
����������
�������

Citation: Abdel Hakeem, S.A.; Kim,

H. Centralized Threshold Key

Generation Protocol Based on Shamir

Secret Sharing and HMAC

Authentication. Sensors 2022, 22, 331.

https://doi.org/10.3390/s22010331

Academic Editor: Felipe Jiménez

Received: 25 November 2021

Accepted: 29 December 2021

Published: 3 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sensors

Article

Centralized Threshold Key Generation Protocol Based on
Shamir Secret Sharing and HMAC Authentication
Shimaa A. Abdel Hakeem 1,2 and HyungWon Kim 1,*

1 Mixed-Signal Integrated System Lab (MSIS), School of Electronics Engineering,
Chungbuk National University, Cheongju 28644, Korea; shimaakotb@cbnu.ac.kr

2 Electronics Research Institute (ERI), El Nozha, Cairo 12622, Egypt
* Correspondence: hwkim@cbnu.ac.kr

Abstract: Many group key management protocols have been proposed to manage key generation and
distribution of vehicular communication. However, most of them suffer from high communication
and computation costs due to the complex elliptic curve and bilinear pairing cryptography. Many
shared secret protocols have been proposed using polynomial evaluation and interpolation to solve
the previous complexity issues. This paper proposes an efficient centralized threshold shared secret
protocol based on the Shamir secret sharing technique and supporting key authentication using
Hashed Message Authentication Code Protocol (HMAC). The proposed protocol allows the group
manager to generate a master secret key for a group of n vehicles and split this key into secret
shares; each share is distributed securely to every group member. t-of-n vehicles must recombine
their secret shares and recover the original secret key. The acceptance of the recovered key is based
on the correctness of the received HMAC signature to verify the group manager’s identity and
ensure the key confidentiality. The proposed protocol is unconditionally secure and unbreakable
using infinite computing power as t, or more than t secret shares are required to reconstruct the
key. In contrast, attackers with t− 1 secret shares cannot leak any information about the original
secret key. Moreover, the proposed protocol reduces the computation cost due to using polynomial
evaluation to generate the secret key and interpolation to recover the secret key, which is very simple
and lightweight compared with the discrete logarithm computation cost in previous protocols. In
addition, utilizing a trusted group manager that broadcasts some public information is important
for the registered vehicles to reconstruct the key and eliminate secure channels between vehicles.
The proposed protocol reduces the communication cost in terms of transmitted messages between
vehicles from 2(t− 1) messages in previous shared secret protocols to zero messages. Moreover,
it reduces the received messages at vehicles from 2t to two messages. At the same time, it allows
vehicles to store only a single secret share compared with other shared secret protocols that require
storage of t secret shares. The proposed protocol security level outperforms the other shared secret
protocols security, as it supports key authentication and confidentiality using HMAC that prevents
attackers from compromising or faking the key.

Keywords: Shamir secret; key generation; key reconstruction; threshold protocols; vehicular commu-
nication; HMAC authentication; centralized protocols; unconditional secure

1. Introduction

Recent research introduces many security protocols to improve vehicular group com-
munication security by improving network authentication, availability, integrity, and
nonrepudiation. The group key management protocols must provide secure key genera-
tion, key distribution, and key updating with a minimum communication overhead [1–3].
Many group key generation protocols are proposed in the literature; some are based on
the symmetric key generation, and some use the asymmetric key generation [4–6]. Most
of the previous asymmetric key generation methods suffer from high communication and
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computation costs, depending on complex elliptic curve mathematics or bilinear pairing [7].
Due to their complexity or security level, these protocols cannot be applied to the new
vehicular communication through the 5G networks [8]. The 5G mobile network promises
future Machine-to-Machine communications and Vehicle-to-Vehicle communication. Smart-
phones and traffic monitoring systems have grown exponentially across mobile networks
in recent years. The simultaneous access data flow and the enormous number of devices
delivering little data have created tremendous security issues [9,10].

Moreover, the generated key in these protocols is stored as one copy at each participant
or many copies at different locations, exposing the key security to various attacks. This
challenge is addressed by shared secret sharing techniques, allowing for high reliability
and trustworthiness. In the previous (t, n) threshold shared secret protocols, a group
dealer generates a master secret key for secure group communication and divides the
key into parts, then distributes the secret parts to n group members. t of group members
collaborate to reconstruct the master secret key by sharing their secrets. The high communi-
cation cost due to the share of participants’ secret parts results in network congestion and
bandwidth exhaustion.

We discuss the applicability of Shamir secret sharing in group key generation for
vehicular networks [11]. Shamir’s secret gives you the ability to take a secret and break
it down into smaller pieces. The original secret may be retrieved only after collecting
a sufficient number of pieces (t, n). Shamir’s secret sharing technique is information-
theoretically secure; however, the scheme is still prevented from being relevant to vehicular
communications due to the following known issues:

• The wireless broadcast medium of vehicular communication exposes the security of
sharing the secret key components that might put your system at attack risk.

• Collecting t shares to retrieve the master secret key is considered an issue and imprac-
tical in vehicular communication with high dynamic nature as vehicles may frequently
join and leave the network. This impacts the initial network configuration, requiring a
defined list of participants at the initial communication setting.

• The assumption that all group members are honest in a decentralized and untrustwor-
thy network is not possible to consider.

• The individual members can mislead or ignore other participants’ contributions.
• The distribution of each participant’s role in helping others rebuild the final polynomial

and recover the group key adds substantial overhead owing to high communication
among participants.

• The broadcasting of participants’ shares makes the protocol vulnerable to key recovery
attacks since each participant’s secret part is broadcasted in the broadcast channel.

• Anyone with access to the broadcasted shares may reassemble the polynomial and
discover the secret key. Moreover, there is a security issue since the private key must
first be produced and divided into parts. If the dealer is a bad actor, the private key
can be stolen or abused. Therefore, any malicious user can present a forged share
without being noticed. It is difficult to detect if the reconstructed secret is invalid.

Due to these issues, in this paper, we introduce a novel centralized group key genera-
tion and distribution protocol to address the previously threshold secret sharing issues. It
is based on shared secret key splitting and symmetric authentication that utilizes a trusted
group manager to broadcast public information that is important only for the registered ve-
hicles. This paper proposes a (t, n) threshold key management protocol using a lightweight
polynomial evaluation to generate the key by the trusted manager and polynomial inter-
polation to recover the key by t-of-n members and verifying the key authenticity using
symmetric Hashed Message Authentication Code (HMAC). The group manager prepares
several shares using a linear polynomial and securely distributes the secret shares for all
group members. Each group member requires at least t shares to reconstruct the key; less
than t shares, it is impossible to recover the key. To allow the key reconstruction, the group
manager broadcasts specific authenticated public information, including t− 1 additional
public shares.
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We summarize the paper contributions as follows:

• Proposing a centralized threshold group key generation and reconstruction protocol
based on Shamir secret share and lightweight polynomial evaluation and interpolation.

• Proposing a lightweight key authentication using the symmetric HMAC protocol
ensures the key confidentiality and authenticates the group manager.

• Reducing the communication overhead due to the broadcast of t participants’ shares
by including a trusted centralized manager in the key generation process to provide
t− 1 public points to all authorized members to recover the group key.

• Updating the group key by dynamically generating a new polynomial to prevent the
key compromising attacks.

• Adding or removing group members does not affect the validity of the existing shares,
which means that the secret shares can be assigned one time at the initial phase while
many times apply.

• Reducing the communication cost in transmitting messages between vehicles from
2(t − 1) messages in previous shared secret protocols to zero messages.

• Reducing the received messages at vehicles from 2t to 2 messages.
• Minimizing the storage to a single secret share compared with other shared secret

protocols requiring storing t secret shares.
• Outperforming the security level of other shared secret protocols security by support-

ing key authentication and confidentiality using HMAC to prevent attackers from
compromising or faking the key.

We summarize the contributions and solutions of the proposed protocol over the basic
Shamir secret sharing in Table 1.

Table 1. The proposed protocol contributions over the basic Shamir secret protocol.

Security Properties Basic Shamir Secret Sharing Issues The Proposed Protocol Contributions

Misleading members

• Assume all members of the group
are honest.

• Individual members can mislead or
ignore other participants’ contributions.

• This assumption cannot be held in an
untrustworthy and decentralized network.

• Members are not involved in the
key reconstruction.

Decentralizing

• Group members must communicate to
exchange their secret parts required for
key recovery.

• Require t participants to share their
secret pieces to recover the original key.

• Support centralized implantation where the
base stations work as trusted group
managers for vehicles.

• No need for the existence of t participants.
• The group manager broadcast t− 1 public

shares that are very important for only
registered vehicles to recover the key.

High dynamic networks

• It is impractical in V2X communication
with high dynamic nature as many
vehicles can join or leave the
group frequently.

• At least t members must exist in
the network.

• Adding or removing group members does
not affect the generated secret shares and
the original key reconstruction.

• The group manager provides any required
shares to reconstruct the key.

High communication
overhead

• Substantial overhead owing to high
communication among participants.

• No need for communication between
participants to share their secret parts.

• Vehicles depend on the received
information from the group manager.

Requirement of a secure
channel

• The communications between group
members require secure channels.

• No need for secure channels between
participants.

• We are reducing the overhead of
establishing secure channels between
vehicles.

Key recovery attacks
• Vulnerable to key recovery attacks since

each participant’s secret part is
broadcasted in a broadcast channel.

• Resistance to key recovery attacks by
reducing the communication between
vehicles at the initialization phase.
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Table 1. Cont.

Security Properties Basic Shamir Secret Sharing Issues The Proposed Protocol Contributions

The misbehaving dealer • If the dealer is a bad actor, the private
key can be stolen or abused.

• The dealer in the proposed protocol is
trusted and authenticates itself via HMAC
authentication protocol.

The key authentication and
confidentiality

• It’s a security issue since the private key
must first be produced and divided
into parts.

• The proposed protocol supports the key
authentication using HMAC signatures.

Verification of secret shares
• Requires the verification of secret shares

to ensure the correctness of shared
secret parts.

• Only authorized and registered vehicles
can join the network.

• No need for secret shares
verification process.

• Vehicles are not required to broadcast their
secret parts to other vehicles.

The rest of this paper is organized as follows. We discuss the related work in Section 2,
while Section 3 introduces the preliminary mathematics of Shamir’s secret protocol. We
present the proposed key management protocol in Section 4. The numerical examples of
the proposed protocol are introduced in Section 5. The security analysis and performance
evaluation are presented in Sections 6 and 7. The conclusions and future work are presented
in Section 8.

2. Related Work

The threshold (t, n) Shamir’s secret share was developed by Shamir and widely used
as a threshold secret sharing technique [11]. Key interpolation or the Lagrange technique is
employed in threshold shared secret implementation. Each coefficient in the polynomial
represents a portion of the shared master secret. A safe polynomial may be constructed
from a collection of points. Once you find a sufficient number of these points, the original
polynomial and the original key may be recovered. There is no leaked information about
the initial secret via the distribution of secret shares. To recover the original secret, one must
collect a sufficient number of shares (t, n). Shamir’s secret sharing uses the polynomial
evaluation to generate the key and then applies Lagrange interpolation to reconstruct the
original secret. There are security conditions for Shamir’s secret to be safe: (1) knowledge
of any t or more than t shares allows reconstruction of the master secret, (2) knowledge of
any t shares prevents access to any information about the master secret.

It is safe to say that Shamir’s technique is 100% secure since it meets both of these
criteria without making any computational assumptions.

In 1979, two authors—Shamir and Blakley—separately proposed secret sharing [12].
Shamir and Blakley constructed their respective techniques using Lagrange’s interpo-
lation and Blakley’s hyperplane geometry. Mignotte developed a secret sharing tech-
nique [13] based on the Chinese Remainder Theorem (CRT), and it was enhanced by
AsmuthBlooms [14].

Many academics have expanded Shamir’s [12] method in many contexts. Based on
Shamir’s method, Thien and Lin introduced a Secret Image Sharing (SIS) system [15]. If the
shares created by Shamir’s technique are disseminated over insecure channels, the shares’
secrecy is challenged, and malicious users may exploit the shares. Because of this, Zhao et al.
suggested a solution in [16] for maintaining the confidentiality of shares transmitted across
insecure channels. Ulutas et al. [17] developed an extension of the secure key distribution
method used in [16] for the safe distribution of shares of medical images. The authors also
used Shamir’s framework, which has improved authenticity and confidentiality properties,
in addition to the secure key distribution method used in [18]. During the reconstruction of
the secret phase, when the shareholders offer their shares, dishonest shareholders might
present fake shares, misleading the other honest shareholders. An effective secret sharing
method must be able to detect and identify cheaters. They developed a mechanism for
detecting and identifying cheaters in Shamir’s secret sharing system. According to [19],
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redundant shares are employed to detect cheaters when more than t shares are given for
reconstruction.

Several secret sharing systems have been presented; each of them may check if the
shares distributed by participants are correct under the condition that the secrecy of the
shares and the secrecy of the secret are maintained at all times. Harn et al. [20] suggested a
verifiable secret sharing method based on the CRT and an extension of Asmuth–Bloom’s
scheme [14], based on the CRT.

Liu et al. [21] have presented an efficient technique based on the Asmuth–Bloom
scheme. With the expanded Chinese Reminder Theorem, Shamir’s Secret Sharing, and
Asmuth–Bloom’s secret sharing, Liu and Chang provided an integrable mechanism for
verification in [22], which improves on the verification approach proposed by Harn et al.
in [20] by employing a one-way hash function.

The benefits of multiparty computing and function sharing have been investigated [23,24].
The techniques may identify harmful users’ cheating behavior during secret reconstruction,
so an honest user cannot be misled. The system might use the Liu et al. technique to
distribute several secrets [25]. The approach of Cramer et al. is not unconditionally secure
due to the universal hash function. Still, Lin and Harn’s scheme is easily and quickly
broken by a simple attack, as shown by Ghodosi [26,27]. Liu et al. detects cheating during
secret reconstruction and reduces the user’s share size. Using two polynomials increases
the number of calculations. As a consequence, calculation overhead increases.

Meng et al. [28] presented two thresholds changeable secret sharing methods in 2020.
One was based on a bivariate polynomial and the other on the mix of bivariate and
univariate polynomials. Their approaches use binding values during the hidden rebuilding
phase to obtain the threshold changeable characteristic they seek. Based on bivariate
polynomial, their technique is unconditionally safe and highly efficient.

Liu et al. [29] proposed a linear threshold secret sharing scheme that combines two of
Shamir’s procedures. In [29], the share size comes close to reaching its theoretical lower
limit in the case of (k, n) secret sharing with cheating detection.

The cheating detection phase is characterized by the fact that only one honest player
can identify cheating from among the other k − 1 cheats, resulting in higher detection
effectiveness than the prior linear secret sharing methods.

Table 2 summarizes the previously mentioned shared secret protocols’ advantages,
disadvantages, and implementation types.

Table 2. Comparison of the previous shared secret protocols in terms of advantages and disadvantages.

Shared Secret Protocol Advantages Disadvantages Implementation Type

Basic Shamir [11]
• No verification of secret shares.
• Unconditionally secure.
• (t − n) threshold protocol.

• Require secure channel.
• Require group members’

communication.
• High communication cost.
• No key updating and

authentication.

Decentralized

Ulutas et al. [17]

• Secure distribution of shares of
medical images.

• No verification of secret shares.
• (t − n) threshold protocol.

• No key updating.
• No key authentication.
• Dishonest and fake shares

distribution.

Decentralized

Harn et al. [20]

• Support a verifiable secret sharing
method based on the CRT.

• Using Asmuth–Bloom’s scheme.
• It does not require a

secure channel.

• Require verification of
secret shares.

• High communication cost.
• Computationally secure.
• No key updating and key

authentication.

Centralized
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Table 2. Cont.

Shared Secret Protocol Advantages Disadvantages Implementation Type

Liu et al. [21]
• Efficient secret share using

Asmuth–Bloom’s scheme.
• Unconditionally secure.

• Require verification of
secret shares.

• No key updating and no key
authentication.

• Require secure channel.

Centralized

Liu et al. [22]

• Unconditionally secure.
• Using Chinese Reminder

Theorem, Shamir’s Secret Sharing,
and Asmuth-secret Bloom’s
sharing.

• Support key authentication using
a one-way hash function.

• Require verification of
secret shares.

• Require secure channel.
• No key updating.
• High communication cost.

Centralized

Meng et al. [28]

• Presented two thresholds
changeable secret sharing
methods.

• Using a mix of bivariate and
univariate polynomials.

• Unconditionally secure.

• Require secure channel.
• Require verification of secret

shares.
• No key updating and

authentication.

Centralized

Liu et al. [29]

• A linear threshold secret sharing
that combines two of Shamir’s
procedures.

• Cheating detection.
• No verification of secret shares.

• No key updating and key
authentication.

• High communication cost
due to using of two
polynomials.

Centralized

After reviewing some shared secret protocols proposed for group key generation,
we noticed a lack of studies to apply the threshold shared secret sharing in vehicular
communication.

In this paper, we propose a key generation and distribution solution that depends on
the existence of the 5G base stations at short distances, as mentioned in [30]. Currently,
vehicular communication is moving towards the cellular infrastructure instead of Dedicated
Short Range Communication (DSRC). Thus, the cellular base stations can be utilized as
a trusted third party to divide a master secret into several secret shares, then securely
distribute the secret shares to the group members. A group key is distributed among
participants using a threshold secret sharing technique in 5G networks scenarios. Afterward,
the key is recovered only when it is required, with no need to store the secret key at the
participant’s side for a long time. It has also been recommended for 5G networks, which
are vulnerable to being tapped, that data be shared in secret to make the eavesdropper’s
mission more difficult. It is possible to increase the level of security in these situations
by continually modifying the structure of the shares. Therefore, implementing dynamic
threshold secret sharing in 5G networks is important.

3. Preliminary

Polynomials in Shamir’s secret sharing are generally of the following form:

f (x) = a0 + a1x1 + a2x2 + a3x3 + . . . + at−1xt−1 mod(p) (1)

Participants’ shares are represented as coefficients in the polynomial, chosen at ran-
dom by the dealer. The value of the shared master secret can be broken into parts; this
is the value of the free coefficient a0, the degree of polynomials is t− 1, indicating that
the number of coefficients is t always (as it includes the free coefficient). Lagrange inter-
polation for f (x) recovery: The y-coordinate of a point on the polynomial is obtained
by evaluating f (x). This means that a single point on the polynomial is defined by
(x, y = f (x)). If Lagrange interpolation is utilized, just t points on the degree t− 1 polyno-
mial are required for the reconstruction. Then, we have the following set of t− 1 shares:



Sensors 2022, 22, 331 7 of 25

(x0, y0), (x1, y1), . . . , (xt−1, yt−1). We can construct the following type of t Lagrange
base polynomials:

lj(x) = ∏t−1
i=0,i 6=j

x− xi
xj − xi

(2)

Using these Lagrange base polynomials, we can reconstruct f (x):

f (x) = ∑t−1
j=0 yjlj(x)mod(p) (3)

Because we only care about the value of f (0), which is the same as the free coefficient
of f (x), the calculation can be shortened to

f (0) = ∑t−1
j=0 (yj ∏t−1

i=0,i 6=j
xi

xi − xj
)mod(p) (4)

where f (0) represents the original secret key. (t, n) threshold Shamir secret sharing example
is illustrated in Figure 1.
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4. The Proposed Protocol

In this section, we present the proposed key generation protocol. One trustworthy
entity, the Group Manager (G.M), selects the master key for the group and then splits it into
different secret pieces that can be distributed securely to all participants. To subscribe to the
key distribution service, each user must first register with the G.M. The G.M maintains a list
of all registered users and removes those prevented from receiving group communications.
We introduce the proposed protocol steps in the following subsections.

4.1. Network System Model

There are two types of security protocols, distributed key management protocols
and centralized key management protocols. In distributed key management, each vehicle
has to compute the group key in real-time and share the key management burden and
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generation computation and communication cost to each member in the group. Thus, it
spreads the key management burden throughout the group, increasing security and fault
tolerance in integrity and secrecy. The centralized protocols in which the trusted third
party can manage the key generation, the distribution, and the key updating process. These
approaches reduce the overhead on the joined vehicles that generate the key or distribute it.

This paper proposes a centralized key management protocol where the B.Ss of 5G
networks are considered a trusted third party to generate the secret keys, distribute them
through secure channels, and update it if needed. 5G is the next generation of mobile radio
technology, which will allow for much higher data rates and lower latency [31]. 5G devices
are expected to be numerous, resulting in a significant increase in traffic. As a result, better
cell deployment is urgently required. A large number of base stations are thus needed to
provide local security and privacy management services. A group of vehicles covered by
the same Base Station (B.S) joins the same group communication.

This paper focuses on the inter-group communications between vehicles attached to
the same B.S. We assume that only vehicles can communicate with the nearest vehicles
in the same communication range. Each B.S has unique parameters to assign the secret
shares for the participants and generate one different master secret key per group. Vehicles
attached to the same base station have the same base station identifier and same group
identifier. The network system model is divided into groups; each group is covered by one
trusted B.S that can choose a safe polynomial f (x) to evaluate it and generate the master
secret key S, then split it into n secret shares {s1, s2, s3, . . . , sn}, then distribute it securely for
participants as shown in Figure 2.
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4.2. Vehicles Registration

All vehicles initially are authenticated to their B.Ss through the 5G-AKA protocol
that supports the primary authentication for vehicles against the 5G core network; for
more information, readers can refer to [32]. After primary authentication is complete, each
vehicle is assigned a specific private key. Using this pre-shared key, the vehicle and the 5G
network can authenticate each other and establish a secure communication channel.

After the 5G-AKA primary authentication is complete, the vehicles communicate the
B.S through a secure channel using the previously shared private key. This paper proposes
a centralized interactive key generation protocol to minimize the dependency on the other
vehicles to reconstruct the master key parts in previous related Shamir sharing protocols.
We allow the base station to represent a Key Distribution Center (KDC) for the joined
vehicles. Vehicles joined to the same base station form a group, as one vehicle (initiator)
sends a group request to the base station to start a group communication. After all joined
vehicles are registered at the B.S, the B.S chooses a master secret key for the vehicles n. B.S
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splits the secret S into parts according to Shamir’s secret sharing scheme; then it distributes
a secret S among n vehicles {V1, V2, V3, . . . , Vn}.

4.3. Key Generation and Distribution

In this paper, we utilize an optimized threshold secret sharing scheme that allows a
group of vehicles to share one secret key securely without transferring this key individually
to all participants in an encrypted way.

The proposed centralized group key protocol consists of three phases, the key genera-
tion phase, the key authentication phase, and the key reconstruction. We discuss all three
phases in the following subsections.

4.3.1. Key Generation

The base station picks a random polynomial f (x) of degree (t− 1), then it calculates
the secret key S and splits it into (n) shares {Sharei (si) = (xi, f (xi))} and a prime number
(p). After the base station generates the secret shares for each vehicle joined the group,
it securely distributes the shares to the vehicles through a secure channel. Then, each
vehicle has only one valid secret part from the master secret and waiting for (t− 1) parts
to reconstruct the group master secret key S. The base station starts broadcasting (t− 1)
random distinct points from the polynomial as xi 6= 0 for all the group members that can
be important only for the registered authorized vehicles.

To split the secret into shares, the B.S creates a polynomial f (x) of degree t − 1 using
Equation (1) and a constant term a0 that represents the secret coefficient, where p is a prime
number selected based on the level of security needed for the secret, and the constant
term a0 is the secret S. Higher values of p result in greater security, and the secret S is
always less than the prime number p and typically more than n. The t− 1 secret share
are integer values represented by the coefficients a1, a2, . . . , at−1 of (x) and chosen such
that ai ∈ [0, p] for all i. Using the simplified integer arithmetic method to generate the
shared secret key results in some security problems. Every participant gains a great deal
of information about the secret key with every share (si), which exploits a security attack
in respect of the polynomial order and gains a great deal of information about all valid
points over the polynomial. We use polynomial operations over finite field arithmetic to
reduce this security attack, making it hard for participants or attackers to define the used
polynomial in a generation. The polynomial curve over a finite field is disordered and
disorganized, unlike the conventional curves that make it hard to discover new valid paths
between points that can be considered secret shares of the master secret key. Choosing
the finite field size, while p > n, p > s, the bigger the p size, the more challenging it is to
solve the equation and find the secret shares. Then, the calculation of the secret share is
(xi, f (xi)mod p)} instead of (xi, f (xi). Finite field arithmetic enhances the security level
and provides more potential to find the secret shares. We summarize the key generation
process performed by the G.M as follows:

• Create a group of size n to share a secret S.
• Choose the required number t of participants to recover the key (threshold value to

reconstruct the master secret key).
• Select the prime number p to define the level of security needed over the finite field Fp

of size p elements and p > S, p > n.
• Select minimum number m for the key-value.
• Choose the key-value between m and p− 1.
• Build a random polynomial f (x) using the parameters (n, t, p, S).
• Split the secret S into distinct points on the polynomial f (x).
• Distribute the secret shares securely {Sharei (si) = (xi, f (xi))} to the group members.
• Distribute the selected one-way hash function (SHA256) securely to be used with the

HMAC algorithm to verify secret shares and secret keys. The key generation process
is shown in Figure 3 and illustrated in Algorithm 1.
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Algorithm 1. Key generation based on Shamir secret.

Input:

• List of the all registered vehicles {Vi, V2, V3, . . . , Vn} in the group sent by initiator
vehicle asking for a group key distribution service.

Output:

1. G.M randomly picks a polynomial f (x) of degree (t− 1) :

f (x) = a0 + a1x1 + a2x2 + a3x3 + . . . + at−1xt−1 mod(p) in which the secret
S = a0 = f (0), and all coefficients a0; a1; . . . at−1 are in the finite field Fp of size p
elements and p > S, p > n.

2. G.M. divides the secret key S into n parts, then calculates shares:
{Sharei (si) = (xi, f (xi))} = (xi, f (i) (mod p)) for i = 1; 2 . . . n

3. G.M. securely distributes the (n) shares si to the (n) vehicles.
4. G.M. generates message m that consists of (t− 1) additional public points Pi on the

polynomial f (x), for i = 1; 2; 3; . . . ; t− 1; a list of group members
n = {V1, V2, V3, . . . , Vn}, the prim number p; and the threshold t.

5. G.M. generates an HMAC signature over message m using the secret key S:
HMAC− SHA256secret key S (m), then broadcasts m attached to the signature
HMAC.

4.3.2. Key Authentication

In contrast to previous key management protocols that use very complex authenti-
cation methods such as elliptic curve operations and bilinear pairing authentication, we
utilize the fast and straightforward HMAC-SHA256 protocol to ensure message authenti-
cation and integrity in the proposed key generation method. HMAC protocol allows the
sender and receiver to share a shared secret key to calculate a Message Authentication Code
signature over the transmitted message. At the sender side, the G.M generates an HMAC
signature using the generated master secret key S and the one-way hash function SHA256.
The G.M hashing the message m using SHA256 then calculates the HMAC signature using
the secret key S. The G.M transmits the key generation message m that contains t− 1 public
points attached to the HMAC signature to allow the participants to authenticate the G.M
and reconstruct the master secret S. Moreover, it helps the participants verify the secret key
secrecy and authenticate the G.M. The HMAC-SHA256 is a straightforward, low overhead
authentication protocol that ensures message authentication and integrity [33]. The HMAC
authentication is shown in Figure 4.
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4.3.3. Key Reconstruction

In previous methods, all participants must share their secret parts to allow others to
construct the master secret key, which exposes the security of the key to key compromising
attacks. This paper enables the G.M to broadcast unique public points from the polynomial
to allow each registered vehicle to recover the master secret key. We reduced the com-
munication overhead between vehicles to transfer and exchange their secret shares. We
also enhanced the security level by including the G.M as a trusted third party to verify all
participants and authorize their access.

• G.M broadcasts t− 1 distinct public points from f (x), where Pi = (xi, yi) for {i = 1; 2;
3; . . . ; t− 1}.

• The key reconstruction message m broadcasted by the G.M consists of m = (The public
points (Pi for {i = 1; 2; 3; . . . ; t− 1}; a list of group members n = {V1, V2, V3, . . . , Vn};
the prim number p; the threshold t); attached to the HMAC signature. The key
reconstruction message structure is shown in Figure 5.
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• HMAC signature represents a hashed value over the received message m using the
reconstructed master secret S.
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• Each group member reconstructs the polynomial f (x) based on its secret share si and
the broadcasted public points Pi from the G.M using Lagrange interpolation li(x) That
is defined by Equation (2). Equations (2)~(4) are used to reconstruct the polynomial
f (x) and calculate the free coefficient f (0) that represents the master secret S.

• After reconstructing the secret, each participant has to authenticate the G.M to accept
or reject the key. The authentication process is performed using the HMAC-SHA256
protocol by calculating the hash value of the received message m using SHA256 and
then calculating the message authentication code over the m using HMAC and the
constructed key S to authenticate the G.M as shown in Figure 4.

• Each participant compares the calculated HMAC signature, and the received HMAC
signature, then only accepts S if both signatures are equal. This can prove the key
secrecy and confidentiality.

• Each participant at least requires t points to reconstruct the secret S, and t should be
less than or equal to (n), i.e., 1 ≤ t ≤ n.

• Each participant received a broadcasted message from the G.M that consisted of the
(t, n) public points, only registered vehicles can recover the key (S) using Equation
(4) of Lagrange to calculate f (0) that represents the group secret key. Each vehi-
cle has Sharei (si) and (S) stored at its hardware security module for secure group
communication. The key reconstruction process is shown in Figure 6 and illustrated
in Algorithm 2. Figure 6 describes the key reconstruction process that contains two
basic steps: the group manager performs the first step and is represented by the blue
boxes at the left. This step has required broadcasting some public information from
the manager to all participant vehicles. At the same time, the second step represents
the reconstruction process at vehicles. It is represented by brown boxes to describe
the formulas used by the participant to recover the secret key based on the received
information from the group manager.
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Algorithm 2. Key Reconstruction based on Shamir secret and HMAC.

Input:

• Each participant receives m = {(Pi for {i = 1; 2; 3; . . . ; t− 1}; list of group members
{V1, V2, V3, . . . , Vn}, the prim number p; the threshold t), HMAC signature} from
the G.M.

• Each participant stores a valid single secret share si.

Output:

1. Each member recovers the secret S using Lagrange interpolation li(x), t− 1 public points
and his share si, as each member need at least t points to reconstruct the polynomial f (x)
and recover the group shared secret key S = a0 = f (0).

2. Participant vehicles calculate the hash value of the received message m using SHA256 and
the HMAC protocol to generate a signature over the message m using the constructed
secret S: HMAC− SHA256secret key S (m).

3. Then, it compares the received HMAC signature from the G.M and the calculated HMAC
at vehicles to authenticate that message is broadcasted by authorized G.M.

4. If the calculated HMAC at vehicles is equal to the received HMAC from G.M, the
reconstructed key at the vehicles is correct and valid for future group communications.

5. Numerical Examples

Given t distinct points (xi, yi) of the form (xi, f (xi)), where f (x) is a polynomial of
degree less than t, then f (x) is determined by

f (x) = ∑t
i=1 yi ∏

x− xi
xi − xj

(5)

Shamir’s scheme is defined for a secret S ∈ Fp with p prime, by setting a0 = S, and
choosing a1, . . . , at−1 at random in Fp. The trusted party (G.M) computes f (i), where

f (x) = ∑t−1
i=0 aixi (6)

For all 1 ≤ i ≤ n. The shares (xi, f (xi)) are distributed to the n distinct participants.
Since the Secret is the constant term a0 = S = f (0), the Secret is recovered from any t shares
(xi, f (xi)), for I ⊂ {1, . . . , n} by

f (0) = ∑t−1
j=0 (yj ∏t−1

i=0,i 6=j
xi

xi − xj
) (7)

5.1. Key Generation Example

The G.M randomly chooses a polynomial that satisfies the secret-sharing conditions
to generate the secret shares and distributes them to all participants. After generating the
shares, the G.M also generates random public distinct points on the polynomial to allow
the participants to recover and reconstruct the master secret key. All arithmetic operations
are performed over a finite field Fp. The prime number p must be greater than the secret
key and the number of participants. All generated shares have the same size as the master
secret key. This section provides a numerical example of the (3,8) threshold key generation
process. The G.M chooses the secret key randomly to be 12, and the polynomial coefficients
a1 and a2 are 10 and 20, respectively, so the polynomial can be formulated as follows:

For n = 8, for t = 3 and for prime number p = 23, the following operations are required:

f (x) = 12 + 10x + 20x2 (8)
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The generated shares should be in the form (xi, f (xi)), so the G.M can generate as
many distinct points over the polynomial:

Share1 : (1, f (1)) = 12 + 10(1) + 20(12) = (1, 42mod23) = (1, 19)

Share2 : (2, f (2)) = 12 + 10(2) + 20(22) = (2, 112mod23) = (2, 20)

Share3 : (3, f (3)) = 12 + 10(3) + 20(32) = (3, 222mod23) = (3, 15)

Share4 : (4, f (4)) = 12 + 10(4) + 20(42) = (4, 372mod23) = (4, 4)

Share5 : (5, f (5)) = 12 + 10(5) + 20(52) = (5, 562mod23) = (5, 10)

Share6 : (6, f (6)) = 12 + 10(6) + 20(62) = (6, 792mod23) = (6, 10)

Share7 : (7, f (7)) = 12 + 10(7) + 20(72) = (7, 1062mod23) = (7, 4)

Share8 : (8, f (8)) = 12 + 10(8) + 20(82) = (8, 1372mod23) = (8, 15)

(9)

Share9 = (9, f (9)) = 12 + 10(9) + 20(92) = (9, 1722mod23) = (9, 20)

Share10 = (10, f (10)) = 12 + 10(10) + 20(102) = (10, 2112mod23) = (10, 19)
(10)

For n = 8, shares are distributed securely to the eight participants. At the same
time, other unique points over the polynomial with size t− 1 are generated to help the
participants recover the master secret S without frequent communication.

Each participant now has two shares representing the broadcasted public points from
the G.M and one personal secret share that is securely distributed with every participant in
the group. The random generated public points for t = 3, so the number of the required
public points is t− 1. Figure 7 shows the graphical representation of the generated secret
shares from the polynomial function f (x) = 12 + 10x + 20x2 over F23. Table 3 represents
the secret shares coordinates (xi, f (xi)) over the polynomial f (x).
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Table 3. The generated secret shares by the trusted G.M over the polynomial f (x) = 12 + 10x + 20x2.

xi 1 2 3 4 5 6 7 8 9 10 . . .

yi = f (xi) 19 20 15 4 10 10 4 15 20 19 . . .

5.2. Key Reconstruction Example

According to the mentioned example in the previous section, we allow the vehicles
to reconstruct the master secret key S. Using any t shares (x1, y1), . . . , (xt, yt) and from
Equations (2)~(4), each vehicle can calculate the master secret key a0 = S = f (0). For exam-
ple, we pick the following shares (1, f (1)), (2, f (2)), and(3, f (3)) and, using Equation (2),
we derive the Lagrange equations:

lj(x) = ∏t−1
i=0,i 6=j

x− xi
xj − xi

l0(x) = (x−2)(x−3)
(1−2)(1−3) = (2−1).(x− 2)(x− 3)mod23

= 12(x− 2)(x− 3)mod23
= 12(x2 − 5x + 6)mod23
= 12x2 + 9x + 3

(11)

l1(x) = (x−1)(x−3)
(2−1)(2−3) = (−1−1).(x− 1)(x− 3)mod23

= 22(x− 1)(x− 3)mod23
= 22(x2 − 4x + 3)mod23
= 22x2 + 4x + 20

(12)

l2(x) = (x−1)(x−2)
(3−1)(3−2) = (2−1).(x− 1)(x− 2)mod23

= 12(x− 1)(x− 2)mod23
= 12(x2 − 3x + 2)mod23
= 12x2 + 10x + 1

(13)

Therefore, the polynomial ′ f (x) is reconstructed using Equation (3) as follows :

′ f (x) =
t−1
∑

j=0
yjlj(x)mod(p)

= f (1)l0(x)mod23 + f (2)l1(x)mod23 + f (3)l2(x)mod23
= 19

(
12x2 + 9x + 3

)
mod23 + 20

(
22x2 + 4x + 20

)
mod23 + 15

(
12x2 + 10x + 1

)
mod23

= 12 + 10x + 20x2

(14)

We observe from previous calculations that reconstructed polynomial ′ f (x) in Equation (14)
matches f (x) in Equation (8) and the free coefficient is 12, which represents the master
secret key S = f (0) that generated by the G.M. All previous calculations were performed
over a finite field F23 using the modular addition, modular multiplication, and the modular
multiplicative inverse.

For example, we pick other different shares (4, f (4)), (5, f (5)), and(6, f (6)) and, using
Equation (2), we derive the Lagrange equations:

l0(x) = (x−5)(x−6)
(4−5)(4−6) = (2−1).(x− 5)(x− 6)mod23

= 12(x2 − 11x + 30)mod23
= 12x2 + 6x + 15

(15)

l1(x) = (x−4)(x−6)
(5−4)(5−6) = (−1−1).(x− 4)(x− 6)mod23

= 22(x2 − 10x + 24)mod23
= 22x2 + 10x + 22

(16)
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l2(x) = (x−4)(x−5)
(6−4)(6−5) = (2−1).(x− 4)(x− 5)mod23

= 12(x2 − 9x + 20)mod23
= 12x2 + 7x + 10

(17)

Therefore, the polynomial ′ f (x) is reconstructed using Equation (3) as follows:

′ f (x) = ∑t−1
j=0 yjlj(x)mod(p)

= f (1)l0(x)mod23 + f (2)l1(x)mod23 + f (3)l2(x)mod23
= 4

(
12x2 + 6x + 15

)
mod23 + 10

(
22x2 + 10x + 22

)
mod23 + 10

(
12x2 + 7x + 10

)
mod23

=
{
(2x2 + x + 14) + (13x2 + 8x + 13) + (5x2 + x + 8)

}
mod23

= 12 + 10x + 20x2

(18)

From previous calculations, we prove that different shares over the same polynomial
f (x) result in the same free coefficient representing the same secret key for the group.
Any generated points over the polynomial f (x) that are equal to t or greater than t can
reconstruct the secret key. The participants do not need to share their secret parts through
broadcasting or unicast channel. The centralized group manager can broadcast the required
number of public points that help only the registered participants recover the master
secret key.

6. Security Analysis

This paper proposes a key management protocol by utilizing a combination of polyno-
mials and secret key splitting. The proposed protocol introduces authenticated lightweight
key generation and key reconstruction protocol. This section provides a detailed security
analysis by introducing the resistance of the protocol against key recovery attacks and
introducing the satisfying of some security properties.

6.1. Resistance to Key Recovery Attacks

Splitting one master secret key between n vehicles can prevent the distribution of a
single master key through traditional key distribution protocols. Our proposed method
provides a unique and deterministic key distribution based on Shamir secret sharing by
dividing one master key into pieces and distributing these pieces securely to all participants.
Only the registered participants can reconstruct the group secret key based on some
public values broadcasted by the group manager. The dependence on the existence of
t vehicles to reconstruct the key makes it impractical, especially if some vehicles are
revoked. The share of each vehicle secret piece in the broadcast channel makes it exposed
for key recovery attacks. Any attacker can gather the broadcasted shares, reconstruct the
polynomial, and find the secret key. We introduce a centralized interactive solution that
utilizes the base station to broadcast t− 1 secret shares for only registered vehicles at B.S. If
an attacker receives the broadcast message from the base station, he cannot recover the key
as reconstructing the key needs at least t secret pieces; based on the received information,
the attacker constructs a different polynomial with a different free coefficient a0 = S.

Each authorized vehicle shares a secret share with the base station through a secure
channel at the registration phase. In addition to the public shares broadcasted by the base
station, this personal share helps each vehicle recover the group key. Including the trusted
third party (G.M) increases the security level and reduces the communication overhead
among vehicles. The proposed protocol can resist the key recovery attacks due to shares
broadcasting during the key reconstruction. There is no need for the participant to contact
each other for share gathering to reconstruct the key as the public information from the
G.M allows them to recover the key.

6.2. Key Confidentiality

Only the trusted group manager knows the master secret key and the polynomial
generated in the proposed protocol. After the vehicles register and authenticate themselves
to the G.M, they can participate in the key generation process; otherwise, the G.M pre-
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vents unauthorized vehicles from participating. If an attacker received the broadcasted
message from the G.M, it still has difficulty joining the network as every participant has a
unique secret part at the beginning of communication. Only registered authorized vehi-
cles can retrieve the master secret and communicate with other vehicles through secure
group communication.

6.3. Key Authentication

Verifiable secret sharing is a well-known problem in prior Shamir’s secret sharing
schemes, and it has been addressed in this new implementation. Verifiable secret sharing
ensures that shareholders are truthful and not submitting fake shares. However, in our pro-
posed protocol, participants do not share their secret shares to help each other reconstruct
the key. All participants receive the same authenticated public points from the trusted
group manager (B.S). The broadcasted public points from the B.S are authenticated by
calculating a message authentication code using the HMAC-SHA256 protocol. The G.M
hashes the key reconstructed message m using SHA256 and generates the HMAC signature
using the shared secret key S. The G.M attaches the HMAC signature value over message
m to allow the authentication of the group manager and support the key authentication.
Only a valid HMAC signature enables the acceptance of the reconstructed key S.

All participants calculate the HMAC signature over the received message m to ensure
the authenticity of the G.M and verify the shared secret secrecy. The participants compare
the calculated HMAC and received HMAC to accept or reject the key that can enhance
the security level, improve the key authentication and prevent the acceptance of fake
secret keys from unauthorized parties. No unproven theories are involved in the proposed
protocol, and no information is disclosed by distributing shares. In contrast, most public-key
cryptosystems exploit known difficulties (discrete logarithm issues, integer factorization)
to assure security.

The proposed HMAC protocol ensures key authentication and supports perfect key
secrecy while reducing computation overhead.

6.4. Dynamic Key Updating

When threshold t shares required to recover the original secret key are kept fixed
and constant value, vehicles can be dynamically added to the network or deleted from
it without affecting the key reconstruction process. Only the group manager can update
the master secret key and generate a new polynomial function with unique coefficients as
participants shared secrets. Moreover, the security can be enhanced without changing the
original secret, but by only changing the polynomial occasionally (while keeping the same
free coefficient f (0) that represents the original secret key) and constructing new public
points and secret shares for the participants. The G.M also can generate a new secret key
for the group and share new secret parts with each participant according to the previous
key updating policy agreed between the group manager and members.

6.5. Threshold Key Reconstruction

The proposed protocol solves the problem of key reconstruction that requires at least t
secret parts to reconstruct the master group key. In previous Shamir secret sharing schemes,
the participants had to communicate to share their secret shares. Each participant needs
at least t parts to recover the master key. In this paper, we allow the group manager to
broadcast only t− 1 valid points over the polynomial f (x), for all registerd vehciles.

In addition to each participant’s secret share, all registered vehicles reconstruct the
group shared secret key. In contrast to the previous shared secret protocols that require n
members to recover the key, our proposed protocol allows only t members to reconstruct
the key. The proposed threshold protocol is significant for different vehicular scenarios in
which many vehicles can join or leave dynamically.
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6.6. Security Analysis Comparison

To our knowledge, our protocol is the first shared secret scheme based on Shamir
secret sharing for vehicular communication. We compare the proposed key protocol with
other related methods using Shamir secret sharing and the Chinese Remainder Theo-
rem [11,17,20–22,28,29].

From Table 4, The proposed protocol satisfies many security features such as key authen-
tication using symmetric HMAC protocol to ensure validity and prove the correct verification
of the generated secret key. While the other mentioned protocols in [11,17,20–22,28,29] do not
depend on symmetric authentication to verify the shared secret key, Liu et al. in [22] used
the one-way hash function to satisfy the perfect secrecy of the key.

Table 4. Security features comparison for the proposed key management protocol and other shared
secret related works.

Security Features Shamir
Secret [11]

Ulutas et al.
[17]

Harn et al.
[20]

Liu et al.
[21]

Liu et al.
[22]

Meng et al.
[28]

Liu et al.
[29]

The
Proposed

Authentication using HMAC No No No No No No No Yes
Key updating No No No No No No No Yes

Verification of secret shares No No Yes Yes Yes Yes No No
Secure channel requirement Yes Yes No Yes Yes Yes Yes No
Centralized implementation No No Yes Yes Yes Yes Yes Yes
Based Shamir Secret Share Yes Yes No No Yes No Yes Yes

(t, n) secret sharing Yes Yes Yes Yes Yes Yes Yes Yes
Group member broadcasting Yes Yes Yes Yes No Yes Yes No

Unconditionally secure Yes Yes No Yes Yes Yes Yes Yes

The proposed protocol also does not support the shares verification feature. The
proposed key utilizes the concept of a trusted third party that is considered a trusted entity
to generate and distribute secure secret shares to the participants’ vehicles. However, the
fundamental Shamir secret in [11], Ulutas et al. in [17], and Liu et al. in [29] do not verify
the generated shares that are considered a weak point and result in sharing fake shared
secrets between participants. However, Liu et al. [29] support cheating detection by using
two different polynomials and can detect cheaters up to k− 1.

The proposed protocol and Harn et al. [20] do not require a secure channel between
participants and the group manager or among participants themselves. For example,
the participant vehicles in the proposed protocol do not communicate to reconstruct the
master shared secret key, and all participants are receiving authenticated public points
from the group manager to rebuild the secret key. However, the protocols mentioned
in [11,17,21,22,28,29] require a secure broadcasting channel to allow the shareholders to
participate in the key reconstruction process by sharing their shares.

Moreover, the proposed protocol is simple and unconditionally secure because it is
based on polynomial interpolation and basic Shamir secret sharing protocol. The proposed
protocol must satisfy two security conditions to be unconditionally secure. Firstly, any t
or more than t shares allow the master secret S reconstruction; secondly, knowledge of
any t shares cannot leak any information about the master secret. An attacker with t− 1
public points cannot recover the secret key, and every participant needs at least t valid
points over the polynomial to reconstruct the secret key. It is safe to say that the proposed
key management protocol is 100% secure since it meets both of these criteria without
making any computational assumptions. Shamir’s secret sharing technique is information-
theoretically secure, which means that the arithmetic we examined is unbreakable even
against an adversary with infinite computing power.

Computational security is built on computing assumptions that prevent attackers
from solving mathematical issues due to their restricted computational capabilities. The
prime factorization of a large integer number and the discrete logarithm solution are two
examples of these mathematical difficulties. On the other hand, unconditional security
suggests that the security can be assured even if no computational assumptions are used
in the calculation. Shamir’s (t, n) protocol [11] is guaranteed to be secure at all times. It
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can meet the previously specified security criteria without relying on any computational
assumptions.

The proposed protocol is based on Shamir secret sharing; however, the related works
in [20–22,28] use different approaches for the shared secret key; in [20], Harn et al. use
the Chinese Remainder Theorem (CRT). While in [21], Liu et al. use Asmuth–Bloom’s
shared secret scheme, with additional improvements, Liu et al. in [22] use three different
algorithms to satisfy the unconditional security and provide simplicity. In [22], the authors
use a combination of Shamir secret protocol, generalized CRT theorem, and the Asmuth–
Bloom technique. This combination offers perfect secrecy using a one-way hash function to
verify the correctness of the secret.

We summarize the proposed protocol’s security features and other related shared
secret protocols in Table 4.

From Table 4, we conclude the following:

• The proposed protocol outperforms the compared protocols [11,17,20–22,28,29] to
support a lightweight symmetric authentication for the generated key that can be
reconstructed securely at vehicles using the attached HMAC signature.

• In contrast to [11,17], the proposed protocol depends on centralized trusted third
parties to satisfy the key security and support the key management process.

• The proposed protocol outperforms the other protocols to support key reconstruction
without evolving the other participants in the key reconstruction process or ensuring
the correctness of their shares. In contrast to the protocols in [20–22,28] that require
adding of additional verification algorithm to verify the shared shares and prevent the
fake shares from being broadcasted through the network.

• Thus, the proposed protocol reduces the computation cost and communicates cost to
verify the participant shares by broadcasting authenticated public shares to allow all
vehicles to reconstruct the master secret key.

• The proposed key management solution does not require a secure channel between par-
ticipants to share their secret parts; thus, no additional overhead is required compared
with the mentioned protocols [11,17,21,22,28,29].

• The proposed protocol is unconditionally secure compared with [20], requiring high
computation security to support the same security functions.

• t or more than t are required to reconstruct the key in the proposed protocol using
simplified polynomial interpolation and evaluations that makes the protocol suitable
for critical vehicular applications that need fast verification at low-cost computation.

• The proposed protocol supports the key updates compared to the protocols
in [11,17,20–22,28,29].

• According to shared policies, the group manager and the participant vehicles can
agree on the periodic key update to prevent key compromise and sniffing attacks.

7. Performance Evaluation

This section introduces the computation and communication costs of the proposed
protocol and some other linear shared secret protocols in [11,29].

7.1. Computation Overhead

For the comparison, we choose the linear shared secret protocols in [11,29] to compare
the computation cost of the key generation and key reconstruction based on polynomial
operations and Lagrange components.

In the proposed protocol, the G.M generates shares from a polynomial f (x) of degree
t − 1. Therefore, the polynomial has t coefficients, and t − 1 is multiplied by x. The
share generation represents the calculation of points over the polynomial f (x) of t − 1
degree. The calculations over the finite field Fp Each share generation requires one modulo
addition operation and one modulo multiplication. The share generation overhead for
the proposed protocol over the finite field Fp is n(t− 1) modular multiplication and nt
modular addition operations.
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The G.M chose t− 1 points to publish in a broadcast way to all registered participants.
The shared secret reconstruction at every participant requires the Lagrange interpolation
operations to generate the Lagrange polynomials lj(x), then multiplying these polynomials
with the t shares to reconstruct the original polynomial f (x) that is generated by the G.M
previously.

We use this equation to reconstruct the secret key:

′ f (x) = ∑t
j=1 yjlj(x)mod(p), where lj(x) = ∏t

i=1,i 6=j
x− xi
xj − xi

S = f (0) = ∑t
j=1 (yj ∏t

i=1,i 6=j
xi

xi − xj
)

The required operations for the key reconstruction are
(
t3 + t + 1

)
modular multipli-

cation, t modular addition, and t modular multiplicative inverse.
The proposed protocol uses the basic Shamir secret sharing that enhances the com-

putation cost. Compared to Liu et al. [29], combining two polynomials results in double
computation cost for share generation and key reconstruction. Moreover, the proposed
protocol and Shamir secret sharing have the exact computation cost due to the linearity of
the used polynomial in both protocols.

Moreover, the proposed protocol uses the authentication of secret key based on HMAC
protocol, generating HMAC signature can be negligible for both the G.M and the participant
vehicles for small key sizes.

Table 5 summarizes the modular arithmetic operations over a finite field Fp required
to generate the secret shares for the proposed protocol and the linear (t, n) threshold
protocols [11,29].

Table 5. The computation cost of shares generation for the proposed protocol and some linear shared
secret protocols.

The Shared Secret Protocols
Modular Arithmetic Operations over a Finite Field Fp

Modular Multiplication Modular Addition Modular Multiplicative Inverse

Shamir Secret [11] n(t− 1) nt -
Liu et al. [29] 2n(t− 1) 2nt -
The proposed n(t− 1) nt -

Table 6 summarizes the modular operation over the finite field Fp to reconstruct the
secret key at the participant side for the proposed protocol and the compared related work.

Table 6. The computation cost of share reconstruction for the proposed protocol and some linear
shared secret protocols.

The Shared Secret Protocols
Modular Arithmetic Operations over a Finite Field Fp

Modular Multiplication Modular Addition Modular Multiplicative Inverse

Shamir Secret [11]
(
t3 + t + 1

)
t t

Liu et al. [29] 2
(
t3 + t + 1

)
2t 2t

The proposed
(
t3 + t + 1

)
t t

7.2. Communication Overhead

In the proposed protocol, only the G.M broadcasts a message m that consists of the fol-
lowing parameters: (t− 1) public points Pi on the polynomial f (x), for i = 1; 2; 3; . . . ; t− 1;
a list of group members n = {V1, V2, V3, . . . ., Vn}, the prim number p; and the threshold t
attached to HMAC signature.

The G.M, during the initialization step, shares private information and one verified
personal share with each vehicle through a private, secure channel. Therefore, the number
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of transmitted messages from the G.M in the proposed protocol is (n + 1) message. In the
proposed key generation protocol, the participants do not send any messages to each other.
In contrast, the G.M sends one message to allow the group members to recover the group
key and start secure communication.

The G.M’s messages are broadcast messages to allow the vehicles to recover the shared
secret key. The communication cost is represented by the number of transmitted and
received messages at the G.M and participant vehicles. The G.M in the proposed protocol
sends one message in broadcast to allow the participant to recover the key. In contrast, the
participant has to receive only one message from the G.M and send no messages for each
other during the key reconstruction process.

The dealer in [11,29] has to share n messages for n participants during the key gener-
ation step, while in Liu et al. [29], the number of sent and received messages at vehicles
is doubled compared with [11]. Each participant resends and receives two secret shares
generated from two different polynomials.

In [11,29], the participants are transmitting their shares to t− 1 shareholders to allow
recovering the secret. Each participant requires other participants t− 1 shares to recover
the original secret key in addition to its share that was stored at the initialization phase. So,
the sent messages from participants in [11,29] are (t− 1), 2 (t− 1) messages, respectively.
In contrast, the received messages at each participant in [11,29] are t and 2t messages,
respectively.

The number of transmitted messages at the participant vehicles for key reconstruction
is zero for the proposed protocol. The participant does not have to communicate to
collect other participants’ shares. The proposed protocol reduces the requirement of
sending messages among participants that enhance the network performance and reduces
the communication overhead cost. The number of received messages at each vehicle in
the proposed protocol are two messages (one message from the group manager during
the initialization phase and one message during the key reconstruction that the G.M
broadcasted).

Table 7 summarizes the communication cost in terms of transmitted and received
messages at both the G.M and the participants for the proposed protocol and [11,29].

Table 7. The communication cost for the proposed protocol and some other related shared secret
protocols.

The Shared Secret Protocols
Sent Messages from G.M

(Dealer) during Key
Reconstruction

Sent Messages from
Participants Vehicles

Received Messages at
Participants Vehicles

Shamir Secret [11] n t− 1 t
Liu et al. [29] n 2(t− 1) 2(t)
The proposed n + 1 - 2

Note: t represents the required secret shares to recover the key.

For example, a threshold of (3–10) where 3 ≤ t ≥ 10 and n = 10, We calculated the
transmitted messages from each participant, the received messages at each participant, and
the total transmitted messages from the group manager (G.M).

Figure 8 shows the messages transmitted from each participant vehicle during the key
reconstruction process for the (3–10) threshold protocols using Table 7 information.

Liu et al. [29] experience a linear increase in the number of transmitted messages
corresponding to different t values where 3 ≤ t ≥ 10 and n = 10. The number of
messages is doubled in [29] compared to [11] as Liu et al. are using two Shamir secret
shares procedures that require the distribution of two secret shares per participant. The
increase in t increases the transmitted messages and adds additional communication cost. In
contrast to the proposed protocol, the participants do not share any messages that decrease
the communication overhead and network congestion. Participants use the broadcasted



Sensors 2022, 22, 331 22 of 25

messages from the G.M to recover the key in the proposed protocol. This reduces the need
for secure channel establishment between participants’ vehicles.
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Figure 9 shows the received messages per participant vehicle during the key recon-
struction phase.
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Figure 9. The received messages per participant vehicle during the key reconstruction phase.

Each vehicle received t− 1 message in the basic Shamir secret share [11] compared
with 2(t− 1) in Liu et al. [29]. For the proposed protocol, each vehicle receives two
messages from the G.M, one message during initialization and another message during the
key reconstruction. The initialization message contains the vehicle’s secret part, while the
second message contains the public secret shares from the G.M to start the key reconstruc-
tion process. The number of received messages is decreased from 2(t− 1) in Liu et al. to
two messages in the proposed protocol. For large values of t, Liu et al. cannot be deployed
due to the high communication cost at participant vehicles.
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Figure 10 shows the total number of messages transmitted from the G.M (dealer) to
the group participants during the key generation and key reconstruction. Both [11,29] are
experienced total messages of n during the key generation and reconstruction phases.
The G.M in the proposed protocol transmits n + 1 messages during the generation
and construction of key. Where n messages are required to distribute the secret parts
per participant through secure unicast channels, and one message is broadcasted to all
participants during the reconstruction of the key. For n = 10, the transmitted messages in
the proposed protocol are 11 messages, and in [11,29] are 10 messages. A slight difference
between the compared protocol can be neglected to reduce the communication overhead
between the participant.
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Figure 10. The total transmitted messages from the group manager during the key generation and
reconstruction phases.

We conclude from the above results that the proposed protocol reduces the transmitted
messages overhead at vehicles from 2(t− 1) messages in previous shared secret protocols
to zero messages. Moreover, it reduces the received messages at vehicles from 2t to two
messages. The proposed centralized key generation protocol eliminates the requirement for
secure channels between vehicles of the same group for the future key recovering process.

At the same time, it allows vehicles to store only a single secret share compared with
other shared secret protocols that require the storage of t secret shares.

The proposed protocol is unconditionally secure and unbreakable using infinite com-
puting power as t, or more than t secret shares to reconstruct the key. The proposed protocol
security level outperforms the other shared secret protocols security, as it supports key
authentication and confidentiality using HMAC that prevents attackers from compromising
or faking the key.

8. Conclusions and Future Work

In this paper, we proposed a linear secret sharing protocol based on the Shamir secret
method that allows one group manager to divide one secret key and distribute its parts to
n participants. (t, n) participants are collaborating to recover the secret key and utilize it
for future secure communication. Many shared secret protocols exist; however, they have
some issues when applied in vehicular communication.
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We proposed a shared secret protocol using linear polynomial interpolation and
HMAC authentication for vehicular networks. The proposed protocol utilized the base
stations as trusted third parties to generate secret shares and distribute the shares to
all participants through a secure channel. It reduces the communication cost among
participants to share their secret parts for the secret key recovering. The base station in
the proposed protocol broadcasts some public information to allow the participants to
reconstruct the group secret key. The participants recover the secret key using the public
information from the base station and their secret parts from the key. Each participant
needs at least t shares to recover the key. Less than t shares cannot reveal any information
about the key, which makes the proposed protocol unconditionally secure.

The base station attaches an HMAC signature to each broadcasted message to allow
the participants to authenticate the station and ensure the message’s integrity and au-
thentication during transmission. The proposed protocol computation cost is lightweight
and straightforward modular arithmetic operations over finite filed Fp compared with
the complex shared secret protocols using the discrete logarithm problems and elliptic
curve mathematics. The proposed protocol has the same computation cost as the basic
Shamir secret share [11]. Both protocols use the interpolation and evaluation of linear
polynomials. However, the proposed protocol outperforms the basic Shamir secret sharing
communication cost and security level. The proposed protocol reduces the transmitted
messages overhead at vehicles from 2(t− 1) messages in previous shared secret protocols
to zero messages. Moreover, it reduces the received messages at vehicles from 2t to two
messages. The proposed centralized key generation protocol eliminates the requirement for
secure channels between vehicles of the same group for the future key recovering process.

The secret shares are not broadcast between vehicles, enhancing protocol security and
resisting key recovery and compromising attacks.

Finally, the proposed protocol satisfies some security features such as key authentica-
tion, key confidentiality, linear polynomial interpolation, and unconditional security.

We intend to study the relation between t and n for different vehicular scenarios
for future work. Moreover, we plan to integrate the polynomial-based shared secret and
bilinear pairing over the elliptic curve to support key generation and data authentication.

Author Contributions: S.A.A.H. did the data collection, conceptualization, experiments, software
implementation, drafting, editing, and reviewing. H.K. did the conceptualization, editing, reviewing,
and funding. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partly supported by Institute of Information & communications Technol-
ogy Planning & Evaluation (IITP) grant funded by the Korea government(MSIT) (No.2020-0-01304,
Development of Self-learnable Mobile Recursive Neural Network Processor Technology) and also
supported by the MSIT(Ministry of Science and ICT), Korea, under the Grand Information Tech-
nology Research Center support program(IITP-2020-0-01462) supervised by the IITP(Institute for
Information & communications Technology Planning & Evaluation)”. and also financially supported
by the Ministry of Small and Medium-sized Enterprises(SMEs) and Startups(MSS), Korea, under
the “Regional Specialized Industry Development Plus Program(R&D, S3091644)” supervised by the
Korea Institute for Advancement of Technology(KIAT).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hakeem, S.A.A.; Abd El-Gawad, M.A.; Kim, H. A decentralized lightweight authentication and privacy protocol for vehicular

networks. IEEE Access 2019, 7, 119689–119705. [CrossRef]
2. Hakeem, S.A.A.; Kim, H. Multi-Zone Authentication and Privacy-Preserving Protocol (MAPP) Based on the Bilinear Pairing

Cryptography for 5G-V2X. Sensors 2021, 21, 665. [CrossRef] [PubMed]
3. Alnasser, A.; Sun, H.; Jiang, J. Cyber security challenges and solutions for V2X communications: A survey. Comput. Netw. 2019,

151, 52–67. [CrossRef]
4. Tan, H.; Ma, M.; Labiod, H.; Boudguiga, A.; Zhang, J.; Chong, P.H.J. A secure and authenticated key management protocol

(SA-KMP) for vehicular networks. IEEE Trans. Veh. Technol. 2016, 65, 9570–9584. [CrossRef]
5. Ghosal, A.; Conti, M. Security issues and challenges in V2X: A survey. Comput. Netw. 2020, 169, 107093. [CrossRef]

http://doi.org/10.1109/ACCESS.2019.2937182
http://doi.org/10.3390/s21020665
http://www.ncbi.nlm.nih.gov/pubmed/33477934
http://doi.org/10.1016/j.comnet.2018.12.018
http://doi.org/10.1109/TVT.2016.2621354
http://doi.org/10.1016/j.comnet.2019.107093


Sensors 2022, 22, 331 25 of 25

6. Hakeem, S.A.A.; El-Gawad, M.A.A.; Kim, H. Comparative Experiments of V2X Security Protocol Based on Hash Chain Cryptog-
raphy. Sensors 2020, 20, 5719. [CrossRef]

7. Muhammad, M.; Safdar, G.A. Survey on existing authentication issues for cellular-assisted V2X communication. Veh. Commun.
2018, 12, 50–65. [CrossRef]

8. Hakeem, S.A.A.; El-Kader, S.M.A.; Kim, H. A Key Management Protocol Based on the Hash Chain Key Generation for Securing
LoRaWAN Networks. Sensors 2021, 21, 5838. [CrossRef]

9. Dighriri, M.; Lee, G.M.; Baker, T. Measurement and Classification of Smart Systems Data Traffic Over 5G Mobile Networks. In
Technology for Smart Futures; Dastbaz, M., Arabnia, H., Akhgar, B., Eds.; Springer: Cham, Switzerland, 2018. [CrossRef]

10. Hakeem, S.A.A.; Hady, A.A.; Kim, H. 5G-V2X: Standardization, architecture, use cases, network-slicing, and edge-computing.
Wirel. Netw. 2020, 26, 6015–6041. [CrossRef]

11. Shamir, A. How to share a secret. Commun. ACM 1979, 22, 612–613. [CrossRef]
12. Blakley, G.R. Safeguarding cryptography keys. In Proceedings of the AFIPS National Computer Conference, New York, NY, USA,

4–7 June 1979; Volume 48, pp. 313–317.
13. Mignotte, M. How to share a secret. In Proceedings of the Workshop on Cryptography, Ebermannstadt, Germany, 29 March–2

April 1982; Springer: Berlin/Heidelberg, Germany, 1983; pp. 371–375.
14. Asmuth, C.; Bloom, J. A modular approach to key safeguarding. IEEE Trans. Inf. Theory 1983, 29, 208–210. [CrossRef]
15. Thien, C.C.; Lin, J.C. Secret image sharing. Comput. Graph. 2002, 26, 765–770. [CrossRef]
16. Zhao, R.; Zhao, J.J.; Dai, F.; Zhao, F.Q. A new image secret sharing scheme to identify cheaters. Comput. Stand. Interfaces 2009, 31,

252–257. [CrossRef]
17. Ulutas, M.; Ulutas, G.; Nabiyev, V.V. Medical image security and EPR hiding using Shamir’s secret sharing scheme. J. Syst. Softw.

2011, 84, 341–353. [CrossRef]
18. Guo, C.; Chang, C.C. An authenticated group key distribution protocol based on the generalized Chinese remainder theorem. Int.

J. Commun. Syst. 2014, 27, 126–134. [CrossRef]
19. Harn, L.; Hsu, C.F. Dynamic threshold secret reconstruction and its application to the threshold cryptography. Inf. Processing Lett.

2015, 115, 851–857. [CrossRef]
20. Harn, L.; Fuyou, M.; Chang, C.C. Verifiable secret sharing based on the Chinese remainder theorem. Secur. Commun. Netw. 2014,

7, 950–957. [CrossRef]
21. Liu, Y.; Harn, L.; Chang, C.C. A novel verifiable secret sharing mechanism using theory of numbers and a method for sharing

secrets. Int. J. Commun. Syst. 2015, 28, 1282–1292. [CrossRef]
22. Liu, Y.; Chang, C.C. An Integratable Verifiable Secret Sharing Mechanism. Int. J. Netw. Secur. 2016, 18, 617–624.
23. Harn, L.; Lin, C. Detection and identification of cheaters in (t, n) secret sharing scheme. Des. Codes Cryptogr. 2009, 52, 15–24.

[CrossRef]
24. Harn, L. Generalised cheater detection and identification. IET Inf. Secur. 2014, 8, 171–178. [CrossRef]
25. Jhanwar, M.P.; Safavi-Naini, R. Unconditionally-secure robust secret sharing with minimum share size. In International Conference

on Financial Cryptography and Data Security; Springer: Berlin/Heidelberg, Germany, 2013; pp. 96–110.
26. Cramer, R.; Damgård, I.B.; Döttling, N.; Fehr, S.; Spini, G. Linear secret sharing schemes from error correcting codes and

universal hash functions. In Annual International Conference on the Theory and Applications of Cryptographic Techniques; Springer:
Berlin/Heidelberg, Germany, 2015; pp. 313–336.

27. Ghodosi, H. Comments on Harn–Lin’s cheating detection scheme. Des. Codes Cryptogr. 2011, 60, 63–66. [CrossRef]
28. Meng, K.; Miao, F.; Huang, W.; Xiong, Y. Threshold changeable secret sharing with secure secret reconstruction. Inf. Processing

Lett. 2020, 157, 105928. [CrossRef]
29. Liu, Y. Linear (k, n) secret sharing scheme with cheating detection. Secur. Commun. Netw. 2016, 9, 2115–2121. [CrossRef]
30. Tsai, C.-W.; Cho, H.-H.; Shih, T.K.; Pan, J.-S.; Rodrigues, J.J.P.C. Metaheuristics for the deployment of 5G. IEEE Wirel. Commun.

2015, 22, 40–46. [CrossRef]
31. Hakeem, S.A.A.; Hady, A.A.; Kim, H.-W. Current and future developments to improve 5G-NewRadio performance in vehicle-to

everything communications. Telecommun. Syst. 2020, 75, 1–23.
32. Braeken, A. Symmetric key based 5G AKA authentication protocol satisfying anonymity and unlinkability. Comput. Netw. 2020,

181, 107424. [CrossRef]
33. Krawczyk, H.; Bellare, M.; Canetti, R. HMAC: KeyedHashing for Message Authentication, IETF RFC 2104. 1997. Available online:

https://tools.ietf.org/html/rfc2104 (accessed on 28 October 2021).

http://doi.org/10.3390/s20195719
http://doi.org/10.1016/j.vehcom.2018.01.008
http://doi.org/10.3390/s21175838
http://doi.org/10.1007/978-3-319-60137-3_9
http://doi.org/10.1007/s11276-020-02419-8
http://doi.org/10.1145/359168.359176
http://doi.org/10.1109/TIT.1983.1056651
http://doi.org/10.1016/S0097-8493(02)00131-0
http://doi.org/10.1016/j.csi.2007.10.012
http://doi.org/10.1016/j.jss.2010.11.928
http://doi.org/10.1002/dac.2348
http://doi.org/10.1016/j.ipl.2015.06.014
http://doi.org/10.1002/sec.807
http://doi.org/10.1002/dac.2760
http://doi.org/10.1007/s10623-008-9265-8
http://doi.org/10.1049/iet-ifs.2012.0381
http://doi.org/10.1007/s10623-010-9416-6
http://doi.org/10.1016/j.ipl.2020.105928
http://doi.org/10.1002/sec.1467
http://doi.org/10.1109/MWC.2015.7368823
http://doi.org/10.1016/j.comnet.2020.107424
https://tools.ietf.org/html/rfc2104

	Introduction 
	Related Work 
	Preliminary 
	The Proposed Protocol 
	Network System Model 
	Vehicles Registration 
	Key Generation and Distribution 
	Key Generation 
	Key Authentication 
	Key Reconstruction 


	Numerical Examples 
	Key Generation Example 
	Key Reconstruction Example 

	Security Analysis 
	Resistance to Key Recovery Attacks 
	Key Confidentiality 
	Key Authentication 
	Dynamic Key Updating 
	Threshold Key Reconstruction 
	Security Analysis Comparison 

	Performance Evaluation 
	Computation Overhead 
	Communication Overhead 

	Conclusions and Future Work 
	References

