the
security guarantee of EDHOC. Some examples include
side-channel attacks (an adversary exploits information
leak from the physical implementation of cryptographic
operations, such as power consumption or electromag-
netic emissions) or fault injection attacks (an adversary
introduces faults or errors into a system’s operation
with the aim of compromising its security or integrity).

EDHOC has included a Post Quantum Cryptogra-
phy (PQC) variant that employs a PQC Key Encapsu-
lation Method (KEM). Even though EDHOC is currently
only specified for use with key exchange algorithms of
type ECDH curves, any KEM, including PQC KEMs,
can be used in method 0. However, current PQC
algorithms have limitations compared to Elliptic Curve
Cryptography (ECC), and the data sizes would be
problematic in many constrained IoT systems. The
use of other key exchange algorithms to replace static
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Diffie-Hellman authentication (methods 1,2 and 3) will
require the definition of new methods in the specifica-
tion. Up to date, there are no security analyses of the
Post Quantum variant. Even though Jacomme et al. [7]
mentioned in their work that they studied it, no re-
sults were presented. Given the evolution of quantum
computers, it would be interesting to perform further
analyses in the future.

Lastly, the LAKE Working Group plans to work
on a new pre-shared key (PSK)-based method, to be
also employed for rekeying, which will require a formal
analysis in the future.

Conclusion
The rapid growth of Internet of Things (IoT) calls
out for developing lightweight and efficient security
protocols that meet the particular IoT requirements,
such as scarce bandwidth, low processing power or
limited battery. In this regard, the Lightweight Authenti-
cated Key Exchange (LAKE) working group developed
the Ephemeral Diffie-Hellman Over COSE (EDHOC)
protocol, an authenticated key exchange protocol for
constrained environments. Despite the existence of
TLS and DTLS, EDHOC proves to be better suited
for resource constrained devices due to its reduced
message footprint, the limited number of flights (3 and
optionally 4), the fact that is transport agnostic and
the reduced code size (because of reusing OSCORE
elements).

The Working Group has solicited formal analy-
sis from the community to incorporate feedback and
improvements. The formalization and standardization
of EDHOC have been done in parallel, following the
approach used in TLS 1.3. This paper summarizes
the different studies that have been performed since
draft 00 (July 2020) until standard has been published
(March 2024), as well as the changes that have been
incorporated as a result of them. The different analyses
include both symbolic and computational proofs, and
they comprise different authentication methods. We
point out the main vulnerabilities that have been found,
what were the proposals to fix them and how they con-
tribute to EDHOC meeting the security requirements
established by Vučinić et al. [4].

In the paper we also present the current state of
the protocol, including security requirements, message
flow and key scheduling.
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