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ABSTRACT Driven by the limited radio spectrum resources and the high energy consumption of wireless

devices, symbiotic radio (SR) has recently been proposed to support passive Internet-of-Things (IoT)

networks, where a primary transmitter (PT) transmits information to a primary reader (PR), while passive

backscatter devices (BDs) modulate their own information on the received primary signal and backscatter

the modulated signal to the same PR by adjusting their reflection coefficients. Existing works on SR have

mainly studied the case of a single BD while without considering the BD’s energy harvesting (EH) ability.

In this paper, we aim to maximize the energy efficiency (EE) of an SR system that includes multiple BDs

each being able to harvest energy while backscattering, by jointly optimizing the PT transmission power

and the BDs’ reflection coefficients and time division multiple access (TDMA) time slot durations for both

the parasitic SR (PSR) and commensal SR (CSR) cases. To solve the formulated non-convex optimization

problems, we propose a Dinkelbach-based iterative algorithm that builds on the block coordinated decent

(BCD) method and the successive convex programming (SCP) technique. Simulation results show that the

proposed algorithm converges fast, and the system EE is maximized when the BD that can provide the

highest EE is allocated the maximum allowed time for backscattering while guaranteeing the throughput

requirements for both the primary link and the other backscatter links.

INDEX TERMS Backscatter communication, energy efficiency, resource allocation, symbiotic radio,

wireless power transfer.

I. INTRODUCTION

IT IS predicted that the Internet of Things (IoT) devices

will be over 80 billion worldwide by 2030 [1], putting

huge pressure on wireless networks concerning the limited

radio spectrum resources and soaring energy consumption.

In order to support massive IoT connections, cognitive radio

(CR) technology has been employed to let IoT devices

(as secondary transmitters (STs)) share the same spectrum

with incumbent primary transmitters (PTs) [2], [3], [4], [5].

However, the energy efficiency (EE) of a CR system is

limited by the energy-consuming active radio frequency (RF)

components used in the STs [2], [6].

Different from active RF transmissions, backscatter com-

munications (BackCom) [7], [8], [9], [10], [11], [12] allow

a backscatter device (BD) to modulate its own information

on the incident RF signal transmitted by a PT and backscat-

ter the modulated signal to the desired receiver by adjusting

its reflection coefficient [13], [14], [15], while harvesting

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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energy from the incident RF signal to cover its circuit power

consumption [11]. Thus, the energy consumption of passive

BackCom is significantly reduced as compared with active

transmissions in CR. However, since the BDs have no knowl-

edge of the information transmitted by the PT, the EE of

BackCom will be limited by the strong interference caused

by the PT [6].

To exploit the synergy between CR and BackCom, symbi-

otic radio (SR) has been proposed recently [6], where the PT

and the primary receiver (PR) are designed to support both

the primary and BackCom transmissions, and has attracted a

lot of research interest. Depending on whether the BD sym-

bol period is equal to or much longer than the PT symbol

period, SR is classified into parasitic SR (PSR) and com-

mensal SR (CSR), respectively [2]. The authors in [2] jointly

optimized the transmission power and beamforming vectors

of a multi-antenna PT to maximize the weighted sum-rate

and minimize the transmission power separately in an SR

system. In [16], the weighted sum-rate of an SR network was

maximized through optimizing the PT transmission power

and the BD reflection coefficient under either a long-term

or short-term PT transmission power constraint. The authors

in [17] derived the expressions of the outage probability

and the ergodic rate for an SR system, where the base sta-

tion transmits information to two cellular users and a BD

backscatters its information to one of the two cellular users,

and analyzed the corresponding diversity orders. In [18], the

PT transmission power was minimized by jointly designing

the beamforming vector at the PT and the power splitting

factor at the full-duplex BD, while guaranteeing the mini-

mum BD rate requirement. The authors in [19] maximized

the system EE subject to the throughput requirements of

the direct and backscatter links as well as the PT transmit

power constraint, by optimizing the PT beamforming vec-

tors in an SR system with a finite block length backscatter

link. Nevertheless, the above works considered only a sin-

gle BD while ignoring the energy harvesting (EH) ability of

the BD.

In this paper, we investigate the EE maximization problem

of an SR system with multiple BDs, each being able to

harvest energy from the incident primary signal to support

their circuit power consumption. Our main contributions are

summarized as follows.

• We propose an SR system, where following the

time division multiple access (TDMA) protocol but

allocating a BD-specific time slot duration to each

BD, multiple BDs take turn to modulate their own

information on the incident primary signal and backscat-

ter the modulated signal to the PR, while harvesting

energy from the incident primary signal to support their

circuit operation.

• We formulate an optimization problem to maximize the

EE of the SR system by jointly optimizing the PT trans-

mission power and the BDs’ reflection coefficients and

TDMA time slot durations for both the PSR and CSR

cases.

• Due to multiple coupled variables in the objective func-

tion and the constraints, the formulated problem is

non-convex and is hard to solve directly. To solve the

problem, in the PSR case, we first introduce auxiliary

variables and utilize the Dinkelbach-based method to

transform the original problem from a fraction form

into a subtraction form, then employ a block coordinate

decent (BCD) method in conjunction with a successive

convex programming (SCP) technique to transform the

objective function into a convex function, and obtain

the sub-optimal solutions of the PT transmission power,

the BDs’ reflection coefficients, or the BDs’ time slot

durations, given the other variables by using the interior

point method. The closed-form expression of the sub-

optimal reflection coefficients is derived by employing

the Lagrange dual method. In the case of CSR, as the

system EE is a monotonically increasing function of the

BDs’ reflection coefficients, we first obtain the globally

optimal reflection coefficients. Then, employing tech-

niques similar to the PSR case but without using the

BCD method, we obtain the sub-optimal solutions of the

PT transmission power and the BDs’ time slot durations,

and derive the closed-form expressions of the optimal

reflection coefficients and the sub-optimal PT transmis-

sion power. Based on the above obtained solutions, we

propose a Dinkelbach based iterative algorithm to solve

the formulated problems in the PSR and CSR cases.

• The convergence and computational complexity of the

proposed algorithm are analyzed and verified by sim-

ulation. The simulation results show that the proposed

algorithm converges very fast and the system EE is max-

imized when the BD that can contribute the most toward

the system EE is allocated the maximum allowed time

to backscatter its information to the PR while the other

BDs’ throughputs being kept at the minimum required

level. This best BD is determined by the optimized PT

transmission power in the corresponding time slot.

The rest of the paper is organized as follows. The system

model is presented in Section II. In Sections III and IV,

the system EE maximization problem is formulated and

solved, respectively. Section V presents the Dinkelbach based

iterative algorithm for maximizing the system EE. Section VI

analyzes the convergence and the computational complexity

of the proposed algorithm. In Section VII, the simulation

results are presented. Section VIII concludes the paper.

II. SYSTEM MODEL

In this section, we introduce the SR network with multiple

BDs, present the throughout analysis for both the PSR and

CSR cases, and define the system EE of the network.

A. NETWORK MODEL

As shown in Fig. 1, the SR network consists of a PT, a

PR and M BDs, where each BD i ∈ M = {1, . . . ,M} is

equipped with a single antenna, an EH circuit and a passive
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FIGURE 1. An SR Network.

backscatter circuit.1 The PT transmits its information to the

PR through a direct link, meanwhile BD i modulates its own

information on the incident primary signal from the PT and

backscatters the modulated signal to the PR by adjusting its

reflection coefficient. The BDs share the same RF channel

with the primary link. The mutual interference among the

BDs during BackCom can be avoided by employing TDMA,

where a time block T is divided into M time slots for the M

BDs, i.e.,
∑M

i=1 ti ≤ T , and ti is the duration of the ith time

slot allocated to BD i for BackCom and EH at the same

time, while all the other BDs staying idle. Assuming that

there is no internal power source or energy storage in the

BDs, the harvested energy during BackCom is used up for

BD circuit operation and cannot be stored [14].

We use a block flat-fading channel model, where the chan-

nel parameters stay constant during each time block T [2].

The channel power gain of the direct link from the PT to

the PR is denoted by ht,r = (dt,r)
−α

µt,r, where dt,r, α and

µt,r are the distance, the path-loss exponent and the Rayleigh

fading power gain of the link from the PT to the PR, respec-

tively. We denote the channel power gain from the PT to

BD i and that from BD i to the PR by h
t,b
i = (d

t,b
i )

−α
µ
t,b
i

and h
b,r
i = (d

b,r
i )

−α
µ
b,r
i , respectively, where d

t,b
i and d

b,r
i

are the distance from the PT to BD i and that from BD i to

the PR, respectively, µ
t,b
i and µ

b,r
i are the Rayleigh fading

power gain from the PT to BD i and that from BD i to the

PR, respectively.

The amount of energy harvested by BD i during the ith

time slot is given by

EHi = tiPih
t,b
i (1 − zi)η, (1)

where Pi and zi are the PT transmission power and the

reflection coefficient of BD i in the ith time slot, respectively,

and η represents the energy conversion efficiency of the EH

circuit. We ignore the energy harvested from the thermal

1. BackCom systems can be mainly classified into passive systems and
semi-passive systems, where the key benefits of a passive BD without any
internal energy storage are its low cost and small size [14], [20]. In this
paper, we consider passive BDs where the energy is only harvested for
covering circuit power consumption and is not stored in the BDs.

noise as it is much lower than the RF energy [15], [21].

Accordingly, the total amount of energy harvested by all the

BDs in a time block T is given by EHsum =
∑M

i=1 EHi.

B. THROUGHPUT ANALYSIS

Denote the primary signal transmitted from the PT by s(n)

with symbol period of Ts and the ith BD’s signal by ci(l)

with symbol period of Tc, where n and l are the indices

of symbols of the primary signal and the BackCom signal,

respectively. The symbol periods Ts and Tc are much shorter

than ti, i ∈ M. It is assumed that s(n) and ci(l) follow

independent standard circularly symmetric complex Gaussian

distribution CN (0, 1). Thus, the backscattered signal from

BD i is given by
√
zici(l), where zi ∈ [0, 1] is the reflection

coefficient of BD i. Following [2], we consider two cases

of SR, one is the PSR with Ts = Tc, and the other is the

CSR with Tc = NTs, where N >> 1 is a positive integer,

i.e., the symbol period of the BackCom is much longer than

that of the primary transmission. In the following, we will

analyze the throughputs of the primary link and BackCom

links for the two cases separately.

1) PSR

Since Ts = Tc, we assume that l = n and the received signal

at the PR for the nth primary symbol in the ith time slot is

given by

y(n)(1) =
√

Piht,rs(n) +
√

Pizih
t,b
i h

b,r
i s(n)ci(n) + k(n), (2)

where k(n) is the additive white Gaussian noise (AWGN)

with zero mean and power σ 2.

According to (2), the received signal from BD i is

weaker than that from the PT. Therefore, the PR can uti-

lize the successive-interference-cancellation (SIC) technique

to decode the primary signal s(n) first, then remove s(n)

from the received signal y(n)(1), and detect the BackCom

signal ci(n). Since the symbol rates of s(n) and ci(n) are

the same in the PSR case, ci(n) is regarded as interference

when decoding s(n). As we can see from the second term

on the right-hand side of (2), the interference is the product

of two complex Gaussian signals s(n) and ci(n), and thus

follow a non-Gaussian distribution. The lower bound of the

PT-PR link throughput (bits) in a time block is given by [2]

Rs(1) =
M
∑

i=1

Wtilog2

(

1 +
Pih

t,r

Pizih
t,b
i h

b,r
i + σ 2

)

, (3)

where W is the channel bandwidth.

Assuming that the primary signal is perfectly removed

from y(n)(1) by SIC [2], [16], [17], [18], [19], we have

y′(n)
(1) =

√

Pizih
t,b
i h

b,r
i s(n)ci(n) + k(n). (4)

Regarding s(n) as a random channel component imposed

on ci(n), the throughput of BD i in the ith time slot is given

by [22]

Rci
(1) = WtiEs

[

log2

(

1 +
Pizih

t,b
i h

b,r
i |s(n)|2

σ 2

)]

, (5)
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where |s(n)|2 follows the exponential distribution with a unit

rate.

2) CSR

Since Tc = NTs,N >> 1, the BackCom symbol ci(l) spans

N primary symbol periods for n = 1, . . . ,N. Accordingly,

the received signal at the PR for the nth primary symbol is

written as

y(n)(2) =
√

Piht,rs(n) +
√

Pizih
t,b
i h

b,r
i s(n)ci(l) + k(n), (6)

where ci(l) can be regarded as a constant coefficient for

decoding s(n), n = 1, . . . ,N. For given ci(l), the throughput

of the PT-PR link in a time block is given by

R
s(2)′′ =

M
∑

i=1

WtiEci

[

log2

(

1 + γ si
)]

, (7)

where γ si = Pih
t,r+Piziht,bi h

b,r
i [ci(l)]

2

σ 2 is the signal-to-noise ratio

(SNR).

Lemma 1: γ si follows a noncentral chi-square distribution

χ2 with the freedom of 2, and its probability density function

(PDF) is given by

fi(x) =
1

2θi
e

(

− x+λi
2θi

)

I0

(
√
xλi

θi

)

(8)

where the noncentrality parameter λi = Pih
t,r

σ 2 , the Gaussian

variance parameter θi = Pizih
t,b
i h

b,r
i

2σ 2 , and I0(·) is a modified

Bessel function of the first kind and is given by

I0(v) =
∞
∑

m=0

1

m!Ŵ(m+ 1)

( v

2

)2m

. (9)

Based on (7), the expected throughput of the PT-PR link

in a time block over all possible values of ci(l) is given by

Rs(2)′ =
M
∑

i=1

Wti

∫ +∞

0

log2(1 + x)fi(x)dx. (10)

Following [2], [16], [17], [18], [19], when γ si → +∞,

the expected throughput of the PT-PR link in a time block

is given by

Rs(2) =
M
∑

i=1

Wti

[

log2

(

Pih
t,r

σ 2

)

− Ei

(

−
ht,r

zih
t,b
i h

b,r
i

)

log2e

]

,

(11)

where Ei(x)

=
∫ x
−∞

1
u
eudu.

Assuming that the primary signal is perfectly removed

from y(n)(2) via maximum-likelihood (ML) detection [23],

for n = 1, . . . ,N, we have

y′(n)(2) =
√

Pizih
t,b
i h

r,b
i s(n)ci(l) + k(n). (12)

Since E|s(n)|2 = 1, the symbol ci(l) can be decoded by

performing maximal ratio combing (MRC) of y′(n)(2), n =
1, . . . ,N, received in N consecutive primary symbol periods,

and the throughput of BD i in the ith time slot can be

approximately calculated as [2], [16], [17], [18], [19]

R
c(2)
i = Wti

1

N
log2

(

1 +
NPizih

t,b
i h

b,r
i

σ 2

)

. (13)

C. SYSTEM ENERGY EFFICIENCY

The system EE of the SR network is defined as the ratio of

the total throughput of all links to the total energy consump-

tion of the network in a time block [24], [25], [26], [27].

Letting RPSRsum and RCSRsum denote the total throughput of the

network for the PSR and the CSR, respectively, we have

RPSRsum = Rs(1) +
M
∑

i=1

R
c(1)
i , (14)

RCSRsum = Rs(2) +
M
∑

i=1

R
c(2)
i . (15)

The total energy consumption of the SR network in a time

block is given by

ECsum =
M
∑

i=1

ti

(

Pi + PBDcir + PTRcir

)

, (16)

where PBDcir and PTRcir represent the circuit power consumption

of a BD and that of the PT and PR in total, respectively.

Thus, the system EE in the cases of PSR and CSR is

given respectively by

EEPSR =
RPSRsum

ECsum − min(EHsum,
∑M

i=1 tiP
BD
cir )

, (17)

EECSR =
RCSRsum

ECsum − min(EHsum,
∑M

i=1 tiP
BD
cir )

, (18)

where min(EHsum,TPBDcir ) in the denominator on the right-

hand side indicates that any excessive energy harvested by

BDs will not contribute to a higher system EE, because the

BDs do not have any built-in energy storage.

III. PSR SYSTEM ENERGY EFFICIENCY MAXIMIZATION

In this section, we first formulate the system EE

maximization problem for the PSR case, then transform

the problem into a more tractable form and propose a

Dinkelbach-based iterative algorithm to solve it.

A. PROBLEM FORMULATION

We aim to maximize the system EE of the SR network by

jointly optimizing the PT transmission power Pi, and BDs’

TDMA time slot duration ti and reflection coefficients zi, i ∈
M. Accordingly, the optimization problem is formulated as

P1 : max
{Pi,ti,zi}

EEPSR

s.t. C1 : 0 ≤ Pi ≤ Pmax, ∀i;
C2 : 0 ≤ zi ≤ 1, ∀i;
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C3 : ti ≥ 0,

M
∑

i=1

ti ≤ T, ∀i;

C4 : Rs(1) ≥ Rsmin,R
c(1)
i ≥ Rcmin, ∀i;

C5 : EHi ≥ tiP
BD
cir , ∀i, (19)

where Pmax is the maximum transmission power of PT, and

Rsmin and Rcmin are the minimum required throughput of the

primary link and a backscatter link, respectively; C1 and C2

specify the value ranges of the PT transmission power and

BDs’ reflection coefficients, respectively; C3 constrains the

sum duration of all BDs’ time slots in a time block; C4

guarantees the minimum throughput requirements for the

primary link and the backscatter links and C5 requires that

the harvested energy of each BD should exceed its circuit

energy consumption.

We can see that P1 contains a fractional objective function

with multiple variables coupled in it and in the constraints.

As it is extremely difficult to solve P1 directly, we will first

transform it into a more tractable form.

B. PROBLEM TRANSFORMATION

Assuming that the harvested energy of each BD is sufficient

to cover its circuit power consumption while any excessive

harvested energy cannot be stored, letting Ai = h
t,b
i h

r,b
i and

introducing an auxiliary variable Li = Piziti, we transform

P1 as

P2:

max
{Pi,ti,Li}

W

∑M
i=1 tilog2

(

1 + Pih
t,r

Ai
Li
ti

+σ 2

)

+
∑M

i=1 tiEs

[

log2

(

1 + AiLi|s(n)|2
tiσ 2

)]

∑M
i=1 ti

(

Pi + PTRcir
)

s.t. C1, C3;

C2-1 : 0 ≤ Li ≤ tiPi, ∀i;

C4-1 : Rs(1)′ ≥ Rsmin,R
c(1)′

i ≥ Rcmin, ∀i;

C5-1 : tih
t,b
i

(

Pi −
Li

ti

)

η ≥ tiP
BD
cir , ∀i, (20)

where Rs(1)′ =
∑M

i=1 Wtilog2(1 + Pih
t,r

Ai
Li
ti

+σ 2
), R

c(1)′

i =

WtiEs[log2(1 + AiLi|s(n)|2
tiσ 2 )].

In order to make P2 more tractable, we use the

Dinkelbach-based method [28], [29], [30] to firstly trans-

form the objective function in P2 from a fraction form into

a subtraction form. Then, the maximum system EE, denoted

by Q∗, can be achieved if and only if the following equation

is satisfied,

max
{Pi,ti,Li}

Rs(1)′ +
M
∑

i=1

R
c(1)′

i − Q

M
∑

i=1

ti

(

Pi + PTRcir

)

= Rs(1)′∗ +
M
∑

i=1

R
c(1)
i

′∗
− Q∗

M
∑

i=1

t∗i

(

P∗
i + PTRcir

)

= 0,

(21)

where Rs(1)′∗,Rc(1)
i

′∗
, t∗i and P∗

i are the optimal value of the

throughput of the PT-PR link, the throughput for BD i in

the ith time slot, the TDMA time slot duration and the PT

transmit power, respectively.

According to (21), P2 is further transformed into

P3 : max
{Pi,ti,Li}

Rs(1)′ +
M
∑

i=1

R
c(1)′

i − Q

M
∑

i=1

ti

(

Pi + PTRcir

)

s.t. C1,C2 − 1,C3,C4 − 1,C5 − 1. (22)

C. PROBLEM SOLUTION

We note that P3 is still non-convex due to multiple coupled

variables. To this end, we propose a BCD method to solve

P3 alternatively, i.e., to optimize Li, ti under a fixed Pi and

then optimize Pi under the updated Li, ti.

For a fixed Pi, we apply the successive convex program-

ming (SCP) technique on Rs(1)′ to transform it into a convex

form and successively maximize a lower bound of the objec-

tive function of P3 in an iterative manner based on the

following lemma.

Lemma 2: For any given X
(j)
i = L

(j)
i

t
(j)
i

, j > 0, where L
(j)
i and

t
(j)
i denote the obtained values after the jth iteration, we have

Rs(1)′(Xi) ≥ Rs(1)′
(

X
(j)
i

)

,∀i, (23)

where

Rs(1)′
(

X
(j)
i

)

= Wti

[

log2

(

1 +
Pih

t,r

AiX
(j)
i + σ 2

)

−
Pih

t,rAilog2e
(

AiX
(j)
i + σ 2 + Piht,r

)(

AiX
(j)
i + σ 2

)

×
(

Xi − X
(j)
i

)

]

, (24)

and the equalities only hold when Xi = X
(j)
i .

Proof: Please see Appendix A.

By substituting (24) into (22) and after some manipula-

tions, P3 is equivalently formulated as

P3.1:

{t∗i ,L
∗
i } = F1 = arg max

{ti,Li}

M
∑

i=1

W

×

⎡

⎣tilog2

(

1 +
Pih

t,r

AiX
(j)
i + σ 2

)

−
Pih

t,rAilog2e
(

AiX
(j)
i + σ 2 + Piht,r

)(

AiX
(j)
i + σ 2

)

(

Li − tiX
(j)
i

)

⎤

⎦

+
M
∑

i=1

Wti

Es

[

log2

(

1 +
AiLi|s(n)|2

tiσ 2

)]

− Q

M
∑

i=1

ti

(

Pi + PTRcir

)

s.t. C2 − 1,C3,C5 − 1;
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C4 − 2 : Rs(1)′
(

X
(j)
i

)

≥ Rsmin,R
c(1)′

i ≥ Rcmin,∀i. (25)

It is easy to verify that the first and third terms of the

objective function in P3.1 are linear with respect to Li and ti,

and the second term of the objective function is a standard

log-form convex function. Thus, P3.1 is jointly convex with

respect to Li and ti, and it can be efficiently solved by

standard convex optimization methods, e.g., the interior point

method [31], the detail of which is omitted for saving space.

For the obtained Li and ti, P3 is equivalently formulated as

P3.2 : F2 = max
{Pi}

Rs(1)′ +
M
∑

i=1

R
c(1)′

i − Q

M
∑

i=1

ti

(

Pi + PTRcir

)

s.t. C1,C2 − 1,C4 − 1,C5 − 1. (26)

It is easy to verify that P3.2 is convex with respect to

Pi since the first and third terms of the objective function

are convex and linear with respect to Pi, respectively, while

the second term of the objective function is constant for

the obtained Li and ti. Thus, we can easily solve P3.2 by

applying the interior point method.

Lemma 3: To gain more insights, we derive the closed

form expressions of the optimal reflection coefficient zi and

the optimal PT transmission power Pi by employing the

Lagrange dual method as follows.

z∗i =
1

Pi

×

⎡

⎢

⎢

⎣

(1 + δi)log2e

µi + εi + (1 + β)
Piht,rAilog2e

(

AiX
(j)
i +σ 2+Piht,r

)(

AiX
(j)
i +σ 2

)

−
σ 2

Ai

⎤

⎥

⎥

⎦

,

(27)

P∗
i =

(1 + β)log2e

Q+ µi−εi
ti

−
AiXi + σ 2

ht,r
, (28)

where β, δi, µi, εi are the Lagrange multipliers associated

with C4-1, C2-1 and C5-1, respectively.

Proof: Please see Appendix B.

Remark 1: As we can see in (27), the optimal reflection

coefficient is lower with higher PT transmission power, indi-

cating that the EE of the primary link dominates the system

EE. This can be explained as follows. Increasing the PT

transmission power will lead to higher interference power

from the backscatter links to the primary link. Since the EE

of the primary link dominates the system EE, the system

EE can be increased by the BDs reducing their reflection

coefficients so as to reduce their interference to the primary

link and to increase the primary link EE. According to (28),

the optimal PT transmission power in a time slot increases

with a better channel condition of the primary link, i.e., ht,r,

as well as a longer duration of the time slot, i.e., ti. The

above insights will be verified by simulations.

IV. CSR SYSTEM ENERGY EFFICIENCY MAXIMIZATION

In this section, we first formulate the system EE

maximization problem for the CSR network, then trans-

form the problem into a more tractable form and propose a

Dinkelbach-based iterative algorithm to solve it.

A. PROBLEM FORMULATION

Similar to the PSR case, the system EE maximization for

the CSR case is formulated as

P4 : max
{Pi,ti,zi}

EECSR

s.t. C1,C2,C3,C5;

C4 − 3 : Rs(2) ≥ Rsmin,R
c(2)
i ≥ Rcmin, ∀i; (29)

Similar to P1, P4 is extremely difficult to solve due to the

fractional objective function and multiple coupled variables.

Next, we transform P4 into a more tractable form.

B. PROBLEM TRANSFORMATION

Since the numerator of the objective function of P4, i.e.,

RCSRsum in (15), is a monotonically increasing function of zi,

the system EE is maximized when the harvested energy of

each BD equals their circuit power consumption, that is

tiPih
t,b
i (1 − zi)η = tiP

BD
cir , (30)

and the optimal reflection coefficient z∗i is obtained as

z∗i = 1 −
PBDcir

Pih
t,b
i η

. (31)

Remark 2: According to (31), the optimal reflection coeffi-

cient in the CSR case increases with higher PT transmission

power, which is opposite to the PSR case. This is because

in CSR, the backscatter links not only cause no interference

to the primary link, but also enhance the throughout of the

primary link.

Based on (31) and letting Bi = PBDcir h
r,b
i

η
, P4 is transformed

into

P5 : max
{Pi,ti}

W

∑M
i=1 ti

[

log2

(

Pih
t,r

σ 2

)

− Ei

(

− ht,r

Ai−
Bi
Pi

)

log2e

]

+
∑M

i=1 ti
1
N

log2

(

1 + N(PiAi−Bi)
σ 2

)

∑M
i=1 ti

(

Pi + PTRcir
)

s.t. C1, C3, C4 − 3;

C2 − 2: 0 ≤ 1 −
PBDcir

Pih
t,b
i η

≤ 1, ∀i. (32)

Then, by introducing the auxiliary variables Ui = (PiAi−
Bi)ti, i ∈ M, substituting Pi = Bi/Ai+Ui/(tiAi) into (32) and
employing the Dinkelbach-based method on the objective

function of P5, we transform P5 into

P6 : max
{ti,Ui}

W

M
∑

i=1

ti

⎡

⎢

⎣
log2

⎛

⎝

(

Bi + Ui
ti

)

ht,r

Aiσ 2

⎞

⎠
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− Ei

⎛

⎜

⎝
−

ht,r

Ai − AiBi

(Bi+
Ui
ti

)

⎞

⎟

⎠
log2e

⎤

⎥

⎦

+ W

M
∑

i=1

ti
1

N
log2

(

1 +
NUi

tiσ 2

)

− Q

M
∑

i=1

ti

(

Bi + Ui
ti

Ai
+ PTRcir

)

s.t. C3;

C1 − 1 : 0 ≤
Bi + Ui

ti

Ai
≤ Pmax, ∀i;

C2 − 3 : 0 ≤ 1 −
PBDcir Ai

(

Bi + Ui
ti

)

h
t,b
i η

≤ 1,∀i;

C4 − 4 : Rs(2)′ ≥ Rsmin,R
c(2)′

i ≥ Rcmin, ∀i, (33)

where

Rs(2)′ = W

M
∑

i=1

ti

⎡

⎢

⎢

⎢

⎢

⎢

⎣

log2

(
(

Bi+
Ui
ti

)

ht,r

Aiσ 2

)

−Ei

⎛

⎝− ht,r

Ai−
AiBi

(Bi+
Ui
ti

)

⎞

⎠log2e

⎤

⎥

⎥

⎥

⎥

⎥

⎦

and R
c(2)′

i = W
∑M

i=1 ti
1
N

log2(1 + NUi
tiσ 2 ).

C. PROBLEM SOLUTION

To solve P6, we apply the SCP technique on Rs(2)′ to trans-

form it into a convex form and successively maximize the

lower bound of the objective function in an iterative manner

based on the following lemma.

Lemma 4: For any given P
(j)
i = B

(j)
i /Ai+U

(j)
i /(t

(j)
i Ai), j >

0, where P
(j)
i , B

(j)
i , U

(j)
i and t

(j)
i denote the obtained parameter

values after the jth iteration, we have

Rs(2)(Pi) ≥ Rs(2)
(

P
(j)
i

)

,∀i, (34)

where

Rs(2)
(

P
(j)
i

)

= W

M
∑

i=1

ti

⎡

⎢

⎣
log2

(

P
(j)
i h

t,r

σ 2

)

− Ei

⎛

⎜

⎝
−

ht,r

Ai − Bi

P
(j)
i

⎞

⎟

⎠

log2 e+

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

log2 e

P
(j)
i

+

Biexp

⎛

⎝− htr

Ai−
Bi

P
(j)
i

⎞

⎠ log2 e

Ai(P
(j)
i )

2
− BiP

(j)
i

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

(

Pi − P
(j)
i

)

⎤

⎥

⎦
, (35)

and the equalities in (34) only hold when Pi = P
(j)
i .

Proof: Please see Appendix C.

By substituting (35) into (33) and after some manipula-

tions, P6 is equivalently formulated as

P6.1 :
{

U∗
i , t

∗
i

}

= F3 = arg max
{Ui,ti}

W

M
∑

i=1

ti

×

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

log2

(

P
(j)
i h

t,r

σ 2

)

− Ei

⎛

⎜

⎝
−

ht,r

Ai − Bi

P
(j)
i

⎞

⎟

⎠
log2e

+

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

log2 e

P
(j)
i

+

Biexp

⎛

⎝− htr

Ai−
Bi

P
(j)
i

⎞

⎠ log2 e

AiP
(j)
i − BiP

(j)
i

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

(

Bi

Ai
− P

(j)
i

)

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

+W
M
∑

i=1

Ui

Ai

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

log2 e

P
(j)
i

+

Biexp

⎛

⎝− htr

Ai−
Bi

P
(j)
i

⎞

⎠ log2 e

AiP
(j)
i − BiP

(j)
i

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

+ W

M
∑

i=1

ti
1

N
log2

(

1 +
NUi

tiσ 2

)

− Q

M
∑

i=1

(

Biti + Ui

Ai
+ PTRcir

)

s.t. C3;C4 − 4;
C1 − 2 : Ui ≤ ti(PmaxAi − Bi),∀i;
C2 − 4 : Ui ≥ 0,∀i. (36)

It is observed that the first term and the third term of

the objective function in (36) are linear with respect to Ui
and ti, and the second term of the objective function is a

standard log-form convex function. Therefore, P6.1 is jointly

convex with respect to Ui and ti, and can be solved using

the interior point method.

Lemma 5: To gain more insights, we derive the closed

form expression of the optimal PT transmission power Pi
by employing the Lagrange dual method as follows.

P∗
i =

Bi

Ai
+

1

NAi

×

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

Ai(1 + δi)log2e

Y − (1 + β)

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

log2 e

P
(j)
i

+

Biexp

⎛

⎜

⎜

⎝

− ht,r

Ai−
Bi

P
(j)
i

⎞

⎟

⎟

⎠

log2 e

AiP
(j)
i

−BiP
(j)
i

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

− σ 2

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

,

(37)
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Algorithm 1 Dinkelbach Based Iterative Algorithm

Input: M.

Output: Q∗, t∗i ,L
∗
i ,P

∗
i ,U

∗
i .

Initialize: j = 1, v = 1,Q(v), ǫ.

1: In the case of PSR

2: repeat

3: repeat

4: Initialize L
(j)
i , t

(j)
i ;

5: repeat

6: Obtain ti,Li by solving P3.1;

7: j = j+ 1;

8: until the objective function value in P3.1 converges;

9: Obtain Pi by solving P3.2;

10: until the objective function value in P3 converges;

11: Compute Rs(1)′ and Rc(1)
i

′
in (20);

12: v = v+ 1;

13: Update Q(v) =
Rs(1) ′+

M
∑

i=1

R
c(1)
i

′

M
∑

i=1

ti
(

Pi+PBDcir
)

;

14: until | min
i∈M

Rs(1)′+
M
∑

i=1

R
c(1)
i

′
−Q(v)

M
∑

i=1

ti
(

Pi + PBDcir
)

| ≤ ǫ.

15: In the case of CSR

16: repeat

17: Initialize U
(j)
i , t

(j)
i ;

18: repeat

19: Obtain Ui, ti by solving P6.1;

20: j = j+ 1;

21: until the objective function value in P6.1 converges;

22: Compute Rs(2)′ and Rc(2)
i

′
in (33);

23: v = v+ 1;

24: Update Q(v) =
Rs(2) ′+

M
∑

i=1

R
c(2)
i

′

M
∑

i=1

ti
(

Pi+PBDcir
)

;

25: until | min
i∈M

Rs(2)′+
M
∑

i=1

R
c(2)
i

′
−Q(v)

M
∑

i=1

ti
(

Pi + PBDcir
)

| ≤ ǫ.

where Y = Q+Aiεi, and β, δi, εi are the Lagrange multipliers

associated with C4-4 and C1-2, respectively.

Proof: Please see Appendix D.

Remark 3: According to (37), the optimal PT trans-

mission power increases with a higher channel power

gain of the primary link, i.e., ht,r, leading to a higher

system EE.

V. DINKELBACH BASED ITERATIVE ALGORITHM

Based on the solutions obtained in Sections III and IV,

we propose a Dinkelbach-based iterative algorithm in

Algorithm 1 to solve P3 and P6 for the PSR and CSR

cases, respectively, where v is the iteration index for

updating the maximum system EE Q∗, and ǫ is the

convergence threshold imposed on the objective func-

tion in P3 and P6, by meeting which the algorithm

terminates.

VI. CONVERGENCE AND COMPUTATIONAL

COMPLEXITY ANALYSIS

We first analyze the convergence of Algorithm 1. The SCP

based iterative method applied for solving P3.1 and P6.1

ensures that the objective function value of them mono-

tonically increases with the iteration, because the objective

functions in P3.1 and P6.1 are the lower bound functions

of those in P3 and P6, respectively. Meanwhile, P3.1 and

P6.1 are upper bounded by their constraints. Thus, the SCP

based iterative method is guaranteed to converge to a locally

optimal solution. The BCD method used to solve P3 also

ensures that the solution converges to a locally optimal value,

because the objective function value of P3 is nondecreasing

with updated variables after each iteration, and it is also

upper bounded by its associated constraints.

Then, we evaluate the computational complexity of

Algorithm 1. For the PSR case, the computational com-

plexity of the interior point method used to solve P3.1

and P3.2 is O(
√
N1

1
ζ1

) and O(
√
N2

1
ζ2

), respectively, where

N1 = 2M, N2 = M denote the number of variables, and

ζ1, ζ2 represent the iterative accuracy [31], [32]. Denoting

the number of iterations required for the convergence of

the SCP method, the BCD method and the maximum EE

Q∗ by 
1, 
2 and 
3, respectively, the total compu-

tational complexity of Algorithm 1 for the PSR case is

O[
2
3(
1

√
N1

1
ζ1

+
√
N2

1
ζ2

)]. For the CSR case, the com-

putational complexity of the interior point method used to

solve P6.1 is O(
√
N3

1
ζ3

), where N3 = 2M is the number of

variables and ζ3 represents the iterative accuracy. Denoting

the number of iterations required for the convergence of the

SCP method and the maximum EE Q∗ by 
4 and 
5, respec-

tively, the total computational complexity of Algorithm 1

for the CSR case is O(
4
5

√
N3

1
ζ3

) [31], [32].

VII. SIMULATION RESULTS

In this section, we present the simulation results to evaluate

the system EE performance versus the system parameters,

e.g., the PT-PR distance, and the throughput requirements for

the backscatter link and the primary link. The convergence of

Algorithm 1 and the throughput performance are also eval-

uated. The simulation parameters are set as follows unless

otherwise specified. The number of the BDsM = 5, N = 100

for the CSR case, the PT-PR distance r = 20 m, the pathloss

exponent α = 3, the channel bandwidth W = 10k Hz,

the AWGN power spectral density is −130 dBm/Hz, the

maximum PT transmission power Pmax = 23 dBm, the

energy conversion efficiency η = 0.6, the backscatter cir-

cuit power consumption PBDcir = 200 µW, the PT and PR’s

total circuit power consumption PTRcir = 2 mW, and the con-

vergence threshold ǫ = 10−10. We assume that the minimum

throughput requirement for each backscatter link is the same.

A. CONVERGENCE OF ALGORITHM 1

Fig. 2 shows the convergence of Algorithm 1. We can see

that the system EE in both the PSR and CSR cases converges

quickly after the 3rd iteration. The system EE in the PSR case
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FIGURE 2. Convergence of Algorithm 1.

is higher than that in the CSR case. This is because due to

the long BD symbol period, the throughout of the backscatter

link in the CSR case is lower than that in the PSR case, thus

the system EE is reduced. Moreover, the throughout of the

primary link in the CSR case is higher than that in the PSR

case, but the system EE improvement brought by the higher

throughput cannot compensate for the EE loss due to the

higher PT transmission power for meeting Rcmin. Therefore,

the system EE decreases with higher power consumption. In

addition, the system EE increases with higher maximum PT

transmission power in both the PSR and CSR cases. This is

because the optimal PT transmission power for maximizing

the system EE is capped at Pmax and a higher Pmax leads to

a higher system EE.

B. SYSTEM EE PERFORMANCE

Fig. 3 plots the system EE versus the PT-PR distance r for

different values of N. It can be seen that the system EE in

both the PSR and CSR cases reduce with a longer r. The

reason is that the longer r decreases the received power at

the PR, which reduces the throughput of the primary link and

the system EE. In addition, the system EE in the CSR case

is higher with a lower N. This is because the backscatter link

can achieve a higher throughput with a shorter BD symbol

period. When the value of N reaches 200, the system EE of

the CSR case reduces to 0 when r is longer than 15m. This

is because the throughout requirements of the BDs in the

CSR case cannot be satisfied due to the very long symbol

period of the BackCom for N = 200.

Fig. 4(a) illustrates the system EE versus Rcmin in the

PSR case under different Rsmin. We can see that the system

EE decreases with a higher Rcmin. This is because a higher

backscatter link throughput requirement needs the PT to

increase its transmission power, while the EE improvement

FIGURE 3. System EE versus PT-PR distance r .

due to a higher backscatter link throughput cannot com-

pensate for the EE loss due to more energy consumption.

However, the system EE keeps the same when Rsmin increases

from 3M bits/s to 4M bits/s. This indicates that the primary

link throughput obtained under the optimal solution for max-

imizing the system EE is higher than 4M bits/s. When Rsmin
increases beyond 4.7M bits/s, the PT needs to increase its

transmission power, which results in system EE reduction.

Fig. 4(b) demonstrates the system EE versus Rcmin in the

CSR case under different Rsmin. We can see that the system

EE decreases with Rcmin in the CSR case much faster than that

in the PSR case. This is because due to long BD symbol

period in CSR, higher PT transmission power is required

to meet Rcmin, which greatly reduces the system EE. When

Rcmin exceeds 17k bits/s, even the maximum PT transmission

power cannot let the BDs meet the throughput requirement,

thus the system EE drops to 0.

By comparing Fig. 4(a) with Fig. 4(b), we find that the

system EE in the CSR case exceeds that in the PSR case

when Rcmin is between 3k bits/s and 13k bits/s and Rsmin is

larger than 47k bits/s. Since the BD signal is regarded as

an interference signal in the PSR case while being treated

as a multipath component in the CSR case, the PT needs

to transmit at a higher power level to meet the primary link

throughput requirement in PSR than in CSR, which reduces

the system EE in the PSR case.

C. THROUGHPUT PERFORMANCE

Fig. 5(a) shows the throughout of each Backscatter link under

different Rsmin and R
c
min in the PSR. It is clear to see that each

backscatter link maintains the minimum required throughput

Rcmin even when R
s
min is changed. This proves that the primary

link dominates the system EE and the maximum system EE
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FIGURE 4. (a) System EE versus Rc
min

(PSR). (b) System EE versus Rc
min

(CSR).

is achieved when each BD adjusts its reflection coefficient to

minimize its interference to the primary link while meeting

its own throughput requirement Rcmin.

Fig. 5(b) plots the primary link throughput versus Rcmin
under different Rsmin in the PSR case. For Rsmin being 3M

bits/s and 4M bits/s, the primary link throughput is the

same and it reduces with a higher Rcmin. This is because

a higher Rcmin needs a higher reflection coefficient, but then

the interference power from each BD also becomes larger

and the primary link throughput reduces. In addition, when

Rsmin is higher than 4.7M bits/s, the maximum system EE is

achieved when the PT transmission power is just sufficient

FIGURE 5. (a) Backscatter link throughput for different BD (PSR). (b) Primary link

throughput versus Rc
min

(PSR).

to meet Rsmin which would be sufficient to meet all the con-

sidered values of Rcmin as well. Thus, increasing Rcmin does

not affect the primary link throughput, while any increase of

the PT transmission power beyond the sufficient level will

decrease the system EE.

Fig. 6(a) illustrates the throughout of each Backscatter link

under different Rsmin for Rcmin =3k bits/s in the CSR case.

We find that for each considered value of Rsmin, only one BD

achieves a throughput higher than Rcmin. This is because that

this BD has the potential to contribute more to the system EE

than the other BDs, thus is allocated the maximum allowed
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FIGURE 6. (a) Backscatter link throughput for different BD (CSR). (b) Primary link

throughput versus Rc
min

(CSR).

time for backscattering, while the remained time is allocated

to the other BDs for meeting Rcmin. Moreover, the BD that

is allocated the maximum allowed time for backscattering

may change with different Rsmin. This is because different

values of Rsmin may require different PT transmission power,

which affects the backscatter link throughput achievable by

each BD.

Fig. 6(b) demonstrates the primary link throughput versus

Rcmin under different Rsmin in the CSR case. When Rsmin is

lower than 4M bits/s and Rcmin is no larger than 15k bit/s, the

primary link throughput increases with Rcmin. This is because

FIGURE 7. Sum throughput versus the number of BDs (Rc
min

= 5kbits/s).

the PT transmission power for meeting low values of Rsmin
is not sufficient to meet Rcmin and the PT transmission power

has to increase for a higher Rcmin, thus resulting in a higher

primary link throughput. When Rsmin exceeds 4.7M bits/s,

the primary link throughput first keeps constant and then

increases with Rcmin. This is because the PT transmission

power for meeting large values of Rsmin can satisfy relatively

small values of Rcmin but will have to increase for meeting

larger values of Rcmin. When Rcmin reaches 17k bit/s, each

BD has to use a very large reflection coefficient to meet this

high throughput requirement, causing excessive interference

to the primary link, while the PT transmission power being

capped at Pmax, hence the primary link throughput drops

to 0.

Fig. 7 demonstrates that the sum throughput of the pri-

mary link and the backscatter links increases linearly with

the number of BDs in both the PSR and CSR cases. This is

because in the PSR case, the increase of the sum through-

put is mainly brought by the more backscatter links, each

maintaining the minimum throughput requirement, i.e., Rcmin;

while similarly in the CSR case, apart from one BD achiev-

ing a throughput higher than Rcmin, all the other BDs also

maintain the minimum throughput requirement, hence the

sum throughput increases linearly with more BDs. For each

considered number of BDs, the sum throughput of the CSR

case is higher than that of the PSR case. This is because in

the CSR case, one BD can achieve a throughput much higher

than Rcmin, while the backscatter links helping improve the

throughput of the primary link.

VIII. CONCLUSION

In this paper, we have investigated the system EE

maximization problem in an SR system, where multiple BDs

share the same RF channel with a primary link, for both
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the PSR and CSR cases. Since the formulated system EE

maximization problem is extremely difficult to solve directly,

we propose a Dinkelbach-based iterative algorithm to first

transform the optimization problem into a more tractable

form by introducing auxiliary variables and using the gener-

alized fractional programming, then employ the BCD method

and the SCP technique to solve the transformed problem in

an iterative manner. The simulation results demonstrate that

the proposed algorithm converges very fast and the max-

imized system EE reduces with a longer PT-PR distance

and a higher throughput requirement per link. Moreover, we

find that the primary link dominates the system EE and the

maximum system EE is achieved when the BD that has

the potential to obtained the highest throughput among all

BDs (which depends on the PT transmission power in the

corresponding time slot) is allocated the maximum allowed

time for backscattering, while guaranteeing the throughput

requirement of the other BDs.

APPENDIX A

PROOF OF LEMMA 2

Let us define a function given by f1 = log2(1 + Pih
t,r

AiXi+σ 2 ),

where f1 is convex with respect to Xi. Since the first-order

Taylor expansion of a convex function is a global under-

estimator of its function values. For any given X
(j)
i , we have

f1 ≥ log2

(

1 +
Pih

t,r

AiX
(j)
i + σ 2

)

−
Pih

t,rAilog2e
(

AiX
(j)
i + σ 2 + Piht,r

)(

AiX
(j)
i + σ 2

)

(

Li

ti
− X

(j)
i

)

,

(38)

where the equalities hold when Li
ti

= X
(j)
i . The proof is

completed.

APPENDIX B

PROOF OF LEMMA 3

Based on the Lagrange dual method, P3.1 is equivalently

transformed into

L1 = min
β,δi,λ,µi,εi

max
Li,ti

F1

+ βW

[

tilog2

(

1 +
Pih

t,r

AiX
(j)
i + σ 2

)

−
Pih

t,rAilog2e
(

AiX
(j)
i + σ 2 + Piht,r

)(

AiX
(j)
i + σ 2

)

×
(

Li − tiX
(j)
i

)

− Rsmin

]

+
M
∑

i=1

δiW

[

Es

[

tilog2

(

1 +
AiLi|s(n)|2

tiσ 2

)]

− Rcmin

]

+ λ

(

T −
M
∑

i=1

ti

)

+
M
∑

i=1

µi(Piti − Li)

+
M
∑

i=1

εi

[

ti

(

Pi −
PBDcir

h
t,b
i η

)

− Li

]

. (39)

Since P3.1 is convex, (39) is convex. Applying the KKT

conditions and letting ∂L1
∂Li

= 0, we obtain

Xi =
Li

ti
=

(1 + δi)log2e

µi + εi + (1 + β)
Piht,rAilog2e

(

AiX
(j)
i +σ 2+Piht,r

)(

AiX
(j)
i +σ 2

)

−
σ 2

AiEs|s(n)|2
. (40)

By substituting (40) into Zi = Xi
Pi
, Z∗

i is obtained.

P3.2 can also be transformed into

L2 = min
β,µi,εi

max
Pi

F2

+ βW

[

M
∑

i=1

tilog2

(

1 +
Pih

t,r

AiXi + σ 2

)

− Rsmin

]

+
M
∑

i=1

µi(Pmax − Pi)+
M
∑

i=1

εi

(

Pi − Xi −
PBDcir

h
t,b
i η

)

.

(41)

Since P3.2 is convex, (41) is convex. Applying the KKT

conditions and letting ∂L2
∂Pi

= 0, we obtain

P∗
i =

(1 + β)log2e

Q+ µi−εi
ti

−
AiXi + σ 2

ht,r
. (42)

The optimal values of zi and Pi are obtained and the proof

is completed.

APPENDIX C

PROOF OF LEMMA 4

Let us define a function f2 =
log2(

Pih
t,r

σ 2 ) − Ei
(

− ht,r

Ai−
PBD
cir

h
r,b
i

Piη

)

log2e, where f2 is con-

vex with respect to Pi. Since the first-order Taylor

expansion of a convex function is a global under-estimator

of its function values. For any given P
(j)
i , we have

f2 ≥ log2

(

P
(j)
i h

t,r

σ 2

)

− Ei

⎛

⎜
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⎝

−
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(j)
i η

⎞

⎟
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⎠
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+

⎛

⎜

⎜

⎜

⎜
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⎟
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⎟
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(

Pi − P
(j)
i

)

, (43)

where the equalities hold when Pi = P
(j)
i . The proof is

completed.
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APPENDIX D

PROOF OF LEMMA 5

Based on the Lagrange dual method, P6.1 is equivalently

transformed into

L3 = min
β,δi,λ,εi

max
Ui,ti
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Since P6.1 is convex, (44) is convex. Applying the KKT

conditions and letting ∂L3

∂Ui
= 0, we obtain

Ui

ti
=
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(45)

Substituting (45) into Pi =
Bi+

Ui
ti

Ai
, the optimal value of Pi

is obtained and the proof is completed.
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