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Abstract: Device-to-device (D2D) pairs are allowed to reuse the spectrum of cellular users who are in
a good quality channel state with underlaying cellular network. However, cellular users usually suffer
a poor performance in term of achievable rate when they are in a cell edge or in deep fading. To solve
this problem, a hybrid relay-aided D2D communication scheme with a two-antenna infrastructure and
using two unequal transmission slots is proposed in this paper. Different from the pure half-duplex
and full-duplex D2D relay work, the hybrid-duplex relay mode that we propose enables the D2D
relay to receive and transmit signals at the same time in the first time slot. Thus, it is similar to the
full-duplex which could increase the spectrum efficiency. In addition, in the second time slot, the D2D
relay will forward only the cellular user’s signals, thus avoiding the transmission of mixed signals
which would deteriorate the system performance, similarly to the half-duplex mode. Moreover, by
bringing in a slot splitting factor, the relay node in our hybrid-duplex mode is set to guarantee the
matching of the transmission rate in two hops. We formulate the problem of maximizing the D2D
transmission rate while guaranteeing in priority the minimum rate for the cellular user. By using
the method of rate matching and linear programming, we deduce the expression of the slot splitting
factor as well as the optimal power allocation for the base station and D2D relay, while guaranteeing
the minimum rate requirement for the cellular user in a close form. The simulation results show
that the proposed relay-based hybrid-duplex D2D scheme outperforms the existing half-duplex and
full-duplex relay-based D2D communication schemes in term of achievable rate.
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1. Introduction

In traditional cellular communication, cellular users transmit information through base stations
to the core network. This architecture is encouraged to fulfill a ubiquitous coverage and efficient
voice-oriented services [1]. However, with the explosion of local businesses, this model is awkward
when it comes to communicating with users in the same cell. In addition, the increasing number of
users as well as the increasing demand for high transmission rate, which result in the problem of
scarce spectrum resources, are becoming a more and more prominent issue [2]. Therefore, how to
use the limited spectrum and energy resources more effectively to improve the network capacity and
improve users’ experience has become a hot topic in recent years. In response to these challenges, many
solutions have been proposed by the academia and the industry to handle this explosive growth of
mobile traffic in the next-generation communication network [3]. One of them, device-to-device (D2D)
communication, is considered a promising solution because it allows a user to exchange information
with another user in the vicinity directly by one hop [4]. D2D communication can bring in several
benefits, such as a high transmission rate, low latency, and low power consumption, which enable D2D
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communication to increase significantly the system spectral efficiency and energy efficiency. However,
with the introduction of D2D users in reused mode, a further deterioration of the electromagnetic
interference environment will be brought to the communication network, which will lead to the
degradation of the throughput and of the quality of the service (QoS). Therefore, a study of reasonable
resource allocation scheme and effective interference control mechanism has been conducted to deal
with this problem, with taking into consideration of interference management, power allocation,
and resource allocation [5].

The majority of the research efforts focuses on the resource allocation for cellular and D2D users
in the scenario that D2D pairs reuse the spectrum of the cellular users as secondary users [6]. Various
strategies have been proposed in this scenario to mitigate interference influence on cellular users as
well as D2D pairs [7]. In [8], an interference-limited area control scheme has been proposed to protect
D2D receivers from cellular interference, where D2D users are not allowed to share spectrum with
a cellular user located in the interference-limited area where the interference-to-noise ratio for the
D2D receiver is above a predetermined threshold. However, the D2D pairs reusing a cellular user’s
spectrum can be carried out only when the cellular users are in a good channel state quality. For the
cellular users who are in the cell edge or suffer from deep fading, the communication quality will
get worse because of the introduction of D2D communication. In [9], the transmit power of D2D
users was restricted so that the interference inflicting cellular receivers was controlled when the D2D
transmitter reused cellular resources. The sum rate of both cellular and D2D users was maximized
with a minimum rate guaranteed for the cellular user in [10] for a network comprising only a single
D2D pair and a single cellular user. For more practical scenarios with multiple cellular and D2D users,
the spectrum and power allocation design has been considered in [11,12].

To the best of our knowledge, several works have been carried out to investigate the relay-assisted
D2D communication with underlaying cellular network. By scanning existing research papers, we can
classify this relay-aided D2D communication schemes into two categories in terms of relay mode,
namely, half-duplex (HD) and full-duplex (FD). In fact, few works have been carried out so far to
explore HD relaying-based scheme to transmit forward signals from a base station to cellular users
in two transmission phases. In this scheme, respective reception and transmission at the relay are
allocated to one frame which is divided into double orthogonal time slots, which are equivalent to
a time-division access way for the D2D relay node [13,14]. Then, a superimposed signal, which is
a linear weighted combination of the cellular user’s signal and the D2D signal, is generated by the
relay. The weight factor represents the power allocation for the cellular user and is a fraction of the
total transmitting power of the D2D relay. Therefore, the residual power is used for broadcasting the
D2D signal in the second time slot. Research efforts in [15] outline the HD mode reusing the spectrum
resource allocated to the cellular user. Moreover, the D2D relay is encouraged to receive and forward
signals in two equal transmission phases. Specifically, the base station broadcasts cellular signals to
the cellular user and D2D transmitter which serves as a relay node in the first phase. Consequently,
the achieving capacity of this direct link for the cellular user is reduced to 50 percent. To compensate
for the cellular capacity loss, the D2D relay will split one fraction of the transmitting power to forward
cellular signals in the second phase.

The drawback of the HD is the low efficiency in spectrum and energy. Therefore, as a replacer for
the HD relay, the FD mode is more applicable in practice to transmit and receive signals simultaneously
on the same frequency resource [16]. For the sake of bidirectional communication for the relay,
a two-antenna infrastructure is typically deployed to facilitate spectral efficiency in practice. However,
the FD relay is more susceptible to loopback interference generated from the transmitting antenna
to the receiving antenna of the relay nodes [17]. Although few works have been done to eliminate
the inter-relay interference, it cannot be ultimately mitigated because even the residual loopback
interference is significant when compared to the white Gaussian noise [18]. Moreover, it must be made
clear that because the FD mode enables the relay to forward two component signals simultaneously on
the same spectral band, the cellular user’s signal and D2D signal will treat each other as interference.
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As the literature [19] shows, we considered to meet the cellular users’ requirements of minimum
transmission rate, meanwhile maximizing the D2D transmission rate. At the same time, we also took
into consideration the influence of the loopback interference in the full-duplex mode. In this paper, we
derive the end-to-end signal-to-noise ratio (SNR) expression of the full-duplex transmission mode and
obtain the optimal value that should meet the first-order condition and second-order condition, and,
finally, we get the optimal transmission power of the base station and D2D relay and the relay of the
power allocation factor under a different transmission phase.

Considering the advantages and disadvantages of the above HD and FD modes, we propose a
novel hybrid-duplex relay-assisted D2D communication scheme. Similar studies have been shown
in [20]. In contrast to the aforementioned works, we illustrate the contributions of this paper as follows:

(1) Because of the high efficiency of the two-antenna infrastructure, we assume that the D2D
relay node enables to receive and transmit signals at the same time, which represents a great
improvement in spectral efficiency brought by our hybrid relay mode. However, receiving
and transmitting signals synchronously generates a loopback interference from the transmitting
antenna to the receiving antenna, which is inherent in the FD transmission mode. Therefore, this
makes the power adaption important in terms of system performance.

(2) We transform the forwarding signals of the D2D relay from linear weighted combination signals
to individual cellular signals in the second transmission phase. As we illustrate above, a mixture
of cellular signals and D2D signals in the D2D relay deteriorate the respective signal-to-noise
ratio (SNR) because these two kinds of signals will treat each other as interference. Consequently,
a separate transmission of cellular signals and D2D signals will bring in a more efficient
data delivery.

(3) Finally, we assume that the communication frame can be divided into two unequal time slots.
We adopt a decode and forward (DF) mode for the D2D relay in this paper. With the use of this
relay mode, the finally achievable rate for the cellular user is decided by the worse transmission
hop. It should be noted that the use of two unequal time slots will lead to a more flexible rate
matching among two transmission hops and yield a more efficient power allocation.

We organize this paper as follows. Section 2 presents the system model of the hybrid relay-based
D2D that we proposed and the scheme of the hybrid relaying-assisted D2D communication in a cellular
network. In Section 3, we formulate the objective function for of maximizing the D2D transmission
rate with the constraints of the transmitting power and minimum rate requirement for cellular users.
The optimal power-adaption strategy is also presented in this section. In Section 4, the evaluations
for the proposed power strategy are shown versus the benchmark HD mode and FD mode proposed
in [16]. Finally, some conclusions are drawn in Section 5.

2. System Model

The system model we consider is shown in Figure 1 and includes a macro base station, a cellular
user which locates in the cell edge or suffers from deep fading, a D2D transmitter which acts as the
relay, and a D2D receiver. The base station and relay node transmit the signals of the cellular user
and D2D, respectively, in the first transmission phase, with a fraction of one frame simultaneously in
time-domain, and reuse the cellular spectrum in frequency-domain. The residual fraction of one frame
is allocated for forwarding the cellular signals by the D2D relay. It should be made clear that only one
antenna is used in the second time slot rather than two antennas in our system model. We consider
adopting the mode of forwarding information by using an antenna, considering that the user’s power
is limited and in order to avoid switching between the transmitting states and receiving states too
frequently. However, this will lead to a certain waste of antenna resources.
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Figure 1. System model for the half-duplex (HD) relay-based device-to-device. (D2D) with slot
split factor.

We assume that γBR = |hBR|2/σ2 , γBC = |hBC|2/σ2 , γBD = |hBD|2/σ2 , γRC = |hRC|2/σ2 ,
γRD = |hRD|2/σ2 , and γL = |hL|2/σ2 denote the SNRs of the corresponding channels, where
hab represents the channel impulse response from node a to node b, and γL denotes the loopback
interference of the D2D relay; σ2 denotes the variance of additive white Gaussian noise (AWGN).
In other words, these parameters represent the achievable SNR of corresponding channel links with
usage of unit power, namely, with setting pB = 1 and pR = 1 which represent the transmit power of
the base station and of the D2D relay node respectively.

In our proposed hybrid relay scheme, the D2D relay node is equipped with a two-antenna
infrastructure, specifically, one receiving antenna and one transmitting antenna. Moreover, by using
two unequal time slots in one frame, the D2D relay node can receive a cellular user’s signals from the
base station and transmit the D2D signals to the corresponding receiver synchronously in the first
time slot with a portion of α. In the second time slot, the D2D relay node uses the residual slot with a
portion of 1− α to forward the cellular user’s signals solely, rather than the compounded signals, as
shown in previous works.

We now describe the relaying-based D2D protocol. Let us denote x(i) and d(i) as the signals
transmitted by the base station and the D2D relay, namely, D2D transmitter at the time instant i. Then
we have:

E
{
|x(i)|2

}
= pB (1)

E
{
|d(i)|2

}
= pR1 (2)

in which E{·} denotes the expectation of the variable. In addition, pB and pR1 represent the
transmission power of the base station and of the D2D relay in the first phase, respectively. We
consider base station and relay node use normalized transmit power. Then, Equations (1) and (2)
should meet the constraints that pB ≤ 1 and pR1 ≤ 1. Furthermore, considering the loopback
interference from the relay transmitting antenna to the receiving antenna, the signal rR(i) received at
the D2D relay and the signal received at the D2D receiver rD(i) can be formulated as:

rR(i) = hBRx(i) + hLd(i) + n(i) (3)
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rD(i) = hBDx(i) + hRDd(i) + n(i) (4)

where n(i) is the AWGN with mean value E
{
|n(i)|2

}
= σ2. Thus, the signal-to-interference and

noise ratios (SINR) γR and γD at the D2D relay and D2D receiver in the first hop can be formulated
respectively as:

γR =
pB|hBR|2

pR1|hL|2 + σ2
(5)

γD =
pR1|hRD|2

pB|hBD|2 + σ2
(6)

Next, we let the numerator and denominator be divided by σ2, so the SINR can be rewritten as:

γR =
pBγBR

pR1γL + 1
(7)

γD =
pR1γRD

pBγBD + 1
(8)

Then, we can calculate the achievable transmission rates for the cellular user and D2D
communication, respectively, according to the Shannon’s formula for the first transmission phase as:

RHD
slot1 = α log2(1 + γR) (9)

RHD
D = α log2(1 + γD) (10)

As we described before, α represents the time duration of the first transmission slot.
In the second phase, the D2D relay decodes the cellular signal received in the first phase and

forwards it to the cellular user with transmitting power pR2. The signal received by the cellular user’s
device can be expressed as:

rC(i) = hRC
∼
x(i) + n(i) (11)

where
∼
x(i) denotes the signal forwarded by the D2D relay and has the expectation value equal to

E
{∼

x(i)
}
= pR2. As we have done before, the SINR of the cellular user in the second hop can be written as:

γC =
pR2|hRC|2

σ2 (12)

The expression of (12) means that the achievable rate of the second hop is determined by the
transmit power and channel gain of this forwarding link. This D2D relay scheme is different from the
existing related efforts which forward the combination of cellular user’s and D2D signals [19]. However,
the two compound signals will treat each other as interference, which leads to the deterioration of
the system performance. Let the numerator and denominator be divided by σ2, and (12) can be
rewritten as:

γC = pR2γRC (13)

It is assumed that the channel gain of all links can be estimated accurately, and we use the
Shannon’s formula to quantify the achievable transmission rates. Then, the achievable transmission
rate for the cellular user in the second phase can be calculated as:

RHD
slot2 = (1− α) log2(1 + γC) (14)

Finally, the achievable rate for the cellular user and D2D link are given by:

RHD
C = min

(
RHD

slot1, RHD
slot2

)
(15)
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RHD
D = α log2(1 + γD) (16)

3. Optimal Power-Adaption Strategies

In a conventional cellular network, several cellular users may locate in the cell edge which means
that they are far from the base station or are located in the shadow of huge barriers. Therefore,
in this scenario, the spectrum allocated by the base station cannot deliver enough data traffic while
guaranteeing the quality of service for the cellular user. This means that the achievable rate by this
traditional cellular mode is lower than the minimum transmission rate required.

3.1. Challenge of the Objective Function

To meet the stringent requirement of a reliable communication for cellular users, a D2D pair is
considered as one access point for a cellular user with reusing the spectrum resource. Therefore, in this
paper, we aim to maximize the D2D transmission rate to guarantee the rate requirement of the cellular
user. In this case, we define the objective function as follows:

(p∗B, p∗R1, p∗R2,α∗) = arg max
(pB ,p1,pR2,α)

α log2(1 + γD) (17)

Subject to RHD
C = Rre

C (17a)

pB ≤ 1 (17b)

pR1 ≤ 1 (17c)

pR2 ≤ 1 (17d)

0 ≤ α ≤ 1 (17e)

where
(

p∗B, p∗R1, p∗R2,α∗
)

represents the optimal power allocation for base station, D2D relay, and the
slot splitting factor for one transmission time slot; Rre

C denotes the minimum rate requirement for the
cellular user which should be strictly satisfied.

3.2. Power Control Strategies for the System

Next, we propose the transmission power adaptation as a technique to maximize the objective
function while mitigating the effect of self-interference on the D2D relay.

Since the rate of the relayed two-hop link is limited by the worse one, the optimal transmission
rate will be achieved when the SINRs of the two hops for the cellular user are equal. In other words,
the transmission rate of the two hops is matching, exactly, RHD

slot1 = RHD
slot2 which is also equivalent to

Rre
C . By substituting (13) to (14), we can get the optimal slot split factor and the transmit power of the

relay node in the second phase by solving RHD
slot2 = Rre

C , as follows:

p∗R2 = 1 (18)

α∗ = 1− Rre
C / log2 (1 + γC) (19)

Next, we will resolve the residual parameters of the system. As we can see from the objective
function, the constraint of RHD

C = Rre
C can be modified as RHD

slot1 ≥ Rre
C , namely, α log2(1 + γR) ≥ Rre

C .
It can be seen that the bottleneck of this constraint depends on the transmission in the first phase.
As we described before, the relay node and base station cause mutual interference in the first phase.
To get the optimal power pair

(
p∗B, p∗R1

)
, we consider the following lemma:

Lemma 1: The function of achievable rate for hop one is monotonous increasing as the increasing of (βpB,βpR1),
where β > 1 [21]. Therefore, the optimal power allocation problem of the one-to-one pairing scheme with sharing
resources will have p∗B = 1 or p∗R1 = 1.
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Proof: We will have the following deduction

α log2

(
1 + βpBγBR

βpR1γL+1

)
= α log2

(
1 + pBγBR

pR1γL+1/β

)
≥ α log2

(
1 + pBγBR

pR1γL+1

) (20)

makes sense, when we have β > 1. Therefore, for the sake of maximizing the achievable rate for hop
one, the optimal power pair

(
p∗B, p∗R1

)
will have to satisfy one of the following conditions: p∗B = 1 and

p∗R1 = 1. �

In the following, we can rewrite the achievable rate of hop one by substituting (7) to (9) as:

RHD
slot1 = α log2

(
1 +

pBγBR
pR1γL + 1

)
(21)

In addition, we have RHD
slot1 ≥ Rre

C as a constraint, which means that α log2

(
1 + pBγBR

pR1γL+1

)
≥ Rre

C
will satisfy all pairs of (pB, pR1). Moreover, we change this expression in the equation as.

pB ≥
2

Rre
C
α (pR1γL + 1)

γBR
(22)

It is obvious that the power allocation for the base station and the D2D relay in the first hop forms
a linear function. With the addition of the maximum power constraints, the problem of optimization
for (pB, pR1) can be resolved with linear programming. The two kinds of feasible domains for power
allocation of

(
p∗B, p∗R1

)
are illustrated in Figure 2. We consider the transmit power of the D2D relay

pR1 as the vertical coordinate and the transmit power of base station as the horizontal coordinate.
The feasible domain of (pB, pR1) is below the line α log2(1 + γR) = Rre

C . The point of pmin
B denotes the

minimum transmit power of the base station necessary to fulfill the rate requirement of the cellular
user when the D2D communication pair cannot reuse the wireless resource. Note that we consider the
constraint of rate requirement of the cellular user merely. Therefore, the optimal power will be found in
the intersection of α log2(1 + γR) = Rre

C and pB = 1 or pR1 = 1, namely, point A in Figure 2. It’s worth
noting that because of the difference in the slope of the line, we can get two different feasible domains.
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Finally, we can get the expression of optimal power allocation of
(

p∗B, p∗R1
)

as:

(p∗B, p∗R1) =



(
(γL+1)

(
2Rre

C /α
+1
)

γBC
, 1

)
i f α log(1 + γBC/(γL + 1) ) ≥ Rre

C(
1 , γBC−2Rre

C /α
+1(

2Rre
C /α

+1
)
γL

)
i f α log(1 + γBC/(γL + 1) ) < Rre

C

(23)

Until now, the proposed hybrid-duplex relay-based D2D communication system has been
analyzed. In addition, the power allocation for the base station and D2D relay, and the slot split
factor for different transmission phase have been obtained.

4. Simulation Results

In this section, we show that the simulation results demonstrate a high achievement for the
transmit rate of the proposed hybrid-duplex relay-based D2D communication scheme and guarantee
primarily the rate requirement of the cellular user. We choose the conventional HD relaying mode [14]
and FD relaying mode proposed in [16] as the benchmark. In the simulation, we study the relaying
and transmit power adaptation in the case of static channels and, thus, by exploiting instantaneous
channel state information. Alternatively, the following analysis explains the performance during one
instantaneous snapshot within the channel coherence time in a slow-fading environment. We assume
that γRD = γRC = 10 dB and γBC = γBD = −5 dB, which correspond to the channel suffering from
great path loss or deep fading. The rate requirement of the cellular user is set to Rre

C = 0.5 bps/Hz.
Figure 3 evaluates the performance of three algorithms, the novel hybrid-duplex mode we

proposed, the FD mode, and the traditional HD mode, in terms of achievable transmission rate gain
with different loopback interference and γBR. As we described above, the two-antenna infrastructure
enables the D2D relay to receive and transmit signals simultaneously in the first phase. Moreover,
the D2D relay node could forward cellular signals merely in the residual slot without mutual
interference. It can be seen that the proposed hybrid-duplex mode provides a significant performance
improvement when compared to the benchmark algorithms.
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In Figure 4, we evaluate the impact of the loopback interference on system performance in terms
of achievable rate for D2D communication. Herein, we set the optimal value of the slot splitting factor
in our proposed hybrid-duplex scheme. It can be observed that, with the increase of the loopback
channel gain, the performance of both FD mode schemes and our proposed hybrid-duplex mode
scheme deteriorate. This is because of the nature of the two-antenna infrastructure which enables the
D2D relay to receive and transmit signals at the same time. On the other hand, Figure 4 depicts that
the achieved transmission rate for D2D communication with our proposed hybrid-duplex scheme is
superior to the that of the conventional HD mode and FD mode.
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Figure 4. The performance of the D2D transmission rate with different loopback channel gains.

Figure 5 shows the performance of the relay-assisted system when the channel quality from the
D2D relay to the cellular user is better in the second hop. It can be observed that, with an increasing
γRC, the achievable rate of D2D communication gets improved for all three kinds of relay schemes. This
phenomenon can be explained as a result of the better channel state quality in the second hop, which
enables the D2D relay to spare more power to forward its own signals. In addition, the proposed D2D
scheme outperform the other two benchmark schemes in spite of a growth tendency of all schemes.
This is because of the separate transmission of cellular signals and D2D signals in our scheme rather
than a linear weighted signals with a mixture of cellular and D2D signals.

In Figure 6, we evaluate the sum transmit-power consumption of the system among the three
algorithms. As we can see from Figure 6, the proposed hybrid-duplex relay mode consumes more
power than the traditional HD mode and less than the FD mode. In the traditional HD mode, the D2D
relay could receive and forward signals in two separate time slots. Therefore, the base station and D2D
relay will use the maximum power to transmit signal. It can be seen that the sum consumed power
is equal to one as the base station and the D2D relay consume the unit power at one half of frame,
respectively. In addition, the FD scheme that we use as a benchmark assumes that the system will use
a constant power of two. Different from these two benchmarks, the hybrid-duplex mode we propose
in this paper will consume more power as γBR increases to one particular value, and less power as γBR
increases continuously. The reason for this phenomenon is that the base station and D2D relay are
forced to use more power to satisfy the transmission rate requirement and maximize the achievable
rate for the D2D link. Moreover, as γBR increases, less power is requested for the base station. It is also
shown that the value of the inflexion point is greater as the channel gain of the loopback interference
increases. The reason accounting for this phenomenon is that the greater the loopback channel gain,
the higher the power consumption for the base station.
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Figure 5. The effect of channel quality from the D2D relay to the cellular user.
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Figure 6. Sum transmit power consuming with different SINR from the base station to the D2D relay.

Furthermore, we investigate the energy efficiency of the different transmission modes in regard to
γBR in Figure 7. The simulation result reveals that the performance of the proposed relay scheme is
superior to that of the traditional HD mode and FD mode. With respect to the average throughput
in Figure 3 and the sum consumption of power for the system, our proposed hybrid-duplex relay
mode yields the highest throughput gain when compared to the other two methods, and consumes a
moderate transmit power. Consequently, the proposed hybrid-duplex relay scheme brings in a higher
energy efficiency.
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Figure 7. Spectrum efficiency of the system for different SINR from the base station to the D2D relay.

5. Conclusions

In this paper, we propose a novel hybrid-duplex relay-based D2D scheme with underlay downlink
cellular network. Differently from the traditional HD and FD schemes, we assume the D2D relay is
equipped with two antennas and transmits signals in two unequal slots. Two antennas and unequal
transmission slots enable the D2D relay to receive and forward signals at the same time, which likes
the FD relay mode. Moreover, in the second transmission slot, we consider adopting the mode of
forwarding information by using one antenna rather than two antennas, considering that the user’s
power is limited and in order to avoid switching between the transmitting states and receiving states
too frequently. The objective function is formulated as to maximize the transmission rate of the D2D
link with a minimum SINR guaranteed for the cellular user. With the use of the matching method and
linear programming, we deduce the optimal transmission power for the base station and the D2D relay
while guaranteeing the minimum transmission rate for the cellular user. The simulation results show
that the proposed D2D scheme can bring in more throughput gain when compared to the traditional
HD and FD modes with the same system parameters. It has been proved that this relay-based D2D
scheme improves the achievable rate gain for D2D users and cell-edge cellular users, with optimal slot
splitting and further power allocation.
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