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A Novel Hybrid Backscatter and Conventional
Algorithm for Multi-Hop IoT Networks

Mahmoud Raeisi, Mehdi Mahdavi, and Ali Mohammad Doost Hosseini

Abstract—This paper investigates a multi-hop cognitive radio
network in terms of end-to-end bit delivery. The network ex-
ploits backscatter communication (BackCom) and harvest-then-
transmit (HTT) mode in a hybrid manner. Such a network
can be used in internet of things (IoT) applications in which
IoT users coexist with a primary network (PN) and use the
primary spectrum to transmit data in both BackCom and HTT
modes. Besides, such users can harvest energy from the primary
signals. A novel hybrid backscatter and conventional transmission
(HBCT) algorithm is proposed in order to maximize end-to-end
bit delivery by jointly optimizing time and power allocations. For
this goal, we formulate a non-convex optimization problem. Next,
we transform the problem into a convex one and develop a new
analytical formulation by which we calculate the optimal power
and time allocation in closed-form equations. The numerical
results demonstrate the superiority of HBCT compared with
current schemes.

Index Terms—Internet of things, backscatter communication,
cognitive radio networks, energy harvesting, convex optimization.

I. INTRODUCTION

HE emergence of the internet of things (IoT) will involve

a wide variety of interconnected devices in the upcoming
years. Monitoring and managing urban noises, street lighting,
irrigation, and waste disposal can be done more effectively
[1]. Multi-hop communication could be an excellent way to
improve the coverage area of IoT networks [2]]. On the other
hand, energy constraint is a critical issue in IoT applications
because a remote device could be located in an area that
battery replacement or recharge is impossible or difficult [3].
In recent years, energy harvesting has attracted significant
attention in order to prolong the lifetime of remote devices
[4]-[6]]. Energy can be harvested from different sources like
wind, thermal, solar, and wireless radio-frequency (RF), but
the efficiency of each method depends on its availability. RF
signals are accessible in various environmental conditions;
hence, it is appropriate to be utilized in IoT applications [7].
Another crucial concern in IoT applications is the availability
of frequency spectrum. Recently, cognitive radio networks
(CRNs) have been proposed to solve this problem [8]. Cog-
nitive radio can be adopted in various networks to enhance
the efficiency of the spectrum and improve the performance
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of the system [|6], [9], [10]. By adopting energy harvesting
in CRNs, we can simultaneously exploit the advantages of
energy harvesting and cognitive radio. This kind of network
is called energy harvesting CRNs (EH-CRNs) [10]. In the EH-
CRNs, all secondary users (SUs) are battery-free and could be
equipped with a super-capacitor that can keep harvested energy
temporarily due to its high rate of self-discharge characteristic
[L1]. Therefore, each SU can harvest energy just prior to the
transmission mode. This method is known as harvest-then-
transmit (HTT).

Backscatter communication (BackCom) is another promis-
ing technology that can be considered for IoT applications. A
backscatter device transmits data by backscattering incident
signals [12]]. Due to its lack of oscillators and analog-to-
digital converters (ADCs), the circuit power consumption is
significantly reduced [13]]. Consequently, SUs can transmit
data as long as incident signals are available. The incident
signals could be ambient signals, e.g., TV, WiFi, or dedicated
signals scattered by a carrier emitter.

This paper studies a multi-hop EH-CRN scheme that enjoys
BackCom’s advantages and obtains optimal resource allocation
to maximize end-to-end bit delivery. A multi-hop network can
be more suitable for IoT applications. In such a network,
nodes work in short-range, consume less energy, and impose
less interference to the other primary and secondary users.
To improve the performance of such a network, we develop
an algorithm for multi-hop BackCom-EH-CRNs, namely hy-
brid backscatter and conventional transmission (HBCT). The
proposed algorithm enables SUs to transmit conventional or
backscatter data while harvesting energy. It is worth mention-
ing that in this paper, we refer HTT method as conventional
communication. First, the problem is formulated as a non-
convex optimization problem. Next, we prove Lemma 1, by
which the problem is transformed into a convex one. We
develop a new analytical formulation by which we solve
the optimization problem and obtain the optimal resource
allocations in closed-form equations. To evaluate the proposed
algorithm, we design a typical scenario and compare the
HBCT algorithm with joint optimal time and power allocation
(JOTPA) [10]] and simple ambient backscatter (AB) algorithms
to demonstrate the superiority of the proposed algorithm.

The main contribution of this paper can be summarized as
follows:

« Different from current algorithms in multi-hop networks,
the proposed HBCT algorithm enables SUs to work
either in conventional or backscatter modes to provide
better performance in terms of end-to-end bit delivery.
To the best of our knowledge, the hybrid structure of



conventional and backscatter communication in multi-hop
networks has not been studied before.

+ We prove new lemmas and develop our analytical struc-
ture to derive closed-form equations for resource alloca-
tions in a K-hop network.

o We analytically prove that the HBCT algorithm performs
better than JOTPA and AB algorithms.

The rest of this paper is organized as follows. In Section [II}
we give an overview of related works. Section [IT] presents the
system model and expresses transmitted bits of each SU. In
Section we formulate an optimization problem and obtain
an optimal solution for the proposed algorithm. Simulation
results and numerical analysis are discussed in Section [V} and
the conclusion of this work can be found in Section [VIl

II. RELATED WORK

In recent years, energy harvesting has attracted much atten-
tion. In [[14]], resource allocation and fairness have been inves-
tigated to maximize sum-throughput. As an extension of [[14],
the authors in [15] studied a wireless powered communication
network (WPCN) with a full-duplex hybrid access point (HAP)
that enables the HAP to broadcast energy and receive inde-
pendent information from the users simultaneously. Energy
harvesting CRNs (EH-CRNs) have been introduced for many
sensor network applications. For applications with higher
energy consumption, WPCN can be combined with a CRN
to form cognitive-WPCN (CWPCN). In [16]], authors studied
the sum-throughput maximization problem for a CWPCN, in
which SUs utilize an existing licensed spectrum for energy har-
vesting and data transmission. A multi-user MIMO CWPCN
is studied in [17], wherein the optimal time allocation and
transmit covariance matrices have been provided to maximize
the network sum-throughput. A new frame structure has been
suggested in [18]]. The authors split the time frame into four
slots for spectrum sensing and data transmission, each with
a separate energy harvesting time slot. Then they obtained
power outage probability. In [[19], the authors integrated an
energy harvesting network with a cooperative CRN. They
proposed a novel scheme and investigated resource allocation
and fairness problems. Authors in [20] studied the sum-
throughput maximization problem in a WPCN, wherein users
transmit to the HAP in a dual-hop manner. An underlay
multi-hop EH-CRN has been investigated in [[10]]. The authors
studied the end-to-end throughput maximization problem and
calculated time and power allocations thanks to the convex
optimization techniques.

Recently, some authors paid attention to backscatter com-
munications as a promising technique to improve the sys-
tem’s performance. Experimental results have shown that by
using such a technique, achieving at least 1 kbps bitrate in
about 100 meters communication range for bistatic backscat-
ter communication systems (BBCSs), and about 1-5 meters
communication range for ambient backscatter communication
systems (ABCSs) is feasible [21]]-[26]. A backscatter receiver
is designed in [22]], in which carrier frequency offset (CFO) is
eliminated, and near-optimal detectors are adopted to increase
the communication range of BBCSs. Authors in [23] suggested

two-phase filtering in order to increase the communication
range of BBCSs. In [24]], an actual channel coding is proposed
to reduce bit error rate (BER) and therefore increase the
communication coverage of BBCSs. Different from [22]-
[24], a prototype of ABCSs is introduced in [21]. In this
prototype, a backscatter pair can communicate at 1 kbps bitrate
in a distance of 2.5 and 1.5 feet ranges, in outdoor and
indoor environments, respectively. Authors in [25] developed
an ABCS that exploits FM signals broadcasted by an FM
radio station. They adopted FMO encoding and ON-OFF
keying (OOK) modulation for the backscatter transmitter. The
prototype is deployed and tested in an indoor environment,
and 5 meters distance leading to 2.5 kbps of bitrate. In
[26]], authors improved transmission range and communication
bitrate by introducing a multi-antenna transmitter and a code-
division multiple access (CDMA) mechanism. In [27], the
authors proposed a communication system, named BackFi,
that enables IoT sensors to utilize ambient WiFi signals and
transmit data to the WiFi access point (AP). They designed a
prototype and showed that bitrate up to 5 Mbps over 1 m of
distance, and 1 Mbps over 5 m of distance, are possible.

As EH-CRNs, backscatter communication enables sensors
to operate low-power and utilize existing frequencies. Accord-
ingly, integrating backscatter communication and EH-CRN
can bring more efficiency into IoT applications. In [12], a
novel protocol is proposed to improve the performance of the
secondary system, based on integrating ambient backscatter
technique with a CRN. The authors considered only a cou-
ple of SUs as transmitter and receiver and then maximized
throughput by finding a trade-off between backscatter time,
harvest time, and transmit time in underlay and overlay CRNs.
A backscatter-assisted WPCN has been investigated in [28]] to
maximize sum-throughput. A convex optimization problem is
formulated, and optimal time allocations and SUs’ working
mode permutations are obtained. Nevertheless, in that scheme,
only one user can work in backscatter mode, and the rest
of the users aligned before that one are unable to transmit
data to the HAP. The authors in [13]] take into consideration a
CWPCN with hybrid backscatter assisted for IoT applications.
They utilize bistatic backscatter and ambient backscatter in an
overlay CWPCN to improve network performance. Next, they
calculated the optimal solution for only a single SU using
convex optimization techniques. Besides the works mentioned
above, several papers in the literature studied the performance
of adopting backscatter communication in wireless communi-
cation networks [29[]-[33]].

Unlike the aforementioned works, we consider a multi-
hop network and develop a hybrid algorithm to utilize both
backscatter and conventional transmission methods. Besides,
convex optimization techniques provide an analytical structure
by which closed-form equations for K-hop networks are de-
rived.

III. SYSTEM MODEL

In this section, we propose a system model which can be
utilized in IoT applications. Fig. |1| depicts an underlay multi-
hop BackCom-EH-CRN secondary network coexisting with a
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Fig. 1. System model

primary network. The primary network consists of a primary
transmitter (PT) and a primary receiver (PR), operating in
a licensed spectrum. The secondary network consists of K
SUs, where SUj, indicates k-th user. The secondary network
works in a multi-hop method to deliver data from the source,
SU;, to the destination, SUgk. Each SUj has two options
for transmitting data, i.e., HTT mode and BackCom mode.
However, SUs cannot use these two methods simultaneously
[34]. We suppose SUs are battery-free but equipped with a
super-capacitor and harvest energy from the PT to transmit
their data to the next hop in HTT mode. Hence, the SUs
exploit both spectra and energy from the PT, as assumed in
[10]. Besides the HTT method, each SU is equipped with a
BackCom transceiver; hence, it can backscatter data to the
next hop. In fact, in the case of BackCom mode, SUs exploit
primary signals as incident signals [[12]], [13]. It is worth
noting that in BackCom mode, we consider incident signal
as excitation signal; therefore, the harvesting energy phase is
not required for BackCom mode [13].

The block structure adopted for this network is illustrated
in Fig. [2} with total duration T. At the beginning of each time
block, all SUs start to harvest energy from the PT in order to
charge their super-capacitors for transmitting information in
the HTT mode. Each SU}, continues to harvest energy up to
its transmission period, i.e. 7. However, at the beginning of
the time block, all users are out of energy; therefore, there is
an initial energy harvesting period 7y in which all users are
silent and just harvest energy. For each time block, we have

K
> <T. )
k=0

The channel power gains between the PT and SU}, SU), and
SUj+1, and between SU} and the PR, are denoted by Ay, gx
and fy, respectively. It is assumed that all channels are quasi-
static flat-fading. Hence, the channel gains remain constant
during each time block but can change from one block to
another. It is further assumed that channels are well known at
the SUs by using common techniques for estimating channels
[10].
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Fig. 2. Frame structure

Each SUj can transmit data to the next hop in a hybrid
conventional and backscatter manner. Each SUj can harvest
energy just before its transmission time slot for conventional
transmission. The transmission power of each SUj should
be under a pre-determined threshold to prevent harmful in-
terference to the PR. As depicted in Fig. 2, each time slot
is divided into two sub-slots. The first sub-slot lasts ¢y for
conventional transmission, and the other lasts 7, — ¢y for
backscatter transmission. Each SUj has a super-capacitor to
store harvested energy for conventional data transmission.
Super-capacitors charge very rapidly; however, due to the high
self-discharge rate, they discharge quite fast as well [11].
Consequently, each SUj; may spend its energy to transmit
data right after the harvesting period. In this paper, we assume
that the remaining energy in the super-capacitor or the energy
harvested after the transmission cannot be used in the next
time block due to the high self-discharge of the super-capacitor
[10], [35]]. Based on this assumption, the stored energy of SUj
is harvested solely during the interval Z;:ol k=1 .,K,
and is equal to [10]]

k-1
Ey = GePihi ) mi, @
i=0
where 0 < (, < 1,k = 1,..., K, is the energy harvesting
efficiency at SUj, and P, is the transmission power of the
PT. We consider all energy harvesting coefficients of SUs are
the same, (; = (2 = ... = (g = (. It is worth mentioning
that in this paper, we consider non-intended limited energy
harvesting from the primary transmitter, which is enough for
low-power sensor networks [10], [11]. Hence, in the multi-hop
scenario, the transmit power of each SUj is limited, and we
assume the transmission range is one hop. Therefore, we only
consider the primary signal as the source of energy harvesting,
as expressed in [10].

The signal is received at the SU}, in the primary band, i.e.,
Yk, 1s the superposition of those from SUj_1, and the PT. We
consider two different modes of conventional and backscatter
transmission, and in each case, we show that SU can separate
the received data signal and energy signal.

At conventional mode, these components are shown by
2r—1 and x,, respectively. Therefore

Ye = V Prhpxp + \/Prgr—1Tx—1 + N, 3)

where ny ~ N(0,02) is the additive white Gaussian noise
(AWGN) at SUg. In this paper, we consider a% = a% =..=
0% =02, x, and z_1 are uncorrelated satisfying E[|z,|?] =
1 and E[|zx_1]?] = 1. Therefore, z;, can be converted into



energy by an RF-DC circuit, and z;_; can be decoded by the
SU; [10].

At backscatter mode, we show the component from PT by
Zp, and the bits transmitted by the SU,_q by sj_1, where
Sp—1 can be either O or 1. Then, the received signal at the
receiver is

Yk =V Pihpxp + / Pihy—19k—15k—1 + N 4

The passive coherent processing can be used to separate
backscatter and primary signals [36]. Specifically, by using
a remodulation stage, the receiver can isolate a copy of x,
from the received signal y; by adopting modulators and a
demodulator. Hence, the x,, can be separated and converted
into energy, and s;_; can be decoded.

Each SUj; has to guarantee that its conventional trans-
mission power remains under a pre-determined threshold to
avoid harmful interference to the PR. The interference power
constraint (IPC) can be expressed as

Prfre < Ip, &)

where I, is the threshold, and pj, is the allocated power to
SUj. The energy consumed during conventional transmission
by each SUj, should not exceed the harvested energy; accord-
ingly, we can state consumed power constraint (CPC) with
respect to (2)) as

k—1

prr < (Pihy ZTz- (6)
=0

It is worth mentioning that in this work, we do not consider
circuit power consumption for calculation simplicity [[6], [[1O],
[L15], [16], (18], (200, (28], [35], [37]]. Since the benchmark
scheme does not consider circuit power consumption, the
comparison between the proposed scheme and the benchmark
is valid. The number of transmitted bits of SU}, can be found
as

Ri(Th, 0k, pr) = W logy (1 + prvi) + (7 — o) BR, (7)
where W is the bandwidth, B,l; is the backscatter rate of SU}
determined by the receiver’s RC circuit [21], and v, = %. It
is worth noting that the signals emitted by the PT is no longer
considered as interference, and it is converted into energy [10].

IV. OPTIMAL RESOURCE ALLOCATION

In this section, we provide a solution for the end-to-end
bit delivery maximization problem for the proposed HBCT
algorithm. The bottleneck link restricts the end-to-end bit
delivery of a multi-hop path. Let us assume 7 = [, ..., Tx]
as the vector of total allocated time to SUs, ¢ = [¢1, ..., PK]|
and p = [p1,...,pk] as vectors of allocated time and power
for the conventional transmission, respectively. The total end-
to-end bit delivery can be expressed as

mln Rk(Tk7 @kvpk) (8)

R(T,¢,p) = i

To maximize R(7,y,p), the following optimization problem
is formulated.

max R(7,¢,p), 9)
T.p,P
. @, @.
0 < or < 7, (10)
0<7 <T. (11)

Since there is a product of two optimization variables, i.e., py
and Tk in (), problem (9) is non-convex. Regarding equations

, and @ and by substituting p = Z&, problem (ﬂ) is
trans rmed to a convex optimization problem as

i 12
max 13%111 Ry(Tk, Pk, €k); (12)
ex < (Pihy Zn, (13)
=0
e < Lo, (14)
Jr
where e = [eq,...,ex] is the vector of allocated energy to

SUs, and Ry (7k, vk, ex) is as

e
R (Tk, ok, ex) = WkWIng(l"f'(?’;%)+(Tk—<Pk)Bg. (15)

Lemma 1. R(7,p,e) = ogcglKRk(Tk’wk’ek) is a jointly

concave function of T, @ and e.

Proof. See Appendix O

From Lemma |l| and all the affine constraints, it is observed
that problem (IZ) is a convex optimization problem. The
maximum end-to-end bit delivery can be achieved by utilizing
the following propositions.

Proposition 1. The end-to-end bit delivery is maximum when
we have

(16)

K
ZTk =T
k=0

Proof. See Appendix O

Proposition 2. The end-to-end bit delivery is maximum when
the number of transmission bits of all SUs is equal, i.e.,
Ri(11,01,€1) = Ra(T2, 2, €2) = ... = Rg(TK, 0K €K)-

Proof. Please refer to [10]. L]

Proposition [2] states that all links in the multi-hop path
should have the same delivery bits for maximizing end-to-end
bit delivery.

Next, we introduce R as a new optimization variable which
is a lower bound on each link’s bit delivery. Hence, maximiza-
tion of R guarantees that the bit delivery of the bottleneck
is maximum, and maximum end-to-end bit delivery reaches.
Therefore, we can reformulate problem @ as

max_ R, amn
T,p,e,R
s.t. Rk(Tkvwkvek) Z R7 (18)



Since (I2) is concave, problem (I7) is also concave and
satisfies Slater’s condition [38]]. Therefore, we can solve the
dual problem because the duality gap between the primal and
dual problems is zero. To do so, we first provide the partial
Lagrangian function of problem (I7) with respect to (I8) as

K
L(T,p,e,A) =R~ Z Ak (R — Ry(7, ., ek))

K
=R(1-)_

k=1

K
M) + Y MeRi(7h, @xs €n),
k=1
19)

where XA = [y, ..., Ak] is the vector of non-negative Lagrange
multipliers associated with the constraints in (I8). Then, the
dual function of problem (17 can be obtained as

g\ =

where D is the feasible set of (7,¢,e) determined by

, , , (113)), , thus, the Lagrange dual problem of
the problem (17) is given by §1>n&g (A). With a given X, we

max

L IR ) aAv
(r¢,e)€D (70,0, 3)

(20)

can reformulate (20) as
mgx Z)\kRk Thy Pk» €k),

Note that the constant term of R(l - Zk:l Ar) is elimi-
nated because it does not affect convexity. In problem (21)),
constraints (I) and (I3) are coupling constraints, while (T0),
(T1), and (T4) are coupling variables. To handle this problem,
we utilize the decomposition method to relax constraints (]I[),
(T0), and (T3) [38]. Hence, the partial Lagrangian function of
problem (2I) can be expressed as

2y

K
v) =Y MeR(7h, ok €x)

L'(r,p,e, 1.,
k=1
k-1
—Zuk(ek—CPtth >
n=0
—Zﬁk@k—m)—l/(ZTk—T),
k=1 k=0

(22)

where p = [p1,...,ux] and € = [&1,...,Ek] are vectors of
Lagrangian multipliers associated with (I3) and (I0), respec-
tively, and v is the Lagrangian multiplier associated with ().
The Lagrange dual function of problem (2I) is expressed
as g,(u,é,y) = ( X E/(T,go,e,,u,,é’,u), where D’ is
the feasible set associated with (TT) and (T4). Then, we can
obtain the Lagrangian dual problem of the problem (2I) as

The optimal power allocation for the HBCT algorithm
provides by Lemma [2]

Note: We use * as a superscript of variables to indicate their
optimal values. For example, p; means the optimal value of

Pk-

Lemma 2. For a given \r and by considering inequality
@), the optimal power allocation for the proposed HBCT

algorithm is given by
€L p }
Pk fk

where e—’; can be obtained from the following equation in
which for the sake of simplicity, we use Ay to indicate
1+ S

Py = mln{ (23)

f(Ag) = CPoyrhi +1 =0, (24)
where
CPt * Ayihi
=1 — 1).
f(zr) = zp Inay, xk( " ; . +
Proof. See Apendix [C] O

Having found pj}, we can write p} = ;E, where e} and
;. represent the optimal values of e; and ¢y, respectively.
Then, we can calculate the optimal bitrate of conventional
transmission as

w = Wlogs (1 + prve)- (25)

Also, for notation simplicity, we introduce a new variable cg,
such that ¢, = (1—c)7k, 0 < ¢ < 1. Hence, ¢, indicates the
portion of time in time slot 73, that SUj spends in BackCom
mode. With respect to (I6) and Proposition 2] the end-to-end
bit delivery can be achieved by

T — 7
R, ors €8) = e X = —— (26)
i=1 X,
where
Xy =B+ (1—c)(Q — By). 27)

The following Lemma guarantees that the source node,
i.e., SUy, consumes the harvested energy completely in con-
ventional mode. In fact, if the network decides to achieve
maximum end-to-end bit delivery, the source node has to
produce as much data as it can.

Lemma 3. The maximum end-to-end bit delivery is achievable
when the source node consumes harvested energy completely.

Proof. See Appendix [D] O

Ultimately, Lemma [ expresses the optimal time allocation
for the proposed algorithm.

Lemma 4. The optimal time allocation of HBCT is given by
A—cpi .

;= 28
To CPthl T15 ( )
T
Tk = « [ A=<} K 1\’ (29)
X (g‘PthiX% + i1 )T;)
where X} = B} + (1 — ¢})(Q; — B}) and the optimal value

of ¢y (i.e. ci) is given by the following equations.

1y Qf<BY(1+ i),

o = 0 if Q*>Bb(1+<Ph1) 30)
1 if Q. <Bl k=23, ..K,
0 if Qf>B k=23, K.



Algorithm 1: HBCT algorithm for BackCom-EH-
CRN
Illpllt: K, Pt, Ip, T, C, 02, gk, hk, fk, B]Z for
k=1, ..,K;
Output: p*,7*, c*;
1 Initialization A > O;
2 Find A, p, Q, ¢, X, 19, T by , , , ,
7). (28). (29). respectively;
3 Optimize A using fiminunc tool in MATLAB to find
the maximum value of (7);

Proof. See Appendix [E| O

With respect to Lemma @, if ¢ = 1, SU, transmits
data only in BackCom mode during 7. However, when
¢;, = 0, transmission happens only in conventional mode.

The following Lemma will prove that the proposed HBCT
algorithm always performs better than JOTPA and AB.

Lemma 5. The proposed HBCT algorithm performs better, or
at least the same as the JOTPA and AB algorithms for different
powers of the PT.

Proof. See Appendix [F] O

V. NUMERICAL RESULTS

In this section, some related studies in [10], [12]-[14], [16],
[20], [28]] are considered and discussed.

In [12]], the authors studied a pair of SUs as the secondary
transmitter (ST) and secondary receiver (SR), working in a
hybrid method that incorporates HTT and AB algorithms to
improve the performance of the system. However, this work
considers only a pair of users, not a multi-hop, as studied
in this paper. In [13], a CWPCN took into consideration
that enjoys a hybrid scheme working with either HTT or
AB algorithms. However, the scenario investigated in [[13] is
not a multi-hop one, so it cannot compare with our work.
The scenarios investigated in [14]], [16], [20], [28]], are also a
WPCN, therefore as [13], these papers cannot compare with
a multi-hop scenario investigated in this paper. Besides, the
works in [14], [20], [28]] have not been studied in the context
of cognitive radio.

Different from those in [12]-[14], [16]], [20], [28]], the work
investigated in [[10] is the most relevant work to our study.
[10] studied a multi-hop energy harvesting cognitive radio
network that enjoys only conventional communication. They
proposed an algorithm to maximize end-to-end throughput
with joint time and power allocations optimization, named
JOTPA. As investigated in [10], we study a multi-hop network
and propose the HBCT algorithm to maximize end-to-end
bit delivery through time and power allocation optimization.
The difference between JOTPA and HBCT algorithms is that
JOTPA is an algorithm that works only in the conventional
manner; however, HBCT is a hybrid algorithm that works with
both conventional and backscatter manners.

In the following, we present numerical results and compare
the proposed algorithm with JOTPA suggested in [10] and AB

TABLE I
BACKSCATTER BIT RATE FOR DIFFERENT DEPLOYMENTS

Deployment Distance to the next hop (m) Bit rate (Mbps)
1-hop 10 0.01
2-hops 5 1.2
3-hops 3.33 3.8
4-hops 2.5 4.5
5-hops 2 5

algorithm. The pseudo-code of the proposed HBCT algorithm
is summarized in Algorithm (I} It is worth mentioning that
A =[A4,...,Ak]. As proved in Proposition [2} to maximize
end-to-end bit delivery, the number of transmission bits for all
users should be equal. The problem is solved by considering
Proposition [2} hence, substituting optimal solutions into (7)
gives us maximum end-to-end bit delivery for a given A.
To find the optimal solution for A, we adopt the fiminunc
tool in MATLAB. We assume that the length of each time
block is T :yl. The channel power gains are calculated as
Yy = \BZ\Q(%)_“(Y = h,g, f). We assume fading channels
have independent Rayleigh fading; hence, ,2/\2 is an inde-
pendent exponential random variable. d} is the link distance,
dy is the reference distance, and « is the path-loss exponent.
Similar to those in [10], [14], [15[], [39], the value of the path-
loss exponent is considered o« = 2, which is for free space
environments. Herein, we assume that the reference distance
is dp = 1. The number of hops is considered K = 3 unless
mentioned else. We assume that energy harvesting efficiency
in each SUy is ¢ = 0.8 [6], [10]. The noise power in received
signals at each SUj is assumed to be o2 = 1. Therefore,
the powers of all devices are normalized to 0. The power of
signals emitted by the PT and the tolerable interference in PR
are P, = 40dB and I, = 0dB, respectively. The location of
PT and PR is (-8,10) and (-2,10), respectively. The location of
the source node, i.e., SU;, and the destination node, i.e., the
SUk, is assumed to be (—10,0) and (0,0), respectively. We
assume that the intermediate nodes are located in a straight line
from SU; to the SUg . The bitrate of backscatter transmission
is summarized in Table [l These values are obtained from a
practical experiment presented in [27].

The performance of the network versus different amounts
of the power of PT is illustrated in Fig. [3] According to
Fig. [3] (a), the proposed HBCT algorithm always performs
better, or at least the same as the JOTPA and AB algorithms
in terms of end-to-end bit delivery, as proved in Lemma [3}
As shown in Fig. [3] (a), in the low power of the PT, i.e.,
P, = 10dB, the gap between end-to-end bit delivery in the
HBCT and JOTPA algorithms is maximum. As the power of
PT increases, the gap decreases. Ultimately, the gap converges
to zero when the P; is large, i.e., P, > 46dB. It means that,
for high powers of the PT, the end-to-end bit delivery in both
HBCT and JOTPA algorithms are identical. In comparison
with JOTPA and AB algorithms, HBCT performs better. In
fact, in JOTPA and AB, only conventional and backscatter
communication are used, respectively. Nevertheless, HBCT
uses the benefits of both backscatter and conventional methods.
Hence, each SU selects the conventional or backscatter method
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depending on which of them performs better. For this reason,
HBCT always has a more significant bit delivery. When we
compare JOTPA and AB, we see that in the low powers of
PT, ie., P, < 24dB, the JOTPA algorithm performs worse
than the AB algorithm in terms of end-to-end bit delivery.
This happens because JOTPA harvests lower energy in the
low powers of PT. Therefore, it cannot deliver bits as AB can
deliver. However, when PT power increases, the end-to-end
bit delivery of JOTPA increases and becomes more than the
end-to-end bit delivery of the AB algorithm.

In the following, we interpret the behavior of the proposed
HBCT algorithm more clearly. Thus, we present the backscat-
ter usage tendency of SUs in Fig. [3] (b). The backscatter
usage tendency is the average backscatter usage by each SUj.
According to Fig. 3| (b), with low PT power, i.e., P, = 10dB,
SU; transmits data in the backscatter way with a tendency
of 100% on average. However, the SU; and SU; transmit
data in the backscatter manner with a tendency near 2% on
average. Instead, SU; and SUjz almost use the conventional
method. Because the SU; can transmit data in the backscatter
method, the end-to-end bit delivery in the HBCT algorithm is
kept much higher than the JOTPA algorithm in low powers
of the PT, as depicted in Fig. |§| (a). Note that, as mentioned
before, the end-to-end bit delivery of the JOTPA algorithm
depends on the amount of harvested energy. The amount of

34 42 50
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(b) Average alocated time of JOTPA

0
10 18 26 34 42 50 10 18 26

Power of PT (dB)
(a) Average alocated time of HBCT

Fig. 4. Average allocated time of HBCT and JOTPA algorithms versus power
of PT

harvested energy in the low power of the PT is less to support
conventional transmission, especially in the SU;. For this
reason, in the low power of PT, SU; in JOTPA cannot deliver
much data compared to SU; in HBCT; therefore, the total bit
delivery of JOTPA is low compared to HBCT and even AB
algorithms. To explain more, the amount of harvested energy
depends on the power of PT and the amount of harvesting
time, according to equation (2). In the JOTPA algorithm, the
allocated time to the energy harvesting phase is very high for
low PT powers, as depicted in Fig. ] (b). Hence, the allocated
time for data transmission to SU; is very low. Therefore SU;
cannot produce much data. This event results in low end-to-end
bit delivery. However, by exploiting the backscatter method
by the SU;7, the HBCT algorithm keeps its performance much
better than the JOTPA due to the improved data transmission
by SU;. As the power of PT increases, the tendency for
exploiting the backscatter method by SU; decreases. This is
because the amount of harvested energy by SU; increases
according to equation (2)). Ultimately, at high PT power levels,
ie., P, = 50dB, all SUs transmit data in the conventional
manner by a tendency of about 98 %, as depicted in Fig.
(b). Therefore, both HBCT and JOTPA use the conventional
method, and as a result, the end-to-end bit delivery by HBCT
and JOTPA algorithms converges to each other, as shown in
Fig.[3| (a). It is worth noting that in the low power of PT, if all
SUs utilize the backscatter method, the gap between HBCT
and AB algorithms converges to zero in Fig. 3] (a).

Fig. @] (a) and [ (b) present the average time allocated
to each SU; in HBCT and JOTPA for different amounts of
PT power, respectively. As mentioned before, the amount of
harvested energy by each SUj depends on the power of PT
and the amount of harvesting time. According to equation (2),
the amount of harvesting time for SU; is 7. Since SU; has
the least harvesting time among all SUs, it suffers from less
harvested energy. Hence, it prefers to utilize the backscatter
method more than the other SUs. This event has been depicted
in Fig. [3| (b), in which SU; has a greater tendency to transmit
data in the backscatter manner, especially at the low powers
of PT. According to Fig. [ (a), in the HBCT algorithm,
SU, and SUjs have a significant amount of time to harvest
energy. The amount of time for harvesting energy by SUs
and SU;3 are 19 + 71 and 79 + 71 + 7o, respectively. Such
amounts of times are much greater than 7 in the low powers
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of PT. Therefore, SUs and SUs have a slight tendency to
transmit data in the backscatter manner on average due to
the availability of enough harvested energy. Note that when
P, = 10dB, the amount of time allocated to the harvesting
phase, i.e., 79, converges to zero. This is because SU; has a
tendency of 100% on average to utilize the backscatter method.
Therefore, for P, = 10dB, we always have ¢; = 1 (see
equation (30)) . Hence, according to equation (28)), the amount
of allocated time to the harvesting phase is always zero, i.e.,
70 = 0. As the power of PT increases, the tendency of SU;
to exploit the conventional method increases, as depicted in
Fig. ] (b). Therefore, the harvesting time increases because
the conventional method needs the harvesting phase. The
interesting point is that the amount of 7y reaches its peak
in some value of PT power which is P, = 34dB in our
scenario. For P; > 34dB, the amount of 7 is decreased.
This is because the P; is high enough; therefore, the system
prefers to spend less time in the harvesting phase. Instead, the
amount of time allocated to each SU) for transmission data
increases. The higher allocated time for transmission results
in higher transmitted bits.

In order to elaborate on the behavior of SUs in JOTPA, we
refer to Fig. [ (b). As depicted in Fig.[d](b), in comparison with
Fig. E| (a), much amount of time in a frame is allocated to the
energy harvesting phase in the JOTPA algorithm, especially in
the low powers of PT. Since the amount of harvesting time,
i.e., 7o, in the low powers of PT is relatively high, the SUs
have little time to transmit data. This phenomenon can also be
shown in Fig. [3 (a), in which JOTPA presents low end-to-end
bit delivery for low powers of PT. Nonetheless, the HBCT
algorithm does not suffer from such a phenomenon. This can
be seen in Fig. E| (a), in which the amount of time allocated to
the SUs for transmitting data is significantly increased in the
HBCT algorithm, especially in the low powers of PT, thanks
to the backscatter communication method.

Fig. [f] presents end-to-end bit delivery versus the number
of hops in different algorithms. As shown in Fig. 3] the
proposed HBCT algorithm performs better than JOTPA and
AB algorithms. As the number of hops increases, the end-to-
end bit delivery increases due to the better data channel gains
between two consecutive hops. However, in this scenario, the
multi-hop network reaches its peak at K = 4. For K > 4, the
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end-to-end bit delivery is decreased. This phenomenon occurs
because as the number of hops increases, the time frame has
to divide into more time-slots for more SUs. Therefore, each
SUj, has less amount of time to transmit data. The less amount
of time for transmission results in less transmitted bits. In
other words, for K > 4, the amount of transmitted time is
dominant than the better data channel gains. If the number
of hops is very large, the amount of allocated time to each
SUj, is very small. Hence, according to equations (26), the
transmitted bits converge to zero. It is important to note that
the optimal amount of K can be obtained by searching among
the integer numbers since it cannot be calculated by a closed-
form expression [10].

Fig. [6] presents the performance of the network versus IPC.
To explain Fig. [f] (a), we use the results depicted in Fig. [f] (b).
As can be seen in Fig. [] (a), the HBCT algorithm performs
better than JOTPA and AB algorithms in terms of end-to-end
bit delivery versus different amounts of IPC. According to Fig.
|§|(a), for the low amount of IPC, i.e., [,, = —30d B, the HBCT
performs as same as the AB algorithm. This phenomenon
occurs because, in I, = —30dB, all SUs tend to utilize
backscatter, as depicted in Fig. |§| (b). In this condition, the
IPC is stringent; therefore, SUs cannot utilize the conventional
method. However, the JOTPA algorithm does not enjoy from
backscatter method; hence, it cannot transmit data. For low
amounts of IPC, i.e., I, < —15dB, those SUys which are



closer to PR have more tendency to utilize the backscatter
method, as shown in Fig. @ (b). This event occurs because
those SU}s which are closer to the PR have better interference
channel gain to the PR; therefore, they suffer from the IPC
more than the other SUs. The backscatter usage tendency
decreases as the I, increases due to the lower IPC. For
I, > 0dB, the SU; has a constant tendency of exploiting
backscatter manner of about 10% on average, but SUs and
SUs do not tend to transmit by backscatter method, as depicted
in Fig. @ (b). In fact, in our scenario, for I, > 0, the allocated
power of each SU;, which causes interference at PR is lower
than the tolerable threshold. Besides, in our scenario, when
I, > 0, ~. Hence, SUj, selects py; as % according
to equatlon . In this situation, I,, does not affect the Drs
therefore, it does not affect the conventlonal rate. This means
that the more increase in I, does not affect the tendency to
utilize the backscatter method by SUs. It is important to point
out that in other scenarios, such an explained situation will
happen for some other intervals of I,,. This constant tendency
to transmit data in the backscatter manner by SU; results from
critical harvesting time. However, SUsz and SU3 have enough
time to harvest energy; therefore, they do not intend to use the
backscatter method.

VI. CONCLUSION

In this paper, we investigated a multi-hop network and
proposed a novel algorithm named HBCT, in which the users
in the network exploit both conventional and backscatter
communication. Our proposed algorithm utilizes the primary
spectrum to transmit data in a conventional cognitive radio
manner and exploits the primary signals to harvest energy.
The algorithm also uses primary signals as incident signals
to backscatter data. More specifically, the proposed HBCT
algorithm combines conventional and backscatter methods. In
each circumstance, the algorithm uses one of such methods
depending on which performs better. The source node should
deliver data to the destination in a multi-hop manner. The
numerical results revealed that the HBCT algorithm performs
better than JOTPA and AB under various conditions. With
HBCT, harvesting time decreases significantly; therefore, the
SUs spend more time on data transmission.

APPENDIX A

First, we define ®;, as

Pp = logy (1 + exi)- 31

We know that ®; is a concave function of e. Hence,
wrW logs (1 + *%) is the perspective of ®; [38]. As the
perspective operatlon preserves convexity, it is a concave func-
tion of e and ¢y. Then, we can observe that Ry (7x, ¢k, €k )
is a concave function of 7, ¢, and e since the summation
of a linear function and a concave function is a concave
function. As R(7, @, e) = mkin Ry (T, vk, €x) is the pointwise
minimum of K concave functions, R(7,,e) is a jointly
concave function of 7, ¢, and e.

APPENDIX B

From (I, we can write
K
’

TkZT—ZTi—T, (32)

i=0
i2k

where 7 is the unused amount of time in each time block.
Note that pr = (1 — )7k, 0 < ¢ < 1, which shows ¢y
and 7j, are dependent by parameter cy. ¢ shows the portion
of time in time slot 7, which SU} spends in BackCom mode.
By substituting this formula into equation (15), we have the
following equation.

ek

=(1 —¢p)xWlogo (1 + ——-—+—
( k) k g?( (1 _Ck)Tk

Vi)

Ry (T, s ex) 33)

+ CkaBZ.

Later on in Lemma [4| we will show that c; can be only
1 or 0. In both of these two cases, it is straightforward
to show that %::e’“) > 0. Hence, Ry is monotonically
increasing with respect to 7y ; thus, it is maximum when 7y is
maximum. Therefore, from , T3, 1S maximum when r =0.

subsequently

(34)
and the proof is completed.

APPENDIX C

Problem (21)) is a convex optimization problem, and it is
straightforward to show that it satisfies Slater’s condition.
Therefore, Karush-Kuhn-Tucker (KKT) conditions must be
established at the optimal point. That is

L (1, p,e, &, v)

By (35)

:07

, K, to derive (36), (37),

where y = 79, Tk, @k, €k, kK = 1, ...

(38), (39), respectively.

K
CPtZHihi—VZO,

(36)
- K
MBLACP Y b —v 46 =0, (37)
i=k+1
W A —1
)\kl 2<1n(Ak)— m ) —X\eB) =& =0, (38
W B
A =0 (39)

where as stated in the Lemma , A, =1+ &= In the above
equations Ag, is unknown. Using equations @ - @9, it is
straightforward to show that Ay can be found from equation
l| Having found Ak, ;’; can be calculated as A’C—;l. Next,
using the value of and inequality || py, can be found from

(23).



APPENDIX D

Equation states that the allocated energy to each SUy
should not exceed the amount of harvested energy. From (I3,
the harvesting time allocation 7y, when optimum value ej
harvested by SU;, must satisfy the following constraint:

el
(Pihy
On the other hand, from (26), it is obvious that Ry is a
descending function of 7y; therefore, Rj, is maximum when
7o 18 minimum. Thus, from @]), we can obtain the optimal
value of 7y as

T0 2 (40)

.

O (P
The equation @I) can be state as e] = (Pihi7g, which
means that the allocated energy to SU; should be equal to
the harvested energy by this node, and the proof is completed.

(41)

APPENDIX E

As mentioned next after Lemma we have p] = %.
Further to that, o7 = (1 — ¢})7y. Hence, we can write
e} = (1 — ¢})pi7i. By substituting e} in equation {@1), we
can calculate 75 as (28).

Now, from Proposition the end-to-end bit delivery is
maximum if Rl(ﬁ,(pl,el) = RQ(TQ,(pQ,eg) = .. =
Ry (Tk, ¢k, ex). On the other hand, from the equation (26),
Rk = Tka. Hence, 7'1X1 = Tka,k = 2,...,K. The
equation is also correct for the optimal values that is 77" X{ =
T X} Thus, 71 can be expressed as

Xi
* = . 42
EiaS el (42)
With substitute @2)) into (28], we can derive
1= )p*X*
Tg _ ( Cl)pl kTI:' (43)

CPhi X7
Now, with substituting (#3) into the optimal form of equation

(26), we can derive

_ (A=chpi X5
T CPihy XY

K
2im1 Xl

From equation (#4) and with some mathematical manipulation,
we can find optimal time allocation as equation (29).

Now, we want to find optimal amounts of ci. By arranging
equation (29), we can obtain end-to-end bit delivery as

T
(1—c1)p} K 1°
P Xy T 2=l X,
The derivative of Ry, with respect to ¢; and cj is obtained as
follows. Note that X}, is related to ¢ as in equation (27).

T(pIBi’—cpthl(Q;—Bi’))
(Pih1 X3

k%
-
k
* *

T Xp =

(44)

Rk ZXkT;; =

(45)

ORy,

= . (46)
(1—c1) K 27
Ocy (gPhhll)Z?l +2im )%)
8Rk T(Bf);gj)
- : =923, K. (47

i
) (1—c1)p} K 1\2’
Oci ((Ptthi + 2 Yl)

It is straightforward to see that, if Qf < B}(1 + z Iffhl),

Ry, is an ascending function of ¢y, if QO > B{’(l + CIZZ’)%)’
Ry is a descending function of c;, if €} < B,l;, Ry is an
ascending function of ¢, k = 2,3, ..., K, and if Q] > B?, R,
is an descending function of cx, k = 2, 3, ..., K. Therefore, the
maximum of Ry is take place when ¢y, is calculated as @

APPENDIX F

The maximum end-to-end bit delivery for the HBCT algo-
rithm is represented as

T
(1—ci)py K 1°
CPh X7 +2 i X7

We define the vector of optimal variables for HBCT algorithm

as V* = {75, 7}, ¢ and pj.k = 1,2,..., K}. By applying

the same procedure to the JOTPA algorithm, we can find the

maximum end-to-end bit delivery for the JOTPA algorithm as
5 T

RJ = K )

D1 1
CPhi$h Zi:l Q;

Ry = X{r = (48)

(49)

s A

where notation represents optimum values of 7y, 75, and
Pk, k = 1,2,..., K by which R; takes its maximum value.
Here also we indicate optimum values by the set V= {70, Tk
and pi, k=1,2,..., K}.

First, we assume that the following inequality is correct for
all values of PT power.

R; > Ry (50)

The inequality (50) states that JOTPA performs better than the
HBCT algorithm in terms of maximum end-to-end bit delivery,
while V is the vector of optimal values used by JOTPA, and
V* is the vector of optimal values used by HBCT. Now, we
want to prove that this assumption cannot be correct. For this
purpose, we replace the set of optimal values V* by V in
equation (48), and set all ¢, = 0. Therefore, we have the
following equation.

. T

Ry = =Ry, (51)

D1 K 1
Py T a1,

where Ry is the HBCT end-to-end bit delivery when the set
of V values are used. It is important to note that the R},
which is obtained by the set of V* values, is the maximum
value, and those end-to-end bit delivery of HBCT which are
obtained by setting all ¢, = 0 are always less than or equal to
such a maximum value, that is R}, > R, . Hence, regarding
, Ry > R, which is in contrast with our first assumption
of R; > Rj. This means that the first assumption that has
been made in (50) is not true, and we can set HBCT in a
way that performs better than JOTPA. All concludes that the
proposed HBCT algorithm always performs better than or as
same as the JOTPA algorithm.

Similarly, we assume that the AB algorithm performs better
than HBCT.

Ra > Rpy. (52)



It is straightforward to show that end-to-end bit delivery for
the AB algorithm can be found from the following equation.

T
K 1 -
Zz‘:l BY
In this case, we can set all SUs in the HBCT algorithm to
work in backscatter mode by setting ¢, = 1. In such a case,
Xy, = BY; thus, from ([48), we can write Ry as
T
it mr
i=1 B?
It is worth noting that in this circumstance, according to (28),
we can obtain 75 = 0. On the other hand, we have R}; > Ry
for the optimum V* values. Hence, from equations (53] and
@), we can conclude that R}, > R4, which means that the

assumption in (52) cannot be true, and the HBCT algorithm
always performs better than, or as same as AB.

Ry = (53)

Ry = (54)
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