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Abstract—Physical layer security (PLS) encompasses tech-
niques proposed at the physical layer to achieve information
security objectives while requiring a minimal resource footprint.
The channel coding-based secrecy and signal modulation-based
encryption approaches are reliant on certain channel conditions
or a certain communications protocol stack to operate on, which
prevents them from being a generic solution. This paper presents
Grain-128PLE, a lightweight physical layer encryption (PLE)
scheme that is derived from the Grain-128AEAD v2 stream ci-
pher. The Grain-128PLE stream cipher performs encryption and
decryption at the physical layer, in between the channel coding
and signal modulation processes. This placement, like that of the
A5 stream cipher that had been used in the GSM communications
standard, makes it a generic solution for providing data confiden-
tiality in IoT networks. The design of Grain-128PLE maintains
the structure of the main building blocks of the original Grain-
128AEAD v2 stream cipher, evaluated for its security strength
during NIST’s recent Lightweight Cryptography competition,
and is therefore expected to achieve similar levels of security.

Index Terms—Data Confidentiality, Internet of Things, Phys-
ical Layer Encryption, Physical Layer Security, Stream Cipher

I. INTRODUCTION

The Internet of Things (IoT) connects physical objects to
the internet to enhance the quality of life and has proven its
significance in domains such as healthcare, industrial automa-
tion, and military applications [1]. However, the exchange of
data must ensure data confidentiality, integrity, and source au-
thentication. We conventionally rely on cryptographic schemes
although these have generally been designed to secure com-
munication on devices which do not suffer from the same
resource constraints inherent to IoT devices.

Physical layer security (PLS) is an alternative and resource-
efficient solution to secure communication. Instead of execut-
ing security schemes at the upper layers of the protocol stack,
PLS exploits processes executed at the physical layer. We
would like to emphasize that, following this description, we
refer to PLS in the broadest sense which spans all techniques
proposed to achieve data confidentiality, integrity, or source
authentication. In this paper, we focus on PLS-based tech-
niques that aim to achieve data confidentiality as a resource-
efficient solution for IoT networks.

This research was sponsored by the NATO Science for Peace and Security
Programme under grant SPS G5797.

Digital communications systems (see Figure 1) convention-
ally employ encryption (utilizing a secret key K) at the upper
layers of the protocol stack. At the physical layer, there are
two main approaches, channel coding-based secrecy and signal
modulation-based encryption:

1) Channel coding-based physical layer secrecy is inspired
by Wyner [2] and Csiszár and Körner [3] who showed
that any pair of nodes (Alice and Bob) can achieve
information-theoretically secure communication exclu-
sively from channel coding while in the presence of an
eavesdropper (Eve), although assuming that the eaves-
dropper channel (i.e., the channel between Alice and
Eve) is a degraded version of the main channel (i.e., the
channel between Alice and Bob). This requirement is
also referred to as a strictly positive secrecy capacity
and can be either natural or created artificially (e.g.,
supporting third party nodes transmit signals simultane-
ously with Alice and Bob [4] or supporting technologies
such as reflective intelligent surfaces (RIS) [5] provide
constructive interference in the main channel and/or
destructive interference in the eavesdropper channel).

2) Signal modulation-based physical layer encryption
(PLE) follows the cryptographic philosophy where a
secret key K is used by Alice to execute an encryption
procedure during signal modulation (e.g., inducing a se-
cret constellation rotation [6], [7] or a secret permutation
on a sequence of constellation symbols [8]). This causes
the signal modulation scheme to produce an encrypted
signal which only Bob can demodulate and decode to
extract the message m whereas Eve suffers from both
channel- and encryption-induced errors and is therefore
unable to extract the message m after decoding.

Unfortunately, neither approach can be applied generically.
Physical layer secrecy schemes rely on favorable channel
conditions while the signal modulation-based PLE schemes
require the IoT network to operate according to the com-
munications protocol stack which consists of the exploited
modulation scheme. In this paper, we present the design of
a PLE scheme that can be applied generically to IoT net-
works. Namely, the encryption and decryption procedures are
executed in between the channel coding and signal modulation
processes. The scheme can therefore function independent of
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Fig. 1. The modular architecture of a digital communications system.

the channel conditions or the utilized communication protocol
stack, as shown in Table I. The encryption and decryption
procedures are based on Grain-128AEAD v2, a lightweight
synchronous stream cipher [9]. In our modified design, Grain-
128PLE, Alice and Bob can generate the same keystream and
encrypt (or decrypt) with the exclusive-or (XOR) operation.
This prevents the amplification of channel-induced errors when
Bob decrypts its demodulated signal. This allows Bob to
decode Y n and obtain Alice’s message m.

II. RELATED WORK

A. Signal Modulation-based Physical Layer Encryption

Signal modulation-based PLE relies on an underlying key
establishment scheme that enables two (or more) nodes to
establish a secret key [10]. This key is often used to gen-
erate a pseudo-random bit sequence [6], [8], [11] which is
subsequently used as input into a signal modulation-based
encryption procedure. IoT devices can perform a variety
of signal modulation techniques which can be exploited to
achieve data confidentiality.

• Phase Shift Keying (PSK), used in 802.15.4 (Zigbee) and
802.11ah (WiFi) systems, modulates binary data onto a
phase-dependent carrier signal. Each carrier signal can
be represented as a constellation symbol which can be
encrypted using a constellation rotation [7] or swap [12]
based on the secret key.

• Orthogonal Frequency Division Multiplexing (OFDM),
used in 802.15.4 and 802.11n/ac/ah systems, can encrypt
its signals through dummy constellation insertion [13],
constellation rotation [6], [14], scrambling [8], or mod-
ification [15] in the frequency domain, OFDM symbol
component (in-phase and/or quadrature) scrambling [16]
or modification [17] in the time domain, or a combination
of these [11], [13] to achieve data confidentiality.

• Chirp Spread Spectrum (CSS) is used in Long Range
Wide Area Networks (LoRaWAN). This modulation tech-
nique encodes binary data onto a carrier signal whose
frequency increases linearly over time within a modular
frequency range (i.e., up-chirps). The binary data deter-
mines the starting frequency, thus [18], [19] proposed
inducing a starting frequency shift based on the secret
key to achieve data confidentiality.

Signal modulation-based PLE can protect physical-layer
header information [6], potentially preventing an eavesdropper
from demodulating the signal [13], and provide confidentiality
independent of the channel conditions. However, each indi-
vidual scheme can only be applied to the IoT networks that
operate on the corresponding communications system (e.g.,
OFDM-based PLE schemes cannot be applied to LoRaWANs
or Bluetooth Low Energy (BLE) systems).

B. Generic Physical Layer Encryption

We refer to generic PLE as an encryption method that
takes place at the physical layer on the channel-coded binary
data, prior to signal modulation1. It can thus provide data
confidentiality independent of the channel conditions or the
communications protocol stack and is therefore suitable for
all IoT networks.

This advantage was recognized by the European Telecom-
munications Standards Institute (ETSI) by incorporating the
A5/1 stream cipher as a PLE scheme into the 2G network
with the Global System for Mobile (GSM) communication
standard [20], [21]. A stream cipher generates a keystream, a
pseudo-random sequence of bits, which can be used to encrypt
message bits (or decrypt the encrypted message bits) using
an XOR operation. Unfortunately, a number of vulnerabilities
were discovered against the A5/1 stream cipher and is, by
today’s standards, broken [22], [23]. The third generation (3G)
network replaced the A5/1 stream cipher for a stronger cipher
and was simultaneously moved from the physical layer to the
data link layer [20]. To the authors’ best knowledge, other than
the general idea to replace the insecure A5/1 stream cipher
with a secure cipher [24], no alternative generic PLE scheme
has ever been proposed.

III. PRELIMINARIES

A. System Model

We provide a formal description of the system model, shown
in Figure 2, from which we can determine the applicability of
an encryption (and decryption) scheme at the physical layer.

1The attentive reader may realize that certain signal modulation-based PLE
schemes can be re-interpreted as a generic PLE scheme. For example, the PLE
of a constellation symbol S1 (representing the binary data B1) that maps to
constellation symbol S2 (representing the binary data B2) may be analogous
to an encryption scheme that maps the binary data B1 to B2.



TABLE I
COMPARISON BETWEEN THE PHYSICAL LAYER APPROACHES TO ACHIEVE DATA CONFIDENTIALITY.

Independence from ... Security Evaluation
Channel

conditions
Communications

protocol stack Unconditional Computational

Physical Layer Secrecy ✓ ✓

Generic PLE ✓ ✓ ✓

Signal Modulation-based PLE ✓ ✓
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Fig. 2. The system model for generic physical layer encryption.

We consider that Alice’s encoder maps a message m into
a series of codewords Xn of n-bit length. Without loss
of generality, we can consider that the encryption function
E : Xn×K → Cn takes as input n-bits blocks to correspond
with the codeword length alongside the secret key K and out-
puts an encrypted codeword Cn. The encrypted codeword is
subsequently modulated onto a carrier signal, transmitted over
a noisy channel, and demodulated into the encrypted codeword
Ĉn. We consider the channel to be a binary symmetric channel
(BSC) such that Ĉn = Cn ⊕ En where En represents an n-
bit vector with ones in positions where channel noise caused
a bit flip with respect to the original input (i.e., the bit is
demodulated in error). The noisy version of the encrypted
codeword Ĉn is then decrypted with the decryption function
D : Ĉn × K → Y n where the decryption function is the
inverse of the encryption function (i.e., D = E−1). Finally,
the decrypted codeword Y n is decoded by Bob to (hopefully)
produce the message m.

B. The Compatibility of Physical Layer Encryption Ciphers

It is important to consider the effect that the error pattern En

has on the decryption of the noisy encrypted codeword Ĉn. If
we consider the case where En is the null vector (i.e., the noisy
encrypted codeword was transmitted and received without
errors), then the decryption function outputs the errorless
codeword, D(Cn) = D(E(Xn)) = Xn, which Bob will
decode back into m. If we consider the case where En is
not the null vector, then the decryption function will return
D(E(Xn)⊕En) = Y n. The design of the decryption function
will therefore determine whether the errors will amplify into
the decrypted codeword Y n and thus whether the decoding
algorithm can produce the message m.

In this paper, we utilize a synchronous stream cipher. Syn-
chronous indicates that the keystream is generated solely from
the secret key K (and possibly a public nonce) which Alice
and Bob both have access to. They can therefore generate the
exact same keystream z. The encryption function is defined as
E : Xn ⊕ zn = Cn (where zn represents an n-bit sequence
of the keystream) and the decryption function is defined as
D : Ĉn ⊕ zn = Y n. We can rewrite the decrypted codeword
as follows:

Y n = Ĉn ⊕ zn = Xn ⊕ zn ⊕ En ⊕ zn = Xn ⊕ En (1)

This demonstrates that the error pattern En is preserved during
decryption and thus that a synchronous stream cipher for PLE
maintains the decoding capabilities, as intended.

IV. THE GRAIN-128PLE STREAM CIPHER

A. The Development of the Grain Stream Cipher

Grain represents a family of synchronous stream ciphers.
It was first designed for the eSTREAM project (2004-2008),
a multi-year effort aimed to create a portfolio of novel
lightweight stream ciphers [25]. Grain v1 became a finalist in
the eSTREAM portfolio [25]. Further developments led to the
design of numerous variants to support longer keys, support
additional security functions, and withstand newly discovered
vulnerabilities or exploitations [26]–[28]. The latest version,
Grain-128AEAD v2 [9], participated in the LWC competition
(2015-2023). This competition was initiated by NIST to solicit,
evaluate, and standardize lightweight cryptographic algorithms
that are suitable for use in constrained environments (such as
IoT networks) where the performance of current NIST cryp-
tographic standards is not acceptable (including the Advanced
Encryption Standard). Grain-128AEAD v2 was considered the
strongest of the submitted stream ciphers as it was the only
stream cipher to be selected as a finalist [29].

B. The Design Rationale of Grain-128PLE

For the purpose of PLE, we present the design of the
novel Grain-128PLE synchronous stream cipher. Its design is
inspired by Grain-128AEAD v2. The main building blocks
are considered secure due to the introduced modifications
that counteract the discovered vulnerabilities and exploitations.
The main difference between our Grain-128PLE and the
Grain-128AEAD v2 is that the security functions related to
the authentication of the ciphertext (i.e., the authentication
tag) and the associated data have been removed. Namely,
the authenticity of the ciphertext is normally guaranteed by



verifying that there is a correspondence between the received
ciphertext and the authentication tag. Furthermore, the (un-
encrypted) associated data is used as an input to generate
the ciphertext. Therefore, any alteration within the received
associated data, ciphertext, and/or authentication tag will break
the correspondence such that the receiver is unable to consider
the received information as reliable. This is desired under the
usual circumstances since this assumes a reliable (error-free)
channel and thus any alteration must have been the cause of
a malicious actor. In our case, we expect the received data
to contain alterations although caused by noise within the
channel. However, errors in the received associated data and
authentication tag will amplify during decryption. Therefore,
to ensure that channel decoding remains possible, we removed
these security functions.

C. The Initialization of Grain-128PLE

The secret key K = [k0, . . . , k127] and a public nonce
IV = [IV 0, . . . , IV 95], also known as the initialization
vector, initialize and randomize the internal state of the linear
feedback shift register (LFSR) and the non-linear feedback
shift register (NFSR). The content of the 128-bit LFSR is
denoted as St = [st0, . . . , s

t
127] and the content of the NFSR

is denoted as Bt = [bt0, . . . , b
t
127]. The variables sti and bti

represent the bits value of the ith slot of the LFSR and the
NFSR, respectively, during time slot t.

In the zeroth time slot, the NFSR bits are loaded with the
bits of the key, b0i = ki, whereas the first 96 bits of the LFSR
are loaded with the nonce bits, the following 31 bits are loaded
with ones and the last bit is loaded with a zero:

s0i =


IV i, 0 ≤ i ≤ 95

1, 96 ≤ i ≤ 126

0, i = 127

(2)

Then, the internal state is randomized by clocking the cipher
for 512 time slots (i.e., rounds). The operations to clock a
single time slot, as shown in Figure 3, can be described in six
steps. Namely, there are four functions (ft, gt, ht, yt) that take
inputs from the internal state of the LFSR and/or the NFSR and
thus must be processed (in the first four steps) prior to updating
their internal states (the final two steps). The ⊕ operator
represents the binary exclusive-or (XOR) operation and note
that the multiplication of binary elements is equivalent to the
binary AND operation.

1) The linear function ft takes as input six elements of the
LFSR:

ft = st0 ⊕ st7 ⊕ st38 ⊕ st70 ⊕ st81 ⊕ st96 (3)

2) The non-linear function gt takes as input 29 elements of
the NFSR:

gt =bt0 ⊕ bt26 ⊕ bt56 ⊕ bt91 ⊕ bt96 ⊕ bt3b
t
67 ⊕ bt11b

t
13⊕

bt17b
t
18 ⊕ bt27b

t
59 ⊕ bt40b

t
48 ⊕ bt61b

t
65 ⊕ bt68b

t
84⊕

bt22b
t
24b

t
25 ⊕ bt70b

t
78b

t
82 ⊕ bt88b

t
92b

t
93b

t
95

(4)
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Fig. 3. An overview of the main building blocks of the Grain-128PLE stream
cipher, a modification of the Grain-128AEADv2 stream cipher. The dotted
lines provide added inputs into the NFSR and LFSR during initialization.

3) The non-linear function ht takes as input seven elements
of the LFSR and two elements of the NFSR:

ht = bt12s
t
8 ⊕ st13s

t
20 ⊕ bt95s

t
42 ⊕ st60s

t
79 ⊕ bt12b

t
95s

t
94 (5)

4) The linear function yt takes as input the output of the
non-linear function ht, one element of the LFSR, and
seven elements of the NFSR:

yt = ht⊕st93⊕bt2⊕bt15⊕bt36⊕bt45⊕bt64⊕bt73⊕bt89 (6)

5) The internal state of the NFSR is updated prior to that
of the LFSR since the last element of the updated NFSR
(i.e., bt+1

127 ) takes as input the first element of the current
LFSR (i.e., st0) among others. Each element in the NFSR
is left-shifted by one position (per round), meaning that
the front element (i.e., bt0) is shifted out of the register
and a new rear element (i.e., bt+1

127 ) can be introduced.

bt+1
i = bti+1 for 0 ≤ i ≤ 126 (7)

In the first 320 rounds of initialization, the new rear
element is defined by XORing the output of the non-
linear function gt with the front element of the LFSR
st0 and the output of the cipher yt. In the following
64 rounds, additionally, the first half of the key is re-
introduced. In the final 128 rounds, the key is processed
through the NFSR.

bt+1
127 =


gt ⊕ st0 ⊕ yt, 0 ≤ t ≤ 319

gt ⊕ st0 ⊕ yt ⊕ kt−320, 320 ≤ t ≤ 383

gt ⊕ st0, t ≥ 384

(8)

6) The internal state of the LFSR is updated in the final
step. Similar to the NFSR, each element is left-shifted by
one position (per round), meaning that the front element
(i.e., st0) is shifted out of the register and a new rear
element (i.e., st+1

127 ) can be introduced.

st+1
i = sti+1 for 0 ≤ i ≤ 126 (9)



In the first 320 rounds of initialization, the new rear
element is defined by XORing the output of the linear
function ft with the output of the cipher yt. In the
following 64 rounds, additionally, the second half of the
key is re-introduced. In the final 128 rounds, the key is
processed through the LFSR.

st+1
127 =


ft ⊕ yt, 0 ≤ t ≤ 319

ft ⊕ yt ⊕ kt−256, 320 ≤ t ≤ 383

ft, t ≥ 384

(10)

D. Keystream Generation, Physical Layer Encryption, and
Physical Layer Decryption

Once the internal states of the LFSR and the NFSR are
initialized, the keystream zi can be generated and used to
encrypt the data frame bits. We denote the data frame m
as a series of L codewords (i.e., Xn

0 , . . . , X
n
L−1) where each

codeword Xn
i consists of n plaintext bits. The data frame m

therefore consists of Ln plaintext bits.

m = [Xn
0 , . . . , X

n
L−1]

= [(p0, . . . , pn−1), . . . , (p(L−1)n, . . . , pLn−1)]
(11)

The generation of the keystream follows the same six steps as
described in the previous section where the cipher is clocked
for time slots t ≥ 512. The cipher is clocked for Ln time slots
to generate a keystream of Ln bits.

zi = y512+i for 0 ≤ i ≤ Ln. (12)

The transmitter (i.e., Alice) can encrypt her data frame bits
using the XOR operation.

ci = pi ⊕ zi for 0 ≤ i ≤ Ln. (13)

The receiver (i.e., Bob), in possession of the shared secret
key K and aware of the public nonce IV , can generate the
same keystream zi. Even though the ciphertext that he received
can contain channel-induced errors (i.e., ĉ = c + e where e
represents the error vector with ones in positions where the
channel’s noise caused the ciphertext bit to be decoded in
error), decryption through the simple XOR operation prevents
the channel-induced errors from being amplified.

p̂i = ĉi ⊕ zi for 0 ≤ i ≤ Ln. (14)

The resultant plaintext p̂ = [Y n
0 , . . . , Y n

L−1] is decoded by Bob
to obtain the data frame m error-free. The entire process of
keystream generation, physical layer encryption, and physical
layer decryption is shown in Figure 4.

V. IMPLEMENTATION CONSIDERATIONS

A. Security Considerations

When comparing the complexity of cryptanalysis between
PLE and conventional upper-layer encryption, we can claim a
significant advantage [24]. We consider three models:

• The ciphertext only attack model, in which Eve can ob-
serve the noisy observation of the encrypted codewords.
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Fig. 4. An overview of the building blocks of the Grain-128PLE stream
cipher for keystream generation, a modification of the Grain-128AEADv2
stream cipher. The generated keystream allows Alice and Bob to perform
physical layer encryption and decryption.

• The known plaintext attack model, in which Eve pos-
sesses a message m and knows the corresponding se-
quence of codewords Xn and the corresponding noiseless
encryption of these codewords.

• The chosen plaintext attack model, in which Eve pos-
sesses Alice or Bob’s device (although is unable to
extract the secret key K) and can generate the noiseless
encryption of codewords corresponding to a selected
message m.

For each of these attack models, Eve suffers from both the
uncertainty of the secret key K as well as the error sequence
induced by the noisy channel. The added uncertainty imposed
by the noisy channel can thus be advantageous and security-
enhancing.

B. Practical Considerations

1) The exchange of the nonce.: The Grain-128PLE scheme
makes use of a 96-bit public nonce to enhance the randomiza-
tion of the keystream. However, the nonce is never supposed to
be repeated while the same secret key K is used. To maximize
the effectiveness of the secret key K and prevent any potential
vulnerabilities, an up-ticking counter can be used as the nonce.
This would ensure that all 296 nonces can be used without
having to risk that a nonce is re-used (in comparison to using
a random nonce). The counter can be stored in the device’s
memory alongside each established secret key. Since resource-
constrained devices are often solely connected to a more
powerful gateway, no significant memory storage is imposed.
Furthermore, we can achieve a certain level of robustness by
utilizing the frame counters (or sequence numbers), that are
already used in wireless communications systems to ensure
that the received data frames are processed in the correct order.



Namely, these frame counters can also ensure that Bob uses
the correct nonce when data frames are received out of order.

2) The disclosure of header information.: The implemen-
tation of the Grain-128PLE scheme has the flexibility to
disclose certain header information by choosing not to en-
crypt corresponding channel-coded binary data. This flexibility
allows the implementation to maximize energy efficiency, to
maximize security and privacy, or to make a trade-off. Namely,
the disclosure of header information such as the source and
destination address (provided in the media access control
(MAC) header [6]) can maximize the network-wide energy
efficiency since the energy cost associated with decryption
is limited to the destination node attempting only the key
that it shares with the claimed source. A potential drawback
of disclosing the source and destination address is that it
allows eavesdroppers to perform traffic analysis [8]. Security
and privacy-critical applications may instead desire to not
disclose the source and destination address of a data frame.
Unfortunately, this comes at the cost of a high network-wide
energy consumption since every nearby receiver would have
to attempt each of its stored secret keys to determine whether
it was the intended receiver. A trade-off can be made by only
disclosing the destination address (or the source address) to
reduce an eavesdropper’s ability to perform traffic analysis
while only imposing additional energy consumption from
failed decryption attempts at the intended receiver.

VI. CONCLUSION

This paper presented the design of Grain-128PLE, a generic
PLE scheme that can be applied as a generic and lightweight
solution to provide data confidentiality in IoT networks. We
demonstrated that synchronous stream ciphers are compatible
as a PLE cipher. The design of Grain-128PLE was inspired
by Grain-128AEAD v2, a finalist in NIST’s LWC competition,
which provides great confidence in the security of the cipher
while simultaneously being lightweight. The presented work
can be interpreted as the proposal to replace the old A5/1
stream cipher with the presented Grain-128PLE stream cipher.
In the future, we intend to implement the Grain-128PLE cipher
into a resource-constrained device and measure its energy
efficiency by comparing the long-term energy consumption of
the device when the PLE functionality is active or inactive.
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