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Abstract— With a great potential to support multitudinous
services and applications, mobile device-to-device (D2D) commu-
nications are conceived as a candidate paradigm for the future
intelligent transportation systems and mobile Internet. To opti-
mize the performance of underlaying mobile D2D communication
systems with mutual interference caused by resource reuse,
we propose two scenario-related power allocation schemes and
investigate the energy efficiency (EE) and spectral efficiency (SE)
trade-off. A 3-D vehicle-to-vehicle channel model is adopted to
characterize propagation characteristics in realistic vehicular
environments. We observe that a small degradation in EE
around its peak value can significantly increase the SE for
high vehicular traffic density (VTD) scenarios, while a marginal
degradation in SE results in a considerable gain in EE for
low VTD scenarios. Therefore, we maximize the SE subject
to EE requirement in high VTD scenarios and maximize EE
subject to SE requirement in low VTD scenarios. Moreover,
to provide comprehensive understanding and further facilitate
the practicality of EE-SE trade-off, economic efficiency (ECE) is
employed as a general evaluation criterion to assess the efficacy of
tradeoff. Finally, extensive simulations are provided to reveal the
tradeoff quantitatively and demonstrate the viability that ECE
can serve as a general metric for EE–SE trade–off in vehicular
environments under different communication conditions.

Index Terms— Mobile device-to-device communications, power
allocation, energy efficiency, spectral efficiency, economic
efficiency.

Manuscript received May 24, 2017; revised September 18, 2017 and
December 27, 2017; accepted March 15, 2018. Date of publication April 10,
2018; date of current version July 10, 2018. This work was supported in
part by the National Key Research and Development Program of China under
Grant 2016YF-B1200202, in part by the National Natural Science Foundation
of China under Grant 61771365, in part by the Natural Science Foundation
of Shaanxi Province under Grant 2017JZ022, in part by the 111 Project
under Grant B08038, in part by the EU H2020 RISE TESTBED Project
under Grant 734325, in part by the EU FP7 QUICK Project under Grant
PIRSES-GA-2013-612652, and in part by the EPSRC TOUCAN Project under
Grant EP/L020009/1. The associate editor coordinating the review of this
paper and approving it for publication was W. Saad. (Corresponding author:
Yongzhao Li.)

R. Zhang, Y. Li, Y. Ruan, and H. Zhang are with the State Key Laboratory
of Integrated Services Networks, Xidian University, Xi’an 710071, China
(e-mail: rui_zhang_xd@163.com; zhli@xidian.edu.cn; ryh911228@163.com;
hlzhang@xidian.edu.cn).

C.-X. Wang and Y. Fu are with the Institute of Sensors, Signals
and Systems, School of Engineering and Physical Sciences, Heriot-Watt
University, Edinburgh EH14 4AS, U.K. (e-mail: cheng-xiang.wang@hw.ac.uk;
y.fu@hw.ac.uk).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TWC.2018.2822284

I. INTRODUCTION

ENABLING users in proximity to directly communicate
with each other, Device-to-Device (D2D) communica-

tions have a great potential to reduce transmission power
and increase transmission data rates [1], [2]. Meanwhile,
coexisting with conventional cellular networks in an underlay
manner, D2D communications can also significantly increase
spectrum utilization [3]. Therefore, D2D communications have
emerged as one of the most promising technologies for cellular
networks to increase spectral efficiency (SE) and energy effi-
ciency (EE), both of which are crucial design requirements
for the future fifth generation (5G) wireless networks [4].
However, the mutual interference caused by resource reuse
is still a major obstacle to integrate D2D communications
into cellular networks. It not only hinders the performance of
D2D communications but also degrades the quality of cellular
communications [5].

To achieve the envisioned advantages of D2D commu-
nications, interference management and resource allocation
schemes have received enormous attention. In this regard,
the authors in [6] presented an interference limited area control
scheme to increase the capacities of both cellular and D2D
communication systems, where the interference received at
D2D users remained below a predetermined threshold. Taking
the signal-to-interference-plus-noise ratio (SINR) requirements
for both D2D and cellular users into account, the authors
in [7] proposed a resource allocation scheme to maximize the
overall throughput. Meanwhile, an iterative Hungarian method
was proposed in [8] to maximize the network throughput
with joint relay selection and resource allocation. The above
studies concentrated on optimizing system performance from
the perspective of capacity. Besides, energy efficient resource
allocation strategies for underlaying D2D communications
have also attracted tremendous attentions to reduce the exces-
sive energy consumption in 5G wireless networks. A contract-
based pricing mechanism was proposed in [9] to encourage
users to conduct coordination with others to reduce energy
consumption. To maximize the EE of cellular and D2D users,
the authors in [10] and [11] investigated a joint mode selection
and power control scheme and a channel quality indication
based resource reuse scheme, respectively. The authors in [12]
and [13] presented a joint resource allocation and power
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control scheme to maximize the EE of D2D communica-
tions. The authors in [14] focused on minimizing the power
consumption, assuming that idle users could act as relays to
enhance the communication between cellular users and the
base station (BS). Similarly, the authors in [15] proposed a
mobile association scheme to maximize the EE of relay aided
D2D communications while guaranteeing the minimum rate
requirement of cellular users. Besides, the authors in [16]
investigated an optimal power allocation scheme for multiple
D2D pairs, which share the same resource to improve the
utilization of the wireless spectrum.

Recently, D2D communication were also conceived as a
candidate paradigm to provide ultra-reliable and low latency
services or high data rate required applications for drivers
and passengers in future intelligent transportation systems and
mobile Internet [17], [18]. However, the introduction of mobile
users in vehicular environments poses new challenges, espe-
cially in terms of radio resource allocation [19]. In this regard,
the authors in [20] proposed reuse channel selection and power
control schemes to optimize the data rate. Considering both
the delay and reliability requirements of mobile D2D users,
the authors in [21] and [22] proposed resource management
schemes to maximize the capacity of cellular users under
different resource reuse strategies. Moreover, a location depen-
dent resource allocation scheme was introduced in [23] to
deal with resource reservation problems in terms of throughput
and delay.

It is noticeable that the aforementioned studies only con-
sidered simplified distance model [23] or large scale fading
model [19]–[22]. However, in a realistic vehicular environ-
ment, the high mobility of D2D users and/or the vehicular
traffic density (VTD)1 may have a significant impact on the
propagation characteristics of wireless channels [24]–[26].
An inaccurate channel model may result in inaccurate sys-
tem performance evaluations in terms of capacity, through-
put, transmit power consumption, and so on. To the best
of our knowledge, the performance of underlaying mobile
D2D communications under reasonable and applicable channel
models has not been well investigated. Moreover, the authors
in [19]–[23] only concentrated on optimizing the performance
of mobile D2D communications from the perspective of capac-
ity, while the consideration of both SE and EE is significant
in mobile D2D communications [4], [27]. For conventional
D2D communications, the authors in [28] studied the trade-off
between EE and SE, while the interference constraint imposed
by cellular communications was not considered. For under-
laying mobile D2D communications, where the propagation
characteristics of vehicular environments have great impacts
on system performance, the research on trade-off between
EE and SE is still missing. Moreover, how to quantitatively
evaluate the rationality and efficacy of the trade-off has not
been well investigated, which is an increasingly important area
nowadays [29].

1Here, VTD is the number of vehicles around the transmitter and
receiver. In vehicular communications, vehicles acting as obstacles can notably
obstruct the line-of-sight propagation.

To fill these gaps, we investigate the trade-off between
EE and SE of underlaying mobile D2D communications and
examine how the characteristics of vehicular environments
affect the EE and SE trade-off, which governs the practi-
cal implementation of power allocation schemes to optimize
network performance. We can highlight the novelties and
contributions of this paper as follows:

1) The EE-SE trade-off of mobile D2D communications
undelaying cellular networks is investigated for the
first time. Due to the fact that maximizing EE and
maximizing SE are conflicting objectives, the trade-off
between EE and SE is a critical issue in the design of
wireless communication systems [29]. Taking the mutual
interference between D2D and cellular communications
into account, we investigate the trade-off between EE
and SE in an underlaying mobile D2D communications
scenario, where a three-dimensional (3D) vehicle-to-
vehicle (V2V) channel model is adopted to characterize
the mobility of D2D users and the VTD in a realistic
vehicular environment.

2) Two scenario-related power allocation schemes that
adapt the preference of EE or SE in different
vehicular environments are proposed for the EE-SE
trade-off. We observe that a small degradation in EE
around its peak value can significantly increase the SE
for high VTD scenarios, while a marginal degradation
in SE results in a considerable gain in EE for low
VTD scenarios. Therefore, we formulate power allo-
cation schemes as EE optimization problem for low
VTD scenarios and SE optimization problem for high
VTD scenarios, which is different from current studies
that blindly maximizes EE or SE, e.g., [28]. Moreover,
we obtain optimal solutions expressed as functions of EE
threshold or SE threshold, which are decisive parameters
in terms of the trade-off between EE and SE.

3) Economic efficiency (ECE) is employed as an eval-
uation metric for the efficacy of EE-SE trade-off
from the perspective of benefit and cost. For the EE
and SE trade-off, to what extent we should sacrifice
either EE or SE, i.e., how to determine the value of
SE or EE thresholds, is still an open issue in terms
of the viability of the EE-SE trade-off. To provide
comprehensive understanding and to further facilitate
the practicality of EE and SE trade-off, we employ
ECE, which measures the profitability (in monetary unit
per second) of communication systems, as a general
metric to assess the efficacy of trade-off.

The remainder of the paper is organized as follows.
Section II introduces the system model. Section III investi-
gates the EE and SE trade-off in different VTD scenarios.
In Section IV, the ECE is introduced as a general metric to
evaluate the rationality of EE and SE trade-off. Simulations
and discussions are given in Section V. Finally, conclusions
are given in Section VI.

II. SYSTEM MODEL

In this paper, we take a D2D communication unit, consisting
of one BS, one D2D pair, and one cellular user (CU), as an
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example to investigate EE-SE trade-off and the associated
power allocation in mobile D2D communications underlaying
cellular networks.2 In one D2D pair, the source user (SU) will
communicate with the destination user (DU) sharing the same
radio resources as the CU used in uplink transmissions, where
the DU will be interfered by the CU and the BS will also suffer
from the interference from the SU. In addition, we assume
each node is equipped with a single antenna. We denote
hsd, hsb, and hcd as the channel coefficients of SU→DU,
SU→BS, and CU→DU links, respectively. By denoting m

Δ=
{sd, sb, cd}, we have |hm|2 = |gm|2PL(dm) with gm as the
small-scale fading gain, dm as the distance, and PL(dm)
as the pathloss.3 In the following, we first introduce the
adopted 3D V2V channel model, which has various unique
channel parameters. These parameters determine propagation
properties of different VTD scenarios, which enlighten our
work in this paper.

A. Channel Model

Since both the SU and DU can have high mobility, the
traditional channel model where either the transmitter or the
receiver is assumed motionless is no longer applicable
to mobile D2D communications [25]. On the other hand,
surrounding vehicles acting as obstacles can greatly affect the
signal propagation in vehicular environment [24]. To accu-
rately capture the effect of the mobility of D2D users and
moving vehicles on the channel characteristics, all involved
links are modeled as the 3D V2V channel model pro-
posed in [30], which is applicable to scenarios where users
with various velocities as long as they are in a vehicular
environment.

In this model, the radio propagation environment is char-
acterized by 3D effective scattering with line-of-sight (LoS)
and non-LoS (NLoS) components between the SU and
the DU. Specifically, the NLoS components can be further
classified as single bounced (SB) rays representing signals
reflected only once during the propagation process and double
bounced (DB) rays representing signals reflected more than
once. Noteworthily, different from physical scatterers, an effec-
tive scatterer may include several physical scatterers which are
unresolvable in delay and angle domains. Moreover, this
channel model utilizes a two-sphere model to mimic the
moving scatterers, such as other vehicles, and an elliptic-
cylinder model to depict the stationary roadside environments,
such as buildings and trees. Around the transmitter, there
are N1 effective scatterers and the n1th (n1 = 1, ..., N1)
effective scatterer is denoted by s(n1). Around the receiver,

2Similar to [12] and [21], we assume that the resource of one CU can only
be shared by one D2D pair. In this case, the 2-dimensional joint resource
allocation and power control optimization problem can be transformed into
two separate optimization problems. Power control schemes proposed for a
single D2D pair and a single CU systems can be incorporated into resource
management schemes and easily extended to multi-user systems. In this paper,
we assume that resource allocation have been accomplished and the revelent
methods can refer to [11].

3Similar to [31], we assume that these channels are quasi-static and the
SU can obtain all the instantaneous channel state information, which can be
obtained by adopting the sparsity structure based channel estimation approach
proposed in [32].

there are N2 effective scatterers and the n2th (n2 = 1, ..., N2)
effective scatterer is denoted by s(n2). Similarly, there are N3

effective scatterers in the elliptic-cylinder model and the n3th
(n3 = 1, ..., N3) effective scatterer is denoted by s(n3). The
geometry of the single- and double-bounced two-sphere model
and other related details can be found in [30].

According to [30], the channel coefficient g (t) at the
carrier frequency f is a superposition of the three types of
components, which can be expressed as

g (t) = gLoS (t) +
I∑

i=1

gSBi (t) + gDB (t) (1)

where gLoS (t), gSBi (t), and gDB (t) are the LoS component,
SB components, and DB components, respectively. In this
model, I = 3, which means that there are three kinds of
subcomponents for SB rays, i.e., SB1 from the transmitter
sphere, SB2 from the receiver sphere, and SB3 from the
elliptic-cylinder. According to [30], we have

gLoS (t) =

√
K

K + 1
e−j2πfτej2πfst cos(αLoS

s −λs) cos βLoS
s

×ej2πfdt cos(αLoS
d −λd) cos βLoS

d (2)

gSBi(t) =
√

ηSBi

K+1
lim

Ni→∞

Ni∑

ni=1

1√
Ni

ej(ξni
−2πfτni)

×ej2πfst cos(α
(ni)
s −λs) cos β

(ni)
s

×ej2πfdt cos(α
(ni)
d −λd) cos β

(ni)
d (3)

gDB (t) =
√

ηDB

K + 1
lim

N1,N2→∞

N1,N2∑

n1,n2=1

1√
N1, N2i

×ej(ξn1,n2−2πfτn1,n2)

×ej2πfst cos(α(n1)
s −λs) cos β(n1)

s

×e
j2πfdt cos

�
α

(n2)
d −λd

�
cos β

(n2)
d (4)

where αLoS
s ≈ βLoS

s ≈ βLoS
d ≈ 0 and αLoS

d ≈ π with
αLoS

s , αLoS
d , βLoS

s , and βLoS
d denoting azimuth angles of

departure (AoD), azimuth angles of arrival (AoA), elevation
AoD, and elevation AoA of the line-of-sight (LoS) component,
respectively. Here, α

(ni)
s/d and β

(ni)
s/d are the azimuth AoD/

azimuth AoA and elevation AoD/elevation AoA of the waves
traveling from the effective scatterers s(ni), respectively. Path
delays for paths SU → DU, SU → s(ni) → DU, and SU →
s(n1) → s(n2) → DU are defined as τ , τni , and τn1,n2 , respec-
tively. We have K designates the Rician factor, indicating
the power ratio of the LoS component to NLoS components.
The SU and DU are assumed to be moving at the speed
of νs/d in the direction angle of λs/d, and fs and fd are
the Doppler frequencies with respect to the SU and the DU,
respectively. Parameters ηSBi and ηDB specify the amount of
power that SB and DB rays contribute to the total scattered
power 1/(K + 1), which satisfy

∑I
i=1 ηSBi +ηDB = 1. Phases

ξni and ξn1,n2 are assumed to be independent and identi-
cally distributed random variables with uniform distributions
over [−π, π).
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According to [30, eq. (5)], the the probability density
function of |g|2 can be calculated as

f|g|2 (x) = (1+K) e−Ke−(1+K)xI0

(
2
√

K (1 + K)x
)

(5)

where I0 is the zero-order modified Bessel function of the first
kind.

B. Introduction of High VTD and Low VTD Scenarios

According to propagation characteristics in vehicular envi-
ronments, various vehicular communication scenarios are often
distinguished in the literature, e.g., highways, rural roads, and
urban streets [31]. These practical scenarios can be abstracted
to two typical scenarios, i.e., high VTD and low VTD scenar-
ions. The distinctions between high and low VTD scenarios
are summarized as follows4:

1) Different numbers of vehicles: High VTD represents
urban areas with dozens of vehicles per square kilome-
ter; while low VTD accounts for highway scenarios with
less ten vehicles per square kilometer [26], [30].

2) Different Ricean factors K: For high VTD scenarios,
K is around 1, indicating a severe multipath fading
environment. For low VTD scenarios, K is around ten
times or more than that in high VTD scenarios [30], [31].

3) Different energy-related parameters: Parameters ηSBi

and ηDB specify the amounts of power that the SB and
DB rays contribute to the total scattered power, which
satisfy

∑I
i=1 ηSBi + ηDB = 1. For low VTD scenarios,

the received scattered power is mainly from waves
reflected by the stationary roadside environments. This
indicates that ηSB3 > max (ηSB1 , ηSB2) > ηDB [30].
For high VTD scenarios, due to dense moving vehicles,
the DB rays bear more energy than SB rays, i.e., ηDB >
max (ηSB1 , ηSB2 , ηSB3) [30].

4) Different environment-related parameters: Environment-
related parameters control the concentration of the dis-
tribution relative to the mean direction of scatterers [30].
Here, k1, k2, and k3 are parameters at the sphere model
of the transmitter, the sphere model of the receiver,
and the elliptic-cylinder model, respectively. Normally,
k1 and k2 in high VTD scenarios are smaller than
that in low VTD. As the scatterers reflected from static
roadsides are homogeneous, the values of k3 are the
same in high VTD and low VTD [30].

C. Power Consumption Model

Considering that the transmit power is reduced while the
circuit power starts to dominate in short-distance communica-
tion, we consider non-zero circuit power consumption model
in this paper. The power consumption in a mobile intelligent
equipment usually comes from three parts: radio-frequency
power, circuit power, and static power [33], [34]. For a
required transmission power PD, the power consumption of a
practical power amplifier can be given by εPD, where 1/ε ∈
(0, 1] denotes the drain efficiency of the power amplifier.

4Specific values of relevant channel parameters in the 3D V2V channel
model can be found in Table 2 in Sec. V.

Circuit power PC
0 considers the power consumed by radio-

frequency circuits (excluding the radio-frequency amplifier)
and baseband processing circuits. Moreover, static power P S

0

concerns fixed power consumption incurred by equipment for
other purposes rather than for data transmission. Under the
given power consumption model, the total expenditure power
for single user can be expressed as

P = εPD + PC
0 + P S

0 . (6)

Since the circuits and static power consumption are usually
independent of data rate and regarded as a constant for single
mobile user, for notation simplicity, we use P = εPD+P0 in
the following sections, where P0 = PC

0 + P S
0 .

III. EE AND SE TRADE-OFF IN UNDERLAYING

MOBILE D2D COMMUNICATIONS

In this section, we investigate the trade-off between EE and
SE from the perspective of power allocation with the 3D V2V
channel model. Firstly, we introduce the definition of EE and
SE based on the given power consumption model. We observe
that a small degradation in EE around its peak value can
significantly increase the SE for high VTD scenarios, while
a marginal degradation in SE results in a considerable gain
in EE for low VTD scenarios. Therefore, we contrastively
formulate the power allocation schemes as two different opti-
mization problems for different VTD scenarios. Specifically,
we maximize the SE with minimum EE threshold in high VTD
scenarios and maximize the EE with minimum SE threshold
in low VTD scenarios, while guaranteeing the interference
constraint imposed by cellular communications. Moreover,
we derive the optimal solutions of transmission power in both
high and low VTD scenarios, which are the expressions of SE
threshold or EE threshold.

A. Spectral Efficiency and Energy Efficiency Analysis
in Different VTD Scenarios

As illustrated in [24] and [25], the VTD has a great
impact on all channel statistical properties, which eventually
affect the performance of EE and SE. Therefore, to facilitate
the applicability and practicability of resource management,
we should design the power allocation scheme according to the
propagation characteristics of vehicular environment. In order
to investigate the EE and SE performance in an underlaying
mobile D2D communication scenario, we first introduce the
definition of EE and SE.

Instantaneous EE (ΦEE, in bits/Hz/Joule) is defined as the
ratio of the instantaneous SE (ΦSE, in bits/s/Hz) to the total
power consumption (P , in Watt), which can be expressed as

ΦEE =
ΦSE

P
(7)

where P = εPD + P0 with PD as the transmission power of
the SU. For a given system bandwidth W , the SE is written
as

ΦSE =
C

W
= log2 (1 + γ) (8)
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Fig. 1. EE versus SE in high VTD and low VTD scenarios (dsd = 300 m,
P0 = 100 mW, Ith = −70 dBm, PC = 23 dBm, v = 5 m/s, and Pmax = ∞).

TABLE I

EE/SE GAINS IN HIGH AND LOW VTD SCENARIOS

with C as the instantaneous capacity and γ as the received
SINR of DU. We have

γ =
PD|hsd|2

N0 + PC|hcd|2
(9)

where N0 is the noise power of D2D receiver and PC is the
transmission power of the CU.

To explicitly reveal the EE-SE performance in different
VTD scenarios, we plotted Fig. 1, from which the EE gain
and SE gain in both high VTD and low VTD scenarios can
be clearly observed. Here, Ith is the interference threshold of
the BS, Pmax is maximum transmit power of the SU, and
ν is the velocity of D2D users. The velocities of the BS
and CU are assumed to be zero and the SU and the DU
are moving toward each other with the same velocity. It is
worth noting that the value of Pmax only affects the maximum
achievable EE and SE, rather than their relationship of trade-
off. To give a holistic view of EE-SE performance in Fig. 1,
we set Pmax as infinity to include the achievable EE and
SE as much as possible. As shown, the EE increases at the
beginning and decreases afterwards in both scenarios. For low
VTD scenarios, the slope of the curve is sharp at high values
of SE, which reveals that a marginal degradation in SE results
in a considerable gain in EE. While for high VTD scenarios,
the slope of the curve is small around the maximum EE value,
implying that a small degradation in EE around its peak value
results in a significant gain in SE. From Fig. 1, the EE/SE
gain in low VTD and high VTD scenarios can be summarized
as in Table 1.

It is worth noting that the objective of EE-SE trade-off is
to investigate how to balance the EE and SE, i.e., sacrificing

EE or SE to improve the performance of the other one. In this
case, it is expected that with the same loss of EE (SE), the
SE (EE) increases as much as possible. It is obvious that with
the same SE loss, low VTD scenarios can achieve higher EE
gain. With the same EE loss, high VTD scenarios can achieve
higher SE gain.

These observations illustrate the important impact of VTD
on EE-SE performance in underlaying mobile D2D commu-
nications and enlighten our work in the following, based on
which we contrastively formulate two different optimization
problems for low VTD and high VTD scenarios with the
interference constraint imposed by cellular communications.
Specifically, considering the objective of the EE-SE trade-
off, the SE of mobile D2D users is maximized in high VTD
scenarios and the EE of mobile D2D users is maximized in
low VTD scenarios. For engineering application, one can dis-
tinguish these two scenarios based on practical communication
environments. For example, we refer to the method proposed
for low VTD when vehicular users are on the rural roads.

B. Power Allocation in High VTD Scenarios

For high VTD scenarios, we propose to maximize the SE
at the expense of EE, while the minimum EE is guaranteed
and the interference from the SU to BS remains a tolerable
level. By denoting ΓEE as the EE threshold, the optimization
problem can be formulated as

maximize
PD(hsd,hcd,hsb)

ΦSE(PD (hsd, hcd, hsb))

subject to C1 : ΦEE(PD (hsd, hcd, hsb)) ≥ ΓEE

C2 : PD(hsd, hcd, hsb)|hsb|2 ≤ Ith

C3 : PD(hsd, hcd, hsb) ≤ Pmax

C4 : PD(hsd, hcd, hsb) ≥ 0 (10)

where C1 reflects the minimum EE requirement (ΓEE ≥ 0),
C2 is related to interference constraint imposed by cellular
communications, C3 means the maximum permitted transmis-
sion power constraint, and C4 ensures the transmission power
is positive.

Since the threshold ΓEE and the denominator of ΦEE

is positive, constraint C4 can be guaranteed if the solution
can satisfy the constraint C1. Moreover, for each specific
transmission slot, hsb remains unchanged and the interfer-
ence received at the BS is determined by the transmission
power. Thus, constraints C2 and C3 can be equalized to
C5: PD ≤ P ′

max, where P ′
max = min(Pmax,Ith

/
|hsb|2).

We express the optimization problem in (10) equivalently as

maximize
PD(hsd,hcd,hsb)

ΦSE (PD (hsd, hcd, hsb))

subject to C1, C5. (11)

1) Power Allocation Without Maximum Power Constraint:
In the following, we first settle the optimization problem
without the transmission power constraint, i.e.,

maximize
PD(hsd,hcd)

ΦSE(PD (hsd, hcd))

subject to C1.
(12)
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Theorem 1: The Karush-Kuhn-Tucker (KKT) conditions are
both sufficient and necessary for the optimality of (12).

Proof: The proof is presented in Appendix A.
Hence, denoting � ≥ 0 as the Lagrange multiplier, the

Lagrangian associated with the problem (12) is given by

L(PD(hsd,hcd), �) = log2

(
1+

PD (hsd,hcd)|hsd|2
N0 + PC|hcd|2

)

+�

(
log2

(
1+

PD (hsd,hcd)|hsd|2
N0 + PC|hcd|2

)
−ΓEE(εPD (hsd,hcd) +P0)

)

(13)

The solution for the optimal power should satisfy

∂L(PD (hsd, hcd), �)
∂PD (hsd, hcd)

=
(1 + �)A

ln 2 (1 + APD (hsd, hcd))
−ε�ΓEE = 0 (14)

where A = |hsd|2
N0+PC|hcd|2 . From (14), we have

PD (hsd, hcd) =
1 + �

ln 2ε�ΓEE
− 1

A
. (15)

According to KKT conditions, if C1 is satisfied with strict
inequality, the parameter � must be zero. Otherwise, the value
of � can be obtained by substituting (15) into C1 and setting
the inequality to equality, i.e.,

log2

(
(1 + �) A

ln 2ε�ΓEE

)
−ΓEE

(
ε

1
A

(
(1 + �)A

ln 2ε�ΓEE
−1
)

+P0

)
= 0.

(16)

We can get the optimal value �∗ numerically through root-
finding search algorithm. Considering that the transmit power
is nonnegative, the optimal transmission power PD (hsd, hcd)
is given by

P ′
D (hsd, hcd) =

(
1 + �∗

ln 2ε�∗ΓEE
− 1

A

)+

(17)

where (x)+ means max (0, x).
2) Power Allocation With Maximum Power Constraint:

In this part, we focus on discussing the problem taking the
constraint C5 into account. In this case, utilizing the results
obtained above, the solution for the optimal problem can be
divided into two regions.

(1) P ′
D (hsd, hcd) ≥ P ′

max: In this case, if the obtained
optimal power destroys the constraint on the maximum trans-
mission power, it would be invalid for practical system appli-
cation. As is known, SE function is a monotone increasing
function in transmission power. As a consequence, the optimal
problem with both EE and transmission power constrains
can be simplified into a power constrained SE maximization
problem. If ΦEE (P ′

max) ≤ ΓEE, there is no feasible solution
for (10) for the transmit power is too small to achieve the
minimum EE. If ΦEE (P ′

max) ≥ ΓEE, P ∗
D (hsd, hcd) = P ′

max.
(2) P ′

D (hsd, hcd) ≤ P ′
max: In this case, the extra trans-

mission power constraint does not affect the optimal solu-
tion. The optimal power of (11) is the same as (12),
i.e., P ∗

D (hsd, hcd, hsb) = P ′
D.

In summary, the optimal transmission power of (10) can be
expressed as

P ∗
D (hsd, hcd, hsb)=

{
0 if ΦEE (PD) < ΓEE

min
((

v 1+�
ln 2ε�ΓEE

− 1
A

)
+, P ′

max

)
else

(18)

C. Power Allocation in Low VTD Scenarios

In this subsection, we concentrate on the EE and SE trade-
off in low VTD scenarios. Specifically, the optimal power
allocation strategy is formulated as an optimization problem
with the objective of maximizing EE subject to the minimum
SE requirement and the interference constraint. By denoting
ΓSE as the SE threshold, the optimization problem can be
formulated as

maximize
PD(hsd,hcd,hsb)

ΦEE(PD (hsd, hcd, hsb))

subject to C2, C3, C4
C6 : ΦSE(PD (hsd, hcd, hsb))≥ΓSE. (19)

The constraint C6 imposed in (19) represents the mini-
mum SE requirement (ΓSE ≥ 0). Similarly, the constraints
C2 and C3 are equivalent to the C5: PD(hsd, hcd, hsb) ≤
P ′

max. Then, we have the following equivalent optimization
problem

maximize
PD(hsd,hcd,hsb)

ΦSE(PD (hsd, hcd, hsb))

subject to C5, C6. (20)

1) Power allocation without maximum power constraint:
Firstly, we settle the optimization problem without the trans-
mission power constraint, i.e.,

maximize
PD(hsd,hcd)

ΦEE(PD (hsd, hcd))

subject to C6. (21)

The expression of ΦEE in (7) can be rewritten as

ΦEE(PD(hsd, hcd)) =
f(PD(hsd, hcd))
g(PD(hsd, hcd))

=
log2

(
1+ PD(hsd,hcd)|hsd|2

N0+PC|hcd|2
)

εPD(hsd, hcd) + P0
. (22)

According to Charnes-Cooper transform [36], we apply
suitable variable transformation to reformulate the optimiza-
tion problem to an equivalent problem. By applying the
transformation x = PD(hsd,hcd)

g(PD(hsd,hcd)) and k = 1
g(PD(hsd,hcd)) ,

we have

maximize kf
(x

k

)

subject to k
(
ΓSE − ΦSE

(x

k

))
≤ 0

kg
(x

k

)
= 1 (23)

in which the equality constraint is not necessarily convex.
To obtain the closed-form expression of optimal power, we uti-
lize a relaxed problem according to Theorem 2.
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Theorem 2: Since f(PD(hsd, hcd)) > 0, the problem in (23)
is equivalent to the problem in (24).

maximize kf
(x

k

)

subject to k
(
ΓSE − ΦSE

(x

k

))
≤ 0

kg
(x

k

)
≤ 1. (24)

Proof: The proof is presented in Appendix B.
According to [37], the objective function in (24) is a convex

program in PD, thus the KKT conditions are both sufficient
and necessary for the optimality of (24). Hence, refer to
PD = x/k, the Lagrangian associated with the problem (24)
can be given by

L(PD(hsd, hcd), k, μ, ν)

= νk

(
ΓSE−log2

(
1+

PD(hsd, hcd)|hsd|2
N0 + PC|hcd|2

))

+klog2

(
1+

PD(hsd, hcd)|hsd|2
N0 + PC|hcd|2

)

+μ (k (εPD(hsd, hcd)+P0)−1) (25)

where μ, ν ≥ 0 are the Lagrange multipliers.
At the optimal point, we have

∂L(PD(hsd, hcd), k, μ, ν)
∂PD(hsd, hcd)

=
kA (1 − ν)

ln 2 (1+APD(hsd, hcd))
+kμε = 0 (26)

∂L(PD(hsd, hcd), k, μ, ν)
∂k

= log2 (1+APD(hsd, hcd)) (1−ν)

+μ (εPD(hsd, hcd)+P0)
+νΓSE = 0 (27)

∂L(PD(hsd, hcd), k, μ, ν)
∂ν
= k (ΓSE−log2 (1 +APD(hsd, hcd))) = 0. (28)

From (26), we can obtain

P ′
D(hsd, hcd) =

ν − 1
ln 2εμ

− 1
A

. (29)

From (27) we have

μ =
(ν − 1) log2 (1 + APD(hsd, hcd)) − νΓSE

εPD(hsd, hcd) + P0
. (30)

According to (27) and refer to that k > 0, at the optimal point
we have

ΓSE − log2 (1 + AP ′
D(hsd, hcd)) = 0. (31)

By substituting (30) into (29), we obtain PD (ν) where
PD is expressed as a function of ν. After substituting PD (ν)
into (31), we can get an equation with respect to ν, from
which we can get the optimal value ν∗ numerically through
root-finding search. Subsequently, we can get the optimal
power of problem (21) by substituting ν∗ into PD (ν),
i.e., P ′

D = PD (ν∗).

2) Power allocation with maximum power constraint:
In this part, we focus on discussing the problem taking the
constraint C5 into account. Following the similar discussion
in high VTD scenarios, the optimal transmission power of (19)
can be expressed as

P ∗
D (hsd, hcd, hsb)=

⎧
⎨

⎩

0, if ΦSE (P ′
max) < ΓSE

min
((

ν−1
ln 2εμ− 1

A

)+

, P ′
max

)
else (32)

IV. ECONOMIC EFFICIENCY: A GENERAL

EVALUATION CRITERION

In previous sections, we have investigated the EE-SE
trade-off by formulating different optimization problems for
high VTD and low VTD scenarios, respectively. Meanwhile,
we also have obtained the optimal solutions expressed as
functions of EE or SE threshold. It is worth noting that the
EE/SE threshold plays a decisive role in system performance
optimization. Whereas, how to determine the decisive para-
meters in EE-SE trade-off, i.e., SE and EE thresholds, should
be further studied to facilitate the practicality of EE and SE
trade-off. Motivated by [34] and [35], we employ the ECE as a
complementary measure for EE and SE performance metrics.
The ECE can provide a quantitative evaluation for the efficacy
of trade-off from the perspective of benefit and cost of the
whole system. Moreover, ECE can serve as a general metric,
being applicable to scenario-related power allocation schemes
proposed in this paper.

The ECE (in monetary unit per second) measures the
profitability of the system and equals to the revenue minus
the actual cost of provided services. It takes into account
the capacity and power consumption, and therefore is a good
performance metric that sufficiently characterizes the EE and
SE [34]. We denote kr and kc as the revenue per bit and energy
cost per Joule, respectively, both of which are measured in the
same monetary. We denote Rref as the referenced date rate
and C0 as other costs (in monetary unit per second). Here,
Rref refers to the essential service expected by mobile D2D
user. In this paper, the definition of ECE can be given as

ΦECE = krR
ref log2

(
1+

W

Rref
log2

(
1+

P ∗
D (Γi)|hsd|2

N0+PC|hcd|2
))

− (C0 + kcP
∗ (Γi)) (33)

whereP ∗ (Γi) = εP ∗
D (Γi)+P0 and i

Δ= {EE, SE}. Specifi-
cally, ΓEE represents the EE threshold in high VTD scenarios
and ΓSE represents SE threshold in low VTD scenarios,
respectively. The first term and the second term on the right-
hand side of (33) represent the revenue attainable and the
corresponding operational cost, respectively. According to the
observation in [35], a user is only willing to pay an extra pre-
mium on top of the basic service for a multiplicative increase
in the attainable data rate. Thus, the attainable revenue grows
incrementally with every new service rather than following
the multiplicative growth in data rate. This economic trend
is known as the law of diminishing returns and this leads to
a logarithmic relationship between the attainable revenue and
attainable data rate.
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TABLE II

CHANNEL PARAMETERS OF THE 3D V2V CHANNEL MODEL [30]

Since the optimal transmit power obtained is an expression
of ΓEE or ΓSE, the cost and the revenue are related to
ΓEE or ΓSE, the value of which plays a decisive role in
the efficacy of trade-off. Therefore, further optimization is
required to determine the optimal values of ΓEE or ΓSE.
To optimize the system performance from the perspective of
benefits and costs, we formulate a generalized optimization
problem maximizing the ECE in both high VTD and low VTD
scenarios, i.e.,

maximize
Γi

ΦECE

subject to Γi ≥ 0. (34)

As we are interested in investigating the interplay of these
metrics rather than implementing an actual optimization algo-
rithm in real time, we perform an exhaustive search for the
optimal value of the EE/SE threshold. Here, the exhaustive
search is conducted through ergodic search within the feasible
region. It is worth noting that the EE/SE threshold is only
an intermediate variable to obtain the optimal transmit power,
which is the objective of this work. To this end, substituting
the optimal threshold into the expression of optimal transmit
power, i.e., Eq. (18) or Eq. (32), we can finally obtain the
value of the optimal transmit power.

V. RESULTS AND ANALYSIS

In this section, we evaluate the schemes described in
previous sections through Monte Carlo simulations. In the
simulations, the pathloss model between BS and users is PL=
128.1+37.6log10(d [in Km]) and the pathloss model between
users is PL = 148.1+ 40log10(d [in Km]) [11]. Specifical
values of channel parameters of the 3D V2V channel model
are given in Table II [30]. In the simulations, channel channel
coefficients are generated by the sum-of-sinusoids simulation
model proposed in [30] with N1 = N2 = N3 = 40.
We set N0 = −174 dBm/Hz and W = 1 MHz. Unless
specifically stated, we set dsd = 300 m, dcd = 400 m, and
dsb = 400 m. For simplicity, we assume that the SU and
the RU move toward each other and in the same speed ν.
Unless specifically stated, the velocity of the CU, i.e., νc, is
set to zero. Unless specifically stated, we set kr = k0

r =
1.55 × 10−7 pence/bit, kc = k0

c = 4.22 × 10−5 pence/Joule,
Rref = 1 kbps, and C0 = 4.15 × 10−4 pence/s [34], [35].

We firstly conduct numerical simulations to demonstrate the
impact of P0 on the EE of underlaying mobile D2D com-
munications in both low and high VTD scenarios, as shown
in Fig. 2. As expected, the larger the P0 is, the smaller the EE
becomes. For each P0, the EE increases in the beginning and
deteriorates afterwards as PD increases along ΦSE. Moreover,
the EE in low VTD outperforms that in high VTD, where the
signals suffer from poor propagation environment. Besides, for

Fig. 2. EE versus SE with different P0 in low and high VTD
scenarios (PC = 23 dBm, Ith = -70 dBm, and v = 5 m/s).

Fig. 3. EE versus interference threshold in a low VTD scenario (PC =
23 dBm, Pmax = 30 dBm, P0 = 100 mW, and v = 5 m/s).

different P0, the curves in low VTD have a sharper head than
in high VTD, implying that the discussion in section I is valid
for different kinds of mobile equipment.

Fig. 3 depicts the EE of D2D communications versus the
interference threshold with various spectral requirements in
a low VTD scenario, where EE is maximized while guaran-
teeing the SE requirement by utilizing the power allocation
scheme in (9). It can be observed that as Ith becomes larger,
the EE of D2D communications increase in the beginning
and tends to saturated eventually. This is because that the
interference constraint is valid in the beginning and as it
becomes looser, the maximum transmission power constrain
begins to dominate. Moreover, the higher the spectral effi-
ciency requirement is, i.e., ΓSE gets larger, the lower the
EE is. This is because that ΦEE is the maximum achievable
EE on feasible region (Pmin, Pmax). Here, Pmin is minimum
required transmit power determined by the SE threshold and
Pmax is the maximum permitted transmit power bounded
by the interference constraint Ith. For a given Ith, as ΓSE

increases, the probability that Pmin > Pmax increases. When
the feasible region is empty, ΦEE is zero. Therefore, from the
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Fig. 4. EE with various SE requirement ΓSE and maximum transmit powers
Pmax in a low VTD scenario (PC = 23 dBm, P0 = 100 mW, and v = 5 m/s).

Fig. 5. SE versus interference threshold with different maximum transmit
powers in a high VTD scenario (ΓEE = 1 bits/Hz/J, PC = 23 dBm,
P0 = 100 mW, and v = 5 m/s).

perspective of statistics, EE decreases with the SE requirement
increases. This phenomenon indicates that for energy sensitive
mobile users, the data rate should be restricted to achieve high
EE when the bandwidth is fixed. In other words, in this case,
never should we increase the transmission power to obtain
high SE.

Fig. 4 shows the impact of the maximum transmission
power Pmax on the EE with different spectral requirements
in a low VTD scenario. Being coincident with the conclusion
obtained previously, the larger the Pmax is or the smaller the
ΓSE is, the higher the EE we can obtain. It is interesting to note
that as ΓSE increases from 1 to 3, the EE gap between Pmax =
24 dBm and Pmax = 28 dBm gets larger, which implies that
the effect the maximum transmission power becomes more
pronounced.

We further study the performance in high VTD scenarios.
We illustrate the SE versus interference threshold for different
maximum transmission powers Pmax and EE thresholds ΓEE

in Fig. 5 and Fig. 6, respectively. Similar to the observation
made in low VTD, the SE increases with Ith in the beginning
and tends to saturated eventually. For both figures, the longer
the distance between D2D transmitter and receiver is, the lower

Fig. 6. SE versus interference threshold with different EE thresholds in
a high VTD scenario (Pmax = ∞, PC = 23 dBm, P0 = 100 mW, and
v = 5 m/s).

the SE we can achieve. Note that both Pmax and ΓEE are
related to the allowable transmission power. In Fig. 5, since
the EE threshold ΓEE = 1 bits/Hz/J, which is relatively
small compared with the maximum EE, the SE is mainly
dominated by Pmax and increases as Pmax gets larger. While
in Fig. 6 where we remove the maximum transmission power
constraint, when ΓEE gets larger, the feasible power region
becomes smaller, which results in a lower SE.

In the following, we discuss the trade-off between EE
and SE for both low and high VTD scenarios. In order to
quantitatively illustrate the trade-off between EE and SE,
we define θEE and θSE as the ratios of variation of EE and
SE, respectively. According to the optimization problem in
Section III, in low VTD scenarios, we have SE loss ratio
θ−SE = Φmax

SE −Φ∗
SE

Φmax
SE

and EE gain ratio θ+
EE = Φ∗

EE−Φmax
EE

Φmax
EE

.
Here, Φmax

SE is the maximum SE determined by Pmax and
Ith, and Φmax

EE is the corresponding EE. Moreover, Φ∗
EE is

the EE at the optimal power related to ΓSE, and Φ∗
SE is the

corresponding SE. In high VTD scenarios, we define EE loss
ratio θ−EE = Φmax

EE −Φ∗
EE

Φmax
EE

and SE gain ratio θ+
SE = Φ∗

SE−Φmax
SE

Φmax
SE

.
Here, Φmax

EE is the maximum EE achieved within the feasible
power region and Φmax

SE is the corresponding SE. Moreover,
Φ∗

SE is the SE at the optimal power related to ΓEE, and Φ∗
EE

is the corresponding EE.
We present the EE gain ratio versus SE loss ratio with

different Φmax
SE and P0 in Fig. 7. As expected, as SE loss

ratio increases, the EE gain ratio keeps rising. The larger
Φmax

SE is, more gains can be obtained for EE, which is
resulted from the sharp slop of EE and SE trade-off curve
in low VTD. Thus, it is meaningful to sacrifice SE for EE
enhancement, especially when users are energy sensitive and
require for high SE. Moreover, Fig. 8 shows the EE gain ratio
with different velocities and distances between SU and DU,
where the curve with longer communication distance or higher
velocity has a greater slop. Furthermore, Fig. 9 illustrates
the impact of interference threshold and interference power
on the EE gain ratio. As observed, the tighter interference
constraint is, i.e., Ith is smaller, the larger θ+

EE is. This
is because that according to the proposed power allocation
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Fig. 7. EE gain ratio with different maximum SE in a low VTD scenario
(PC = 23 dBm, Pmax = ∞, Ith = −70 dBm, and v = 5 m/s).

Fig. 8. EE gain ratio with different velocities and distances between S and D
in a low VTD scenario (PC = 23 dBm, Pmax = ∞, Ith = −70 dBm,
P0 = 100 mW, and Φmax

SE = 6 bps/Hz).

scheme, if the interference constraint becomes tight, users are
rejected to communicate when they suffer from extremely poor
channel conditions. From Fig. 7-Fig. 9, we can conclude that
when D2D communications occurs in terrible communication
environment, no matter suffering poor communication link
condition or much interference from cellular communication,
we can obtain significant gains in EE by reducing SE.

Next, we conduct simulation to study the SE gain in
high VTD scenarios. Fig. 10 illustrates the SE gain ratio
with different interference thresholds and power consumptions.
It can be seen that different from the EE gain in low VTD
scenarios, the SE gain increases as the interference constraint
increase, i.e., the looser the Ith is. This phenomenon can be
explained by integrating two facts into account. One is that
the optimal EE is usually obtained with small transmission
power as shown in Fig. 1, and another is the tight interference
constraint restricts the maximum feasible transmission power,
which leads to smaller achievable SE. Fig. 11 presents the
SE gain ratio with different interference and communication
distances. We can see that a rather little loss in EE from its
maximum value, i.e., θ−EE is close to 0, generates a significant

Fig. 9. EE gain ratio with different interference thresholds and cellular
user transmit powers in a low VTD scenario (Pmax = ∞, P0 = 100 mW,
v = 5 m/s, and Φmax

SE = 5 bps/Hz).

Fig. 10. SE gain ratio with different interference thresholds in a high VTD
scenario (Pmax = ∞ and v = 5 m/s).

gain in SE. Moreover, θ+
SE increases with dsd increases, which

implies that when the communication distance is long, we tend
to sacrifice EE since we can achieve great gains in SE.

We have illustrated EE gains and SE gains in low VTD
and high VTD scenarios, which indicates that the more the
EE (SE) derogation is, the larger the SE (EE) gain is. Whereas,
the overall performance cannot be optimized relying on single
performance metric, which indicates that we need to manage
the trade-off between EE and SE, rather than sacrificing
one of them blindly. To determine the decrement of either
EE or SE, we exploit the ECE to evaluate the trade-off
between EE and SE. Specifically, we show the economic
efficiency ΦECE versus the SE loss ratio θ−SE and EE loss
ratio θ−EE in Fig. 12 and Fig. 13, respectively. Firstly, for
each case, there exists an optimal value of θ−SE or θ−EE

that maximizes ΦECE, which is the corresponding optimal
operating point of SE or EE. Moreover, for low VTD sce-
narios, when the communication distance or the velocity
increases, the optimal value of θ−SE maximizing ECE tends
to move right, which indicates that in a worse communication
condition, we prefer to give up more SE from the perspective
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Fig. 11. SE gain ratio with different interference and communication
distances in a high VTD scenario (P0 = 100 mW, Ith = −70 dBm,
Pmax = ∞, and v = 5 m/s).

Fig. 12. ECE versus SE loss ratio in a low VTD scenario (P0 = 100 mW,
Ith = −70 dBm, Pmax = ∞, PC = 23 dBm, Φmax

SE = 6 bps/Hz, and
v = 5 m/s).

of economic efficiency. However, for high VTD scenarios,
when the communication distance decreases or the interference
distance increases, the optimal value of θ−EE maximizing
ECE tends to move right, which indicates that in a better
communication condition, we prefer to sacrifice more EE from
the perspective of economic efficiency. Based on the above
observations, we can conclude that ECE is a generalized metric
valid for different scenarios and has the ability to capture the
channel characteristics.

At last, we take high VTD scenarios as an example to
reveal the impact of revenue and cost parameters on the ECE
performance. Similar to the observation in Fig. 12 and Fig. 13,
ECE increases in the beginning and decreases afterwards,
existing an optimal θ−EE that maximizes ΦECE. As expected,
larger revenue (larger kr) or smaller cost (smaller kc) results
in higher ΦECE. Moreover, the optimal point tends to move
towards the high θ−EE regime when either kr gets larger, or kc

gets smaller. In other words, with large revenue per bit or small
energy cost per Joule, we prefer to pursue SE to maximize
the profit of communications service. As shown in Fig. 14,

Fig. 13. ECE versus EE loss ratio in a high VTD scenario (P0 = 150 mW,
Ith = −70 dBm, Pmax = ∞, PC = 23 dBm, and v = 5 m/s).

Fig. 14. ECE with different revenue and cost parameters in a high VTD
scenario (P0 = 150 mW, Ith = −70 dBm, Pmax = ∞, PC = 23 dBm, and
v = 5 m/s).

when the velocity of the CU increases form 0 m/s to 10 m/s,
the system can achieve higher ECE. Larger velocity of the
CU results in faster fading and then poorer interfering link
quality, from which mobile D2D communications benefit. In
addition, the optimal value of θ−SE moves right, indicating that
in a better communication condition, we can sacrifice more
EE to maximize the system profit.

VI. CONCLUSIONS

In this paper, we have proposed two different power
allocation schemes and investigated the EE-SE trade-off for
underlaying mobile D2D communications, where a 3D V2V
channel model has been adopted to characterize the impact of
vehicular environments on both EE and SE. Considering that
VTD significantly affects the performance of EE and SE, we
have proposed to maximize SE subject to EE requirement in
high VTD scenarios and maximize EE subject to SE in low
VTD scenarios. Based on obtained optimal powers expressed
as functions of SE or EE threshold, ECE has been employed as
a general criterion to assess the efficacy of trade-off in different
VTD scenarios. Simulation results have shown that ECE can
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serve as a generalized metric for EE-SE trade-off in vehicular
environment under different communication conditions.

APPENDIX A
PROOF OF THEOREM 1

The objective function is a logarithmic function with respect
to PD and thus, it is concave according to [37]. As the
objective function is differentiable, it is Pseudo-concavity
in PD. On the other hand, since the denominator of the
constraint is affine, C1 is quasi-concave in PD. Let � be the
multiplier. The KKT conditions of (12) can be written as

∇ΦSE (PD) + �i∇Ci (PD) = 0 (35)

�iCi (PD) = 0 (36)

�i ≥ 0, Ci (PD) ≥ 0. (37)

According to [37], under the constraint qualification assump-
tion, the necessity of is a simple and standard result and it
holds. Now we turn to the sufficiency proof part.

Let us assume that P̃D is the optimal power allocation
of (12) corresponding to the multiplier �̃i. Let us assume
that there exists another feasible P̂D. so that ΦSE

(
P̂D

)
>

ΦSE

(
P̃D

)
. Referring to the fact that the objective function is

Pseudo-concavity in PD, we have

∇ΦSE

(
P̃D

)(
P̂D − P̃D

)
> 0. (38)

Now, we define I = {i : �i > 0}. Then, the constraint

Ci (PD) = 0. As a result, for i ∈ I, Ci

(
P̂D

)
≥ 0 = Ci

(
P̃D

)

holds. Referring to the fact that the objective function is quasi-
concavity in PD, we have

∇Ci

(
P̃D

)(
P̂D − P̃D

)
> 0. (39)

Let us assume that i /∈ I and then � = 0. Hence, we obtain
(
∇ΦSE

(
P̃D

)
+ �∇Ci (PD)

)(
P̂D − P̃D

)
> 0 (40)

which contradicts (35). Thus, the assumption that there exists
another feasible P̂D that is the optimal power allocation of (12)
is not established and the sufficiency proof is completed.

APPENDIX B
PROOF OF THEOREM 2

Since f (PD) > 0, the problem in (24) is equivalent to the
problem in (23). First, we denote P, P1 and P2 as the feasible
set of (21), (23), and (24). Then we have

P1 =
{

x1, k1 ∈ R++ × R++ :
x1

k1
∈ P, k1g

(
x1

k1

)
=1
}

(41)

P2 =
{

x2, k2 ∈ R++ × R++ :
x2

k2
∈ P, k2g

(
x2

k2

)
≤1
}

(42)

where R++ is the set of positive real numbers. Obviously,
we have P1 ⊆ P2. To complete the proof, we should prove
that all elements in P2\P1 are suboptimal for (24). For any
(x2, k2) ∈ P2, the following expression is satisfied:

k2g

(
x2

k2

)
= σ ∈ (0, 1] . (43)

Then, we assume that x1 = x2/σ and k1 = k2/σ. Thus,
for any (x2, k2) ∈ P2, there exits (x2, k2) ∈ P2 and σ ∈
(0, 1] that satisfy (x2, k2) = (σx2, σk2), where σ < 1 if
(x2, k2) ∈ P2\P1. Referring to the fact that the SE function
is non-negative, then we get

k2f

(
x2

k2

)
= σk1f

(
x1

k1

)
≤ k1f

(
x1

k1

)
. (44)

Here, if (x2, k2) ∈ P2\P1, the inequality is strict. Until
now, all the elements in P2\P1 are suboptimal for (24). This
completes the proof of Theorem 2.
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