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Motivation
q Kyber and Dilithium are Lattice-based schemes selected by NIST for PQC Standardization

q They share several common features:
q Hardness based on Module Learning With Error (MLWE) Problem

q Operate over Similar Polynomial Rings, leading to similar polynomial arithmetic operations

q Share common Building Blocks:
q Centered Binomial Sampler (CBD)
q Number Theoretic Transform (NTT)

q Any implementation weakness in these building blocks will simultaneously affect both the schemes

q NTT operates over sensitive variables (secret key): attractive target for SCA and FIA
q While NTT has been subjected to several types of SCA, so far no FIA has been performed
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q We proposed the first practical FIA on the NTT:

q New Fault Target: Single Point of Failure in open-source NTT implementations for the ARM 
Cortex-M4 Microcontroller

q Allows us to zeroize all twiddle constants of NTT using a single fault
q Reduces the entropy of sensitive variables in Kyber and Dilithium

q Kyber:
q Key Recovery Attacks (Key Generation)
q Message Recovery Attacks (Encapsulation)

q Dilithium:
q Signature Forgery Attacks (Signing)
q Verification Bypass Attacks (Verification)

q Experimentally validated using Electromagnetic Fault Injection (EMFI) with 100% success rate

q Our attacks are able to bypass several fault injection countermeasures proposed for Kyber 
and Dilithium.

Our Work
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FIA on Kyber KeyGen
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Key 
Generation

Alice Bob

Encapsulation

Decapsulation

Public Key* 
(pk*)

Ciphertext
(ct)

Secret Key 
(sk)

Shared Session Key (K) Shared Session Key (K)

q Single execution to target Key Generation: Key Recovery Attack
q Recover Secret key from Faulty but valid Public Key



Kyber KeyGen

Public Key (pk): (a,t)
Secret Key (sk): (s)
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PRNG
a𝝈A Sampler

(Uniform)
𝞇A

PRNG
𝝈S Sampler

(CBD)
𝞇S

x

PRNG
𝝈E Sampler

(CBD)
𝞇E

+ t = a.s + e
(LWE Instance)

Polynomial multiplication is done 
using Number Theoretic Transform (NTT)

a
NTT

s
NTT

a’

s’
a.sNTT-1

seed seed

Kyber KeyGen

s e
Public Key (pk): (a,t)
Secret Key (sk): (s)seed
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<latexit sha1_base64="X58lhKK9tzQhV1TsPC9ADPitADw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48VTFtoQ9lsp+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqeNUMfRZLGLVDqlGwSX6hhuB7UQhjUKBrXB8O/Nbj6g0j+WDmSQYRHQo+YAzaqzkP/Uyd9orV9yqOwdZJV5OKpCj0St/dfsxSyOUhgmqdcdzExNkVBnOBE5L3VRjQtmYDrFjqaQR6iCbHzslZ1bpk0GsbElD5urviYxGWk+i0HZG1Iz0sjcT//M6qRlcBxmXSWpQssWiQSqIicnsc9LnCpkRE0soU9zeStiIKsqMzadkQ/CWX14lzYuqV6te3tcq9Zs8jiKcwCmcgwdXUIc7aIAPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8f0VmOsw==</latexit>

x1

<latexit sha1_base64="/tmWf31NXYXzivIEGtxSdkh9a2Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48VTFtoQ9lsp+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqeNUMfRZLGLVDqlGwSX6hhuB7UQhjUKBrXB8O/Nbj6g0j+WDmSQYRHQo+YAzaqzkP/Uyb9orV9yqOwdZJV5OKpCj0St/dfsxSyOUhgmqdcdzExNkVBnOBE5L3VRjQtmYDrFjqaQR6iCbHzslZ1bpk0GsbElD5urviYxGWk+i0HZG1Iz0sjcT//M6qRlcBxmXSWpQssWiQSqIicnsc9LnCpkRE0soU9zeStiIKsqMzadkQ/CWX14lzYuqV6te3tcq9Zs8jiKcwCmcgwdXUIc7aIAPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8f0t6OtA==</latexit>

x2

<latexit sha1_base64="0OScJCDxxlPdBuQQlU3tO+RRUlU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY9FLx4rmFZoQ9lsp+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMfRZLGL1EFKNgkv0DTcCHxKFNAoFtsPxzcxvP6LSPJb3ZpJgENGh5APOqLGS/9TLatNeueJW3TnIKvFyUoEczV75q9uPWRqhNExQrTuem5ggo8pwJnBa6qYaE8rGdIgdSyWNUAfZ/NgpObNKnwxiZUsaMld/T2Q00noShbYzomakl72Z+J/XSc3gKsi4TFKDki0WDVJBTExmn5M+V8iMmFhCmeL2VsJGVFFmbD4lG4K3/PIqadWqXr16cVevNK7zOIpwAqdwDh5cQgNuoQk+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/ANRjjrU=</latexit>

x3

<latexit sha1_base64="cqTCs61Mkaq/NyRRMm8YRES6+qQ=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVih6LXjxWsB/QLiWbZtvYbLIkWbEs/Q9ePCji1f/jzX9jtt2Dtj4YeLw3w8y8IOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2MbzK//UiVZlLcm0lM/QgPBQsZwcZKrad+ej4t9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBZSF4iy8vk9ZZ1atVL+5qlfp1HkcRjuAYTsGDS6jDLTSgCQQe4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gAMDY7K</latexit>

x4

<latexit sha1_base64="3TEKFhqmTSdX/qYNSbhn7UYPnqM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVFj0WvXisYD+gXUo2zbax2WRJsmJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GR+55EqzaS4N9OY+hEeCRYygo2V2k+DtDYrDcoVt+rOgVaJl5MK5GgOyl/9oSRJRIUhHGvd89zY+ClWhhFOZ6V+ommMyQSPaM9SgSOq/XR+7QydWWWIQqlsCYPm6u+JFEdaT6PAdkbYjPWyl4n/eb3EhFd+ykScGCrIYlGYcGQkyl5HQ6YoMXxqCSaK2VsRGWOFibEBZSF4yy+vkvZF1atV63e1SuM6j6MIJ3AK5+DBJTTgFprQAgIP8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwANk47L</latexit>

x7

<latexit sha1_base64="ZmgyYgPrr7aKsasj5HIaKFc1jBg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVSj0WvXisYD+gXUo2zbax2WRJsmJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GR+55EqzaS4N9OY+hEeCRYygo2V2k+DtD4rDcoVt+rOgVaJl5MK5GgOyl/9oSRJRIUhHGvd89zY+ClWhhFOZ6V+ommMyQSPaM9SgSOq/XR+7QydWWWIQqlsCYPm6u+JFEdaT6PAdkbYjPWyl4n/eb3EhFd+ykScGCrIYlGYcGQkyl5HQ6YoMXxqCSaK2VsRGWOFibEBZSF4yy+vkvZF1atVL+9qlcZ1HkcRTuAUzsGDOjTgFprQAgIP8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwASJY7O</latexit>

x̂0

<latexit sha1_base64="79eDNyJnpzZ3NBxfsAk3r85wAw8=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAdklzA7mSRDZh/M9Iph2d/w4kERr/6MN//G2WQPmljQUFR1093lx1JotO1vq7S2vrG5Vd6u7Ozu7R9UD486OkoU420WyUj1fKq5FCFvo0DJe7HiNPAl7/rT29zvPnKlRRQ+4CzmXkDHoRgJRtFIrjuhmD4NUjvLKoNqza7bc5BV4hSkBgVag+qXO4xYEvAQmaRa9x07Ri+lCgWTPKu4ieYxZVM65n1DQxpw7aXzmzNyZpQhGUXKVIhkrv6eSGmg9SzwTWdAcaKXvVz8z+snOLr2UhHGCfKQLRaNEkkwInkAZCgUZyhnhlCmhLmVsAlVlKGJKQ/BWX55lXQu6k6jfnnfqDVvijjKcAKncA4OXEET7qAFbWAQwzO8wpuVWC/Wu/WxaC1Zxcwx/IH1+QPeE5GU</latexit>

x̂1

<latexit sha1_base64="EeX/S9DxCKSQJ67XIuAdWQ/xOpI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0WPRi8cK9gOaUDbbbbt0swm7E7GE/A0vHhTx6p/x5r9x0+agrQ8GHu/NMDMviAXX6DjfVmltfWNzq7xd2dnd2z+oHh51dJQoyto0EpHqBUQzwSVrI0fBerFiJAwE6wbT29zvPjKleSQfcBYzPyRjyUecEjSS500Ipk+D1M2yyqBac+rOHPYqcQtSgwKtQfXLG0Y0CZlEKojWfdeJ0U+JQk4FyypeollM6JSMWd9QSUKm/XR+c2afGWVojyJlSqI9V39PpCTUehYGpjMkONHLXi7+5/UTHF37KZdxgkzSxaJRImyM7DwAe8gVoyhmhhCquLnVphOiCEUTUx6Cu/zyKulc1N1G/fK+UWveFHGU4QRO4RxcuIIm3EEL2kAhhmd4hTcrsV6sd+tj0Vqyiplj+APr8wffmpGV</latexit>

x̂2

<latexit sha1_base64="7RMOEymaSV39DwXsDGoZSXsR7QM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY9FLx4r2FZoQtlsN+3SzQe7E7GE/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDPPT6TQaNvfVmltfWNzq7xd2dnd2z+oHh51dZwqxjsslrF68KnmUkS8gwIlf0gUp6Evec+f3OR+75ErLeLoHqcJ90I6ikQgGEUjue6YYvY0yBqzWWVQrdl1ew6ySpyC1KBAe1D9cocxS0MeIZNU675jJ+hlVKFgks8qbqp5QtmEjnjf0IiGXHvZ/OYZOTPKkASxMhUhmau/JzIaaj0NfdMZUhzrZS8X//P6KQZXXiaiJEUescWiIJUEY5IHQIZCcYZyaghlSphbCRtTRRmamPIQnOWXV0m3UXea9Yu7Zq11XcRRhhM4hXNw4BJacAtt6ACDBJ7hFd6s1Hqx3q2PRWvJKmaO4Q+szx/hIZGW</latexit>

x̂3

<latexit sha1_base64="dGwe2h7p+4a5G3zOVddbdlKVOOo=">AAAB83icbVBNS8NAEJ34WetX1aOXYBE8lUQreix68VjBfkATyma7bZduNmF3IpaQv+HFgyJe/TPe/Ddu2hy09cHA470ZZuYFseAaHefbWlldW9/YLG2Vt3d29/YrB4dtHSWKshaNRKS6AdFMcMlayFGwbqwYCQPBOsHkNvc7j0xpHskHnMbMD8lI8iGnBI3keWOC6VM/vciycr9SdWrODPYycQtShQLNfuXLG0Q0CZlEKojWPdeJ0U+JQk4Fy8peollM6ISMWM9QSUKm/XR2c2afGmVgDyNlSqI9U39PpCTUehoGpjMkONaLXi7+5/USHF77KZdxgkzS+aJhImyM7DwAe8AVoyimhhCquLnVpmOiCEUTUx6Cu/jyMmmf19x67fK+Xm3cFHGU4BhO4AxcuIIG3EETWkAhhmd4hTcrsV6sd+tj3rpiFTNH8AfW5w/iqJGX</latexit>

x̂4

<latexit sha1_base64="AfRuLaNDN1sbeucBAHmm4AWhHsk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ac0oWy223bpZhN2J2IJ+RtePCji1T/jzX9j0uagrQ8GHu/NMDPPj6QwaNvfVmltfWNzq7xd2dnd2z+oHh51TBhrxtsslKHu+dRwKRRvo0DJe5HmNPAl7/rT29zvPnJtRKgecBZxL6BjJUaCUcwk151QTJ4GSSNNK4Nqza7bc5BV4hSkBgVag+qXOwxZHHCFTFJj+o4doZdQjYJJnlbc2PCIsikd835GFQ248ZL5zSk5y5QhGYU6K4Vkrv6eSGhgzCzws86A4sQse7n4n9ePcXTtJUJFMXLFFotGsSQYkjwAMhSaM5SzjFCmRXYrYROqKcMspjwEZ/nlVdK5qDuN+uV9o9a8KeIowwmcwjk4cAVNuIMWtIFBBM/wCm9WbL1Y79bHorVkFTPH8AfW5w/kL5GY</latexit>

x̂5

<latexit sha1_base64="fjGSpVaRm1I7x+/ThwNfIUUwbew=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Ac0oWy2m3bpZhN2J2IJ/RtePCji1T/jzX9j0uagrQ8GHu/NMDPPj6UwaNvfVmltfWNzq7xd2dnd2z+oHh51TJRoxtsskpHu+dRwKRRvo0DJe7HmNPQl7/qT29zvPnJtRKQecBpzL6QjJQLBKGaS644ppk+DtDGbVQbVml235yCrxClIDQq0BtUvdxixJOQKmaTG9B07Ri+lGgWTfFZxE8NjyiZ0xPsZVTTkxkvnN8/IWaYMSRDprBSSufp7IqWhMdPQzzpDimOz7OXif14/weDaS4WKE+SKLRYFiSQYkTwAMhSaM5TTjFCmRXYrYWOqKcMspjwEZ/nlVdK5qDuX9cb9Za15U8RRhhM4hXNw4AqacActaAODGJ7hFd6sxHqx3q2PRWvJKmaO4Q+szx/ltpGZ</latexit>

x̂6

<latexit sha1_base64="kBRPEVm/wbzZsCUIz2xpKwb1wgU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSTi17HoxWMF+wFNKJvttl262YTdiVhC/oYXD4p49c9489+4aXPQ1gcDj/dmmJkXxIJrdJxvq7Syura+Ud6sbG3v7O5V9w/aOkoUZS0aiUh1A6KZ4JK1kKNg3VgxEgaCdYLJbe53HpnSPJIPOI2ZH5KR5ENOCRrJ88YE06d+eplllX615tSdGexl4hakBgWa/eqXN4hoEjKJVBCte64To58ShZwKllW8RLOY0AkZsZ6hkoRM++ns5sw+McrAHkbKlER7pv6eSEmo9TQMTGdIcKwXvVz8z+slOLz2Uy7jBJmk80XDRNgY2XkA9oArRlFMDSFUcXOrTcdEEYompjwEd/HlZdI+q7vn9Yv781rjpoijDEdwDKfgwhU04A6a0AIKMTzDK7xZifVivVsf89aSVcwcwh9Ynz/nPZGa</latexit>

x5

<latexit sha1_base64="GPC0l/0BYAnmfzVAG3PbpxhdWWg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Ae0oWy2k3bp7ibsbsRS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEAturOt+O4W19Y3NreJ2aWd3b/+gfHjUMlGiGTZZJCLdCahBwRU2LbcCO7FGKgOB7WB8m/ntR9SGR+rBTmL0JR0qHnJGbSY99WulfrniVt05yCrxclKBHI1++as3iFgiUVkmqDFdz42tP6XaciZwVuolBmPKxnSI3ZQqKtH40/mtM3KWKgMSRjotZclc/T0xpdKYiQzSTkntyCx7mfif101seO1PuYoTi4otFoWJIDYi2eNkwDUyKyYpoUzz9FbCRlRTZtN4shC85ZdXSeui6l1Wa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQxG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBJdI3A</latexit>

x6

<latexit sha1_base64="iWHHCR93PjwtW/ceuh0S0HpJoWk=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYns8mQmdllplcMIb/gxYMiXv0hb/6Nu8keNLGgoajqprsriKWw6LrfTmFldW19o7hZ2tre2d0r7x80bZQYxhsskpFpB9RyKTRvoEDJ27HhVAWSt4LRbea3HrmxItIPOI65r+hAi1Awipn01Lss9coVt+rOQJaJl5MK5Kj3yl/dfsQSxTUySa3teG6M/oQaFEzyaambWB5TNqID3kmppopbfzK7dUpOUqVPwsikpZHM1N8TE6qsHasg7VQUh3bRy8T/vE6C4bU/ETpOkGs2XxQmkmBEssdJXxjOUI5TQpkR6a2EDamhDNN4shC8xZeXSfOs6p1XL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Rle4c1Rzovz7nzMWwtOPnMIf+B8/gBK+Y3B</latexit>

x̂7

<latexit sha1_base64="0NYvXA+dOQ5J7V3VhXQlJvfQIrA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSqceiF48V7Ae2oWy2m3bpZhN2J2IJ/RdePCji1X/jzX/jps1BWx8MPN6bYWaeHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6yhRlLVoJCLV9YlmgkvWQo6CdWPFSOgL1vEnN5nfeWRK80je4zRmXkhGkgecEjTSQ39MMH0a1GelQbniVJ057FXi5qQCOZqD8ld/GNEkZBKpIFr3XCdGLyUKORVsVuonmsWETsiI9QyVJGTaS+cXz+wzowztIFKmJNpz9fdESkKtp6FvOkOCY73sZeJ/Xi/B4MpLuYwTZJIuFgWJsDGys/ftIVeMopgaQqji5labjokiFE1IWQju8surpH1RdWvVy7tapXGdx1GEEziFc3ChDg24hSa0gIKEZ3iFN0tbL9a79bFoLVj5zDH8gfX5Ax30kI8=</latexit>

In MCU, Twiddle Constants are stored 
in Flash Memory as part of Firmware 

Binary

Flash Memory

Twiddle Factor 
Array

Tw_Addr
CPU1. Fetch 

Tw_Addr 2. Fetch from 
(Tw_Addr + j)

For jth twiddle factor

Main Observation: Tw_Addr is used as base-address to calculate 
address for all constants
Fault Vulnerability: Can an attacker fault the base address?

NTT Fault Vulnerability

Tw_Addr

Manipulation of Twiddle Constants
Bare metal Software Implementation

Implementation Style used in all open-source optimized 
implementations of Kyber and Dilithium for ARM Cortex-M4 Processor

[BKS19, ABCG20, AHKS22, GKOS18, GKS21]
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<latexit sha1_base64="X58lhKK9tzQhV1TsPC9ADPitADw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48VTFtoQ9lsp+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqeNUMfRZLGLVDqlGwSX6hhuB7UQhjUKBrXB8O/Nbj6g0j+WDmSQYRHQo+YAzaqzkP/Uyd9orV9yqOwdZJV5OKpCj0St/dfsxSyOUhgmqdcdzExNkVBnOBE5L3VRjQtmYDrFjqaQR6iCbHzslZ1bpk0GsbElD5urviYxGWk+i0HZG1Iz0sjcT//M6qRlcBxmXSWpQssWiQSqIicnsc9LnCpkRE0soU9zeStiIKsqMzadkQ/CWX14lzYuqV6te3tcq9Zs8jiKcwCmcgwdXUIc7aIAPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8f0VmOsw==</latexit>

x1

<latexit sha1_base64="/tmWf31NXYXzivIEGtxSdkh9a2Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48VTFtoQ9lsp+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqeNUMfRZLGLVDqlGwSX6hhuB7UQhjUKBrXB8O/Nbj6g0j+WDmSQYRHQo+YAzaqzkP/Uyb9orV9yqOwdZJV5OKpCj0St/dfsxSyOUhgmqdcdzExNkVBnOBE5L3VRjQtmYDrFjqaQR6iCbHzslZ1bpk0GsbElD5urviYxGWk+i0HZG1Iz0sjcT//M6qRlcBxmXSWpQssWiQSqIicnsc9LnCpkRE0soU9zeStiIKsqMzadkQ/CWX14lzYuqV6te3tcq9Zs8jiKcwCmcgwdXUIc7aIAPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8f0t6OtA==</latexit>

x2

<latexit sha1_base64="0OScJCDxxlPdBuQQlU3tO+RRUlU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY9FLx4rmFZoQ9lsp+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMfRZLGL1EFKNgkv0DTcCHxKFNAoFtsPxzcxvP6LSPJb3ZpJgENGh5APOqLGS/9TLatNeueJW3TnIKvFyUoEczV75q9uPWRqhNExQrTuem5ggo8pwJnBa6qYaE8rGdIgdSyWNUAfZ/NgpObNKnwxiZUsaMld/T2Q00noShbYzomakl72Z+J/XSc3gKsi4TFKDki0WDVJBTExmn5M+V8iMmFhCmeL2VsJGVFFmbD4lG4K3/PIqadWqXr16cVevNK7zOIpwAqdwDh5cQgNuoQk+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/ANRjjrU=</latexit>

x3

<latexit sha1_base64="cqTCs61Mkaq/NyRRMm8YRES6+qQ=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVih6LXjxWsB/QLiWbZtvYbLIkWbEs/Q9ePCji1f/jzX9jtt2Dtj4YeLw3w8y8IOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2MbzK//UiVZlLcm0lM/QgPBQsZwcZKrad+ej4t9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBZSF4iy8vk9ZZ1atVL+5qlfp1HkcRjuAYTsGDS6jDLTSgCQQe4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gAMDY7K</latexit>

x4

<latexit sha1_base64="3TEKFhqmTSdX/qYNSbhn7UYPnqM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVFj0WvXisYD+gXUo2zbax2WRJsmJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GR+55EqzaS4N9OY+hEeCRYygo2V2k+DtDYrDcoVt+rOgVaJl5MK5GgOyl/9oSRJRIUhHGvd89zY+ClWhhFOZ6V+ommMyQSPaM9SgSOq/XR+7QydWWWIQqlsCYPm6u+JFEdaT6PAdkbYjPWyl4n/eb3EhFd+ykScGCrIYlGYcGQkyl5HQ6YoMXxqCSaK2VsRGWOFibEBZSF4yy+vkvZF1atV63e1SuM6j6MIJ3AK5+DBJTTgFprQAgIP8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwANk47L</latexit>

x7

<latexit sha1_base64="ZmgyYgPrr7aKsasj5HIaKFc1jBg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVSj0WvXisYD+gXUo2zbax2WRJsmJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GR+55EqzaS4N9OY+hEeCRYygo2V2k+DtD4rDcoVt+rOgVaJl5MK5GgOyl/9oSRJRIUhHGvd89zY+ClWhhFOZ6V+ommMyQSPaM9SgSOq/XR+7QydWWWIQqlsCYPm6u+JFEdaT6PAdkbYjPWyl4n/eb3EhFd+ykScGCrIYlGYcGQkyl5HQ6YoMXxqCSaK2VsRGWOFibEBZSF4yy+vkvZF1atVL+9qlcZ1HkcRTuAUzsGDOjTgFprQAgIP8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwASJY7O</latexit>

x̂0

<latexit sha1_base64="79eDNyJnpzZ3NBxfsAk3r85wAw8=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAdklzA7mSRDZh/M9Iph2d/w4kERr/6MN//G2WQPmljQUFR1093lx1JotO1vq7S2vrG5Vd6u7Ozu7R9UD486OkoU420WyUj1fKq5FCFvo0DJe7HiNPAl7/rT29zvPnKlRRQ+4CzmXkDHoRgJRtFIrjuhmD4NUjvLKoNqza7bc5BV4hSkBgVag+qXO4xYEvAQmaRa9x07Ri+lCgWTPKu4ieYxZVM65n1DQxpw7aXzmzNyZpQhGUXKVIhkrv6eSGmg9SzwTWdAcaKXvVz8z+snOLr2UhHGCfKQLRaNEkkwInkAZCgUZyhnhlCmhLmVsAlVlKGJKQ/BWX55lXQu6k6jfnnfqDVvijjKcAKncA4OXEET7qAFbWAQwzO8wpuVWC/Wu/WxaC1Zxcwx/IH1+QPeE5GU</latexit>

x̂1

<latexit sha1_base64="EeX/S9DxCKSQJ67XIuAdWQ/xOpI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0WPRi8cK9gOaUDbbbbt0swm7E7GE/A0vHhTx6p/x5r9x0+agrQ8GHu/NMDMviAXX6DjfVmltfWNzq7xd2dnd2z+oHh51dJQoyto0EpHqBUQzwSVrI0fBerFiJAwE6wbT29zvPjKleSQfcBYzPyRjyUecEjSS500Ipk+D1M2yyqBac+rOHPYqcQtSgwKtQfXLG0Y0CZlEKojWfdeJ0U+JQk4FyypeollM6JSMWd9QSUKm/XR+c2afGWVojyJlSqI9V39PpCTUehYGpjMkONHLXi7+5/UTHF37KZdxgkzSxaJRImyM7DwAe8gVoyhmhhCquLnVphOiCEUTUx6Cu/zyKulc1N1G/fK+UWveFHGU4QRO4RxcuIIm3EEL2kAhhmd4hTcrsV6sd+tj0Vqyiplj+APr8wffmpGV</latexit>

x̂2

<latexit sha1_base64="7RMOEymaSV39DwXsDGoZSXsR7QM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY9FLx4r2FZoQtlsN+3SzQe7E7GE/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDPPT6TQaNvfVmltfWNzq7xd2dnd2z+oHh51dZwqxjsslrF68KnmUkS8gwIlf0gUp6Evec+f3OR+75ErLeLoHqcJ90I6ikQgGEUjue6YYvY0yBqzWWVQrdl1ew6ySpyC1KBAe1D9cocxS0MeIZNU675jJ+hlVKFgks8qbqp5QtmEjnjf0IiGXHvZ/OYZOTPKkASxMhUhmau/JzIaaj0NfdMZUhzrZS8X//P6KQZXXiaiJEUescWiIJUEY5IHQIZCcYZyaghlSphbCRtTRRmamPIQnOWXV0m3UXea9Yu7Zq11XcRRhhM4hXNw4BJacAtt6ACDBJ7hFd6s1Hqx3q2PRWvJKmaO4Q+szx/hIZGW</latexit>

x̂3

<latexit sha1_base64="dGwe2h7p+4a5G3zOVddbdlKVOOo=">AAAB83icbVBNS8NAEJ34WetX1aOXYBE8lUQreix68VjBfkATyma7bZduNmF3IpaQv+HFgyJe/TPe/Ddu2hy09cHA470ZZuYFseAaHefbWlldW9/YLG2Vt3d29/YrB4dtHSWKshaNRKS6AdFMcMlayFGwbqwYCQPBOsHkNvc7j0xpHskHnMbMD8lI8iGnBI3keWOC6VM/vciycr9SdWrODPYycQtShQLNfuXLG0Q0CZlEKojWPdeJ0U+JQk4Fy8peollM6ISMWM9QSUKm/XR2c2afGmVgDyNlSqI9U39PpCTUehoGpjMkONaLXi7+5/USHF77KZdxgkzS+aJhImyM7DwAe8AVoyimhhCquLnVpmOiCEUTUx6Cu/jyMmmf19x67fK+Xm3cFHGU4BhO4AxcuIIG3EETWkAhhmd4hTcrsV6sd+tj3rpiFTNH8AfW5w/iqJGX</latexit>

x̂4

<latexit sha1_base64="AfRuLaNDN1sbeucBAHmm4AWhHsk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ac0oWy223bpZhN2J2IJ+RtePCji1T/jzX9j0uagrQ8GHu/NMDPPj6QwaNvfVmltfWNzq7xd2dnd2z+oHh51TBhrxtsslKHu+dRwKRRvo0DJe5HmNPAl7/rT29zvPnJtRKgecBZxL6BjJUaCUcwk151QTJ4GSSNNK4Nqza7bc5BV4hSkBgVag+qXOwxZHHCFTFJj+o4doZdQjYJJnlbc2PCIsikd835GFQ248ZL5zSk5y5QhGYU6K4Vkrv6eSGhgzCzws86A4sQse7n4n9ePcXTtJUJFMXLFFotGsSQYkjwAMhSaM5SzjFCmRXYrYROqKcMspjwEZ/nlVdK5qDuN+uV9o9a8KeIowwmcwjk4cAVNuIMWtIFBBM/wCm9WbL1Y79bHorVkFTPH8AfW5w/kL5GY</latexit>

x̂5

<latexit sha1_base64="fjGSpVaRm1I7x+/ThwNfIUUwbew=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Ac0oWy2m3bpZhN2J2IJ/RtePCji1T/jzX9j0uagrQ8GHu/NMDPPj6UwaNvfVmltfWNzq7xd2dnd2z+oHh51TJRoxtsskpHu+dRwKRRvo0DJe7HmNPQl7/qT29zvPnJtRKQecBpzL6QjJQLBKGaS644ppk+DtDGbVQbVml235yCrxClIDQq0BtUvdxixJOQKmaTG9B07Ri+lGgWTfFZxE8NjyiZ0xPsZVTTkxkvnN8/IWaYMSRDprBSSufp7IqWhMdPQzzpDimOz7OXif14/weDaS4WKE+SKLRYFiSQYkTwAMhSaM5TTjFCmRXYrYWOqKcMspjwEZ/nlVdK5qDuX9cb9Za15U8RRhhM4hXNw4AqacActaAODGJ7hFd6sxHqx3q2PRWvJKmaO4Q+szx/ltpGZ</latexit>

x̂6

<latexit sha1_base64="kBRPEVm/wbzZsCUIz2xpKwb1wgU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSTi17HoxWMF+wFNKJvttl262YTdiVhC/oYXD4p49c9489+4aXPQ1gcDj/dmmJkXxIJrdJxvq7Syura+Ud6sbG3v7O5V9w/aOkoUZS0aiUh1A6KZ4JK1kKNg3VgxEgaCdYLJbe53HpnSPJIPOI2ZH5KR5ENOCRrJ88YE06d+eplllX615tSdGexl4hakBgWa/eqXN4hoEjKJVBCte64To58ShZwKllW8RLOY0AkZsZ6hkoRM++ns5sw+McrAHkbKlER7pv6eSEmo9TQMTGdIcKwXvVz8z+slOLz2Uy7jBJmk80XDRNgY2XkA9oArRlFMDSFUcXOrTcdEEYompjwEd/HlZdI+q7vn9Yv781rjpoijDEdwDKfgwhU04A6a0AIKMTzDK7xZifVivVsf89aSVcwcwh9Ynz/nPZGa</latexit>

x5

<latexit sha1_base64="GPC0l/0BYAnmfzVAG3PbpxhdWWg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Ae0oWy2k3bp7ibsbsRS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEAturOt+O4W19Y3NreJ2aWd3b/+gfHjUMlGiGTZZJCLdCahBwRU2LbcCO7FGKgOB7WB8m/ntR9SGR+rBTmL0JR0qHnJGbSY99WulfrniVt05yCrxclKBHI1++as3iFgiUVkmqDFdz42tP6XaciZwVuolBmPKxnSI3ZQqKtH40/mtM3KWKgMSRjotZclc/T0xpdKYiQzSTkntyCx7mfif101seO1PuYoTi4otFoWJIDYi2eNkwDUyKyYpoUzz9FbCRlRTZtN4shC85ZdXSeui6l1Wa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQxG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBJdI3A</latexit>

x6

<latexit sha1_base64="iWHHCR93PjwtW/ceuh0S0HpJoWk=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYns8mQmdllplcMIb/gxYMiXv0hb/6Nu8keNLGgoajqprsriKWw6LrfTmFldW19o7hZ2tre2d0r7x80bZQYxhsskpFpB9RyKTRvoEDJ27HhVAWSt4LRbea3HrmxItIPOI65r+hAi1Awipn01Lss9coVt+rOQJaJl5MK5Kj3yl/dfsQSxTUySa3teG6M/oQaFEzyaambWB5TNqID3kmppopbfzK7dUpOUqVPwsikpZHM1N8TE6qsHasg7VQUh3bRy8T/vE6C4bU/ETpOkGs2XxQmkmBEssdJXxjOUI5TQpkR6a2EDamhDNN4shC8xZeXSfOs6p1XL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Rle4c1Rzovz7nzMWwtOPnMIf+B8/gBK+Y3B</latexit>

x̂7

<latexit sha1_base64="0NYvXA+dOQ5J7V3VhXQlJvfQIrA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSqceiF48V7Ae2oWy2m3bpZhN2J2IJ/RdePCji1X/jzX/jps1BWx8MPN6bYWaeHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6yhRlLVoJCLV9YlmgkvWQo6CdWPFSOgL1vEnN5nfeWRK80je4zRmXkhGkgecEjTSQ39MMH0a1GelQbniVJ057FXi5qQCOZqD8ld/GNEkZBKpIFr3XCdGLyUKORVsVuonmsWETsiI9QyVJGTaS+cXz+wzowztIFKmJNpz9fdESkKtp6FvOkOCY73sZeJ/Xi/B4MpLuYwTZJIuFgWJsDGys/ftIVeMopgaQqji5labjokiFE1IWQju8surpH1RdWvVy7tapXGdx1GEEziFc3ChDg24hSa0gIKEZ3iFN0tbL9a79bFoLVj5zDH8gfX5Ax30kI8=</latexit>

In MCU, Twiddle Constants are stored 
in Flash Memory as part of Firmware 

Binary Fault Model: Bit Set, Reset Faults on data transferred from flash memory [MBD+19]
Observation: Can zeroize the entire twiddle factor array in a single fault
25% of random memory locations yield zeros on ARM Cortex-M4 processor

NTT Fault Vulnerability

[MBD+19] Menu, Alexandre, Shivam Bhasin, Jean-Max Dutertre, Jean-Baptiste Rigaud, and Jean-Luc Danger. "Precise spatio-temporal electromagnetic fault injections 
on data transfers." In 2019 Workshop on Fault Diagnosis and Tolerance in Cryptography (FDTC), pp. 1-8. IEEE, 2019.

Manipulation of Twiddle Constants
Bare metal Software Implementation

Implementation Style used in all open-source optimized 
implementations of Kyber and Dilithium for ARM Cortex-M4 Processor

[BKS19, ABCG20, AHKS22, GKOS18, GKS21]

Flash Memory

Twiddle Factor 
Array

Tw_Addr
CPU1. Fetch 

Tw_Addr* 2. Fetch 
(Tw_Addr* + j)

For jth twiddle factor

Tw_Addr

0000..

Tw_Addr*



Load Twiddle Pointer from Flash

Load from Twiddle Pointer*
Load from Twiddle Pointer*

Increment Twiddle Pointer*

Load from Twiddle Pointer*
Load from Twiddle Pointer*

Increment Twiddle Pointer*

Corrupts 
all 

twiddle 
constants

NTT Fault Vulnerability: Zeroization of Twiddle Constants



.
a

NTT

s
NTT

a’

NTT(s*)
a . s*NTT-1

Faulty secret s*

q Kyber uses Incomplete NTT 
q 7 layers (256 point NTT)
q Two non zero coeff. at NTT output 

q Dilithium uses complete NTT
q 8 layers (256 point NTT)
q One non-zero coeff. At NTT output

q Secret s has k polynomials 
q k NTTs

q But, we experimentally observed that 
fault on one NTT is sufficient

q Maybe faulty twiddle pointer is cached 
and reused for k NTTs

NTT Fault Vulnerability: Zeroization of Twiddle Constants

Valid Secret, but with 
Low Entropy

Entropy reduces by half in every NTT layer 



PRNG
a

Public Key (pk): (a,t)
Secret Key (sk): (s*)

𝝈A Sampler
𝞇A

PRNG
𝝈S Sampler

𝞇S

x

s
e

+ t* = a.s* + e
s*

Valid (pk,sk)

• Same Secret (s*) in NTT domain is used for Decaps
• To avoid extra NTT/INTT conversions
• Originally sampled secret s is forgotten!!!
• Memoryless property of Kyber

• Attack also applies to masked implementations
• Repeat Same Fault on All Shares (Experimentally verified)

FIA on Kyber KeyGen: Zeroization of Twiddle Constants



Outline

q FIA on Kyber:
q FIA on Key Generation

q FIA on Dilithium
q FIA on Signing
q FIA on Verification

q Conclusion
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FIA on Dilithium Signing: Background

Nonce 
Generation

Message (m)

Random

Fixed 
Nonce

Random 
Nonce

Gen
Challenge

Challenge
(c)

+x
Secret

(s)

Nonce
(n)

z = 
s . c + n 

Signature:
(z, c), m

Deterministic / Randomized

Rejection
Checks
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Nonce 
Generation

Message (m)

Random

Fixed 
Nonce

Random 
Nonce

Gen
Challenge

+x
Secret

(s)

Nonce
(n)

Det.

Challenge
(c) z* = n 

Faulty Signature
(z*, c), m

FIA on Dilithium Signing: Deterministic Variant

Rejection
Checks

Inject Fault in 
NTT(c)

DFA Attack on 
Deterministic Variant 

Choose
c[0] = 0 NTT(c) = 0 0*
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FIA on Dilithium Signing: Randomized Variant
Impl. Variant: z is computed in the NTT Domain 

z = INTT( (NTT(n) + NTT(s). NTT(c) )

Nonce 
Generation

Message (m)

Random

Fixed 
Nonce

Random 
Nonce

Gen
Challenge

+
Secret

(s)

Nonce
(n)

Rand.

Challenge
(c) Rejection

Checks
NTT
Mult INTT

Inject Fault in 
NTT(n)

n* = (n[0], 0, 0, 0, … 0)

Unmask all but one coefficient 
of s.c

z* = s. c

Faulty 
Sig.

(z*, c), m

NTT(n*)



Outline

q FIA on Kyber:
q FIA on Key Generation

q FIA on Dilithium
q FIA on Signing
q FIA on Verification

q Conclusion
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FIA on Verification Procedure

pk0 x

z

c
(Challenge)

x

pk1

- Gen
Challenge Comparison

pk0

Signature: (z, c) , m
Public Key: (pk0, pk1)

cre
(Challengere) Pass

/Fail

Most Obvious Target
Can be fortified with known 

Countermeasures (redundancy)



21

FIA on Verification Procedure

pk0 x

x

pk1

- Gen
Challenge Comparison

pk0

Pass

0

Single Targeted Fault

z’

cbad
(Challengebad)

Cbad
(Challengebad)

For any 
Message m

Fault NTT(c)
cbad[0] = 0

cbad                       = G(A, z’, pk0)
(Challengebad)

Signature: (z’, cbad) , m
Public Key: (pk0, pk1)



Experimental Evaluation

q Experimental validation was done using Electromagnetic Fault Injection (EMFI)

q Target:
q Optimized implementations of Kyber and Dilithium from the pqm4 library [KRSS19] on the 

ARM Cortex-M4 MCU

q We were able to achieve 100% fault repeatability using several fault parameters
q 25% of random memory locations in the memory space fetch zero twiddle factor arrays
q Very repeatable fault can be achieved when targeting data transfer from flash memory 

[MBD+19]

q Our attack is orthogonal to fault countermeasures against prior FIA on Kyber and Dilithium

[KRSS19] Kannwischer, Matthias J., Joost Rijneveld, Peter Schwabe, and Ko Stoffelen. "pqm4: Testing and Benchmarking NIST PQC on ARM Cortex-
M4." (2019).
[MBD+19] Menu, Alexandre, Shivam Bhasin, Jean-Max Dutertre, Jean-Baptiste Rigaud, and Jean-Luc Danger. "Precise spatio-temporal electromagnetic fault injections 
on data transfers." In 2019 Workshop on Fault Diagnosis and Tolerance in Cryptography (FDTC), pp. 1-8. IEEE, 2019.
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Experimental Evaluation (Kyber)
Key Generation

Encapsulation
Number of Faults Versus Time Fault Repeatability versus Location

Number of Faults Versus Time Fault Repeatability versus Location
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Experimental Evaluation (Dilithium)
Signing (Deterministic)

Signing (Probabilistic)

Number of Faults Versus Time Fault Repeatability versus Location

Number of Faults Versus Time Fault Repeatability versus Location
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Experimental Evaluation (Dilithium)
Verification

Number of Faults Versus Time Fault Repeatability versus Location



Outline

q FIA on Kyber:
q FIA on Key Generation

q FIA on Dilithium
q FIA on Signing
q FIA on Verification

q Countermeasures

q Conclusion
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Countermeasures: Protect NTT against FIA

• Countermeasure-1: Sanity Check on Twiddle Constants
• Check Arithmetic Properties of Twiddle Constants:

• nth root of unity
• Check Entropy of Twiddle Constants

• Countermeasure-2: Sanity Check on NTT Outputs
• Check Entropy of NTT Outputs

• Countermeasure-3: Do rely on single base address to 
access Twiddle Constant Array

ψ4

ψ2

ψ2

ψ6

ψ

ψ

Stage 1 Stage 2 Stage 3

ψ4

ψ4

ψ4 ψ6

1

5

ψ3

ψ7

Addition
Subtraction

Multiplication

x0

<latexit sha1_base64="X58lhKK9tzQhV1TsPC9ADPitADw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48VTFtoQ9lsp+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqeNUMfRZLGLVDqlGwSX6hhuB7UQhjUKBrXB8O/Nbj6g0j+WDmSQYRHQo+YAzaqzkP/Uyd9orV9yqOwdZJV5OKpCj0St/dfsxSyOUhgmqdcdzExNkVBnOBE5L3VRjQtmYDrFjqaQR6iCbHzslZ1bpk0GsbElD5urviYxGWk+i0HZG1Iz0sjcT//M6qRlcBxmXSWpQssWiQSqIicnsc9LnCpkRE0soU9zeStiIKsqMzadkQ/CWX14lzYuqV6te3tcq9Zs8jiKcwCmcgwdXUIc7aIAPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8f0VmOsw==</latexit>

x1

<latexit sha1_base64="/tmWf31NXYXzivIEGtxSdkh9a2Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48VTFtoQ9lsp+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqeNUMfRZLGLVDqlGwSX6hhuB7UQhjUKBrXB8O/Nbj6g0j+WDmSQYRHQo+YAzaqzkP/Uyb9orV9yqOwdZJV5OKpCj0St/dfsxSyOUhgmqdcdzExNkVBnOBE5L3VRjQtmYDrFjqaQR6iCbHzslZ1bpk0GsbElD5urviYxGWk+i0HZG1Iz0sjcT//M6qRlcBxmXSWpQssWiQSqIicnsc9LnCpkRE0soU9zeStiIKsqMzadkQ/CWX14lzYuqV6te3tcq9Zs8jiKcwCmcgwdXUIc7aIAPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8f0t6OtA==</latexit>

x2

<latexit sha1_base64="0OScJCDxxlPdBuQQlU3tO+RRUlU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY9FLx4rmFZoQ9lsp+3SzSbsbsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMfRZLGL1EFKNgkv0DTcCHxKFNAoFtsPxzcxvP6LSPJb3ZpJgENGh5APOqLGS/9TLatNeueJW3TnIKvFyUoEczV75q9uPWRqhNExQrTuem5ggo8pwJnBa6qYaE8rGdIgdSyWNUAfZ/NgpObNKnwxiZUsaMld/T2Q00noShbYzomakl72Z+J/XSc3gKsi4TFKDki0WDVJBTExmn5M+V8iMmFhCmeL2VsJGVFFmbD4lG4K3/PIqadWqXr16cVevNK7zOIpwAqdwDh5cQgNuoQk+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/ANRjjrU=</latexit>

x3

<latexit sha1_base64="cqTCs61Mkaq/NyRRMm8YRES6+qQ=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVih6LXjxWsB/QLiWbZtvYbLIkWbEs/Q9ePCji1f/jzX9jtt2Dtj4YeLw3w8y8IOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2MbzK//UiVZlLcm0lM/QgPBQsZwcZKrad+ej4t9csVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBZSF4iy8vk9ZZ1atVL+5qlfp1HkcRjuAYTsGDS6jDLTSgCQQe4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gAMDY7K</latexit>

x4

<latexit sha1_base64="3TEKFhqmTSdX/qYNSbhn7UYPnqM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVFj0WvXisYD+gXUo2zbax2WRJsmJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GR+55EqzaS4N9OY+hEeCRYygo2V2k+DtDYrDcoVt+rOgVaJl5MK5GgOyl/9oSRJRIUhHGvd89zY+ClWhhFOZ6V+ommMyQSPaM9SgSOq/XR+7QydWWWIQqlsCYPm6u+JFEdaT6PAdkbYjPWyl4n/eb3EhFd+ykScGCrIYlGYcGQkyl5HQ6YoMXxqCSaK2VsRGWOFibEBZSF4yy+vkvZF1atV63e1SuM6j6MIJ3AK5+DBJTTgFprQAgIP8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwANk47L</latexit>

x7

<latexit sha1_base64="ZmgyYgPrr7aKsasj5HIaKFc1jBg=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVSj0WvXisYD+gXUo2zbax2WRJsmJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3GR+55EqzaS4N9OY+hEeCRYygo2V2k+DtD4rDcoVt+rOgVaJl5MK5GgOyl/9oSRJRIUhHGvd89zY+ClWhhFOZ6V+ommMyQSPaM9SgSOq/XR+7QydWWWIQqlsCYPm6u+JFEdaT6PAdkbYjPWyl4n/eb3EhFd+ykScGCrIYlGYcGQkyl5HQ6YoMXxqCSaK2VsRGWOFibEBZSF4yy+vkvZF1atVL+9qlcZ1HkcRTuAUzsGDOjTgFprQAgIP8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwASJY7O</latexit>

x̂0

<latexit sha1_base64="79eDNyJnpzZ3NBxfsAk3r85wAw8=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAdklzA7mSRDZh/M9Iph2d/w4kERr/6MN//G2WQPmljQUFR1093lx1JotO1vq7S2vrG5Vd6u7Ozu7R9UD486OkoU420WyUj1fKq5FCFvo0DJe7HiNPAl7/rT29zvPnKlRRQ+4CzmXkDHoRgJRtFIrjuhmD4NUjvLKoNqza7bc5BV4hSkBgVag+qXO4xYEvAQmaRa9x07Ri+lCgWTPKu4ieYxZVM65n1DQxpw7aXzmzNyZpQhGUXKVIhkrv6eSGmg9SzwTWdAcaKXvVz8z+snOLr2UhHGCfKQLRaNEkkwInkAZCgUZyhnhlCmhLmVsAlVlKGJKQ/BWX55lXQu6k6jfnnfqDVvijjKcAKncA4OXEET7qAFbWAQwzO8wpuVWC/Wu/WxaC1Zxcwx/IH1+QPeE5GU</latexit>

x̂1

<latexit sha1_base64="EeX/S9DxCKSQJ67XIuAdWQ/xOpI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0WPRi8cK9gOaUDbbbbt0swm7E7GE/A0vHhTx6p/x5r9x0+agrQ8GHu/NMDMviAXX6DjfVmltfWNzq7xd2dnd2z+oHh51dJQoyto0EpHqBUQzwSVrI0fBerFiJAwE6wbT29zvPjKleSQfcBYzPyRjyUecEjSS500Ipk+D1M2yyqBac+rOHPYqcQtSgwKtQfXLG0Y0CZlEKojWfdeJ0U+JQk4FyypeollM6JSMWd9QSUKm/XR+c2afGWVojyJlSqI9V39PpCTUehYGpjMkONHLXi7+5/UTHF37KZdxgkzSxaJRImyM7DwAe8gVoyhmhhCquLnVphOiCEUTUx6Cu/zyKulc1N1G/fK+UWveFHGU4QRO4RxcuIIm3EEL2kAhhmd4hTcrsV6sd+tj0Vqyiplj+APr8wffmpGV</latexit>

x̂2

<latexit sha1_base64="7RMOEymaSV39DwXsDGoZSXsR7QM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY9FLx4r2FZoQtlsN+3SzQe7E7GE/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDPPT6TQaNvfVmltfWNzq7xd2dnd2z+oHh51dZwqxjsslrF68KnmUkS8gwIlf0gUp6Evec+f3OR+75ErLeLoHqcJ90I6ikQgGEUjue6YYvY0yBqzWWVQrdl1ew6ySpyC1KBAe1D9cocxS0MeIZNU675jJ+hlVKFgks8qbqp5QtmEjnjf0IiGXHvZ/OYZOTPKkASxMhUhmau/JzIaaj0NfdMZUhzrZS8X//P6KQZXXiaiJEUescWiIJUEY5IHQIZCcYZyaghlSphbCRtTRRmamPIQnOWXV0m3UXea9Yu7Zq11XcRRhhM4hXNw4BJacAtt6ACDBJ7hFd6s1Hqx3q2PRWvJKmaO4Q+szx/hIZGW</latexit>

x̂3

<latexit sha1_base64="dGwe2h7p+4a5G3zOVddbdlKVOOo=">AAAB83icbVBNS8NAEJ34WetX1aOXYBE8lUQreix68VjBfkATyma7bZduNmF3IpaQv+HFgyJe/TPe/Ddu2hy09cHA470ZZuYFseAaHefbWlldW9/YLG2Vt3d29/YrB4dtHSWKshaNRKS6AdFMcMlayFGwbqwYCQPBOsHkNvc7j0xpHskHnMbMD8lI8iGnBI3keWOC6VM/vciycr9SdWrODPYycQtShQLNfuXLG0Q0CZlEKojWPdeJ0U+JQk4Fy8peollM6ISMWM9QSUKm/XR2c2afGmVgDyNlSqI9U39PpCTUehoGpjMkONaLXi7+5/USHF77KZdxgkzS+aJhImyM7DwAe8AVoyimhhCquLnVpmOiCEUTUx6Cu/jyMmmf19x67fK+Xm3cFHGU4BhO4AxcuIIG3EETWkAhhmd4hTcrsV6sd+tj3rpiFTNH8AfW5w/iqJGX</latexit>

x̂4

<latexit sha1_base64="AfRuLaNDN1sbeucBAHmm4AWhHsk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ac0oWy223bpZhN2J2IJ+RtePCji1T/jzX9j0uagrQ8GHu/NMDPPj6QwaNvfVmltfWNzq7xd2dnd2z+oHh51TBhrxtsslKHu+dRwKRRvo0DJe5HmNPAl7/rT29zvPnJtRKgecBZxL6BjJUaCUcwk151QTJ4GSSNNK4Nqza7bc5BV4hSkBgVag+qXOwxZHHCFTFJj+o4doZdQjYJJnlbc2PCIsikd835GFQ248ZL5zSk5y5QhGYU6K4Vkrv6eSGhgzCzws86A4sQse7n4n9ePcXTtJUJFMXLFFotGsSQYkjwAMhSaM5SzjFCmRXYrYROqKcMspjwEZ/nlVdK5qDuN+uV9o9a8KeIowwmcwjk4cAVNuIMWtIFBBM/wCm9WbL1Y79bHorVkFTPH8AfW5w/kL5GY</latexit>

x̂5

<latexit sha1_base64="fjGSpVaRm1I7x+/ThwNfIUUwbew=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Ac0oWy2m3bpZhN2J2IJ/RtePCji1T/jzX9j0uagrQ8GHu/NMDPPj6UwaNvfVmltfWNzq7xd2dnd2z+oHh51TJRoxtsskpHu+dRwKRRvo0DJe7HmNPQl7/qT29zvPnJtRKQecBpzL6QjJQLBKGaS644ppk+DtDGbVQbVml235yCrxClIDQq0BtUvdxixJOQKmaTG9B07Ri+lGgWTfFZxE8NjyiZ0xPsZVTTkxkvnN8/IWaYMSRDprBSSufp7IqWhMdPQzzpDimOz7OXif14/weDaS4WKE+SKLRYFiSQYkTwAMhSaM5TTjFCmRXYrYWOqKcMspjwEZ/nlVdK5qDuX9cb9Za15U8RRhhM4hXNw4AqacActaAODGJ7hFd6sxHqx3q2PRWvJKmaO4Q+szx/ltpGZ</latexit>

x̂6

<latexit sha1_base64="kBRPEVm/wbzZsCUIz2xpKwb1wgU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSTi17HoxWMF+wFNKJvttl262YTdiVhC/oYXD4p49c9489+4aXPQ1gcDj/dmmJkXxIJrdJxvq7Syura+Ud6sbG3v7O5V9w/aOkoUZS0aiUh1A6KZ4JK1kKNg3VgxEgaCdYLJbe53HpnSPJIPOI2ZH5KR5ENOCRrJ88YE06d+eplllX615tSdGexl4hakBgWa/eqXN4hoEjKJVBCte64To58ShZwKllW8RLOY0AkZsZ6hkoRM++ns5sw+McrAHkbKlER7pv6eSEmo9TQMTGdIcKwXvVz8z+slOLz2Uy7jBJmk80XDRNgY2XkA9oArRlFMDSFUcXOrTcdEEYompjwEd/HlZdI+q7vn9Yv781rjpoijDEdwDKfgwhU04A6a0AIKMTzDK7xZifVivVsf89aSVcwcwh9Ynz/nPZGa</latexit>

x5

<latexit sha1_base64="GPC0l/0BYAnmfzVAG3PbpxhdWWg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Ae0oWy2k3bp7ibsbsRS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEAturOt+O4W19Y3NreJ2aWd3b/+gfHjUMlGiGTZZJCLdCahBwRU2LbcCO7FGKgOB7WB8m/ntR9SGR+rBTmL0JR0qHnJGbSY99WulfrniVt05yCrxclKBHI1++as3iFgiUVkmqDFdz42tP6XaciZwVuolBmPKxnSI3ZQqKtH40/mtM3KWKgMSRjotZclc/T0xpdKYiQzSTkntyCx7mfif101seO1PuYoTi4otFoWJIDYi2eNkwDUyKyYpoUzz9FbCRlRTZtN4shC85ZdXSeui6l1Wa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQxG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBJdI3A</latexit>

x6

<latexit sha1_base64="iWHHCR93PjwtW/ceuh0S0HpJoWk=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYns8mQmdllplcMIb/gxYMiXv0hb/6Nu8keNLGgoajqprsriKWw6LrfTmFldW19o7hZ2tre2d0r7x80bZQYxhsskpFpB9RyKTRvoEDJ27HhVAWSt4LRbea3HrmxItIPOI65r+hAi1Awipn01Lss9coVt+rOQJaJl5MK5Kj3yl/dfsQSxTUySa3teG6M/oQaFEzyaambWB5TNqID3kmppopbfzK7dUpOUqVPwsikpZHM1N8TE6qsHasg7VQUh3bRy8T/vE6C4bU/ETpOkGs2XxQmkmBEssdJXxjOUI5TQpkR6a2EDamhDNN4shC8xZeXSfOs6p1XL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Rle4c1Rzovz7nzMWwtOPnMIf+B8/gBK+Y3B</latexit>

x̂7

<latexit sha1_base64="0NYvXA+dOQ5J7V3VhXQlJvfQIrA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRSqceiF48V7Ae2oWy2m3bpZhN2J2IJ/RdePCji1X/jzX/jps1BWx8MPN6bYWaeHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6yhRlLVoJCLV9YlmgkvWQo6CdWPFSOgL1vEnN5nfeWRK80je4zRmXkhGkgecEjTSQ39MMH0a1GelQbniVJ057FXi5qQCOZqD8ld/GNEkZBKpIFr3XCdGLyUKORVsVuonmsWETsiI9QyVJGTaS+cXz+wzowztIFKmJNpz9fdESkKtp6FvOkOCY73sZeJ/Xi/B4MpLuYwTZJIuFgWJsDGys/ftIVeMopgaQqji5labjokiFE1IWQju8surpH1RdWvVy7tapXGdx1GEEziFc3ChDg24hSa0gIKEZ3iFN0tbL9a79bFoLVj5zDH8gfX5Ax30kI8=</latexit>
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Conclusion
q In this work, we proposed the first practical FIA on the NTT:

q Single Point of Failure in assembly-optimized NTT implementations for Kyber and Dilithium

q Allows to zeroize entire twiddle factor array with a single fault

q Practical Attacks on Kyber and Dilithium

q Practical experimental validation using EMFI on implementations of Kyber and Dilithium in 
the pqm4 library with 100% success rate

q Our attack is able to circumvent several fault countermeasures for Kyber and Dilithium

q Dedicated countermeasures for the NTT implementation are necessary to defeat the attack



Thank you!
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