
The Performance Research of LTE-A
Cellular Network Based on Relay

and Pass-Through D2D Technology

Liyan Zhang1, Wenbin Zhang1,2(B) , Wenke Li1, and Jiaqi Su1

1 Harbin Institute of Technology, Harbin 150001, People’s Republic of China
zwbgxy1973@hit.edu.cn

2 Science and Technology on Communication Networks Laboratory,

Shijiazhuang 050050, Hebei, People’s Republic of China

Abstract. With the development of 5G technology, the demand for
communication quality has shown exponential growth. Regarding the
problem of low communication quality at the edge of the LTE-Advanced
cellular network, we can expand the coverage and share base station
traffic by introducing relay technology and D2D technology, thereby
increasing the throughput of the communication system. The research
background of this paper is to combine pass-through (direct) D2D mode
with LTE-A relay cellular network in LTE-A cells, and then construct
the MINLP optimization problem with maximizing system throughput
as the objective function. The convex optimization method is used to
realize the optimal allocation of power resources. The final simulation
results show the growth of system throughput and user fairness.

Keywords: LTE-Advanced cellular network · Relay technology · D2D
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1 Introduction

The addition of relay nodes in the LTE-A system can cover a wider area and
achieve higher-quality communication, while it also greatly increases the com-
plexity of the communication system, so it has become the research focus of
scholars at home and abroad. To improve system throughput, we should first
consider to control the channel interference, the solutions mainly adopt the par-
tial frequency reuse. [1] proposes a method for selecting relay nodes in a mobile
Ad hoc network. Based on the messages received from one or other nodes, the
list of adjacent relay nodes is updated, and the adjacent relay nodes in the first
hop is updated. In the relay nodes and the updated relay list, the relay with the
highest value of the selection counter is selected as the MPR node. The method
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can prevent unnecessary channel competition and conflict between nodes, so
it can improve network performance. A new round-robin scheduling algorithm
using location information is proposed in [2], so that some frequencies can be
reused by base stations or relays after selection. It has been proved that this
algorithm can effectively control channel interference and improve the system
throughput. [3] proposes an optimization algorithm based on energy efficiency
in a large-scale LTE network in a dense urban area. The optimization variables
include the relevant parameters of the base station and the relay antenna, such
as the azimuth, transmission power, and antenna height. Through overall opti-
mization, the energy consumption of users is reduced, and the communication
performance of users is improved. [4] studies the power allocation scheme of
subcarriers aiming at maximizing energy efficiency in a cooperative relay net-
work, it mainly studies the situation that the destination nodes receive signals
from the source nodes and relay nodes at the same time. [5] in the context of
OFDMA downlink, resource allocation is performed by maximizing the mini-
mum weighted rate under the constraint of the transmission power of each base
station. This allocation method ensures that the information rate of each cell
is roughly the same at the expense of the total data rate of the system, so as
to make the system have better fairness. [6] is similar to [5], it also sacrifices
the overall throughput of the system to ensure the QoS of each user. Under the
condition of a certain total power, the allocation strategies of subcarrier, power
and relay are combined at the same time to establish a complex optimization
problem, which is solved combined with the optimization theory.

Due to the advantages of D2D technology in sharing data traffic in cellular
networks, it has recently become a hot research topic. [7] studies the resource
allocation algorithm for single-cell users and multiple D2D users using game the-
ory methods in high-density D2D user scenarios. [8] discusses the link sharing
mechanism and user resource allocation strategy of the multi-user D2D commu-
nication system. With the purpose of improving the energy efficiency of users,
a distributed resource allocation scheme is proposed by using game and non-
cooperative game methods. [9] studies the interference coordination problem of
D2D communication under homogeneous network. Under the condition of sat-
isfying QoS, a channel allocation and power control method based on partial
location information is proposed.

The main research content of this paper is to establish the resource sharing
model between direct D2D users and cellular users in LTE-A cellular network by
combining relay technology and direct D2D technology, establish the objective
function of maximizing system throughput, and use convex optimization method
to solve this problem. Finally, the throughput and user fairness are analyzed.

Notation: a∗ represent the conjugate.

2 System Model for the Coexistence of Direct D2D Users
and Cellular Users

The system model is shown in Fig. 1, which contains both direct D2D users and
cellular users. The cellular network adopts Time Division Duplex (TDD) mode.
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Fig. 1. System model of coexistence of direct D2D users and cellular users.

The entire communication process is divided into two time slots, and all relays
communicate synchronously in these two time slots. All cellular users (not using
D2D mode) are represented by set M , and all direct D2D users is represented by
set Dp, the system bandwidth is divided into N resource blocks (RBs), the set
of resource blocks is N = {1, 2, · · · , |N |}, the set of resource blocks that can be
used in each relay is N , and the bandwidth of each resource block is represented
by BRB. The relay set is denoted by L = {1, 2, · · · |L|}, Ul,∀l ∈ L represents the
set of all users who communicate through relay l, the set of cellular users under
the relay l coverage is Ml = M ∩ Ul, the set of direct D2D users under the relay
l coverage is Dp

l = Dp ∩ Ul. Therefore, the following formulas are established:
Ul ⊆ {Dp

l ∪ Ml} ,∀l ∈ L, ∪lUl = {Dp ∪ M}, ∩lUl = ϕ,∀l ∈ L. The Signal to
Interference plus Noise Ratio (SINR) of the direct D2D pair is:
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Where, Q
(n)
a,b , h

(n)
a,b , g

(n)
a,b respectively represent the transmit power, the channel

coefficient of the communication link, and the gain of the interference link on
the resource block n in the communication process from the transmitter a to
the receiver b. σ2 = N0BRB, N0 is the power spectral density of thermal noise.
Therefore, the information rate of this communication process is:
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The SINR of the communication between the cellular user and the relay is:
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Therefore, the information rate of this communication process is:

R
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The relay l communicates with the base station, for ul ∈ Ml, the SINR per
unit power is:

γ
(n)
l,eNB,2 =

h
(n)
l,eNB

σ2
(5)

Therefore, the information rate of this communication process is:

R
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)
(6)

In summary, for user ul under relay l coverage, the total information rate
consists of two parts:

(1) direct D2D mode: the user ul communicates in direct D2D mode, and the
information rate is:

R
(n)
D = R(n)

ul,ul
(7)

(2) Cellular mode: The user ul communicates in the cellular mode, and the
information rate of this communication process is:

R
(n)
M =

1
2

min
{

R
(n)
ul,l

, R
(n)
l,eNB

}
(8)

The above formula is multiplied by 1/2 because the cellular users within the
relay range need two time slots to realize two-way communication through relay
forwarding, while the direct D2D communication process only uses one time slot,
so there is no need to multiply it.

Set the maximum value of user transmission power as Qmax
ul

and the maxi-
mum value of relay transmission power as Qmax

l . Introduce resource block alloca-
tion factor x

(n)
ul , x

(n)
ul ∈ {0, 1}, they are binary integer variables: When x
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it means that the resource block n is allocated to user ul, otherwise x
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ul = 0,
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ul . The users’ QoS requirement is expressed by RQoS . This opti-

mization problem can be described as:
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Rul
≥ RQoS, ∀ul ∈ Ul (14)
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Where, (10) is the condition that each indicator coefficient needs to meet, each
resource block can only be allocated to one user under each relay, (11) and (12)
limit the transmission power not to exceed the maximum power, (13) indicates
that the interference from D2D users under other relays and the interference
from cellular users under other relays must meet the interference threshold, (14)
ensures that the system meets the minimum QoS requirements, (15) indicates
that the transmission power is non-negative.

The unit power SINR of direct D2D users is:
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Where, I
(n)
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is the interference of direct D2D user ul on the resource block n.
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For cellular users, the unit power SINR during the first time slot communi-
cation process is:
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Where, I
(n)
ul,l,1

is the interference of the cellular user ul on the resource block n
in the first time slot.
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The total information rate of all cellular users on the resource block n is R
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When Q
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mum value. At this time, Q
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information rate of cellular users on the resource block n can be rewritten as
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3 Power Distribution Method Based on Lagrangian
Multiplier Method

Optimization problem (9) is difficult to solve because it contains both continuous
variables and binary integer variables, and the objective function is nonlinear.
Such problems can be called mixed-integer nonlinear programming (MINLP).
In order to simplify the problem, we first relax the resource block allocation
factor x

(n)
ul into a continuous variable, that is x

(n)
ul ∈ [0, 1], which represents the

proportion of time that the resource block n is allocated to user ul, and it still
meets the aforementioned restriction conditions 0 ≤ ∑
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are introduced, which are respectively used as power allocation
variables for direct D2D users and cellular users to represent the actual transmit
power of the user ul on the resource block n. The optimization problem after
relaxation and adjustment can be expressed as
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Where, ω
(n)
ul , μ

(n)
ul are auxiliary variables, when the number of RBs is

extremely large, the dual spacing of the optimization problem that satisfies the
time allocation condition can be ignored. The optimization problem studied in
this paper satisfies the time allocation condition, so the relaxed optimization
problem has an asymptotic optimal solution. From the above formulas, the con-
straint condition (27) is convex, and other constraints are linear. If the objective
function is a concave function, then the optimization problem (22) is a convex
problem, and there is an optimal solution. Next, we must first prove that the
objective function is a concave function.
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Continue to find the derivative about S
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ul,ul , T
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respectively to obtain the
Hessian matrix H in the following formula
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The matrix H is a second-order matrix with two eigenvalues, the two eigen-
values are
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Because λ̃1 > 0 , λ̃2 > 0, 
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is convex, the objective function

(22) is concave. Therefore, the optimization problem is a convex problem, and
there is an optimal solution. Therefore, the KKT conditions in convex optimiza-
tion theory can be used to solve this problem.

Next, use the Lagrangian multiplier method to solve the problem. Let the
Lagrangian multipliers of the constraints (23) to (29) in Eq. (22) be δn, ξul
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First, take the derivative of the allocation variable of the transmit power of
the direct D2D users S

(n)
ul,ul
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= − 1
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According to the KKT conditions, let ∂L

∂S
(n)
ul,ul

= 0, we can obtain S
(n)
ul,ul =
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) , the

optimal value of the transmit power of the direct D2D user is expressed as
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[ξ]+ means that the result takes a value not less than zero as the effective
value, that is [ξ]+ = max{ξ, 0}. Next, take the derivative of the allocation vari-
able of the cellular user transmit power T
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= − 1
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In the same way, according to the KKT conditions in the convex optimization
theory, let ∂L

∂T
(n)
ul,l

= 0, we can obtain
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Then the optimal transmit power of the cellular user is

Q
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T
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Substituting x̄
(n)
ul = 1 − x

(n)
ul into the Lagrangian function and deriving a

derivative about x
(n)
ul , we can obtain the formula (42). According to the KKT

conditions, let ∂L

∂x
(n)
ul

= 0, the expression related to the Lagrange multiplier δn

is obtained as (43). In formula (43), there are θ
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The actual δn is not calculated by Eq. (43), but updated by sub-gradient
iteration method, which will be described in detail in the following content. In
order to obtain the integer value of the resource block allocation factor x

(n)
ul , a

threshold variable needs to be set as
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The discriminant formula of resource block allocation factor x
(n)
ul is shown in

the following formula

x(n)∗
ul
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{
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0, δn > χ
(n)
ul

(45)

After obtaining the optimal solution of the user-to-relay communication
transmission power Q

(n)∗

ul,l
, Q

(n)∗
ul,ul and resource block allocation factor x

(n)∗
ul , the

sub-gradient iteration method is used to update each Lagrangian multiplier, and
the Lagrangian multiplier of the (t + 1)th iteration is updated according to the
following formula, Λ
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α is the step length during the first iteration, Λ
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and a is a constant.
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4 Performance Analysis

Since there are random variables in each channel coefficient and interference link,
the information rate of each resource block is also random. In order to reduce the
influence of randomness on the simulation results, we have carried out a large
number of simulations to calculate the average rate. This will eliminate the
randomness of channel coefficients and obtain the fairness index of information
rate in each resource block. This paper adopts RajJain fairness index to judge
the information rate in each resource block. The definition of RajJain index is:

F =
(

N∑

n=1
Rn

)2
/

N
N∑

n=1
R2

n, where N denotes the number of total resource

blocks in system, Rn stands for the information rate in resource block n. The
parameters of simulation are shown in Table 1.

Table 1. System parameters of simulation.

Parameter of system Value

Bandwidth of system 2.5MHz

Number of total resource block 13

Path loss among D2D users 102.9 + 18.7log[d(km)]

Path loss between users and relay 103.8 + 20.9log[d(km)]

Path loss between relay and base station 100.7 + 23.5log[d(km)]

Standard deviation of shadow fading between D2D users 3 dB

Standard deviation of shadow fading between user and relay 10 dB

Standard deviation of shadow fading between base station and relay 6 dB

Range of transmitting power of relay 20–30 dBm

Range of transmitting power of user 13–23 dBm

Maximum distance among D2D direct users 20m

Radius of coverage of relay 200m

Distance between base station and relay 125m

Power spectrum density of noise −174 dBm/Hz

Interfering threshold −70 dBm

Fig. 2. Fairness index of each resource
block.

Fig. 3. Distribution of information
rates in each resource block.
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To check the correctness of theoretical analysis, we implement the following
simulations. Assuming the number of resource blocks and total bandwidth of
system are fixed. In our communication scenario, there are two relays, and the
number of D2D pairs in each relay coverage area is the same as that of cellular
users. For example, assuming there are four D2D pairs and four cellular users in
relay 1 and relay 2 respectively. The simulation result in Fig. 2 shows that with
the increase of number of iterations, the fairness index of information rate in each
resource block is close to 1, which represents the user fairness becomes better
gradually. These results show that averaging results of a lot of simulations indeed
reduces the effect of random of channel. After 50 iterations, the information rate
of each resource block is close to 4 Mbits/s as shown in Fig. 3.

Fig. 4. Total information rate of system.

The simulation parameters of Fig. 4 is nearly 50 iterations and 13 resource
blocks. Observing this figure, we can find that with the increase of number of
D2D pairs and cellular users, the information rate of whole system first increases
linearly, and then tends to a fixed value. Particularly, when the number of D2D
pairs and cellular users are equal to 7 respectively, the peak information rate
can be increased up to 85 Mbits/s.
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Fig. 5. Fairness of information rate of each resource block.

Next, use the same simulation parameters as Fig. 1, we analyze the fairness
of information rate of each resource block. The corresponding simulation result
is shown in Fig. 5. Observing this figure, we can find that, with the increase
of number of D2D pairs and cellular users in coverage area of each relay, the
fairness index also grows close to 1. The reason is that, when there are few
users, each resource block may not be fully utilized. However, with the increase
of users or links, especially the number of users or links exceeds the number of
resource block, the resources allocated to users in system are almost the same,
and total resource blocks are fully utilized, this improves the fairness of each
resource block.
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Fig. 6. The fairness of information rate of different users.

Use the same simulation parameters as Fig. 5, the fairness of information
rate of different types of users are shown in Fig. 6. With the increase of number
of D2D pairs and cellular users in covering area of each relay, the fairness of
information rate of D2D pairs and cellular users decreases gradually. The reason
is that, for each resource block, each slot can only be occupied by one user served
by relays. When the number of users is larger than that of resource blocks, there
is resource block competition between communication links. The above resource
allocation scheme ensures that some of users have priority to use the current
resource blocks and the other users have to wait for resource blocks. This leads
to the decrease of fairness index of two kind of users in terms of information
rate.

5 Conclusion

In this paper, we firstly set up a complex scenario, which includes base station
of LTE-A, relays, and D2D pairs. Next, under the mode of direct D2D, we
analyze the communication links of D2D pairs and cellular users, especially the
interference of these links. Based on the above elements in scenario, we build
the system model of information rate. Then we formulate this model into a
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MINLP problem, utilize Lagrange multiplier and KKT conditions to obtain the
optimal power allocation. The simulation results show that with the increase of
number of users, the fairness index of information rate of each resource block
also increases, and gradually approaches 1.
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