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Abstract—Social and communications networks interact with
each other in multifaceted ways, yet these interactions are often
considered to be secondary in throughput, privacy and security
analysis for communications networks. In this paper, full-duplex
(FD) and half-duplex (HD) multi-antenna cooperative communication systems are studied by taking both physical links and social
connections into account. An optimal beamformer for maximizing
communication rate in the proposed socio-technological setting
aims to balance between the direct link and the cooperating
link as well as respecting the trust degree between the users.
The resulting optimization problems are nontrivial to solve,
even numerically, as they are not convex. The complexity of
the problems is significantly reduced by showing that a linear
combination of the direct and cooperating links’ channel vectors
maximizes the achievable rate. Then, a computationally efficient
numerical solution is used to maximize the rates both in the FD
and HD modes. Numerical results demonstrate that significant
gains in communication rates can be obtained with the proposed
optimal beamforming design.
Index Terms—Mobile/social networks, MIMO beamforming,
cooperative communication, full-duplex, half-duplex.

I. I NTRODUCTION
A salient characteristic of mobile data networks is the dominant operating mode of one person behind each device, which
differentiates them from other technological networks such as
sensor networks. A direct consequence of this feature of mobile data networks is the existence of both physical coupling
between mobile devices through shared communication resources such as wireless spectrum, and virtual coupling among
the users behind these devices in the social domain. These
virtual ties, in many ways, shape the data traffic flows and
quality-of-service (QoS) requirements in the physical domain.
Social interactions could be positive (representing friendship)
or negative (representing antagonism), which yield non-trivial
impact on users’ decision-making processes (e.g., in terms of
cooperation) for data transmission and reception. We refer to
this two-layered network structure as a mobile/social network.
A growing number of recent works [2]–[9], have studied the
integration of mobile data networks with social networks in a
variety of settings. In [2], a game theoretic framework called
social group utility maximization is developed to maximize a
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weighted sum of the individual utilities rather than a totally
selfish utility. In [3]–[6], social community-aware resource
allocation is studied for device-to-device (D2D) networks. A
social-aware peer discovery scheme for D2D systems is proposed in [7]. It exploits social network characteristics to assist
ad hoc peer discovery and enhance data transmission performance. In [8], throughput of an ad hoc networks is maximized
by adaptively utilizing different transmission schemes via a
social-aware mechanism. Social-aware transmission strategies
can be also employed to enhance transmission security [9].
Most of the above papers develop communication strategies
based on single-antenna nodes. In a recent study, Ryu et al.
[10] proposed the use of social connections for beamforming
in a cooperative communication system with a single-antenna
relay. This scheme uses trustworthiness between nodes to
design beamforming for efficient data relaying. It is proved
that a linear combination of channel vectors makes an optimal
beamformer to maximize expected achievable rate. To find
a closed-form solution for the optimal weights of the linear
combination, a high signal-to-noise ratio (SNR) approximation
is used which explicitly shows the effect of trust degrees on
the beamforming design.
We exploit the concept of trust degree for user cooperation
in multi-antenna cooperative systems, both in the full-duplex
(FD) and half-duplex (HD) settings, in this paper. We first
improve the achievable rate of [10] and extend it to the case
where the relay has multiple antennas. The rate improvement is
based on two observations. First, we show that maximum trust
degree does not always result in the best rate performance.
Thus, we consider optimization over trust degree as well as the
beamforming vectors at the source and relay nodes. Second,
unlike [10], our design is for the exact achievable rate, not
just in the high SNR regime. We propose a computationally
practical numerical solution that achieves optimal beamformer
performance. The resulting beamformer improves the rate
performance when compared with the closed-form solution
of the approximated rate given in [10]. Another important
contribution of the current paper is the extension of the trust
degree based beamforming design to the case in which the
relay has an arbitrary number of antennas. In fact, the proposed
beamforming is developed for multi-antenna relays which can
be applied to single-antenna relays as well. Lastly, while
existing social-aware strategies are commonly developed based
on the FD relays, we introduce the use of relays in the more
practical HD mode. We consider the HD relay both with
equal and unequal receive/transmission periods. Optimizing
the cooperative achievable rate via HD relays is in general
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Fig. 1. A multi-antenna cooperative communication system with physical and social connections (trust degrees).

more demanding than that of full duplex relays since new
parameters, such as relay-receive and relay-transmit time periods, need to be optimized. Remarkably, once the transmission
strategy is fixed, the same beamforming algorithm developed
for the FD setting can be applied in the HD setting.
It should be mentioned that, concurrent to the conference
version of this work [1], another group has independently
developed a trust degree based beamforming for multi-antenna
cooperative systems in [11]. The system model studied in [11]
is however completely different from what we consider in
this paper. Moreover, they study only time-division mod with
equal time slots. Our paper studies both HD and FD cases,
and in the case of HD we consider optimization over timeslots and transmission power in each time-slot. In addition,
our beamforming algorithm is different from that in [11].
The paper is organized as follows. We describe mobile/social system model in Section II and formulate an
optimization problem to maximize the achievable rate for
an FD social-aware cooperative system in Section III. In
Section IV, we prove that optimal beamforming is achieved
through a linear combination of the channel vectors for direct
and cooperating links, respecting the trust degree. Section V
is dedicated to the HD social-aware cooperative systems.
Numerical results are presented in Section VI and the paper
is concluded in Section VIII.

quantify to what extent transmitters can depend on other
devices in their vicinity (i.e., named as relay nodes) when
transmitting their messages. We describe the details of this
two-layered network model below, starting with the physical
system model.

A. Notation

B. Social System Model
We model the social system by trust degrees, similar to that
in [10]. Defined for each link between every two nodes, trust
degree is a level of belief that one node can help the other
node for a specific action such as relaying [10], [15]. Trust
degree can be quantified based on the previous interactions
between the nodes or can be estimated from the history of
past interactions in a social platform such as in Facebook
or Twitter [10], [15]–[17]. Specifically, in our cooperative
communication system (see Fig. 1), the relay would be willing
to participate in cooperation with probability α1 (trust degree)
and would use a fraction β1 of its power for this purpose, with
α1 , β1 ∈ [0 1].1

t

∗

†

We use (·) , (·) , (·) , and tr(·) to denote the transpose,
conjugate, conjugate transpose, and trace of a matrix, respectively. Matrices are written in bold capital letters and vectors
are written in bold small letters. I represents an identity matrix.
For scalar x, 0 ≤ x ≤ 1, we define x̄ = 1 − x. kxk is the
Euclidean norm of x.
II. S YSTEM M ODEL
In this paper, we consider a two-layered network structure,
which we call a mobile/social network. As shown in Fig. 1,
the network has physical connections (Fig. 1(a)) as well as
social connections represented by trust degrees (Fig. 1(b)).
Relays brings extra communications diversity in designing
transmission strategies, which has in turn great potential to
increase data rates [12], [13]. To this end, social connections

A. Physical System Model
Consider a multiple-input-multiple-output (MIMO) two-hop
relay network as shown in Fig. 1(a). We assume that the source
(S) and relay (R) have Ns and Nr antennas, respectively, and
the destination (D) has one antenna only. Let h ∈ CNs ×1 , H ∈
CNs ×Nr , and g ∈ CNr ×1 represent the channel coefficients
for S-D, S-R, and R-D links, respectively. We assume that
channel state information (CSI) is known at the transmitters,
e.g., through training/feedback and channel reciprocity, so that
they can steer their beamforming vectors to maximize their
transmission performance.
Several cooperative strategies, such as amplify-and-forward,
decode-and-forward and compress-and-forward can be applied
in the relay node [14]. Further, the relay can operate in
different modes, including the HD and FD modes. In this
paper, we focus on the decode-and-forward relaying although
the beamforming algorithm we develop can be applied to any
cooperation strategy. The relay can, however, operate on the
HD and FD modes.

1 In general, for link i we can define the pair (α , β ), α , β ∈ [0 1], as a
i
i
i
i
virtual (social) tie in which αi denotes the probability of cooperation and βi
denotes the fraction of the power that the node uses for collaboration [10].
Here, trust degrees are assumed to be bidirectional.
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The prime motivation for us to consider trust degrees in
this cooperative communication setup is the observation that
deploying fixed relay nodes to help mobile users in relaying
data to their intended receivers is usually not a cost-effective
solution. Such a fixed relay deployment scenario puts an
upward pressure on the operating expenses (OPEX) and capital
expenses (CAPEX) of network operators. Hence, opportunistic
utilization of other devices, operated by human beings and
physically close to the transmitter, emerges as an affordable
and practical approach to realize the realm of cooperative
relaying in future communications system architectures. The
main problem with this cooperative approach is, however, the
incentivization human-operated-devices to participate in the
cooperative communication phase. To this end, social reciprocity and social trust are the two key mechanisms providing
these incentives, alongside satisfactory performance, privacy
and security protection, for cooperative relaying in machinetype communications and other edge-networking technologies
[9], [10], [17]. To keep the analysis simpler and obtain clean
insights into relay operation, we will focus only on trust
degrees in the current paper and relegate the joint investigation
of social reciprocity and trust to a future work.
Understanding the trust establishment process and trust
variations over time is also important in this setup. For
trust establishment, we assume that an application layer trust
establishment algorithm runs at each device, which crawls the
registered mobile social platforms of the device operators,
collects social data traces from these social platforms and
processes the collected social data to produce a trust degree
database for each device. It is not within the scope of this
paper to design such a trust establishment algorithm and some
approaches can be found in [15], [18]–[20]. Rather, given
any trust degree levels, we consider that these trust values
can be pushed down from application layer to the physical
layer in order to determine the cooperative communication
strategy, at the protocol level and oblivious to the device
operator, maximizing the data rates. The developed solutions
in this paper will hold correct for any given trust degree
levels. Once a trust degree level is established for using a
particular device as a relay, this value will change much
more slowly than the time-scale of change of channel states.
However, due to transmitter mobility, the relay devices in
the vicinity of the transmitter can vary, which can, in turn,
trigger a relay selection and switching problem based on
the trust degree levels of available relay devices at a given
time instant. For the simplicity of analysis below, we will
assume that transmitter mobility is not fast enough to initiate
switching the relay node during a communication session.
However, it should be noted that our optimum transmission
strategy below will allow the flexibility of switching between
cooperative and noncooperative communication modes at the
time-scale of change of channel states based on the observed
channel conditions and given trust degree levels. We will show
that this extra design degree-of-freedom will help to improve
achievable physical layer data rates.
Without loss of generality, and for simplicity of presentation, we absorb β1 in the relay power. That is, we assume Pr is
the fraction of the relay’s power used for cooperation. Further,

assume that the cooperative link is used with a probability α,
and 0 ≤ α ≤ α1 .2 Then, the expected trust degree based rate
is given by
RT = αRDF + ᾱCSD ,

(1)

in which RDF represents the achievable rate of the cooperative
link, CSD is the capacity of the direct transmission link, and
ᾱ = 1 − α.
The goal of this work is to find beamforming algorithms,
both at the source and the relay nodes, as well as the optimal
value of α in order to maximize the expected trust degree
based rate (RT ). It is worth noting that in the case of α1 = 1
we get RT = RDF and our system simplifies to a decodeand-forward MIMO relay beamforming problem which is a
nonconvex problem and has been extensively studied, e.g., see
[21]–[23] and the reference therein. On the other hand, for
α1 = 0 we get RT = RSD and the system simplifies to
multiple-input-single-output (MISO) channel which is a wellunderstood problem.
III. P ROBLEM F ORMULATION AND T RANSFORMATION FOR
FD R ELAY
In this section, we formulate a beamforming design problem
to maximize the objective function in (1) when the relay
works in the FD mode. We then transform this problem into
some equivalent problems that can be tackled through easier
analytical approaches.
A. Problem Formulation
Consider the physical system model described in Section II-A where the relay works in the FD mode and applies
the decode-and-forward cooperation strategy. In this setting,
the information symbol xs is first multiplied by a beamforming vector ws before being transmitted at S. The complex
baseband signal received at R can be represented as
yR = Ht ws xs + nR ,

(2)

in which nR ∼ CN (0, I) represent the complex additive
Gaussian noise at R. In an FD mode, the relay can receive
and transmit at the same time. It decodes the information, reencodes it to xr , and transmits it to D. The complex baseband
signal received at D, which is a combination of the information
sent by S and R, can be represented as
yD = ht ws xs + gt wr xr + nD ,

(3)

in which nD ∼ CN (0, 1).
Next, let us define
γSD = |ht ws |2 Ps ,
t

2

(4a)

γSR = kH ws k Ps ,

(4b)

γRD = |gt wr |2 Pr ,

(4c)

2 Although, the relay is willing to participate in cooperation with probability
α1 , we may use it with a probability α and α < α1 . This is because,
depending on the channel conditions, such an α may result in a higher
achievable rate when compared to α = α1 .
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in which Ps is the average transmission power at S and Pr
is the fraction of the relay’s power used for the cooperation.
An achievable rate for the decode-and-forward system can be
written as

RFD
DF = min log2 (1 + γSR ), log2 (1 + γSD + γRD ) .

(5)

This can be obtained using [12, equation (15)] or by letting
β = 0 in equation (7) of [24]. We next look at the direct
transmission case, i.e., the case where the relay is not involved
in the communication between S and D. It is easy to see that
the maximum achievable rate of communication over the direct
transmission link from S to D is given by
CSD = log2 (1 + γSD ).

(6)

Finally, using (1), the expected achievable rate for the FD
system is obtained as
FD
RFD
T = αRDF + ᾱCSD

= α min log2 (1 + γSR ), log2 (1 + γSD + γRD )
+ ᾱ log2 (1 + γSD ).
(7)

Our goal is to jointly optimize the beamforming vectors ws
and wr as well as α, to maximize (7). Mathematically, this
can be expressed as
max

ws ,wr ,α

RFD
T

s.t. kws k2 = 1,

(8)

kwr k2 = 1,
0 ≤ α ≤ α1 ,

g∗
.
kgk

(9)

With this, the problem reduces to
max
ws ,α


?
α min{log2 (1 + γSR ), log2 (1 + γSD + γRD
)}

+ ᾱ log2 (1 + γSD )
(10)

s.t. kws k2 = 1,
0 ≤ α ≤ α1 ,
?
in which γRD
= kgk2 Pr is obtained from (9) and (4c).

Lemma 1. An upper bound on the achievable rate in (1) is
given by
?
?
?
RT ≤ α1 log2 (1 + γSD
+ γRD
) + ᾱ1 log2 (1 + γSD
)
2

(11)

2

= α1 log2 (1 + khk Ps + kgk Pr ) + ᾱ1 log2 (1 + khk2 Ps )
?
in which γSD
is obtained from (4a) for ws =

h∗
khk .

Proof. Using (10), we can write

?
RT = α min log2 (1 + γSR ), log2 (1 + γSD + γRD
)
+ ᾱ log2 (1 + γSD )
?
≤ α log2 (1 + γSD + γRD
) + ᾱ log2 (1 + γSD )
?
≤ α1 log2 (1 + γSD + γRD ) + ᾱ1 log2 (1 + γSD )
?
?
?
≤ α1 log2 (1 + γSD
+ γRD
) + ᾱ1 log2 (1 + γSD
)

(12)

in which the first inequality is due to the fact that for any
a, b ∈ R we have min{a, b} ≤ b, the second inequality follows
?
≥ 1 + γSD and the fact that α ≤ α1 , and
from 1 + γSD + γRD
the third inequality is due to a simple optimization over γSD
h∗
?
is obtained from (4a) for ws = khk
in which γSD
.
It is worth noting that the above upper bound is achievable
if the link between S and R is strong enough so that it is not
the bottleneck of the system. This is expected if the relay has
multiple antennas and/or is close enough to the transmitter.
More accurately, we have the following result.
Theorem 1. If kHt ws k2 Ps ≥ khk2 Ps + kgk2 Pr for ws =
h∗
h∗
khk , then ws = khk is an optimal beamformer of (10), and

where RFD
T is defined in (7).
This is a nonconvex optimization problem because RT is
in the form of functional compositions of logarithmic and
quadratic functions of ws ; thus, it is a combination of concave and convex functions, which is not necessarily convex.
Therefore, standard convex optimization techniques cannot be
applied directly. As a first step to simplifying (8), we observe
that γSD and γSR are independent of wr , the beamforming
vector at the relay. In other words, wr merely affects γRD .
Hence, the maximal ratio transmission (MRT) beamformer
[22], [23], [25] is optimal, i.e.,
wr =

B. An Analytical Solution
Before proceeding to further simplify (10), in this subsection
we show that under certain channel conditions this optimization problem lends itself to the analytical solution. To show
this, we first introduce an upper bound in the following.

RT = α1 log2 (1 + khk2 Ps + kgk2 Pr ) + ᾱ1 log2 (1 + khk2 Ps )
is achievable for the system depicted in Fig. 1, with an FD
decode-and-forward relaying strategy.
Proof. The proof follows from Lemma 1 because the upper
h∗
bound above is achievable for ws = khk
if kHt ws k2 Ps ≥
2
2
khk Ps + kgk Pr .
Although the condition leading to the optimal beamformer
in Theorem 1 can happen in practical networks, it captures a
very special case. We are interested in obtaining the optimal
beamformer under any channel conditions. To this end, in the
next subsection, we further simplify (10) in order to pave the
road to introduce a general solution in Section IV.
C. Transforming the Optimization Problem
The optimization problem (8) is a nonconvex problem, even
for a fixed α. In the following, we aim at simplifying it by
converting it into more tractable problems. This is based on
the fact that for any fixed ws (including the optimal ws ), we
will have one of the following three cases: γSR ≤ γSD , γSR ≥
?
?
γSD + γRD
, or γSD < γSR < γSD + γRD
. Based on this, we
can break (8) into three optimization problems, as described
below.
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1) γSR ≤ γSD : In such a case, the relay link is not strong
enough to be helpful. Then, from (10), it is straightforward to
check that the optimal α is zero (α? = 0) and the problem
simplifies to
max
ws

log2 (1 + γSD )

s.t. kws k2 = 1,
γSR ≤ γSD .

(13)

Then, without the last constraint, ws can be easily designed
h∗
as an MRT beamformer; i.e., ws = khk
. Thus, an optimal
h∗
beamformer is given by ws = khk provided that the inequality
γSR ≤ γSD holds for this ws . The optimal ws is not trivial to
obtain, in general.
?
2) γSR ≥ γSD + γRD
: This happens, for example, when
the relay is very close to the transmitter. In this case, RT =
?
α log2 (1 + γSD + γRD
) + ᾱ log2 (1 + γSD ). Now, since the
argument of the first logarithm is always greater than or equal
to that of the second one, we have α? = α1 , and (10) reduces
to
?
max α1 log2 (1 + γSD + γRD
) + ᾱ1 log2 (1 + γSD )
ws

s.t. kws k2 = 1,
?
γSR ≥ γSD + γRD
.

(14)

∗

h
is optimal if the inequality γSR ≥
Then again, ws = khk
h∗
?
γSD + γRD holds for ws = khk
. In such a case, we get RT =
α1 log2 (1 + khk2 Ps + kgk2 Pr ) + ᾱ1 log2 (1 + khk2 Ps ). Note
that this is the best achievable rate we can expect from the
optimization problem in (10).
?
3) γSD < γSR < γSD + γRD
: In this case, since γSD <
γSR , it can be checked from (10) that α? = α1 is optimal.
Physically, this means that the relay is strong enough and the
social connection is fully exploited. Further, in view of γSR <
?
γSD + γRD
, (10) simplifies to

max α1 log2 (1 + γSR ) + ᾱ1 log2 (1 + γSD )
ws

s.t. kws k2 = 1,
γSD < γSR ,
?
γSR < γSD + γRD
.

(15)

The new optimization problems defined by (13), (14), and
(15) are simpler than (10) in that the optimization over the
variable α is already carried out. With this divide and conquer
approach, we readily obtain the following useful lemmas.
Lemma 2. The optimal value of α in (10) is either zero or
α1 .
Lemma 3. Let RT1 , RT2 and RT3 be the solutions to the
optimization problems in (13), (14) and (15), respectively.
Then, the optimum rate achieved by the solution of (10) is
equal to max{RT1 , RT2 , RT3 }. Further, the optimum beamforming vector at the source ws is the one corresponding to
the maximum RTi for i = 1, 2, 3.
By converting the original optimization problem into three
subproblems corresponding to different scenarios, we fixed

the value of α in the previous subsection. However, the new
optimization problems are still nonconvex and difficult to
solve. A computationally efficient way to tackle the optimization problem in (13) is to use semidefinite relaxation (SDR)
[26], as described in [1]. However, unfortunately, SDR is not
applicable to the optimization problems in (14) and (15), as
their objective functions are neither quadratic nor convex. This
motivates as to find another solution for these problems, and
(10) in general, in the following section.
IV. A N E FFICIENT H EURISTIC A PPROACH FOR
B EAMFORMING
In the previous section, we explained that the optimization
problem (10) is hard to solve even when the trust degree is
fixed. The main problem lies in the fact that the resulting
optimization formulation is not convex, which does not lend
itself to an analytically or numerically efficient solution.
Likewise, the SDR method is not applicable to this problem
in general. In order to alleviate this problem, we propose an
efficient heuristic methodology to construct the beamforming
vector and reduce the dimension of the optimum beamforming
problem in this section. This approach will lead to a numerically efficient solution for trust degree based beamforming in
cooperative mobile data and social networks.
The optimization problem formulated in (10) clearly indicates that the beamforming vector should alter the values of
γSD and γSR in a way to maximize the transmission rates.
On the other hand, from (4a) and (4b), we observe that γSD
and γSR are functions of h and H, respectively. Thus, it is
intuitive to expect an efficient construction of the beamforming
vector based on the knowledge of h and H. More concretely,
the optimal ws should be a vector in the span of the space
generated by the columns of h and H.
One immediatePsolution to this end would be the normalNr
ization of ch + i=1
ci hi , where hi is the ith column of
H. However, such a ws leads to an intractable form when
substituted back into (10), as h and the hi ’s are not necessarily
orthogonal. A more amenable form would be obtained if an
orthogonal basis of the subspace defined by these vectors is
used. This is the approach we follow below.
The orthogonal projection of H onto the column space of h
is given by Πh H, where Πh , h(h† h)−1 h† is the standard
orthogonal projection matrix [27].3 Since Πh is a projection
Πh H
is
onto h, it is easy to check that each column of kΠ
h Hk
h
equal to khk . Also, the orthogonal projection of H onto the
orthogonal complement column space of h is given by Π⊥
h H,
where Π⊥
h , I − Πh .
Next, let Π⊥
h H , [h̄1 |H̄1 ] where h̄1 is the first column
of Π⊥
h H and H̄1 contains the remaining Nr − 1 columns
of Π⊥
h H. We can find the orthogonal projection of H̄1
onto the column space of h̄1 by Πh̄1 H̄1 , where Πh̄1 ,
h̄1 (h̄†1 h̄1 )−1 h̄†1 . Likewise, the orthogonal projection of H̄1
onto the orthogonal complement column space of h̄1 is given
by Π⊥
H̄ . We now denote Π⊥
H̄ , [h̄2 |H̄2 ] and find
h̄1 1
h̄1 1
3 Let Π
†
−1 X† be the orthogonal projection onto the column
X , X(X X)
space of X. Then, Π⊥
X , I − ΠX represents the orthogonal projection onto
the orthogonal complement of the column space of X [27].
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orthogonal projections of H̄2 onto the column space and
orthogonal complement column space of h̄2 . We repeat this
procedure until H̄i becomes empty. Note that i ≤ Nr as Π⊥
hH
has Nr (independent) columns at most.4 At this point, the
orthogonalization process is completed and we can write
h
,
khk
h̄i
wi ,
,
kh̄i k
w,

(16)
i ∈ {1, . . . , Nr }.

(17)

By definition, we have w⊥wi⊥ , i.e., w† .wi⊥ = 0 ∀i ∈
{1, . . . , Nr }. The optimal structure of the beamforming vector
is then given by the following lemma.
Theorem 2. The transmit beamformer that maximizes the
achievable rate in (5) can be represented as
N

ws =

r
X
√
√
γ0 w +
γi wi .

(18)

i=1

in which w and the wi ’s are orthonormal bases spanning the
column space of h and H, respectively, as defined in (16) and
(17), and γ0 + γ1 + . . . + γNr = 1.
Proof. We prove this lemma by contradiction, similar to [10].
To simplify the proof, let us rewrite (18) as
√
√
(19)
ws = γ 0 w + γ̄ 0 w⊥ ,
P
√
Nr
in which we define w⊥ , √1γ̄
i=1 γi wi . Next, suppose
0
Ns ×1
that w̃s ∈ C
is an optimal beamformer. Obviously, w̃s
√
√
√
can be represented as w̃s = η1 f1 + η2 f2 + . . . + ηNs fNs
where the fi ’s form an orthonormal basis. Since w and w⊥
are orthonormal vectors, without loss of generality, let f1 = w
and f2 = w⊥ . Then, we get
√
√
√
√
w̃s = η1 w + η2 w⊥ + η3 f3 + . . . + ηNs fNs , (20)
in which fi† · w = 0 and fi† · w⊥ = 0 for i ≥ 3. Next, we
argue that ηi should be zero for any i ≥ 3. To this end, we
show that using w̃s as a beamformer, γSD and γSR do not
depend on ηi , i ≥ 3. The former is rather simple as γSD =
|ht w̃s |2 Ps = η1 khk2 Ps , in view of (20) and (16). It is also
easy to verify that γSR = kHt w̃s k2 P is independent of ηi ,
i ≥ 3. To see this, recall from the orthogonalization process
in (17) that the wi ’s form an orthonormal basis spanning the
column space of H. Hence, each column of H is a linear
combination of the wi ’s, and thus, is orthogonal to fi for i ≥ 3
⊥
due to the construction of the fi ’s in (20)
√ and⊥that of w
√
in (19). This means that ŵs = η1 w + η̂2 w with η̂2 =
η2 +η3 +. . .+ηNs can strictly increase the optimum value of the
data rate in (10) when compared with w̃s . But, this contradicts
the assumption that w̃s is an optimal beamformer and not
equal to ws . Therefore, any optimum beamformer must be
equal to ws given in (19). This completes the proof.
Note that the problem has been largely simplified in Theorem 2 as only Nr real numbers are to be determined whereas in
the original problem we needed to find Ns complex numbers.
4 Here,

we have assumed Nr ≤ Ns . In general, i ≤ min{Nr , Ns }.

Note that, in practical systems, Ns  Nr and Nr is usually
1, 2, or 4 as relay nodes are assumed to be network users
rather than being extra middle-boxes to help for cooperative
communication.
So far, we have proved that optimal beamformer is a linear
combination of at most Nr +1 orthonormal vectors, as given in
(18). To complete the process, we need to find the coefficients
of the linear combination, i.e., γi s in (18), i = 0, . . . , Nr .
For Nr = 1 this is very simple and a linear search over one
parameter is enough. For Nr = 2 and Nr = 4, we generate
the coefficients randomly. Numerical tests show that for these
cases using 100 different random weights (vectors of length
Nr + 1) is enough to achieve an optimal solution. This is
because the difference between the rates obtained via using
100 and 1000 random weights is negligible and thus there is
no need to use a higher number of random weights.
Remark 1. For the MISO case (Nr = 1), from (19), it is easy
to see that w⊥ = w1 . Then, to determine ws in (18), we
only need to find γ0 . We should highlight that this case was
studied in [10], where the authors found a closed-form solution
for γ0 , based on an approximated achievable rate. However,
the optimization problem in [10] is solved for a fixed α, i.e.,
α = α1 , whereas in Lemma 2 we proved that the optimal α
can be 0 or α1 . In addition, the solution obtained for γ0 is only
for an approximated achievable rate in the high SNR regime,
which tends to lose its accuracy when SNR values become
smaller.
V. H ALF D UPLEX R ELAY
In this section, we investigate the performance of our
baseline mobile/social network model when the relay operates
on a HD mode. This is a more practical constraint on the relay
where it transmits and receives on different time-slots, which
is also called time-division (TD) relay channel [24]. In this
setting, the relay is in the receive mode for a fraction τ of
the time (0 ≤ τ ≤ 1), and in the transmit mode for a fraction
τ̄ of the time. These are called the relay-receive period and
the relay-transmit period, respectively. The source node can,
however, transmit in both periods.
A. Fixed Power at Source
We explain the information transmission in each phase and
clarify the achievable cooperative rate assuming that the source
uses a fixed power (Ps ) in both phases.
• Relay-receive phase (τ ): In this phase, the information
symbol xs is first multiplied by a beamforming vector ws
before being transmitted at S. The complex baseband signal
received at D and R can be represented as
ySD = ht ws xs + nSD ,
t

ySR = H ws xs + nSR ,

(21)
(22)

where nSD ∼ CN (0, 1) and nSR ∼ CN (0, I) represent
complex additive Gaussian noise at D and R, respectively.
The maximum achievable rates of communication from S to
D and S to R are obtained by
CSD = log2 (1 + γSD ),
CSR = log2 (1 + γSR ),

(23)
(24)
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in which γSD and γSR , the received SNRs at D and R, are
given by (4a) and (4b), respectively.
• Relay-transmit phase (τ̄ ) In this phase, R forwards its
decoded symbol xr to D with power Pτ̄r through transmission
over Nr antennas.5 The complex baseband signal received at
D can be written as
yRD = gt wr xr + nRD ,

(25)

where nRD ∼ CN (0, 1). The received SNR at D, in this phase,
is given by |gt wr |2 Pτ̄r , γRD
τ̄ . Then, D can combine the signal
received from S and R to improve the SNR. Specifically, we
can have the following result.
Proposition 1. An achievable rate for the TD HD relaying is
obtained by
TD
TD
RTD
DF = max min{R1 , R2 },
θ

(26)

in which

(30)

RTD
= τ log2 (1 + γSR ) + τ̄ log2 (1 + θ̄γSD ),
1
RTD
= τ log2 (1 + γSD )+
2
r


θ
1
τ̄ log2 1 + γSD + γRD + 2
γSD γRD ,
τ̄
τ̄
0 ≤ τ ≤ 1, and 0 ≤ θ ≤ 1.

(27a)

(27b)

Proof. The proof can be found in the literature of the HD relay,
see for example [24, Proposition 2], [28], and [29]. Note that
to get the above rate we have assumed that the relay uses the
source power (Ps ) in both transmission phases so that the total
average power is τ Ps + τ̄ Ps = Ps . Contrary to the source, the
relay is silent during the relay-receive phase.
The optimal value of θ can be obtained in closed-form as
proved in the following lemma.
Lemma 4. τ The optimal value of θ in Proposition 1 is zero

1+γSD + τ̄1 γRD
1+γSR τ̄
. Otherwise, the optimal value is
if 1+γ
≤
1+γSD
SD
obtained by
" r
1
1
θ? =
−
γSD γRD +
cγSD
τ̄
#2
r
1
1
γSD γRD − cγSD [(1 + γSD )(1 − c) + γRD ] , (28)
τ̄
τ̄
in which c =

x , γSR , y , γSD , and z , τ̄1 γRD . Then, it is straightforward
to check that RTD
= RTD
is equivalent to
1
2
√
 1 + x  ττ̄
1 + y + z + 2 θyz
=
.
(29)
1+y
1 + θ̄y
√
This is a quadratic equation
with respect to θ which
√
√
√
− yz± yz−cy[(1+y)(1−c)+z)]
results in θ =
, in which
cy
τ
√

1+x τ̄
c , 1+y . Then, since θ must be a non-negative real
√
number,√ the only (possibly) acceptable solution is θ =
√
− yz+ yz−cy[(1+y)(1−c)+z)]
. The latter can be non-negative
cy
only if cy[(1 + y)(1 − c) + z)] ≤ 0 which is equivalent to
z
c ≥ 1 + 1+y
. Otherwise, the two curves do not intersect and it
is easy to check that θ = 0 is optimal. In summary, we have

τ
1+x τ̄
z
0,
if
≤ 1 + 1+y
1+y
?
√
.
θ = h −√yz+ yz−cy((1+y)(1−c)+z) i2

, otherwise
cy

1+γSR
1+γSD

 ττ̄

.

and
Proof. From (27a) and (27b), it can be seen that RTD
1
RTD
are decreasing and increasing in θ, respectively. Thus,
2
and RTD
with respect to θ) intersect,
if the two curves (RTD
1
2
TD
then that point will give max min{RTD
1 , R2 } and the optimal θ. Otherwise, the optimal value of θ is obtained based
on the maximum of the lower curve, which is rather simple.
We first consider the first case. For notational convenience, let
5 The reason behind using Pr , rather than P , as transmit power of R in
r
τ̄
this phase is to keep the total average transmit power of the relay equal to
Pr . Recall that the relay was silent in the relay-receive phase. Thus, the total
average power will be Pr only if the average power in the relay-transmit phase
is Pτ̄r . This is to make the comparison between the FD and HD schemes fair.
Recall that the total average power in the FD case was Pr .

This completes the proof.
1) Equal time allocation: We first consider the special case
of τ = 12 , i.e., equal time for the relay-receive and relaytransmit phases. This is the most common case in the literature.
Obviously, a better rate can be achieved if we optimized τ in
Proposition 1. However, to avoid the complexity of practical
relaying system as well as the complexity of the optimization
problem, we fix τ = 21 in this subsection. With this, the
condition required for θ = 0 reduces to γSR ≤ γSD + 2γRD .
Thus, we differentiate the following two sub-cases:
Case I. γSR ≤ γSD + 2γRD : In such a case, from Lemma 4,
we know that θ = 0 is optimal. Further, it can be checked that
RTD
≤ RTD
1
2 . Then, the TD HD rate (26) simplifies to

1
RHD
log2 (1 + γSD ) + log2 (1 + γSR ) .
(31)
DF =
2
Next, using (1), the expected achievable rate for the HD
mobile/social network system is obtained as
HD
RHD
T = αRDF + ᾱCSD


α
log2 (1 + γSD ) + log2 (1 + γSR ) + ᾱ log2 (1 + γSD ).
=
2
(32)

Similar to the FD case in Section III, our goal is to jointly
optimize the beamforming vectors ws and wr as well as α to
maximize (32), which can be cast as
max

ws ,wr ,α

RHD
T

s.t. kws k2 = 1,

(33)

2

kwr k = 1,
0 ≤ α ≤ α1 ,
where RHD
is defined in (32). We note that the objective
T
function is independent of γSR and thus wr . Hence, we obtain
1 + γ 
α
SR
max log2 (1 + γSD ) + log2
(34)
ws ,α
2
1 + γSD
s.t. kws k2 = 1,
0 ≤ α ≤ α1 .
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With this representation of the objective function, it is clear
that the optimal value of α is restricted to either zero or
α1 . Specifically, if γSR ≤ γSD , then α = 0 is optimal, i.e.,
the direct transmission outperforms the relaying. Further, the
h∗
.
optimal ws is given as an MRT beamformer; i.e., ws = khk
Otherwise (γSR > γSD ), the relaying is better than the direct
transmission, i.e., α = α1 is optimal. In this case, finding ws
is not trivial and we use the same hubristic solution developed
in Section IV.
Case II. γSR > γSD + 2γRD : In such a case, the optimal θ
is obtained from (28). We know that such a point is obtained
by equating RTD
and RTD
1
2 . Then, the TD HD rate in (26)
TD
simplifies to RHD
=
R
= RTD
1
2 . Finally, to get the
DF
expected achievable rate for the HD mobile/social network
TD
system, we replace RHD
in (1) which results in
DF = R2
HD
RHD
T = αRDF + ᾱCSD
α
= log2 (1 + γSD )
2


p
α
+ log2 1 + γSD + 2γRD + 2 2θγSD γRD
2
+ ᾱ log2 (1 + γSD ).
(35)

Note that we have used τ = 12 in (27b).
Then again we need to solve the optimization problem
given by (35). Seeing that γSD is
(33), this time for RHD
T
g∗
is optimal,
independent of wr , we conclude that wr = kgk
similar to what we had in (9). Next, it is obvious that
h∗
ws = khk
is the optimal beamformer at the source. Finally, it
is easy to see that the objective function is a linear function
of α. Thus, its maximum is achieved in one of the two ends;
i.e., α = 0 or then α = α1 .
In the above analysis, we have assumed an equal time
slots allocation to the relay-receive and relay-transmit phases.
Because of the latter, the pre-log factor 12 appears in (31). A
more general setting would be obtained if time is arbitrarily
divided between the two phases, as can be seen in the next
subsection.
2) Unequal time allocation: With the insight, we got from
equal time relaying, we now consider the unequal case here.
Again we need to solve the optimization problem (33), but
this time for the more general RHD
obtained by using (26)
T
for unspecific τ . To this end, very similar to what we showed
in the equal time allocation case, for a given τ we can treat
the following to cases
separately.
τ
1+γSD + τ̄1 γRD
1+γSR τ̄
Case I. 1+γ
≤
: In this case, from
1+γSD
SD
Lemma 4 we know that θ = 0 is optimal. We can also check
that RTD
≤ RTD
1
2 , in such a case. Thus, from (26), we see
TD
that the TD HD rate simplifies to RHD
DF = R1 . In this case,
HD
HD
RT = αRDF + ᾱCSD is independent of γSR and thus wr .
Further, α = 0 and α = α1 are optimal when RHD
DF ≤ CSD
and RHD
>
C
,
respectively.
In
the
former
case,
the
problem
SD
DF
h∗
is the optimal beamformer at
is rather simple and ws = khk
the source. To obtain the optimal ws in the latter case, we use
the algorithm developed
in Section IV.
τ
1+γSD + τ̄1 γRD
1+γSR τ̄
Case II. 1+γSD
>
: In this case, the optimal
1+γSD
TD
θ is obtained from (28) and we have RHD
= RTD
2 .
DF = R1
HD
TD
Then, in (1), we let RDF = R2 for which it is straightforg∗
h∗
ward to check that wr = kgk
and ws = khk
are the optimal

beamforming vectors at the relay and source, respectively.
Very similar to case I, we see that α = 0 and α = α1 are
HD
optimal if RHD
DF ≤ CSD and RDF > CSD , respectively.
Eventually, to find the optimal τ of the above cases we use
a linear search over that.

B. Varying Power at Source
In the previous subsection, we have assumed that the source
uses a fixed power in both phases of transmission. A more
general setting would be obtained the source power can vary
in different phases as long as it satisfies the total average power
Ps . Then, the achievable rate for the decode-and-forward
system is modified as in the following proposition [24], [28],
[29].
Proposition 2. A more general achievable rate for the TD HD
relaying is given by
TD
TD
RTD
DF = max min{R1 , R2 },
θ

(36)

in which
(1)

(2)

RTD
= τ log2 (1 + γSR ) + τ̄ log2 (1 + θ̄γSD ),
1
RTD
2

(37a)

(1)
γSD )+

= τ log2 (1 +
r


θ (2)
1
(2)
γSD γRD ,
τ̄ log2 1 + γSD + γRD + 2
τ̄
τ̄

(37b)

where
(1)

γSD = |ht ws |2 Ps(1) ,
(2)
γSD
(1)
γSR

= |ht ws |2 Ps(2) ,

(38b)

Ps(1) ,

(38c)

τ Ps(1) + τ̄ Ps(2) = Ps .

(39)

t

= kH ws k

2

(38a)

and

The above scheme with unequal time slots and varying
source power enjoys a higher degree of freedom when compared to the cases we considered in the previous subsection.
As such, it is expected to improve the rate achieved by the
social/physical system formulated in (33). In particular, it
shows the possibility of improving the performance of the
proposed cooperative scheme by varying the source’s transmit
power and the relay’s transmit/receive duration based on the
instantaneous channel conditions.
We next solve the optimization problem (33), but this time
for
TD
RHD
T = αRDF + ᾱCSD ,

(40)

in which RTD
DF is given by (36). We should emphasize that
this is the most general case in which both time slot length
(1)
(2)
(τ ) and source power in each time slot (Ps and Ps ) vary.
We solve this problem using the following steps:
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Lemma 5. The optimal value of θ in Proposition 1 is zero
(2)
(1)
1+γSD + τ̄1 γRD
1+γSR  ττ̄
≤
. Otherwise, the optimal value is
if
(1)
(2)
1+γSD
1+γSD
obtained by
" r
1
1 (2)
?
θ = (2) −
γSD γRD +
τ̄
cγSD
#2
r
1 (2)
1
(2)
(2)
γ γRD − cγSD [(1 + γSD )(1 − c) + γRD ] , (41)
τ̄ SD
τ̄
(1)

in which c =

1+γSR

(1)
1+γSD

 ττ̄

2
Achievable Rate (bps/Hz)

1) Step 1: To simplify the problem, we first find the optimal
(1)
(2)
θ (and RTD
DF ) of (36) for a given τ , Ps , and Ps . We then
(1)
optimize over τ and Ps . The optimal value of θ can be
obtained in closed-form as proved in the following lemma.

1.5

Optimized α
Ryu et al. BF [7]
Direct transmission

1

0.5

0
0

2

4
6
8
Transmission SNR (dB)

10

Fig. 2. Achievable rates for the FD MISO case with Ns = 4, Nr = 1,
2 , σ 2 , σ 2 ) = (−5, −4, 10) dB.
α1 = 0.7, and (σh
g
H

.

Proof. The proof is very similar to that of Lemma 4 and is
omitted.
2) Step 2: To find the optimal beamforming vectors for
this scenario, very similar to what we saw in Section V-A2
the following to cases arise.
(2)
(1)
1+γSD + τ̄1 γRD
1+γSR  ττ̄
Case I.
≤
: In this case, from
(1)
(2)
1+γSD
1+γSD
Lemma 4 we know that θ = 0 is optimal. We can also check
that RTD
≤ RTD
1
2 , in such a case. Thus, from (36) and (40), we
TD
+ ᾱCSD which is independent of
can see that RHD
T = αR1
γSR and thus wr . Further, α = 0 and α = α1 are optimal when
RTD
≤ CSD and RTD
> CSD , respectively. In the former
1
1
h∗
is the optimal beamformer at
case, it is clear that ws = khk
the source. In the latter case, we use the algorithm developed
in Section IV to find the optimal ws .
(2)
(1)
1+γSD + τ̄1 γRD
1+γSR  ττ̄
Case II.
>
: In this case, the
(1)
(2)
1+γSD

1+γSD

optimal θ is obtained from (41) and we have RTD
= RTD
1
2 ∗.
g
TD
TD
Then, in (40), we let RDF = R2 for which wr = kgk
∗
h
and ws = khk
are the optimal beamforming vectors at the
relay and source, respectively. Also, similar to case I, we see
that α = 0 and α = α1 are optimal if RTD
DF ≤ CSD and
RTD
DF > CSD , respectively.
3) Step 3: The last step is to find the optimal value of τ
(1)
as well as the corresponding power allocation, i.e., Ps . To
this end, we use use a linear search over [0, 1] for τ and over
(1)
[0, Pτs ] for Ps .
Numerical results in Section VI confirms that the rate region
can be improved to a good extent by optimizing over the time
slot length and source power. Such an improvement, however,
comes at the expense of complexity in the transmission
scheme.
VI. N UMERICAL R ESULTS
We evaluate the performance of the proposed approach
for generating beamforming vectors and compare it with the
existing schemes in this section. For the purpose of simulation,
we will assume that the channels h, H and g are complex
Gaussian vectors whose entries are independent and identical
distributed (i.i.d.) Gaussian random variables with zero means
2
and variances σh2 , σH
, and σg2 , respectively. Unlike [10], we

optimize the exact achievable rate given by (10), not just a high
SNR approximation of that. All graphs are based on averaging
over 10,000 channel realizations.
We first focus on the MISO case and compare our re2
sults with those of [10], for Ns = 4 and (σh2 , σH
, σg2 ) =
(−5, −4, 10) dB. In Fig. 2, we show the effect of optimizing
over α rather than fixing it at α = α1 , which is the case in
[10]. Recall from Lemma 2 that α? ∈ {0, α1 }. Hence, we
choose between α = 0 or α = α1 , whichever choice gives a
better rate. In Fig. 2, we take α1 = 0.7 and direct transmission
refers to the case with α = 0. This figure clearly shows that
using the maximum trust degree (α1 ) is not always the best
approach to optimize data rates, and, depending on the channel
conditions, the transmission rate may increase by using a finetuned α smaller than α1 . As can be seen in Fig. 3, there is
a visible gap between our scheme and the one proposed in
[10] for different values of Ns at all SNRs, although this gap
reduces as Ns increases or the relay link becomes stronger.
In Fig. 4, we consider the MIMO case and compare the
achievable rates for different values of Nr . Expectedly, as the
number of antennas increases, the achievable rate goes up. In
Fig. 5, we compare the achievable rate for the HD and FD
cases with a different number of antennas at the relay. Note
that in this figure σh2 has increased from −5 dB to −2 dB
compared to that of Fig. 4. Due to this increase in the strength
of the direct link, all curves including the direct transmission
curve has slightly shifted up compared to their corresponding
curves in Fig. 4. It is also seen that the achievable rates for the
HD relaying with Nr = 4 and Nr = 2 are almost as high as the
achievable rates of the FD relaying with Nr = 2 and Nr = 1,
respectively. Therefore, the HD relaying loss, compared to the
FD relaying, can be compensated by increasing the number of
antennas at the relay. In Fig. 6, we study the effect of the HD
relaying with unequal time allocation to the relay-transmit and
relay-receive phases. This figure shows that optimizing τ can
noticeably increase the trust degree based rate when expected
compared to the case with τ = 21 . This relative gain is higher
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Fig. 5. Achievable rates for the FD and HD MIMO cases with α1 = 0.7,
2 , σ 2 , σ 2 ) = (−2, 0, 10) dB, N = 4, and different N ’s.
(σh
s
r
g
H

Achievable Rate (bps/Hz)

Achievable Rate (bps/Hz)

4

2

0
0

10

Fig. 3. Achievable rates for the FD MISO case (Nr = 1) with α1 = 0.7
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Fig. 4. Achievable rates for the FD MIMO case with α1 = 0.7,
2 , σ 2 , σ 2 ) = (−5, 0, 10) dB, N = 4, and different N ’s.
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when the relay has s single antenna.
In Fig. 7, we investigate the effect of the trust degree on the
achievable rate of HD schemes with fixed and varying power.
As can be seen from both Fig. 7(a) and Fig. 7(b), as the level
of trust increases, the achievable rates of both FD and HD
social/mobile systems significantly increase. From these two
figures, we can also see the difference between the achievable
rates for the HD social/mobile systems where the relay power
is fixed or can take different values in different transmission
phases. The achievable rate (for the HD case) is visibly higher
for Fig. 7(b) where the relay power can take different values
in different transmission phases when compared to Fig. 7(a)
where the relay uses a fixed power in both transmission phases.
Interestingly, when the number of antennas at the relay is high,
this increase is almost linear in α1 . This is because in such
cases γSR > γSD with high probability which implies that
α = α1 is optimal in (1), and from which it is clear that
RT is linear in α1 . Note that the graphs in this figure are for
2
2
(σh2 , σH
, σg2 ) = (0, 0, 5)dB. If σH
 σh2 , which is mostly the

0.5
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8
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Fig. 6. Achievable rates for equal time (τ = τ̄ = 0.5) and unequal time HD
2 , σ 2 , σ 2 ) = (−2, 0, 5) dB and N = 4.
and FD MIMO cases with (σh
s
g
H

case in practice because the relay is usually much closer than
the destination to the source, then even with a single antenna
2
at relay RT will be linear in α1 . On the contrary, if σH
≤ σh2
and Nr is small, then the cooperative link may not be superior
to the direct link. Such a case implies α = 0 is optimal and
then RT will not be linear in α1 .
VII. S COPE OF THE PAPER AND E XTENSIONS
In this section, we revisit the scope of the paper and
describe some possible extensions to the proposed socialaware cooperative communications approach.
A. Social-Aware FD Communications with Self-Interference
When considering social-aware FD cooperative communication in Section III, we used the FD achievable rate in which
practical issues such as self-interference (SI) is not considered.
However, high-powered SI is the main practical challenge in
FD radio which swamps the receiver. Over the past few years,
several research groups have proposed various designs to
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build FD radios, e.g., see [30]–[33]. An important engineering
insight arising from these studies is that FD communication
is feasible and practical as the SI can be reduced below
the noise floor [33] through a series of analog and digital
cancellation techniques. In fact, it has been demonstrated
that a point-to-point FD communication link can achieve
close to the theoretical doubling of throughput. Considering
this, and the fact that we emphasize on the social-awareness
of the communication, in this work, we have investigated
the trust degree based beamforming design in multi-antenna
cooperative systems in the absence of SI. This helps to focus
on understanding the benefits of social-aware user cooperation.
Nonetheless, to illustrate how the residual SI affects achievable
rates in practice, we have also assessed the performance of
the proposed FD method with SI, and compared it with the SI
cancellation capability in Section VI. As can be seen in Fig. 8,
SI can largely affect the achievable rate in the single-antenna
relay. However, when the number of antennas increases the
rate loss becomes much less, specifically if the SI is small

(e.g., SI = 3 dB in Fig. 8(a)).
B. Cooperative Strategies Beyond the Decode-And-Forward
Relaying
Relay-assisted multi-hop wireless networks have been extensively studied in the literature of cooperative communications. In particular, in addition to the decode-and-forward
relaying scheme considered in this paper, compress-andforward and amplify-and-forward are the two other major
relaying schemes extensively analyzed in the literature. We
know that the decode-and-forward approach does not work
when γSR < γSD , since it is unable to reach the data
rates achievable through direct transmission. To see this more
clearly in Proposition 1, we can write
TD
TD
RTD
DF = max min{R1 , R2 },
θ

≤ max RTD
= τ log2 (1 + γSR ) + τ̄ log2 (1 + γSD )
1
θ

< log2 (1 + γSD ),

(42)
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where the second equality is straightforward from (27a) and
the last step is due to the assumption γSR < γSD . In contrast,
the compress-and-forward approach can be used for all channel conditions, which always gives a rate higher than the one
achievable through direct transmission. Therefore, the overall
transmission rate of the proposed cooperative and social-aware
communications system, in both cases of the FD and HD
modes, can be improved if the compress-and-forward scheme
is used when γSR < γSD . However, when γSR becomes larger
than γSD , the decode-and-forward rate would be eventually
larger than the compress-and-forward rate. Hence, another
interesting future research direction of the authors is the socialaware design of cooperative communications systems with
other cooperation strategies such as amplify-and-forward and
compress-and-forward, as well as dynamic switching between
these cooperation modes based on trust degrees and channel
conditions.
VIII. C ONCLUSION
We have developed a trust degree based beamforming design formulation for multi-antenna cooperative communication
with decode-and-forward relaying both in the FD and HD
cases. Observing that maximum trust degree may not result in
the best rate performance, we have optimized the achievable
rate over the trust degrees as well as the beamforming vectors
at the source and relay nodes. We have proved that the optimal
beamforming vector is a linear combination of the direct and
cooperating links beamforming vectors, respecting the trust
degree. Unlike existing works, the proposed scheme has been
developed for the MIMO setting and is applicable to any SNR
regime. For the MISO case, our scheme noticeably improves
the achievable rate over those of the existing schemes. An
interesting direction to extend this work is to study the effect
of trustworthiness in enhancing transmission security. It would
be also useful to explore the effect of untrusted relays in socialaware cooperative networks.
R EFERENCES
[1] M. Vaezi, H. Inaltekin, W. Shin, H. V. Poor, and J. Zhang, “Trust degree based beamforming for multi-antenna cooperative communication
systems,” in Proc. IEEE Global Telecommunications Conference, 2017.
[2] X. Chen, X. Gong, L. Yang, and J. Zhang, “A social group utility
maximization framework with applications in database assisted spectrum
access,” in Proc. IEEE INFOCOM, pp. 1959–1967, 2014.
[3] Y. Li, S. Su, and S. Chen, “Social-aware resource allocation for
device-to-device communications underlaying cellular networks,” IEEE
Wireless Communications Letters, vol. 4, no. 3, pp. 293–296, 2015.
[4] F. Wang, Y. Li, Z. Wang, and Z. Yang, “Social-community-aware
resource allocation for D2D communications underlaying cellular networks,” IEEE Transactions on Vehicular Technology, vol. 65, no. 5,
pp. 3628–3640, 2016.
[5] Y. Li, T. Wu, P. Hui, D. Jin, and S. Chen, “Social-aware D2D
communications: Qualitative insights and quantitative analysis,” IEEE
Communications Magazine, vol. 52, no. 6, pp. 150–158, 2014.
[6] A. Ometov et al., “Toward trusted, social-aware D2D connectivity:
Bridging across the technology and sociality realms,” IEEE Wireless
Communications, vol. 23, no. 4, pp. 103–111, 2016.
[7] B. Zhang, Y. Li, D. Jin, P. Hui, and Z. Han, “Social-aware peer discovery
for D2D communications underlaying cellular networks,” IEEE Transactions on Wireless Communications, vol. 14, no. 5, pp. 2426–2439,
2015.
[8] Z. Ning, Q. Song, L. Guo, and K. Okamura, “Social-oriented adaptive
transmission in wireless ad hoc networks,” in Proc. IEEE International
Conference on Communications, pp. 490–495, 2014.

[9] J. Y. Ryu, J. Lee, and T. Q. Quek, “Confidential cooperative communication with trust degree of potential eavesdroppers,” IEEE Transactions
on Wireless Communications, vol. 15, no. 6, pp. 3823–3836, 2016.
[10] J. Y. Ryu, J. Lee, and T. Q. Quek, “Trust degree based beamforming
for MISO cooperative communication system,” IEEE Communications
Letters, vol. 19, no. 11, pp. 1957–1960, 2015.
[11] M. Zhao, J. Y. Ryu, J. Lee, T. Q. Quek, and S. Feng, “Exploiting trust
egree for multiple-aantenna user cooperation,” IEEE Transactions on
Wireless Communications, vol. 16, no. 8, pp. 4908–4923, 2017.
[12] J. N. Laneman, D. N. Tse, and G. W. Wornell, “Cooperative diversity
in wireless networks: Efficient protocols and outage behavior,” IEEE
Trans. Inf. Theory, vol. 50, no. 12, pp. 3062–3080, 2004.
[13] Q. Li, K. H. Li, and K. C. Teh, “Diversity-multiplexing tradeoff of
wireless communication systems with user cooperation,” IEEE Trans.
Inf. Theory, vol. 57, pp. 5794–5819, Sep. 2011.
[14] A. El Gamal and Y. H. Kim, Network Information Theory. Cambridge
University Press, 2011.
[15] J. P. Coon, “Modelling trust in random wireless networks,” in Proc. 11th
IEEE International Symposium on Wireless Communications Systems,
pp. 976–981, 2014.
[16] X. Gong, L. Duan, X. Chen, and J. Zhang, “When social network effect
meets congestion effect in wireless networks: Data usage equilibrium
and optimal pricing,” IEEE Journal on Selected Areas in Communications, vol. 35, no. 2, pp. 449–462, 2017.
[17] X. Chen, B. Proulx, X. Gong, and J. Zhang, “Exploiting social ties for
cooperative D2D communications: A mobile social networking case,”
IEEE/ACM Transactions on Networking, vol. 23, no. 5, pp. 1471–1484,
2015.
[18] G. Theodorakopoulos and J. S. Baras, “On trust models and trust
evaluation metrics for ad hoc networks,” IEEE J. Sel. Areas Commun.,
vol. 24, pp. 318–328, Feb. 2016.
[19] R. Changiz, H. Halabian, F. R. Yu, I. Lambadaris, H. Tang, and P. C.
Mason, “Trust establishment in cooperative wireless networks,” in Proc.
IEEE 2010 Military Communications Conference, (San Jose, CA, USA),
pp. 1074–1079, Nov. 2010.
[20] K. Zhao and L. Pan, “A machine learning based trust evaluation
framework for online social networks,” in Proc. IEEE 13th International Conference on Trust, Security and Privacy in Computing and
Communications, (Beijing, China), pp. 69–74, Sep. 2014.
[21] X. Tang and Y. Hua, “Optimal design of non-regenerative MIMO
wireless relays,” IEEE Transactions on Wireless Communications, vol. 6,
no. 4, 2007.
[22] J. Y. Ryu and W. Choi, “Balanced linear precoding in decode-andforward based MIMO relay communications,” IEEE Transactions on
Wireless Communications, vol. 10, no. 7, pp. 2390–2400, 2011.
[23] K. Xiong, P. Fan, Z. Xu, H.-C. Yang, and K. B. Letaief, “Optimal
cooperative beamforming design for MIMO decode-and-forward relay
channels,” IEEE Transactions on Signal Processing, vol. 62, no. 6,
pp. 1476–1489, 2014.
[24] A. Host-Madsen and J. Zhang, “Capacity bounds and power allocation
for wireless relay channels,” IEEE transactions on Information Theory,
vol. 51, no. 6, pp. 2020–2040, 2005.
[25] T. Lo, “Maximum ratio transmission,” IEEE Transactions on Communications, vol. 47, no. 10, pp. 1458–1461, 1999.
[26] Z.-Q. Luo, W.-K. Ma, A. M.-C. So, Y. Ye, and S. Zhang, “Semidefinite
relaxation of quadratic optimization problems,” IEEE Signal Processing
Magazine, vol. 27, no. 3, pp. 20–34, 2010.
[27] G. A. F. Seber, A Matrix Handbook for Statisticians. Hoboken, NJ: John
Wiley & Sons, 2008.
[28] M. A. Khojastepour, A. Sabharwal, and B. Aazhang, “On capacity of
Gaussian ‘cheap’ relay channel,” in Proc. IEEE Global Telecommunications Conference, vol. 3, pp. 1776–1780, 2003.
[29] A. A. Al Haija and M. Vu, “Outage analysis for coherent decodeforward relaying over Rayleigh fading channels,” IEEE Transactions
on Communications, vol. 63, no. 4, pp. 1162–1177, 2015.
[30] S. Hong, J. Brand, J. Choi, M. Jain, J. Mehlman, S. Katti, and P. Levis,
“Applications of self-interference cancellation in 5G and beyond,” IEEE
Communications Magazine, vol. 52, no. 2, pp. 114–121, 2014.
[31] M. Duarte, C. Dick, and A. Sabharwal, “Experiment-driven characterization of full-duplex wireless systems,” IEEE Transactions on Wireless
Communications, vol. 11, no. 12, pp. 4296–4307, 2012.
[32] D. Bharadia, E. McMilin, and S. Katti, “Full duplex radios,” ACM
SIGCOMM Computer Communication Review, vol. 43, no. 4, pp. 375–
386, 2013.
[33] Z. Zhang, K. Long, A. V. Vasilakos, and L. Hanzo, “Full-duplex wireless
communications: challenges, solutions, and future research directions,”
Proceedings of the IEEE, vol. 104, no. 7, pp. 1369–1409, 2016.

0090-6778 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCOMM.2018.2821138, IEEE
Transactions on Communications
13

Mojtaba Vaezi (S’09, M’14) received the Ph.D.
degree in Electrical Engineering from McGill University in 2014. From 2015-2018 he was a Postdoctoral Research Fellow and Associate Research
Scholar at Princeton University. He is currently an
Assistant Professor of ECE at Villanova University.
Before joining Princeton, he was a researcher at
Ericsson Research in Montreal, Canada. His research
interests include the broad areas of information theory, wireless communications, and signal processing,
with an emphasis on physical layer security and fifth
generation (5G) radio access technologies. Among his publications in these
areas is the book Cloud Mobile Networks: From RAN to EPC (Springer,
2017).
Dr. Vaezi has served as the president of McGill IEEE Student Branch during
2012-2013. Before joining McGill, he was the Head of Mobile Radio Network
Design and Optimization Department at Ericsson Iran. He is an Associate Editor of IEEE Communications Magazine and IEEE Communications Letters,
and he was a TPC co-chair of NOMA workshops at IEEE VTC 2017-Spring,
Globecom’17 and ICC’18. He is a recipient of several academic, leadership,
and research awards, including McGill Engineering Doctoral Award, IEEE
Larry K. Wilson Regional Student Activities Award in 2013, the Natural
Sciences and Engineering Research Council of Canada (NSERC) Postdoctoral
Fellowship in 2014, and Ministry of Science and ICT of Korea’s best paper
award in 2017.

Hazer Inaltekin (S’04, M’06) is a Senior Research
Fellow at the University of Melbourne. He received
his B.S. degree (Highest Honors) in electrical and
electronics engineering from Bogazici University, Istanbul, Turkey, in 2001, and his M.S./Ph.D. degrees
in electrical and computer engineering from Cornell
University, Ithaca, NY, in 2006. Prior to joining the
University of Melbourne, he held various researcher
and faculty positions in Australia, Europe and United
States. His research interests include fog computing,
IoT technology, wireless communications, wireless
networks, social networks, game theory, and information theory.

Wonjae Shin (S’14, M’17) is an Assistant Professor
in Department of Electronics Engineering at Pusan
National University, Pusan, Korea. He received the
Ph.D. degree in the Department of Electrical and
Computer Engineering at Seoul National University
(SNU), Korea, in 2017. He also received his B.S.
(with honors) and M.S. degrees from Korea Advanced Institute of Science and Technology (KAIST)
in 2005 and 2007, respectively. He has been a
Visiting Scholar and a Postdoctoral Research Fellow
at Princeton University, Princeton, NJ, U.S.A. from
2016 to 2018. From 2007 to 2014, he was a Member of Technical Staff at
Samsung Advanced Institute of Technology (SAIT) and Samsung Electronics
Co. Ltd. in Korea, where he contributed to next generation wireless communication networks, especially for 3GPP LTE/LTE-Advanced standardizations.
His research interests are in the design and analysis of future wireless
communications such as interference-limited networks.
Dr. Shin was awarded the Best Ph.D. Dissertation Award from SNU in
2017, Gold Prize from IEEE Student Paper Contest (Seoul Section) 2014, and
the Award of the Ministry of Science and ICT of Korea in IDIS-Electronic
News ICT Paper contest 2017. He was a co-recipient of the SAIT Patent
Award (2010), Samsung Journal of Innovative Technology (2010), Samsung
HumanTech Paper Contest (2010), Samsung CEO Award (2013). He was
recognized as an Exemplary Reviewer for IEEE WIRELESS COMMUNICATIONS LETTERS in 2014. He also was awarded several fellowships,
including the Samsung Fellowship Program in 2014 and the SNU Long Term
Overseas Study Scholarship in 2016.

H. Vincent Poor (S’72, M’77, SM’82, F’87) received the Ph.D. degree in EECS from Princeton
University in 1977. From 1977 until 1990, he was
on the faculty of the University of Illinois at UrbanaChampaign. Since 1990 he has been on the faculty
at Princeton, where he is currently the Michael
Henry Strater University Professor of Electrical Engineering. During 2006 to 2016, he served as Dean
of Princetons School of Engineering and Applied
Science. His research interests are in the areas of
information theory and signal processing, and their
applications in wireless networks and related fields such as smart grid and
social networks. Among his publications in these areas is the book Information
Theoretic Security and Privacy of Information Systems (Cambridge University
Press, 2017).
Dr. Poor is a member of the National Academy of Engineering and
the National Academy of Sciences, and is a foreign member of the Royal
Society. He is also a fellow of the American Academy of Arts and Sciences,
the National Academy of Inventors, and other national and international
academies. He received the Marconi and Armstrong Awards of the IEEE
Communications Society in 2007 and 2009, respectively. Recent recognition
of his work includes the 2016 John Fritz Medal, the 2017 IEEE Alexander
Graham Bell Medal, Honorary Professorships at Peking University and
Tsinghua University, both conferred in 2016, and a D.Sc. honoris causa from
Syracuse University awarded in 2017.

Junshan Zhang received his Ph.D. degree from
the School of ECE at Purdue University in 2000.
He joined the School of ECEE at Arizona State
University in August 2000, where he has been Fulton
Chair Professor since 2015. His research interests
fall in the general field of information networks and
data science, including communication networks,
Internet of Things (IoT), Fog Computing, social
networks, smart grid. His current research focuses
on fundamental problems in information networks
and data science, including Fog Computing and its
applications in IoT and 5G, IoT data privacy/security, optimization/control of
mobile social networks, cognitive radio networks, stochastic modeling and
control for smart grid.
Prof. Zhang is a Fellow of the IEEE, and a recipient of the ONR Young
Investigator Award in 2005 and the NSF CAREER award in 2003. He received
the IEEE Wireless Communication Technical Committee Recognition Award
in 2016. His papers have won a few awards, including the Kenneth C. Sevcik
Outstanding Student Paper Award of ACM SIGMETRICS/IFIP Performance
2016, the Best Paper Runner-up Award of IEEE INFOCOM 2009 and IEEE
INFOCOM 2014, and the Best Paper Award at IEEE ICC 2008 and ICC
2017. Building on his research findings, he co-founded Smartiply Inc, a
Fog Computing startup company delivering boosted network connectivity and
embedded artificial intelligence.
Prof. Zhang was TPC co-chair for a number of major conferences in communication networks, including IEEE INFOCOM 2012 and ACM MOBIHOC
2015. He was the general chair for ACM/IEEE SEC 2017, WiOPT 2016,
and IEEE Communication Theory Workshop 2007. He was a Distinguished
Lecturer of the IEEE Communications Society. He was an Associate Editor for
IEEE Transactions on Wireless Communications, an editor for the Computer
Network journal, and an editor IEEE Wireless Communication Magazine.
He is currently serving as an editor-at-large for IEEE/ACM Transactions on
Networking and an editor for IEEE Network Magazine.

0090-6778 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

