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Joint Optimization for Traffic-Offloading and
Resource-Allocation Over RF-Powered Backscatter
Mobile Wireless Networks

Fei Wang

Abstract—We develop the joint optimization schemes for traffic-
offloading and resource-allocation over radio-frequency (RF) pow-
ered backscatter-based mobile wireless networks, where a macro-
cell base station (BS), several small-cell access points (SAPs), and
multiple energy harvesting (EH) mobile users (MUs) co-exist. Op-
timizing MUs’ network access (via traffic-offloading) and system
resource-allocation, we aim to minimize MUs’ energy consumption
by using low-energy consumption of backscatter. First, we consider
the scenarios when short-range ambient backscatter (AB) commu-
nication (e.g., over several meters) is employed, enabling MUs to
access nearby SAPs via ambient backscatter RF signals for data
transmission. Using the alternating directions method of multi-
pliers (ADMM), we develop a distributed traffic-offloading and
resource-allocation scheme. Then, we focus on traffic-offloading
and resource-allocation by adopting the concurrent AB (CAB)
transmission, where multiple MUs can backscatter data concur-
rently to further reduce energy consumption. Moreover, we also
use long-range bi-static backscatter (BB) communication (e.g.,
over 270-meter distance) for data transmission between MUs and
BS, and then MUs can convey data by backscattering RF signals
radiated from dedicated carrier emitters. Then, we study the joint
traffic-offloading and resource-allocation when AB and BB com-
munications are adopted by MUs accessing SAPs and BS, respec-
tively. Finally, the numerical analyses validate and evaluate our
developed schemes, showing their good convergence performances
and significant reduction in energy consumption of MUs through
backscatter communications.

Index Terms—RF energy harvesting, ambient and bistatic
backscatters, traffic-offloading, resource-allocation, ADMM.

1. INTRODUCTION

ECENTLY, radio-frequency (RF) based energy harvesting
R (EH) has attracted significant attention for wireless net-
works, through which mobile users (MUs) can transmit data
using the energy harvested from RF signals radiated by ambient
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or dedicated energy sources. However, system performance may
not be guaranteed when MUs cannot harvest sufficient en-
ergy [1]. One particularly promising solution to improve system
performance of RF-powered wireless networks is to utilize the
backscatter communications. Without any form of active radio
transmission, the backscatter communications enable MUs to
convey information by backscattering incident RF signals via
tuning the antenna impedance [2], [3]. Hence, the energy con-
sumption of the backscatter communications is very low (typi-
cally a few uW) [1]. There are two popular types of backscatter
communications, i.e., the ambient backscatter (AB) [3]-[5] and
the bistatic backscatter (BB) [6], which rely on different incident
RF signal sources.

The AB communication, which was first proposed in [3], uses
ambient RF signals, e.g., TV signals, as incident RF signals [5].
The hardware prototype built in [3] can support a backscatter
rate of up to 10 kbps at a range of about 0.5 meter by averaging
out the ambient TV signals. The authors of [4] designed a
multi-antenna backscatter receiver, i.e., pmo, and a low-power
coding mechanism, i.e., pcode, to improve the backscatter rate
(up to 1 Mbps) and the communication range (up to about
24 meters but with low backscatter rate, i.e., 1 kbps) of the
AB communication, respectively. The authors of [7] developed
a novel AB communication system, i.e., BackFi, which can
achieve a backscatter rate of 1 Mbps at a range of 5 meters
and a backscatter rate of 5 Mbps at a range of 1 meter. However,
due to the limited communication range, the AB communication
may only be suitable for short-range communications [8]. The
BB communication, which was first proposed in [6], utilizes
unmodulated carrier signals radiated from dedicated carrier
emitters (CEs) as incident RF signals [8]. The BB architecture
designed in [6] can achieve a backscatter rate of 1 Kbps at a
range of 130 meters. The BB prototypes developed in [9], [10]
extended the communication range to 250 meters and about
270 meters, respectively. Therefore, the BB communication can
support a long communication range compared with the AB
communication.

In [1], the authors first introduced the short-range AB com-
munication into RF-powered cognitive radio networks, where
secondary users (SUs) can either backscatter primary signals
for data transfer, i.e., working in the AB mode, or transmit
data using the previously harvested energy, i.e., working in the
harvest-then-transmit (HTT) mode. The authors of [1], [11],
[12] studied the tradeoff between the HTT mode and the AB
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mode for EH-based MUs in RF-powered wireless networks.
Moreover, the authors of [13], [14] considered the time schedul-
ing problem for RF-powered backscatter IoT networks, where
the time scheduling of multiple communication modules, e.g.,
the AB mode, is studied for IoT devices. The authors of [15],
[16] studied the resource-allocation problem for RF-powered
wireless networks using the long-range BB communication,
where MUs convey data by backscattering RF signals emitted
from dedicated CEs deployed nearby. In [8] and [17], integrat-
ing the AB communication and the BB communication, the
authors considered the hybrid backscatter communications for
RF-powered IoT networks to increase the communication range
of IoT devices. However, all the above works, i.e., [1], [8],
and [11]-[17], only consider the resource-allocation and/or the
time scheduling for RF-powered backscatter wireless networks
when the serving base station (BS) or access point (AP) (e.g.,
small-cell or WiFi) is given for each MU or IoT device. The
problem of joint traffic-offloading and resource-allocation has
hardly been studied for RF-powered backscatter wireless net-
works, where through traffic-offloading MUs or IoT devices
using backscatter can dynamically access suitable BSs or APs
for data transmission [18] to minimize the EH-based MUs’ or
IoT devices’ energy consumption and/or delay, which are two
important quality-of-service (QoS) metrics [19]-[25]. Hence,
with the rapid increase of mobile data traffic, how to design suit-
able traffic-offloading and resource-allocation schemes for RF-
powered backscatter wireless networks deserves much timely
research attention and efforts.

To overcome the above challenges, in this paper we propose
to develop the joint traffic-offloading and resource-allocation
schemes for RF-powered backscatter-based mobile wireless net-
works, where a macro-cell BS, several small-cell APs (SAPs),
e.g., femtocell APs, and multiple EH-based MUs coexist. We
aim to minimize the overall energy consumption of MUs
by jointly optimizing MUs’ network access (through traffic-
offloading) and system resource-allocation. Our main contri-
butions can be summarized as follows:

e First, we propose the joint optimization for traffic-
offloading and resource-allocation over RF-powered mo-
bile wireless networks by using the short-range AB com-
munication, where MUs can dynamically access the BS or
one SAP for data transmission. Leveraging the alternating
directions method of multipliers (ADMM), we decompose
the formulated optimization problem into several sub-
problems, and propose a distributed traffic-offloading and
resource-allocation scheme, based on which MUs access-
ing nearby SAPs can dynamically work in the AB mode or
the HTT mode to reduce energy consumption.

® Then, adopting the novel coding mechanism pcode [4],
which enables the concurrent AB communication of mul-
tiple MUs, we propose the joint traffic-offloading and
resource-allocation scheme when MUs can work in the
concurrent AB (CAB) mode [4]. Based on the solution to
the scenario which considers the AB mode, we develop a
clustering algorithm to group MUs into different clusters,
and allow MUs in the same cluster to backscatter data
concurrently for efficient utilization of the CAB mode.
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Fig. . The system architecture model for our proposed RF-powered mobile
networks, where an MU can switch between the harvest-then-transmit (HTT)
mode and the ambient backscatter (AB) mode when accessing the SAPs for
traffic-offloading. If an MU is not accessible to any small cell’s SAP, it transmits
data to the macro-cell base station using the HTT mode.

e Furthermore, to reduce the energy consumption of MUs
accessing the BS, we leverage the long-range BB commu-
nication to support the data transmission between MUs and
the BS. Accordingly, we solve the joint traffic-offloading
and resource-allocation optimization problem, and pro-
pose the corresponding traffic-offloading and resource-
allocation scheme for the scenario when the AB and BB
communications can be utilized by MUs accessing the SAP
and the BS, respectively.

e Finally, we conduct extensive numerical analyses to vali-
date and evaluate the performance of our proposed traffic-
offloading and resource-allocation schemes. The numerical
results show that our proposed schemes have competitive
convergence performance and can significantly reduce the
energy consumption of MUs. Moreover, the energy con-
sumption of MUs obtained by our schemes is very close to
that obtained by the centralized algorithm.

The rest of this paper is organized as follows. Section II
establishes the system model. Sections III-IV develop the joint
traffic-offloading and resource-allocation schemes. Section V
conducts the numerical analyses and evaluations. The paper
concludes with Section VI.

II. THE SYSTEM ARCHITECTURE MODELS
A. Network Architecture

Figure 1 shows the system architecture model for our pro-
posed radio-frequency (RF) powered mobile wireless networks,
which consists of a macro-cell base station (BS) by, NV small-cell
access points (SAPs), e.g., femtocell APs, and K energy harvest-
ing (EH) based mobile users (MUs). All MUs are low-power
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Fig. 2.  System architecture model for the RF-powered backscatter MUs.

devices, e.g., wireless sensors, and they are powered by an
ambient energy source (ES). EachMU k, k€ K £ {1,..., K},
is covered not only by the BS by but also by several SAPs
in N2 {1,...,N}. For relieving the traffic burden of the
BS by, MU k can select one nearby SAP n, n € N, for data
transmission, which is called the traffic-offloading [18].
Similar to [1], [12], each MU £k is composed of five main
components as shown in Fig. 2, i.e., a micro-controller, an active
RF transceiver, a backscatter circuit,! an RF energy harvester,
and an energy storage, e.g., a capacitor. Therefore, MU k can
work in the harvest-then-transmit (HTT) mode, where it first
harvests energy from the ES’s RF signals using the RF energy
harvester and stores the harvested energy in the energy storage,
and then through active radio transmission, it leverages the
harvested energy for data transmission using the active RF
transceiver. Furthermore, MU k can also work in the ambient
backscatter (AB) mode, where instead of generating radio waves
as in the active radio transmission, MU k performs passive
communication by modulating its own information bits to the
ES’s RF signals and backscattering the ES’s signals to convey
information using the backscatter circuit [17]. Hence, for MU £,
the power consumption in the AB mode (typically a few uW) is
much lower than that in the HTT mode. The achievable rate and
the communication range of the AB technique depend on the
specific design of the backscatter transceiver [8]. Generally, the
communication range of the AB technique is several meters, with
up to about 24 meters but with very low backscatter rate, i.e., 1
kbps [4]. Therefore, we assume that MU k can switch between
the HTT mode and the AB mode adaptively when accessing
nearby SAPs [1].2 However, MU k can only work in the HTT
mode when accessing the BS by, which generally will not be
deployed too close to MUs. The micro-controller is responsible

!'As pointed out in [1], backscatter circuits are lightweight with low-power
consumption, and thus they can be combined with hardware-constrained devices
with low implementation complexity. In general, only a load modulator needs to
be integrated into the RF front-end. Then, by switching between different load
impedances and adapting the antenna’s reflection coefficient, the backscatter
node can modulate its information signals on the reflected signals [17].

2The MUs we consider are EH-based and low-power devices, e.g., wireless
sensors, whose task data sizes are generally small. Therefore, it is practically
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Fig.3. The cooperation between MUs and SAP n, Vn € N/, aided by the AB

communication.

for controlling the overall operation of MU £, e.g., the switch
between the AB and the HTT modes.

The considered system is time-slotted, with the duration of
each time slot being 7. When MU k accesses the BS by, it
works in the HTT mode, where the energy harvesting and data
transmission occur in two phases. In the first phase with duration
Vo1, 0 < Vg p < 1, MU £ scavenges energy from the ES’s RF
signals. Then, in the second phase with duration (1 — ¥j )7,
MU £k utilizes the harvested energy to transmit data to the BS
bo. When MU £k accesses SAP n, it switches between the HTT
mode and the AB mode as shown in Fig. 3, where «; ,, and
Brms 0 < oy Bren < T, are time periods for the AB mode
and the HTT mode of MU £k, Vk € I, respectively. Notice that
if MU £k is under the coverage of SAP n, but the distance between
them is greater than the maximum distance d™*, e.g., the above-
mentioned 24 meters, to establish the AB communication for a
specific transceiver design, then MU k can only work in the HTT
mode, i.e., oy, = 0.

B. Energy Consumption and Time Consumption

Each MU £ can only access the BS by or one of the SAPs for
data transmission, that is, for MU £k,

> kn +uen < 1, ()
neN

where y, € {0,1}and yy, , € {0,1},Vn € Ny, = 1if MU
k accesses the BS by; otherwise y;, p = 0. Similarly, yy, , = 1if
MU £ accesses SAP n; otherwise yy. , = 0.

We assume that system channel state information (CSI) can
be perfectly and also conveniently estimated because the BS
bo (or SAP n) can send the training signals to the MUs, and
then get the channel status feedback from the MUs to obtain
CSI. Besides, the BS by, the SAPs, and the ES utilize different
frequency bands, and thus there is no interference among them.
Also, the MUs accessing the BS by are allocated orthogonal
spectrums, and we denote sy, , € [0, 1] as the percentage of the
BS bg’s spectrum allocated to MU k. Thus, we can express the

feasible to utilize the low-rate and low-energy-consumption backscatter com-
munications for traffic-offloading. Moreover, the authors of [ 7] have developed a
novel AB communication system, i.e., BackFi, which can achieve a backscatter
rate of 1 Mbps at a range of 5 meters. This further justifies the feasibility of
using the backscatter communications for traffic-offloading. Furthermore, using
the backscatter communications for traffic-offloading, the energy consumption
of the EH-based MUs can be significantly reduced as shown in Section V.
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achievable rate from MU £ to the BS by, denoted by Ry, 1, as:

2
Py v| i o
Rib = Sk,oWh log, (1 + CIJ’JV()|>7 ()

where (i is a parameter related to the modulation and cod-
ing schemes, which is introduced to measure the signal-to-
interference-plus-noise ratio (SINR) gap between MU k’s
achievable rate Ry}, and the channel capacity from MU k to
the BS by [26]-[29]. Besides, hy, , and Py p, are the channel gain
and the transmit power from MU k to the BS by, respectively,
Ny is the noise power, and W}, denotes the bandwidth of the BS
bo. Hence, when the achievable rate Ry, > 0,1i.e., ypp = 1, we
can write MU £’s data transmission time, denoted by 7}, 1, and
energy consumption, denoted by E}, p, as:

{Tk,b = 3)
Eyp = PrpTlhp, 4)

respectively, where Dy, is the data size of the task which needs
to be transmitted by MU k.

Moreover, we assume that the spectrum assigned to the SAPs
is divided into orthogonal subchannels. Each SAP is allocated
one subchannel, and different SAPs can share the same sub-
channels to improve spectrum efficiency. However, to reduce
inter-cell interference, adjacent SAPs are allocated different
subchannels as much as possible. Besides, for a given SAP n,
the MUs accessing it employ the TDMA technique to transmit
data as shown in Fig. 3. Then, similar to [18], we can express
the instantaneous achievable rate from MU k to SAP n, denoted
by Ry, in the HTT mode when yy, , = 1 as:

Prn| P n|?
ke P NS
¢k (No+ X ez, Tnm)

where W, is the bandwidth of SAP n, and P ,, and hy ,, are
the transmit power and the channel gain from MU £ to SAP n,
respectively, in the HTT mode. In addition, Z,, is the set of SAPs
which share the same subchannel with SAP n, and I, , is the
instantaneous interference to SAP n from MUs accessing SAP
n’. MUs access SAP n’ in a TDMA manner, and then I, ,, may
change with time during the data transmission period, i.e., S .
of MU £ in the HTT mode. Hence, if Z}, ,, bits of data are to be
transmitted using the HTT mode when y;, ,, = 1 and 8, ,, > 0,
we can obtain that the average achievable rate from MU k to
SAP n satisfies the following equation.

Ry, = Wy, logsy (1 +

]E [Rk,n] - ]E W,n 10g2 1 + Pk,n|hk7n|2
Gk (No+ X ez, Ivn)
Zk n
= AR (6
Bk,n )

A

To obtain the energy consumption of MU £k, denoted by Ej, , =

P »Bkn, based on Eq. (6), we first give the following lemma.
Lemma 1: Let X and Y be non-negative and independent

random variables such that E[X| < oo and E[Y] < oco. Then,

o fos, (14 )] 2 o (1 25 )] 0
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Proof: Please see [30] and references therein. | |
Since P ,, is a constant during the time period 3y, ,,, based on
Eq. (6) and Lemma 1, we can obtain the following inequality.

Pk,n|hk,n|2
Ck (NO + Zn/eLL E [I"Ifn])

E [Rin] > W, log, <1 +

(3)
Utilizing Eq. (8) and E[Ry, ,,] = Zn/Bk,n givenin Eq. (6), we
can obtain that

Ek,n = Pk,an,n
< ﬁk,an (NO + angzn E [In’,n]) (

N ‘hk,n|2

Zk n
) , 9

when 3 ,, > 0, where f(z) £ (2% — 1).1f 34 ,, = Oand Zj, ,, =
0, we can define E},,, = 0, since no data will be transmitted
through the HTT mode when Z}, ,, = 0. Moreover, when j3;, ,, =
0 and Z,,, > 0, since

BknCk (No + X vez, B [Iw ) f ( Zkn )
ﬂk,nW

|hk,n|2

lim

Br,n—0F

(10)

= +OO,

we can define I}, ,, as a value which is larger than the maximum
capacity E™* of MU k’s energy storage. In this case, MU k
cannot finish transmitting all its data by accessing SAP n, and
then y;, , = 0. Notice that when calculating E}, ,,, we omit the
small amount of energy used in the AB mode similar to [1].
This is because compared with the high power consumption
of the active radio transmission in the HTT mode, the power
consumption of the passive radio transmission in the AB mode
is extremely low (typically a few pW) [1]-[3].

As mentioned above, the backscatter rate in the AB mode de-
pends on the specific design of the backscatter transceiver [17].
Hence, similar to [1]-[8], we assume that the achievable
backscatter rate B, at MU k£ can be obtained in advance, and
only takes the achievable backscatter rates realized by the AB
hardware prototypes as developed in the existing literatures,
e.g., [3], [4], [7]. Specifically, the backscatter rates reported
in [3], [4], [7] are measured through real testing experiments
using the developed AB hardware prototypes under different
conditions, e.g., different distances between the backscatter
transceivers. Then, when yy, ,, = 1, the total time consumption
of MU £k for transmitting Dy, bits of data to SAP n, denoted by
Tk,n’ is

Dy — Zn
By
where ay, ,, = (D, — Zk,n )/ By is the time consumption of MU

k for data backscattering. Thus, once we determine Zj, ,,, we can
obtain ay .

Tk,n = Qk.n + Bk,n = + Bk,nv (11)

C. Harvested Energy

Each MU £k is equipped with a single antenna, and then
it cannot harvest energy when transmitting or backscattering
data. The practical RF-based EH circuits exhibit the non-linear
characteristics of the end-to-end wireless energy transfer (WPT),
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where the RF energy conversion efficiency changes with the
received RF power level at MU k£ [31], [32]. Consequently,
adopting the non-linear EH model developed in [32], when MU
k accesses the BS by, we can express the harvested energy at
MU E, denoted by E,Iab, as follows:

Dy, (Pelhe|?) — Miy,
1—Qy

Epy = Vi T, (12)

where @y (z) & My, (1+ exp{—ci(z — di)}), where M, is
the maximum harvested power when the EH circuit saturates,
and ¢ and dj, are positive constants relating to the EH circuit
specification [32]. Moreover, Pe|heyk|2 is the received power
level at MU k, where P, is the transmit power of the ES and
he,; 1s the channel gain from the ES to MU k. In addition,
Qr =1 (14 exp{crdr}) is a constant to ensure zero-input
zeros-output response for energy harvesting. To activate the EH
circuit at MU k;, the inequality Pe|he x|* > dj must hold, since
d;. is related to the turn-on threshold of the diode in the EH
circuits [32].

Similarly, we can express the harvested energy at MU k& when

accessing SAP n, denoted by E,';yn, as:

h
Ek,n -

q)k (Pe|he,k|2) - Mka
1- O

x <Z D’C’;ij’”w Zﬁk',n>, (13)

k'#k k'<k

where we omit the energy harvested in the AB mode, since the
amount of energy harvested in the AB mode is relatively small,
which is just sufficient to sustain backscatter operations of the
MUs but cannot support the active radio transmission in the
HTT mode [1]. Without loss of generality, we assume that MUs
access SAP n one by one in a predefined order as shown in Fig. 3.
Besides, since oy, = Br,n, = 0 When yy ,, = 0, we can define
Zy n = Dy for MU k' when yy , = 0 in Eq. (13).

III. JOINT OPTIMIZATION FOR OFFLOADING AND
RESOURCE-ALLOCATION

A. Joint Optimization Problem Formulation

For the considered RF-powered mobile networks using the
AB communication, we aim to minimize the total energy con-
sumption of all EH-based MUs, by jointly optimizing all MUs’
network access and system resource-allocation. Specifically,
when f , > 0, we will use the right hand side of Eq. (9) to
calculate the energy consumption Fj, , of MU k whenit accesses
SAP n. Thus, in fact, we aim to minimize the maximum energy
consumption of all MUs in this paper. Hence, we can formulate
the considered optimization problem as follows:

min E, + By
wba{wn}ne/\" < 1’;/’ )

S.t.
Cl: Yk,b (ﬁk’bT + Tk,b) < T,VEk,

(14)

C2: Zyk,nTk,n < T7 Vn7
kek

C3: yup (Erp + PTrp) < min {E}L,, B}, VE,
C4: Yk (B + Pefrn) < min{E} B>} Vk,n,
C5: Prp < yrpPy™, VE,

C6: Py, < ypnPp™,Vk,n,

C7: spp < Yk, Yk,

CR: Zsk’b S 1,
kek

9 : Z Yin + Yrp < 1,VE,
neN

C10 : 1 (Pelhes|* < di) yrp = 0,Vk,
C11: 1 (Pelhe | < di) Brn = 0,Vk, n,

where 1(-) is the indicator function,?

Ey 2 Y Yk Erp, (15)
kek

En £ Z yk,nEk,'rmvna (16)
kek

are the totally consumed energy of MUs accessing the BS b
and SAP n, respectively, and ¥, = {9y, Sp, Py, Yo} and ¥, =
{Z.,Bn:Pn,Yn}, ¥n, where

9y £ {Up € 0,1], Yk},

Sb £ {Sk,b (S [O, 1],Vk‘},

Py = {Pyp € [0, P"™],VE},
Vo = {yrp € {0,1},VEk},

Zn & {Zy.n € [0, Dy, Vk}, Vn,
B, = {Br.n € [0,T],Vk},Vn,
Pp = { Py € [0, PM™], Vk},Vn,

Vo 2 {yrn € {0,1}, Yk}, Vn.

Moreover, P, is the constant circuit energy consumption when
MU £ working in the HTT mode, and EJ'** is the maximum
capacity of MU k’s energy storage. C'l1 — C2 are the time
consumption constraints of MUs when accessing the BS by and
SAP n, respectively, which state that each MU should finish data
transmission within 7". C'3 — C4 are the energy consumption
constraints of MU k when accessing the BS by and SAP n,
respectively, which guarantee that the totally consumed energy
of MU k cannot exceed the amount of the available energy in its
energy storage. C'5 — C'6 are the power consumption constraints
of MU k, where P is the maximum transmit power of MU
k. C'7— C8 are the spectrum allocation constraints of the BS

3In the problem given in Eq. (14), since MU k’s information cannot be sent
to the BS by when yy, , = 0, we define T}, , = 0 and ¥, ;, = 1 when y, , = 0.
Correspondingly, we define E}, 1, as a valued variable which is larger than E}'™*
whenyy, ,, = 0.Similarly, we define Ty, ,, = 0 (i.e.,ap n = Br,n = 0),andlet
E},  be avalued variable which is larger than F]7** as mentioned in Section II-B.
Moreover, for ease of mathematical tractability, we can still utilize Eqgs. (12),
(13) to calculate MU k’s harvested energy, i.e., EZ b and E]‘;’n, whenyr, =0
and yy, ,, = 0, respectively. Observing C'3 — C4,7 we can know that this will
not affect the solution to the problem in Eq. (14).
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bg, which ensure that only MUs accessing the BS by can be
allocated a part of the BS by’s spectrum. C'9 guarantees that
MU £k can only access the BS by or one of the SAPs. Since
dj, is related to the turn-on threshold of the diode in the EH
circuits [32], C'10 — C'11 guarantee that if the received power
level, i.e., Pe|he i 2 at MU k from the ES is less than dj,, MU k
cannot access the BS by. In this case, MU k£ can only choose to
access one SAP n by working under the AB mode, i.e., 8, = 0.

B. Distributed Joint Traffic-Offloading and Resource-
Allocation Optimization Schemes

The number of variables in the problem given in Eq. (14)
will become extremely large for large-size mobile networks,
which have a large number of MUs and/or SAPs. Hence, we
need to solve the problem in Eq. (14) in a distributed way,
by decomposing it into several subproblems. Since ¥, and
Yk,n’s are coupled in C9 for MU £k, similar to [33], [34], we
use the alternating directions method of multipliers (ADMM) to
decompose the problem in Eq. (14) into several subproblems,
with each corresponding to one SAP or the BS by.* Notice that
due to taking into account the inter-cell interference among SAPs
sharing the same subchannels, the upper-bound of Ej, ,, i.e.,
the right hand of Eq. (9), becomes a non-convex function and
thus the minimization problem given by Eq. (14) becomes a
non-convex optimization problem. While the ADMM technique
is usually often used to solve the convex optimization problems,
as shown and actually applied in [34], [36], [37], ADMM can be
also employed to solve the non-convex optimization problems.
As a result, we can still apply the ADMM method to solve our
non-convex optimization problem given by Eq. (14). To apply
ADMM, we first introduce copies of yx, 1,’s and yj, »,’s, and define
them as ¥, »’s and ¥y, ,,’s, respectively. Then, we have

12
C13:
Furthermore, the constraint C'9 can be rewritten as:

C14: Y Gin + Grp < 1, VE.
neN

vk,
vk, n.

Ykb = Yk b,
Yen = Yk,n,

Based on C'12 — C'14, we can reformulate the optimization
problem given in Eq. (14) as follows:

min (Eb +) En>
neN

Vostby {Vn b } e

st. C1—C8,010—C11,C12 — C14,

a7

where ), 2 {Uro € {0,1},Vk}  and y, 2 {Gkn €
{0,1},Vk}, Vn. Then, according to [34], the augmented
Lagrangian function of the problem specified by Eq. (17) can

4There are several other distributed algorithms which can be used to solve
the optimization problem in Eq. (14). The numerical results in Section V show
that the performance of ADMM is not worse than that of the other distributed
algorithms, e.g., the successive upper bound minimization (BSUM) method [35].
Hence, we apply ADMM to solve the optimization problem given by Eq. (14).
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be given by:

AEERERS Y

neN
30> stk Wkon = Tin) + Y Mk Yk o — Tip)
neN kek kek
P ~ \2 , P ~ 2
T3 Z Z (Yk,n = Yrn)™ + 5 Z (Yo — Urp)™ 5 (18)
neN kek kek

and correspondingly the dual function and the dual problem of
the problem given in Eq. (17) are, respectively, given by:

AN L L (Fovn {Fuiwn} _A).
(19)
st. C1—C8,C10 — C11,C14,
and
max {d(A)}, (20)

where A = {Ay,, ttr.n, Vk, 1} is the set of Lagrange multipliers
associated with C'12 — C13. p > 0 is the penalty parameter,
which is a constant parameter to control the convergence speed
of ADMM [34]. Besides, for any feasible solution to the problem
specified by Eq. (17), the p-terms in Eq. (18) are actually equal
to zero [36]-[38].

We use 7 to denote the iteration index of the ADMM method,
when solving the problem given in Eq. (17). Applying ADMM,
we can describe the resulting optimization steps as follows:

1) Updating Variables 1, and 1, Vn: Given 37&7] , A,[f] ,
Vn, and A}, we derive 1/)}[:“] and sz:“], Vn, by solving the
problem in Eq. (18), where z[™ is the obtained z in the (7 — 1)th
iteration of the ADMM method. That is, we solve the following
problem:

min £ (JZET],Q/;,), {37,[;],1/:,1} N’AH) @1

Yo {¥ntnen ne
st. C1—C8,C10— C11.

Observing Eq. (18), due to the introduction of variables J, ’s
and ¥, ,,’s, we can decompose the optimization problem given
in Eq. (21) into the following (N + 1) parallel subproblems. For
the BS by, the subproblem is:

; V7] [7]
min £, (97, 4oy, A1) (22)
s.t. C1,C3,C5,C7—C8,C10,
and for SAP n, Vn € N, the subproblem is:
; VIl []
min £, (37 ,,. A7) 23)

sit. C2,04,06,C11,
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where

Lo (S AlT) = By + X a7

(oo 350)
kel
+£ Z (ykb_y][g‘]b) )
kek

Lo (P aps AIT) = By P L (v — 91
+§ Z (yk,n ylE 11)

kek

(24)

(25)

The problems given in Egs. (22)—(23), which can be solved
by the BS by and SAP n, n € N, respectively, are non-convex
optimization problems, due to the product terms, e.g., Yi.n Sk n.
Vk, n, the integer variables yy, s, etc. When solving the problem
given in Eq. (22), we first denote I/ £ {k|, Pelhe k|? > di,Vk €
KC}. Due to C'10, the BS by can only serve MUs in the set I/,
and then it can directly set y;. , = 0 if & ¢ U and only solve the
problem in Eq. (22) for MUs in U. If MU k, Vk € U, accesses
the BS by, then to minimize MU k’s energy consumption, it is
obvious that the following equation must hold seen from C1.

Trp=(1=0kp) T (26)

which indicates that in each time slot, after energy harvesting,
MU £ accessing the BS by should spend all the remaining time
with duration (1 — ¥y, ,)T" for data transmission.’

Plugging T}, v, Vk € U, givenin Eq. (26) into Ey, , = Py, v}
(see Eq. (4)), and E}, = ZkeK yk vEr b (see Eq. (15)), we can
rewrite C3 and £,(), i .y, A1) given in Eq. (24), respectively,
as follows:

Yo Prp (1 = Opep)T + ypPe(1 — O3 )T < E}Ly,VE €U,

27
and
Ly ( [T]’ Py, A )
= Zykbpkb (1 —Yrp) T+Z/\ (ykb *ykD
kel kel
+ = Z (yk b — yk b) (28)
keu

Moreover, using Eq. (2) and the expressions of T}, 1, in Eqgs. (3)
and (26), for MU k, Vk €U, we can get the following inequality,
where we provide the detailed derivation in Appendix A.

2
No ﬂ ’
(29)
where the equality holds when the problem specified by Eq. (22)
attains the optimal solution.

Then, we can rewrite the problem given in Eq. (22) as:

Yk b

1
[ S L — 1 1
A= Us0)T = Dy [Sk,bWb 089 ( +

min £, (3}, . A1) (30)

st. C5,C7— C8,Eq.(27),Eq.(29),

SIf MU k, Yk € U, does not access the BS bg, Eq. (26) still holds, since
Typ = 0and Iy, = 1 as mentioned in Section I1I-A.
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where Eb()A)[ET] , Py, A[T]) is given in Eq. (28). To solve the
problem given in Eq. (30), we first utilize the reformulation lin-
earization technique (RLT) method to deal with the product term
Y v Prv, VE € U, in Egs. (27)—~(29). Introducing the following
new variable:

ﬁk,b 2 ypoPrp, Vk €U, (3D

we can obtain the following theorem using the RLT. B

Theorem 1: If the RLT is applied, then the variable Py 1,
Vk € U, defined in Eq. (31) is equivalent to the following linear
constraints.

0< Py < Pew, Yk €U, 32)
P = Py + Py — PP, VE € U, (33)
Py < yr o PP VE € U. (34)
Proof: The proof is provided in Appendix B. |

ForMU k, k € U, the introduction of P, ;, allows us to rewrite
Egs. (27) and (29), respectively, as follows:

Prp(1 — 0y, b)T+Pcyk (1= Vpp)T < ERy, (35)
Ty < A [ska Wi log, (1 e | D)
Also, we can rewrite ﬁb( wb, ) in Eq. (28) as:
Eb (j}\b[T] ’ wb7 ﬁb’ A[T])
= Z ﬁk’b(l — ﬂk’b)T + Z)»LT] (yk,b - y][:-l]))
keUd kel
P ~71)?
+ 5 % (yk,b - yk,b) ) 37

where Py, £ { Py, € [0, P™],Vk € U}.
Based on Theorem 1 and Egs. (35)—(37), we can transform
the problem given in Eq. (30) as the following problem:

mlg Zb (j)\IET] ) ¢b7 ,]Sbv A[T]>
Yy, Po

st.  C5,C7— C8,Egs.(32) —

(38)

(36).

To solve the problem specified by Eq. (38), we relax y;p, for
MU k, k € U, to be a real-valued variable taking values within
[0, 1], which can be interpreted as the time fraction of MU £k in
accessing the BS by for data transmission [38]. We utilize the
alternative optimization method to solve this problem iteratively.
First, since C'5, C7 — C8, and Egs. (32)-(36) are all convex
constraints, and the objective function is a convex function with
respect to Py, Vp, and Py, for given Sy and 9y, the problem
in Eq. (38) is a convex optimization problem with respect to
Pov, Vb, and Py. Hence, we can solve it easily by using the
standard convex optimization methods, e.g., the interior-point
method [39]. Similarly, we can transform the problemin Eq. (38)
as a convex optimization problem for given Py, b, and Py,
and then to obtain S, and ¥y. The above procedures repeat
iteratively until 9y, Sy, Py, Vb, and 731, converge to U, TH]

S[T+1] Pb7+1 y['r+1] dP[‘r+
[T+1] vy {,'9[7'+1] ,PT+1
b

, respectively, and then we

can obtain 1, TH] JJ[TH]}
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Now, we solve the problem given in Eq. (23) to obtain
plrtth 2zl gleet] plrHll ety for SAP n, Wi e
N. Denote U, as the set of MUs which are under the coverage
of SAP n. Due to C'11, SAP n can directly set 3, = 0, and
then Z, , = 0 and E}, ,,=0 for MU k, Vk € U,, \ U. For MU k,
Vk € U, NU, since y, , € {0,1}, assuming that 3y, > 0, and
using the right hand side of Eq. (9) to calculate Ej ,,, we can
rewrite y , Ey ,, in the problem given by Eq. (23) as follows:

[In',n]) Zk,n
f(ﬁk,nwn )

_ 6k,n<k (NO + Zn’EIn E [Inlﬁn]) f<yk,nZk,n> (39)
|hk,n|2 ﬁk,an ’
where to solve the NV subproblems in Eq. (23) efficiently and in
parallel, we approximate the average interference E[I,, ,,] from
SAP ', Vn' € 7, to SAP n by using the following equation:

[r] pgl7]

Z Yien Pl [7—] I, |2
kn’ n
kel 2k'el,, ZUI[;] 51[;',] '

yk:,nEk,n

Yk, PrnCk (No+ > ez, E
|hk,n|2

(40)

when 34 ﬁ,[j > 05 otherwise we approximate E[lyn]

as 0. Here, y,C n,, ﬂk ' yk, /s Bk, ,, and P,C ., V' €1,
k,k' € U,y are obtained in the (T - 1)th iteration of the ADMM

method. Based on Eq. (40), SAP n can calculate E[I,, ,,] by

only using the local information, e.g., y,[f]n,, y,[g,] ,, and ,6’,[;]”,,

vn' € I,,,k, k' € U, ,and the N SAPs can solve the N subprob-
lems given by Eq. (23) in parallel. Then, plugging T}, ,, given
in Eq. (11) into C2, and plugging yx »Ex,» given in Eq. (39)
into C'4 and the function £,, (Y i T Alr ) (see Eq. (25)), for
SAP n, we can rewrite the problem specified by Eq. (23) as the
following optimization problem:

min £, (y I, AH)

n

(41)

s.t. C6,

Dy — Zy
Z Yk,n <]€Bl€7+ﬂk,n> STa
k

keld,
[In’yn]) f<yk,nZk,n )
Bk,an

BrnCr(No + Y ver, E
+ Pcyk nﬂk n < min {Ek n7Emax} Vk € L{n ﬂU,

|hk n|2

where we only need to consider the energy consumption for

MUs inU,, NU, and
£, (7,9, A7)

. Z BrnCr (No + Zn,dﬂ E [In/m]) f(ykakM)

o 2
kel ot BrnWn

T T P A 2
+ Z /i£971n (yk,n - y][c,]n) + 5 Z (yk,n — y,[c’]n) .
ke, keld,,

(42)
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For solving the optimization problem given in Eq. (41), we
first utilize the RLT to deal with the product terms v, ,, Z ., and
Yk,nBk.n. Yk € U,,. Introducing the following new variables:

Zk,n £ yk,nzk,n7Vk € unv
Bk,n £ yk,n5k7n7Vk € Uy,

similar to Theorem 1, we can obtain the following Theorem 2
by using the RLT and considering the fact that ys,, € {0,1},
0<Zyn <Dp,and 0 < By, <T,VEk €U,

Theorem 2: If the RLT is applied, then the variables Z ko S
and Ekn ’s defined in Eqgs. (43)-(44) are equivalent to the follow-
ing equations in terms of linear constraints, respectively.

(43)
(44)

0< Zkn < Zin, Vi € Uy, (45)
Zkn 2 DelYkn + Zey — Dy, Yk € Un, (46)
Zk,n < Dkyk:m;Vk € una (47)
and
ONS gk,n < Bk,naVk € u’ru (48)
ék,n > Tyk,n + ﬁk,n - T; Vk € una (49)
ﬁk,n < Tyk,ka € Z/{n (50)

Based on the definition of Zk,n’s and Em’s, and Theorem 2,
we can transform the problem given in Eq. (41) as the following
optimization problem:

min _ L,

(9, A17)
V> Z4n,Bn

s.t. C6,Eqgs.(45)—(50),

>

kel

BrenCr(No + X ver,
‘hk,n |2

(5D

Y Di — an
By,

E[In’,n])f< Zk,n )
ﬁk,an

+ Pfry <min {E} ., BN} Vk € U, NU,

where for SAP n,
[In’,nD f Zk,n
ﬂk,an

+ Bk,n) S T7

( Y A )

_ Z ﬁk‘,n(k (NO + Z’I’L’EZ,L E

2
kU, [P
7] G A _ a1
+ Z Pk, (ykn ym) Ty Z (ykn y;m>
kell,, kel
(52)
and
z,2 Z,m [o Dk],Vk eun},
Since f(Z;€ n) = N0(2Zk » —1) is a convex function with

respect to Zk n» its perspective function Sy, ,, f (Zk n/ (BrenWh))
is jointly convex with respect to (3, and Z;m [39]. For MU
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k, Vk € U,,, relaxing yy, ,, to be a real-valued variable taking
values within [0, 1], we can transform the problem specified by
Eq. (51) as a convex optimization problem, where the relaxed
variable v, ,, can be interpreted as the time fraction of MU £ in
accessing SAP n for data transmission. Besides, please notice
that when transforming the problem given in Eq. (23) as the
problem given in Eq. (51), we assume that (3, > 0 for MU
k,Vk € U, NU, and rewrite y, ,, I, ,, in the problem given in
Eq. (23) as Eq. (39). However, when MU k accesses SAP n, i.e.,
Ykn = 1, but Zj, , = 0, MU £’s data transmission time Sy, ,, =
0 and energy consumption £}, ,, = 0. Moreover, when MU £
does not access SAP n, i.e., yi , = 0, the variable 3}, ,, = 0 and
the energy consumption Ej, ,, can be defined as a value which
is larger than E7'**. We can approximate the above two cases
using the obtained solution to the problem given in Eq. (51). For
example, when the obtained 3, , > 0 but Z}, ,, = 0, we can set
Bi,n = 0and Ey,, = 0 for MU k. When the obtained /3, ,, > 0
and Z , > 0,but By, ,, > E™ wecanset 3, = Oand yy, , =
0, then ykmEk,n =0.

2) Updating Variables JAJ;, and )A)n Vn: Given A}, and the
above-obtained wl[fﬂ] and 7Y, Vn, we can derive )A)lgﬂ_l}

and Vp yir , Vn, by solving the following problem:
[+1] { h+H}
(yba yna ’¢ neN

min

LA (53
j}\hy{yn}n ) ( )

s.t. C14.

Relaxing the binary variables ¥y ’s and ¥y ,’s to be real-
valued variables taking values within [0, 1], we can also trans-
form the problem given in Eq. (53) as a convex optimization
problem, and then solve it easily. Since all SAPs are under the
coverage of the BS by, the BS b can perform the updating of
Yr,p’s and gy ,’s by receiving ¢LT+1] from each SAP n.

3) Updating Lagrange Multipliers in A: Given the obtained
y“*” and y“*” Vn, we can update A = {A, pg.n, Yk, n} by
using the following equations:

W= e (B ) v o
e R (7 R ) I ) (55)

Similar to the updating of ¥ ’s and ¥ »’s, the BS by can
perform the Lagrange multipliers updating by receiving Vs, yir
from each SAP n.

4) Algorithm Stopping Criterion and Convergence: Repeat

the above three steps until the following stopping criterion

Z(!” —uih) + Z\ykn ykn>ée, (56)

kel
is satisfied, where € is a very small value [34]. We summarize
the proposed ADMM-based traffic-offloading and resource-
allocation algorithm in Algorithm 1. As pointed out in [33], the
ADMM-based Algorithm 1 converges, since the dual problem
given in Eq. (20) is a concave function with respect to A.
However, Algorithm 1 may not converge to the primal-optimal
solution of the problem given in Eq. (14), due to the potential
duality gap between the non-convex optimization problem given

1135

Algorithm 1: ADMM-Based Distributed Traffic-Offloading
and Resource-Allocation Schemes.

1. Initialization:
a) Set the iteration index of the ADMM method as 7 = 0.
b) The BS by initializes Y” and Y, ¥n, which satisfies
Cl4.
¢) The BS by initializes A}, Vk. Each SAP n initializes
M;ﬂo]n, Vk, and sends them to the BS by.
d) The BS by determines the parameter € in Eq. (56).
2. Repeat
For given y[T], ))n ,Vn, and Al7l & {Ak , k n, Vk,n},
the BS by solves the problem specified by Eq. (38) to
obtain ¢k[)7+1] 2 {19[[:“],P&TH],S}ETH],METH]}.
Meanwhile, each SAP n solves the problem given in
Eq. (51) to obtain
w[rﬂ] A {Z[T+1] B[TJrl] 73[r+1] y [r+1] } and then
sends 7+ to the BS by.
3. For given 1/)b7+1], 1,bnT+1], Vn, and A[T], the BS by solves
the problem in Eq. (53) to obtain JA)lETH} and Y v,
4. Based on the above-obtained )A)gTH} and Y v, the

BS by updates the Lagrange multipliers A[T+1] nd

,u;::l Vn, based on Eqs. (54)-(55), respectively.
5.Sett =1 + 1.
Until The algorithm stopping criterion given in Eq. (56) is

satisfied.

in Eq. (14) and its dual problem given in Eq. (20). Therefore,
the solution obtained by Algorithm 1 may be an approximate
solution to the problem given in Eq. (14).

5) Binary Variables Recovery: Since we have relaxed the
binary variables y;. ,’s and yy, ,,’s as real-valued variables, we
need to recover the binary variables y ,’s and v, ,,’s from the
above-obtained solution. To minimize the energy consumption
of all MUs, we recover the binary variables yy s and vy ,,’s
according to the following criterion:

_ [ 1, if By < Egn, Vn,
Yrb = {0, otherwise, (57)
1, if n = argmin {E;} and Ey ,, < Ejp,
Ykn = leN (58)
0, otherwise.

Based on the obtained binary variables vy, ,’s and yy, ,,’s, we can
solve the original problem given in Eq. (14) easily to allocate
resources for the cellular network and the WiFi network.

6) Algorithm Complexity: The complexity of the proposed
algorithm mainly lies in solving the problems specified by
Eqgs. (38) and (51). For given S, and 9y, the problem specified by
Eq. (38) is convex. Then, for given S, and 9y, the complexity
of solving the problem given in Eq. (38) with 3K variables
is O((3K)?) [39]. Similarly, for given Py, )y, and ), the
complexity of solving the problem given in Eq. (38) with 2K
variables is O((2K)?3). Moreover, each SAP n only needs to
solve the problem specified by (51) for MUs under its coverage.
The problem specified by (51) has at most 5K variables, and
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then the complexity of solving this convex optimization problem
is at most O((5K)?). Assuming that the maximum iteration
number of the alternative optimization method using to solve
the problem given in Eq. (38) is J1, and the maximum iteration
number of the ADMM method is J5, then the total complexity of
the Algorithm 1 is at most O(.J1J2(3K)? + N Jo(5K)?3), where
N is the number of the SAPs.

IV. CONCURRENT AB AIDED COMMUNICATION AND BISTATIC
SCATTER AIDED COMMUNICATION

A. Concurrent AB Aided Communication for WiFi Networks

For the AB communication, adopting the novel coding mech-
anism, i.e., pcode, proposed in [4], we can also consider the
scenario when multiple MUs can backscatter signals concur-
rently without mutual interference, i.e., the concurrent ambient
backscatter (CAB) mode, to further decrease the energy con-
sumption. As pointed out in [4], pucode uses periodic alternat-
ing chip sequence of zeros and ones to represent information.
Assuming that 7 MUs can backscatter data concurrently and
they adopt the same chip length, to work in the CAB mode,
the I MUs need to convey information with backscatter rates
By, 2By, ..., and 2(I — 1) By, respectively [4], where By > 0
is a constant. For each SAP n, we group MUs accessing it
into several clusters, and only MUs in the same cluster can
backscatter signals concurrently. Then, based on the problem
given in Eq. (14), we can formulate the optimization problem
when the CAB mode is adopted as follows:

min By + E
Py A0S0, ey ( Z ”)

neN

(39)

s.t. C1,03 — C11,

C15: Z Sn,q + Zyk,nﬁk,n < T7 vna

q€Qn kek
C16: > Ykmbrng < 1,Vk,n,
qeQn
Okmo(De — Ziem
17 : Lenlh, "1; k= Zin) Snygr Yk, 1,
k

018 N 6k}n,q S yk,naVk7n7Q7

where Q,, is the set of clusters of SAP n, ¢, £ {Snq €
[0,T],Vg},and &,, £ {0k.nq € {0,1},Vk, q}, where g, 4 is the
backscatter time of MUs in cluster g of SAP n, and 6y, », ¢, VE, q,
is a binary variable, which is defined as:

Sk 2 {1, if MU £k belongs to cluster ¢ of SAP n, (60)

0, otherwise.

C'15 is the time consumption constraint of MUs when consider-
ing the CAB mode. C'16 ensures that MU k can at most belong
to one cluster. C'17 states that the backscatter time of MU k
cannot exceed ¢, ¢ if 9%, 5, ¢ =1, and C'18 ensures that only MUs
accessing SAP n can be grouped into cluster ¢ of SAP n.
Compared with the problem in Eq. (14), the problem given
in Eq. (59) is more difficult to solve, since we also need to
determine which cluster each MU £ should belong to. Hence,
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we will propose a suboptimal algorithm. First, we solve the
problem in Eq. (14), where for the AB mode, we assume that
the backscatter rate B, of MU k, Vk € I, is the maximum
achievable backscatter rate B™** for a specific transceiver de-
sign. After solving the problem in Eq. (14), we assume that
Gn = {k|yx.n = 1,Vk € K} is the set of MUs accessing SAP
n. Then, based on the solution to the problem in Eq. (14), we
determine which cluster MU k, Vk € G,,, should belong to when
employing the CAB mode by using Algorithm 2.

In Algorithm 2, the aim of Step 1 is to guarantee that each
MU’s throughput through concurrent backscatter is not less than
that without concurrent backscatter. For example, if ay, ,, = 0.1s
and ay, = 0.05 s, we can group MUs k and %' into the same
cluster ¢, and set ¢,, ; = ag,p + Qi p, By = B™, and By =
0.5B™* in the CAB mode. Then, compared with the AB mode,
the throughputs of both MUs k and &’ will not decrease through
the CAB mode. In addition, we can adopt the similar method as
that in Step 2 to group MU k with y, ;, = 1 into a suitable cluster
in Q,, if there exists a cluster ¢ such that £} , > 0, and the
distance between MU k and SAP n is not larger than d,,x, which
is the maximum distance to establish the AB communication
for a specific transceiver design. Then, we can update the set G,,
and obtain the set §,, = {0k,n,q € {0,1}, Yk, ¢}, where Oy, , ¢ is
defined in Eq. (60).

Based on the obtained d,,, we solve the following convex op-
timization problem to determine resource-allocation for SAP n.

min E Eyn
PrsSnsZn,By, ’
k€Gn

(61)

st. C19: Z Sn,q + Z B < T,

q€Qn keGn
Ek,n + Pcﬁk,n S {Ellé,na E]Ignax} ,ij S gna
Pk,n < P];naxy\V/k € g’ru

Ok ,n,q(Dk = Zin)
By,
where for MU k, k€ G(n), C'19 and C22 are the time consump-

tion constraints, and C'20-C21 are the energy consumption and
power consumption constraints, respectively.

C20:
C21:

22

< Sn,q, Yk € Gn,

B. Bistatic Scatter Aided Communication for Cellular
Networks

We can also employ the long-range bistatic backscatter (BB)
technique to further decrease the energy consumption of MUs
accessing the BS by. Different from the AB communication,
the BB communication has a long communication range (up to
about 270 meters) [10]. Adopting the BB technique, MU £ can
backscatter information to the BS by, i.e., working in the BB
mode, by modulating their information bits to the unmodulated

%Since the solution to the CAB case is based on the solution to the non-
concurrent backscatter case, for ease of presentation, we consider the two cases
separately. Moreover, since we need to determine which cluster each MU belongs
to in the CAB case, the implementation complexity of the CAB is relatively
higher than that of the non-concurrent backscatter. Hence, by considering the
two cases separately, MUs can select suitable backscatter modes based on their
requirements.
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Algorithm 2: The Clustering Algorithm for Concurrent
Ambient Backscatter.

1. Step 1:

Input: Load the sets of J}, = {ykp, Vk} and
Y = {yk n, Yk}, Vn, and the backscatter time oy, ,,’s
obtained by solving the problem given in Eq. (14). Denote
Gn = {k|yr,n = 1,Vk € K} as the set of MUs which choose
to access SAP n.

2. Step 2:

2.1. For Vk, k' € G, calculate ay, ., /oy . Besides, define a
K x K matrix Y £ [v(k, k)], where for MUs k, k' € IC, if
k,k' € Gy, then v(k, k') £ ay ,/ay n; otherwise
v(k, k') £ 0.

2.2. Define a K x K matrix C = [C(k, k)], where we first let
C(k,k') = 0 for Vk, k' € K. Then, for k € G,,, if K is the
only MU with v(k, k") > 2,and >, C(¢, k') = 0, we
group MUs k and k' into the same cluster, and define
C(k, k') = 1.If there exist more than one MU, e.g., two MUs
K and k", satisfying v(k, k') > v(k, k") > 2, and
Yok O, k) =3, C(1, k") = 0, then we group MUs k
and k" into the same cluster, and let C(k, k") = 1.

2.3.If MUs k and £’ are grouped into cluster ¢ of SAP n € N/,
and MUs k and k" are grouped into ¢’ of SAP n, then we
group MUs k, £/, and k" into the same cluster. For SAP n,
denote the set of clusters containing at least two MUs as C,,.

3. Step 3:

3.1.If MU k&, k € G, does not belong to any cluster of C,,, we
determine which cluster of C,, it should belong to. For cluster
q, Yq € Cy, assuming oy, ,, , = 1, we set the backscatter time
of cluster g as ¢, = 15emg=1 Yen-

3.2. Sorting MUs in cluster ¢ in descending order of «, ;,’s,
we set B, = B™M& 2(¥=1) for each MU ¢ in cluster q, where
v is the position of MU ¢ in the above-sorted sequence.

3.3. For each MU ¢ in cluster g of SAP n, we calculate Z, ,,
using <,.q =(D, - Z,)/B.,. If Z, ,, = 0, then energy
consumption £, , =0.If Z, ,, # 0, then we estimate energy
E, , byusing £, ,, = PLmaXZL’n/Rf";f, where R"7 is
calculated by using R = W, logo (1 + P™*|h, n|* /No).

3.4. Estimate the total energy saving Ej ,  of all MUs in
cluster ¢ by comparing the energy consumption with and
without the use of the CAB mode. For MU £k, assuming that
cluster ¢* is the cluster leading to the largest energy saving,
and Ey . > 0, then we group MU F into cluster ¢*,

q €Cp.

4. Step 4:

4.1. For k € G,, which does not belong to any cluster in g,

Vq € Cy,, we utilize the similar method as that in Step 2 to
group these MUs into new clusters.

4.2. Denote all clusters obtained by the above three steps as

On.

carrier signals emitted from some carrier emitters (CEs). We
assume that there exist M CEs, denotedby M = {1,2,..., M},
in our network system depicted in Fig. 1, and then each MU
can switch between the HTT mode and the BB mode when
communicating with the BS by. As shown in Fig. 4, for all MUs
accessing the BS by, we denote 0, and x} as the common time
periods for energy harvesting and data transmission in the HTT
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Fig. 4. The cooperation between MUs and the BS b aided by the bistatic

backscatter (BB) communication.

mode, respectively, where similar to Section II-B, MUs transmit
data to the BS by during the time period yp using orthogonal
spectrums in the HTT mode. Besides, for MU k, we denote py, 1,
as the time period for the BB mode. Assuming that ¢y ;, bits of
MU £’s data are to be transmitted through the HTT mode, then
similar to Eq. (9), we can express the energy consumption of
MU k when accessing the BS b as:

Xb Db

Fhb |hk,b|2f <Xb3k,bWb> ’
where similar to Section II-B, if x, = 0 or/and si, = 0, we
can define Ej,, = 0 when ¢y, = 0. If xp, = 0 or/and s;, =0
while ¢y, > 0, we can define E}, ;, as a value which is larger
than the maximum capacity £]'** of MU £’s energy storage.

We assume that the CEs can work in the same spectrum with
the BS, but they work in different spectrums with the ES and
the SAPs. Hence, for the considered communication scenarios,
similar to the problem in Eq. (14), we can formulate the traffic-
offloading and resource-allocation problem as follows:

min Ey + Z Pee vYroPkp + Z E,
LPhw{"pn}nex\"

kek neN

(62)

(63)

s.t. C2,C04 — C9,

C23 :0y + Z Yk bPrb + X0 < T,
keK

C24 :yip (Erp + PeXo + Pecppry) < min {E}, B} VE,

25 : ]l(Pe|he,;€2 + ) Polhmal* < dk>pk,b > 0,Vk,
meM

26 : ]1(Pe|he,k2 + ) Polhmal* < dk> drp = 0,k,
meM

027 : ]l(Pe|he,k2 + ) Polhmal* < dk>ﬁk,n =0,Vk,n,
meM

where Prv £ {pk,b’Vk}7 %o £ {ob»Xb»Pbaymean}’ and L
and E,, are defined in Egs. (15)-(16), respectively, P,, is the
transmit power of CE m, Ym € M, h,, j is the channel power
gain from CE m to MU £, and P is the power consumption
of MU k£ when backscattering data to the BS by in the BB
mode. Besides, C23-C'24 are the time consumption and energy
consumption constraints of MU k, respectively, when accessing
the BS by. C25-C27 are similar to C'10-C'11, which state that
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if the received power level, i.e., P.|he 1 |* + > et Pl Pk 12,
at MU £ is less than dy, then MU k can only work in the BB
or AB mode. Moreover, similar to [8], [17], we assume that
MUs can use the dual-band antenna to harvest energy from RF
signals emitted from both the ES and the CEs.” Therefore, for
the considered communication scenarios, similar to Eq. (13), we
can write the harvested energy at MU k when accessing the BS
bo and SAP n, respectively, as follows:

o Do (Pel e k243 cpt Pon o 1|2 ) = M Qi
kb — 1-Qp

D ! !
X\ Dk kak =+ 9b>7 (64)
o D, (Pelhe, |2+ ept Pl k)~ My,
ko 1—Q
D /*Z !
X (Zk/;ék % + Bk,n) 5 (65)

where BY is the backscatter rate of MU £’ in the BB mode.
Similar to [8], [17], we assume that when the BB mode is
activated, the binary frequency-shift keying (FSK) modulation
is performed at MU &/, then we can express BY as follows:

Pre yr | hi v]? )
b

66
¢ No (66)

BY = Welog, <1 +
where similar to (;, in Eq. (2), ¢% is introduced to measure
the performance gap between the backscatter rate B,'g? and the
channel capacity from MU &’ to the BS by [26]-[28]. In addition,
since MU k has already spent a time period of 6, for energy
harvesting, we assume that MU £ uses the received signal from
CE m only for data backscattering in Eq. (66) to support a long
communication range of the BB mode, instead of splitting it for
data backscattering and energy harvesting as in [13]. W, is the
bandwidth of the CEs, and P ;b is the transmit power from
MU K’ to the BS by in the BB mode, which can be expressed as:

Io—T 4\?
Peip =Y Pulhmpl gk,( — 1) (W> . (67)

meM

where for MU k/, & is the scattering efficiency, and T'g
and I'; are the reflection coefficients specified by the load
impedances [8]. Similar to the problem given in Eq. (14), we
can decompose the problem specified by Eq. (63) into several
subproblems using ADMM, and solve each subproblem using
the RLT, the alternative optimization, and so on.

V. PERFORMANCE EVALUATIONS

We consider a circular area, where the BS is located at
the origin, while all SAPs and MUs are randomly distributed
in the area. Similar to [40], we assume that hyp, = h), dzkb",

A Vk,n AN e,k AN Ym .,k
hien 2 Ry d)50 s he g 2 Bl dl5E, and hy, g 2 hmykd

m,k ’

7Dual-band energy harvesting techniques can be utilized by low-power MUs,
as shown in [17] and references therein. Since the transmit power of each CE is
generally very low, MU k may only be able to harvest energy from CEs deployed
nearby. Similarly, in the BB mode, MU £ may only be able to convey data by
reflection of unmodulated signals radiated from CEs deployed nearby.
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Fig. 5. Convergence performance of the ADMM-based traffic-offloading and
resource-allocation schemes. (a) Convergence of our proposed scheme when
the AB mode is used to accommodate data transmission. (b) Total energy
consumption of MUs with the assistance of the CAB mode.

where hj . hj ., by, and ko denote the corresponding
small-scale fadlngs dyp and dj, ,, are the distances from MU
k to the BS by and SAP n, respectively, d. ;, and d,, j are the
distances from the ES and CE m to MU k, respectively, and v p,
Yik,n> Ve, k» and 7y, 1. are the path loss exponents of the large-scale
fadings. We assume that A}, follows Rayleigh fading, while

’k’n, hm > and h’ k follow Rlclan fading, since Rician fading
is more appropriate to take into account the effect of line-of-
sight component in RF-based EH systems [41]. For large-scale
fadings, we take v, p = 3 and Vi = Yo,k = Ym,kx = 2.5. We
consider the following two network scenarios. In Scenario I,
we set the radius of the considered circular area as r = 55 m.
For the AB communication, we take the maximum achievable
backscatter rate B™#* =1 Kbps and the maximum commu-
nication range d™** = 24 m realized by the prototype in [4].
Since B™#* = 1 Kbps, we assume that the input data sizes of
MUs follow uniform distribution with Dy, € [3 x 10%,6 x 10?]
bits. For Scenario II, we set » = 10 m, and take B™®* =
1 Mbps and d™** = 5 m realized by the AB prototype in [7].
Since B™#?* takes a relatively large value, i.e., 1 Mbps, we set
Dy, € [3 x 10,6 x 10%] bits. Unless otherwise specified, we let
K =25and N = b, since there generally exist a large number
of MUs and/or SAPs in today’s wireless networks. We take
P, =0.02 W and M = 5, since the CE generally transmits at
a low power level and needs to be deployed near the MUs [17].
In addition, we take P, =3 W, P, =10 *W, T =15, p =2,
Wy =4 MHz, and W,, =1 MHz. Furthermore, for the BB
mode, we take I'g =1 and I'; = —1, and set the scattering
efficiency & = 0.7 [8].

For Scenario I, Fig. 5(a) shows that our proposed schemes
yield the satisfactory convergence performance, which enables
our proposed schemes to converge to the targeted optimal so-
lution within around 25 iterations. Besides, Fig. 5(b) shows the
total energy consumption of MUs versus the penalty parameter
p, which can control the convergence speed of ADMM. We
can see that the total energy consumption of MUs obtained
for different p converges to almost the same value for given
number of MUs, i.e., K. Moreover, Fig. 5(b) also shows that
when the CAB mode is utilized, the total energy consumption
of MUs can be significantly reduced, especially when K is large.
This is because by grouping MUs into different clusters using
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Fig. 6. Total energy consumption of MUs versus the number of MUs, i.e.,
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the BS or the SAPs versus K; (c) Total energy consumption of MUs versus
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Algorithm 2 and adopting the CAB mode, MUs belonging to
the same cluster can backscatter data concurrently with longer
backscatter time. Furthermore, as K increases, more MUs,
e.g., MUs previously accessing the BS by, can be grouped into
suitable clusters, and backscatter data to suitable SAPs.

Fig. 6 shows the energy consumption of MUs versus the
number of MUs, i.e., K, and the average data size of MUs,
ie, > peeDr/K, for Scenario I. For comparison, we also
show the numerical results obtained by a baseline algorithm,
where all MUs can only access the BS by and work in the
HTT mode. Figs. 6(a) and (c) show that due to the assistance of
backscatter, the total energy consumption of MUs can be reduced
and the performance gain over the baseline algorithm increases
asy . Dr/K or K increases. This is because when MUs work
in the HTT mode, they need to actively transmit information.
Hence, the energy consumption of MUs is much higher when
only working in the HTT mode, compared with the scenarios
when working with the assistance of backscatter. This can also
be seen from Figs. 6(b) and (d), where the energy consumption
of MUs accessing the BS by is generally much higher than that
of MUs accessing the SAPs. Furthermore, Figs. 6(a) and (c)
also show that when the BB communication is used to assist
the data transmission of MUs accessing the BS, the total energy
consumption of MUs can be further reduced, and the energy
consumption of MUs accessing the BS is comparable to that of
MUs accessing the SAPs. The above results also confirm the
low-energy consumption of the backscatter communications.
In addition, the total energy consumption of MUs increases
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N. (a) Total energy consumption of MUs versus N for network Scenario I; (b)
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significantly as K increases or as ), .- Dy /K increases from
1.5 x 10? bits to 4.5 x 103 bits, especially when the baseline
algorithm or the AB mode is used to assist data transmission.
Also, the total energy consumption of MUs can be slightly
reduced as P, changes from 0.005 W to 0.02 W.

Fig. 7 shows the total energy consumption of MUs versus
the number of SAPs, i.e., NV, for Scenarios I-II. Notice that
since some MUs, e.g., security microphones/cameras recording
audio/video, produce throughputs in the order of a few Mbps, the
wireless links from these MUs to the wired gateway connected
to the Internet should provide at least a few Mbps of uplink
transmissions at a range of 1-5 meters [7]. Thus, we consider
Scenario IT which has a maximum backscatter rate in the order
of 1 Mbps at a range of 5 meters in Fig. 7(b). For Scenarios I-I1,
Fig. 7 shows that the total energy consumption of MUs decreases
significantly with the increase of N, when the AB mode or
the CAB mode is used. This is because when N increases,
more and more MUs can choose to access suitable SAPs and
backscatter data to these SAPs with negligible energy consump-
tion. However, when the BB mode is also used, a relatively
small performance gain can be obtained with the increase of
N. This is because compared with the CAB mode, when the
BB communication is leveraged, extra system performance gain
is mainly due to the decrease of energy consumption of MUs
accessing the BS and working in the BB mode. Moreover, the
total energy consumption of MUs decreases as the number of
CEs, i.e., M, increases, since more and more MUs can work in
the BB mode when M increases. In addition, Fig. 7 shows that
the energy consumption of MUs obtained by the schemes based
on the widely adopted BSUM method [35] is slightly higher
than that obtained by our ADMM-based schemes, where the
CAB mode is utilized.

Fig. 8 depicts the energy consumption of MUs versus the
bandwidth of the BS by, i.e., W}, and the maximum backscatter
rate of MUs, i.e., B™®*, for Scenarios I-II. Since we take W,, =
1 MHz for SAP n similar to [8], in Fig. 8(a), we take W}, from
2 MHz to 14 MHz for the BS, which generally has a higher
bandwidth than SAP n, to evaluate the effect of W}, on system
performance. Fig. 8 shows that the energy consumption of MUs
decreases significantly with the increase of W}, or B™*, when
the CAB mode with N = 1 or the AB mode is utilized. However,
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small performance gains can be obtained with the increase of 1},
when the CAB mode (with N = 5) or the BB mode is used. The
above results are all because of the low-energy consumption of
the backscatter communications.

Fig. 9(a) shows the performance comparison of our proposed
schemes with the centralized algorithm, where different MUs
can backscatter data concurrently. We take X' = 10 and NV = 2.
Fig. 9(a) shows that when the CAB mode is utilized, system per-
formance obtained by our ADMM-based schemes is very close
to that of the centralized algorithm. Moreover, Fig. 9(b) shows
the energy consumption of MUs when the system CSI cannot
be perfectly estimated. Similar to [42], since the large-scale
fadings vary slowly, we assume that the large-scale fadings can
be perfectly estimated. For small-scale fadings, we assume that
the channel estimation errors vary linearly with the estimated
small-scale fadings. To this end, for the channel gain Ay, , defined
inEq. (2), we let ﬁ’k o (Where R}, is defined in the first paragraph
of Section V) denote the estimated small-scale fading from MU &
to the BS by, and also denote Ahz,b as the corresponding channel
estimation error, where |AR], |2 £ |k, |2 with ¢ denoting the
channel uncertainty degree due to the CSI estimation inaccuracy.
Fig. 9(b) shows that although the energy consumption of MUs
increases as o increases, which may degrade the transmission
rates and backscatter rates of MUs as indicated in Fig. 8(b), the
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impact of CSI’s inaccuracy on the energy-consumption perfor-
mance and transmission-rates performances for our proposed
schemes is virtually neglectable for scheme CAB and scheme
BB, but slightly higher for scheme AB, verifying the average
robustness of our proposed schemes.

VI. CONCLUSIONS

We focused on the joint traffic-offloading and resource-
allocation for RF-powered backscatter wireless networks, where
a cellular BS, several SAPs, and multiple EH MUs coexist.
Our aim is to minimize MUs’ energy consumption by us-
ing the backscatter communications. First, we proposed a dis-
tributed traffic-offloading and resource-allocation scheme, when
the AB communication is employed by MUs accessing the
SAPs. Then, we considered the traffic-offloading and resource-
allocation when MUs accessing the SAPs can work in the CAB
mode. Moreover, we also studied the joint traffic-offloading and
resource-allocation when the AB and BB communications are
adopted by MUs accessing the SAPs and the BS, respectively.
Finally, we validated and evaluated the performance of our
proposed schemes through numerical analyses.

APPENDIX A

Using Egs. (2)-(3), we can rewrite T}, , for MU k accessing
the BS by as follows:

_ Peplhie|*\]
Tk,b =Dy, Sk,bWb log, | 1+ T . (68)
0

Using Eq. (3) and T}, , = (1 — Y5 p)T given in Eq. (26), we can
obtain that

1 1 Py plhip|?
- = Wyl 14— .
(I—0n)T _ Ds {Sk,b b logy < + N

(69)
Then,
Yk b Yk,b Py p|hiep|*
—_— = 2 Wyl 14+ = ].
(= 0w T _ Dy |:5k,b b logy ( + No
(70)
Since yi» € {0, 1}, using Eq. (70), it is easy to get that
Yk.b 1 Yk Pro,o| P o |2
kb | Wi log, (14 ZebZRbITEST A
(= 0w)T _ Ds [Skb b logy ( + N i
7

For ease of mathematical tractability, we rewrite Eq. (71) as
Eq. (29), i.e.,

Yk,b - 1

(]. — ﬂkﬁb)T - Dy

Yib kb

hi v
Ny ’

where the equality holds when the optimization problem speci-
fied by Eq. (22) attains the optimal solution.

[Sk,bWb log, (1 +
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APPENDIX B
PROOF OF THEOREM 1

Proof: Since yyp, € {0,1} and 0 < Py, <
RLT, we can obtain the following inequalities:

< P, using the

(Yrp — 0) (Pep — 0) >0, (72)
(Yrep — 1) (Prp — 0) <0, (73)
(Yo — 1) (Prp — P™) >0, (74)
(i — 0) (Prp — P) <0, (75)

Plugging ]Skyb defined in Eq. (31) into Egs. (72)-(75), we can
obtain Eqgs. (32)-(34). B

Then, we prove that if the variable Py, satisfies Eqs. (32)-
(34), the equation ISk,b = Y,b Lk p must hold. When the binary
variable y;, , = 0, we can obtain that ﬁk,b = 0 from Egs. (32)
and (34). Hence, ﬁhb can be written as:

Prs = 9(Ukbs Pro)Uhps (76)

where g(-) is a function with respect to yy, , and Py, . Now, using
Eqgs. (33)-(34) and Eq. (76), we can obtain that when y;,, = 1,
the following equation holds.

9(1, Pyp) = Prp. 77
Therefore,
9(Yk,ps Prp) = PrpYi ps (78)
where w > 0. Plugging Eq. (78) into Eq. (76), we can obtain
Py = Poyyiy". (79)
Since yi» € {0,1}, we can directly write Eq. (79) as ﬁk,b =
Yre,b Pr - [ ]
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