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Abstract—Device-to-device (D2D) communication can effectively meet the demanding high data rate by providing
direct links among mobile users in cellular networks. In
this paper, we analyze the transmission capacity of relayassisted D2D communication coexisting with cellular networks in both overlay and underlay modes. D2D users can
use the delicate spectrum resources in the overlay mode,
while reuse the cellular resources in the underlay mode.
Based on stochastic geometry, cellular users, D2D transmitters, and relay nodes (RNs) in the networks are all modeled
as Poisson point process. Then, we calculate the RN existence probability and the expectation of relay link distance
to obtain the successful transmission probabilities for D2D
communication. According to two relay mechanisms for enhancing D2D transmission distance, we further obtain the
transmission capacities of D2D communication with the assistance of RNs in both two modes, which reflect the influence from D2D density and power. In addition, the D2D
transmission capacities with variable D2D link distance are
also analyzed in two modes. Simulation results verify that
D2D transmission capacity can be enhanced by relay transmission and influenced by a multitude of factors, including
the user density, power, the D2D link distance, and the way
of using RNs.
Index Terms—Device-to-device (D2D) communication, relay, stochastic geometry, transmission capacity.
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I. INTRODUCTION
HE fast development of wireless communications leads to
the shortage of spectrum resource, which becomes a bottleneck for the further explosive of wireless services [1]. The fifth
generation (5G) networks have included a lot of new promising
technologies such as nonorthogonal multiple access [2], massive
MIMO [3], device-to-device (D2D) communication, and so on.
As one of the key 5G technologies, D2D communication enables
wireless transmission between users over the direct link, which
brings a lot of advantages such as enhancing the transmission
capacity, reducing the transmission power, improving spectrum,
and so on [4]. Nevertheless, as D2D communication reuses the
frequency resources, so it causes harmful interference to the existing network, which may lower the expected performance of
the system [5]–[7].
As one of the fundamental performance index of the communication system, D2D transmission capacity has already been
analyzed in some previous literature [8]–[11]. In order to enhance the capacity of cellular and D2D system, an interferencelimited area control scheme to manage interference in the
networks was proposed in [8]. Further, Yu et al. [9] investigated
the resource allocation and power control between cellular and
D2D users, which proposed an optimization method to improve
the system capacity. Consider the complexity of the networks,
the network capacity by a bidirectional data transmission was
studied in [10]. In addition, with the extended consideration of
cooperation communication in D2D, an optimal D2D transmission capacity was presented in [11], where D2D transmission
can be assisted by cellular users in the networks.
On the other hand, relay technology [12] has been proposed
as a way to enhance the capacity and coverage of wireless networks due to its spatial diversity. This technology can also be
introduced into D2D communication to improve the system
performance [13]. Hasan et al. [14] extended the analysis in a
multirelay network and proposed a robust distributed resource
allocation for D2D communication. Consider the spectrum sharing system, the outage probability with interference power
constraints, and the outage probability of cognitive amplifyand-forward relay were analyzed in [15] and [16], respectively,
where both of them indicate the large enhancement of the relay transmission. Moreover, a D2D retransmission scheme was
applied in an intracluster D2D networks in [17], where D2D
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can adaptively select the number of cooperative relays to perform multicast retransmissions. Similar works are also shown in
[18] and [19]. However, when the spatial isolation is sufficient,
most existing works have not considered the important case that
the relay links are allowed to reuse the same resources of the
cellular network, which is indeed helpful to further improve the
spectrum efficiency.
In this paper, the scenario that D2D communication can
use potential relay nodes (RNs) to perform relay transmission
in the network coexisting with cellular system is considered.1
Those potential RNs are the mobile terminals, which are able
to provide relay services for D2D communication. By utilizing the stochastic geometry, the cellular user, D2D transmitters,
and RNs in the network are modeled by Poisson point process
(PPP) with different densities. Then, the following two modes
are analyzed in detail: 1) Overlay mode: Dedicated resources
are allocated to D2D communication, cellular users and D2D
users use orthogonal resources, thus, the interference does not
exist between cellular users and D2D users; 2) Underlay mode:
D2D communication reuses the same resources with cellular
system, i.e., cellular users and D2D users share the resources,
thus the interference is not only existed among the D2D users,
but also between cellular and D2D communications.
For each mode, the effect of relay transmission is divided into
two cases: transmission distance extension and transmission capacity improvement, which are analyzed, respectively. First, for
the relay existence probability, the expectation of the relay link
distance and the general form of successful transmission probability are derived. Then, the expressions of D2D transmission
capacity in different modes with different mechanisms are obtained, which show the influence from D2D RNs. Furthermore,
we derive the D2D transmission capacity gain with the assistance of D2D RNs. In addition, the transmission capacities with
variable D2D link distance are analyzed in all cases. Finally,
simulation results verify that D2D transmission capacity can be
enhanced by the relay transmission, and such D2D transmission
capacity is affected by some important factors including the user
density, variable D2D link distance, and the way of using the
relay in D2D transmission.
The rest of the paper is organized as follows. Section II describes the scenario and the system model. Section III presents
the RN existence probability, the expectation of the relay link
distance, and the general form of successful transmission probability. Sections IV and V analyze the D2D transmission capacity in overlay mode and underlay mode, respectively. Then,
the simulation results are illustrated in Section VI. Finally, the
conclusions are summarized in Section VII.
II. SCENARIO DESCRIPTION AND SYSTEM MODEL
In this section, we first explain the scenario of the relayassisted D2D communication coexisting with cellular network,
and then present the network and channel model in detail.

1 Simulation

codes are provided to reproduce the results presented in this
paper: http://oa.ee.tsinghua.edu.cn/dailinglong/.

Fig. 1.
works.
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Scenario of relay-assisted D2D communication in cellular net-

A. Scenario Description
As shown in Fig. 1, the basic scenario contains cellular networks, D2D users, and potential RNs, which are denoted as S0 ,
S1 , and S2 , respectively. Cellular networks are deployed on the
cellular frequency spectrum, and D2D communication reuses
the uplink resources. The networks work in time division duplex (TDD) mode, and the cellular uplink frequency spectrum is
divided into K frequency-flat subchannels by using orthogonal
frequency division multiplexing technology. Both cellular and
D2D users use full set of the subchannels in the networks.
B. Network Models
Based on the theory of stochastic geometry, the following
assumptions are made:
Assumption 1: The cellular users form a stationary PPP on
the two-dimensional plane , which is denoted as Π0 with
density λ0 . The cellular transmission power is denoted as P0 .
Assumption 2: The transmitters of D2D users form a PPP
which is denoted as Π1 with density λ1 on . Each D2D transmitter is associated with a D2D receiver located at a distance R.
The D2D transmission power is denoted as P1 .
Assumption 3: The potential RNs form a stationary PPP
which is denoted as Π2 with density λ2 on . The transmission power of RN is denoted as P2 . D2D communication can
be forwarded by one of the RNs under the condition that the
distances between the RN and either the D2D transmitter or the
receiver are shorter than R. If more than one RN is available,
the D2D pair randomly chooses one to the forward signals.
Assumption 4: According to Palm theory [20], a typical receiver of system Sj , j ∈ {0, 1, 2} is assumed to be located in
the origin, which does not influence the statistics of the PPP.
C. Channel Models
The propagation channel model can be expressed as
Pr x = δPtx |D|−α

(1)

where Ptx and Pr x represent the transmitter and receiver power,
respectively. δ stands for Rayleigh fading coefficient, which
obeys an independent exponential distribution with unit mean
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is f (r) =

l(r )
S

=

2r arccos( 2rR )
( 23π −

√

3
2

)R 2

. Then, the expectation of distance

between D2D user and RN is

 R
rf (r) dr =
E (r) =
0

0



=

D2D communication assisted by RNs.

for every communication link in the system, i.e., δ ∼ exp(1). α
is the path loss exponent, and |D| is the distance between the
transmitter and the receiver.
When D2D communication reuses the cellular resources,
the typical receiver suffers from the interference generated
by cellular users, D2D users, and RNs. In order to complete
the subsequent deduction, we define δj k and Xj k to represent
the Rayleigh fading coefficient and the distance from the origin to the interfering node k, (k ∈ Πj ) in Sj , j ∈ {0, 1, 2},
respectively.
III. RN EXISTENCE PROBABILITY, THE EXPECTATION OF
RELAY LINK DISTANCE AND THE GENERAL FORM OF
SUCCESSFUL TRANSMISSION PROBABILITY
In this section, first, the RN existence probability and the expectation of relay link distance between two D2D users are
deduced. Next, the general form of successful transmission
probability of the receiver in system Sn , (n is 0, 1, or 2) is
obtained.
A. RN Existence Probability and the Expectation of
Relay Link Distance
According to assumption 3, D2D users utilize RNs to forward
signals when RNs are located in the shadow region as shown in
Fig. 2. The area of this region is given by

√  
(2)
S = 2π/3 − 3 2 R2 .
Because the density of potential RNs is λ2 , the RN existence
probability Pre in the shadow region is
−λ2 S

Pre = 1 − e

−λ2

=1−e



2π
3

−

√
3
2



R2

.

(3)

The average link distance between D2D user and RN can be
obtained by calculating the mathematical expectation. Let the
distance between D2D user and RN is r, (0 < r ≤ R), we get
the following lemma.
Lemma 1: The expectation of relay link distance E(r)
satisfies
E (r) = AR
(4)

√
√
where A = (4π − 36 3 + 64) (12π − 9 3).
Proof: As the black arc showed in Fig. 2, the arc length l(r)
with D2D user as center and r as radius cross the shadow region
r
). Because the RN is uniform-distributed
is l(r) = 2r arccos( 2R
in the shadow region, the probability density function (pdf) of r

1
2

96R
√
x2 arccos (x) dx
4π − 3 3 0
√


(b) 4 π − 9 3 + 16 R
=
√
12π − 9 3
(a)

Fig. 2.

 r 
12r2 arccos 2R
√ 

dr
4π − 3 3 R2

R

where (a) is the substitution of x =
ing to [21, eq. (2.833)]. Make A =
is obtained.

(5)

r
is the result accord2R , (b)
√
4(π −9 3+16)
√
, the result (4)
12π −9 3



B. General Form of Successful Transmission Probability
In order to obtain the general form of successful transmission probability, all three kinds of interferences from cellular
users, D2D users, and RNs are considered. Because the spectrum sharing of D2D users and RNs are the main consideration,
which means the whole networks are interference-limited and
the thermal noise is negligible. The signal-to-interference ratio
(SIR) of system Sn , (n is 0, 1, or 2) at the typical receiver can
be expressed
Pn δn 0 Rn−α
0
SIRn = 
j ∈{0,1,2} Ij

(6)



where Ij = (Pj Pn ) k ∈Π j δj k |Xj k |−α , δn 0 and Rn 0 are the
Rayleigh fading and the distance from the desired transmitter to
the typical receiver of Sn , respectively.
In order to guarantee the reliability of the transmission, the
SIR of the receiver in Sn , (n is 0, 1, or 2) should satisfy
SIRn ≥ Tn , where Tn is the SIR threshold of Sn . Then, the
following lemma shows the general form of successful transmission probability.
Lemma 2: The general form of successful transmission probability of a typical receiver in Sn , (n is 0, 1, or 2) satisfies
2

−C α T nα R n2 0

Pr (SIRn ≥ Tn ) = e


j ∈{0 , 1 , 2 }

λj



Pj
Pn

 α2

(7)

where Cα = πΓ(1 + α2 )Γ(1 − α2 ).
Proof: From (6), the successful transmission probability
satisfies
Pr (SIRn ≥ Tn ) = Pr (δn 0 ≥ Tn Rnα 0 (I0 + I1 + I2 ))
 ∞
α
e−sT n R n 0 d [Pr (I0 + I1 + I2 ≤ s)]
=
0

= ψI 0 (Tn Rnα 0 ) ψI 1 (Tn Rnα 0 ) ψI 2 (Tn Rnα 0 )
(8)
where ψI 0 (·), ψI 1 (·) and ψI 2 (·) are Laplace transformation of
I0 , I1 , and I2 , respectively. Because δn 0 satisfies independent
exponential distribution, we have [22]
2

sP0
α
2
2
ψI 0 (s) = e−λ0 π ( P n ) Γ (1+ α )Γ (1− α )

(9)
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where Γ(·) is the gamma function with the form Γ(z) =
∞ −t z −1
dt. Similarly
0 e t
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and Lemma 2, the successful transmission probability of D2D
with direct link in the overlay mode is

2

sP1
α
2
2
ψI 1 (s) = e−λ1 π ( P n ) Γ (1+ α )Γ (1− α )

ψI 2 (s) = e−λ2 π (

sP2
Pn

)

2
α

Γ (1+

2
α

)Γ (

1− α2

(10)

).

(11)

Substitute (9), (10), and (11) into (8), and let Cα =

πΓ(1 + α2 )Γ(1 − α2 ), the result (7) is obtained.

2
α

Pr (SIRD2D,ov2 ≥ T1 ) = e−λ1 C α T 1

2
α

= e−λ1 C α T 2

The relay transmission is divided into following two cases:
Case 1: The D2D pair is able to launch transmission only if
there is an available RN in the shadow region shown in Fig. 2.
Case 2: If the RN is in the shadow region, the D2D pair
utilizes this RN to forward signals, else, transmits signals by the
direct link.
Then the two cases are analyzed as follows:
Case 1: Transmission Distance Extension
In this case, the D2D pairs cannot transmit signals if there is
no available RN. Because of the relay transmission in TDD way,
transmission time of D2D users is same as that of
 RNs. So, the
density of activated D2D transmitter or RN is (1 2)λ1 Pre . The
transmission capacity is defined as the product of user density
and the successful transmission probability [22]. The successful
transmission probabilities from D2D to RN and from RN to D2D
of case 1 in the overlay mode are
 P  α2
2
1
2 2
α
2
Pr (SIRD2RN,ov1 ≥ T2 ) = e− 2 λ1 Pr e C α T 2 A R P 1 +1
(12)
A2 R2

1
P2

+1

.

(13)
The D2D transmission capacity of case 1 in the overlay mode
is given by
Crelay,ov1 =

1
λ1 Pr × Pr (SIRD2RN,ov1 ≥ T2 )
2 e
× Pr (SIRRN2D,ov1 ≥ T2 ) .

A 2 R 2 1− 12 Pr e + 12 Pr e

 P  α2
2
P1

,

(16)

Pr (SIRRN2D,ov2 ≥ T2 )
2
α

= e−λ1 C α T 2

  α2
(1− 12 Pr e ) PP 12

A2 R2

+ 12 Pr e

.

(17)

The D2D transmission capacity of case 2 in the overlay mode
is given by

A. D2D Transmission Capacity With RN Assistance in
the Overlay Mode

Pr (SIRRN2D,ov1 ≥ T2 ) = e

2
P1

Pr (SIRD2RN,ov2 ≥ T2 )

In this section, the performance of D2D communication with
RNs is analyzed in the overlay mode, i.e., the influence of cellular system is not considered because D2D users and RNs reuse
the dedicated spectrum resources.

 P  α2

 P  α2

.
(15)
The successful probabilities from D2D to RN and from RN
to D2D of case 2 in the overlay mode are

IV. TRANSMISSION CAPACITY ANALYSIS OF D2D
COMMUNICATION WITH RNS IN THE OVERLAY MODE

2
− 12 λ1 Pr e C α T 2α

R 2 1− 12 Pr e + 12 Pr e

Crelay,ov2 = λ1 (1 − Pre ) Pr (SIRD2D,ov2 ≥ T1 )
+

1
λ1 Pr Pr (SIRD2RN,ov2 ≥ T2 ) Pr (SIRRN2D,ov2 ≥ T2 ) .
2 e
(18)

B. Transmission Capacity Gain from RNs in the Overlay
Mode
In order to analyze the transmission capacity gain from RN,
first the D2D transmission capacity without RN in the overlay mode is calculated. From Lemma 2, the D2D transmission
capacity without RN is
CD2DnoRN,ov


2
α
= λ1 Pr (SIRD2DnoRN,ov ≥ T1 ) = λ1 e −λ1 C α T 1

Case 2: Transmission Capacity Improvement
In this case, the D2D pair needs to transmit signals over the
direct link without the RN appearing in the overlap region. The
D2D density with direct transmission link is (1 − Pre )λ1 . And
the densities of transmission from D2D transmitter to RN and
from RN to D2D receiver are both 12 λ1 Pre . From Lemma 1


. (19)

Then the following proposition is obtained:
Proposition 1: In the overlay mode, the D2D transmission
capacity gains from RNs of case 1 and case 2 are indicated by
(20) and (21), respectively.
Gcase1,ov = Crelay,ov1 CD2DnoRN,ov
=

2
1
Pre eλ1 C α R
2

2

T 1α − 12

2

Pre T 2α

A2

 P  α2  P  α2
2
P1

+

1
P2

+2


(20)

Gcase2,ov = Crelay,ov2 CD2DnoRN,ov
= (1 − Pre ) e

(14)

R2

2
α

× eλ1 C α T 1

2
P r e λ1 C α T α R 2
1
2

2

1−

 P  α2
2
P1

R 2 −λ1 C α T 2α A 2 R 2 1+ 12 Pr e

Pre
2
 α2  P  α2

+
P

2
P1

−

1
P2

+

 P  α2 
1
P2
.
(21)

When Gcase1,ov or Gcase2,ov is greater than 1, the RN can
bring benefit to the D2D transmission. Otherwise, the D2D
transmission with direct link is better.
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C. Relay Transmission Capacity With Variable D2D Link
Distance

V. TRANSMISSION CAPACITY ANALYSIS OF D2D
COMMUNICATION WITH RNS IN THE UNDERLAY MODE

From above analysis, the link distance of D2D transmission R
is a fixed value. While in the practice networks, the link distance
is a random variable. To bridge the gap between theoretical
models and practical situations, the relay transmission capacity
with variable D2D link distance is analyzed below. Since the
influence of RN is always considered, the density of potential
RN is assumed to be large enough so that D2D transmission
can always be assisted by RN, i.e., the condition that Pre = 1
is established. Denote Rm ax and Rm in as the maximum and
the minimum transmission distance between D2D transmitter
and receiver, and the distance R obeys uniform distribution in
[Rm in , Rm ax ], (0 ≤ Rm in < Rm ax ). Then the pdf of R is

In this section, the performance of D2D communication with
RNs is analyzed in the underlay mode, i.e., the influence of
cellular system is considered because D2D users and RNs share
the cellular spectrum resources.

fR (r) =

1
; r ∈ [Rm in , Rm ax ] .
Rm ax − Rm in

(22)

Theorem 1: When D2D link distance R satisfies the uniform
distribution in [Rm in , Rm ax ], the D2D transmission capacity
with RN in the overlay mode is
Crelay,ov

λ1 π
= √
2 B1 D1 (Rm ax − Rm in )2



 
2B1 Rm ax − Φ
2B1 Rm in
× Φ



 
(23)
× Φ
2D1 Rm ax − Φ
2D1 Rm in
2
α

2
α

2
α

where B1 = 12 λ1 Cα T2 A2 [( PP 21 ) + 1], D1 = 12 λ1 Cα T2 A2
2

[( PP 12 ) α + 1], and Φ(•) is the cumulative distribution function
(cdf) of standard normal distribution.
Proof: Because the condition of RN is always available, the
transmission capacity expressions of case 1 and 2 in the overlay mode are the same, which can be written as Crelay,ov =
D2RN
1
PrRN2D
, where PrD2RN
and PrRN2D
are the successov
ov
ov
2 λ1 Prov
ful transmission capacities from D2D transmitter to RN and
from RN to D2D receiver, respectively.
2

2

Denote B1 = 12 λ1 Cα T2α A2 [( PP 21 ) α + 1] and D1 = 12 λ1 Cα

2
α

2

2

T2 A [( PP 12 ) α + 1]. Since R satisfies
[Rm in , Rm ax ], the equation becomes

uniform distribution in





1
2
2
λ1 ER e−B 1 R ER e−D 1 R
2
2

 Rm ax 
−r 1 2
1
π
B1 2
1
2B 1
e
= λ1
dr
2 Rm ax − Rm in B1 R m i n
π
·

Rm ax

1
− Rm in

π
D1



Rm ax

Rm in



Pr (SIRD2RN,un1 ≥ T2 )
 P  α2
2
2 2
α
0
= e−C α T 2 A R λ0 P 1
Pr (SIRRN2D,un1 ≥ T2 )
 P  α2
2
2 2
α
0
= e−C α T 2 A R λ0 P 2

+ 12 λ1 Pr e + 12 λ1 Pr e

+ 12 λ1 Pr e

 P  α2
1
P2

 P  α2
2
P1

(25)

+ 12 λ1 Pr e

. (26)

The D2D transmission capacity of case 1 in the underlay
mode is given by
Crelay,un1 =

1
λ1 Pr Pr (SIRD2RN,un1 ≥ T2 )
2 e
× Pr (SIRRN2D,un1 ≥ T2 ) .

(27)

Case 2: Transmission Capacity Improvement
In this case, there are cellular users in the system and D2D
users should use the direct link to transmit signals when no RN in
the overlap region. First, the successful transmission probability
of D2D with direct link in the underlay mode is
Pr (SIRD2D,un2 ≥ T1 )
 P  α2
2
2
α
0
= e−C α T 1 R λ0 P 1

Pr (SIRD2RN,un2 ≥ T2 )
 P  α2
2
2 2
α
0
= e−C α T 2 A R λ0 P 1

2

−r 1 2

D1 2
2D 1
e
dr
π
 

Φ
2B1 Rm ax

λ1 π
= √
2 B1 D1 (Rm ax − Rm in )2
  




Φ
2B1 Rm in
2D1 Rm ax − Φ
2D1 Rm in
−Φ
(24)
where Φ(•) is the cdf of standard normal distribution.

When D2D users and RNs work in the underlay mode, the
transmission is interfered by the cellular system. Similar to the
analysis in the overlay mode, the following two cases are still
considered:
Case 1: Transmission Distance Extension
In this case, the successful transmission probabilities from
D2D to RN and from RN to D2D of case 1 in the underlay mode
can be written as

+λ1 + 12 λ1 Pr e

 P  α2
2
P1

−1


. (28)

Second, the successful probabilities from D2D to RN and
from RN to D2D of case 2 in the underlay mode are

Crelay,ov =



A. D2D Transmission Capacity With RN Assistance in
the Underlay Mode



Pr (SIRRN2D,un2 ≥ T2 )
 P  α2
2
2 2
α
0
= e−C α T 2 A R λ0 P 2

+λ1 + 12 λ1 Pr e

+λ1

 P  α2
1
P2

+

 P  α2
2
P1

λ1
2

−1

Pr e 1−


(29)

 P  α2 
1
P2

. (30)

The D2D transmission capacity of case 2 in the underlay
mode is given by
1
Crelay,un2 = λ1 (1 − Pre ) Pr (SIRD2D,un2 ≥ T1 ) + λ1 Pre
2
× Pr (SIRD2RN,un2 ≥ T2 ) Pr (SIRRN2D,un2 ≥ T2 ) .
(31)
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Remark 1: Compared the expression of D2D transmission
capacity in the overlay mode, the influence of cellular system is
added. It is obvious that the D2D transmission capacity of the
underlay mode is less than the overlay mode under the same
system parameter configurations.
B. Transmission Capacity Gain From RNs in the
Underlay Mode
In the underlay mode, the interference in the system is more
complex than the overlay mode. In order to obtain D2D transmission capacity gain from RNs, first the D2D successful transmission probability without RN in the underlay mode can be
written as
2



−C α T 1α R 2 λ0



P0
P1

 α2
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TABLE I
SIMULATION PARAMETERS
Parameter
λ0
λ, 1
λ2
P0
P1
P2
T0
T1
T2
α
R

Connotation

Value

Cellular user density
D2D density
Potential RN density
Cellular transmission power
D2D transmission power
RN transmission power
Cellular SIR threshold
D2D SIR threshold
SIR threshold of relay transmission
Path loss coefficient
D2D link distance

0.0001 m−2
0.0003 m−2
0.0004 m−2
24 dBm
15 dBm
15 dBm
0 dB
2 dB
2 dB
4
35 m


+λ1

Pr (SIRD2DnoRN,un ≥ T1 ) = e
. (32)




1
2
2
Crelay,un = λ1 ER e−B 2 R ER e−D 2 R
2
 

λ1 π
= √
2B2 Rm ax
2 Φ
2 B2 D2 (Rm ax − Rm in )

  



2B2 Rm in
2D2 Rm ax − Φ
2D2 Rm in .
−Φ
Φ
(33)
The D2D transmission capacity without RN in the underlay
2
α

2

P0

2
α

mode is CD2DnoRN,un = λ1 e−C α T 1 R [λ0 ( P 1 ) +λ1 ] . Then the following proposition is obtained:
Proposition 2: In the underlay mode, the D2D transmission
capacity gains from RNs of case 1 and case 2 are presented as
C relay, un1
C relay, un2
Gcase1,un = C D2DnoRN,
and Gcase2,un = C D2DnoRN,
, respectively. If
un
un
Gcase1,un or Gcase2,un is greater than 1, the RN can bring benefit to
D2D transmission. Otherwise, the D2D transmission with direct
link is better.
Remark 2: Based on Proposition 2, it is known that the
bigger D2D density brings more influence to the system because
more RNs can be used to assist D2D users to transmit signals.
Particularly, when the density of potential RN is big enough
and the RN transmission power equals D2D power, i.e., Pre ≈ 1
and P1 = P2 , from the expressions of Gcase1,un and Gcase2,un

Fig. 3. D2D transmission capacity versus potential RN density in the
overlay mode under different D2D direct link distance.

Theorem 2: When D2D link distance R satisfies the uniform
distribution in [Rm in , Rm ax ], (0 ≤ Rm in < Rm ax ), the D2D
transmission capacity with RN in the underlay mode is as (33)
2

2

shown, where B2 =Cα T2α A2 {λ0 ( PP 01 ) α +
2

2

2

λ1
2

2

[( PP 21 ) α + 1]},

we can conclude that if T1α > 2T2α A2 , the D2D transmission
capacity gains increase when D2D density λ1 increases, but

D2 = Cα T2α A2 {λ0 ( PP 02 ) α + λ21 [1 + ( PP 12 ) α ]}. Φ(•) is the cdf
of standard normal distribution.
Proof: Following same steps as the proof of Theorem 1, we
can reach the result.


when T1α < 2T2α A2 , Gcase1,un and Gcase2,un decrease when λ1
increases.

VI. SIMULATION RESULTS AND DISCUSSIONS

C. Relay Transmission Capacity With Variable D2D Link
Distance

In this section, the results of D2D transmission capacity are
evaluated when D2D users and RNs share the cellular spectrum
in the overlay mode and the underlay mode, respectively. The
key parameters in the simulation are listed in Table I.

2

2

2

2

In this part, the relay transmission capacity with variable
D2D link distance in the underlay mode is analyzed. The same
as the situation in the overlay mode, the density of potential
RN λ2 is assumed to be large enough and D2D transmission
can be assisted by RN all the time because the influence of
RN is always considered. So, Pre = 1 and the random variable
R is supposed to obey uniform distribution in [Rm in , Rm ax ],
(0 ≤ Rm in < Rm ax ). Then the following theorem is obtained:

A. Simulation Analysis of D2D Transmission Capacity in
the Overlay Mode
Fig. 3 illustrates the relationship between D2D transmission
capacity and potential RN density in the overlay mode. The
horizontal line stands for the capacity of D2D transmission
without RNs. We can know that the capacity value of case 2
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Fig. 4.
mode.
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D2D transmission capacity versu. D2D density in the overlay

is always greater than the case without RNs because D2D direct
link can be used to transmit signals when there are no RNs
in the overlap region. When λ2 is small, the D2D network can
obtain the capacity gain from relay transmission which can
further improve the D2D transmission capacity, the capacity
rises rapidly at the beginning when the potential RN density
increases. When the potential RN density continues increasing,
the D2D network capacity suffers from the loss caused by the
excessive interference which leads to the decline of capacity.
In Fig. 4, when D2D density is small, it can be observed
that the D2D transmission capacity increases as D2D density
increases because large D2D density can bring enhancement to
network performance. But if the D2D density continues increasing, the interference can not be ignored and leads to a decrease
of capacity. Under the same λ2 , D2D transmission capacity of
case 2 is larger than case 1 when λ1 is low, but if λ1 increases,
the capacity value of case 1 becomes larger than case 2. The
reason is that D2D users of case 1 can not only get benefits from
RNs, but also from the D2D direct link under a low value of λ1 .
B. Simulation Analysis of D2D Transmission Capacity in
the Underlay Mode
Fig. 5 demonstrates the relationship between D2D transmission capacity and potential RN density in the underlay mode.
Similar to the overlay mode, the capacity of case 2 is larger than
the case without RN because D2D direct link can be used in
case 2. Besides, the D2D transmission capacities of case 1 and
2 are equal under a large λ2 because D2D users can always find
RNs to assist the transmission in both two cases. Compared with
Fig. 3, the D2D transmission capacities in Fig. 5 are lower than
the capacities in the overlay mode because cellular users also
interfere D2D transmission. From Fig. 5, the curves of case 1
rise first and then decline because the gains from the RNs are
dominated at first but then the harmful interference becomes
dominated as λ2 increases.
In Fig. 6, the D2D transmission capacity increases at the beginning as D2D density increases because the D2D can bring
capacity enhancement to the whole system. When D2D density

Fig. 5. D2D transmission capacity versus potential RN density in the
underlay mode under different D2D direct link distance.

Fig. 6.
mode.

D2D transmission capacity versus D2D density in the underlay

continues increasing, the interference caused by D2D system
becomes more and more serious, which leads to a reduction of
D2D transmission capacity. Furthermore, compared with case 1,
the D2D transmission capacity of case 2 is higher at first but
lower later. The reason is D2D users in case 2 can benefit more
from direct link when λ1 is small but suffers from interference
when λ1 becomes large. Next, it can be seen that the D2D transmission capacity is lower when R = 50 m because longer D2D
direct link brings more propagation loss to the D2D system. In
addition, the interference from cellular users is considered when
D2D users share the spectrum in the underlay mode. D2D transmission capacity decreases when λ0 increases to 5 × 10−5 m−2
because big cellular user density brings more interference to the
D2D system. Last, when λ2 is small, the benefits D2D users
get from RNs decrease, so the reduction of D2D transmission
capacity can be observed in the figure.
C. Simulation Analysis of Boundaries of the D2D Direct
Link Distance
Fig. 7 demonstrates the trend of D2D transmission capacity
with different Rm in in the overlay mode. Here, the maximum
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Fig. 7. D2D transmission capacity under different D2D density in the
overlay mode with variable minimum transmission distances of D2D direct link.
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Fig. 9. D2D transmission capacity under different cellular and D2D
density in the underlay mode with variable maximum transmission distances of D2D direct link.

Fig. 9 reveals D2D transmission capacity decreases as Rm ax
increases due to long Rm ax causes long average D2D direct link
distance, which makes the large propagation loss. We can see
low D2D density brings little benefit to the networks, which
causes a low D2D transmission capacity. Besides, D2D transmission capacity is decreasing as the increasing of cellular user
density, which causes more and more serious interference to the
D2D system.
VII. CONCLUSION

Fig. 8. D2D transmission capacity under different D2D density in the
overlay mode with variable maximum transmission distances of D2D
direct link.

D2D direct link distance is fixed at 50 m. Since, the average D2D
direct link distance is extended under a high Rm in , the D2D
transmission capacity decreases as Rm in increases. According
to the black circles in the figure, it is known that the large D2D
density is more conducive to the D2D system when Rm in is
small. However, for the curve of low D2D density, both the
reduction of D2D users and the interference among the system
are smaller when the same increment is added to Rm in , so the
decline trend of the curve with high D2D density is faster.
Fig. 8 illustrates the influence of maximum transmission distance of D2D direct link in the overlay mode. Here, the minimum D2D direct link distance is set at 0. The D2D transmission
capacity decreases as Rm ax increases; this is because the extension of Rm ax leads to the longer average D2D direct link
distance, which causes more propagation loss during the signal
transmission.

In this paper, the transmission capacities of D2D communication with the assistance of RNs are analyzed in both overlay and
underlay modes. Based on stochastic geometry, the network is
modeled by the heterogeneous PPP. The D2D transmission capacity expressions with RNs for transmission distance extension
and capacity improvement are obtained in closed-form, which
leads to the transmission capacity gains in both modes. Besides,
the influences of the variable D2D direct link in two modes are
considered, which can be used in the evaluation of practical network design. Furthermore, simulation results illustrate that the
transmission capacity is influenced by the way of how to use
RNs. In addition, the results demonstrate that D2D transmission
capacity is impacted by the D2D direct link distance as well as
the cellular, D2D and RN density, which introduce interference
to the D2D system in different degrees.
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