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ABSTRACT

In this paper, a device-to-device (D2D) communication multiple-metric scenario for resource allocation and pairing is proposed.

To improve the stability of the D2D connection, a fuzzy method based on the data-rate and battery levels of potential D2D pairs

is studied so that the set of D2D transmitters is considered as a fuzzy set. A single-cell scenario with a cellular user and some

co-channel D2D nodes consisting of D2D receivers and transmitters is considered. A stable fuzzy pairing criterion is proposed

for the selection of the best D2D transmitter. The proposed method is compared to three other pairing methods: maximum

sum-rate, constant, and random pairing methods. The simulation results show that the proposed pairing method outperforms

the other three methods in terms of stability and fairness criteria and follows the maximum sum-rate method from the sum-rate

criteria point of view.

Introduction and Related Works

The increase in the number of wireless network users and applications has led to an increase in the demand for cellular

network resources. This challenge has led to the formation of services that reduce the load on the central part of the network.

Device-to-device (D2D) communication is a proximity-based service that enables two devices to exchange information without

the need for a base station, and is standardized by 3GPP Long-Term Evolution (LTE). D2D communication is divided into

overlay in-band, underlay in-band, and out-band communications. With in-band communications, D2D users utilize the cellular

network spectrum that is categorized into overlay and underlay1.

The underlay in-band is a D2D communication mode that allows the D2D users to use the cellular spectrum and causes

interference with cellular links and vice versa. The cellular spectrum is distributed between cellular and D2D users in overlay

in-band mode with no interference. In out-band communications, users use a different spectrum than the cellular spectrum. The

main advantages of D2D service are the optimal allocation of cellular network resources, power consumption, cellular network

traffic offloading, and the possibility of creating public safety networks2.

Recently, with the spread of viral diseases, especially coronavirus, there is a need to use more decentralized networks. The

rapid spread of COVID-19 has changed lifestyles and increased people’s tendency to perform activities remotely. Under these

conditions, the need to connect to communication networks has increased. Moreover, the increase in the number of patients in

hospitals has led to hospital network resources generally not meeting the need for treatment during the pandemic. Therefore,

services that can shift the focus away from cellular and centralized networks will be of particular importance. Suppose, for

example, a hospital that receives a large number of patients but the network communication infrastructure to transfer patient

data to physicians is limited. In this case, many problems will be solved if large amounts of medical data can be transferred

without using the central network infrastructure. D2D service can be one of the options to overcome these challenges. In this

article, considering the two main goals, sustainable communication and the transmission of bulky contents, a scenario of joint

resource allocation and pairing in a decentralized network based on D2D communication is studied.

One of the applications of the mentioned scenario is described as follows: Imagine a hospital with a large number of coronary

patients while the network infrastructure, equipment, and staff of the hospital are limited to serve all patients. If physicians



connect to the centralized network of the hospital to check patient data such as CT scans, MRIs, large EEG data, etc., this

increases the possibility of network interruption. We claim that the here-proposed method can solve the mentioned problem

well. In the following, we explain the proposed method and then describe the mentioned hospital.

0.1 Pairing in D2D Communications

In the history of D2D communications, it is often supposed that D2D pairs are formed in advance. The main issues are selecting

the proper cellular user with whom to share resources, selecting the operating mode, and setting the power for cellular and D2D

users. In the literature, pairing is defined and investigated as permitting a D2D connection (a transmitter and its associated

receiver) to use the resource of a cellular connection3–6. However, stable pairing for a D2D user in a practical scenario remains

an essential problem.

This problem is investigated and studied in various approaches in the literature7–13. The nearest transmitter is considered to

be the best transmitter in7–10, but the nearest transmitter is not necessarily the best11–13. Our approach to pairing is similar to

those of11–13, except that we consider the problem of multi-user pairing and resource allocation.

0.2 Fuzzy Mathematics

Zadeh introduced fuzzy sets in his significant paper14 in 1965. His idea was to introduce a generalization of the concept crisp

sets. The idea was to use numbers in [0,1] as the membership degrees of elements instead of 0 and 1.

Definition 0.1.
15 Suppose that X is a collection of objects. Then, A = {(x,µ(x)) : x ∈ X} is called a fuzzy subset of X , where

µ : X → [0,1] is a function called the membership function, which denotes the membership degrees of elements in X .

In 1966, an application of fuzzy sets to find a pattern classification was introduced by Bellman et al.16. Four years later, a

decision-making problem was solved by Zadeh and Bellman17. In the 1970s and 1980s, decision making, control, and pattern

classification received the most attention by researchers18–20. The fuzzy mathematics applications were expanded in the next

years. Another important application of fuzzy sets is in fuzzy controllers21. Fuzzy genetics algorithms and neuro-fuzzy systems

were studied in the 1990s22. Pattern recognition, machine learning, and wireless sensor networks are other fields of study that

have benefited from fuzzy mathematics22–24.

Fuzzy mathematics in D2D communications have mostly been applied in the field of resource allocation and power control. A

continuous fuzzy power control scheme was studied by25, so that the cellular user can communicate in low power to achieve

better D2D user connection quality. A resource allocation algorithm is modeled through fuzzy mathematics and game theory

in26 to introduce an uncertain relationship between the resource and user. In27, a fuzzy clustering algorithm is proposed to

divide D2D users into several groups to reuse the cellular user resources and repress co-channel interference. In28, a resource

allocation based on fuzzy clustering is proposed to solve the spectrum scarcity problem. A fuzzy-logic-based vehicle handover

algorithm is studied in29 to select the proper access network.

In this paper, we consider each transmitter as a fuzzy node in a D2D mobile network so that a set of transmitters together

with a membership function is regarded as a fuzzy set. The membership function assigns a number in [0,1] to each transmitter

based on the transmitter’s data-rate and battery level. A decision-making function then chooses the best transmitter with the

highest fuzzy degree.

We use triangular norms and co-norms to build our fuzzy membership function.

Definition 0.2.
30 Let T : [0,1]× [0,1]→ [0,1] be a commutative, associative, and non-decreasing function, which T (x,1) = x,

for all x ∈ [0,1]. Then, T is called a triangular norm (t-norm).

For example, basic t-norms that will be called Lukasiewicz, Minimum, and Product t-norms are defined as follows,

respectively:

1. TL(x,y) = max(x+ y−1,0),

2. TM(x,y) = min(x,y), and

3. TP(x,y) = x.y.

Schweizer and Sklar introduced t-conorms as dual operations of t-norms in 196131.

Definition 0.3.
30 Let S : [0,1]× [0,1] → [0,1] be an associative, commutative, and monotone function that S(x,0) =

x for all x ∈ [0,1]. Then, S is called a triangular conorm (t-conorm).

Correspond to basic t-norms, there are some t-conorms written as follows:
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1. SL(x,y) = min(x+ y,1), (Lukasiewicz t-conorm),

2. SM(x,y) = max(x,y), (Maximum t-conorm),

3. SP(x,y) = x+ y− x.y, (Probabilistic sum).

Another t-conorm, named the Einstein sum, is used in this paper to build our membership function30. The Einstein sum

τ : [0,1]× [0,1]→ [0,1] is defined as follows for all x,y ∈ [0,1]:

τ(x,y) =
x+ y

1+ xy
. (0.1)

To find a proper membership function, the Einstein sum is chosen after examining several t-norms and t-conorms. Other

suitable triangular norms and conorms can be examined in future studies. For more details about the applications of the Einstein

sum in fuzzy systems, see32–34.

0.3 Contributions

The main contributions of this paper are summarized as follows:

1. A joint resource allocation and pairing scenario in D2D communications is investigated. A number of D2D receivers are

considered for the reuse of cellular network resources. For each D2D receiver, there exist a number of potential D2D

transmitters and a stable fuzzy pairing criteria is proposed for the selection of the best transmitter.

2. The set of transmitters is considered as a fuzzy set so that a fuzzy degree is assigned to each node concerning the

data-rates and battery levels in connection with their potential receiver. We claim that this fuzzy membership function

can be considered as a measure of the stability of the connections.

3. To examine the proposed method, it is compared with three other pairing methods, so that the three parameters of

stability, fairness, and sum-rate in different modes, such as changing the D2D search radius, increasing the number of

D2D transmitters, and receivers for all four methods, are investigated.

4. The proposed method for D2D pairing, in addition to reducing the traffic load of the cellular network, leads to more

stable connections with a higher quality of service. One of the significant applications of this method is that bulky content

can be transferred more reliably.

1 System Model

In this paper, we consider the problem of joint resource allocation and stable pairing in a D2D-enabled cellular communication

network. The system model consists of a single cell with a cellular user and a number of co-channel D2D nodes. Some D2D

nodes are transmitters and some are receivers, so that there are several potential transmitters for each receiver. The transmitters

of each receiver are specified separately to share different contents (Fig. 1). We tend to find the most suitable transmitter for

pairing with each receiver so that stability is maintained. By stability, we mean a situation in which the battery levels and the

data-rates of two potential paired nodes are acceptable. For this purpose, considering potential transmitting D2D users as fuzzy

nodes, the normalized smartphone battery levels and data-rates are used to obtain an index for stability.

Let Dr = {r1,r2, ...,rN} be the set of D2D receivers, where N ∈ N is the maximum number of co-channel D2D receivers

with a cellular user in the network. For each D2D receiver ri (i = 1, . . . ,N), the set Dti = {t1i, t2i, ..., tKi} denotes the potential

D2D transmitters, where K ∈ N is the number of D2D transmitters around the receiver ri. Moreover, the D2D transmitters are

located in a circle centered on each D2D receiver with radius Rmax, where Rmax is the maximum search radius of D2D receivers.

1.1 Communication Models

The system model channels are supposed to be independent and identically distributed (i.i.d.) Rayleigh channels with perfect

channel state information (CSI), only available for D2D receivers mentioned as follows:

1. hc,B and dc,B are the direct channel and distance between the cellular user and evolved node base station (eNB),

respectively.

2. htki,r j
and dtki,r j

are the channel and distance between the D2D transmitter tki and the D2D receiver r j, respectively, where

tki ∈ Dti , r j ∈ Dr, k ∈ {1, . . . ,K}, and i, j ∈ {1, . . . ,N}.
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Figure 1. System model.

3. htki,B and dtki,B are the interference channel and distance between the D2D transmitter tki and eNB, respectively.

4. hc,ri
and dc,ri

are the interference channel and distance between the cellular user and D2D receiver ri, respectively.

The cellular and D2D links’ SINR (Signal to Interference plus Noise Ratio) can be noted as follows:

SINRB =
SB

IB +N0
, (1.1)

SINRki =
Ski

Ii +N0
, (1.2)

where

SB = Pc|hc,B|
2|dc,B|

−α
,

Ski = Pdβki|htki,ri
|2|dtki,ri

|−α
,

IB =
N

∑
j=1

K

∑
k=1

βk jP
d |htk j ,B|

2|dtk j ,B|
−α

,

Ii =
N

∑
j=1

K

∑
k′=1

βk′ jP
d |htk′ j ,ri

|2|dtk′ j ,ri
|−α +Pc|hc,ri

|2|dc,ri
|−α

.

Note that N0 is the received noise power and βk j is the binary pairing variable denoted by

βk j =

{

1, if tk j is paired with the receiver r j;

0, otherwise.

According to the above SINR denotations, the cellular and D2D user data-rates are written, respectively, as

RB = log(1+SINRB), (1.3)

Rki = log(1+SINRki). (1.4)
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Figure 2. Hospital equipped with a decentralized network.

1.2 Constructing the fuzzy membership function
In the mentioned network, a stable connection is a connection in which the data-rate is acceptable and the link does not

disconnect due to a low battery condition. The set of all nodes suitable for pairing has a fuzzy interpretation. Let the set

T = {tki | tki is a stable transmitter} be the fuzzy set, where k ∈ {1, . . . ,K} and i ∈ {1, . . . ,N}. We construct a fuzzy membership

function for each node in T . Two network parameters, the normalized data-rate (R) and battery level (E) of each node, are

considered. To measure the stability, two thresholds, R0 and E0, are set. Considering the limitations of the network protocols,

these thresholds guarantee the stability of the D2D link.

Concerning the mentioned explanations, the proposed membership function µ : T → [0,1] is defined as follows:

µ(tki) = λ (Rki,Eki), (1.5)

where

λ (Rki,Eki) =



























































Rki; (E0 ≤ Eki ≤ 1,

0 ≤ Rki < R0)

Eki; (0 ≤ Eki < E0,

R0 ≤ Rki ≤ 1)

τ(Rki,Eki)(R
2
ki +E2

ki); (0 < Eki < E0,

0 < Rki < R0)

τ(Rki,Eki); (E0 ≤ Eki ≤ 1,

R0 ≤ Rki ≤ 1).

(1.6)

Note that the Einstein sum is applied as

τ(Rki,Eki) =
Rki +Eki

1+RkiEki

.

Because the fuzzy nodes with a high membership degree have both a higher battery level and a higher data-rate among their

neighbors, the proposed membership function is an appropriate metric for measuring stability. For this reason, when transferring

high-volume contents, the connection is less likely to fail. One of the applications of these stable connections is shown in Fig.

2. In this hospital with a decentralized D2D network, the physicians shown in the center of the figure use D2D links to access

data shared by equipment and hospital staff while optimally using network resources.

2 Simulation Results

In this section, four different criteria for pairing in a D2D communication scenario are investigated. These four methods are:

• Fuzzy-based pairing (FP);

• Max sum-rate pairing (MSP);
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Table 1. Simulation parameters

Parameter Value

Rc (cellular radius) 500 m

Rmax (D2D search radius) 200 m

N (The number of D2D receivers

for each cellular user) 1–4

K (The number of D2D transmitters

for each receiver) 1–4

Pc (Cellular user’s power) 23 dBm

Pd (D2D transmitters’ power) 15 dBm

α (path loss exponent) 3.5

R0 (Data-rate threshold) 0.3

E0 (Battery level threshold) 0.25

(a) (b) (c)

Figure 3. The stability as a function of (a) the number of potential D2D transmitters, (b) the number of co-channel D2D

receivers, and (c) the D2D search radius.

• Random pairing (RP);

• Constant pairing (CP).

In the MSP method, the desired transmitter for D2D communication is selected based on the highest sum-rate. According

to (1.3) and (1.4), the sum-rate of the co-channel cellular and potential D2D pairs is calculated as RB +∑
N
i=1 Rki. In the RP

method, the D2D transmitters are selected randomly. Finally, the nearest transmitter is considered the paired transmitter in the

CP method. The main simulation parameters are summarized in Table (1).

Now, we compare the pairing stability measured by (1.5) for all four mentioned methods. Fig. 3 compares the stability as a

function of the number of potential D2D transmitters around a receiver, the number of co-channel D2D receivers, and D2D

search radius. In Fig. 3a, the pairing stability in the FP method increases considerably when the number of potential transmitters

around a receiver increases. The pairing stability increase of the MSP method is much less than that of the FP method, whereas

in the CP and RP methods, this increase is negligible. In FP and MSP methods, increasing the number of potential transmitters

increases the number of proper choices for the receiver.

Fig. 3b illustrates the stability of all four methods. The number of the D2D transmitters is three, and the number of receivers

increases from one to four. Increasing the number of D2D receivers results in maintaining the stability of the FP method, but

the stability decreases sharply in the other three methods.

In Fig. 3c, for a fixed number of D2D transmitters and receivers, the stability associated with increasing the search radius is

calculated for all mentioned methods. Increasing the search radius does not significantly affect the stability of the FP, CP, and

RP methods; however, it reduces the stability of the MSP method. The stability of the MSP method decreases with increasing

the Rmax for two reasons: first, the users’ data-rates decrease with increasing Rmax; second, the battery levels are not considered

in this method.

In Fig. 4, Jain’s fairness index is computed for the number of potential D2D transmitters around a receiver, the number of
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(a) (b) (c)

Figure 4. The Jain’s fairness index compared according to (a) the number of potential D2D transmitters, (b) the number of

co-channel D2D receivers, and (c) the D2D search radius.

(a) (b) (c)

Figure 5. The sum-rate as a function of (a) the number of potential D2D transmitters, (b) the number of co-channel D2D

receivers, and (c) the D2D search radius.

co-channel D2D receivers, and the D2D search radius. Jain’s fairness index can be computed as follows:

J (R1,R2, ...,RN) =
(∑N

i=1 Ri)
2

N.∑
N
i=1 R2

i

. (2.1)

Fig. 4 illustrates that the FP method fairness index is maintained for all methods in a constant range, regardless of whether the

number of receivers or transmitters or the D2D search radius increase. The fairness index in the MSP method behaves similarly

to the FP method when Rmax is constant. Nevertheless, when increasing Rmax, the fairness index of the MSP method decreases

sharply. By increasing Rmax, the range of changes in the data-rate of co-channel users also increases and causes a reduction in

the fairness index.

Increasing the number of transmitters has little effect on the fairness index of both CP and RP methods, but increasing

the number of receivers reduces the fairness index of both methods. The reason is the broader range of users’ data-rates.

Furthermore, the fairness index of the CP and RP methods reduces slightly with the increase in D2D search radius.

Finally, Fig. 5 compares the sum-rate as a function of the number of potential D2D transmitters around a receiver, the

number of co-channel D2D receivers, and D2D search radius. In Fig. 5a, the sum-rates of all four methods are compared when

the number of transmitters is increased. The MSP method has the highest data-rate. The FP method is made similar to the MSP

method by increasing the number of potential transmitters. The other two methods (RP and CP) do not follow the MSP method

in this case.

In Fig. 5b, similar to Fig. 5a, increasing the number of D2D receivers, the FP method sum-rate follows the MSP method and

the sum-rate of the RP method increases slowly, but after increasing the number of receivers from three to four, due to the effect

of interference on the rate, the sum-rate of the CP method tends to a constant value.

In Fig. 5c, the sum-rate is plotted as a function of the D2D search radius for the four methods. As expected, due to the increased

interference, the sum-rate decreases in all four methods as the search radius increases. However, the FP method is still the

closest method to the MSP method.
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3 Conclusions

This paper proposed a new method for joint multi-pairing and resource allocation in a single-cell D2D scenario. Our method is

based on fuzzy pairing criteria for the selecting the best transmitter in a D2D receiver search radius. The set of transmitters is

considered as a fuzzy set with respect to the data-rates and battery levels of the transmitters. This fuzzy membership function

can be considered as a stability index. The proposed method was compared with three other pairing methods: MSP, CP, and RP.

The three parameters of stability, fairness, and sum-rate in different modes, i.e., changing the D2D search radius, increasing the

number of D2D transmitters, and receivers for all four methods, were investigated. As a result, the fairness and stability of the

fuzzy method are better than those of the other methods in different modes, and the FP method’s sum-rate follows the MSP

method’s sum-rate.
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