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Abstract—Device-to-Device (D2D) communication will become an 
important technology in future networks with the increase of the 
requirements of local communication services. The interference 
between cellular communication and D2D communication can be 
coordinated by proper power control and resource allocation. In 
this paper, we analyze the resource allocation methods for D2D 
communication underlaying cellular networks. A novel resource 
allocation method that D2D can reuse the resources of more than 
one cellular user is proposed. After that, we discuss the selection 
of the optimal resource allocation method from the proposed 
method and the conventional methods. Finally, the performance 
of different methods is evaluated through numerical simulation. 
The simulation results show that the proposed method is the 
optimal resource allocation method when the D2D pair locates at 
the most part of the cell area in both uplink and downlink. The 
proposed method can improve the sum throughput of cellular 
communication and D2D communication significantly. 

Keywords-Device-to-Device (D2D), resource allocation, cellular 
networks, spectral efficiency, energy efficiency. 

I.  INTRODUCTION 
With the application of different kinds of multimedia 

services, such as mobile TV, video phone, etc. there is an 
increasing requirement for higher data rate transmission. But 
the spectrum below 5 GHz is already congested. The spectrum 
which is allocated to mobile communication systems must be 
used efficiently to meet the requirement of high data rate. 
3GPP [1] proposes that the peak data rate will achieve 
downlink (DL) 100Mbps and uplink (UL) 50Mbps in Long 
Term Evolution (LTE) system. In order to fulfill the 
requirement of data rate, LTE adopts some advanced 
technology, e.g. MIMO, COMP, and relay, which can increase 
the spectral efficiency. 

There is also an increasing requirement for local 
communication, such as games between mobile phones, video 
sharing, and information broadcast in hot point area like market. 
Machine to Machine [2] communication in small distance in 
the Internet of Things also becomes a hot topic, which is a local 
communication technology. The Device-to-Device (D2D) 
communication described in [3] can increase system 
throughput by reusing the resource of the cellular user. The 
interference between cellular communication and D2D 

communication can be coordinated by proper power control 
and resource allocation. The D2D communication reduces the 
transmit power of terminal, which increases the working time 
of terminal and improves the energy efficiency. The D2D 
communication can also decrease the load of base station (BS) 
via direct transportation. Besides, the D2D communication has 
the advantage that licensed spectrum is allocated to local 
communication. Licensed spectrum can guarantee a planned 
environment instead of an uncoordinated one. D2D needs new 
communication mechanisms, because of the difference with the 
conventional cellular communication. In [4], the mechanisms 
for D2D communication session setup and management 
involving procedures in the LTE System Architecture 
Evolution are proposed. 

The BS is capable of coordinating the interference between 
cellular communication and D2D communication by proper 
power control and resource allocation with the channel state 
information (CSI) of all involved links. In [5], a resource 
allocation method that can minimize the system interference 
has been proposed, there were N cellular users and N D2D 
pairs, and one D2D pair reused the resource of only one 
cellular user in the system model. In [6] they discussed three 
D2D resource allocation methods and the power optimization 
when there was only one cellular user and one D2D pair. In [7] 
they discussed the mode selection method on the basis of [6]. 
Two mechanisms were proposed to coordinate the mutual 
interference between cellular communication and D2D sub-
systems in [8]. In [9] time hopping (TH) based radio resource 
allocation schemes aiming to improve the robustness of the 
hybrid network were proposed. However, in all of these 
references, one D2D pair reused the resource of only one 
cellular user whenever there was one or more cellular user in 
the system. 

In actual networks, cellular users are more than D2D pairs 
generally, so the spectrum is not used efficiently when one 
D2D pair reuses the resource of only one cellular user. In this 
paper, we propose a resource allocation method when there are 
more than one cellular user in the system. One D2D pair can 
reuse the resources of more than one cellular user. The 
proposed method can increase the data rate of D2D 
communication and the spectrum efficiency with giving 
priority to the cellular user. After that, we apply the proposed 
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method to resource allocation optimization for D2D 
communication underlaying cellular networks. We present the 
improvement of sum throughput of cellular communication and 
D2D communication by using the proposed method compared 
with the method that one D2D pair reuses the resource of only 
one cellular user. 

The rest of this paper is organized as follows. Section II 
describes the system model of D2D communication 
underlaying cellular networks. The algorithm used in the 
proposed resource allocation method is discussed in Section III. 
The algorithm for resource allocation optimization is also 
presented in this section. Section IV presents and discusses the 
numerical results. Finally, conclusion is drawn in Section V. 

II. SYSTEM MODEL 
The system model includes a single cell environment as 

illustrated in Fig. 1, where N cellular users are R far away from 
the BS. We assume there is one D2D pair shares the available 
radio resources with those N cellular users. Similar analysis can 
be used for the scenario with more than one D2D pair. The 
distances between the BS and both of the D2D users are D. The 
distance between the two D2D users is L.  
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Figure 1.  System model of D2D communication underlaying cellular 
networks.  

We assume that the BS has the CSI of all involved links. 
The available resources are allocated to the cellular users and 
the D2D pair based on the CSI. We propose a novel resource 
allocation method that allows the D2D pair reuses the resources 
of more than one cellular user, which can increase the sum 
throughput of cellular communication and D2D 
communication. Thus, there are four resource allocation 
methods in D2D communication underlaying cellular networks, 
the first three methods are described in [6], and there are only 
one cellular user and one D2D pair in their system model.  The 
last one is proposed by us. 

• Cellular mode: The D2D users could not communicate 
directly. They communicate with each other through 
the BS like the cellular users. The resources which are 

shared by the D2D pair and cellular users are divided 
into N+2 parts uniformly, and every user uses one part 
of them in this mode. 

• Dedicated resource mode: The D2D users 
communicate with each other with dedicated resource. 
There is no interference between cellular 
communication and D2D communication since their 
resources are orthogonal. There are N+1 orthogonal 
transmission links at this time. The resources which are 
shared by the D2D pair and cellular users are divided 
into N+1 parts uniformly, and the D2D pair uses one 
part of them in this mode.  

• Reusing the resource of only one cellular user: The 
D2D pair reuses the resource of only one cellular user 
who incurs the smallest interference between them. 
The resources which are shared by the D2D pair and 
cellular users are divided into N parts uniformly, and 
every cellular user uses one part of them in this 
method. The D2D pair reuses the resource of one of the 
users. 

• Reusing the resources of more than one cellular user: 
With guaranteeing a minimum transmission data rate 
of the cellular users, the D2D pair can reuse the 
resources of more than one cellular user. The resources 
which are shared by the D2D pair and cellular users are 
divided into N parts uniformly, and every cellular user 
uses one part of them in this method. The D2D pair 
reuses the resources of some of the users. 

In the cellular and the dedicated mode, both the cellular 
users and the D2D pair can use the maximum transmit power to 
get the best system performance, because they do not interfere 
with each other with orthogonal resource. However, the BS 
should control the interference between cellular 
communication and D2D communication by proper power 
control and resource allocation when D2D reuses the resources 
of one or some cellular users. When D2D reuses the resources 
of cellular user, we give priority to the cellular user by 
guaranteeing a minimum transmission data rate, which can be 
achieved at an SINR of clγ . We also assume a minimum 
transmission data rate of D2D which is achieved at an SINR of 

dlγ  when D2D reuses the resource of one cellular user, 
otherwise D2D do not reuse the resource of this user. We 
assume an upper limit on the data rate based on the highest 
modulation and coding scheme (MCS), which can be achieved 
at an SINR higher than the target SINR hγ .  

III. RESOURCE ALLOCATION ALGORITHM 
In this section, we study the sum throughput of cellular 

communication and D2D communication under different 
resource allocation methods, based on which, the optimal 
resource allocation method is analyzed. According to the 
system model and resource allocation methods described in 
Section II, by applying the Shannon capacity formula [10], the 
sum throughput of cellular communication and D2D 
communication of the four methods can be expressed as:  
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where iS  denotes the received power of the link between BS 
and UEi, the receiver is BS in UL or UEi in DL. mnS  denotes 
the received power of the link between UEm and UEn. dcjI  
denotes the interference received by BS in UL or UEj in DL 
from the D2D communication when D2D reuses the resource 
of UEj. cdjI  denotes the interference received by the D2D pair 
from cellular communication when D2D reuses the resource of 
UEj. 0N  is the thermal noise power. The formulas are adapted 
for both UL and DL resource reusing. 

A. Reusing the Resource of Only One Cellular User 
By applying the Shannon capacity formula [10], the data 

rate of UEi without resource reusing is depicted as follows: 
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The sum throughput of cellular communication and D2D 
communication when they use the same resource is calculated 
as follows: 
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With giving priority to the cellular user, D2D will reuse the 
resource of one user, which can be determined by: 
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, iP  and ig  denote 

the transmit power and channel gain of the link between BS 
and UEi, respectively. dP  and dg  denote the transmit power 
and channel gain of the D2D link, respectively. cdg  and dcg  
denote the channel gain of the interference link from the 
cellular communication to the D2D communication and that 

from the D2D communication to the cellular communication, 
respectively.  

B. Reusing the Resources of More Than One Cellular User 
With guaranteeing a minimum transmission data rate of 

cellular users, the D2D pair can reuse the resources of more 
than one cellular user to increase the data rate. With reusing the 
same resources, the SINR of the cellular communication should 
be higher than clγ , and the SINR of D2D communication 
should be higher than dlγ . An SINR higher than hγ  does not 
increase the sum throughput because of the restriction of the 
highest MCS. D2D will reuse the resources of some users, 
which can be determined by:  

{ : ( , ) ( ) 0,  , }cl c h dl d hk i C c d C c γ η γ γ η γ∈ − > ≤ ≤ ≤ ≤     (8) 

We can see that the resource reusing method will increase the 
sum throughput of cellular communication and D2D 
communication, because D2D reuse the resources of cellular 
users only if the sum throughput can be increased with resource 
reusing as shown in (8). 

C. Resource Allocation Optimization 
The BS allocates the resources to the cellular users and the 

D2D pair with the CSI of all involved links. With giving 
priority to the cellular user, the optimal resource allocation 
method is the one that can lead to the highest sum throughput 
of cellular communication and D2D communication, which can 
be expressed as follows: 

max _1 _max( , , , )cell ded re re nR R R R R=                   (9) 

This is the optimal resource allocation method in D2D 
communication underlaying cellular networks. The optimal 
resource allocation method is adapted for both UL and DL 
resource reusing. With the CSI of all involved links, the BS can 
maximize the sum system throughput by using the optimal 
resource allocation method whenever how many cellular users 
there are and how they are distributed in the cell. 

IV. NUMERICAL SIMULATION 
In this section, we resort to the numerical simulation to 

evaluate the performance of the optimal resource allocation 
method selection and the sum throughput performance of the 
proposed resource allocation method presented in Section III. 
We consider a normalized circular cell (Radius = 1). The 
single-slope path loss model 0( ) ( )P d P d d α−=  is used in the 
simulation, where ( )P d  is the received power at the distance d 
from the transmitter, 0( )P d  is the received power at reference 
distance of 0d , and α  is the path loss exponent. We assume 

4α =  for all the links. 0( )P d  is normalized to the transmit 
power since we consider a normalized cellular cell. The 
transmit power and N0 are both normalized so that the SINR of 
cellular communication is 0 dB at the cell edge without 
resource reusing. 

We assume clγ =0dB, dlγ =-10dB, hγ =20dB [6] in both UL 
and DL. The sum of transmit power and antenna gain of BS is 



 

25dB higher than that of the cellular user. We assume that the 
number of cellular users N is 6. The distance between BS and 
all the cellular users are R. The distance between BS and both 
D2D users are D. The D2D users are L far away from each 
other. 

D2D can reuse UL resources or DL resources of the cellular 
network. We will discuss both DL and UL separately, which 
means that D2D reuses DL and UL resources, respectively. We 
consider the relationship between the optimal resource 
allocation method selection and the location of the transmitter 
of D2D in DL or the location of the receiver of D2D in UL in 
the following simulation. The transmit power of D2D 
communication when DL resources are reused is larger than the 
transmit power when UL resources are reused because the 
transmitter is the BS in DL, which has higher transmit power. 

A. DL Simulation 
The maximal transmit power of D2D communication is the 

same as cellular users when D2D reuses DL resources. The BS 
can reduce the interference between cellular communication 
and D2D communication by resource allocation and power 
control. We consider two scenarios: the one is that the cellular 
users are uniformly distributed in the cell; the other is that the 
cellular users congregate in some area of the cell. The 
performance of the optimal resource allocation method 
selection and the sum throughput performance of the proposed 
resource allocation method will be evaluated. We assume 
R=0.6, L=0.2. The transmitter of D2D is D far away from the 
BS, the receiver of D2D is D far away from the BS if D>L/2 or 
L-D far away from the BS if D<L/2. 

Fig. 2(a) illustrates the selection results of the optimal 
resource allocation method when the transmitter of D2D is 
distributed in different place in the cell. The color indicates the 
optimal resource allocation method when the transmitter of 
D2D is in the corresponding location. Re_n in the figure 
represents that D2D reuses the resources of n cellular users. 
The N(=6) cellular users are distributed uniformly in the cell 
indicated by diamonds.  

We can see that the cellular mode is the optimal method 
when the D2D pair locates at the cell center, because the links 
between the BS and the D2D users are in good condition. The 
dedicated resource mode becomes the optimal method when 
the D2D pair gets farther away from the BS. D2D will reuse 
the resources of more than one cellular user, and the number of 
users whose resources are reused by D2D increases with the 
distance between the D2D transmitter and the BS. D2D will 
reuse the resources of 6 users at the cell edge. The conventional 
resource allocation method that D2D reuses the resource of 
only one cellular user never becomes the optimal method 
wherever the D2D pair locates. We can see that reusing the 
resources of more than one cellular user is the optimal resource 
allocation method in the most part of the cell area. We can also 
utilize the resource reusing method by reusing the resources of 
other users when D2D transmitter is very close to one of the 
cellular user. 

Fig. 2(b) illustrates the sum throughput gain of cellular 
communication and D2D communication by using the 
proposed resource allocation method compared with the 

method that D2D reuses the resource of only one cellular user. 
The sum throughput gain is 1 when the D2D pair locates at the 
cell center, because D2D do not take the resource reusing mode. 
The sum throughput gain increases when the D2D transmitter 
becomes farther away from the BS. Moreover, the sum 
throughput of cellular communication and D2D 
communication by reusing the resources of more than one 
cellular user is 0.5 times larger than that by reusing the 
resource of only one cellular user. We can see that the proposed 
resource allocation method that D2D reuses the resources of 
more than one cellular user can use spectrum more efficiently. 

 
(a) 

 
(b) 

Figure 2.  The N(=6) cellular users are uniformly distributed in the cell: (a) 
the optimal resource allocation method vs. the location of the D2D transmitter. 

(b) the throughput gain vs. the location of the D2D transmitter. 

In the following, we study the sum throughput performance 
in the scenario that the cellular users congregate in some area 
of the cell. Fig. 3(a) illustrates the selection results of the 
optimal resource allocation method when the transmitter of 
D2D is distributed in different place in the cell when DL 
resources are reused. The color indicates the optimal resource 
allocation method when the transmitter of D2D is in the 
corresponding location. The N(=6) users congregate in some 
area of the cell indicated by diamonds. We can see that the 
dedicated resource mode is the optimal method when the D2D 
transmitter is close to the BS or the cellular users. The number 
of users whose resources are reused by D2D increases 
gradually when the D2D transmitter becomes farther away 
from the cellular users. The method that D2D reuses the 



 

resources of 6 users is the optimal resource allocation method 
in the most part in the cell. 

Fig. 3(b) illustrates the sum throughput gain of cellular 
communication and D2D communication by using the 
proposed resource allocation method compared with the 
method that D2D reuses the resource of only one user when 
cellular users congregate in some area of the cell. The 
throughput gain increases gradually with the increase of the 
distance between D2D transmitter and the BS or the cellular 
users, and achieves almost up to 1.5 at the cell edge. 

 
(a) 

 
(b) 

Figure 3.  The N(=6) cellular users congregate in some area of the cell :  (a) 
the optimal resource allocation method vs. the location of the D2D transmitter. 

(b) the throughput gain vs. the location of the D2D transmitter 

We can see that the resource allocation method that we 
proposed is the optimal method in the most part of the cell  area 
whenever the cellular users are distributed uniformly or not 
when DL resources are reused. The proposed method will 
increase the sum throughput of cellular communication and 
D2D communication significantly. 

B. UL Simulation 
In this subsection, we simulate the performance of the 

optimal resource allocation method selection and the sum 
throughput performance of the proposed resource allocation 
method when the UL resources are reused by D2D pair. The 
transmit power of D2D communication is lower than that of the 
cellular users by 16dB to reduce the interference from D2D to 
cellular communication when D2D reuses UL resources. We 

assume R=0.6, L=0.2. The receiver of D2D is D far away from 
the BS, the transmitter of D2D is D far away from the BS if 
D>L/2 or L-D far away from the BS if D<L/2. 

Fig. 4(a) illustrates the selection results of the optimal 
resource allocation method when the receiver of D2D is 
distributed in different place in the cell. The color indicates the 
optimal resource allocation method when the receiver of D2D 
is in the corresponding location. The N(=6) users distributed 
uniformly in the cell indicated by diamonds. We can see that 
the dedicated resource mode is the optimal method when the 
D2D pair locates at the cell center. The number of users whose 
resources are reused by D2D increases gradually when the 
D2D receiver becomes farther away from the BS. The 
proposed method that D2D reuses the resources of more than 
one cellular user is the optimal method when the D2D pair 
locates at the most part of the cell area. 

Fig. 4(b) illustrates the sum throughput gain of cellular 
communication and D2D communication by using the 
proposed resource allocation method compared with the 
method that D2D reuses the resource of only one cellular user. 
The sum throughput gain is 1 when the D2D pair locates at the 
cell center. The throughput gain increases gradually when the 
D2D receiver becomes farther away from the BS, and achieves 
more than 1.5 at the cell edge. The sum throughput gain is 
significantly in the most part of the cell area. 

 
(a) 

 
(b) 

Figure 4.  The N(=6) cellular users are uniformly distributed in the cell: (a) 
the optimal resource allocation method vs. the location of the D2D receiver.  

(b) the throughput gain vs. the location of the D2D receiver. 



 

The results when the cellular users congregate in some area 
of the cell are similar with the results of reusing DL resources, 
so we do not discuss them here. We can see that the proposed 
resource allocation method that D2D reuses the resources of 
more than one cellular user is the optimal method in the most 
part of the cell area which is the same as the DL. The proposed 
method can increase the sum throughput of cellular 
communication and D2D communication significantly. 
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Figure 5.  The throughput gain of the proposed method compared with 
reusing the resource of only one cellular user under different R and L. 

In the following, we study the sum throughput gain 
performance when the D2D pair locates at the cell edge. Fig. 5 
illustrates the sum throughput gain of cellular communication 
and D2D communication by using the proposed resource 
allocation method compared with the method that D2D reuses 
the resource of only one cellular user when D2D pair locates at 
the cell edge under different R and L. We can learn that the sum 
throughput gain decreases with the increasing of L, because the 
link of D2D becomes worse with larger L. D2D will not reuse 
DL resources if L>0.5. The sum throughput gain increases with 
R. The interference between D2D and the user whose resources 
are reused by D2D decreases with the increasing of R, because 
the distance between the D2D pair and the user becomes larger 
with R. We can see that the proposed method that D2D reuses 
the resources of more than one cellular user will increase the 
sum throughput significantly whenever D2D reuses the 
resources of DL or UL. The proposed resource allocation 
method can use spectrum more efficiently. 

V. CONCLUSION 
D2D is an advanced technology that can increase the 

spectral efficiency and energy efficiency by reusing the 
resource of cellular user. In this paper, we studied the resource 
allocation optimization for D2D communication underlaying 
cellular networks. We proposed a resource allocation method 
that D2D can reuse the resources of more than one cellular user. 
We assumed the BS can select the optimal resource allocation 
method with the CSI of all involved links. The results show 
that the proposed method is the optimal method when D2D 
locates at the most part of the cell area. The sum throughput 
improvement by using the proposed method is significant in 

both UL and DL whenever the cellular users are distributed 
uniformly in the cell or not. The proposed method achieves 
better performance when the D2D pair becomes closer to the 
cell edge. The sum throughput improvement is also more 
significant with smaller L and bigger R. 
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