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Abstract: Secure information exchange occurs in many recently emerging cooperative-based networks,
such as 5G networks (especially those with a Device to Device architecture), the Internet of Things,
and vehicular ad hoc networks. However, the existing information exchange protocols only focus on
either pairwise information exchange or group information exchange, and none of these protocols enable
private and public information exchange to occur simultaneously. Thus, a general secure information
exchange protocol for a multiuser channel is desirable. With this motivation, this paper investigates
simultaneous private and public information exchange in a Multiple Inputs Multiple Outputs (MIMO)
multiuser relay channel. In an aim to achieve this goal, signal alignment is chosen as the core technique.
With the designed precoding matrix for each user, private information is aligned with its exchange
partner, and public information forms a coding chain at the relay. With the aligned private signal and
public coding chain, neither an untrusted relay nor external eavesdroppers can recover the original
individual information. Performance analyses of the proposed protocol are conducted. First, we conduct
transmission performance analyses from the perspective of time slot cost. Second, we conduct a security
analysis for private information exchange and public information exchange. Third, we conduct secrecy
sum-rate analysis for three attack scenarios: an untrusted relay attack only, an eavesdropper attack only,
and both an untrusted relay and eavesdropper attack. The simulations are conducted to demonstrate that
the proposed protocol can enable simultaneous private and public information exchange while resisting
attacks by an undesired receiver, an untrusted relay, and external eavesdroppers.

Keywords: multiuser relay channel; private information exchange; public information exchange; physical
layer security; secrecy sum-rates; MIMO

1. Introduction

With the development of Information Technology (IT), the past half-century has witnessed the coming
of a new age, namely, the Information Age. Almost everyone’s life has benefited tremendously from the
evolution of wireless communication, and many novel techniques have optimized the performance of
wireless networks. Among these techniques, cooperative communication is playing increasingly important
roles in emerging wireless communication networks. So-called cooperative communication is a concept
that enables wireless network users to communicate through one or multiple helper nodes, which are
known as relays. With the help of cooperative relays, the system can obtain a better path loss gain,
diversity gain, and multiplexing gain. These advantages have led to the increasing involvement of
cooperation-based networks in the architecture of emerging mobile systems to an extent that is similar to
that of Device-to-Device (D2D) networks [1] and heterogeneous networks (HetNet) [2,3].
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Although the evolution of wireless communication techniques has evidently improved their
transmission efficiency, there are still many hidden risks that hamper further development. Among
those risks, the security problem is a constant and significant issue. Wireless communication is more
vulnerable to attacks than wired communication. In a wireless network, a trade-off is sometimes necessary,
and transmission resources are reduced to satisfy security requirements. In particular, with the increasing
development of many new techniques, such as supercomputers and cloud computing, the traditional
cryptography-based security strategy will face unprecedented challenges [4,5]. Thus, a brand new direction,
such as physical layer security (PHY security), should be considered to secure wireless communication
systems. In a physical layer security approach, key sharing is unnecessary, so key management can be
avoided. Besides that, PHY security can obtain a good balance between security, efficiency, and complexity
to achieve high transmission efficiency as well as information-theoretic security at a limited cost.

With this motivation, we aim to investigate physical layer secure information exchange in a common
cooperative communication model, namely, a multiuser relay channel. In addition, massive MIMO has
been stipulated to be one of the key techniques for 5G, and multiple antennas have been equipped in
mobile devices as well as giant equipment. These factors all reflect the significant value of multiple-antenna
techniques, in both theory and practice, for future wireless systems. Thus, we consider the MIMO system
in this work.

PHY security in cooperative relaying was first considered in [6]. In [7], the security problems in a
cooperative relaying system were divided into two parts depending on the relay adversarial model: (1) the
untrusted relay model and (2) the trusted relay model.

In the trusted relay model, the relay facilitates a secure transmission for legitimate users. PHY security
was studied for one-way relay in [8]. In [8], different relaying protocols, namely, Amplify-and-Forward
(AF), Decode-and-Forward (DF), Compute-and-Forward (CF), and Noise-and-Forward (NF), were
discussed in the context of security. The letter [9] proposed two cooperative beamforming schemes
for the AF model: the secrecy rate maximization scheme and the null-space scheme. MIMO one-way
relaying was investigated in [10] using a scenario in which the attacker has access to the global CSL
Another approach to PHY security in cooperative communication is the use of a supportive jammer.
In [11], artificial noise signals were transmitted by supportive jammers to protect the transmission in a
two-hop system. To maximize the secrecy capacity, the authors of [12] proposed a scheme in which the best
channel condition relay is in charge of information relaying, while other relays are in charge of sending
jamming signals. The work in [13] considered a more complex model in which multiple sources transmit
signals to multiple destinations with multiple relays through a smart jamming algorithm.

In the untrusted relay model, the relay itself acts as an untrusted node that may attempt to
illegitimately recover the information contained in messages from users. This is a common situation in
the ad hoc network since many potential unfriendly devices exist in such networks, and some of them
are eager to wiretap messages by providing fake assistance. In the context of security, relay selection is
an effective way to prevent an active attack on the relays. However, it is difficult for the relay selection
method to identify relays that will obey the transmission protocol but are curious about the information
they are relaying. Thus, PHY security plays more roles in this type of model. Relay selection schemes in
the context of security have been the focus of many studies [14-16]. The secrecy capacity was investigated
using the untrusted relay model in the pioneer work of [6]. Following that, the work of [17] showed
that a higher secrecy capacity could be achieved with a CF strategy. A method that combined jamming
and relay selection was proposed in [18] to prevent untrusted relays in a two-hop cooperative network.
An interesting scheme was proposed in [19] in which the receiver acted as a helper by sending jamming
signals to the untrusted relay. The work of [20] extended the research on the signal antenna system to the
MIMO system for untrusted relays.
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The two-way trusted relay model is another system that has great potential for improving the overall
network performance in terms of efficiency as well as security. Usually, a DF protocol is applied at the
relay, and with the relay’s decoding, the information forms an integration at the relay (see [21,22]). The
MIMO technique could provide more PHY redundancy for secure transmission. In [23], an analog network
coding scheme and distributed beamforming scheme were applied to obtain secure transmission and
prevent one eavesdropper. Another null-space precoding approach was proposed in [24], in which the
secrecy sum-rates were optimized with different power constraints. The authors in [25] presented a PHY
network coding design with secure precoding for two-way MIMO trusted relay channels.

A number of recent works have focused on secure transmission in a MIMO multiuser relay channel.
In [26], multiple source nodes transmitted private information to multiple destination nodes with the
help of multiple relays. The work in [27] investigated multiuser secure communications with the Base
Station using direct links as well as multiple relays. In [28], secure transmission was obtained by
trading off reliability for multiuser Single Input Multiple Output (SIMO) relay channels. Moreover,
in [29], secure downlink broadcasting was obtained with the help of a regenerative relay in a physical
layer security approach. All these studies have proposed effective physical layer security protocols for
multiuser relay channels; however, they have only focused on enabling one-way information forwarding
instead of information exchange. Using a two-way untrusted relay model, the authors in [30] proposed a
beamforming method for secure information exchange. In particular, this paper considered the untrusted
relay situation, which is the first for relay channels. Moreover, the concept is of great value because it
utilizes the alignment of the transmitting signals to provide users with security. Furthermore, secure
information exchange was extended to multi-hop in [31,32], in which security was the basis of PHY
network coding.

Two types of secure information exchange exist in a multiuser relay channel on account of there
being multiple users. On the one hand, users can exchange private information with other specified users.
In this direction, several works have focused on signal processing methods for each information exchange
pair [33-35]. However, none of them have addressed the security problem in a multiuser relay channel.
The authors of [36] were the only ones to propose a physical layer security scheme that was based on
interference alignment. On the other hand, users can also exchange public information with all other
users. In other words, all users are broadcasting their information and receive information from all other
users; thus, this type of exchange is also called group information exchange (see [37]) or full information
exchange (see [38,39]).

Another consideration is that cryptography approaches are still the main methods for securing a
multiuser relay channel. In private information exchange, each communication pair shares a secret key
to encrypt its own information. This situation is identical to typical end-to-end encryption. Since the
conditions differ for public information exchange, algorithms have been developed for group situations
particularly. The authors in [40] proposed a broadcast encryption protocol that enables one sender to
broadcast its information to all other users. However, this protocol cannot be used for private information
exchange. Fast group key agreement is a development for public information exchange and was studied
in [41], but the generated key can only be used for encrypting public information, which can be decrypted
by all other users in the group.

The literature review reveals that practical protocols have been proposed for either private information
exchange or public information exchange, and none of these approaches enable the simultaneous
occurrence of the two types of information exchange. Thus, it is desirable to design a novel protocol that
allows for the secure exchange private information as well as public information. With this motivation, we
propose a protocol for private and public information exchange using a physical layer security method.
The core technique of the protocol is signal alignment, which forms a summed signal for each private
information exchange partner and a coding chain for all public information.
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The contribution of this work can be summarized as follows:

*  We propose a novel physical layer secure protocol that enables simultaneous private information
exchange and public information exchange. With a designed precoding matrix for each user, the
private information of one user is aligned with its exchange partner, and the public information forms
a coding chain at the relay. For the relay, the summed signal and coding chain cannot be divided
into separated individual information. To an external eavesdropper, each transmitted signal acts as
interference for other signals. To the best of our knowledge, this proposed protocol is the first to
enable simultaneous private information exchange and public information exchange.

*  We conducted a performance analysis of the proposed protocol. First, a transmission performance
analysis was conducted from the perspective of time slot cost. We compared the time slot cost of the
proposed protocol with that of the well-known Time Division Multiple Access (TDMA) protocol and
network layer network coding protocol. Second, a security analysis was conducted. We analyzed
attacks from different nodes for the both the private exchange and public exchange. Finally, a
secrecy sum-rate analysis was conducted under three scenarios: an untrusted relay attack only, an
eavesdropper attack only, and both an untrusted relay and eavesdropper attack.

*  We demonstrate the performance of the proposed protocol with simulated numerical results. First, we
show the numerical difference in time slot cost between the proposed protocol and the well-known
TDMA and network coding protocols. Second, we show the bit error ratio between the intended
receive node and the untrusted relay and the external eavesdropper. Finally, we show the numerical
results of the secrecy sum-rates under the three different attacks described in the previous item.

The rest of this paper is organized as follows. Section 2 introduces the basic transmission model and
the security model. With the described system model, Section 3 proposes a novel physical layer secure
protocol that enables simultaneous private and public information exchange for a MIMO multiuser relay
channel. Section 4 describes the performance analysis of the proposed information exchange protocol,
and the performance analysis results from multiple simulations are demonstrated in Section 5. Finally,
Section 6 concludes this work and describes possible future works that build on this paper.

2. System Model

In this section, we introduce the basic system model and some preliminaries for the proposed
protocol. The transmission model, the security model, and basic conditions and definitions are introduced
sequentially.

2.1. Transmission Model

The basic model for the protocol is depicted in Figure 1. In this model, N users are willing to exchange
information via one relay. In particular, we distinguish between information that is exchanged by a public
message and a private message, and, to the best of our knowledge, this is a novel distinction. We discuss
the details of these two types of messages in the section that addresses the security model.
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Figure 1. System model for a MIMO multiuser relay channel.

The proposed protocol involves two time slots. In the first time slot, all N users send their
signals simultaneously to the relay. After a simple operation, the relay broadcasts its signal to all N
users. In our protocol, the relay does the physical layer network decoding first and then generates the
signal to be broadcast in the second time slot. In other words, the proposed protocol is designed as a
Decode-and-Forward (DF) model. Usually, the first time slot is called the uplink phase or multiple-access
(MAC) phase, and the second time slot is called the downlink phase or broadcast (BC) phase.

If we consider the MIMO system, then all nodes in the system are equipped with multiple antennas.
There are N; antennas equipped for user i and N, antennas equipped for the relay. We also assume that all
the nodes work according to the half-duplex model.

We now move on to the formulation of this transmission model. In the MAC phase, each user applies
physical layer network coding to its message. We use m; to denote the message to be transmitted for user i,
and ¢; denotes the coded message. Then, we have ¢; = £ (m;), in which £ denotes physical layer network
coding. With the coded message, each user applies a precoding matrix P; to form the transmitted signal
X; as

Xi = PiCi. (1)

In addition, the power constraint for the uplink phase is

1=

Tr (Q;) < Pr, 2
i=1

where Pr is the total transmission power of all users, and Q; is the input covariances for user i. Q; is
represented by Q; = E (X;X!) = E (p;c;icip!), where E (-) is the expectation operator. Furthermore, the
codewords are all independent, so E (¢;c; = I). Then, Q; is Q; = E (p;p!). Each user’s transmitted signal
must satisfy this constraint, which is adopted especially for power allocation. The allocated power directly
affects the signal-to-noise ratio at the receiver, and it correspondingly affects the secrecy sum-rates. Thus,
the optimization of power allocation is significant for the optimization of secrecy sum-rates.
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After the transmission of the uplink phase channel, the relay obtains the receiving signal as

N
Yr =) HigX;+ng
i—1
N
=) _H;rPic; + ng,
i—1

®)

where H;  is the uplink channel state matrix. We assume that all channels are flat fading, so H; g remains
constant during the scheme with the entry of symmetric complex Gaussian random variables with a
zero mean and unit variance. ng is the noise vector at the relay and modeled by n, ~ CA/(0, 1y, ). The
estimation of H; g will be discussed in the end of this subsection.

With the receipt of Yg, the relay decodes and broadcasts the converged messages to all users, and the
signal to be broadcast in the downlink phase is denoted by Xg. Similar to the uplink phase channels, the
downlink phase channels are also assumed to be flat fading channels, and the channel matrix between the
relay and user i is denoted by Gpg ;. Thus, the received signal for user i in the downlink phase Y; can be
written as

Y; = Gg,iXg +n;, 4)

where n; is the noise vector at user i and modeled by n; ~ CN(0,Iy;).

With the received broadcast signal from the relay, each user recovers the message transmitted to it
with the help of its own message. The decoding at the user is detailed in a later section.

We will have a very brief discussion on the channel estimation for our proposed protocol. The
introduced estimation algorithm is designed with the least overhead and computation cost, so the accuracy
of this estimation is limited. Just like the other trade-off problem, we must choose either accuracy or low
cost. More complicated channel estimation may be found in [42-45]; however, these approaches must be
modified before they directly use in the multiuser relay channel.

It is also takes two time slots for the channel estimation for multiuser relay channel. In the first
time slot, all of the user nodes send their training vector s; to the relay. The training vectors are from a
orthonormal set, so s; x s = I'and s; x s; =0.

By transmitting the training vector, the relay obtains the received signal as:

H;rs; +ng, . . )

Rirain

M=

Il
-

In the second time slot, the relay broadcasts the received signal to all the users. Then, for user j,

we have:
thrain :GRerRﬂ’afll + njrrain
N (6)
:GR'j Z Hi/RSi + HRrjnRtruin + njfmin'
i=1
Right multiplying s, and recalling s; x s} = I and s; x s} = 0, we have:
Y. —Y. t
Y]train _Y]tmin si (7)

:GR,jHj,R + 1,
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ain s]t-, is the equivalent noise vector at the user j. In addition, we assume

the up-link channels and down-link channels are reciprocal channels, then we have Gg; = Hf»/ r- Thus,
with (7), we can use maximum likelihood to decode and compute H; .

~ . t .
where i = HR,]“Rmmsj +n;

2.2. Security Model

We propose a protocol that enables coinstantaneous private information exchange and public
information exchange. These two types of information exchange face different potential security hazards.

Private Information Exchange

In the private information exchange, two of the multiple users exchange private information with
the help of the relay. In this case, the attack can originate from three terminals: external eavesdroppers,
untrusted relays, and other N — 2 users.

External Eavesdroppers: Because of the broadcast nature of wireless communication, eavesdroppers
exist in the network. External eavesdroppers try to recover private information from users by wiretapping
the uplink phase channels as well as the downlink phase channels. In the uplink phase, we denote an
eavesdropper that attacks user j by E;. We assume that multiple eavesdroppers cannot collude. This
assumption is significant and reasonable given that the transmitted signals from the users are independent.
Therefore, all the eavesdroppers are also independent of each other. Moreover, if one eavesdropper can
wiretap two users at the same time, this eavesdropper can be viewed as two separate eavesdroppers.
The received signal at the eavesdropper contains two parts: the desired signal from the user that the
eavesdropper is attacking and the equivalent noise signal from other users. The channel matrix between
user i and eavesdropper j is Hg, . Therefore, the received signal at eavesdropper j is

N

YEi = Z% HE,-]-Xi + ng, (8)
i=
=

where ng.is the noise modeled by ng; ~ CN(0,1In,).

Eavesdroppers can also wiretap the relay in the downlink phase; however, they cannot obtain more
information because of the data processing inequality. Thus, we only consider uplink phase eavesdroppers
in this work [46].

Untrusted Relay: In a pessimistic assumption, the relay itself may launch attacks on the information to
be exchanged. With an untrusted relay, the relay itself first obeys the transmission protocol to accomplish
the information exchange. However, the relay may also be curious about the transmitted message from
the users. This type of relay is also known as an honest-but-curious relay. The relay has some obvious
advantages in launching an attack in this scenario. First, the relay participates in the transmission and is
an authenticated node. Thus, the authentication-based strategy does not stop this attack. Second, the relay
is the receiver in the first phase of the scheme and the transmitter in the second phase, so the classical
wiretap channel model is not suitable in such a situation. Finally, the relay has the authority to establish
direct contact with messages from users according to the protocol.

Untrusted Users: In private information exchange, some users may also be curious about the private
information transmitted by other users. Thus, an attack by untrusted users is considered in the private
information exchange in addition to the above two types of typical attacks. In this situation, every user
could be serving two roles: one is as an exchanger of private information, and the other is as an attacker
to obtain other users’ private information. With the assumption that all nodes work according to the
half-duplex model, users can only launch an attack after receiving the broadcast signal in the downlink
phase, after which they try to recover other users’ private information.
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Public Information Exchange: In public information exchange, a group information exchange is
formed for all users. With this consideration, attacks can only originate from external eavesdroppers and
untrusted relays. These two attacks are similar to those for private information, but, in this case, the attacks
are curious about the group information rather than private information. Thus, we do not go detail about
the attack model for public information exchange.

External Eavesdroppers: Public information eavesdroppers try to recover public information from
users by wiretapping the uplink phase channels as well as the downlink phase channels. The assumption
for such eavesdroppers is identical to that for eavesdroppers in private information exchange. In fact, the
received signal at the eavesdropper contains both private information and public information. Thus, we do
not distinguish between the private information eavesdropper and the public information eavesdropper.

Untrusted Relay: We also consider an untrusted relay in public information exchange to be an
honest-but-curious relay. Thus, the relay tries to recover public information from the coding chain formed
after the uplink transmission.

3. Proposed Protocol

In this section, a novel physical layer secure protocol that enables simultaneous private and public
information exchange for a MIMO multiuser relay channel is proposed. As the core design principle, the
signal alignment technique and physical layer network coding are conducted at each user node.

3.1. Negotiation Phase

Before the real transmission process, each node negotiates with the relay to confirm the transmission
status and obtain the subchannel order number allocated to the user to exchange its private message and
public message.

The negotiation phase contains three steps:

Step 1: the users who wish to exchange information send a request to the relay. For each user, the
request also contains the number of the private information exchange partner. For example, if user 2
is willing to exchange information with users 3 and 5, then user 2 will send number 3 and 5 inside the
request.

Step 2: The relay collects the request from the users and computes the sorting of private information
partners. Before sorting, the relay first matches the information partners. Notably, only the two users that
send the request to the relay are allowed to exchange the private information. Users that fail to find a
partner are fed back an invalid private information exchange sign with the partner number. The sorting
rule is that a user with a small user number is sorted first. For two pairs of partners, the user numbers are
first compared, and the smaller one is placed at the front of the sorting table. If the two pairs of partners
have the same small user number (i.e., one user exchanging information with two different users), then we
compare the other user’s number. After the sorting of all valid partners, a sorting table is formed.

Step 3: After sorting private information exchange partners, the relay feeds back information to the
users. The information includes two parts: the sorting result for the private information partners and the
information about the private data stream number. User i exchanges d,,;, private messages, and the total
number of private information partners is denoted by d ;. Clearly, we have d,,; = 2 * d};;;;. We introduce
how this information is used in detail in the section that describes the designing of the precoding matrix.

3.2. Uplink Phase

Similar to the description in the previous section, the message vector to be exchanged for user i is
m;. Each user applies physical layer network coding before transmission. In this work, we consider the



Entropy 2019, 21, 1054 9 of 27

simplest physical layer network coding, namely, Binary Phase Shift Keying (BPSK) coding. The encoding
progress for user i can be written as

. +1, form;(j) =1,

Cl(]) {_1, form,»(j) —0. ( )

It is worth noting that this denotation does not distinguish between private information and public
information. To distinguish these two types of information, we denote the message containing private
information by m; p,,; and the message containing public information by m; ;. Accordingly, the coded
vectors are ¢;_p,; and ¢;_pyp-

With the coded message, each user applies a precoding matrix to form the transmitting signal. The
precoding matrix accomplishes three main functions: (1) it reduces the transmission interference, (2) aligns
the private information of one exchange partner at the relay, and (3) forms a public information chain at
the relay.

The three functions are carried out by designing the precoding matrix for user i as

P; = V,L 'URLY;. (10)

The precoding matrix contains four parts. The first part is the first three matrices that come from the
Singular Value Decomposition (SVD) of the uplink channel matrix H; r to reduce channel interference
in the uplink channel. The second part is called rotation matrix R to improve the power loss of naive
zero-forcing. The third part is called channel allocation matrix L;, which allocates subchannels to intended
users. The last part is the power allocation matrix, which allocates power to each subchannel.

With SVD, the uplink channel matrix H; g can be rewritten as

H; g = ULV}, (11)

where U; and Vlt- are orthogonal matrices defined by U; - Uf =1, Vf- -V; = I .and the rows and columns of
these two matrices are orthonormal. X; is a diagonal matrix that collects singular values of H; , arranged
in descending order.

With the first three matrices, H; - P; can be written as

H;r P, =UL, Vi -V, U RL¥;

-1 (12)

=RL;Y;.

It is known that the power loss is very serious with the zero-forcing approach; in particular, the
channel matrix is ill-conditioned. Thus, it is desired to improve the naive zero-forcing approach to generate
the subchannels. We review some literature which also concentrates on avoiding the power loss suffered
with naive zero-forcing, especially the work in [47] is designed for MIMO relay channel. However, the
work in that paper is designed for only two users, so we must modify the precoder there to satisfy the
multiusers relay channel.

With zero-forcing for the physical layer network coding in MIMO relay channel, each user conducts
channel inversion. Orthogonal subchannels are generated with zero-forcing precoder. To improve the
power loss suffered by the naive zero-forcing, the work in [47] introduces a rotation by multiplying an
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orthogonal matrix for the eigendirections of the aligned subchannels. Because the rotation matrix is
orthogonal, the orthogonality of the subchannels is preserved; however, the power loss is avoided. The
detailed theoretical analysis for the benefit of such rotation can refer to [47]

Before designing the rotation matrix R, we first define a transition matrix T as:

N
T2 ) Uz U (13)
i=1

We take eigendecomposition to the transition matrix T as:

T = UrArU%, (14)

where U7 is an orthogonal matrix and A7 is a diagonal matrix containing the eigenvalues of T.
With Equation (14), we choose the rotation matrix as:

R = Ur. (15)

Finally, we have some complement explanation that the computational of rotation matrix R is done
by the relay, for only the relay is aware of all the channel states to compute the rotation matrix, and the
relay is able to broadcast this matrix with least communication overhead.

The matrix L; is called the subchannel allocation matrix for user i. With this matrix, the user
aligns its private information with its exchange partner(s) at the relay to form a superposition message.
Simultaneously, the user aligns its public information with its two neighboring users to form a coding
chain at the relay.

The design of the subchannel allocation matrix is relevant to the feedback from the relay in the
negotiation phase. We take user i as an example. The design of the subchannel allocation matrix contains
two parts: one is the design for private information Li. and the other is the design for public information
Lipub'
Note that only the subchannels for user 1 are defined successively because of the sorting rule in the
negotiation phase. We assume that user i/ exchanges private information with user u and user v. Pair (i,u)
is the mth pair in the sorting table, and pair (i,v) is the nth pair. Then, Lilm. for user i is designed as

With the sorting table, user i computes the subchannel numerical order for the private information.

m
——
t 000...010... ... 00
o 000...0...010...0
—_—

n

Lipn. has a size of N, * 2. In fact, the design Lip”. chooses the mth and nth columns of an N, * N, identity
matrix. With such a design, the message to be exchanged with u is allocated to the mth subchannel;
similarly, the message to be exchanged with v is allocated to the nth subchannel.

The design principle for Lipub is to allocate two successive subchannels to one user to form a coding
chain. The subchannels for the public information exchange follow the subchannel of the previous private
information exchange pair. The number of total private information pairs is d,,;, which is broadcast to the
users in the negotiation phase. Thus, user 1 first aligns its message with user 2 in the d;,;; + 1th subchannel.
Then, user 2 aligns its message with user 3 in the d,,; + 2th subchannel. Similarly, each user from user 3
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to user N — 1 aligns its message with the previous and subsequent user. User N — 1 aligns its message
with user N in the dy,,; + N — 1th subchannel, but user N does not have a subsequent user. User N aligns
its message with the first user in the d,; + Nth subchannel. Thus, user 1 is also allocated the d,; + Nth
subchannel. We show the mathematical expression of Limb fori > 1 in Equation (17):

dpri""i_l
t _ e N——
Li,, = {000...010...0] - (17)
000...001...0
For user 1, Llpub is designed as
o 100...00 s
Lw = 1000...01|

With L; , and Li designed, user i computes the channel allocation matrix as

L = [Lipn. Liwh] . (19)

The last part of the design of the precoding matrix is the power allocation matrix ¥;. For user i, the
power allocation vector allocates power to each subchannel created by the former matrices. The allocated
power can linearly amplify the coded message to successfully reach the receiver (i.e., the relay). If more
power is allocated to one subchannel, the transmitted signal enjoys a better chance of resisting error.
However, the total power must usually satisfy the power constraint in Equation (2). Thus, designing the
power allocation matrix is also a significant problem.

Usually, we use secrecy sum-rates as performance metrics for power allocation. The optimization of
power allocation is significant for secrecy sum-rates, but the optimization problem under such a constraint
is non-convex. One possible solution to this problem contains two steps. In the first step, each user applies
a water-filling algorithm to its own subchannels, and, in the second step, the system finds the optimal
solution to the secrecy sum-rates of the whole system. We mainly focus on proposing a practical protocol
in this paper, so we do not go into detail about the optimization of power allocation. Furthermore, we only
consider unitary power allocation in this paper, so all the elements in the power allocation matrix are the
same. Thus, we take it as one in the rest of this paper for a better analysis. The optimization problem will
be a significant part of future work that builds on this paper.

3.3. Relay Operation

After the precoding, all the users transmit their signals to the relay. With the precoding design in (10),
the received signal at the relay can be rewritten as

N
Yr = Z H; gP;c; +ng

—_

I
™=

UL, VIV,E 'UIRL;c; + ng (20)

i=1

N
=R Z Lic; + ng.
i=1
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Due to the fact that R is an orthogonal matrix, we can obtain the equivalent received signal by left
multiplying R. In addition, the subchannel allocation matrices are designed to align a user’s private
information with its private information exchange partner and users’ public information with their two
neighboring users. Then, the received signal at the relay can be rewritten as

Yr =R'Yr

_ N1, (m) + cq,,(7) +ng (1)
Clpub + C2pub

Czpub + C3pub

CN*lpub + CNpub

CN pub + Clpub i
From (21), we can clearly see that the received signal at the relay now is a summed signal plus the
noise vector. In the next step, the relay removes the noise vector and decodes the summed signal back to
the binary field. Recall that we assume that the noise vector is ng ~ CN (0, INR) and that the decoding
rule is the threshold of the summed signal, so the decoded elements of the summed signal at the relay are
< . 1,  |Yr()] <1+4+1n2/2,

Y = 22

sum (1) {0, otherwise. (22)

Note that Y., contains all private information as well as public information from all users. In addition,
in view of the binary field, each bit of the decoded signal is a modulo-2 sum of two messages, that is,
Youm (i) = My, ® My, or Youm (i) = Miy, © Mig1

The relay applies BPSK encoding for Ysum as

pub®

=1
N i ! 23
-1,  for Ysum(j) = 0. (23)

e (j) = {+1, for Yaun )

Then, the transmitting signal Xy is generated for the downlink phase as Xg = crr, where  is the

power allocation vector for the downlink phase channels. Similar to the case for the uplink phase, we only
consider unitary power allocation in this work.

3.4. Downlink Phase

The relay broadcast Xy in the downlink phase is presented here. We take user i as an example. The
main function of the downlink phase is that all the users correctly recover Ysum and obtain the private and
public information.

In contrast to the uplink phase, in which channel interference is reduced by the precoding, in the
downlink phase, each user applies a detective matrix D; to carry out this function. Additionally, the
detective matrix divides the messages transmitting to user i. For the received signal described in (4), we
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have Y; = D;Gg,;Xg + n;. By designing D; = R'U;(Xf) _1Vf and recalling that we have the reciprocal
channel assumption defined by Gr; = Hf r» We have

Yz‘ :DiH%,jXR + n;
-1
=Ui(Z)) ViViZUXg +n;: 24)

=CR + n;.

It is worth noting that Y; contains all the aligned private information as well as the public coding
chain. User i obtains the aligned private information by left multiplying L; , as
Y ipri :Lipri * Yi
Cipr,‘ (1) + Cupri (1)
Cipyy (2) +co,,(1) (25)
= o + A
prri<l) + Cipri<dprii - 1)
Cppri (m) + Cl‘pn’ (dprii)
where n; = Li,, *n;
For (25), user i conducts decoding to recover the message from its private information exchange
partner with the help of its own exchanged private messages. The decoding rule is
1em; (), Y; .(j) >0,
b () = iy (J) iy (/) : 26)
pri 0®m, (j), otherwise.

Thus, Yi’m, (j) is the recovered exchanged private message from user i’s jth exchange partner.

For the public exchange information, user i obtains the coding chain and recovers all the other users’
public messages with the help of its own public message ;. Recall that the design places the public
information coding chain in the d,; + 1th to d,,; + Nth subchannels. Thus, we left multiply the matrix

Lipub as
Lipub = [Odpri*dpri IN*N:| . (27)
With L; . we extract the coding chain as
ipuh :Lipub * Yl
Clpub + Czpub
Czpuh + Cspuh (28)
= e =+ nipub’
CN_lpuh + CNpub
CNpub + Clpub

where i, = Lipub * ;.

With Yi,mb' user i recovers the public message from all other users with successive decoding. First,
user i decodes the messages from its two neighbors. Taking user i — 1 as an example, we have

X {1691111- Y, (i—1)>0, 29)

. _ pub’ ipub
ml_lpub

14 Mir otherwise.
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We can similarly recover 7f1; 1 ..
pub
With recovered Mi1,,, and s, USer i successively recovers Mi2,, and 120 followed by
;3 . and ;3 until 771y and iz .. Thus, one round of information exchange is finished.
pub pub pub pub

3.5. Example for N = 3

We use an example to show how the precoding matrix provides the expected result. We set the user
number to 3, and we assume that each user exchanges one private message and one public message with
the other two users.

From Equation (10), we can see that the first three matrices are designed to reduce interference from
the channel, and the power allocation matrix is a unitary matrix with unitary power allocation. Then, we
can only focus on the design of L;. According to the design principle, Ly for user 1 is

(30)

O O = O O O
_ O O O O O

o O O O O
o O O O~ O

With (30), the first, second, fourth, and last subchannels are allocated to user 1. These four subchannels are
used to transmit user 1’s coded messages, and the detailed arrangement is that the first subchannel is used
for aligning the private coded message ¢, (1) with user 2, the second subchannel is used for aligning the
private coded message 1, (2) with user 3, and the fourth and last subchannels are used for the public
coded message ¢y .. Thus, the code vector of user 1 is

C = pri ) . (31)
Clpub
Clpub

User 2 aligns ¢y, (1) with user 1 in the first subchannel, aligns ¢y, (2) with user 3 in the third
subchannel, and aligns its public coded message ¢z, in the fourth and fifth subchannels. Thus,

(32)

S O O O O
S O O = O O
O O = O O O
O =R O O O O
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Similarly, the design of L; is

S O O O = O

L, (33)

O =R O O O O
= O O O O O

S O O = O O

We now discuss the received signal at the relay. Recalling Equation (20) and H; - P; = L;'¥;, we have

_Cl (1) + CZP,,' (1)_
(2) +c3,,(1)
Co n.(2) +c3 ” (2)
Yr=|"" 4 + ng. (34)
c1,, +C2

Czpuh + 3

pri

Clpri

pub pub

pub

C3pub + Clpub

We can see that all the coded messages are all aligned in the desired subchannels. Thus, the uplink
precoding matrix design can provide the expected result.

The relay broadcasts these aligned coded messages to the three users. After left multiplying the
detective matrix for each user, the aligned coded messages can be obtained by the three users. According
to Equations (25) and (28), each user extracts private aligned messages and the public coding chain. With
user 1 as an example, the recovered private aligned messages are

. :L1 i *Yl

P
ey, (1) e, (D (35)
- [cf (2) +c3,,,(1) | T

pri

With (35), user 1 conducts decoding and removes its own message following the rule in (26). Then, user 1
recovers the private messages m;,,, (1) and m3,,, (1) from users 2 and 3.
Similarly, the recovered public coding chain is
Ylpub :tlpub * Yl

Clpub + Czpub (36)
+3,, | T 1

+ 1

= Czpub pub”

C3

pub pub

With (36), user 1 recovers the public messages from the two other users following the decoding rule in
(26). The process is identical for users 2 and 3.

4. Performance Analysis

In this section, we present the performance analysis of the proposed information exchange protocol.
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4.1. Transmission Performance Analysis

Because alignment is formed for N users at the relay, the total number of time slots is reduced in
our proposed protocol. As described for protocol processing, the proposed protocol only costs two time
slots. We denote the time slot cost as TSppy for the proposed physical layer secure information exchange
protocol, and TSppy = 2. Note that TSpyy is a constant that does not change as the number of users
increases.

To demonstrate the benefits of the time slot cost in our proposed protocol, we compare it with two
well-known protocols in multiuser relay channels: the naive TDMA protocol and the network layer
network coding protocol. For the naive TDMA protocol, only two users can participate in one round of
information exchange. In each time slot, only one user can communicate with the relay in the half-duplex
model; thus, four time slots are required in one round of information exchange. In total, CIZ\, * 4 time slots
are required for all N users to carry out information exchange:

TStpma = C #4 =2N x (N —1). (37)

For naive TMDA, group information exchange is accomplished by arranging every two users’
exchange information in four time slots. However, this approach is extremely inefficient when the
user number is large. The numerical results are shown in Section 5.

Network layer network coding is another approach to group information exchange for a multiuser
relay channel. The network layer network coding approach can also be divided into two phases. In the
first phase, each user sends its network layer network coded message to the relay successively in N time
slots. In the second phase, the relay generates a converged message with all received coded messages and
broadcasts it in the N + 1th time slot to all users. Thus, the time slot cost of this protocol for N users is
TSNet = N+ 1.

Although the time slot cost still appears to be acceptable if the user number is not very large, only
public information can be exchanged in an insecure approach. If an eavesdropper wiretaps the uplink
channel, it can directly obtain transmitted messages. Moreover, private information is not available with
the network layer network coding approach. These problems can all be solved by applying the proposed
protocol, and, in the next subsection, we show how the proposed protocol protects users’ information from
an external eavesdropper and an untrusted relay for both private and public messages.

4.2. Security Analysis

The proposed protocol is designed to enable two users to exchange private information and all
users to exchange public information securely. As described in Section 2, for the private information
exchange, we consider attacks from an external eavesdropper, an untrusted relay, and other users. For
public information, we only consider attacks from an external eavesdropper and an untrusted relay.

Private Information Exchange

For private information exchange, three types of attacks should be considered. First, we should
consider attacks from external eavesdroppers. To the external eavesdropper, the received signal is a
superposed signal of each exchange pair. In contrast to the relay, which distinguishes these signals and
orders them in their corresponding subchannels, the external eavesdropper receives every transmitted
signal as artificial noise from all other signals. Thus, the external eavesdropper has difficulty recovering
any exchanged information in the uplink phase. In the downlink phase, although the eavesdropper can
directly wiretap the broadcasted signal, it can only obtain a summed signal that cannot be divided into the
original individual information from the users.
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With the untrusted relay, although the transmitted signals can be distinguished and ordered into the
corresponding subchannels, the received signal in each subchannel is also an aligned signal of two users.
Thus, the untrusted relay also cannot correctly recover the original individual information of each user.

For each exchange pair in the private information exchange, all other users can act as an attacker.
The users can only receive signals in the downlink phase in the half-duplex model, so user i (acting
as an attacker) can only launch an attack on the received Y;. However, each user is only aware of its
own arranged subchannel order, so it is difficult to obtain the particular subchannel number of a private
information exchange pair. Furthermore, even if it can obtain a particular number of an exchange pair, the
attacking user can only recover an aligned signal of two users in the same manner as the untrusted relay.
Thus, we can conclude that the proposed protocol enables private information exchange in the multiuser
relay channel.

Public Information Exchange

For public information exchange, two types of attacks should be considered: the external eavesdropper
and the untrusted relay. Because each node can obtain public information, this information is not concealed
from others. To the external eavesdropper, all the transmitted signals from users form a superposition of
all eavesdroppers, and no eavesdropper can distinguish public information from each user.

To address an attack by the untrusted relay, we first recall that the public information forms a coding
chain at the relay. The coding chain is from the d;,;; + 1th element to the d,; + Nth element of Yg, and
each element is the sum of two successful public information exchanges. Thus, the relay can only receive a
summed signal that cannot be divided into the separated exchanged public information from each user.

Security Analysis of Some Other Well-Known Protocols

We also conducted a security analysis on some other well-known protocols for the multiuser relay
channel. Because the TDMA protocol is limited in promoting security for exchanged information, we
only discuss the cryptography approach, the network coding approach, and the secure group information
exchange protocol proposed in [37].

In the cryptography approach, each node runs an encryption algorithm before the transmission. With
encryption, attacks from external eavesdroppers can be strongly resisted. However, the existing encryption
algorithms all need an authorized center to arrange the keys, and the relay always acts as the authorized
center in group information exchange. Thus, this approach cannot resist the untrusted relay attack.
Furthermore, the cryptography approach enables private information exchange and public information
exchange with different encryption algorithms. Thus, this approach cannot allow simultaneous public and
private information exchange. Besides these issues, the system and computation complexities are very
high, so this protocol is not suitable for the power constraint of the system.

In the network coding approach, two phases are required to complete one round of information
exchange. In the first phase, each node sends its coded information to the relay one by one, so it takes n
time slots for n users. In the second phase, the relay broadcasts the converged coded information to all
users. In the uplink phase, the eavesdropper can directly wiretap the transmitted information without any
resistance, but the eavesdropper cannot recover the individual information from each user. Moreover, the
relay receives the information from users one by one, so this approach cannot resist the untrusted relay.
Thus, the network coding approach can only resist downlink eavesdroppers. Additionally, the network
coding protocol is only designed for public information exchange.

The secure group information exchange protocol proposed in [37] is designed to resist both external
eavesdroppers and untrusted relays. However, it can only enable public information exchange.
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4.3. Secrecy Sum-Rate Analysis

In this section, we present the sum-rate analysis of the proposed protocol. Because the proposed
protocol is designed to resist attacks from both untrusted relays and external eavesdroppers, the analysis
must include three scenarios: a relay attack only, an eavesdropper attack only, and both a relay and
eavesdropper attack.

Relay Attack Only

First, we consider the situation in which only an untrusted relay launches an attack. In this scenario,
each user must regulate its secrecy transmission rate to guarantee that the relay cannot correctly recover
the information being exchanged. Thus, the general secrecy sum-rate expression is

1[N ’
Rsyp = 2 gRiUR — RRryp | (38)
1=
where R; . is the transmission rate of user i for such attack and is defined by

Rj,, = logdet (I+ H;Q;HY). (39)
RRy is the information received at the relay from the transmitted signals from all users. Thus, R Ryg 18
RRuR =I (YR/ Xl/XZ e XN)

N 40
=log det <I +) H,Ql-Hf> ) (#0)

i=1
With (39) and (40), (38) can be rewritten as

+

1 N
Royx :E Z Riyg = Rryg
i=1

(41)

1 N (I+H;Q;H!
=—logdet Hl_l(N+ A ;) .
2 I+ Zi:1 Hin’Hi

Eavesdropper Attack Only

Second, we consider the situation in which the relay is a trusted node, but there exists an eavesdropper
between the users and relay. We limit our considerations to the case in which only one eavesdropper exists
between each user and the relay. In a practical situation, the number of eavesdroppers may be larger than
one, but we only consider the eavesdropper that obtains the largest I (YE], ; Xi) . If the protocol is secure
from an attack in which an eavesdropper obtains the most information from the user, then the protocol is
definitely secure from all other eavesdropper attacks from the perspective of information-theoretic security.

As mentioned above, the eavesdropper cannot launch a strong attack in the downlink phase because
of the data processing inequations, so we also consider only an uplink phase eavesdropper. In the uplink
phase, each user forms a typical wiretap channel with the relay and its eavesdropper. Thus, the sum rates
for this attack is the sum of all N wiretap secrecy rates:

1 [ i
RSEA = E 21 (RiEA - REiEA)] ’ (42)
=
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where R;, , is the transmission rate of user i for an eavesdropper-only attack, and its analysis is identical to
that of (39):

R;., = logdet (I+H;Q/H;}). (43)

REjy, is the information obtained by eavesdropper i. We use the variable v; to represent the existence
of eavesdropper i: v; = 1 if there exists an eavesdropper between user i and the relay; otherwise, v; = 0.

Reigy =1 (YE; Xi)

44
=log det (I T vHEiiQiHEﬁ) . (44)
With (43) and (44), (42) can be written as
1[N !
Rspy ) Z (RiEA - RREA)
=1 (45)

i=1

N I+ H,;Q;H!
2 I+ UHEiiQiHEii

Untrusted Relay and Eavesdropper Attack

Finally, we consider the undesirable situation in which the relay is an untrusted relay and there also
exist eavesdroppers between the user and the relay. The secrecy sum-rate analysis is a combination of the
first two situations:

+
1 N
Rsyp = 2 Z (RiUE - REiUE) — Rrye (46)
i=1
The analyses of R; ., Rj.,, and Rg;, , are identical to those of the previous two situations:
Rj,; = logdet (I+H;Q;H!), 47)
and
REiy, =1 (YEz’"Xi)
t (48)
~log det (1+vH,QHE, ),
and

Ry =1 (YR X1, X2+ X))
N 49
=log det (I +) HiQin> : @)
i=1
With (47), (48), and (49), (46) can be written as

+

1 N
Rsye :E [Zi (RiUE - REiUE) - RRUE
=

HN I+H;Q;H! (50)
i=1 \ T+vHg, Q;H}

1+ YN, H;QH!

zélog det
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5. Numerical Results

In this section, we show the numerical results for the time slot cost and the secrecy sum-rate analysis
of the proposed protocol. The simulation environment was set up with the following conditions. (1)
The user number is 4. Each user node is equipped with four antennas, the relay is equipped with eight
antennas, and each eavesdropper is equipped with four antennas. (2) BPSK physical layer network coding
is applied as the design. (3) With the assumption of a flat fading channel, the coefficients of channel
matrices are drawn from CAN (0,1). (4) The results were obtained with 10,000 realizations by randomly
generating 10,000 channels for each simulation.

5.1. The Simulation of Time Slot Cost

For the time slot cost, we compared the proposed protocol with the TDMA protocol and network
layer network coding.

First, we compared the time slot cost of the proposed protocol with that of the naive TDMA protocol,
and the comparison result is shown in Figure 2. As clearly seen in Figure 2, the time slot cost is larger than
100 when the user number is larger than 5. Moreover, for naive TMDA, users cannot exchange private
information because the transmitted signal cannot find an equivalent noise signal in each time slot. The
comparison result of the proposed protocol and network layer network coding is shown in Figure 3.

900 F T proposed Protocol
—<— TDMA Protocol

800
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Total Time Slots
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Figure 2. Time slot cost comparison between the proposed protocol and the naive TMDA protocol.
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Figure 3. Time slot cost comparison between the proposed protocol and the network layer network
coding protocol.
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Second, we compared the time slot cost of the proposed protocol with that of the network layer
network coding protocol, and the result is shown in Figure 3. The comparison result reveals that the time
slot cost of the network coding protocol grows linearly with an increasing number of users. Although the
cost of network coding is lower than that of the naive TDMA protocol, it is still several times larger than
that of the proposed protocol. This benefit is pronounced when the user number is large.

5.2. The Simulation of the Bit Error Ratio

In the next simulation, we compared the bit error ratio (BER). We choose three types of nodes to
compare, user node, relay node, and eavesdropper node. In the simulation, for all three of these types of
nodes, we set the noise as 1 and adopt the transmission power to achieve the fixed SNR value and then
obtain the BER.

Separately saying, for the user node, all the users only receive signal in the second phase. In each
round, we randomly choose one user from the total N user nodes to compute the BER. For the SNR,
according to the aforementioned, we set the noise at each antenna as 1, then the noise vector is an all 1
N; x 1 vector. In addition, we compute back the signal power for the relay and allocate the power to the
relay. Such situation is all the same for the users including the chosen one. With each SNR, we obtain the
error number and record it. After 10,000 rounds, we take the average BER as the final result for user node.

For the relay node, it only receives the signal in the first phase of the protocol. Because we have
assumed that we only consider unitary power allocation in this work, we allocate the same power for each
user. In addition, the allocated power will increase with the increasing of SNR. The BER of relay node is
also obtained by 10,000 rounds.

For the eavesdropper node, it tries to recover the transmitted data in both phases. The first phase is
similar to the situation of the relay node, and the second phase is similar to the situation of the user node.
The result of the BER comparison is shown in Figure 4.

10°

S Ao e— s —
10 ¢ B
~a.
S
102 F
o
!
4}
10'3 L
10*F
——&— User Node
—<— Relay Node
Eavesdropper
10 ! . . .
5 10 15 20 25
SNR(dB)

Figure 4. Bit error ratio comparison between the intended receive node, relay node, and eavesdropper node.

Figure 4 illustrates that the BER markedly decreases as the Signal-to-Noise Ratio (SNR) increases.
However, the BERs of the untrusted relay and eavesdropper remain high irrespective of changes in SNR.
This result reveals that the information exchange would be successful with the proposed protocol, and the
untrusted relay and external eavesdropper cannot recover the information.
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5.3. The Simulation of Secrecy Sum-Rates

First, we show the secrecy sum-rates for only an untrusted relay attack. The result of the simulation is
shown in Figure 5. For a better illustration, we also show the sum rates without the security consideration.
Figure 5 shows that the secrecy sum-rates suffer a remarkable decline compared with the sum rates without
the security consideration. This result highlights the trade-off between security and transmission efficiency;
in other words, transmission rates are sacrificed to increase the security level.

80 T T T T

T
—+H— Sum-Rates without Security Consideration
706 —=&A— Secrecy Sum-Rates under Untrusted Relay Attack

Secrecy Sum rate(bits/s/hz)

5 0 5 10 15 20 25
SNR(dB)

Figure 5. Secrecy sum-rates for an untrusted relay attack.

Second, we show the secrecy sum-rates for an external eavesdropper attack. We compared the sum
rates for one eavesdropper, two eavesdroppers, three eavesdroppers, and four eavesdroppers, as well as
the sum rates without the security consideration. The result is depicted in Figure 6, which shows that the
secrecy sum-rates linearly decrease as the number of eavesdroppers increase. Interestingly, the secrecy
sum-rates for only the untrusted relay attack are approximately equal to the secrecy sum-rates for three
eavesdroppers. This demonstrates that the untrusted relay can launch a stronger attack than an individual
eavesdropper. This result is in accordance with the theoretical analysis.
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Figure 6. Secrecy sum-rates for the external eavesdropper attack.

Finally, we show the secrecy sum-rates for both an untrusted relay and external eavesdropper attack.
Similar to the last simulation, we also compared the sum rates for one eavesdropper, two eavesdroppers,
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three eavesdroppers, and four eavesdroppers, as well as the sum rates without the security consideration.
The result is shown in Figure 7, which shows that the secrecy sum-rates decline to one-third of the sum
rates without the security consideration. This means that the security consideration is more important for
this type of attack.

80 T T T

—H&— Sum-Rates without Security

70k —A— Secrecy Sum-Rates under UR and One Eve
Secrecy Sum-Rates under UR and Two Eves
Secrecy Sum-Rates under UR and Three Eves

60 Z— Secrecy Sum-Rates under UR and Four Eves

Secrecy Sum rate(bits/s/hz)

-5 0 5 10 15 20 25
SNR(dB)

Figure 7. Secrecy sum-rates for an untrusted relay and an external eavesdropper attack.

5.4. Comparisons with Well-Known Protocols

We compared our proposed protocol with some of the other four approaches in multiusers relay
channel, i.e., cryptography approach, TMDA approach, network layer coding approach, and a physical
layer network coding approach. The result has been shown in Table 1.

Table 1. Comparisons of multiuser relay channel information exchange protocols.

Scheme Proposed Cryptography TMDA NetCoding PHY Coding
Eavesdropping Resist Yes Yes No Downlink Yes
Untrusted Relay Resist Yes Yes No No Yes
Public Exchange Yes Yes No Yes Yes
Private Exchange Yes Yes No No No
Simultaneous Exchange Yes No No No No
Computation Overhead Low High Low Low Low
Communication Overhead Low High High Medium Low

For the attackers, the proposed protocol can resist the attacks from both the eavesdroppers and
untrusted relay. The cryptography approach can resist both attacks with the encryption. In addition, the
physical layer network coding can resist both attacks by signal alignment similar to the proposed protocol.
The network layer coding can only resist the downlink eavesdropper because the summed signal is formed
only in that phase. The TMDA approach is only designed for plain data exchange, and no security issues
are considered in such approach.

Recalling the motivation of this work, we want to design the first protocol that can simultaneously
exchange private data and public data. For the cryptography approach, there are existing group encryption
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algorithms for either private or public exchange. However, none of the algorithms are able to exchange
simultaneously. Both the network layer coding and physical layer coding can exchange public data;
however, neither of them can exchange private data.

The overhead is also important for the communication protocol. Because the cryptography approach
needs all nodes to conduct encryption and decryption, the computation overhead for such approach
is very high. For the other four approaches, each node only does some linear computation or simple
encoding and decoding, so the computation is low. For the communication overhead, the time slot cost is
the best indicator. With the simulation result in Figures 2 and 3, we can clearly see that the communication
overhead of TDMA and cryptography approach (equal to TDMA) is high; in particular, the user number is
large. The communication overhead of network layer coding is a little higher than the proposed protocol
or physical layer network coding, but it is still acceptable.

With the comparisons, we can clearly see that our proposed protocol is the first and only protocol
enabling the simultaneous information exchange for both private exchange and public exchange, which
satisfies the motivations of the paper. However, there are two drawbacks for the proposed protocol.
The first one is that the cryptography approach, TDMA approach, and network layer coding have been
introduced into communication for many years. Thus, it will take more money to deploy our protocol.
The second drawback is that our protocol is designed particularly for MIMO communication. Thus, for the
SISO, SIMO, or MISO situations, only a cryptography approach can be used for either private information
or public information. However, the good news is that more and more devices, even the delicate mobile
phones, are equipped with multiple antennas.

6. Conclusions and Future Work

In this paper, we investigate secure private and public information exchange in a multiuser relay
channel. The private information of each communication pair is aligned by allocating the information
from each user into specified subchannels, and the public information of all users form a coding chain at
the relay. The time slot cost of the proposed protocol is 2, which is a minimized number in the half-duplex
model. A security analysis was conducted, and we show that both private and public information can
resist attacks from external eavesdroppers and an untrusted relay, and private information can additionally
resist an attack by nonparticipating users. We analyzed the secrecy sum-rates of the proposed protocol for
three different attacks: an untrusted relay attack only, an external eavesdropper attack only, and both an
untrusted relay and external eavesdropper attack. The performance analysis results are demonstrated by
the outcomes of the simulations. The proposed protocol is the first approach enabling the simultaneous
information exchange for both private exchange and public exchange. In addition, compared with the
well-known approaches, the proposed protocol enjoys better performance in transmission efficiency as
well as information security.

Future work that will build on this paper includes the optimization of the secrecy sum-rates, the
asynchronous problem for signal alignment, and the application of the protocol to group secret key
agreement. Another future work that should be conducted is related to practicability. With such motivation,
we are trying to deploy our proposed protocol on a software defined radio experiment platform.

Author Contributions: Conceptualization, Q.L. and H.L.; methodology, Q.L. and H.L.; software, Q.L. and YW.;
validation, H.L. and Y.W.; formal analysis, Q.L. H.L. and Y.W.; investigation, Q.L.; resources, Q.L. and Y.W; data
curation, Q.L. H.L. and Y.W,; writing—original draft preparation, Q.L.; writing-review and editing, Q.L. H.L. and YW,;
visualization, Q.L. and H.L.; supervision, H.L.; project administration, H.L.; funding acquisition, Q.L. H.L. and Y.W.

Funding: This research was funded by the National Key R&D Program of China (2018 YFB0803901), the Fundamental
Research Funds for the Central Universities (Grant no. JB191503), the National Key R&D Program of China
(2017YFB0802700), the National Natural Science Foundation of China (N0.6190070493, 61772404, U1836203), China 111
Project.



Entropy 2019, 21, 1054 25 of 27

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

References

1. Yang, L.; Zhang, W,; Jin, S. Interference Alignment in Device-to-Device LAN Underlaying Cellular Networks.
IEEE Trans. Wirel. Commun. 2015, 14, 3715-3723. [CrossRef]

2. Ali, S.S.; Castanheira, D.; Alsohaily, A.; Sousa, E.S,; Silva, A.; Gameiro, A. Joint Space-Frequency Block Codes
and Signal Alignment for Heterogeneous Networks. IEEE Access 2018, 6, 71099-71109. [CrossRef]

3.  Castanheira, D,; Silva, A.; Gameiro, A. Set Optimization for Efficient Interference Alignment in Heterogeneous
Networks. IEEE Trans. Wirel. Commun. 2014, 13, 5648-5660. [CrossRef]

4. Khan, R.; Kumar, P,; Jayakody, D.N.K.; Liyanage, M. A Survey on Security and Privacy of 5G Technologies:
Potential Solutions, Recent Advancements and Future Directions. IEEE Commun. Surv. Tutor. 2019. [CrossRef]

5. Gandotra, P; Jha, RK; Jain, S. A survey on device-to-device (D2D) communication: Architecture and security
issues. J. Netw. Comput. Appl. 2017, 78, 9-29. [CrossRef]

6. Oohama, Y. Capacity theorems for relay channels with confidential messages. In Proceedings of the 2007 IEEE
International Symposium on Information Theory (ISIT 2007), Nice, France, 24-29 June 2007; pp. 926-930.

7. Mukherjee, A.; Fakoorian, S.A.A.; Huang, J.; Swindlehurst, A.L. Principles of Physical Layer Security in Multiuser
Wireless Networks: A Survey. IEEE Commun. Surv. Tutor. 2014, 16, 1550-1573. [CrossRef]

8.  Lai, L.; Gamal, H.E. The Relay-Eavesdropper Channel: Cooperation for Secrecy. IEEE Trans. Inf. Theory 2008,
54, 4005-4019. [CrossRef]

9. Yang, Y,; Li, Q.; Ma, W.; Ge, ].; Ching, P.C. Cooperative Secure Beamforming for AF Relay Networks With
Multiple Eavesdroppers. IEEE Signal Process. Lett. 2013, 20, 35-38. [CrossRef]

10. Ding, Z.; Peng, M.; Chen, H. A General Relaying Transmission Protocol for MIMO Secrecy Communications.
IEEE Trans. Commun. 2012, 60, 3461-3471. [CrossRef]

11. Lin, M,; Ge, J; Yang, Y. An Effective Secure Transmission Scheme for AF Relay Networks with Two-Hop
Information Leakage. IEEE Commun. Lett. 2013, 17, 1676-1679.

12.  Wang, C.; Wang, H.; Xia, X. Hybrid Opportunistic Relaying and Jamming With Power Allocation for Secure
Cooperative Networks. IEEE Trans. Wirel. Commun. 2015, 14, 589-605. [CrossRef]

13. Han, B.;Li, J,; Su, J.; Guo, M.; Zhao, B. Secrecy Capacity Optimization via Cooperative Relaying and Jamming
for WANETs. IEEE Trans. Parallel Distrib. Syst. 2015, 26, 1117-1128. [CrossRef]

14. Chen, J.; Zhang, R.; Song, L.; Han, Z; Jiao, B. Joint Relay and Jammer Selection for Secure Two-Way Relay
Networks. IEEE Trans. Inf. Forensics Secur. 2012, 7, 310-320. [CrossRef]

15. Zou, Y.; Wang, X.; Shen, W. Optimal Relay Selection for Physical-Layer Security in Cooperative Wireless
Networks. IEEE |. Sel. Areas Commun. 2013, 31, 2099-2111. [CrossRef]

16. Cai, C; Cai, Y.; Zhou, X,; Yang, W.; Yang, W. When Does Relay Transmission Give a More Secure Connection in
Wireless Ad Hoc Networks? IEEE Trans. Inf. Forensics Secur. 2014, 9, 624-632. [CrossRef]

17. He, X.; Yener, A. Strong Secrecy and Reliable Byzantine Detection in the Presence of an Untrusted Relay.
IEEE Trans. Inf. Theory 2013, 59, 177-192. [CrossRef]

18. Sun, L.; Ren, P; Du, Q.; Wang, Y.; Gao, Z. Security-Aware Relaying Scheme for Cooperative Networks With
Untrusted Relay Nodes. IEEE Commun. Lett. 2015, 19, 463-466. [CrossRef]

19. Wang, L; Elkashlan, M.; Huang, J.; Tran, N.H.; Duong, T.Q. Secure Transmission with Optimal Power Allocation
in Untrusted Relay Networks. IEEE Wirel. Commun. Lett. 2014, 3, 289-292. [CrossRef]

20. Jeong, C.; Kim, I; Kim, D.I. Joint Secure Beamforming Design at the Source and the Relay for an
Amplify-and-Forward MIMO Untrusted Relay System. IEEE Trans. Signal Process. 2012, 60, 310-325. [CrossRef]

21. Wyrembelski, R.F.; Boche, H. Physical Layer Integration of Private, Common, and Confidential Messages in
Bidirectional Relay Networks. IEEE Trans. Wirel. Commun. 2012, 11, 3170-3179. [CrossRef]

22. He, X.; Yener, A. The Role of Feedback in Two-Way Secure Communications. IEEE Trans. Inf. Theory 2013,

59, 8115-8130. [CrossRef]


http://dx.doi.org/10.1109/TWC.2015.2410293
http://dx.doi.org/10.1109/ACCESS.2018.2881338
http://dx.doi.org/10.1109/TWC.2014.2322855
http://dx.doi.org/10.1109/COMST.2019.2933899
http://dx.doi.org/10.1016/j.jnca.2016.11.002
http://dx.doi.org/10.1109/SURV.2014.012314.00178
http://dx.doi.org/10.1109/TIT.2008.928272
http://dx.doi.org/10.1109/LSP.2012.2227313
http://dx.doi.org/10.1109/TCOMM.2012.081012.110236
http://dx.doi.org/10.1109/TWC.2014.2354635
http://dx.doi.org/10.1109/TPDS.2014.2316155
http://dx.doi.org/10.1109/TIFS.2011.2166386
http://dx.doi.org/10.1109/JSAC.2013.131011
http://dx.doi.org/10.1109/TIFS.2013.2297835
http://dx.doi.org/10.1109/TIT.2012.2216952
http://dx.doi.org/10.1109/LCOMM.2014.2385095
http://dx.doi.org/10.1109/WCL.2014.031114.140018
http://dx.doi.org/10.1109/TSP.2011.2172433
http://dx.doi.org/10.1109/TWC.2012.070912.111293
http://dx.doi.org/10.1109/TIT.2013.2281711

Entropy 2019, 21, 1054 26 of 27

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Wang, H.; Yin, Q.; Xia, X. Distributed Beamforming for Physical-Layer Security of Two-Way Relay Networks.
IEEE Trans. Signal Process. 2012, 60, 3532-3545. [CrossRef]

Yang, Y.; Sun, C.; Zhao, H.; Long, H.; Wang, W. Algorithms for Secrecy Guarantee With Null Space Beamforming
in Two-Way Relay Networks. IEEE Trans. Signal Process. 2014, 62, 2111-2126. [CrossRef]

Jayasinghe, K.; Jayasinghe, P.; Rajatheva, N.; Latva-aho, M. Secure Beamforming Design for Physical Layer
Network Coding Based MIMO Two-Way Relaying. IEEE Commun. Lett. 2014, 18, 1270-1273. [CrossRef]

Wang, C.; Wang, H.; Ng, D.WK.; Xia, X.; Liu, C. Joint Beamforming and Power Allocation for Secrecy in
Peer-to-Peer Relay Networks. IEEE Trans. Wirel. Commun. 2015, 14, 3280-3293. [CrossRef]

Fan, L.; Yang, N.J.; Duong, T.Q.; Elkashlan, M.; Karagiannidis, G.K. Exploiting Direct Links for Physical Layer
Security in Multiuser Multirelay Networks. IEEE Trans. Wirel. Commun. 2016, 15, 3856-3867. [CrossRef]
El-Malek, A.H.A ; Salhab, A.M.; Zummo, S.A.; Alouini, M. Security-Reliability Trade-Off Analysis for Multiuser
SIMO Mixed RF/FSO Relay Networks With Opportunistic User Scheduling. IEEE Trans. Wirel. Commun. 2016,
15, 5904-5918. [CrossRef]

Yang, M.; Guo, D.; Huang, Y.; Duong, T.Q.; Zhang, B. Secure Multiuser Scheduling in Downlink Dual-Hop
Regenerative Relay Networks Over Nakagami-m Fading Channels. IEEE Trans. Wirel. Commun. 2016,
15, 8009-8024. [CrossRef]

Mo, J.; Tao, M; Liu, Y.; Wang, R. Secure Beamforming for MIMO Two-Way Communications With an Untrusted
Relay. IEEE Trans. Signal Process. 2014, 62, 2185-2199. [CrossRef]

He, X.; Yener, A. End-to-End Secure Multi-Hop Communication with Untrusted Relays. IEEE Trans.
Wirel. Commun. 2013, 12, 1-11. [CrossRef]

Vatedka, S.; Kashyap, N.; Thangaraj, A. Secure Compute-and-Forward in a Bidirectional Relay. IEEE Trans.
Inf. Theory 2015, 61, 2531-2556. [CrossRef]

Mu, H.; Tugnait, ].K. Achievable Degrees of Freedom for K-User MIMO Y Channels Using Signal Group Based
Alignment. IEEE Trans. Wirel. Commun. 2014, 13, 4520-4533. [CrossRef]

Ho, C.D.; Ngo, H.Q.; Matthaiou, M.; Duong, T.Q. On the Performance of Zero-Forcing Processing in Multi-Way
Massive MIMO Relay Networks. IEEE Commun. Lett. 2017, 21, 849-852. [CrossRef]

Wang, R.; Yuan, X.; Tao, M. Degrees of Freedom of MIMO Multiway Relay Channel With Clustered Pairwise
Exchange. IEEE ]. Sel. Areas Commun. 2015, 33, 337-351. [CrossRef]

Fan, Y.; Liao, X.; Vasilakos, A.V. Physical Layer Security Based on Interference Alignment in K-User MIMO Y
Wiretap Channels. IEEE Access 2017, 5, 5747-5759. [CrossRef]

Zhou, L.; Liu, Q.; Wang, Y.; Li, H. Secure group information exchange scheme for vehicular ad hoc networks.
Pers. Ubiquitous Comput. 2017, 21, 903-910. [CrossRef]

Yuan, X.; Zhang, J.; Zhang, Y.J.; Zhao, X.; Kuai, X. MIMO Multiway Distributed Relay Channel With Full Data
Exchange: An Achievable Rate Perspective. IEEE Access 2018, 6, 41139-41152. [CrossRef]

Franz, M.; Deiseroth, B.; Hamacher, K ; Jha, S.; Katzenbeisser, S.; Schroder, H. Secure computations on non-integer
values. In Proceedings of the 2010 IEEE International Workshop on Information Forensics and Security (WIFS
2010), Seattle, WA, USA, 12-15 December 2010; pp. 1-6, doi:10.1109/WIFS.2010.5711458. [CrossRef]

Wu, Q.; Qin, B.; Zhang, L.; Domingo-Ferrer, J.; Farras, O.; Manjon, J.A. Contributory Broadcast Encryption with
Efficient Encryption and Short Ciphertexts. IEEE Trans. Comput. 2015, 65, 466—479. [CrossRef]

Zhang, L.; Wu, Q.; Domingo-Ferrer, J.; Qin, B.; Dong, Z. Round-Efficient and Sender-Unrestricted Dynamic
Group Key Agreement Protocol for Secure Group Communications. IEEE Trans. Inf. Forensics Secur. 2015,
10, 2352-2364. [CrossRef]

Chen, H.; Lam, W. Training Based Two-Step Channel Estimation in Two-Way MIMO Relay Systems. IEEE Trans.
Veh. Technol. 2018, 67, 2193-2205. [CrossRef]

Du, J.; Yuan, C.; Zhang, J. Semi-blind parallel factor based receiver for joint symbol and channel estimation in
amplify-and-forward multiple-input multiple-output relay systems. IET Commun. 2015, 9, 737-744. [CrossRef]
Ye, S.; Du, J.; Deng, R.; Chang, R. A PARAFAC-based Channel Estimation Algorithm for Multi-user MIMO
Two-way Relay Systems. In Proceedings of the 2017 2nd International Conference on Communication and
Information Systems, Wuhan, China, 7-9 November 2017; pp. 16-19.


http://dx.doi.org/10.1109/TSP.2012.2191543
http://dx.doi.org/10.1109/TSP.2014.2303942
http://dx.doi.org/10.1109/LCOMM.2014.2325861
http://dx.doi.org/10.1109/TWC.2015.2403367
http://dx.doi.org/10.1109/TWC.2016.2530068
http://dx.doi.org/10.1109/TWC.2016.2572681
http://dx.doi.org/10.1109/TWC.2016.2610965
http://dx.doi.org/10.1109/TSP.2014.2307276
http://dx.doi.org/10.1109/TWC.2012.120412.101358
http://dx.doi.org/10.1109/TIT.2015.2412114
http://dx.doi.org/10.1109/TWC.2014.2318050
http://dx.doi.org/10.1109/LCOMM.2017.2648795
http://dx.doi.org/10.1109/JSAC.2014.2384352
http://dx.doi.org/10.1109/ACCESS.2017.2694478
http://dx.doi.org/10.1007/s00779-017-1049-6
http://dx.doi.org/10.1109/ACCESS.2018.2857214
https://doi.org/10.1109/WIFS.2010.5711458
http://dx.doi.org/10.1109/WIFS.2010.5711458
http://dx.doi.org/10.1109/TC.2015.2419662
http://dx.doi.org/10.1109/TIFS.2015.2447933
http://dx.doi.org/10.1109/TVT.2017.2765660
http://dx.doi.org/10.1049/iet-com.2014.0553

Entropy 2019, 21, 1054 27 of 27

45. Chiong, CW.R.;Rong, Y.; Xiang, Y. Channel Estimation for Two-Way MIMO Relay Systems in Frequency-Selective
Fading Environments. IEEE Trans. Wirel. Commun. 2015, 14, 399-409. [CrossRef]

46. Cover, TM.,; Thomas, J.A. Elements of Information Theory, 2nd ed.; Wiley: Hoboken, NJ, USA, 2006.

47. Yang, T.; Yuan, X.; Ping, L.; Collings, I.B.; Yuan, J. A New Physical-Layer Network Coding Scheme with
Eigen-Direction Alignment Precoding for MIMO Two-Way Relaying. IEEE Trans. Commun. 2013, 61, 973-986.
[CrossRef]

@ © 2019 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 (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1109/TWC.2014.2347321
http://dx.doi.org/10.1109/TCOMM.2012.010213.120265
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	System Model
	Transmission Model
	Security Model

	Proposed Protocol
	Negotiation Phase
	Uplink Phase
	Relay Operation
	Downlink Phase
	Example for N=3

	Performance Analysis
	Transmission Performance Analysis
	Security Analysis
	Secrecy Sum-Rate Analysis

	Numerical Results
	The Simulation of Time Slot Cost
	The Simulation of the Bit Error Ratio
	The Simulation of Secrecy Sum-Rates
	Comparisons with Well-Known Protocols

	Conclusions and Future Work
	References

