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Abstract—With the explosive growth of multitudinous wireless services
and high-data-rate required applications, relay aided Device-to-Device
(D2D) communications have attracted increasing attentions. In this cor-
respondence, we investigate the performance tradeoff in relay aided D2D-
cellular networks, where D2D users reuse the resource of cellular uplink
transmissions. To optimize the performance of relay aided D2D commu-
nications, we first study the tradeoff between spectral efficiency (SE) and
energy efficiency, and propose a source-relay joint power allocation scheme.
The optimal transmit powers for both source and relay users are derived,
based on which we further introduce a SE-variation function to explic-
itly evaluate the impact of enabling D2D communications on D2D-cellular
networks. Theoretical analysis and simulation results demonstrate the via-
bility of the proposed scheme and provide comprehensive insights into the
coexistence of different systems.

Index Terms—Device-to-Device communications, power allocation,
energy efficiency, spectral efficiency, interference constraint.

I. INTRODUCTION

Recently, relay aided Device-to-Device (D2D) communications
have emerged as a promising paradigm to increase the spectral ef-
ficiency (SE) of D2D communications and alleviate the co-channel
interference imposed on cellular communications without extra con-
struction and maintenance costs [1], [2]. To achieve the envisioned
advantages of resource reuse, interference and resource management
strategies have attracted numerous attentions. In this context, a mode
selection scheme [3] and a relay selection scheme [4] were proposed to
maximize SE. The authors in [5] proposed relay selection and resource
allocation schemes to maximize the network throughput. As the energy
efficiency (EE) is also a crucial metric for future fifth-generation net-
works [6], the authors in [7] utilized EE as an incentive parameter to
encourage users to relay data for others. In [8], the authors conducted
theoretical analysis of EE for relay aided D2D communications. Al-
though relay aided D2D communications undelaying cellular networks
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Fig. 1. Relay aided D2D communications underlaying cellular networks.

have extensively been studied, the above papers [3]–[5], [7], and [8]
investigated EE and SE or capacity individually.

In our previous work [9], [10], we investigated the EE-SE trade-
off of D2D communications underlaying cellular networks, in which
the transmit power of one single user was optimized. However, for
relay aided D2D communications, the transmit powers of both source
and relay users are vital for cooperative transmissions. Thus, in this
paper, we propose a source-relay joint power allocation approach to
optimize the performance of relay aided D2D communications. Al-
though resource reuse between D2D and cellular communications can
accommodate more users and services within the limited spectrum, it
is always accompanied by co-channel interference received at cellu-
lar users. In this case, the impact of enabling D2D communications
on cellular networks is a worthwhile research topic in terms of holis-
tic performance. To achieve better coexistence of different systems,
performance trade-off between D2D and cellular communications is
also investigated.

We highlight the contributions of this paper as follows:
1) A composite fading channel model is considered. Taking both

shadowing fading and multipath fading into account, we model
the fading links in D2D-cellular networks as generalized-K
fading, which characterizes a more realistic communication
environment than only considering multipath fading [4], [7],
and [8].

2) Optimal transmit powers of both source and relay users are de-
rived. To optimize the performance of D2D communications, a
power allocation scheme is proposed, in which the SE of D2D
users is maximized while the EE requirement of D2D commu-
nications is guaranteed without violating the interference con-
straint. Based on the obtained solutions, we also analyze the
impact of EE threshold on the optimal transmit power.

3) A SE-variation function is introduced to evaluate the trade-off
between D2D and cellular communications. Providing quantita-
tive analysis of the impact of enabling D2D communications on
cellular networks, the SE-variation function is employed to fa-
cilitate the determination of interference threshold, which plays
a decisive role in the performance of D2D-cellular networks.

II. SYSTEM MODEL

As illustrated in Fig. 1, we take a D2D communication unit, which
consists of one base station (BS), one D2D pair, and one cellular user
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(CU), as an example to investigate the power allocation.1 In one D2D
pair, the source user (SU) communicates with the destination user
(DU) with the assistance of the relay user (RU), sharing the same
radio resources with the CU in uplink transmissions. In this case,
the cellular communication is interfered by the SU and RU. Since
the CU is always far away from D2D users who reuse its resources,
the received interference of D2D users is relative inferior and is re-
garded as additive white Gaussian noise accounting for the worst case
[12]. The BS and each user are equipped with a single antenna and
decode-and-forward (DF) protocol is adopted at the RU. We denote
hsr , hrd , hcb , hsb , and hrb as the channel coefficients of SU→RU,
RU→DU, CU→BS, SU→BS, and RU→BS links, respectively. Con-
sidering a composite multipath/shadowing fading environment, we as-
sume that all links follow the generalized-K fading because of its
relatively simple mathematical form that enables an integrated analysis
of cellular networks [11]. The probability density function (PDF) of
|hi |2 (i = sr, rd, cb, sb, rb) is given by

f|h i |2(x) =
2bϕ i + ε i x

(
ϕ i + ε i

2

)
−1

Γ (εi ) Γ (ϕi )
Kϕ i −ε i

(
2b
√

x
)
, x > 0 (1)

where Γ(·) is the Gamma function, Kϕ i −ε i
(·) is the modified Bessel

function of the second kind with order (ϕi − εi ), b =
√

ϕ i ε i
Ω i

,εi ≥ 0.5

is the multipath parameter, ϕi ≥ 0 is the shadowing parameter, and Ωi

is the mean of the received local power.
As the SU communicates with the DU with the assistance of

the RU, one complete transmission consists of two time phases. In
the first phase, the SU transmits signal to the RU. After receiving
signal from the SU, the RU employs DF protocol to forward the
signal to the DU. According to [5] and [12], the instantaneous ca-
pacity of DF relay aided two-hop D2D communications can be writ-
ten as CD = W

2 log2 (1 + min (γsr , γrd )), where W is the bandwidth,

γsr = P s |h s r |2
N 0

and γrd = P r |h r d |2
N 0

are the received signal-to-noise ratios
(SNRs) at RU and DU, respectively. Here, Ps and Pr denote the trans-
mit powers of SU and RU, respectively, and N0 is the noise power. By
denoting E {·} as the statistical expectation, the average SE can be ex-

pressed as ΦD
SE =

E{C D }
W

. Then, the average EE can be expressed as

ΦD
EE =

ΦD
S E

E{P } , where P = 1
2 (ρPs + ρPr + 2(P c

0 + P s
0 )) denotes the

total power consumption of relay aided transmission, consisting of
radio-frequency power ρPs/ r , circuit power P c

0 , and static power P s
0

of each transmitter, with 1/ρ ∈ (0, 1] denoting the drain efficiency of
the power amplifier [13].

III. EE-SE TRADE-OFF IN D2D COMMUNICATIONS

In this section, we propose a power allocation scheme for the EE-
SE trade-off in relay aided D2D communications. The optimal transmit
powers for the SU and RU are firstly derived, based on which we further
analyze the impact of EE threshold on the trade-off performance.

A. Power Allocation in Relay Aided D2D Communications

As demonstrated in [3]–[5], employing a RU can increase SE of D2D
communications. Whereas, the relay contributes to higher data rate or
more reliable transmission at the expense of extra power consumption,

1We assume that the relay selection and frequency band allocation have been
accomplished and the revelent methods can refer to [3]–[5]. Similar to [5] and
[7], we assume that the resource of one CU can only be shared by one D2D
pair. In this case, the system with multiusers is a sum of D2D communication
units. The proposed schemes in this paper can easily be extended to multiuser
scenarios.

which may degrade the EE performance. Meanwhile, although the
D2D users can reuse the resource of cellular users, they must ensure
that D2D transmissions do not adversely interfere with conventional
cellular communications. Therefore, we formulate the power allocation
scheme as an optimization problem maximizing SE subject to both
EE requirement and interference constraints. By denoting ΘEE as the
EE requirement of D2D communications and Ith as the interference
threshold of the BS, the optimization problem can by expressed as

maximize
P s ,P r

ΦD
SE

subject to C1 : ΦD
EE ≥ ΘEE

C2 : Ps |hsb |2 ≤ Ith

C3 : Pr |hrb |2 ≤ Ith . (2)

When Ps |hsr |2 = Pr |hrd |2, the maximum SE can be achieved [14].
Thus, the problem in (2) can be equalized as

maximize
P s ,P r

E {log2 (1 + γsr )}

subject to C1 :
E {log2 (1 + γsr )}

E {ρ (1 + ν) Ps + 2P0} ≥ ΘEE

C2 : Ps |hsb |2 ≤ Ith

C3′ : Psν|hrb |2 ≤ Ith (3)

where P0 = P c
0 + P s

0 and ν = |h s r |2
|h r d |2 .

In the following, we first settle the problem without interference
constraints C2 and C3′. The objective function is logarithmic function
with respect to Ps and thus, it is concave according to [15]. Note that
the objective function is differentiable, so it is Pseudo-concavity in Ps .
On the other hand, since the denominator of the constraint C1 is affine,
C1 is quasi-concave in Ps . Thus, the feasible set defined by constraint
C1 is a convex set. Therefore, the Karush-Kuhn-Tucker conditions are
both sufficient and necessary for the optimality of (3) according to [15].
The partial Lagrangian of problem (3) is given by

L(Ps ,�) = � (E{log2(1 + γsr )} − ΘEEE{(ρ(1 + ν)Ps + 2P0)})
+ E {log2 (1 + γsr )} (4)

where � ≥ 0 is the Lagrange multiplier associated with constraint C1.
The solution for the optimal power should satisfy ∂ L (P s ,�)

∂ P s
= 0, i.e.,

(1 + �) |hsr |2

ln 2
(
N0 + Ps |hsr |2

) − ρ�ΘEE (1 + ν) = 0. (5)

From (5), we have

P ′
s =

[
α

ΘEE (1 + ν)
− N0

|hsr |2
]+

(6)

with α = 1+ �
ln 2ρ�

and [x]+ denoting max (0, x).
If C1 is satisfied with strict inequality, � must be zero. Otherwise,

the value of � can be obtained by substituting (6) into C1 and setting
the inequality to equality, i.e.,

E {log2 (1 + γsr (P ′
s ))} − ΘEEE {ρ (1 + ν) P ′

s + 2P0} = 0. (7)

The involved mean values can be derived as (8) and (9) shown at the
bottom of the next page. Derivation details can be found in Appendix A.
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To this end, we have obtained the solution for interference uncon-
strained case. When the interference constraints C2 and C3’ are con-
sidered, utilizing the result obtained above, the optimal transmit power
can be divided into two parts:

1) P ′
s ≤ min

(
|hsb |2, ν|hrb |2

)
: In this situation, the transmit power

that maximizes SE with EE constraint is lower than the maximum
transmit power bounded by interference constraints. Thus, C2
and C3’ does not affect the optimal solution and hence, the
optimal power with C2 and C3’ is the same as written in (6).

2) P ′
s > min

(
|hsb |2, ν|hrb |2

)
: In this case, the transmit power ob-

tained without C2 and C3’ is beyond the acceptable interference
allowed by cellular communications. Then, it is invalid for prac-
tical D2D-cellular networks. Since SE function is a monotone in-
creasing function in Ps , the optimization problem in (2) with both
EE and transmit power constrains can be simplified into a power
constrained SE maximization problem. If ΦEE (P ′

M ) ≤ ΘEE ,
there is no feasible solution for (2), since the transmit power is
too small to satisfy the EE requirement. Here, P ′

M is the transmit
power bounded by interference constraint. If ΦEE (P ′

M ) ≥ ΘEE ,

we have P ∗
s = min

(
|hsb |2, ν|hrb |2

)
.

In summary, the optimal solution for (2) can be written as

P ∗
s =

⎧
⎪⎨

⎪⎩

0 ifΦD
EE (Ps) <ΘEE

min
([

α
Θ E E (1+ ν ) − N 0

|h s r |2
]+

, I t h
|h s b |2,

I t h
ν |h r b |2

)
else

(10)

and P ∗
r = νP ∗

s .

B. The Impact of ΘEE on Optimal Transmit Powers

From (10), we can see that the transmit power P ∗
s and P ∗

r
are dependent on the interference constraint Ith , the channel gains
|hsr |2, |hrd |2, |hsb |2, and |hsb |2, and the EE threshold ΘEE , among
which ΘEE is the decisive parameter in terms of the trade-off between
EE and SE. In the following, we focus on discussing the impact of ΘEE

on P ∗
s , where ΘEE can be divided into three regions:

� When ΘEE < min (f (hsb ) , f (hrb )), where f (hsb ) =
β |h s b |2

N 0 |h s b |2+ I t h |h s r |2 and f (hrb ) = β |h r b |2
N 0|h r b |2+ I t h |h r d |2 with

β = α |h s r |2|h r d |2
|h s r |2+ |h r d |2 , ΘEE is too small to be an active con-

straint, the transmit power maximizing SE equals to the

maximum value bounded by interference constraints, i.e.,

P ∗
s = min

(
Ith/|hsb |2, Ith/ν |hrb |2

)
.

� When min (f (hsb ) , f (hrb )) < ΘEE < β
N 0

, we have P ∗
s =

α
Θ E E (1+ ν ) − N 0

|h s r |2 . In this case, we should adapt the transmit

power according to channel fading under the given threshold
ΘEE .

� When ΘEE > β
N 0

, we have P ∗
s = 0, indicating that the D2D

communication will be terminated because ΘEE is too high that
it cannot be satisfied by the acceptable transmit power. In this case,
the RU for D2D communications can be reallocated to increase
the quality of relay transmissions. Alternatively, D2D users can
reduce the requirement of EE to increase access probability.

IV. TRADE-OFF BETWEEN D2D AND CELLULAR SYSTEMS

To this end, we have obtained the optimal transmit powers for both
SU and RU, and analyzed the impact of ΘEE on the optimal trans-
mit power. Except for the EE requirement, the transmit power is also
determined by the interference constraint, which can greatly affect
the cellular performance. Whereas, how to determine the interference
threshold is still an open issue in terms of the viability of D2D-cellular
networks and has not been well studied in previous work. Thus, to
optimize the performance of the whole network, we investigate the
performance trade-off between D2D and cellular systems with respect
to the interference threshold Ith .

From (10), we can observe that the larger Ith is, the larger the poten-
tial capacity of D2D communications can be achieved. However, a large
Ith will also result in server interference to cellular communications.
To evaluate the variation of network SE when enabling relay aided
D2D communications in cellular networks, we define a SE-variation
function for a D2D communication unit and it can be written as

Δ (Ith ) = δ+
D − δ−C (11)

where δ+
D is the SE increment of D2D communications and δ−C =

ΦC
SE − ΦC-D

SE is the SE decrement of cellular communications. Here,
ΦC

SE is the cellular SE in absence of D2D communications and ΦC-D
SE is

the cellular SE when D2D users reuse the resource of cellular uplink
transmissions.

Proposition 1: The SE loss of cellular communications δ−C is upper
bounded by I t h

ln 2N 0
.

Proof: The proof is presented in Appendix B. �

E {(1 + ν) P ′
s} =

ηm s r
rd e

− N0
aη s r

Γ (msr) Γ (mrd)

⎡

⎣
m s r−1∑

p=0

1
p!

p∑

l=0

(
p

l

)
Np−m s r−l

0

ηp−l
sr ap−m s r−l−1

G12
21

[
ηrda

N0

∣
∣
∣
∣
−msr − l+1,−msr − mrd + 1

0

]

− Γ (msr − 1)
Γ (msr)

m r d −2∑

q=0

1
q!

q+1∑

n=0

(
q + 1

n

)
Nq+1−m s r−n

0

ηq+1−n
sr aq−m s r−n

G12
21

[
ηrda

N0

∣
∣
∣
∣
−msr−n+1,−msr−mrd +1

0

]
⎤

⎦ .

(8)

E {log2 (1 + γsr (P ′
s ))} =

ηm s r
rd e

− N0
aη s r

ηm s r
sr Γ2 (msr) Γ (mrd)

[
L∑

k=1

1
k

k∑

s1

(
k

s1

)

Γ (msr + s1)
m s r +s1−1∑

s2=0

(−1)2k−s1−1

s2!

(
N0

aηsr

)s2−s1−s3−m s r

×
s2−s1∑

s3

(
s2 − s1

s3

)

G12
21

[
ηrda

ηsr

∣
∣
∣
∣
−s3 − msr+1,−msr − mrd + 1

0

]
. (9)
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TABLE I
GENERALIZED-K CHANNEL PARAMETERS [18]

According to Proposition 1, the maximum SE loss of cellular com-
munications is determined by Ith . We can set a maximum value of Ith to
guarantee the minimum data rate of conventional cellular users. In the
following, we focus on discuss the impact of interference threshold on
the effectiveness of spectrum utilization in each D2D communication
unit.

Remark 1: When Δ (Ith ) < 0, D2D users should not be allowed
to reuse the resource of cellular communications. When Δ (Ith ) ≥ 0,
the optimal value of interference threshold is I∗

th = arg max Δ (Ith ).
Here, Δ (Ith ) < 0 accounts for that resource reuse between D2D and

cellular systems will result in degradation of SE in D2D communication
unit, which may come up as the SU/RU is quite close to the cellular
receiver. In this case, the SE increase of resource reuse cannot offset
the SE decrease resulted by co-channel interference. Thus, to safeguard
the efficiency of spectrum utilization, we prefer to prohibit D2D users
to reuse cellular resources. When Δ (Ith ) ≥ 0, the resource reuse can
indeed improve the spectral efficiency of D2D communication unit.
Thus, through maximizing the SE-variation function, we can find out
the optimal interference threshold that maximizes the SE in each D2D
communication unit.

V. RESULTS AND ANALYSIS

In this section, Monte-Carlo simulations are conducted to evaluate
the scheme described in previous sections. To provide accurate eval-
uation of the system with various locations of users, the simulation
scenario is described as follows. The BS is assumed to locate at the
center of one cell with the radius R and the CU is randomly dropped
at each simulation trial. The SU is randomly distributed in an annular
area with outer radius R and inner radius dI , which is the minimum
distance between the SU and the BS to protect cellular communications
from severe interference. The DU is randomly distributed around the
SU with distance dsd . Unless specifically stated, the RU is randomly
distributed in a region where max(dsr , drd ) ≤ dsd .

The pathloss model between BS and each user is PL = 128.1 +
37.6log10 (d [in Km]), while the pathloss model between users is PL =
148.1 + 40log10 (d [in Km]). For generalized-K distributions with
Ωi = 1, detailed channel parameters are given in Table I, where σi

is the standard deviation of the log-normal shadowing and increases
as the amount of fading increases. According to [18], the parameter
ϕi can be linked to ϕi = 1

e
σ 2

i −1
. We assume that hcb , hsb , and hrb

experience AS fading and “X-Y” represents the fading of “hsr -hrd ”
links, which undergoes ILS fading unless specifically stated. Besides,
we set N0 = −174 dBm/Hz, W = 10 MHz, Pc = 23 dBm, ρ = 1.3,
and P0 = 120 mW.

Fig. 2 depicts the SE versus interference threshold for different EE
thresholds. As observed, the looser the interference constraint is, i.e.,
Ith gets larger, the higher SE it can achieve. It can also be seen that
due to the existence of EE constraints, the SE of D2D communications
becomes saturated eventually. Moreover, since the optimal transmit
power decreases as ΘEE increases, the SE performance deteriorates
and gets saturated earlier. In addition, the proposed joint source-relay

Fig. 2. SE versus interference threshold with different EE thresholds
(dsd = 200 m).

Fig. 3. Transmit powers of SU and RU versus location of the RU with different
shadowing conditions (dsd = 200 m, ΘEE = 2 bits/Hz/J, Ith = −90 dBm).

power allocation scheme in this paper, referred as “Proposed scheme”,
is compared with two existing schemes presented in [5] and [8],
referred as “Ref. scheme in [5]” and “Ref. scheme in [5]”, respec-
tively. These schemes are all pursue SE maximization of relay-D2D
communications. Specifically, in [8], only the transmit power of the
relay node is optimized, while in [5], the transmit power of the source
and the relay nodes are separately optimized and the one with the max-
imum rate is finally selected. From Fig. 3 we can observe that, at low
interference threshold region, the proposed scheme performs similar to
“Ref. scheme in [8]” and “Ref. scheme in [5]”. While at high interfer-
ence threshold region, the proposed scheme significantly outperforms
existing schemes, which implies joint power allocation is necessary
and can bring significant performance gain.

Fig. 3 illustrates Ps and Pr versus the location of the RU for different
shadowing conditions. Here, the horizontal axis is ratio of dsr to dsd
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Fig. 4. Spectral efficiency of D2D system and cellular system with D2D
communications (ΘEE = 2 bits/Hz/J, dsd = 150 m).

Fig. 5. Spectral efficiency variation (ΘEE = 2 bits/Hz/J, dsd = 150 m).

with the RU randomly distributed. It can be seen that as the RU moves
towards the DU, Ps maximizing SE increases and Pr decreases. This is
because more transmit power is required when the corresponding link
distance gets large. Moreover, when hrd experiences severer fading,
the variation trends of the Ps and Pr depend on the ratio of dsr to
dsd . When the RU is close to the SU, the optimal transmit power of
Ps increases slightly and Pr decreases obviously. However, the total
transmit power decreases due to the existence of EE constraints. When
the RU locates nearby the DU, owing to the properties of min-function
in DF protocol, the performance of the D2D relay communication is
constrained by the quality of hrd link. Thus, more Pr is required to
combat the severer fading conditions.

To illustrate the impact of enabling D2D communications on cellular
networks in an underlay manner, we present the system SE in Fig. 4 and
SE variation in Fig. 5, respectively. Fig. 4 plots SE of D2D communica-
tions and cellular communications with resource reusing by D2D users.
As dI increases, the interference power received at the BS decreases
and the permitted transmit power of D2D communications increases.
Thus, for a given interference threshold, larger SE can be achieved
for both D2D and cellular communications with larger dI . Moreover,

as Ith increases, the SE of cellular communications decreases in the
beginning and becomes saturated eventually, which is contrary to SE
of D2D communications observed in Fig. 2.

Fig. 5 depicts SE variation Δ(Ith ) versus Ith and dI . It can be
seen that for a given Ith , the larger dI is, the larger Δ(Ith ) can
be achieved, implying that larger distance between the SU and the
BS can increase the SE of cellular-D2D network. In addition, as Ith

increases, Δ(Ith ) increases then decreases and increases afterwards.
When Ith ≤ −85 dBm, the SE decrease of cellular communications
is less than 40%. In this situation, there exists an optimal Ith around
−100 dBm that maximizes Δ(Ith ), as discussed in Section IV. When
Ith > −85 dBm, Δ(Ith ) increases with Ith increasing. In this case,
since the interference constraint imposed by cellular communications
is rather loose that the SE of cellular communications significantly
decreases. Whereas, the nature of short distance communications en-
ables significant increase in SE of D2D communications. As a result,
Δ(Ith ) is still increasing. It is worthy noting that Δ(Ith ) falls below
zero at some regions. This phenomenon implies that the SE incre-
ment of D2D communications cannot compensate the SE degrada-
tion of cellular communications caused by co-channel interference.
In this case, the resource reuse should be terminated to guaran-
tee the effectiveness of spectrum utilization in D2D communication
unit.

VI. CONCLUSION

In this paper, we have investigated the EE-SE trade-off in relay
aided D2D communications underlaying cellular networks. Firstly, we
have derived a joint relay-source power allocation for D2D users and
analyzed the impact of EE threshold on the transmit power. Further,
to evaluate efficiency of resource reuse, a SE-variation function has
been introduced. By maximizing the SE-variation function, we could
determine the value of Ith that maximizes the SE of a D2D communi-
cation unit.

APPENDIX A
DERIVATION OF (8) AND (9)

From (6), we can get

E{(1 + ν)P ′
s} =

∫ ∞

0

∫ ∞

N 0
a

(y + 1)

(
a − N 0(y + 1)

x

)
f|h s r |2(x)fν (y)dxdy

=
∫ ∞

0

∫ ∞

N 0
a

(y + 1)
af|h s r |2 (x) dx

︸ ︷︷ ︸
J 1

fν (y)dy

−
∫ ∞

0

∫ ∞

N 0
a

(y + 1)

N 0(y + 1)
x

f|h s r |2(x) fν (y) dxdy

(12)

with a = α
Θ E E

. We denote Ξ1 and Ξ2 as the first and second integral
items, respectively, i.e., E{(1 + ν) P ′

s} = Ξ1 − Ξ2.
For the convenience of derivations, we rewrite the PDF of

Generalized-K into a gamma distributed format with a shape parameter
mi and a scale parameter ηi , where mi = ϕ i ε i

ϕ i + ε i + 1 and ηi = mi/Ωi

[11], i.e.,

f|h i |2(x) =
xm i −1e

− x
η i

Γ (mi ) ηm i
i

, x > 0. (13)
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Then, J1 can be calculated as

J1 = ae
−N 0(y + 1)

aη s r

m s r −1∑

p= 0

Np
0 (y + 1)p

(aηsr )
p p!

. (14)

To obtain Ξ1, we need to calculate fν (x) firstly. From ν = |h s r |2
|h r d |2 , we

can get

fν (x) =
∫ ∞

0
yf|h r d |2 (y)f|h s r |2 (xy) dy. (15)

By substituting (1) and (13) into (15), we can obtain

fν (x) =
Γ (msr + mrd ) xm s r −1

Γ (msr ) Γ (mrd ) ηm s r
sr η

m r d
rd

(
1

ηrd
+

x

ηsr

)−m s r −m r d

. (16)

Then, by substituting (14) and (16) into (12), Ξ1 can be expressed as

Ξ1 =
Γ (msr + mrd ) e

− N 0
aη s r

Γ (msr ) Γ (mrd ) ηm s r
sr η

m r d
rd

m s r −1∑

p= 0

Np
0

ηp
srap−1p!

×
∫ ∞

0
ym s r −1(y + 1)p e

− N 0
aη s r

y
(

1
ηrd

+
y

ηsr

)−m s r −m r d

dy.

(17)

By extending the binomial expression, expressing
(

1
η r d

+

y
η s r

)−m s r −m r d
into Meijer-G function [16, (10)], and using [17,

(7.813.1)], we can calculate Ξ1 as the first term shown in (8). Sim-
ilarly, we have Ξ2 as the second term shown in (8).

Moreover, from (6), we also have

E {log2 (1 + γsr (P ′
s ))} = E

{

log2

(
a|hsr |2

(ν+1) N0

)}

=
∫ ∞

0

∫ ∞

N 0
a

(y + 1)
log2

(
ax

(y+1) N0

)

f|h s r |2 (x) dxfν (y) dy. (18)

By extending log function into L series and with the similar derivations
as above, the analytical expression of E {log2 (1 + γsr (P ′

s ))} can be
obtained as shown in (9).

APPENDIX B
PROOF OF PROPOSITION 1

When D2D users reuse the cellular resource, the SE of cellular
communications can be written as

ΦC-D
SE =

1
2

(

log2

(

1+
Pc |hcb |2

Ps |hsb |2+N0

)

+ log2

(

1+
Pc |hcb |2

Pr |hrb |2 + N0

))

≥ 1
2

(

log2

(
Pc |hcb |2 + N0

Ps |hsb |2 + N0

)

+ log2

(
Pc |hcb |2 + N0

Pr |hrb |2 + N0

))

=
1
2

(

2ΦC
SE − log2

(

1 +
Ps |hsb |2

N0

)

− log2

(

1 +
Pr |hrb |2

N0

))

.

(19)

Referring to the fact that xlog2 (e) ≥ log2 (1 + x) for x ≥ 0, we have

ΦC-D
SE ≥ 1

2

(

2ΦC
SE − Ps |hsb |2

ln 2N0
− Pr |hrb |2

ln 2N0

)

. (20)

According to interference constraints in (2), we have

ΦC-D
SE ≥ 1

2

(
2ΦC

SE − Ith

ln 2N0
− Ith

ln 2N0

)
= ΦC

SE − Ith

ln 2N0
. (21)

According to (21), we have δ−C ≤ I t h
ln 2N 0

. To this end, we complete the
proof of Proposition 1.
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