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Throughput Maximization for Hybrid Backscatter
Assisted Cognitive Wireless Powered
Radio Networks

Bin Lyu

Abstract—In this paper, we consider a cognitive wireless
powered communication network for Internet of Things appli-
cations, which consists of a primary communication pair and a
secondary communication system. We propose a novel hybrid
harvest-then-transmit (HTT) and backscatter communication
(BackCom) mode for the information transmission of the sec-
ondary communication system. When the primary channel is
busy, cognitive users (CUs) backscatter the incident signal from
the primary transmitter to the information receiver in the ambi-
ent backscatter (AB) mode or harvest energy for the future
information transmission. When the primary channel is idle, CUs
backscatter the incident signal from the power beacon in the
bistatic scatter (BS) mode or work in the HTT mode to transmit
information. We further investigate the optimal time allocation
between the AB mode and energy harvesting and that between
the BS mode and the HTT mode for the sake of maximizing the
throughput of the secondary communication system, and derive
the numerical solutions. To be specific, we derive the closed-form
optimal solution for a single CU case, and moreover, obtain the
optimal combination of the working modes. Numerical results
demonstrate the advantage of our proposed hybrid HTT and
BackCom mode over the benchmark mode in terms of system
throughput.

Index Terms—Cognitive wireless powered communication
network (CWPCN), harvest-then-transmit (HTT) mode, hybrid
backscatter communication, throughput maximization.

I. INTRODUCTION

HE EMERGING Internet of Things (IoT) is a network
with billions of smart objects, where the objects are
able to communicate and cooperate to facilitate our daily
lives [1]-[3]. In recent years, IoT has been applied almost
everywhere, such as agriculture, smart home, biomedicine, and
public safety [4]. However, some key challenges still need to
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be addressed for the deployment of large-scale IoT, one of
which is the limited network lifetime. It is because IoT devices
are usually powered by their embedded batteries with small
capacities, and replacing or recharging the batteries periodi-
cally is inconvenient especially when there are massive IoT
devices [2].

Recently, energy harvesting (EH) has emerged as an effec-
tive energy supply for IoT devices, which can be used to
significantly prolong the lifetime of IoT networks [5]. EH
techniques enable IoT devices to scavenge energy from a
lot of environmental sources, such as wind, thermal energy,
and radio frequency (RF) signals. In particular, RF signals
have recently drawn significant attention for powering IoT
devices since they are stable and easy to control [4], [6], [7].
Inspired by this, RF-wireless power transfer (WPT) has been
proposed for IoT. Moreover, the information transmission for
IoT devices based on the harvested energy is also a key issue.
Hence, based on RF-WPT, wireless powered communication
networks (WPCNs), which are typically IoT networks applied
in smart home, agriculture, etc., have recently been extensively
studied [8]-[11].

Ju and Zhang [8] proposed the harvest-then-transmit (HTT)
mode for the IoT network operation, where the energy-free
IoT devices first harvest energy from the hybrid access point
(HAP) and then use the harvested energy to transmit infor-
mation to the HAP. Since the IoT devices do not have
initial energy, the EH time for the HTT mode is always
required, which may reduce the information transmission
time. To improve the system performance, Ju and Zhang [9]
extended the half-duplex WPCN in [8] to the full-duplex
WPCN with the aid of two antennas at the HAP, where one
antenna is employed for transmitting energy signals to the
IoT devices and the other antenna is employed for receiv-
ing information signals from the IoT devices simultaneously.
Considering that the IoT devices may suffer from the doubly
near-far problem in a WPCN, Ju and Zhang [10] proposed
the user cooperation scheme, in which the IoT device nearer
to the HAP helps forward the far IoT device’s information
to the HAP, which improved the fairness among IoT devices.
Chen et al. [11] proposed a harvest-then-cooperate mode, in
which the energy-free IoT device and relay first harvest energy
from the HAP and then work cooperatively for the infor-
mation transmission. The proposed cooperation schemes in
both [10] and [11] significantly improve the throughput of
IoT networks.
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On the other hand, backscatter communication (BackCom)
has attracted considerable attention for the communica-
tion between IoT devices without embedded energy sup-
plies [12]-[14]. BackCom is operated by means of reflecting
the incident signals rather than radiating signals actively via
varying antenna impedance. Hence, the oscillators and analog-
to-digital converters are not required for the generation of
carrier signals and digital modulation, respectively, which
significantly reduces circuit power consumption. This charac-
teristic is applicable for IoT since it makes IoT devices keep
alive easily. Moreover, BackCom does not need a long dura-
tion of EH comparing with the HTT mode. However, if the
incident signals are not available, the IoT devices adopting the
BackCom mode cannot communicate with each other. There
are two popular modes of BackCom for IoT applications,
which are bistatic scatter (BS) [12] and ambient backscatter
(AB) [13], [14]. The BS mode requires a carrier emitter, which
is suitable for the scenarios where the IoT devices have ded-
icated power sources, e.g., power beacons (PBs) [12]. While
the AB mode exploits ambient RF signals, e.g., WiFi signals,
as the incident signals [13], which is suitable for the scenarios
that have some existing RF sources. Inspired by the advantages
of BackCom, it is highly desirable to integrate BackCom in
WPCNs to extend the IoT applications, for example, urgent
data transmission and ubiquitous devices’ connections [15].
Lyu et al. [16], [17] studied wireless powered heterogeneous
networks, which include the IoT devices working in the HTT
mode and the BackCom mode, respectively. In [18] and [19],
a two-antenna HAP or the dislocated PB and information
receiver (IR) were adopted in BackCom assisted WPCNss,
respectively, to further improve the system throughput, where
each IoT device works in either the BackCom mode or the
HTT mode. Kim and Kim [20] proposed the hybrid BackCom
mode for a WPCN, where the IoT devices choose the BS mode
or the AB mode depending on their locations in the network.

The availability of spectrum is another challenge for IoT.
As the number of IoT devices increases exponentially, it is not
easy to allocate spectrum bands to these devices. Hence, equip-
ping IoT devices with cognitive radio capability has been an
important research direction [21]. Considering both the energy
and spectrum limitations for IoT, Lee and Zhang [22] inves-
tigated a cognitive radio network (CRN) enabled secondary
WPCN, termed cognitive WPCN (CWPCN), where the IoT
devices in the secondary communication system, termed cog-
nitive users (CUs), harvest energy not only from the HAP in
the secondary system but also opportunistically from the pri-
mary transmitter (PT), and transmit information to the HAP
with sharing the primary communication system’s spectrum.
In [23], an online energy management and spectrum manage-
ment algorithm was designed in a CWPCN. Hoang et al. [24]
applied BackCom in an overlay CWPCN, where the CU
chooses the AB mode if the primary channel stays in the
busy state and works in the HTT mode if the primary chan-
nel stays in the idle state. The optimal tradeoff between the
AB and HTT modes was investigated to maximize the system
throughput. Hoang et al. [25] extended the model in [24] to
the multiple CUs scenario, which is more practical for IoT
applications.
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In this paper, we propose a hybrid HTT and BackCom
(HTT-BackCom) mode in a CWPCN, where the secondary
communication system is a wireless sensor network (WSN) for
IoT. Compared with [24] and [25], each CU in our proposed
model can work in both AB and BS modes such that we
can fully exploit the PT and the PB to extend the infor-
mation transmission duration, where the PT serves as the
incident signal source for the AB mode and the PB is the
incident signal source for the BS mode. Compared with [20],
we assume that the choice between the AB and BS modes
depends on the primary channel states. Moreover, the CUs
need to share the spectrum with the primary communication
pair such that the dedicated spectrum bands are not required.
In our proposed hybrid HTT-BackCom mode, we consider a
simplified interweave CRN, where the PT is active only for a
fraction of time and its working state can be perfectly detected
by the network [22].

The main contributions of this paper are summarized as
follows. First, we propose a hybrid HTT-BackCom mode to
exploit the advantages of both HTT and BackCom modes for
IoT applications, which depends on the primary channel states,
i.e., the busy state and the idle state. During the busy state,
the AB mode is activated to backscatter the incident signal
from the PT to the IR or the HTT mode is activated for ded-
icated EH. During the idle state, CUs adopt the BS mode
to backscatter the incident signal from the PB or the HTT
mode to transmit information to the IR. The proposed hybrid
HTT-BackCom mode is shown to be a better way to solve the
energy and spectrum limitations for IoT. Second, we study the
throughput maximization problem of the secondary communi-
cation system by jointly investigating the optimal time tradeoff
between the AB mode and EH and that between the BS mode
and HTT mode. In particular, we derive the optimal solution
in closed-form for a single CU case by exploiting the KKT
conditions, which also shows the optimal combination of the
CU’s working modes. Third, we conduct numerical results to
show the proposed hybrid mode with the optimal time alloca-
tion can significantly improve the throughput of the secondary
communication.

The rest of this paper is organized as follows. In Section II,
we give the system model. In Section III, we study the optimal
time allocation problem to maximize the throughput of the
secondary communication system. In Section IV, the bench-
mark scheme is analyzed. In Section V, we conduct numerical
evaluations for the system performance. Finally, we provide
conclusions in Section VI.

II. SYSTEM MODEL

As illustrated in Fig. 1, we study a CWPCN consisting of a
primary communication pair and a secondary communication
system. The primary communication pair includes a PT (e.g.,
TV tower) and a primary receiver (PR). The secondary com-
munication system, a WSN for IoT, consists of a PB, an IR,
and K CUs (e.g., low-power 10T devices), denoted by U;, Vi.
We assume that all terminals each has a single antenna. The
CUs are typically placed nearer to the PB than the PT. The PT
and the PB have stable energy supplies, while the CUs which
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Fig. 1. CWPCN with hybrid BackCom. (a) CUs harvest energy from the PT
or backscatter information in the AB mode. (b) CUs harvest energy from the
PB or backscatter information in the BS mode. (¢) CUs transmit information
in the HTT mode.

do not have embedded energy sources need to be powered by
the PT or the PB. Each CU works in either the HTT mode or
the BackCom mode, but not simultaneously [26]. When the
PT transmits signals to the PR, i.e., the primary channel stays
in the busy state, the CUs can either harvest energy and store
the harvested energy in their storages, or backscatter modu-
lated signals to the IR. When the primary channel stays in
the idle state, the PB is enabled to broadcast energy signals
to the CUs, during which the CUs can also harvest energy
or backscatter modulated signals. The harvested energy from
both the PT and the PB is used for transmitting information
signals to the IR.

The network is studied based on a time block with dura-
tion of 7, the structure of which is illustrated in Fig. 2.
Without loss of generality, we let 7 = 1. Denote the
durations of the primary channel busy and idle periods as

2017
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Fig. 2. Time block structure for a CWPCN.

1 — B and B, respectively.! We assume all CUs backscatter
or transmit information via time division multiple access. If
U, stays in the BackCom mode to backscatter information to
the IR, the other CUs can work in the HTT mode to har-
vest energy from the PT or the PB. Denote the time allocated
to U;’s BackCom mode during the primary channel busy and
idle periods as o; and @&;, respectively. Moreover, during the
primary channel busy and idle periods, the time slots with
duration of 71 and 1, are, respectively, allocated to all CUs
for harvesting energy. Hence, the total EH time of U; during
the channel busy and idle periods is given by Zj#i aj + 1
and ) ;.;d; + T, respectively. During the primary channel
idle period, the information transmission of the HTT mode is
enabled. Denote the information transmission time of U; as
t;. Since each CU only backscatters or transmits information
to the IR during its allocated time slots, the information of
each CU’s working mode can be known by the IR such that
the IR can apply the corresponding demodulators to extract
useful information [24].

A. HTT Mode

The HTT mode consists of two phases, i.e., EH and informa-
tion transmission phases. That is to say, the CUs first harvest
energy from the PT or the PB, and then use the harvested
energy to transmit information to the IR. Denote the channel
power gains between the PT and U;, between the PB and U;,
and between U; and the IR as h;,, h;l, and gﬁl, respectively. We
follow the Friis equation, h, ;l, and gﬁl are thus given by

. G,GJ

hy, = N2
(47tdfy)

2

- GGy,
h — iN2
(4md})

INote that the working states of the primary channel should be first detected
via some advanced spectrum sensing techniques [22]. For example, the IR
adopts the energy detection technique to detect the states of the primary
channel and then forwards the sensing result to the CUs. Hence, the CUs
can backscatter or transmit information based on the states of the primary
channel.
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G.G)2
(47Td1i4)2

g, =

where G, G, Gy, and G, are the antenna gains of the PT, the
PB, U;, and the IR, respectively, A,, A;, and A, are the signal
wavelengths of the PT, the PB, and Uj;, respectively, d;,, d};,
and d,i are the distances between the PT and U;, between the
PB and Uj;, and between U; and the IR, respectively.

During the EH phase, the harvested energy of U; from the
PT and the PB, denoted by E[’, and Eﬁl, are given by

K

E, =Pkl | > e+
J#
K

E;l = niPhh;l Z&J + 10
JF#

where P, is the PT’s transmit power, P, is the PB’s transmit
power, n' is the EH efficiency of U;.

During the information transmission phase, U; uses up its
harvested energy to transmit information during #;. Hence, the
average transmit power of U; is given by

i i
pi_ E, +E,
=
li

The information transmission bits of U; in the HTT mode is
given by

Pig)

o2

r(Zhia+a) +7i(Zhid + )
li

R, = tinogz(l +

=t;Wlog,| 1 +

(D

where W is t_hf; bandwidth, q2 is th_e no_ise; power at the IR,
yi=['Ppyhigl)/o?], and i = [(n'Puhig)) /o],

B. BackCom Mode

We consider a hybrid BackCom that includes two types,
e.g., AB and BS modes. Different from the HTT mode, for
BackCom, the CU reflects the instantaneous incident signal
from the PT or the PB to the IR such that the dedicated EH
phase is not required. During the primary channel busy period,
the PT serves as the incident signal source. Since the PT is
far from the CUs, the AB mode can be activated. In contrary,
the PB is placed nearer to the CUs than the PT, and the BS
mode can thus be activated during the primary channel idle
period.

1) AB Mode: Recently, many prototypes of AB transmis-
sion have been proposed [13], [14]. Here, we utilize the
prototype designed in [13]. In this prototype, when the inci-
dent signal is available at a CU, the antenna impedance is
varied to achieve the information backscattering, and the sim-
ple on—off keying modulation is performed. It is reported that
the backscatter rate is determined by the setting of the RC
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circuit element's [13]. Denote the backscatter rate of U; in the
AB mode as B!, and the backscatter bits of U; is thus given by

R, =B a;. )

Since the backscattered signal power is very low, AB is unreg-
ulated by FCC [27]. Following this policy, we do not consider
the interference caused by the AB mode at the primary com-
munication pair. Moreover, the CUs can also offset the carrier
phase by a certain frequency to avoid the interference [28].
2) BS Mode: When the BS mode is activated at U;, the
binary frequency-shift keying (FSK) modulation is performed
following [12]. It is obvious that the IR can receive the radi-
ated signal from the PB and the backscattered signal from
CUs. Following [20], we assume that IR has the sophisticated
preprocessing function such that it can compensate the car-
rier frequency offset and remove the direct current part of the
received signal before the detection of the backscattered FSK
signal [12]. Hence, the received power at the IR is expressed as

'y —1TI7 27 4\?
2 b4
where s is the tag scattering efficiency, I'gp and 'y are the

reflection coefficients [12], [20]. The achievable rate of the
BS mode is thus given by

P = Phh;;g;;f(

: EPL
B, =WI 1+ — 3
b ng( + 0.2 ( )

where £ is the performance gap reflecting real modulation [20]
(for more details, please refer to [12] and [20]). From (3), we
notice that the backscatter rate in the BS mode is controlled by
both the circuit elements and the system parameters. Finally,
the backscatter bits of U; in the BS mode is given by

L =Bl 4. (4)

Therefore, the total transmission bits of the secondary
communication system is given by

K
R= Z(R;+R;+R;). (5)
i=1
III. OPTIMAL TIME ALLOCATION

Under the system model given in Section II, we study the
optimal time allocation strategy for maximizing the total trans-
mission bits of the secondary communication system. Denote
o = [ay,...,akl, @« = [dy,...,ak], t = [t1,..., k], and
T = [11, ©2]. From (5), the optimization problem under the
time allocation constraints is formulated as

max R(oc,&, r,t)
o,0,T,t

K
s.t. Cl: 1 +Zai§1—ﬂ
i=1

K K
C2 n+) &+ i<p (P1)
i=1 i=1

C3: 1, 12>0
C4: «;,a;,t;, >0 Vi
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where C1 guarantees that the summation of the total backscat-
tering time of all CUs in the AB mode and the dedicated EH
time should not exceed the primary channel busy time, C2
limits the total time of the BS and HTT modes during the
primary channel idle period, C3 and C4 are the non-negative
constraints for the time allocation variables.

A. Multiple Cognitive Users Case

In this section, we study the optimal solution for Problem
P1 with K > 2. Before solving Problem P1, we first have the
following lemma.

Lemma 1: The objective function R is a jointly concave
function of &, &, T and .

Proof: Please refer to Appendix A. |

With the fact that R is a concave function of &, &, 7, and ¢,
and all constraints of Problem P1 are affine, we derive that
Problem P1 is a convex optimization problem [29]. There
are many standard numerical methods to solve a convex
optimization problem. To make the implementation simple,
here we adopt the interior-point method [29]. However, we
cannot derive any physical insights from the results obtained
by this method, especially the combination of working modes
in the optimal condition. To study the insights of the proposed
transmission mode, we further study a special case, e.g.,
K =1, in the following section.

B. Single Cognitive User Case

In this section, we study a special case of the system model,
where K = 1. For the special case, we obtain the combinations
of working modes by analyzing the optimal solution.

With K = 1, R is simplified as follows:

R(a1,@1,7,1) =R} + R, +R}

]/pl‘l.'l + y,}rz)

:t1W10g2<1+ ;
1

+ Bja + Bia (6)
and the optimization problem is reformulated as
max R(oq, a, T, tl)
ay,01,T,1
st. 1+ <1-—-58
n+a+n<p (P2)

71,72 >0
oy, ap, 1 > 0.

Denote the optimal solution for Problem P2 as off, &’1“, t’f,
and 7% = [1}, 7;]. Before solving Problem P2, we have the
following lemma.

Lemma 2: The optimal solution for Problem P2 satisfies

f4+af=1—p and w5 +af+1 =8

Since R(ay, &1, T, £1) is an increasing function with respect
to «; and &, the proof of Lemma 2 can be done by
contradiction and is omitted here for simplicity.

To solve Problem P2, we consider two cases following [20],
ie, p=0and 0 < 7» < B. If 7p = 0, it indicates that U; can
harvest sufficient energy when the primary channel stays in the

2019

busy state and the EH during the primary channel idle period
is not necessary. While, if 7 > 0, U; may harvest energy
during both the primary channel busy and idle periods. From
Lemma 2, Problem P2 for the case 7o = 0 is rewritten as

max R(ty, 1)

71,0
st. 0<7<1-8 (P3)
0<n=pg
where R(t1, 1) = t1W10g2(1+[(J/p171)/l‘1])+3,11(1 —B—t)+
B(B—1).

From Lemma 1, we know that Problem P3 is a convex
optimization problem. The Lagrangian is given by
1

Vp T |
L(t1, 1) = 1Wlog, 1+t— +B1-B—-1)
1

+By(B — 1) + it — pa(ti — 1+ B)

+ v — (= B) (7
where p; and v;, i = 1, 2, are the Lagrangian multipliers. From
Problem P3, we observe that there exists a solution {ry, f}
satisfying the constraints 0 < 71 < 1 — g and 0 < 11 < B,
which indicates that strong duality holds since the Slater’s
condition is satisfied [29]. Hence, Problem P3 can be solved
by KKT conditions, which are given by

1%
1% Yot

0L T B
¥:W10g2<1+ypt*l)—w 0 —
! ! 1n2(1+yp%>
1

— By+vi—1;

=0 (8)
b= oy Lt
ln2<1 + ”,Q)
1
—0 ©)
witf =0 (10)
Wi(tf =14 p) =0 (11)
Vi =0 (12)
v;(l‘T — /3) =0 (13)

where 7", #f, uf and v}, i = 1,2, are the optimal solution
for Problem P3. Before analyzing the details of the KKT
conditions, we first give Lemma 3 as follows.

Lemma 3: There exists a unique z* > 2UB+O/WI satisfies
f(z,¢) =0, where

In2(B}
f@ o) =zlnz— <l+m>z+1

w

and c is a constant.
Proof: Please refer to Appendix B. |

Lemma 4: If [(In 2(Bi — B}J))/W] < ypl, there exists a

unique z' > 1 satisfies g(z) = ypl, where
L 2B}
8 =f(z,c=0)+ TR

The proof of Lemma 4 is similar as Proof 2 and is omitted

for simplicity.
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For the KKT conditions, we first consider the following five
cases with u} = 0, which corresponds to 7;* > 0.

Case 1: p3 > 0, v = 0, and v; = 0. From (11), we
derive that rl* =1 — B. Based on (8), we have the following
equation:

f(z*, c) =0

where z¥ = 1 + [(]/plr{k )/f{] is its unique solution with

= 0 following Lemma 3. #] is thus expressed as #] =
(yp /7 =11 = [(yp (1 - ﬁ))/z — 1]. This optimal solu-
tion 1ndlcates that U; will not work in the AB mode, but
it first enters the BS mode with 8 — [(y,) (1 — B))/z* — 1]
amount of time and then switches to the information transmis-
sion phase of the HTT mode. We then analyze the conditions
for case 1. Based on rf < B, we have the condition z* > x*,
where x* = 1+ [(y/(1 — B))/B]. Moreover, from (9), we
have the condition Bf < [(Wypl) /1In2z*]. The two conditions
for case 1 can be combined as B! < [(Wypl)/(ln 279] <
[(Wypl) /In2x*]. Note that a similar analysis can be found
in [20].

Case 2: u5 > 0, v =0, and vy > 0. From (11) and (13),
we derive that 77 = 1 — 8 and f{ = B. From the optimal
solution, we observe that both AB and BS modes cannot be
activated and the secondary communication system works as a
WPCN proposed in [8]. The conditions of case 2 are given as
follows. We have the following conditions from (8) and (9):
7t > 7" and B! < [(Wypl)/ln 2z%], where 7z is the unique
solution of f(z,¢) = 0 with ¢ = vJ > 0. We also derive that
=1+ [(ypl(l — B))/B] = x*. The conditions are combined
asB;<(w@¢/mzﬁ)<(W@g/m2fy

Case 3: /1,3 =0, vi‘ = 0, and vé‘ > 0. From (13), we
derive ¢] = B. From (9), we have 7 = (Wyp /1n2B! +), where
E= 140y Vﬂlkmemmmwry—lemvn]—

[WB/(In2B. D1 =18/ (yp . From the result, we have the fol-

lowing observation. When the primary channel is busy, U; first
works in the AB mode with 1 — 8 —[Wg/(In2B)1+[8/(y,)]
amount of time and then harvests energy with the remaining
time. In contrary, the BS mode cannot be activated when the
primary channel stays in the idle state. Since 7" < 1 — B,
we have the condition 7 < x*. Furthermore, we also have
the condition 7 > z* as given in case 2 according to (8).
The two conditions are combined as (W)/p1 /1In2x*) < Bé <
[(Wy,)/In22"].

Case 4: p5 = 0, v = 0 and v; = 0. According to
Lemma 4, if we can find a solution z' satisfying

In2B!
w

f@o =y, - z (14)
with ¢ = 0, we have 7/ = z* = Z. {z{", £} can be any values
in the feasible domain satisfying z" = 1 + (yp rl*) /t{]. The
condition of case 4 can be given as Bé = (Wy )/ In2z*].
If there does not exist a solution for (14), this case does not
exist.

Case 5: 3 = 0, v{ > 0 and v; = 0. From (12), we
have t]" = (0, which indicates that the information transmission
phase of the HHT mode cannot work. Hence, the EH is not
necessary, i.e., rl* = 0. From the optimal solution, we know
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that whether the primary channel is busy or idle, U; always
stays in the BackCom mode. The condition for this case is
given as follows. From (9), we have B! = (Wypl/ In2%) and
Z < 7¥, where Z is the optimal solution of f(z,¢) = 0 with
c = —vf < 0. Hence, the condition for this case is given as
Bl > (Wypl/anZ*).

Next, we consider the following case with /LT > 0, which
corresponds to 7 = 0 according to (10).

Case 6: u5 = 0, vi > 0 and v; = 0. Since 7" = 0, U,
cannot harvest any energy from the PT. Hence, U; cannot
transmit any data, i.e., t’f = 0. This case is similar as case 5,
i.e., the HTT mode cannot be activated and U; works in the
BackCom mode over the whole block. The condition for this
case is given as follows. We also denote 7 as the optimal
solution of f(z,c) = 0 with ¢ = —vi‘ < 0. From (9), we have

L [(Wypl) /In2z] and Z < z*. The condition is thus given
as B}Z > [(Wypl)/ln 27*]. Hence, case 5 and case 6 can be
combined.

Note that under yff > (), there are still other combinations of
the Lagrangian multipliers. However, the other combinations
make the KKT conditions contradict with each other. Hence,
we do not discuss the cases corresponding to the unmentioned
combinations here.

We then consider Problem P2 with 7o > 0. From Lemma 2,
Problem P2 is recast as Problem P4

max R(t, 1)
T,
st. 1 <1-—8

o+ <p
0,41 >0, 11 >0

(P4)

where R(z, 1) = 1 W logy (1+[(y) 11+, 72) /1) +BL(1— B —
1) +B}7(,3 —1t1—12). Problem P4 is also a convex optimization
problem following Lemma 1. Before solving Problem P4, we
first derive the optimal relationship between 1 and #; with
given 1. Let 7 = 15 + 1] < B. Hence, Problem P4 is recast as
Problem P5, which is given by

max R(tp, 1)
7,0

st. 1+ =1
t1, o > 0.

(P5)

Problem P35 can also be solved by KKT conditions and its
Lagrangian is given as

1 1
Yp T1 +)/ (%)
L(r2,11,¢) = t1W10g2(1 + M)

14
+ B —-p—m)+B(B—11— 1)
-+ —-1

where ¢ is the Lagrangian multiplier. The KKT conditions are
given by

L Vi

=W
In 2<1 + YT +7’hfz)
l

37,'2 b {

=0 (15)
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oL vt g
— =Wlo 1+ ——
ot g2< + rt

1 1
VU5
t*

1

- nBHENT
14
1112(1 + t—*>

1

-B)—¢*=0 (16)

N+ -1 =0. 17)

Lemma 5 is given here for the following discussions of the
KKT conditions.

Lemma 5: There exists a unique z > 1 satisfies h(z) = b

(b > 0), where
h(z) =zlnz—z+ 1.

The proof of Lemma 5 is also omitted for simplicity.
From (15) and (16), we derive 75 and ¢}, which are given by

=_3 1
it —1— T1

kAl (18)
z—1+y,
Z 1 1
ty, + v, 11

= M (19)
z—1+y,

where 7 > 1 is the unique solution of h(z) = yhl.

With (18) and (19), we have R(Z, t1) = [(7y,) +yplr])/(2— 1+
yDIWlogy 2+ By(1 — B — ) + Bi(B = 1) = (I} /G~ 1 +
y)IWlogy Z — Bt + ([y, /@ — 1+ y)IWlogy 2 — Byt +
Bl(1 — B) + B}B. Problem P4 is reformulated as

max R(i, rl)

T1,t

st. 0<1<§pB
0<ty<1-p8.

Denote the optimal solution for Problem P6 as ;" and 7*. To
solve Problem P6, we consider the following two cases by
taking 7 > 0 into account.

Case 7: [y, /G — 14 y)IWlogyZ > B} and [y} /G — 1+
yhl)]WlogZZ > B}l. In this case, we derive that 7* = B and
‘L'l* = 1 — B. Hence, the other optimal variables for Problem
P4 are given as ¥ = [@B — B — v, (1 = B)/@ — 1 +¥,)]
and #f = [(By, + J/pl(l — B))/@ — 1+ yh]. For this case,
the secondary communication system only works in the HTT
mode. Since 0 < 7 < B, we further have the condition 7 >
1+ [y, (1 = B))/B].

Case 8: ly, /G — 14+ y)IWlog, z > Bj and [y} /G — 1+
yhl)]WlogZE < BZ;- In this case, we derive that 7* = B and
Tl* = 0. Hence, the other optimal variables for Problem P4 are
given as 7y = [EB — B)/E— 1 +y)] and 1§ = [(By)/ @ —
1+ )/hl)]. For this case, U; works in the AB mode when the
primary channel stays in the busy state and works in the HTT
mode when the primary channel stays in the idle state.

The optimal solutions of Problem P2 is summarized in
Table I. The optimal combination of working modes corre-
sponds to the result that achieves the maximum throughput.

(P6)

IV. BENCHMARK SCHEME

In this section, we present a benchmark scheme where
only the HTT mode is adopted. For the benchmark, when the
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TABLE I
OPTIMAL SOLUTION OF PROBLEM P2

Condition Optimal solution
W, Wy ~I(1=B)
= 1 P P * 1 _ « _ Tp
75 =0 Ba<1n22f Sln?:cl* =18t =
Wy, W,
1 p » .1 .
Baf In2x* < In 22* 1 =1 B’t _B
W’yp 1 W'yp . W8 3 .
moar < Ba < i3 Tl*m_g’tlfﬂ
W T
Bé>1n27;17* T =0,t7=0
Wey -
1_ p o
. Ba noz* Any feasible vallues1
z Brpt+1p,(1-8
>0 | ShpWion > B | o =1-pur = PEE0D
" h
! = 1
—T s> Bl x _ EBTAT(12A)
il Wlogy 2 > By TS = T
1 I_B
F>14 %
1 T
Jio z 1 x « _ By
Z_H{”;,WIOgQ z> By, =0t = F—1+7)
Wip > 1 « _ zZB—8
ERswE: Wilogy Z < By 5= B

primary channel stays in the busy state, the CUs only harvest
energy from the PT simultaneously. When the primary channel
stays in the idle state, the secondary communication system
works as a stand-alone WPCN [8], [22]. Since the BackCom

mode is not available, we let @ = 0 and & = 0 (“=" denotes

the component-wise equality). R is thus recast as

K i i

VpTl +¥,72
R0 =Y Wlogy( 1+ L= (20)

i=1 fi

and Problem P1 is recast as
max R(t,?)
Tt

st. 1 <1-—8

K
n+Y <P
i=1

71, 72,4 > 0.

(P7)

Taking the method proposed in [8], we have
q=1-p

= maX{O Pl —1) - ZJKZI 7(1 - 'B)}
= s

_B-Dpa-prrm)
= - - 7l= 9 e e ey
L XEinU-p+Yi vy

where 75 > 1 is the unique solution for A(z) = Z,K: 1 y,i.

V. NUMERICAL RESULTS

In this section, numerical simulations are conducted to eval-
uate the performance of the proposed hybrid HTT-BackCom
mode. We also present the numerical results of the benchmark
for comparison. In our numerical experiments, the PT trans-
mits signals at 915 MHz with 6 MHz bandwidth, while the
PB transmits signals at 2.4 GHz with 20 MHz bandwidth. The
antenna gain of each CU is set as 1.8 dBi, the antenna gains
of other devices are set as 6 dBi, and the reflection coefficients
of the BS mode are set as 'y = 1 and I'y = —1, respectively.
The scattering efficiency s causes a power loss of 1.1 dB.
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Fig. 4. Throughput versus AB mode’s rate.

Unless otherwise stated, we set P, = 17 kW, P; = 20 dBm,
d;,:l km, d;L =15md, =2m g =03, n = 0.6,
& = -5 dB, o = =20 dBm, and Bé = 3 Mb/s. We show
that our proposed hybrid HTT-BackCom mode outperforms
the traditional HTT mode in terms of system throughput.

Fig. 3 shows the throughput versus the primary channel
idle time. From Fig. 3, we can see that the proposed hybrid
HTT-BackCom mode leads to a larger throughput than the
HTT mode. This can be explained as follows. Under the given
parameters, U; always works in the AB mode when the pri-
mary channel stays in the busy state and works in the HTT
mode when the primary channel stays in the idle state for
the proposed hybrid HTT-BackCom mode. Moreover, the AB
mode’s backscatter rate is larger than the HTT mode’s trans-
mission rate. We also see that the throughput achieved by
the proposed hybrid HTT-BackCom mode decreases with the
increase of the primary channel idle time B. It is because as
B increases, the time for the AB mode reduces and the time
for the HTT mode increases, which reduces the throughput.
In Fig. 4, we vary the AB mode’s backscatter rate to evalu-
ate the throughput. It is obvious that the AB mode affects the
throughput significantly.

Fig. 5 shows the throughput of the secondary communi-
cation system versus the PB’s transmit power. We observe
that the throughput is an increasing function with respect
to the PB’s transmit power for both the proposed hybrid
HTT-BackCom mode and HTT mode. As the transmit power
increases, the throughput increases first slowly and then fast.
This can be explained as follows. The rates of both BS and
HTT modes increase with the increase of the PB’s transmit
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power. When the PB’s transmit power is low, U; works in the
HTT mode for information transmission during the primary
channel idle period. When the PB’s transmit power exceeds a
threshold (e.g., 30 dBm), U; works in the BS mode for infor-
mation backscattering and the rate of the BS mode increases
fast.

Figs. 6 and 7 show the throughput versus the distances
between the PB and U; and between the IR and U, respec-
tively. It is obvious that as the distances increase, the through-
put reduces fast first and then slowly. The observation in Fig. 6
is because the energy harvested from the PB first reduces sig-
nificantly and then tends to be negligible. In Fig. 7, when
the distance d,l = 0.5 m, the throughput of the proposed and
benchmark modes is almost the same. It is because in this
case the HTT mode dominates the throughput for the proposed
mode.
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Fig. 8 depicts the curves of the throughput versus the dis-
tance between the PT and Uj. Similar with Figs. 6 and 7, the
throughput reduces as the distance increases. When the dis-
tance is small, the throughput achieved by the proposed hybrid
HTT-BackCom mode and benchmark mode is the same since
U; only works in the HTT mode for the proposed mode. When
the distance exceeds a threshold (e.g., 300 m), U; first works
in the HTT mode and then in the AB mode due to the reduce
of harvested energy.

Fig. 9 investigates the throughput versus the number of
users. The throughput of the proposed and benchmark modes
increases with the number of users. The reason is that, as the
number of users increases, the total energy harvested by the
users increases but the allocated time of each user for informa-
tion transmission reduces, which results in a higher transmit
power at the users in the HTT mode. Moreover, it is observed
that the throughput of the proposed mode is larger than that
of the benchmark mode.

VI. CONCLUSION

In this paper, we have proposed a novel hybrid HTT-
BackCom mode in CWPCNs for IoT, where the CUs
in the secondary communication system work in the HTT
mode, the AB mode or the BS mode. The signal from the
PT and the signal from the PB serve as the excitation signals
for the AB mode and BS mode, respectively, while the PT
and PB are both the energy sources for the HTT mode. Under
the proposed hybrid mode, we have investigated the secondary
communication system throughput maximization problem by
finding the optimal time allocation between the AB mode and
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EH when the primary channel stays in the busy state and
that between the BS mode and the HTT mode when the pri-
mary channel stays in the idle state. To be specific, we have
derived the optimal solution in closed-form for a signal CU
case, and obtained the optimal combination of the working
modes. Numerical results have confirmed that our proposed
hybrid HTT-BackCom achieves a higher throughput than the
traditional HTT mode, which shows the advantages of com-
bining the HTT and BackCom modes. For the future work,
we will consider to employ multiantenna techniques at the PB
to further improve the system performance.

APPENDIX A
PROOF OF LEMMA 1

We first prove Ri, Vi is a jointly concave function of a, &,
T, and ¢. Define fi(ee, &, 7) = Wlog,(1 + y;(zj# o+ 1) +
VZ(Z#,' aj+12)), yvheref,- is a concave function of &, &, and 7.
‘We observe that R;, is a perspective function of f;(e, &, T) [29].
Due to that the perspective operation preserves concavity, we
can derive that Rf‘ is a jointly concave function of &, &, T, and
t. Then, we can easily find that R/ and RZ are also concave
functions of «, &, T, and ¢. R is thus a concave function of «,
&, 7, and ¢ since it is the summation of R!, Rfl, and RZ.

APPENDIX B
PROOF OF LEMMA 3

The first and second derivatives of f(z, ¢) are given by

Bl+c
lenz_mszw 1)
0z
’f(z,c) 1
9 _ 1 2
072 z 22)

From (21) and (22), we derive the minimum of f(z, ¢) is
achieved at z = BHI/WI with f(z = 2[(Bé+”)/w],c) =
1 — 2[Bs+a/ W] 0, and f(z, ¢) is an increasing function with
2 > 2B+ Moreover, we have

Z_l)irfoof(z, c) > 0. (23)

Hence, we derive that there is a unique solution for f(z,¢) =0
with z > 2B, +/W1,
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