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Abstract

The Telegram which is a very popular messenger uses a special mode called IGE(Infinite Garble Extension).
IGE mode is not included in standard mode of operation recommended by National Institute of Standards and
Technology(NIST) in 2001. Block cipher encrypts fixed length of plaintext into the corresponding fixed-length
of ciphertext using a secret key shared by two parties and utilizes lots of mode of operation for various length of
plaintext. Even though Telegram uses non-standard IGE mode, Telegram is claimed to be secure and demonstrate
their security is stronger than other IM’s. Thus, we need to verify the security of IGE mode depending on under-
lying block ciphers. In this paper, we show that IGE mode block cipher used in Telegram assuming sPRF is not

IND-qCPA, but assuming qPRF is IND-qCPA.

Keywords Post-quantum cryptography, Infinite Garble Extension(IGE) mode, Telegram, IND-qCPA
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Chapter 1. Introduction

1.1 Post-quantum cryptography

Quantum computers can perform quantum computation using quantum-mechanics happend in quantum states
like superposition and entanglement different to the classical computers. Quantum computation uses quantum bits
(i.e., qubits) compared to binary bits in classical computations. In general, a quantum computer with n qubits can
be in an arbitrary superposition of up to 2" different state simultaneously[4]. This indicates that qubits can hold
exponentially more information than their classical counterpart.

Though the actual quantum computer is not developed yet, many experiments executing on small number of
quantum bits imply that the quantum computer will be realized soon. In real, quantum computer is expected to be
developed within 15 years. Quantum computers are becoming more and more likely including the recent success
of IBM in building 50 qubits.

Modern cryptosystem such as AES, RSA, Diffie-Hellman(DH) and Elliptic Curve Cryptosystem(ECC) are
based on cryptographic primitives. For example,in public key cryptosystem, their security relies on one of three
hard mathmatical problems such as the integer factorization problem(IFP), the discrete logarithm problem(DLP),
and the elliptic-curve discrete logarithm problem. However these problems can be solved within polynomial
time using a powerful quantum computer by Shor’s algorithm [5]. Thus we need to prepare for cryptosystem
secure against the quantum computing attack which we say quantum-safe cryptosystem such like lattice-based,
hash-based, code-based, multivariate, and isogeny cryptography.

In symmetric key cyrptosystem, data search algorithm called Grover’s algorithm [6] can find the member
given database in complexity O(v/N) compare to O(N) in classical world. The suggested method against quan-

tum computer is doubling the key size; use 256 bits key instead 128 bits key in RSA.



1.2 Motivation

Block ciphers, one of the symmetric key cryptosystem, can only encrypt a fixed length of a message. But
for practice we need to encrypt or decrypt for arbitrary-length of message. To meet this, block cipher offers lots
of mode of operation like Electronic Codebook(ECB), Output Feedback(OFB), Cipher Feedback(CFB), Cipher
Block Chaining(CBC), and XEX-based tweaked-codebook mode with ciphertext stealing(XTS), efc. Some mode
of operations can increase the message space or provide semantic security depending on the mode of operation.

Telegram, one of the famous instant messaging(IM) services, use Infinite Garble Extension(IGE)[7] mode
in their customised protocol called MTProto. IGE mode is not classified as standard mode of operation National
Institute of Standards and Technology(NIST)[8]. However this Telegram is claimed to be secure though they
use IGE mode. Even Telegram got great score by Electronic Frontier Foundation(EFF) in 2014[3]. Different to
other IM’s, Telegram open their source code, protocol, and API in order to be made by the public scrutiny of the
security experts from the world. This demonstrates indirectly to show that their security is sufficient strong than
other IM’s. However the overall security of Telegram can be vulnerable against the quantum adversaries. Thus we
need to verify the security of Telegram against the quantum adversaries, especially IGE mode used for underlying
block ciphers.

In this paper, we focus on the quantum security of IGE mode in block cipher. We will show that (i) if the
block cipher is assumed to be standard-secure Pseudo Random Function(sPRF), the block cipher of IGE mode is
not IND-qCPA(similar with IND-CPA in classical setting except that the adversary A has the quantum access).
(ii) if the block cipher is assumed to be quantum-secure Pseudo Random Function(qPRF), the block cipher of IGE

mode is IND-qCPA.



1.3 Organization

The rest of this thesis is organized as follows: Chapter 2 describes related work about the other study and
preliminaries about our definitions and notation used in this thesis. The overview of Telegram, its IGE mode
and security are described in Chapter 3. The security proof for sPRF, qPRF is explained in Chapter 4 and 5,

respectively. Finally, the conclusion and future work are discussed in Chapter 6.



Chapter 2. Related Work and Preliminaries

2.1 Preliminaries

2.1.1 Notation

y < A(z) means that an algorithm A when takes the input  outputs a value and this value is assigned to y.
Given an algorithm A, we write A if A can access to an oracle H. (A < B) denote the set of all function from
Ato B. We write 2 ¢ A if z is uniformly randomly chosen from the set A. a || b represents concatenations of
two strings and {0, 1}" represents the n-bit strings. a ® b means the inner product of two vectors a and b.

We use 7)(t) to denote a function with a security parameter ¢. If we say a quantity is negligible(denoted negl.) we
mean that it is in o(n°) or 1 — o(n°) for all ¢ > 0. We use the notation A ~ B to say that quantity A has negl.
difference with quantity B.

For an n-bit string a and binary variable b, a-b = a if b = 1 else a-b = 0. For astring x = z1z223 - - - ©,, Where

x; is the ¢ — th bit, we use function lastbit(z) = (), droplastbit(z) = 12223 -+ Tp_1.

2.1.2 IND-CPA, IND-qCPA

Definition 1 (IND-CPA). A symmetric encryption scheme ;g =(Gen,Enc,Dec) is indistinguishable under

chosen message attack(IND-CPA secure) if no classical polynomial time adversary A can win in the PrivKg_I:rA

game, except with probability at most 1/2 + negl.
PrivKﬁf;A(t) game:
Key Gen: The challenger picks a random key k & Gen and a random bit b.

Query: Adversary A chooses two messages mqo, my and sends them to the challenger.

Challenger chooses r & {0,1}" and responds with ¢* = Ency(mp; )

Guess: Adversary A produces a bit b/, and wins if b = V'

There are different kinds of definition of IND-qCPA, but we use one in [9]. In the IND-qCPA, the quantum

adversary can queries in superposition but the challenge queries are classical as in classical world.

Definition 2 (IND-qCPA[9]). A symmetric encryption scheme ;g =(Gen,Enc,Dec) is indistinguishable un-
der a quantum chosen message attack(IND-qCPA secure) if no efficient quantum adversary A can win in the

PrivK&CﬂPA game, except with probability at most 1/2 + negl.
Prisz‘CWPA(t) game:

Key Gen: The challenger picks a random key k & Gen and a random bit b.

Queries A is allowed to make two types of queries:



- Challenge Queries: A sends two messages mq, my to challenger and challenger responds with cx =

Enci(myp;T).

- Encryption Queries: For each query, the challenger chooses randomness r & {0,1}", and encrypts

each message in the superposition using r as randomness:

Zi/}mﬁc|m, c) — Z |m, ¢ ® Encg(m;r))

m,c m,c

Guess: Adversary A produces a bit b/, and wins if b = b/

2.1.3 sPRF, qPRF

Definition 3 (Standard-secure PRF [10]). A function PRF is a standard-secure PRF if no efficient quantum ad-
versary A making classical queries can distinguish between a truly random function and a function PRF}, for a

random k. That is, for every such A, there exist a negligible function e = €(t) such that
|Pri i [APR() = 1] = Pro_xx[A9() = 1]| < ¢

Definition 4 (Quantum-secure PRF [10]). A function PRF is a standard-secure PRF if no poly-time quantum
adversary A making quantum queries can distinguish between a truly random function and a function PRF}, for

a random k.



2.1.4 Authenticated Encryption

Although the previous modes of operation give confidentiality for block ciphers, much better modes that
simultaneously provide confidentiality, integrity, and authenticity known as AE were developed. In 2000, Bellare
and Namprempre introduced the notion of AE to guarantee both confidentiality of the message and integrity of
the sender while transmission over an insecure channel like mobile network [11]. As a very natural way to con-
struct AE, they suggested a generic composition paradigm on secure encryption and secure MAC protocols such
as AES and HMAC. They used indistinguishability under chosen-plaintext attack (IND-CPA), non-malleability
under chosen-plaintext attack (NM-CPA), or indistinguishability under chosen-ciphertext attack (IND-CCA) for
confidentiality like the classical block ciphers as security requirements of AE, then introduced two notions for
integrity, namely integrity of plaintexts (INT-PTXT) and integrity of ciphertexts (INT-CTXT) assuming that the
adversary A is allowed a chosen-message attack as below:

Definition 5 (INT-PTXT). AE satisfies INT-PTXT security if the advantage of any probabilistic polynomial-time

adversary A to produce a ciphertext ¢ = £(m), where m is not previously produced by the sender, is negligible.

Definition 6 (INT-CTXT). AE satisfies INT-CTXT security if the advantage of any probabilistic polynomial-time
adversary A to produce a ciphertext ¢ = £(m) not previously produced by the sender is negligible, regardless of
whether the underlying plaintext m is new or not.

From the above security requirements, they designed and analysed three composition methods on encryp-

tion and MAC protocols, namely Encrypt-and-MAC (E&M), MAC-then-Encrypt (MtE), and Encrypt-then-MAC

(EtM) as below:

E&M: For encryption with authentication, we encrypt a plaintext m as Enc(m) where Enc is an encryption
algorithm of secure encryption protocol and append a tag t of m using MAG, i.e., a ciphertext £(m) =
Enc(m)||t. For decryption with verification, we check the validity of the tag as well as the decryption of

the ciphertext.

Table 2.1: Security results for the composite AE schemes

IND IND NM INT INT
-CPA -CCA -CPA -PTXT | -CTXT

E&M | insecure | insecure | insecure secure insecure
MtE secure insecure | insecure secure insecure

EtM secure secure secure secure secure




MtE: For encryption with authentication, we encrypt a plaintext m as Enc(m) and append a tag ¢ of Enc(m)
instead of m, i.e., a ciphertext £(m) = Enc(m)||tene Where tep. is a tag of Enc(m). For decryption with

verification, we first verify the tag and then decrypt the ciphertext.

EtM: For encryption with authentication, we append a tag ¢ of m first, then encrypt an appended plaintext m||¢t,
i.e., a ciphertext £(m) = Enc(ml||t). For decryption with verification, we first decrypt the ciphertext to get

the plaintext and the tag.

Table 2.1 [11] describes security results for the composite AE schemes when the given MAC is assumed to
be strongly unforgeable and shows that EtM can only reach the highest definition of security in AE.

Aside from this research, Bellare & Rogaway and An & Bellare suggested ‘encode-then-encipher’ [12] and
‘encryption with redundancy’ [13] approaches, respectively, but both of them are rather insecure and inefficient
than the general composition paradigm [14]. Thus, we focus on a generic composition paradigm for the rest of the

paper.



2.2 Quantum security

2.2.1 Quantum computation

A quantum system A is a complex Hilbert space # together with and inner product (-|-). The state of a
quantum system is given by a vector |1) of unit norm ((¢)|1)) = 1). Given quantum systems 7 and Hs, the joint
quantum system is given by the tensor product H; ® Ho. Given |¢)1) € H; and |[¢)2) € Ha, the product state is
given by |¢1)|12) € Hi ® Ho. Given a quantum state |¢)) and an orthonormal basis B = |bg), . . ., |bg—1) for H, a
measurement of |¢) in the basis B results in the value 7 with probability |(b;|1/)|?, and the quantum state collapses

to the basis vector |b;). If |¢)) actually a state in a joint system H ® H/', then |¢)) can be written as
d—1
) = b))
i=0

for some complex values «; and states |¢]}) over 7. Then, the measurement over 7 obtains the value ¢ with prob-
ability |ov;|? and in this case the resulting quantum state is |b;)[!). A unitary transformation over a d-dimensional
Hilbert space # is a d x d matrix U such that UUT = I;, where U' represents the conjugate transpose. A quantum
algorithm operates on a product space H;, @ Hout @ Huwork and consists of n unitary transformations Uy, ..., U,
in this space. H;, represents the input to the algorithm, H,,; the output, and H,..1 the work space. A classical
input z to the quantum algorithm is converted to the quantum state |z, 0, 0). Then, the unitary transformations are

applied one-by-one, resulting in the final state

The final state is then measured, obtaining the tuple (a, b, ¢) with probability |(a, b, ¢|t);)|>. The output of the
algorithm is b. We say that a quantum algorithm is efficient if each of the unitary matrices U; come from some
fixed basis set, and n, the number of unitary matrices, is polynomial in the size of the input.

Quantum-accessible Oracles. We will implement an oracle O : X — ) by a unitary transformation O
where

O|.’E, y»%) = |$7y + O(‘T)7 Z>

where + : X x X — X is some group operation on X . Suppose we have a quantum algorithm that makes
quantum queries to oracles Oy, ...,O,. Let |[¢g) be the input state of the algorithm, and let Uy, ..., U, be the

unitary transformations applied between queries. Note that the transformations U’;s can be the products of many



simpler unitary transformations. The final state of the algorithm will be

Uqu - U101U0|w0>

We can also have an algorithm that makes classical queries to O;. In this case, the input to the oracle is measured
before applying the transformation O;. We call a quantum oracle algorithm efficient if the number of queries ¢ is
polynomial, and each of the transformations U; between queries can be written as the product polynomially many

unitary transformations from some fixed basis set.



2.2.2 Simon’s algorithm

Simon’s problem deals with the model of decision tree complexity or query complexity and was conceived
by Daniel Simon in 1994 [15]. Simon’s problem is then, by querying f(z) to determine whether the function
belongs to s = 0™ or s # 0™. Sometimes Simon’s algorithm is required to find s. Daniel showed that by using
Simon’s algorithm solving the problem exponentially is faster than any other classical algorithm.

In Simon’ problem the function f : {0,1}" — {0,1}" is given which satisfies the property that for some
s € {0,1}", we have for all z,y € {0,1}", f(z) = f(y) if and only if z = y or x = y @ s. Classically, order
27/2 queries are needed to find s. But in quantum algorithm, only n queries.

Consider quantum circuit as described in 2.1:

Prepare the initial state —= > |2)|0™) and call the oracle(Uy) to transform this state to —= > _ |z)|f(z)).

W : f
When x = y @ s, the first register is —(|z) + |z @ s))(here z is s-periodic in Uy).

V2

After Hadamard transforms, the state is :

\/WZ YLl + (=)D )| f(2)

Since we are working modulo 2, we can factor out the (—1)%* \/W Yoo (=D)L 4 (=1)%7]|2)| f(2)).
Then we measure this state in the computational basis, we will obtain uniformly at random a bit string z such
that z - z = 0. Using this property, we can cuts in half the number of possible s strings only in one query. In

classical, we can get nothing in one query. By repeating this query, we can get lineally independent equations

s-21=0,8-290=0,---5-z,_1 = 0. Thus using that equations, we can recover s.

o) —{ze o A

Ug

o) L —A

Figure 2.1: Quantum circuit in Simon’s algorithm
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2.3 One way to hiding(O2H) Lemma

This lemma below is devised from Unruh in 2015[16]. This lemma basically shows that given a uniformly
random value s, to show that H () is also uniformly random(indistinguishable from random) we need to show this
: when adversary queries to oracle, abort the query to H at random point, measure the input to that query(disturbing
superposition in quantum), then the probability the input equals x is negligible. This lemma is used in Chapter 5
to set up the boundary of probability.

Lemma 1 (One way to hiding(O2H) Lemma). Ler H : {0,1}" — {0, 1}" be a random oracle. Consider an oracle
algorithm Aopog that makes at most quon queries to H. Let B be an oracle algorithm that on input x does the
following:

pick i & {1, ,qoon} and y & 0,1}, run AL, . (z,y) until (just before) the ith query, measure the
argument of the query in the computational basis, output the measurement outcome. (When Aoap makes less
than i queries, B outputs 1. ¢ {0,1}".) Let,

Pi =Py = 1: HE ({0,1)" — {0,1}"),2 & {0,1}",0 « A, (w, H(x))],

P =Py = 1: H <& ({0,1) = {0,1}"),2 & 0,1}y & {0,1}, 0/ — A, (2, y)],

Ppi=Prle’ =2: H< ({0,1} - {0,11%),2 & {0,1}%, 2/ « BH(x,i)].

Then,

P — Plosn| < 20020/ Ps.

2.4 Related Work

A lot of study in the security of cryptography against the quantum computer were done. Boneh et al. [17]
and Zhandry [18] prove that the signature, encryption, and identity-based encryption scheme is classical secure in
the quantum random oracle model where the adversary can query the random oracle in superposition. This paper
show some random oracle construction is still secure in the quantum random oracle model.

Also Zhandry [10] showed how to construct pseudorandom functions (PRFs) that remain secure even when
the adversary is allowed to issue quantum queries to the PRF. Zhandry showed that certain PRFs are secure even
under such a powerful query model.

Anand et al. [19] investigated the security of various modes of operations for block cipher against quantum
superposition attacks. They show that OFB and CTR modes are secure, while CBC and CFB are not secure in
general, but are secure if the underlying PRF is quantum secure.

In [20] Boneh and Zhandry show how to construct the message authentication codes(MACs) that remain
secure against a quantum chosen message attack and show that quantum-secure PRF leads to quantum-secure

MAC:s. Also they showed that some classically secure MACs become insecure against quantum adversary.

11



Chapter 3. Telegram

3.1 Overview

Telegram is known as one of the most popular non-profit cloud-based instant messaging(IM) services for
secure communications. Telegram had 100 million monthly active users sending 15 billion messages per day in
2016[21]. People can send messages and exchange photos,video and other files. They offers two modes; regular
chat and secret chat mode. In regular chat mode, all messages can be read by server and stored. But secret chat
uses an end-to-end encryption(E2EE). In this mode, because all messages are encrypted by the end users, server

can not read original messages and the messages is not stored in the middle.

3.1.1 MTProto

Telegram uses a symmetric encryption scheme called MTProto. MTProto uses Diffie-Hellman (DH) key
exchange, Secure Hash Algorithm 1(SHA-1), Key Derivation Function(KDF), and AES-256 in IGE[7] mode as
cryptographic primitives and the overall process is described in 3.1

Key generation

The DH key exchange is used for generating an ephemeral key. After key exchange, the sender and the
receiver share the same 2048-bit symmetric key K. In order to protect past communications, secret key is regen-
erated once a key has been used for more than 100 messages or more than a week.

The payload = is generated by concatenating some auxiliary information, random bytes, message, and
padding such that |x| mod B = 0 where B is the block length. Then the payload except padding is computed by
hash function SHA-1 whose output named tag. This tag is hashed again by KDF for generating AES key and IV.
The input of KDF is (K, tag) and the output is (k, co, mg) of the length (x, B, B) where k = 256 bits and B =
128 bits.

Encryption

The AES-256 in IGE mode is used for encryption. Let x1,...,2; be the [ blocks of the payload, each of

length B, then ciphertext is computed as below:

ci & Fr(m; ® cirq) ® myq

12



MTProto, part Il

Secret chats (end-to-end encryption)

Length Payload type Random bytes Layer IN_seq_no 0UT_seq_no
32-Bit 32-Bit min 128-Bit 32-Bit 32-Bit 32-Bit
Message type Serialized message object Padding
32-Bit Variable length D-15 bytes

Secret Chat key Note:

generated via DH, periodically
regenerated for PFS

Payload contains length

and sequence numbers to be
checked by the receiving party
after decryption.

KDF msg_key
multiple SHA-1 128-Bit
AES key
256-Bit
AES IGE IV
256-Bit

key_fingerprint msqg key
64-Bit 128-Bit Encrypted data

embedded into an outer layer of client-server (cloud) MTProto encryption,
then into the transport protocol (TCR HTTR, ..)

NB: after decryption, msg_key must be equal to SHA-1 of data thus obtained.

Figure 3.1: Secret chats in MTProto [1]

where F' is a pseudorandom permutation, e.g., AES. The final output of the encryption is c including other infor-

mation.
c= (tag7cl7 s ,Cl)

Decryption
Given ciphertext ¢, tag is used again in KDF. Using (tag, K'), KDF output is (k, co, mg) same as encryption.

Also, the IGE mode is used again for decryption and the payload x is recovered.
mi < F (mic1 @ ¢) @ ¢y

The payload except padding is computed by hash function and checks whether the result is same as tag in cipher-

text c. If so, we can verify that the message in payload is original plaintext.

13



3.1.2 Infinite Garble Extension(IGE) mode

IGE[7] mode was initially introduced by Campbell in 1978 to prevent spoofing attacks. It has the property
that errors are propagated forward, that is, any difference in ciphertext changes (i.e., garbles) the decryption of all
subsequent ciphertext. The diagrams of IGE mode for encryption and decryption are depicted in Figure 3.2 and
3.3, repectively.

Definition 7 (IGE scheme). For a given function E : K x {0,1}' — {0,1}" we define the symmetric encryption
scheme 11;c g =(Gen,Enc,Dec) as follows:

Gen: Pick a random key k &k

Enc: For a given message M = mgmy - - - m,,, where mg ﬁ {0, 1}t and n is a polynomial in t; Enci, (M) =
cocy - - - Cpn, where cg & {0, 1}t and c; = E(k,ci—1 ®@m;) ®m;—1 for0<i<n

Dec: For a given cipher-text C = cycy - - - ¢, and the key k; m; := E=1(k,c; ®@m;_1) ®c;_1 for0 <i<n

When encrypt the message, the initialisation vector(IV) can be defined using a second key kg, then the
ciphertext will be ¢g = E(kg, mg) or random value like definition 7. But we just take the latter without loss of

generality.

ma o ms
(HEEEEEEREREEE| LIITTITTTITTIT] HEEEEEENENENE|
Initialization Vector
IITITITI1T1I 1] ——
Co
Key —= bIockcpher Kay — blockapher Key —= blockcpher
encryption encryption encryption
Initialization Vector
IITITITI1T1 1 1] ——
mo
[TIITTTIITT1T11 [IITIITTITTI1] CLITTTITITTITITIT]
C1 &) c3

Figure 3.2: Diagram of IGE mode of operation for encryption [2]
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c1 Co €3
(I (I TIIIIIIIT (I

Initialization Vector
[IITIIIIIIIIr]—— )
myo
block cipher block cipher block cipher

Key — decryption Key — decryption Key — decryption
Initialization Vector
[IITIIIIIIIIr]—— &)
Co

[HENEEEREENEEE LITTTTTITTITTTd LITTTTTTTTITITT]
my ma ms3

Figure 3.3: Diagram of IGE mode of operation for decryption [2]

3.2 Security of Telegram

As smartphones came into widespread use in the late 2000s, a number of instant messaging (IM) services
such as WhatsApp, KakaoTalk, LINE, Facebook Messenger, and Telegram have burst onto mobile app stores.
The various IM clients can be classified into three types according to their provided encryption protocols: no
encryption, client-to-server encryption, and client-to-client or end-to-end encryption(E2EE). Since the lack of
privacy protection has been issued constantly, now the majority of IM services provide E2EE based on verified
cryptographic protocols. Telegram is particularly regarded as one of the most secure services in public and has
over 100 million active users. Based on Telegram’s customized protocol called MTProto, it provides client-to-
server encryption in cloud chats for syncing all connected devices and E2EE in secret chats for only two devices
that used to initiate or accept the secret chat.

This brand new protocol, however, is actually in doubt and has not been fully scrutinised by cryptanalytic
experts yet. Given that there already exist other protocols that thoroughly audited and universally praised as secure,
avoiding criticism for MTProto seems unlikely unless extensive investigation is done. One of the most popular
cryptographic protocols is Signal Protocol (formerly known as the Axolotl Protocol) developed by Open Whisper
Systems in 2013[22] and currently implemented into Signal, WhatsApp,Google Allo, and Facebook Messenger.
As of October 2016, its latest version is considered as sound and has no major flaws according to the researchers
from three different universities[23].

Meanwhile, Telegram’s MTProto has been criticized until now and Jakobsen et al.[2, 24] theoretically demon-

strated Telegram 2.7.0 (visited GitHub in April 2015) is not indistinguishability under chosen-ciphertext attack
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(IND-CCA) and integrity of ciphertexts (INT-CTXT). From the fact that MTProto does not check neither the
length nor the content of the padding during block cipher decryption, two attacks were tried: (a) adding a random
block at the end of the ciphertext and (b) replacing the last block with a random block. The first weakness can be
fixed easily by adding the process to check the length of the padding during decryption and discard the message
when it is longer than expected. As for mitigating the second weakness, the encryption process should be changed,
which makes communications between patched and unpatched clients difficult. Thus, it is desirable to replace the
current scheme with the entirely different, better one that guarantees Authenticated Encryption(AE).

However still Telegram is claimed secure protocol. Though they use IGE mode, it is not broken in their
implementation. The fact that they do not use IGE as MAC together with other properties of their system makes
the known attacks on IGE irrelevant. IGE mode itself is vulnerable to adaptive CPA, however, the adaptive attack
is impossible in Telegram. Because the adaptive attacks are only for the case when the same key is used in several
messages, but the key is dependent on the message content in Telegram.

Futhermore Electronic Frontier Foundation(EFF) announced “Secure Messaging Scorecard[3]” in 2014 de-
picted in figure 3.4, and Telegram got 4 out of 7 in cloud chat and 7 out of 7 in secret chat whereas Facebook
chat got onlt 2 out of 7. Telegram opens their source code, protocol and API and holds crypto contest to crack

Telegram’s encryption so that people can see how everything works and welcome security experts to audit their

system and get feedback.
Are past Has
Encrypted comms there
provider verify your keys Is security recent
Encrypted can't read contacts’ are o dent d ¥ code
in transit? itz identities? stolen? documented? audit?

Telegram (secret
chats)

WhatsApp @
Eacebook chat @ ® @ @ @

Figure 3.4: Secure messaging scorecard [3]
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3.2.1 Known attack on telegram

Jakobsen et al. theoretically demonstrated that MTProto does not meet IND-CCA and INT-CTXT in 2015[2,
24]. Based on random padding vulnerabilities that MTProto does not check neither the length nor the content of
the padding during AES-256 in IGE mode decryption, two attacks were tried: padding length extension and last

block substitution.

3.2.2 Attack 1: Padding Length Extension

From Definition 6, they created a new ciphertext to break INT-CTXT security of MTProto. In order to
understand INT-CTXT security, let us restate why MTProto is not IND-CCA secure using Lemma 2.

Lemma 2. For a probabilistic polynomial-time adversary A, A always wins the following game, i.e., MTProto is

not IND-CCA secure under the following game.

1. A outputs different messages M and M of the same length.

2. The challenger C chooses b € {0, 1} randomly and outputs the ciphertext C, +— E(Mp).
3. A appends a 128-bit random block ¢, to C} and ask C to decrypt C' = Cy|c,.

4. C returns M’ where M’ = M, for any b.

5. A guesses bas 0if M’ = My, 1 otherwise.

This attack is possible since extra padding on ciphertext yields only the extension of the padding of plaintext
without changing the plaintext. Obviously, 4 gets a ciphertext C' = £(M,) for M, and this ciphertext has not
been previously produced by the sender because of the random padding.

Corollary 2.1. MTProto protocol is not INT-CTXT secure from Lemma 2.

To be secure against this attack, it is necessary to check the length of padding in M’ by modifying the
decryption process. Decryption algorithm will discard the message if the length of padding is larger than the

block size.

3.2.3 Attack 2: Last Block Substitution

Since the padding is not authenticated in the process of MTProto, it is possible to make a collision with a

non-negligible probability as Lemma 3, by modifying the last 128-bit (16-byte) blocks.
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Lemma 3. For a probabilistic polynomial-time adversary A, A wins the following game with a probability at
most 278, i.e., MTProto is not INT-CTXT secure under the following game.

1. A outputs a message M whose length in bytes is equal to b mod 16.

2. The challenger C hashes M into the message key msg_key < SHA-1(M) to provide integrity of the

plaintext.
3. Before encryption, 16 — b random bytes of padding r are added to M, then sends C' = E(M||r).
4. A modifies last 16-byte blocks of C' to get C" #£ C.

5. Aoutputs C’.

Proof. From the above game, C decrypts C’ as M’||r’. Then, only the last byte of M’ is different from M by the
non-malleability of IGE mode.

Thus, they claim that it is possible to have M’ = M with the probability at most 2-% when A chooses a
message M with the length in bytes equal to 1 mod 16, i.e., they can generate a valid ciphertext C’ # C with the
probability at most 275, O

To make the protocol secure against this attack, it is sufficient to add padding to the computation of the

authentication tag. But, since this requires to change the whole encryption with authentication process, it becomes

impossible to communicate with the older versions of the protocol due to version compatibility.
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Chapter 4. Insecurity of IGE mode using sPRF

In this chapter, we will show that IGE mode block cipher is not secure when we use standard secure PRF.
That means, we can attack the IGE mode block cipher and even recover the key within polynomial time. To show

that, we first construct a function which is sPRF and not qPRF as described below.

4.1 Standard-secure PRF

For the first step to construct a sPRF, Anand et al. construct a specific block cipher follows[19]:
BCy(z) := Enu(droplastbit(x @ (k || 1) - lastbit(z)))

where F is a sPRF and H refers to a random oracle. Actually this block cipher is not a block cipher because it is
not decryptable. (This block cipher’s input is « and key k& which is n and n — 1bit respectively, but the outcome
is only n — 1 bit. But we will use some trick to change this incomplete block cipher to complete block cipher
explained later in the second step.)

This block cipher has the special property, (k || 1)-periodic:

- Case1: x is even, lastbit(x) = 0,lastbit(z ® (k || 1)) =1,
BCy(z @ (k|| 1)) = Egu)(droplastbit(z & (k|| 1) © (k || 1))) = Enm) (droplastbit(x))

= Ep)(droplastbit(z & (k || 1) - lastbit(x))) = BCy(x)

- Case2: x is odd, lastbit(x) = 1, lastbit(z & (k || 1)) = 0,
BCy(z @ (k || 1)) = Enx) (droplastbit(xz & (k || 1)))

= Egx)(droplastbit(x © (k || 1) - lastbit(x))) = BCy(z)

Thus we can use this property:

BCy(x) = BCx(z @ (k | 1)) T8}

The second step for sPRF is to make that BCi(x) to be decryptable. To do that, additional function ¢ is

appended in following construction.

Construction 1:

BCy(2) := Enm), (droplastbit(z @ (k || 1) - lastbit(z))) || ta ), (x @ (k || 1) - lastbit(z)) @ lastbit(z)
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where £ : {0,1}" 7" x {0,1}""" — {0,1}" 'isasPRE ¢ : {0,1}" x {0,1}" — {0,1} is a sPRF,

H :{0,1}" — {0,1}" x {0,1}" is a random oracle, the key k & {0,1}""", and

H(k) = H (k)1 || H(k)2

We can easily know this construction is permutation by proving that given BCy(2) = y and k, we can recover :

Proof. z:=x ® (k|| 1) - lastbit(z), then lastbit(z) = 0

(if z is even, lastbit(x) = 0, z = x, lastbit(z) = 0, else lastbit(x) =1,z =z @ (k || 1), lastbit(z) = 0)

Since the function F is sPRF, we can get the input of F using droplastbit(y) and H (k),. Of course the input
of F is droplastbit(x & (k || 1) - lastbit(x)) = droplastbit(z). By simply appending 0-bit to droplastbit(z),
we can get 2. And z is fed into ¢ with key H (k) to get 1 bit; tpx), (2 @ (k [| 1) - lastbit(z)) = tu), (2)

This 1 bit is xored with lastbit(y), we can get lastbit(z);

tr k), (2) @ lastbit(y) = tu), (2) ® tum),(2) © lastbit(z) = lastbit(z)

So we can finally compute z from z = = @ (k || 1) - lastbit(z) and lastbit(x). Thus this construction is
injective and invertible.

The remaining part is to prove the construction is a sSPRF and it is proved by lemma 4 in [19].

Lemma 4. Construction 1 is a standard secure PRF for any quantum adversary D given classical access to BCy,

and quantum access to the random oracle H.

4.2 Attack on IGE mode of operation

We will use the block cipher BC as described in section 4.1 (Construction 1) for the II;gr scheme. As
proved, this BC is sPRF, not qPRF. That is, the BC is secure under the condition that quantum adversary has only
classical access to the BC. In this section, we will show the attack using Simon’s algorithm to recover the key k.
Lemma 5. There exists a standard-secure pseudo-random function such that 11;qg is not IND-qCPA secure.(In
the quantum random oracle model)

Proof. Let the I1;¢E scheme use the block cipher BC. And we know that the quantum adversary can attack
II;¢E using the encryption queries on messages with two blocks. First, the quantum adversary stores random
n-bit strings, n-zero strings(0™) and equal superposition of messages in mg, m; and mso blocks of register M,
respectively. The quantum adversary initializes the quantum ciphertext register C' with string [03"~1)|+). Now
the adversary can make encryption queries to the II;gr scheme and will get responses with the corresponding

ciphertext in quantum register C. This attack is described in Figure 4.1
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Figure 4.1: Attack on 1 block IGE using Simon’s algorithm

After the quantum register M and C' are applied encryption algorithm Enc of I1; 5 g, the message and cipher-

text registers becomes(up to normalization):
|M,C) =3, [mo)|0™ || ma)|co)| BCk(co) © mo)|droplastbit{ BCy(BCk(co) © mo © ma)})|+)
Put y := BC(co) ® myo, then we have :
> my |M0)|0™ [ m2)|co)|y)|droplastbit{ BCi(y & ma)})|+)

The quantum adversary now xors cg to the message register by using a CNOT gate(ms is xored with cy).

Then the quantum registers change:

> 1mo)|0™ || ma & y)|co)|y)|droplastbit{ BC(y & ma)})|+) (4.2)

ma

Also BC, is (k — 1)-periodic, we can use the property mentioned in Section 4.1 :
BC(2) = BCr(z @ (k|| 1))
Then the quantum registers are :
2 mg IMo)|0™ || ma & y)|co)|y) |droplastbit{ BCk(y & ma & (k || 1))})[+)

We can modified above equation, we get :

> 1mo)[0™ || me ® y @ (k || 1))|co)ly)|droplastbit{ BOw(y & m2)})|+) 4.3)

ma
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Put v = mq & y, Egs. (4.2) and (4.3) change Eqgs. (4.4) and (4.5), respectively :

> 1mo)0™ || v)leo)ly)|droplastbit{ BCk(v)})|+) (4.4)
> 1mo)|0™ || v @ (k || 1))]eo)|y)|droplastbit{ BCk(7)})|+) (4.5)

v

Hence the adversary has the state(up to normalization),

> [mo)0™) (1) + [y @ (k || 1)) leo)ly)|droplastbit{ BCk(v)})|+)

Now the adversary applies n Hadamard gates to the third block of plaintext(ms) and get the following state(up

to normalization):
S (=197 4 (=) EEIIO ) 107 | 2) o) ) | droplastbit { BCw () })|+)
=30, 3, (1971 + (=) M9 mg) 07 2) o) ly) [ droplastbit { BC (v) 1) |+)

Now if the adversary measure n-bit of message register, result is two cases. One is that the adversary can get
a vector z such that (k || 1) ® z = 0. The other is when the superposition collapses to 0, the adversary can get
nothing. By doing this attack repeatedly until they can get n independent vectors v}s. Remaining part is that using

Gaussian elimination, then they can retrieve n — 1 bit of k, thereby breaking the II;5 £ scheme.
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Chapter 5. Post-quantum security of IGE mode using qPRF

5.1 Techniques

In the previous chapter, the IGE mode assuming sPRF can be broken by Simon’s algorithm and even the
adversary can retrieve the secret key. Thus using only the standard-secure PRF is weak in quantum setting.
However, if only we use the quantum-secure PRF we can overcome this problem which we will show in this
chapter. When proving the random property in cryptography, we usually use the hybrid-game method. One part
of the cryptosystem which we want to prove randomness is changed with random one, and show this change is
so small that we can ignore in the whole cryptosystem. By repeating this, we change original one step-by-step
with randomness. Because the change is very small, the total change is also small. Thus we can prove that the
cryptosystem is indistinguishable from truly random function.

When proving IND-qCPA security, the quantum adversary A has to distinguish between IGE mode block
cipher and truly random function in the challenge queries. That means, the adversary A has to distinguish between
Enc(mg) and Enc(m;) in challenge query of IND-qCPA;

First, the function that is used in block cipher is quantum secure PRF, we can substitute the PRF with truly
random function H as shown in Figure 5.1.

Second, when the quantum adversary .A makes challenge queries, we replace the ciphertext with random one
one by one.

Last, we show replacing one block by randomness is negligible change, thus the quantum adversary A gains

only negligible advantage.

][] [m) [
[ :

| H ‘ ‘ H | | H ‘ ‘Random| ’Random‘ ‘Rand0m|

o ) @ ) [ ] G [

(a) Output of IGE mode using qPRF BC (b) Random string

Figure 5.1: IGE mode using random function [
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But the problem is that how we can show the last one, proving the difference is negligible. In IGE mode, we
have to show that co = H(mq ® ¢1) @ mq(when ¢; is random) is indistinguishable from randomly chosen cs. In
the classical setting, we can say that since c¢; is random, mqy @ c; is also random. And because the probability
that mg @ ¢ collides with other H-queries is negligible, the H (mgo @ ¢1) is random, thus H (mq @ ¢1) @ my is
random. However this is not in quantum setting. Because quantum adversary A queries in superposition, we can
not say H was not queried before.

Instead, we use other method, One-way to Hidding(O2H) Lemma in Section 2.3. The O2H lemma show that
to prove that H(x) is indistinguishable from random given uniformly random x, we only need to show; when the
adversary A performing queries to H, abort the query at random point and measure the input of that query, then

the probability that the input of query equals x is negligible.

5.2 IND-qCPA security of IGE mode of operation

Define Encyl (M) == cocy - - - ¢,, where ¢; & {0,1} forj < iand ¢; = H(m; @ ¢j_1) ® mj_; for
1 < 7 < n. We prove in the next lemma that for the quantum Adversary .A who can access to oracle Encg’g > the
probability the adversary A distinguish the output of Encé’g  from Enc?géH is negligible in ¢, where ¢ is the

security parameter. For the sake of simplicity, we use Enc’? instead of Enc?’g o

Lemma 6. For any i withi: 0 < i < p(t) — 1, and every quantum adversary A that makes at most q queries,
Prb = b : H « ({0,1} — {0,1}%),b <& {0,1}; Mo, My « AB0"" 1/« ABn"" (EnctH (0,))] —
Prlp =t : H « ({0,1}" = {0,1}"),b & {0,1}; Mo, My « AEn"" 1 ABne"™ (Enci+1H (17,)))| <
3 3

O(P(t)thA )
where p(t) is the maximum number of blocks in the message M and t is the length of each message block.

Proof.

Pute(t) = |Pr[b=1b: H « ({0,1}" — {0,1}"),b & {0,1}; Mo, My  ABne"" /) « ABn"" (EnchH (0,))]—
Prb =0 : H « ({0,1}' — {0,1}"),b < {0, 1}; My, My « ABn"" .y« ABnc"™ (Enci+LH (11,)))]

—
For a given message M = momy -« - My, let Encgy (M, co, . .., ¢;) := ¢165 - - - ¢, where

Cj OSJSZ

H(CjA—l @mj)@mj_l 1<j<n
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, —
Then we can substitute Enc; with Encyy,

e(t) = [Prb=b": H « ({0,1}' — {0,1}"),6 & {0, 1} Mo, My AP

& 10,1150 « ABn( -
(5.1)
Prib= b : H « ({0,1}" = {0,1}"),0 & {0,1}; My, My  ABe"";
& {0, 1)1 AP |
‘ m; | | mMit1 | | mii2 ‘ ’ m; | l Miyq ‘ ‘ Mmiyo ‘
— —
G || OO || [ ORI
> > C
|CO|’c,-_1Hci| |ci+1| |cl+2‘ ‘C£1‘| ’Ci+1‘ ‘CHZ‘
(a) ETIC,GE(M) (b) EnclgE]:H(M)

Figure 5.2: Adversary has to distinguish outputs of (a) and (b) in Eq.(5.1).

In Figure 5.2, R represents randomly chosen value.
We put ¢; := 2 @ mit ¢,y := y @ mj where mi and mi*! is the i'" and (i + 1)"" block of the message
My, respectively and « & {0,1},y & {0,1}". This means that ¢; and ¢, ; are uniformly random as z and y are
randomly chosen. Therefore, we have
e(t) = |Prp =¥ : H « ({0,1}" — {0,1}"),0 & {0,1}; Mo, M,  ABe""
Core vt S {0,112 10,1} ¢ o= 2 @ mitL Y ABR T (Ency (Mg, co, ..., ;)] —
Prib=1b: H « ({0,1}* — {0,1}"),b <& {0,1}; Mo, M; « ABne"", (5.2)
COye vy Ci & {0, 1} & {0, 1} ci = x@m7+1,y & {0, l}t,ci+1 =y omi,

B AR EBnen (My,co, ... i)
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| mi | ‘ Mi+1 ‘ ‘ Mi+2 ‘ ‘ Ay | | Mitq ‘ ‘ M4y ‘

0 | |2 m @@ (1]

| o | | Ci—1 ‘ | c; | ‘ Ciy1 ‘ ‘ Ciy2 Ci-1 ‘ Ci | | Ci+1 ‘ FCH-Z ‘

D

(a) Enclft(M) (b) Enclii™(m)

Figure 5.3: Adversary has to distinguish outputs of (a) and (b) in Eq.(5.2).

— — — i+1
By definition of Ency;, we have Ency (My, co, ..., ¢;) = Ency (M, co, ..., cit1) with¢jy1 := H(z) ®

m¢. Hence,

e(t) = [Pro=1": H + ({0,1} = {0,1}"),b < {0,1}; Mo, My ¢ AP,

€Oy - v Ciml & {0,1}", 2 & (0,1}, ¢; :=x ©mit e = H(z) © mi;
i, — i+1
b AB" (Ency, (M, co,. ... cip1))]—
(5.3)

Prib =8 : H « ({0,1}" = {0,1}"),b & {0,1}; My, My  A®»"";
€Oy -y Ciml {() 1} & 0,1}, ci :=x@mi™y & (0,1}, civq ==y ®mi,
! ABne (EncH (Mb, COy ey cH_l))]’
| my | | Mi+1 | | Mi+2 | ‘ m; | ‘ Miyq | ‘ Mtz ‘

— _; |

P

’ @ ®

|| O] SliG
q D ¥y v
Ci—1

| Cit1 | | Civ2 | Ci | ‘ Ci+1 | ] Ci+2 ]

(@) EnciL(m) (b) Encieg™ (M)

]

Leo ] Lot ]

Figure 5.4: Adversary has to distinguish outputs of (a) and (b) in Eq.(5.3).
Now, the difference between two probabilities is that ¢; 11 = H (z) & m} in the former but ¢; 11 = y & mj in
the latter. In other words, the difference is ¢;41 is whether H(x) or uniformly random value y. Thus we can use
the O2H lemma. We define an adversary Apop that makes oracle queries to random function H & {o, 1}t —

{0,1}") with given input z and y does the following:
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AdversaryAB, ;(z,y) :

i H
Mo, M AEnC

b 0,1}
3 t i+1 ;
oy cim1 < {0,1} 5 =z @mpt e =y ® mi;
i1
compute C' := Ency (M, co,...,Cit1)

b AR ()

return b’ = b

Because the Apoy can query to H, Apsp also can answer the adversary A’s query. Let g be the number
that Apopr query, then ¢ < 3p(¢) - ga. Also, let g1, g2 and g3 be the number that Ao makes queries to random
function H before the challenge query, during challenge query and after challenge query, respectively. Then we

can get another equation as below from Eq.(5.3).

et) = |Prp=1: H « ({0,1}' = {0,1}"), 2 & {0, 1}, b « AH, . (z, H(z))]—
5.4

Prlb=1:H « ({0,1}* = {0,1}"),z & {0, 1),y & {0,115, b« A, (2, )]
Let B be an oracle algorithm described in the O2H Lemma, then we have ¢(¢) < 2¢/Pp with Pg as below:
Pp=Prlz=2":j&{1,... ¢}, 2 & {01}, H « ({0,1}" — {0,1}), 2" « BH(z, )]

Priz=a":2 & (0,1} H« ({0,1}' = {0,1}"),2' « BH(z,5)] = - - P},

1
q

SE N

Pé is different depending on when the j-th queries to H is done(before, during, or after challenge query).

- Casel:j<q
The j-th iteration query to the random oracle H is done before the challenge query. Because the quantum
Adversary A can not access to x during queries, the adversary A’s queries are independent of . Thus we
can fix x to any string because it does not affect argument of the query. Therefore, we fix input = as the null

string 0™.
Pl =Prlz =10 < {01}, H « ({01} = {0,1}"),2' « B (0,5)) < 27
-Case2:q1 <j<q1+q

The j-th iteration query to the random oracle H is computed during the challenge query. Therefore algo-

rithm B can cease adversary A at any queries:
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H(my & y) @ mi™, Hmy™ & Hm}'? 6 y) @ my) & mi*2, ..

H(m? p(t) o H(m? p)-1 o - H(m}) 2 g0 @mz-&-l) _.®m§(t)—2) EBmg(t)—l

We use the fact that H is indistinguishable from a random permutation[25]. By using this we have,
j $ ¢ $ J?
PL=Prlz=2a":2+ {0,1}', H «+ Perm(), 2’ < B (z,5)] + O(E)
Note that the argument of the j-th iteration query is

si=Hmy 7 " e Hm" e HmiP ey em™) em " ) em @

As explained in the definition of O2H lemma we know that y is random and y is independent from z and
H. And for a fixed message My, j-th query s is assigned an output by permutation and it is independent of

x but dependent on y, because the input to first call to H is méﬁ ® y. Therefore,

3 1 ‘3 i3

PL=Prlz=2":z & (0,1}, H & Perm(),z’ = s] +O(j2t) <o + O( ) = O(J—)

-Case3:q1+q¢2 <7
In this case, the j-th iteration query to the oracle H is done after the challenge query is done. Adversary A,

after making some encryption oracle queries, measures the argument of one of the H oracle query and then

stops. Assume it measures the argument of the k*" H oracle query in j-th encryption query.
Py =Prlr=2a':2 & (0,1}, H « ({0,1}" = {0,1}"), 2’ « BH(x,5)]

Composition of encryption oracle is depicted in Figure 5.5. This circuit diagram represents Apop’s working.
Ap2p can answers encryption queries because it has the oracle access to H. Let the quantum message and the
corresponding ciphertext are stored in the quantum register M and C, respectively. The encryption circuit consist

of the unitary gates Ujy, Uy, CNOT and measurements;
Uy|My=|Ma@IV),Uy|M,C)y=|M,C®H(M)),CNOT|M,C) =|M,C & M)

and the measurements are in the computational basis of the message space.
Measuring can all registers can commutes with other unitary operations performed during encryption, be-

cause the unitary gates are diagonal in the computational basis. Hence, we can measure the message register M
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Figure 5.5: Composition of Encryption Oracle using H oracle.

at the beginning of the encryption(before performing the unitary operations). Thus, it is similar to the case when
. i3
we query on a classical message, Case 2. Therefore, we have P}, = O(j ).

2t
. 3 3
Altogether(case 1,2 and 3), we have P}, € O(g—t) Hence we have, Pg < O( g—t) by the definition of Pg. Be-
cause the probability of collision in measure is negligible, O2H lemma implies that Encé’g 1 1s indistinguishable

i+1,H
from Enc’;" . Therefore, we have :

O

The lemma 6 using O2H lemma show that the quantum adversary A only get negligible advantage when replacing
one block with randomness. And by iterating this, we can replace the whole challenge ciphertext by randomness.
And then the adversary has only % probability of guessing which challenge plaintext was encrypted in IND-qCPA
as proved in below theorem.

Theorem 7. If the function E is a quantum-secure PRF then ll;q g is IND-gqCPA secure.

Proof.
For any efficient quantum adversary A making g4 encryption queries to H, the advantage of adversary is

calculated using Lemma 6 and triangle inequality;
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Prb =t : H < ({0,1}' = {0,1}1),b <& {0, 1}; My, My < AEn"" py Ao (Enc®H (0f,))]

—Prb=b: H « ({0,1} — {0,1}"),b < {0, 1}; Mo, My « AB2"" b  ABne™ (Enc?H (Ag,))]

3

S TlO(‘p(t);th )

Note that Enc?®)-# (Mp) outputs completely random string. Hence, the output b’ by adversary is independent

of b. Therefore,

. . 1
Pr(b = : H « ({0,1}" = {0,1}"),0 & {0,1}; My, My « AB="" 1y ABn"" (Enc®H (1,))] - 3

3

< plt) - O

2t

One can see that Enc®” is indistinguishable from Enc function of II by definition of qPRF. Thus we could

replace Enc®? by Enc function of scheme II;4 . Therefore,
1 3, 3
. 1 -qCPA
]Pr[PmK;,HIGE(t) —1] - 5‘ < OB 812 4 pegi(t).

Since q4 is polynomial in ¢, we deduce;

1
‘Pr[Pm’vafri Aty =1]- 5‘ < negl(t).
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Chapter 6. Concluding Remark

This thesis validate the IGE mode of block cipher from quantum adversaries. IGE mode is used in secret chat
of Telegram which in very popular IM services. Telegram provide secret chat for protecting personal message
and the security of secret chat is claimed to be secure. However this block cipher also need to be verified for
security against the quantum computers. Quantum computers can perform quantum computation using quantum-
mechanics happened in quantum states like superposition and entanglement different to the classical computers.
Since modern cryptosystem can be broken within polynomial time by quantum computers, every cryptosystem
need to be evaluated for their security against quantum adversary.

Quantum security of the IGE mode in block cipher against the quantum adversary .4 are different depending
on the function in the block cipher. When assuming sPRF, the IGE mode block cipher does not satisfy IND-qCPA.
But assuming qPREF, the IGE mode block cipher is proven to be IND-qCPA. When we assume the sPRF, especially
periodic, we even can recover the secret key k in polynomial time using Simon’s algorithm. By making query
to oracle, we can get easily information about the secret key. Assuming qPRF, however, the block cipher of IGE
mode is proven secure thus the quantum adversary A can not distinguish the block cipher from truly random
function efficiently.

Furthermore, future research is still remaining. Firstly, other modes of operations except IGE mode need
to be evaluated their security against quantum adversaries. Secondly the attack used for proving the IND-qCPA
assuming sPRF should be implemented when the quantum computers are developed. Lastly, the countermeasure

against this attack need to be devised.
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