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energy harvesting circuit based on the diode SMS7360 is designed and experi⁃
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work (WSN) tag is designed and implemented for cellular IoT applications. The
developed WSN tag is compatible with the ISO/IEC18000 ⁃ 6C protocol. This
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life, and sensing functionality, and will have wide applications in the Internet
of Things (IoT).
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Simultaneous wireless information and power transfer (SWIPT) technology is a
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I n the vision of the incoming 5G era, billions of people as well as trillions of ma⁃
chines are expected to be connected by the next generation mobile network.
However, functions of massive communication devices have been substantially
limited by insufficient power supply. As an efficient solution, dedicated RF sig⁃

nals are capable of carrying well⁃controlled energy towards the rechargeable devices in
order to achieve on⁃demand energy transfer. Although RF signals are capable of simulta⁃
neously carrying both data and energy, diverse requirements of data and energy trans⁃
fers pose huge challenges in their effective integration. For example, the energy receiver
and the data receiver have diverse sensitivity to the received power. The received power
as low as -80 dBm is sufficient for recovering contaminated packets, thanks to the⁃state⁃
of⁃the⁃art channel encoding/decoding techniques. However, only when the received pow⁃
er is higher than -20 dBm, the energy reception circuit can be effectively activated for
converting a fraction of the energy carried by RF signals to the direct current (DC).

As a result, the integration of wireless data and energy transfer is worth deep explora⁃
tion. For the implementation of RF⁃based energy transfer, we have to make the energy
receiver adapt to a wider range of the received power, while increasing RF⁃DC conver⁃
sion efficiency. The advanced transceiver for integrated data and energy transfer/recep⁃
tion is also required in the physical layer. The coexistence of multiple energy and data
transmitters/receivers calls for deep exploration on interference management schemes,
medium access control (MAC) algorithms as well as data/energy routing protocols,
which systematically yield data and energy integrated communication networks (DEINs).

This special issue aims for educating about, promoting and accelerating technical
evolution towards the promising and exciting research area of DEINs.

The most fundamental for the DEIN implementation is hardware design for the ener⁃
gy reception. Therefore, in this special issue, LI Zhenbing et al. design an ultra⁃low pow⁃
er high⁃efficiency wireless energy harvester operating in the UHF band. Furthermore, in
order to extend the lifetime of the future IoT, an RF energy harvesting tag operating in
the UHF band is designed by LI Gang et al. for powering the batteryless IoT devices in
the next generation of cellular networks.

The DEIN basic function is to jointly coordinate energy and information flows. GONG
Jie et al. thus propose a new paradigm for energy harvesting aided communications.
They exploit the correlations of energy and information in cellular networks for guaran⁃
teeing abundant energy flows to the areas having intense communication demands.

Relying on the RF signals for conveying both the energy and information imposes
great challenges for the system design. LIU Binghong et al. provide a thorough survey
on the latest advances of the simultaneous wireless information and power transfer in
cellular networks. By further considering security issues in the DEIN, Alexander Okan⁃
deji et al. design an optimal beamforming scheme for maximising the secrecy through⁃
put in a full⁃duplex aided MISO system.

The aforementioned five excellent works have solved a range of key challenges of the
integrated data and energy transfer, which includes the hardware implementation issue,
the transceiver design in the physical layer, and the resource allocation in the MAC lay⁃
er. We hope that these pioneering works may stimulate the interests of both the aca⁃
demia and industry in the promising research of DEIN.
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Ultra⁃Low Power High⁃Efficiency UHF⁃Band WirelessUltra⁃Low Power High⁃Efficiency UHF⁃Band Wireless
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Abstract

In this paper, an ultra⁃low power high⁃efficiency ultra⁃high frequency (UHF)⁃band wireless energy harvesting circuit based on the
diode SMS7360 is designed and experimentally demonstrated, being operated in all released Global System for Mobile Communi⁃
cations (GSM) bands in China (GSM900 band: 0.87-0.96 GHz and GSM1800 band: 1.71-1.86 GHz). This UHF⁃band wireless en⁃
ergy harvesting circuit can harvest energy at 0.87-0.96 GHz and 1.71-1.86 GHz bands simultaneously in outdoor or indoor envi⁃
ronment. The test results show that a radio⁃frequency (RF)⁃to⁃direct⁃current (DC) conversion efficiency in the range of 20%-63.2%
is obtained for an available input power of - 22 dBm to 1 dBm in GSM900 band and that in the range of 13.8%-55.5% is
achieved for an available input power of -22 dBm to 3 dBm in GSM1800 band. The harvested RF energy is converted into DC en⁃
ergy and be stored in a 6.8 mF super capacitor through the energy management circuit. This super capacitor’s capacity is more
than 20 mJ, which can meet the demand of high⁃speed broadband wireless communication transceivers. This ultra⁃low power high⁃
efficiency UHF⁃band wireless energy harvesting circuit could be used to achieve the low power wireless sensor network node (tag).

GSM900; GSM1800; rectifier; RF energy harvesting; wireless sensor network
Keywords
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1 Introduction
s one of the world’s top ten technologies, network
sensor technology has been widely researched.
The wireless sensor network (WSN) nodes were
powered by the non ⁃ rechargeable battery which

would severely limit the development of wireless sensor net⁃
work techniques. Energy harvesting WSN (EH⁃WSN) utilizes
energy harvesting technology to collect the available energy in
the environment to power the whole system, which can effec⁃
tively reduce the energy limitation of the sensor nodes.

Unlike most of the energy sources, the raido frequency (RF)
energy sources are continuously available in the atmosphere
environment. However, the power density of space RF sources
is very low [1]. For example, when the distance from a China

Mobile Communications Corporation (CMCC) GSM base sta⁃
tion to the receiver is 60 meters, the wireless power intensity is
5.25 μW/cm2; when the distance from a China Unicom GSM
base station to the receiver is 70 meters, the wireless power in⁃
tensity is 5.94 μW/cm2 [2]. Moreover, if the antenna aperture is
50 cm2, such wireless power that can meet the rectifying cir⁃
cuits is about ⁃22 dBm.

Previous works on RF harvesting circuits focused on a sin⁃
gle operating frequency [3], [5], [6]. When multiple RF energy
sources are available, the amount of harvested energy can be
increased if the system is designed to work in multiple frequen⁃
cy bands [4] as proposed in this paper. From theory analysis
supported by simulation results and measurements, an ultra ⁃
low power (⁃22 dBm) high⁃efficiency UHF⁃band wireless ener⁃
gy harvesting circuit has been designed to work at the GSM900
and GSM1800 bands. The GSM900 entire band is from 870
MHz to 960 MHz including uplink (UL) and downlink (DL)
modes. The DCS1800 is from 1710 MHz to 1880 MHz (includ⁃
ing UL and DL modes). Finally, the harvested energy is stored
in the super capacitor through the energy management circuit
BQ25570.

This paper is organized as follows. Section 2 presents the
state ⁃of ⁃ the⁃art research progress and the rectifier impact on

A
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the multiband RF harvester architecture. Section 3 explains
the designed rectifier in the dual⁃band RF harvester and pres⁃
ents the dual⁃band RF harvester simulations. Section 4 shows
the dual ⁃ band RF harvester experiments and measurements.
Section 5 concludes this work.

2 State⁃of⁃the⁃Art: Rectifier Impact on
Multiband RF Harvester Architecture
The goal of a wireless energy harvesting circuit (RF energy

harvester) is to convert the RF energy received from ambient
RF sources (GSM900/GSM1800 in this paper) into direct cur⁃
rent (DC) power. A typical wireless energy harvesting circuit
consists of a receiving antenna followed by an RF band ⁃pass
filter, a rectifier, a low⁃pass filter, and a load. Many of the pre⁃
vious studies are single band RF harvesting circuits [3], [5], [6]
while some other studies use multi ⁃ band RF harvesting cir⁃
cuits [4]. However, when the operating frequency is changed
from the optimal resonance frequency, a single ⁃band harvest⁃
ing circuit is not suitable to supply the sensor, since mismatch⁃
ing between the source and the rectifying circuits will degrade
the rectification efficiency. In fact, the predominant frequen⁃
cies may be different in different locations. Therefore, a multi⁃
band energy harvesting circuit is more desirable. Some works
have reported on multi⁃band structures [4], [7]-[13]. This type
of energy harvester benefits from the accumulation of RF radia⁃
tion for several frequencies and a higher amount of energy can

be harvested [9].
2.1 Dual⁃Band RF Harvester Topology Choice

In order to harvest energy from GSM900 and GSM1800 RF
bands, several RF harvester topologies should be investigated.
The main difference among these topologies is the design of
RF band⁃pass filter. The role of the RF band⁃pass filter is to
match the antenna impedance and the conjugate impedance of
the rectifier circuit. In the previous studies, there are two com⁃
mon topologies, as shown in Fig. 1a and Fig. 1b.

In the first topology, the RF bandpass filter covers a large
bandwidth; however, its shortcoming is significant. As we all
know, the rectifier circuit input impedance with the antenna
impedance varies as a function of the frequency and the inci⁃
dent power. The impedance mismatch will undoubtedly affect
the RF⁃to⁃DC conversion efficiency. As shown in Fig. 1a, the
RF⁃to⁃DC conversion efficiency is 8% at 1550 MHz RF band,
when the incident power is 20 dBm [11]. However, this effi⁃
ciency is 15% in [8] with the same incident power and same to⁃
pology, but at 300 MHz RF band. Because our harvester is de⁃
signed for GSM900 and GSM1800 bands, we cannot use this
topology.

For the second one, its RF band⁃pass filter is a multi⁃band
band⁃pass filter (Fig. 1b), and many designs [6], [11], [13], [14]
have used this architecture. The complexity of RF band⁃pass
filter will affect the RF⁃to⁃DC conversion efficiency and make
the circuit design more difficult. The filter components are im⁃

▲Figure 1. Multi⁃band RF harvesters a) with only one designed broadband RF band⁃pass filter, b) for a multi⁃band band⁃pass circuit, and c) in the
proposed architecture in this paper.
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portant for obtaining the correct adaptations between the anten⁃
na and the rectifier.

RF energy around multiple frequencies can be harvested by
stacking several rectifier circuits. In this case, a structure for
four bands with RF⁃to⁃DC efficiency up to 84% is proposed in
[4]. Based on the similar idea, Fig. 1c illustrates the architec⁃
ture proposed in this paper, which is for GSM900 and
GSM1800 bands. The diplexer (a RF high⁃pass filter or a RF
low⁃pass filter), the matching network, the rectifier, and the low
⁃pass filter compose an RF branch (Fig. 1c). In this paper, we
will not focus on the design of the dual⁃band antenna. The in⁃
put of a diplexer is connected to a single access dual⁃band an⁃
tenna, in order to match two parallel rectifiers at the dedicated
frequencies. This structure is more compact. There is a match⁃
ing network circuit between the diplexer and rectifier in each
branch to allow the maximum energy to reach input of the recti⁃
fier to improve the RF ⁃ to ⁃DC conversion efficiency. Finally,
the rectifier branch DC output is connected to the load (one in⁃
dependent load for each or a shared one). Any RF signals must
be blocked by a low⁃pass filter which is connected at the end
of rectifier, so this structure only allows the DC component to
pass through.
2.2 Voltage Doubler Rectifier Topology Choice

There are several rectifier topologies which depend on the
incident power and frequency (Fig. 2). Fig. 2a shows the series
topology. This topology is suitable for the situations of low in⁃
put power [12]- [14]. Fig. 2c is the Greinacher topology [7].
This topology has a higher output DC voltage levels. However,
it has twice as many diodes as a voltage doubler (Fig. 2b) and
four times more than a series rectifier. In the case of outdoor
applications, the number of rectifier’s diodes must be limited
as the RF density power is low, thus the Greinacher rectifier is
not a good candidate. The voltage doubler topology is chosen to
maintain high RF⁃to⁃DC conversion efficiency at low RF input
power while maximizing the output DC voltage of rectifier.
The voltage doubler topology has a higher output voltage than

the series topology and helps implement cold/hot start of the
subsequent DC⁃DC boost devices, so that it gets the sensitivity
of minimum input RF power and the voltage doubler’s diode
number is just two. Based on these discussions, the voltage
doubler topology is selected.

3 Dual⁃Band RF Harvester Design and
Simulations
The ultra⁃low power high⁃efficiency UHF⁃band wireless en⁃

ergy harvesting circuit (Fig. 3) consists of five major parts: di⁃
plexer, matching networks, rectifiers, BQ25570 and its periph⁃
eral circuit diagram, and super capacitor.
3.1 Diplexer Design

The diplexer consists of a high⁃pass filter and a low⁃pass fil⁃
ter and is located between the antenna and the matching net⁃
work. The ambient RF energy is divided into two parts, respec⁃
tively located in the GSM900MHz and GSM1800MHz bands af⁃
ter RF energy through the diplexer. Since this novel design
will not reduce the incident energy of each branch, it can im⁃
prove the RF⁃to⁃DC conversion efficiency and output voltage.

This diplexer circuit is to divide the GSM900/GSM1800 sig⁃
nal energy collected by antenna into two branches: the 870-
960 MHz output connected to the GSM900 rectifier circuit and
the 1710-1860 MHz output connected to the GSM1800 RF ⁃
DC rectifier circuit. The input and output impedance of the di⁃
plexer is matched to 50 Ω.
3.2 Diplexer Simulation Setup in ADS

The diplexer was simulated using the Advanced Design Sys⁃
tem (ADS) software from Agilent Technologies.

The return loss of the diplexer circuit’s RF input port is
larger than 18 dB in the 100-3000 MHz band, larger than 22
dB in the GSM900 band, and larger than 18 dB in the
GSM1800 band. Furthermore, the return loss of the RF output
port (GSM900 band) is larger than 20 dB, while the insertion
loss of the input port and the RF output port (GSM900 band) is
less than 0.3 dB. The return loss of the RF output port
(GSM1800 band) is larger than 17 dB, while the insertion loss
of the input port and the RF output port (GSM1800 band) is
less than 0.3 dB. Finally, the minimum isolation between RF
GSM900 output port and GSM1800 output port is greater than
8 dB (1100-1500 MHz).
3.3 Matching Network Design

We next focus on the design of the matching network.
Thanks to the maximum power transfer theory, the highest pow⁃
er can be transferred to the load if the source and load complex
impedances are complex conjugates. This is achieved by
means of an impedance matching network placed between the
diplexer and the rectifier. Whenever a source or a load has a
reactive component, the adaptation depends on the frequency

▲Figure 2. Three topologies of rectifier: a) series,
b) voltage doubler, and c) Greinacher.

c)

a) b)
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for which it is designed. The most frequently used matching
networks are the L⁃type, the П⁃type and the T⁃type networks
[14]. With the aid of ADS, we get the T⁃type matching network
for GSM900 and the П⁃type matching network for GSM1800,
and the specific parameters are shown in Fig. 3.
3.4 Matching Network Simulation Setup in ADS

These matching networks were simulated by ADS and the
simulation results are shown in Fig. 4.

Based on the simulation results, the return loss (S11) of the
GSM1800 matching network and that of the GSM900 matching

network are larger than 13 dB in the GSM900/GSM1800 band.
3.5 Dual⁃Band RF Harvester Design

In order to obtain higher rectification efficiency from low
power incident RF sources, we choose one⁃stage voltage dou⁃
bler rectifier circuits. The overall design of the dual⁃band RF
harvester is shown in Fig. 3. At the end of the rectifier in the
figure, a Zener diode is connected parallel to limit the voltage
for protecting the follow⁃up circuit. Finally, the end of the cir⁃
cuit is an 8.66 kΩ load. We must point out that the resistance
is only required under the test environment and it is not includ⁃

DC: direct current
EN: enable

HYST: hysteresis
LBOOST: inductor connection for the boost charger switching node
LBUCK: inductor connection for the buck converter switching node

NC: not connected
OV: over voltage

PAD: packet assembler/disassembler
SAMP: sample
VBAT: battery voltage
VIN: input voltage
VOC: the name of sampling pin for MPPT network

VOUT: output voltage
VRDIV: drive voltage
VREF: reference voltage
VSS: serie voltage

VSTOR: stored voltage

▲Figure 3. Wireless energy harvesting circuit schematic diagram.
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ed in the actual tag.
3.6 Dual⁃Band RF Harvester Simulation Setup in ADS

The dual⁃band RF harvester was simulated by the ADS. In
the cases of different incident power levels with the same fre⁃
quency and different frequencies with the same incident pow⁃
er, the RF⁃to⁃DC conversion efficiency was simulated (Fig. 5).

Based on the simulation results, when the RF incident pow⁃

er is greater than ⁃ 14 dBm, the DC output voltage of
GSM900MHz rectifier circuit in the 850-950 MHz bandwidth
is greater than 0.365 V, and the efficiency is higher than 39%.
This voltage meets energy management circuit BQ25570’s
cold start condition. The DC output voltage of GSM1800MHz
rectifier circuit in the 1800- 1860 MHz bandwidth is greater
than 0.370 V, and the efficiency is higher than 40%. This volt⁃
age also meets energy management circuit BQ25570’s cold
start condition.
3.7 DC⁃DC Boost and Energy Management Circuit

The DC⁃DC boost and energy management circuit use two
BQ25570s as core components, and the input ports are con⁃
nected to the output of GSM900 rectifier circuit and the output
of GSM1800 rectifier circuit, respectively. The output is the
power supply for other chips. These two BQ25570s’pin
VBATs are connected in parallel to a 6.8 mF super capacitor.

To prevent rechargeable batteries from being exposed to ex⁃
cessive charging voltages and to prevent overcharging a capaci⁃
tive storage element, the over ⁃ voltage (VBAT_OV) threshold
level can be set based on (1) using two external resistors (ROV1,
ROV2), where VBIAS=1.21 V.
VBAT_OV = 32VBIAS

æ
è
ç

ö
ø
÷1 + Rov2

Rov1
. (1)

Battery voltage within operating range (VBAT_OK Output)
▲Figure 5. The RF⁃to⁃DC conversion efficiency of the
GSM900/GSM1800 branch varies with the input power.

▲Figure 4. a) The simulation results of GSM1800 matching network; b) the test results of GSM1800 matching network; c) the simulation results of
GSM900 matching network; d) the test results of GSM900 matching network.
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can be set based on (2) and (3) through external three resistors
(ROK1, ROK2, ROK3).

VBAT_OK_PROG = VBIASæ
è
ç

ö
ø
÷1 + ROK2

ROK1
, (2)

VBAT_OK_HYST = VBIASæ
è
ç

ö
ø
÷1 + ROK1 +ROK2

ROK1
. (3)

The OUT regulation voltage (VOUT) is then given by (4):

VOUT = VBIASæ
è
ç

ö
ø
÷

ROUT2 +ROUT1
ROUT1

. (4)
The VOUT output pin can be used directly as the supply volt⁃

age for other chips without the aid of low dropout regulator
(LDO).

4 Dual⁃Band RF Harvester Experiments
and Measurements
To validate the approach described in the previous section,

the following experiments were performed.
4.1 Diplexer Measurements

The diplexer was tested using the vector network analyzer.
The diplexer has three ports, one input port and two output
ports. We used a vector network analyzer and a 50 Ω load to
experiment.

The return loss of the diplexer circuit’s RF input port is
larger than 7 dB in the 600-24,000 MHz band, larger than 34
dB in the GSM900 band, and larger than 16 dB in the
GSM1800 band. Furthermore, the return loss of the RF output
port (GSM900 band) is larger than 5 dB, while the insertion
loss of the input port and the RF output port (GSM900 band) is
less than 0.7 dB. The return loss of the RF output port
(GSM1800 band) is larger than 20 dB, while the insertion loss
of the input port and the RF output port (GSM1800 band) is
less than 0.8 dB. Finally, the minimum isolation between RF
GSM900 output port and GSM1800 output port is greater than
16 dB (1100- 1500 MHz). The comparisons between simula⁃
tions and test results indicate that these test results can vali⁃
date the simulation values.
4.2 Matching Network Measurements

The matching network was tested using the same vector net⁃
work analyzer. The front end of the matching network was con⁃
nected to the vector network analyzer, and the back end of the
matching network was connected to the rectifier circuit and the
load. Therefore, S11 represents the degree of matching. Fig. 4
shows the test results.

Based on the test results, S11 of the GSM1800 matching net⁃

work and that of the GSM900 matching network are larger than
13 dB in the GSM900/GSM1800 band.
4.3 Dual⁃Band RF⁃DC Rectifier Circuit Measurements

Then, we tested the ultra ⁃ low power high⁃efficiency UHF⁃
band wireless energy harvesting circuit’s RF ⁃ to ⁃DC conver⁃
sion efficiency. The test contained three parts: a) The GSM900
branch test, b) the GSM1800 branch test, and c) the GSM900+
GSM1800 combined test.

First of all, we tested the RF⁃to⁃DC conversion efficiency of
the GSM900 branch. The test system is built as shown in Fig.
6b. We connected the signal source directly to the input port
of the GSM900’s matching circuit, and then used the multime⁃
ter to observe the voltage on the load which was connected at
the end of the GSM900 branch to calculate the RF⁃to⁃DC con⁃
version efficiency.

In the GSM900 branch rectifier circuit, it could be seen that
the RF⁃to⁃DC conversion efficiency reached 40.5% when the
input power was -14 dBm, and the voltage across the load was
375 mV. This voltage meets BQ25570’s cold start condition.
In the case that the input power was 1 dBm, the RF⁃to⁃DC con⁃
version efficiency reached 63.2% , while in the case that the
low input power was -22 dBm, the RF⁃to⁃DC conversion effi⁃
ciency reached 20%. Fig. 5 shows that the RF⁃to⁃DC conver⁃
sion efficiency of the GSM900 branch varies with different in⁃
put power.

The RF⁃to⁃DC conversion efficiency of the GSM900 branch
varies with the frequency of the GSM900 band. When the fre⁃
quency is 880 MHz, the RF ⁃ to ⁃ DC conversion efficiency of
GSM900 is the highest which reaches to 41%.

Then, we tested the RF⁃to⁃DC conversion efficiency of the
GSM1800 branch. The test system is built as shown in Fig. 6a.
We connected the signal source directly to the input port of the
GSM1800’s matching circuit, and then used the multimeter to
observe the voltage on the load which was connected at the end
of the GSM1800 branch to calculate the RF⁃to⁃DC conversion
efficiency.

Based on the test results, on the GSM1800 branch rectifier
circuit, when the input power was ⁃14 dBm, the RF⁃to⁃DC con⁃
version efficiency reached 32.6% , and the voltage across the
load was 335.7 mV. This voltage meets BQ25570’s cold start
condition. When the input power was 3 dBm, the RF ⁃ to ⁃DC
conversion efficiency reached 55.5%, and when the input pow⁃
er is ⁃ 22 dBm, the RF ⁃ to ⁃DC conversion efficiency reached
13.8%. Fig. 5 shows the RF⁃to⁃DC conversion efficiency of the
GSM1800 branch varies with different input power.

The RF ⁃ to ⁃ DC conversion efficiency of the GSM1800
branch varies also with the frequency of the GSM1800 band, in
the case that the input power is ⁃14 dBm. When the frequency
is 1770 MHz, the RF ⁃ to ⁃ DC conversion efficiency of
GSM1800is the highest that reaches to 33.3%.

Finally, we tested the RF⁃to⁃DC conversion efficiency of the
combined GSM900 and GSM1800 branches. The test system is
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built as shown in Fig. 6c. We connected two signal sources and
a power splitter to the input port of the diplexer, and then used
the multimeter to observe the voltage on load.

Based on test results, in the case that both two input powers
are ⁃ 14 dBm (Double ⁃ 14 dBm input powers equal to ⁃ 11
dBm), the RF⁃to⁃DC conversion efficiency reaches 29.5%, due
to the insertion loss of the diplexer. The voltage across the load
is 451 mV, and this voltage meets BQ25570’s cold start condi⁃
tion. In the case that the input power is 0 dBm, the RF⁃to⁃DC
conversion efficiency reaches 42.7%, and in the case that the
input power is ⁃22 dBm, the RF⁃to⁃DC conversion efficiency
reaches 11.7%.
Fig. 7 shows the RF⁃to⁃DC conversion efficiency of the com⁃

bined GSM1800 and GSM900 branches varies with the chang⁃
es of the input power.

The test results of RF ⁃ to ⁃ DC conversion efficiency of
GSM900/GSM1800 which varies with the input power are basi⁃
cally the same as the simulation results with small difference.
In the branch of GSM900 and that of GSM1800, the average
difference between test results and simulation results is only
1.7% and 11.4% respectively. The test results of RF ⁃ to ⁃DC
conversion efficiency GSM900/GSM1800 which varies with fre⁃
quency are also basically the same as the simulation results
with small difference. In the branch of GSM900 and that of
GSM1800, the average difference between test results and sim⁃
ulation results is only 5.46% and 11.46% respectively. The av⁃

erage difference of the branch of GSM1800 is large, but it is
still in the acceptable range.
4.4 Analysis of Cold and Hot Start of BQ25570 Chip

The DC⁃DC boost and energy management circuits used two
BQ25570 as core components, and the input were connected to
the output of GSM900 rectifier circuit and the output of
GSM1800 rectifier circuit respectively.

The BQ25570 device is specifically designed to efficiently
extract microwatts (μW) to milliwatts (mW) of power generated

▲Figure 6. a) The test system of GSM1800, b) the test system of GSM900, and c) the test system of GSM900+GSM1800.

▲Figure 7. The RF⁃to⁃DC conversion efficiency of GSM900+GSM1800
varies with the input power.
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from a variety of high output imped⁃
ance DC sources. The boost charger
can effectively extract power from
low voltage output harvesters, such
as our dual ⁃ band RF ⁃ DC rectifier
circuit. The outputting voltages of
harvesters go down to VIN(DC)
(100 mV minimum), so it can be hot
start. When starting from the volt⁃
age of the super capacitor < 100
mV, the cold start circuit needs at
least VIN(CS), 330 mV typical to charge.

The BQ25570 chip’s DC input impedance is 8.66 kΩ
which was simulated at the end of the rectifier circuit. Based
on the test results of the rectifier circuit, in the case that the in⁃
put power is greater than or equal to ⁃14 dBm, the output of the
GSM900/GSM1800 rectifier circuit can provide a voltage great⁃
er than 330 mV (GSM900: 375mV and GSM1800: 335mV) to
cold and hot start BQ25570 chip.
4.5 Wireless Energy Charging Experiments

In order to verify the wireless charging performance of dou⁃
ble ⁃ band RF harvester, we organized this wireless energy
charging experiment. We used the method of wireless charging
to charge the super capacitor on the dual ⁃band RF harvester.
The experimental system is built as shown in Fig. 8.

We used the R2000 reader as the power source, and con⁃
nected the coaxial cable to the R2000 reader and transmitter
antenna. The transmit power of R2000 reader was 30 dBm,
and the gain of the transmitter antenna was 12 dBic. The re⁃
ceiving antenna which gain was 8 dBic was one meter away
from transmitter antenna. As the reader was sending GSM900
band signal, we used the GSM900 branch rectifier circuit to
charge the super capacitor. Due to the insertion loss, the di⁃
plexer was abandoned. Finally, we used the multimeter to ob⁃
serve the voltage in the super capacitor.

According to the Friss formula (electromagnetic wave propa⁃
gation), we can calculate the power intensity at the front end of
the rectifier circuit as follows.

Pe =P1 +G1 +G2 +G3 + 10 lg( λ4πr1)
2, (5)

where Pe is the power intensity at the front end of the rectifier
circuit, P1 is the transmit power of R2000 reader, G1 is gain of
the transmitter antenna, G2 is gain of the receiving antenna, G3
is the loss of pipelines (⁃2 dB), r1 is distance between two an⁃
tennas, and f is 900 MHz, which is used to calculate the wave⁃
length λ . According to this formula, the Pe is 16.47 dBm.

The experimental system is built as shown in Figs. 9 and 10.
Based on the test results, the super capacitor was filled to

the set voltage value 4.2 V in 24 seconds. This wireless energy
charging experiment proves that our UHF⁃band wireless ener⁃
gy harvesting circuit can harvest wirelessly GSM900 energy

and charge for supercapacitor.

5 Conclusions
An ultra⁃low power high⁃efficiency UHF⁃band wireless ener⁃

gy harvesting circuit was designed for harvesting RF energy in
the GSM900 and GSM1800 bands. This harvester features an
RF⁃ to⁃DC conversion efficiency in the range of 20%-63.2%
for an available input power of - 22 dBm to 1 dBm in the
GSM900 band, and that in the range of 13.8%-55.5% for an
available input power of -22 dBm to 3 dBm in the GSM1800
band. This harvester can charge the super capacitor through
the energy management circuit BQ25570 in case of the input
power greater than or equal to ⁃14 dBm. Through the wireless
energy charging experiments, we confirmed that this harvester
could use just 24 seconds to fill the super capacitor. This ultra⁃
low power high⁃efficiency UHF⁃band wireless energy harvest⁃

▲Figure 8. The prototype photograph of the test system.

▲Figure 9. The prototype photograph of the test system.

▲Figure 10. The prototype photograph of the dual⁃band RF harvester.
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Abstract

In this paper, a wireless energy⁃harvested ultra⁃high frequency (UHF) wireless sensor network (WSN) tag is designed and imple⁃
mented for cellular IoT applications. The WSN tag is made up of a wireless energy harvesting circuit, a temperature sensing cir⁃
cuit, and a radio frequency identification (RFID) tag. The developed WSN tag is compatible with the ISO/IEC18000⁃6C protocol.
The WSN tag can receive the GSM RF energy operating in China GSM900 and GSM1800 bands in the surrounding environment
and the solar energy, then converts the RF energy to direct current (DC) by schottky diode⁃based rectifying circuit, and finally
stores the DC energy in a supercapacitor through a DC⁃DC booster circuit. The DC⁃DC booster circuit drives the front⁃end circuit,
TI MSP430 microcontroller, temperature sensing circuit, and other active circuits in the tag. The MSP430 works in low⁃power
mode when it is powered up, and it can also reduce power consumption more by reducing main clock (MCLK) frequency accord⁃
ing to different forward link rates. The implemented WSN tag demonstrated that the RF⁃to⁃DC conversion efficiency is higher than
39% when the receiving 900 MHz RF signal power is from ⁃14 dBm to 0 dBm and could make the tag work normally. The signal
receiving sensitivity of the WSN tag is up to ⁃32 dBm at the rate of 40 kbit/s from the Reader to the WSN tag. The WSN tag sup⁃
ports Miller coding and extended Miller coding. This wireless energy harvested UHF WSN tag, compared with conventional UHF
passive tags and battery⁃powered active UHF RFID Tags, has many advantages, such as far communication distance, long service
life, and sensing functionality. It will have wide applications in the Internet of Things (IoT).
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1 Introduction
adio frequency identification (RFID) is a well ⁃
known non ⁃ contact automatic identification tech⁃
nology widely used in identification, supply chain,
logistics, retail, manufacturing, garment industry,

medical industry, identity and anti ⁃ counterfeiting and many
other related applications [1]. RFID tags can be classified as
passive tags, active tags and semi⁃active tags. The passive tags
gain the power from reader emitting out RF signal in the near
distance, so it has no DC power supply [2]. Active tags have

their own DC energy source and can transmit actively signal;
therefore they have better performance than passive tags. Semi⁃
active tags extract the power from their battery, and have a
large operating distance.

In traditional wireless sensor network, almost all the wire⁃
less sensing nodes (it is also called as wireless sensing tags) op⁃
erate in active mode or semi⁃active mode, they get the energy
come from the rechargeable battery or other power supply.
However, the rechargeable battery has the disadvantages of fre⁃
quent maintenance and the limited number of charge cycles.
For the advantage of battery ⁃ free operation, low ⁃ cost passive
sensing tags have got much attention. A convenient solution is
to provide energy for the sensing tags by harvesting ambient
RF energy sources [3]. The RF energy from the environment
can greatly extend the life of wireless sensor networks (WSN)
[4]. The ambient RF energy is a type of new energy every⁃
where. Sustainability makes ambient RF energy more reliable
than other types of new energy, such as solar energy and wind
energy.

R
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Many studies have been reported on energy harvesting sys⁃
tems operating on a single band or dual bands. The proposed
techniques involve a quad⁃band energy harvester [5], a dual ⁃
band integrated wireless energy harvesting system [6], a recten⁃
na operating in the GSM band [7], and a RF power harvesting
system operating in GSM900 and Wi⁃Fi 2.45 GHz bands [8].
These techniques may be adopted to develop new battery⁃free
wireless sensing tags and WSN. Herein, in this paper, a wire⁃
less energy⁃harvested ultra⁃high frequency (UHF) WSN tag is
proposed. The WSN tag is designed to be implemented by the
use of commercial discrete components, on PCB board, instead
of conventional RFID ICs. The advantages of PCB design over
IC design are fast design iteration time, low development cost
and quickly changing the design according to the designer’s
intentions [9].

This paper is organized as follows. Section 2 describes the
WSN tag system architecture. Section 3 details the WSN tag
implementation, including the design method of tag circuits
and the protocol programing procedure. Section 4 tests the
WSN tag. Finally, Section 5 concludes this WSN tag design.

2 WSN Tag System Architecture
Fig. 1 shows the system structure of the proposed wireless

energy⁃harvested UHF WSN tag. Here, the system architecture
including the rectifying circuit, power manager, modulator, de⁃
modulator, sensor and baseband signal processor is described
in detail below.

The rectifying circuit harvests RF energy from GSM900 and
GSM1800 bands in China and is divided into two rectifier
branches utilizing a diplexer, which has high pass and low
pass filter functions. The RF⁃to⁃DC conversion efficiency is in
the range of 20%-63.2% while the input power is in the range
of -22 dBm to 1 dBm in GSM900 band, and in the range of
13.8%-55.5% while the input power is in the range of -22
dBm to 3 dBm in GSM1800 band. The solar panel collects so⁃
lar energy and directly connects the output to the DC booster.

The cold start voltage of the direct current (DC) booster, reg⁃
ulator and power manager circuit is 330 mV [10]. The DC
booster circuit harvests energy from the rectifier circuit, charg⁃

es the supercapacitor, and stops to charge when the voltage is
up to the threshold. The threshold can be determined by set⁃
ting the external resistors of the DC booster chip.

The modulator controls the state of impedance matching by
using gate ⁃ controlled metal oxide semiconductor (MOS). The
microcontroller unit (MCU) outputs low level signal to make
the impedance match and outputs high level signal to make the
impedance mismatch. The WSN tag backscatters the RF signal
to the reader, and the reader determines whether the reply sig⁃
nal of the tag is high or low according to the reflecting RF ener⁃
gy. The demodulator circuit consists of a diode detector and a
comparator. The demodulation circuit uses the Schottky diode.
The comparator uses the low voltage comparator chip.

The baseband signal processor implements the ISO/IEC
18000⁃6C protocol standard, and the detailed design process is
described in section 3. The temperature sensor is used to de⁃
tect temperature in the ambient environment. The temperature
sensor can operate at a supply voltage as low as 1.5 V, while
operating over the wide temperature range of -50 ˚C to +150 ˚C.
The temperature sensor delivers an output voltage that is in⁃
versely proportional to the measured temperature, and its low
supply current makes it ideal for battery ⁃powered systems as
well as general temperature sensing applications [11]. In the
WSN tag, the gain selects (GS) of the temperature sensor are
both set to zero, so the voltage output can be approximately ex⁃
pressed as follows.
V =(-5.50 mV/ °C) × T + 1035 mV. (1)

3 WSN Tag Implementation
In this paper, the onboard MSP430FR5969 microcontroller

is responsible to achieve a WSN Tag [12]. The MCU has ultra⁃
low power consumption features, which is widely used in the
pre⁃research of low⁃power systems. The WSN tag achieves the
ISO/IEC18000⁃6C protocol standard and can be identified by
Impinj R420 reader.

The most difficult aspect of a WSN tag is to meet the timing
requirement and reduce the power consumption at the same
time. It is essential to have a high efficient programming meth⁃
od for the low power requirements. The proposed system reduc⁃
es MCLK and operates alternately between the low power
mode and the active mode to improve the tag performance. The
WSN tag supports all the mandatory commands specified in
the ISO/IEC 18000 ⁃ 6C protocol and adds a low speed mode
(less than 40 kbit/s) to the general ISO/IEC18000⁃6C protocol.
Simultaneously, the WSN tag extends Miller coding function
[13]. The low⁃ speed mode is used to reduce power consump⁃
tion, so that the main clock operating frequency is lower. The
extended miller subcarriers can reduce interference. The WSN
tag protocol implementation flow chart is shown in Fig. 2.

In the RX_IN module in Fig. 2, the delimiter of input signal
from the reader needs be detected, and the delimiter is at a low▲Figure 1. The proposed wireless energy⁃harvesting UHF WSN tag scheme.
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level and kept about 12.5 μs. The MCU will execute Timer_0
module when the active delimiter is detected. The Timer_0
module achieves decoding function by timer interrupt, and the
MCU will start working according to the command received.
The Timer_0 module is configured as a rising edge trigger to
receive the input signal. The MCU will trigger the interrupt
when the rising edge is detected. The interrupt routine uses the
current counter value minus the value of the previous counter
value to indicate the time interval between two input signals at
the rising edge. In the Timer_0 interrupt routine, the time inter⁃
val of two adjacent rising edges will be frequently used to de⁃
termine the level of input data. The Timer_0 module decodes
the forward link data, extracts the forward link rate and Rtcal/
Trcal length, and provides the relevant data for the execution
module. If the downlink link rate is lower than 40 kbit/s, the
MCLK frequency of the MCU can be set to lower for reducing
power consumption according to the length of data0.

The command execution module implements all the other
functions of the WSN tag, including cyclic redundancy check
(CRC), finite state machine (FSM) implementation, random
number generation, arbitration module, command processing,
interrupt control, timing control, working mode switching, and
so on. In this paper, the sensing command of detecting the am⁃
bient temperature and humidity has been implemented. The
sensing functions are very important for a WSN tag; the tag col⁃
lects various sensing information and replies the information to
the reader, which may analyze the sensing information to get
the specific environment information.

The random number generation module generates the 16
bits pseudo⁃ random number for the communication reliability
between tags and readers. The CRC16 of the {PC+ XPC + UII}
calculates at power⁃up which is used as the seed of the pseudo⁃
random number. The {PC+ XPC + UII} varies in different tags,
so the seeds are different too. The pseudo⁃random number gen⁃
eration algorithm also provides the pseudo⁃random number for
the handling signal. The encoding module encodes and trans⁃
mits reply data. The MCU can configure a variety of clock fre⁃
quency to support the different backscatter link frequency by
calling the clock generation module. At the same time, the
WSN tag supports the forward and backscatter rates less than

40 kbit/s and also supports extension miller subcarrier (the
Miller sequence would contain exactly 2, 4, 8, 16, 32, 64, 128
or 256 subcarrier cycles per bit). The clock generation module
may set the MCU clock cycles. The highest master clock fre⁃
quency, MCLK, is 16 MHz. The MCU can quickly change its
MCLK frequency through its registers base on the backscatter⁃
link frequency (BLF) parameter.
3.1 Sensing Function

The custom sensing command is used to collect almost all
sensory information, including temperature information, humid⁃
ity information, pressure information, and other information.
Table 1 shows the formats of the custom sensing commands
and Table 2 shows its reply formats.

The command field is defined as 0xE001. The WSN field is
a parameter of the custom sensing command, and its value rep⁃
resents the type of sensing information. That the WSN is 1 in⁃
dicates the tag will collect temperature information, and that
the WSN is 2 indicates the tag will collect humidity informa⁃
tion.

The WrEn field indicates whether the WSN tag collects the
sensing information or not, and whether it writes the informa⁃
tion collected to memory or not. If WrEn is 2’b00, it indicates
that the WSN tag does not collect sensing information, reads
the sensing information base on the address of the WSN tag
distribution and returns sensing information to the reader. If
WrEn is 2’b01, it indicates that the WSN tag does not collect
sensing information, reads the sensing information base on the
address of the wordPtr field and returns sensing information to
the reader. If WrEn is 2’b10, it indicates that the WSN tag col⁃
lects the sensing information, writes the sensing information to
the assigned address by the WSN tag and returns the informa⁃
tion to the reader. When WrEn is 2’b11, it indicates that the
WSN tag collects the sensing information, writes the sensing in⁃
formation to the address of WordPtr field and returns the sens⁃

CRC: cyclic redundancy check FSM: finite state machine

▲Figure 2. MCU achieving RFID tag protocol.

Protocol implementation

Encode module
(FM0/Miller)

Command execution module

FSMCRC
Random
number

generation

Memory ArbitrateFlag/session

RX_IN Time_0
DEcode

Data_IN

Clock generaiton

Data_OUT

▼Table 1. The sensor command formats

Command
WSN
RFU

WrEn

WordPtr
RN16
CRC16

Bits
16
16
16

2

8
16
16

Description
0xE001

0=RFU, 1=temperature, 2=humidity
0x0

00=fix read, 01=read
10=fix write, 11=write
Word address pointer

Handle
Checksum

▼Table 2. Tag replies to the sensor commands

Bits
Description

Header
1
0

WSN Data
16
Data

RN16
16

Handle

CRC16
16

Checksum
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ing information to the reader.
The WordPtr field indicates the address where the WSN tag

writes the information collected to the memory. RN16 field is a
16 ⁃ bit tag ⁃ authentication number. CRC16 field is the CRC
check code for ensuring communication reliability. The custom
sensing command has a total of 90 bits. The sensing informa⁃
tion collected directly by the sensor connects to the analog to
digital converter (ADC) of the MCU through analog input pin
(the different sensing functions connect different input pins).
ADC converts the input analog signal into the digital output
(NADC) and stores NADC in the corresponding registers. The ADC
supports 12⁃bit analog⁃to⁃digital conversion, and the ADC con⁃
version formulas for NADC are shown as follows.

NADC = 4096 × (Vin + + 12 LSB) - VR -
VR+ - VR -

, (2)

1LSB = VR + - VR -4096 . (3)
Fig. 3 shows the execution of the custom sensing command.

When receiving the sensing command, the MCU will jump to
the subroutine and then verify the CRC⁃16 and 16⁃bit tag⁃au⁃
thentication number (handle). If the CRC⁃16 and handle both
pass the validation, the MCU will continue to execute this sub⁃
routine, otherwise it will terminate the process directly. The

WSN field is used to select different functions of the wireless
sensor network. The WrEn is used to select reading and writ⁃
ing. Finally, if the WSN tag passes the validation, it replies to
the custom sensing command (Table 2), otherwise the WSN tag
remains silent.
3.2 Miller Coding

The MCU realizes miller coding to meet the ISO/IEC18000⁃
6C protocol standard. The miller coding rules are defined as
follows. The original symbol“1”does not convert at the begin⁃
ning and conducts conversion at the center point. The original
symbol“0”is divided into a single“0”or a continuous“0”to
be treated differently. When a single“0”appears, the electri⁃
cal level before 0 is unchanged, even if the electrical level
does not convert at the symbol boundary and is meta⁃intermedi⁃
ate. For the continuous“0”, the electrical level converts at the
border of two consecutive“0”.

Firstly, the program encodes the miller preamble according
to the TRext value of Query commands. When TRext is 0, the
program sends the number of four times M values square
waves; when TRext is 1, the program sends the number of six⁃
teen times M values square waves. Secondly, the program adds
to a string of 0100111b at the end of square waves. The miller
coding uses the shortest instruction to meet the timing require⁃
ment, and the jump range of the JMP instruction must be fewer
than 512 words to avoid using extra clock cycles for the in⁃

struction. The MCU must separate two
subcarrier sequences from other subcarri⁃
er sequences, because the two subcarrier
sequences have only two subcarriers
which are not possible to encode all bits
as other subcarrier sequences encoding
with five clock cycles. The loop jump
needs to determine the number of subcarri⁃
ers and the jump needs two clock cycles,
but the program must determine to send 1
or 0 level in five clock cycles. Thus, it is
necessary to distinguish two subcarrier se⁃
quences from other subcarrier sequences
for meeting the timing requirement.

The miller coding is shown in Fig. 4.
When the main program jumps to the mill⁃
er coding through a jump command, the
program must first configure the specific
output ports and specific MCLK according
to the BLF. Then, the program jumps to
M2 (two subcarriers) module when the M
value specified in the Query command is
one, otherwise it jumps to Mx (more sub⁃
carriers than two subcarriers) module. The
TRext specified in the Query command de⁃
termines the number of pilot tone sent.
The program jumps to M_byte1_bit0 if the

CRC: cyclic redundancy check WSN: wireless sensor network

▲Figure 3. The execution of the sensing command.
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bits_cnt (bits_cnt is zero for the entire
byte, vice versa) is zero, otherwise jumps
to Send_byte1_bit1. Taking miller value 2
as an example, Fig. 5 shows the encoded
miller preamble.

The WSN tag expands the M values
specified by the ISO/IEC18000 ⁃6C proto⁃
col standard, and the expanded M values
shall be confirmed according to the custom
command. For simplicity and compatibili⁃
ty, the target (Target = 101 and 110) of the
select command is used to select different
M values. The custom parameters are
shown in Table 3.

4 Realization and Testing of
Wireless Energy Harvest ER
Ultra High Frequency IoT Tag
The proposed WSN tag was tested with

a commercially available UHF RFID read⁃
er. The functions of the energy harvesting,
ISO/IEC18000 ⁃ 6C protocol and tempera⁃
ture sensing were tested. The tested results
are basically consistent with the theoreti⁃
cal analysis. The both front and back of
the WSN tag circuit board are shown in
Fig. 6.
4.1 Testing of Energy Harvesting

The WSN tag combines RF energy and
solar energy for cellular IoT applications.
The test of the energy harvesting perfor⁃
mance was conducted in a wireless envi⁃
ronment. The gain of transmitting antenna
was 12 dBi, and the R420 reader provided
30 dBm transmit power. The gain of receiv⁃
ing antenna was 8 dBi. The two antennas
kept 1 m away. The energy harvesting cir⁃
cuit can be charged in the wireless environ⁃
ment. The voltage of the super capacitor
could reach 5.09 V within 24 s. The WSN
tag can also turn solar energy into electrici⁃
ty by a solar panel, and the time of charg⁃
ing the supercapacitor up to 4.2 V is about
15 m.
4.2 Testing of Temperature Sensing

The temperature sensor was fixed to
work in the mode which the gain selects
are zero. The temperature sensing perfor⁃
mance was tested in a high ⁃ low tempera⁃
ture test chamber from -30˚C to 60˚C with

▲Figure 4. Miller coding.

▲Figure 5. The encoded miller preamble (M=2).
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▼Table 3. The compatibility table of the expanded M values

Target
3’bxxx

3’b0xx

3’b101

3’b110

M
2’b00
2’b01
2’b10
2’b11
2’b01
2’b10
2’b11
2’b01
2’b10

Encode
FM0
M2
M4
M8
M16
M32
M64
M128
M256

a step of 5˚C. The test environment of WSN tag temperature is
shown in Fig. 7. A self⁃designed UHF RFID reader was used
for custom sensing command.
Fig. 8 compares the real temperature and test temperature.

The horizontal axis represents NADC produced by the ADC, the
vertical axis represents the temperature. We use the inverse
transform of generating a NADC value to calculate the ambient
temperature according to (1) and (2). From this figure, the test
temperature is basically consistent with the real temperature.
4.3 Testing of Tag Protocol Performance

The distance within which the R420 reader can inventory
the WSN tag successfully can be calculated by the friss electro⁃
magnetic wave propagation formula. The antennas of the read⁃
er and tag were placed on stands 2.4 m above the floor. The
sensitivity of R420 reader is ⁃82 dBm. The power transmitted

is 30 dBm by the R420 reader, and the line loss L loss is 1 dB.
The gain of transmit antenna G1 is 9 dBi, and the gain of tag an⁃
tenna G 2 is 1 dBi. The sensitivity of tag, Pe, is -32 dBm, and
the operating frequency is 920 MHz. The two antennas are
both circular polarization, so the polarization loss, G 3, is 0 dB.
The loss of the backscatter, G 4, is -6 dB. The distance within
which the WSN tag can receive the available signal from the
reader can be calculated by the following Friss equation:

Pe =P1 - Lloss +G1 +G2 +G3 + 10 lgæ
è
ç

ö
ø
÷

λ4πr1
2
. (4)

Therefore, r 1 = 116 m. Similarly, by the Friss equation, P3 is
the power reader received from the backscatter of the WSN
tag. Accordingly, it is possible to calculate the distance r 2 with⁃
in which the reader can receive available reply signals by (5).

P3 =P1 - 2Lloss +G4 + 2( )G1 +G2 +G3 + 10 lgæ
è
ç

ö
ø
÷

λ4πr2
4
. (5)

Therefore, r 2 = 32.68 m. Table 4 shows the test distances in
various modes of the reader, and some test distances are obvi⁃
ously beyond the theoretical distances, which are due to the in⁃
fluence of multipath effects.

5 Conclusions
The wireless energy⁃harvested WSN tag has been developed

▲Figure 6. The circuit board of the WSN tag.
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▲Figure 7. The test environment of WSN tag temperature.

▲Figure 8. The contrast of test temperature and real temperature.
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▼Table 4. Test distances in various modes

Reader mode
Autoset dense reader

Autoset static
Max throughput
Hybrid mode

Dense reader M=4(1)
Dense reader M=4(2)
Dense reader M=8

R⁃>T (kbit/s)
≈70
≈70
≈70
≈70
≈50
≈70
≈70

T⁃>R (kbit/s)
≈426.66
≈426.66
≈426.66
≈426.66
≈320
≈320
≈320

r 2 (m)
19
20
23
27
33
35.2
36.5

r 1 (m)
91.2
93.8
90.9
94.9
96.4
96.4
97.4

in circuit board (Fig. 6). Reducing power and obtaining renew⁃
able energy are main advantages of the WSN tag. This paper
presents the relevant wireless energy harvesting, common tag
protocol, miller coding, extended miller coding and sensing
functions. The test results of energy harvesting are consistent
with the theoretical values. The rectifier efficiency reaches
39% when the rectifier circuit has input of ⁃14 dbm and output
voltage of 360 mV that is greater than 330 mV, which meets
the condition of the DC Booster circuit cold start. The WSN tag
successfully implements the common ISO/IEC 18000⁃6C proto⁃
col standard, and the sensitivity of the WSN tag is up to ⁃ 32
dBm. The WSN tag also implements low speed mode for saving
power. The extensional miller coding has first been implement⁃
ed in the assembler. In the future, we plan to design multi ⁃
band RF energy harvesting system, to implement more applica⁃
tions of the WSN tag for the cellular IoT.
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Abstract

For deployment flexibility and device lifetime prolonging, energy harvesting communications have drawn much attention recently,
which however, encounter energy domain randomness in addition to the channel state randomness and traffic load randomness.
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1 Introduction
ith the rapid growth of mobile multimedia traf⁃
fic requirements, wireless networks tend to be
deployed more and more densely, resulting in
more and more energy consumption. At the

same time, with the emergence of Internet of Things [1] and
wearable devices [2], large quantities of wireless sensors are
appearing, causing stringent requirement on flexibility of de⁃
ployment and cruising ability. By gathering energy from ambi⁃
ent environment (solar, wind, radio waves and so on) to power
wireless devices, energy harvesting communication system is
one of the candidate technologies to reduce CO2 emission and
support flexible and sustainable wireless communications.
Nowadays, the energy harvesting technology is drawing much
attention from industrial community. For instance, China Mo⁃
bile has deployed 13,000 renewable energy powered base sta⁃
tions (BSs) by May 2017 [3], and Powercast is developing wire⁃
less power harvesters [4]. It is expected that energy harvesting
technology will be widely used in the future wireless networks.

A key feature of the ambient energy is that the energy arriv⁃
al is random, leading to unstable power supplies. Thus, in addi⁃
tion to channel fading and traffic load variation, another dimen⁃

sion of randomness, the unstable power input needs to be con⁃
sidered, which makes the design of energy harvesting commu⁃
nications extremely difficult. Conventionally, the problem is
mainly studied by two ways of simplifications. The first is to as⁃
sume that all the dynamics (energy arrival, data arrival and
channel fading) are known in advance, and the resource alloca⁃
tion can be optimized with offline global information [5]-[10].
The advantage of offline analysis is that structural properties
can be found. However, since the non⁃causal information can⁃
not be accurately predicted in reality, the offline results can
hardly be used in causal systems. The other way is to consider
only one or two types of randomness. For instance, one can ana⁃
lyze the system capacity in non ⁃ fading AWGN channel [11],
[12], or optimize the resource allocation with constant energy
arrival rate [13]- [15]. Nevertheless, the design with three⁃di⁃
mensional randomness is still an open problem.

In the real environment, the three⁃dimensional randomness
is neither independent nor purely random, but is closely corre⁃
lated with one another. For instance, real data shows that the
solar energy arrival is quite stable and changes slowly in sunny
day [16], while the network traffic load varies drastically [17],
and the peak energy arrival rate and the peak traffic load ap⁃
pear in different time periods. On one hand, the correlation
property can be utilized to simplify the problem formulation;
on the other hand, it may cause other problems. Specifically,
the stable energy arrival can be viewed semi⁃static. Hence, the

W
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randomness in energy domain can be omitted, while the mis⁃
match between energy arrival and traffic load may severely de⁃
grade the system performance.

In this paper, we investigate a new paradigm of studying the
energy harvesting communications by exploiting the inherent
correlations between energy and information. We mainly focus
on two types of correlations: 1) Self correlation of energy arriv⁃
al process; 2) mutual correlation between energy and informa⁃
tion. A thorough description on these correlations and state⁃of⁃
art survey are given, based on which potential mechanisms
based on them are discussed. In addition, a case study is pro⁃
vided to illustrate the importance of correlation properties.

The rest of the paper is organized as follows. Section 2 de⁃
scribes the correlation properties. Section 3 proposes some cor⁃
relation⁃aware mechanisms. A case study is given in Section 4.
Finally, Section 5 concludes the paper.

2 Inherent Correlations of Energy and
Information
A typical application scenario of energy harvesting technolo⁃

gy in heterogeneous cellular networks is depicted in Fig. 1. It
can be seen that the macro BS is plugged into power grid with
stable power supply to provide a basic network coverage. A
supplementary solar panel is connected to reduce the grid pow⁃
er consumption. The small BSs 1 and 2 are powered by solar
power and wind power, respectively. Some low ⁃ power mobile
devices that are located close to the BSs can harvest energy
from the radio signal, i.e., wireless power transfer. In real sys⁃
tems, the energy arrival process should be characterized by
temporal and spatial correlations with itself as well as with net⁃
work traffic. In this paper, the correlations are mainly dis⁃
cussed based on the cellular scenario as in Fig. 1. Neverthe⁃
less, the properties and algorithms are not limited to this case.
They can also be extended to any other energy harvesting com⁃
munication scenarios.
2.1 Self Correlations of Energy Arrival

The energy arrival process in real systems can be viewed as

a“semi ⁃ static”stochastic process due to the embedded self
correlations. The term“semi⁃static”means that the energy ar⁃
rival keeps constant to some extent or is known by some mech⁃
anisms. Such a property can be used to reduce the complexity
of the resource allocation design. The self correlations are dis⁃
cussed in both time domain and spatial domain as detailed in
the following.
2.1.1 Temporal Self Correlation

Based on the solar radiation data collected by the Measure⁃
ment and Instrumentation Data Center (MIDC) [16], it is ob⁃
served that the outdoor solar power in sunny days is quite sta⁃
ble, i.e., the energy arrival is strongly correlated in time do⁃
main (correlation coefficient ≈ 1). The energy arrival rate only
changes at a long time scale following a predictable profile.
When the energy harvester harvests energy from radio signals,
the energy arrival process is predictable and even controllable
by information exchange in the control plane. If the correlation
properties are properly modeled, the complexity of resource al⁃
location can be reduced.

The temporal self⁃correlation has been exploited in the liter⁃
ature. Define an energy harvesting frame as a set of consecu⁃
tive slots during which the energy arrival rate keeps constant.
In a single energy harvesting frame, power allocation and
scheduling policies have been proposed for relay networks [13]
and distributed networks [14]. For multiple energy harvesting
frames, the outage minimization problem has been studied in
[18]. However, there is a lack of a general framework to formu⁃
late the self correlations in energy harvesting communications.
In fact, in wireless power transfer, the energy arrival may
change in each slot, but it is self correlated from power trans⁃
mitter side. It is also possible that the wireless channel is stat⁃
ic such as line ⁃ of ⁃ sight (LOS) links, while the energy arrival
rate varies rapidly. In this case, the channel state is strongly
self correlated, which can also be taken advantage of.
2.1.2 Spatial Self Correlation

In the multi⁃node case, the self correlation exists not only in
the time domain, but also in the spatial domain. The energy ar⁃
rivals in different nodes may be different due to either diverse
types of energy harvesters (e.g., solar v.s. wind) or various envi⁃
ronments (e.g., solar power in cloudy day). The spatial energy
distribution is modeled and analyzed in [19] which shows sig⁃
nificant impact of spatial correlation on the network perfor⁃
mance such as coverage. In this case, cooperation among
nodes becomes quite important for coverage guarantee and en⁃
ergy⁃efficiency enhancement.

Some simple cases have been studied considering the spa⁃
tial correlation of energy arrivals. For a two⁃node communica⁃
tion link with correlated energy harvesting transmitter and re⁃
ceiver, the optimal transmission policy is found in [20]. When
two BSs cooperatively serve the cell ⁃ edge users, how they
adapt the conventional network MIMO scheme to the spatial▲Figure 1. Cellular networks with energy harvesting.
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correlated case is considered in [15]. It can be seen that some
nice results are obtained in these simple cases. However, the
solutions cannot be applied to cases with multi ⁃node directly,
where a node’s decision depends on its neighbors’states,
while its neighbors also depend on their neighbors, and so on.
Hence, the high complexity of solving such problems due to
the coupling effect over the network is a major challenge.
2.2 Mutual Correlations between Energy and Information

The classic Shannon’s formula R = log2( )1 + P N describes
the basic relation between energy and information. However, it
is only for a single link with additive white Gaussian noise
(AWGN) channel, and considers greedy source and constant
transmit power. In reality, burstiness exists in both the data
traffic and the energy arrival. The amount of traffic that can be
carried by a certain amount of energy depends on both tempo⁃
ral and spatial relations between energy arrival and traffic re⁃
quirement.
2.2.1 Temporal Mutual Correlation

By drawing the 24 hour traffic profile based on [21] and the
renewable power profile based on [22] together in Fig. 2, it can
be seen that they do not match with each other in the time do⁃
main. The peak power meets a medium traffic load, while the
peak traffic even meets zero power. Such a negative correlation
between power and traffic may have severe impact on the wire⁃
less communication if the harvested energy is not smartly allo⁃
cated to satisfy the traffic requirement.

Large battery is a promising solution. It has been proved
that with ergodic energy arrival process, if the battery capacity
is sufficiently large, the randomness in the energy domain is
wiped out, and the system is equivalent to the one with the av⁃
erage power constraint [11], [23]. However, the battery capaci⁃
ty is limited in practice due to hardware constraints and expen⁃
sive cost. Even if a large battery is equipped without financial
limitation, the imperfections during charging and discharging
as well as the limited lifetime will become an inevitable prob⁃

lem. With limited battery capacity, how to dynamically match
harvested energy with traffic requirement needs some novel
techniques.
2.2.2 Spatial Mutual Correlation

The spatial mutual correlation can be illustrated by the ex⁃
ample in Fig. 1. There are three users in small BS 1’s cover⁃
age, but only one in small BS 2’s. When the weather becomes
cloudy and windy, BS 1 may be deficient in energy while BS 2
may be over charged. In this case, the traffic distribution mis⁃
matches the energy distribution in space. The users in BS 1's
coverage may be out of service, while BS 2's battery may over⁃
flow. The negative correlation effect in spatial domain also de⁃
grades the service performance.

By jointly considering the traffic requirement and the energy
profile, wireless resource allocation problem and dynamic BS
sleeping problem are studied in [24] and [25], respectively.
However, these works assume that the energy arrivals are iden⁃
tical in all the nodes, i.e., uniform energy distribution over
space. For non⁃uniform distribution, the system needs to be re⁃
designed from network planning to resource allocation, both of
which should be traffic aware.

3 Exploiting Correlations for Energy
Efficient Communications
As shown in the previous section, the correlations inside the

energy arrival process and between energy and traffic profiles
are of significant impact on energy harvesting communications.
Some of them can be utilized to simplify the problem, while
some others should be carefully handled to eliminate the pas⁃
sive impact, both requiring novel algorithm design. As a start⁃
ing point, this section presents some potential mechanisms to
exploit the correlation properties.
3.1 Low⁃Complexity Resource Management Based on

Temporal Correlation
If the channel fading and the energy arrival are viewed as

purely random process, a two⁃dimensional randomness results
in high complexity for transmission policy optimization. Ex⁃
ploiting temporal correlation can potentially reduce the com⁃
plexity. For instance, when the change of energy arrival rate is
slower than the channel fading, a two⁃stage power allocation al⁃
gorithm can be applied to decouple the two⁃dimensional ran⁃
domness as shown in Fig. 3. In particular, when the energy ar⁃
rival rate keeps constant, an inner sub ⁃ problem adjusts the
power allocation according to the channel fading only. The pe⁃
riod with constant energy arrival rate is called energy harvest⁃
ing frame. Then an outer problem deals with energy manage⁃
ment among frames considering the change of energy arrival
rate. As a consequence, the energy arrival and the channel fad⁃
ing are decoupled. Hence, the complexity is greatly reduced.
Similarly, the two ⁃ stage algorithm can also be applied to the▲Figure 2. Traffic profile and renewable power profile over time.
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case in which the channel state varies slower than the energy
arrival.

For the case in which energy arrival and channel fading
changes in the same time scale, such as simultaneous wireless
information and power transfer (SWIPT) [26], the two⁃stage al⁃
gorithm is infeasible. Nevertheless, good news is that the trans⁃
mit power is controllable. Thus, through information exchange
between transmitter and receiver, the harvested energy well
adapts to the wireless channel. Since the wireless power trans⁃
fer is usually of low efficiency, it is mainly adopted with suffi⁃
ciently strong channel gain. The information transmission is
still possible in medium or even poor channel conditions. Tak⁃
ing the advantage of correlation between energy transfer and
channel fading, the energy harvesting efficiency can be en⁃
hanced.
3.2 Energy⁃Aware Content Caching and Push

We now focus on how to deal with the negative temporal cor⁃
relation between energy and information. The energy profile
and the traffic profile usually mismatch, and the limited bat⁃
tery capacity is not sufficient to wipe out energy domain ran⁃
domness. Thus, the storage ability in information domain
should be taken into account, i.e., content caching. As shown
in Fig. 4, the energy profile (green curve) and the traffic re⁃
quirement (red curve) mismatch in the time domain, and the
battery capacity is limited. When the battery is full, the contin⁃
uously arrived energy can be used to push contents possibly
needed in the future to the end users. Later, when the actual
traffic demand is generated, part of it can be satisfied by the
users’local cache. Thus, the barrier built up by the limited
battery is broken, and the energy is“moved”from now to the
future. Based on content caching and push mechanism, we
have proposed a framework, namely GreenDelivery [27], to en⁃
able efficient content delivery with energy harvesting based
small cells. In addition, content push policy for a single cell
has been designed in [28].

Although GreenDelivery well exploits the correlation be⁃

tween energy and information, the study on caching⁃aided ener⁃
gy harvesting communications is still in its infancy. Lots of
problems need to be further examined. Firstly, the content
caching schemes strongly depend on the statistic information
of content popularity and long⁃term energy arrival process. On⁃
line algorithms are needed to accurately learn and predict the
content popularity as well as energy statistics. Secondly, con⁃
tent caching consumes both energy and storage space of the de⁃
vices. When the practical caching cost is accounted, the perfor⁃
mance gain we can get may be reduced. The conditions on
which an expected performance gain is achievable should be
clarified. Finally, in a network with multiple cells, how BSs co⁃
operate to reduce the content caching cost and improve file hit⁃
ting probability over asymmetric energy and traffic distribution
needs to be studied. This problem is actually related to how to
exploit the spatial correlation between energy information,
which will be further discussed later.
3.3 Joint Transceiver Design with Energy Harvesting

In multi ⁃ hop relay networks, the relay nodes not only re⁃
ceive but also transmit data, and they may be powered wireless⁃
ly for deployment flexibility. As shown in Fig. 5, the relay
node maintains two buffers: data buffer and energy buffer. Both
data transmission and receiving consumes energy, while the
spectral efficiency of data transmission is strongly related to
channel state. Thus, the transceiver module should be jointly
designed and optimized so that data buffer, energy buffer and
channel state are well managed. Intuitively, data should be
transmitted when the channel is good. If the data buffer is al⁃
most empty, the relay node needs to receive data from the
source. Otherwise, the good channel state may not be fully uti⁃
lized as there is no data to transmit. Either half⁃duplex (HD) or
full⁃duplex (FD) mode is applicable in the relay nodes. The FD
mode is expected to achieve a higher spectral efficiency com⁃
pared with the HD mode, but consumes more energy due to the
additional signal processing circuits for self ⁃ interference can⁃

▲Figure 3. Two⁃stage power allocation algorithm for decoupling
channel fading with energy variation. ▲Figure 4. Solving energy⁃information mismatch problem via proactive
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cellation. In summary, the energy arrival process and the chan⁃
nel fading are correlated temporally via the controllable data
buffers (by controlling the transceiver's working mode). Simi⁃
larly, different nodes are also correlated spatially.

Transmission policy optimization has been studied in [29]
for a simple multi⁃hop topology, i.e., the system is composed of
a source node, a relay node, and a destination node. A tradeoff
between HD and FD is observed by exploiting the temporal cor⁃
relation between energy buffer and channel states of the two
hops. For a generalized multi⁃hop network, how to exploit the
correlation between nodes spatially is a challenge issue.
3.4 Dynamic Network Planning and Traffic Offloading

Conventional network planning determines the locations of
BSs based on the expected average traffic load requirement as
well as deployment and operation costs. For the energy harvest⁃
ing communications, the deployment should be re ⁃ designed
considering the energy distribution and the randomness of en⁃
ergy arrivals. First of all, a heterogeneous network topology
where macro BSs are plugged into power grid to guarantee a
stable network coverage, and small BSs can be powered by any
energy source, is a necessity. Secondly, the planning of small
BSs depends on the correlations between the energy and traf⁃
fic. If the energy harvesting devices are deployed independent
to the BSs and connect to the small BSs via power lines, the en⁃
ergy and traffic profiles are decoupled. Conventional network
planning can be applied by additionally considering the de⁃
ployment cost of power lines. If the energy harvesting devices
are equipped on each BS, which can reduce the cost for deploy⁃
ing power lines, joint traffic ⁃ energy ⁃ aware network planning
should be designed. For instance, the BSs should be density
deployed when either the traffic load is high or the energy ar⁃
rival rate is low so that the spectral resources and the available
energy amount are sufficient.

Due to the dynamics of energy arrival and traffic load, the
nodes in the network may need the help of neighbor nodes
when the energy is insufficient and the traffic load is high. Traf⁃

fic offloading [30] is a candidate solution to realize the neigh⁃
borhood cooperation. As shown in Fig. 6, the traffic offloading
is based on energy⁃aware cell zooming [31]. When the energy
profile and the traffic profile do not match for the two BSs, the
BS with lower energy shrinks its coverage and the other with
higher energy expands its coverage. As a result, the energy is
"moved" from the cell on the right to the one on the left, and
all the users can be served with sufficient energy. This is an ef⁃
ficient mechanism to transform the negative correlation be⁃
tween energy and traffic into a positive correlation over the
space.

4 Case Study: Two⁃Stage Power Allocation
with Semi⁃Static Energy Arrival
In this section, we present a case study to show how time

correlations can be utilized to simplify the algorithm corre⁃
sponding to Section 3.1. In particular, we consider a single
link where the transmitter is powered by the energy harvested
from ambient environment. It is assumed that the change of en⁃
ergy arrival rate is slower than the channel fading, i.e., the en⁃
ergy arrival rate changes every N (N ≥ 1) fading blocks, i.e.,
an energy harvesting frame. The timeline of energy profile is
shown in Fig. 7, where the time slot is denoted by (k, n) with k
representing index of frames and n representing index of fad⁃
ing blocks in each frame, Ek is the energy arrival rate in frame
k, Bk,n is the battery energy state in slot (k, n), and Pk,n is the
transmit power. The channel gain in slot (k, n) is denoted as

▲Figure 5. Joint transceiver optimization for balancing the data queue
and the energy queue.

▲Figure 6. Energy⁃aware cell zooming for realizing traffic offloading.
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γ k,n. Thus, the battery energy state evolves as
Bk,n + 1 = min{ }Bk,n -Pk,n +Ek,Bmax , (1)

where Bk,N + 1 =Bk + 1,1 , and Bmax is the battery capacity. The d⁃
ata rate is related to the transmit power and the channel gain,
denoted as r( )Pk,n,γk,n . We aim to maximize the average data
rate by optimizing the power allocation, i.e.,

max lim
K→∞

1
KN

E
é
ë
ê

ù
û
ú∑

k = 1

K ∑
n = 1

N

r( )Pk,n,γk,n . (2)

The problem can be formulated as a Markov decision pro⁃
cess (MDP) and solved by dynamic programming (DP) ap⁃
proach [32]. The DP algorithm deals with a set of MDP prob⁃
lems which can be divided into stages. In each stage, the sys⁃
tem state xk ∈ S dynamically changes under the influence of
control action uk and random parameter wk embedded in the
system, and the reward function gk( )xk,uk,wk is additive over
time. The objective is to maximizing the average reward func⁃
tion lim

K→∞(1 K )∑k = 1
K gk( )xk,uk,wk by optimizing the state⁃depe⁃

ndent control policies uk = μk( )xk , k = 1,...,K. Theoretical r⁃
esults show that a scalar λ and a vector h ={h( )i |i ∈ S} satisfy
Bellman’s equation

λ + h( )i =maxu ∈U ( )i
é

ë
êê

ù

û
úúEw(g( )i,u,w +∑

j ∈ S
pi, j( )u h( )j , (3)

where pi, j( )u is the transition probability from state i to state j
under action u. Then λ is the optimal average reward and can
be solved by value iteration based on the following equation

h
( )k + 1 ( )i =maxu ∈U ( )i

é

ë
êê

ù

û
úúEw(g( )i,u,w +∑

j ∈ S
pi, j( )u h

( )k ( )j -λ( )k , (4)

where λ
( )k = maxu ∈U ( )s éë

ù
ûEw(g( )s,u,w +∑j ∈ S ps, j( )u h

( )k ( )j for a
fixed state s. It converges to the optimal average reward λ .

In our problem, the system state includes the battery ener⁃
gy state Bk,n , channel state γk,n, energy arrival rate Ek, and the
number of slots since the last change of energy arrival rate.
The control action is the power allocation Pk,n, and the per ⁃

stage reward is the data rate r( )Pk,n,γk,n . By directly applying
the above DP algorithm, the problem can be solved. However,
it can be seen that the state space would be huge if the energy
harvesting frame is long, which results in the curse of dimen⁃
sionality problem. To resolve this, we exploit the correlation
feature in time domain to reduce the computational complexity.

The original problem can be decoupled into two sub ⁃prob⁃
lems, finite horizon power allocation in each energy harvesting
frame, and infinite horizon energy management among frames.
If the initial battery state and the terminal battery state are giv⁃
en, the optimal power allocation in a frame is irrelevant to the
other frames since the energy arrival rate is known and fixed.
In this sense, we can formulate an inner problem of finite hori⁃
zon power allocation within a frame. On the other hand, given
the expected per ⁃ frame reward obtained by solving the inner
problem, the optimization among frames can be formulated as
an outer problem that determines the initial/terminal battery
energy of each frame, which is equivalent to determining the
optimal amount of energy to be used in each frame. The inner
and outer problems can be solved by finite horizon DP algo⁃
rithm and infinite horizon DP algorithm, respectively. The sys⁃
tem state of the inner problem includes battery state and chan⁃
nel state, and that of the outer problem includes battery state,
channel state, and energy arrival rate. By comparison, the state
space of the inner and outer problems are much smaller than
the DP optimal one. The algorithm to solve the inner and outer
problems sequentially is termed as two⁃stage DP algorithm.

We run some numerical simulations to evaluate the perfor⁃
mance of the proposed two⁃stage DP algorithm. Consider a bi⁃
nary system settings, i.e., both the channel gain and the energy/
power take only two values, γk,n ∈{ }0,1 , Ek ∈{ }0,1 , and
Pk,n ∈{ }0,1 . The channel fading is assumed independently and
identically distributed (i.i.d.), and the channel state is good
( γk,n = 1 ) with probability p = 0.7, and is bad ( γk,n = 0 ) with
probability 1− p = 0.3. In good channel state, the data rate
with a unit of power is r( )1,1 = r1 . In bad state, the data rate is
r( )1,0 = r0 . If the transmit power is zero, the data rate is zero.
One unit of energy is harvested with probability q = 0.7, and
there is no energy arrival with probability 1−q = 0.3.

The comparison of the two ⁃ stage DP algorithm and the DP
optimal algorithm is shown in Fig. 8. It can be found that there
is a performance gap between the two algorithms when N is
small, which gradually vanishes as N becomes larger. Specifi⁃
cally, the gap is neglected when N ≥ 20. As N increases, the
average rate reduces for both of the algorithms, and converges
to a fixed point as shown by the red dashed line. The result
demonstrates that the proposed low⁃complex algorithm well ap⁃
proaches the DP optimal algorithm. In addition, it is interest⁃
ing to note that the average rate with small value of N is larger
than that with large value of N. As smaller value of N refers to
more randomness in energy arrival process, it shows that the
randomness actually helps to improve the overall performance

▲Figure 7. Timeline of energy profile.
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by the concept of opportunistic scheduling. As both energy ar⁃
rival and channel fading are random, there are more opportuni⁃
ties that good channel state meet sufficient energy arrival.

5 Conclusions
This paper discussed the inherent correlations of energy and

information, which can be exploited to facilitate the resource
allocation for energy harvesting communications. The temporal
self correlation of energy arrival process results in a semi⁃stat⁃
ic energy profile so that joint⁃energy⁃channel⁃aware power allo⁃
cation can be decoupled. With the spatial correlation, neigh⁃
boring nodes can help each other. The negative correlation due
to the mismatch between energy and traffic in temporal domain
can be effectively resolved via the content caching technique.
In the spatial domain, the mismatch problem can be relieved
by energy aware traffic offloading. In summary, the correla⁃
tions between energy and information are key features for char⁃
acterizing the three⁃dimensional randomness. Accurately mod⁃
eling and properly using the correlations would be a feasible
path to realize intelligent resource allocation in energy harvest⁃
ing wireless communications.

▲Figure 8. Performance comparison of the two⁃stage DP algorithm
and the DP optimal algorithm.
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1 Introduction

imited device battery life has always been a key
consideration in the energy ⁃ constrained wireless
network and largely confines the performance of
the network. In order to prolong the battery life, a

sustainable power supply has to be considered. In the near ⁃
field communication, techniques such as inductive coupling
and magnetic resonance coupling contribute to high power den⁃
sity and conversion efficiency. However, because of the non⁃ra⁃
diative property, the power transfer distance of these tech⁃
niques is limited. As a result, in the far⁃ field communication,
the radio frequency (RF) signal is chosen as a continuous and
stable power supply. Recently, the dual use of RF signals in⁃
cluding information transmitting and power delivering has
been studied. Simultaneous wireless information and power
transfer (SWIPT) [1] is an emerging technology to utilize RF
signals to transmit information and energy concurrently and of⁃
fers a promising solution to above problems.

In recent years, attention on SWIPT in mobile communica⁃
tion networks has been growing significantly. For instance, in
[2], a two⁃user Multiple⁃Input Single⁃Output (MISO) interfer⁃

ence channel with SWIPT is discussed, in which different
transmission strategies are proposed to maximize the achiev⁃
able sum rate. And in [3], multiuser Multiple⁃Input Multiple⁃
Output (MIMO) systems with SWIPT are studied. There are
two scenarios, including separated information decoding (ID)
and energy harvesting (EH) receivers and co ⁃ located ID and
EH receivers, and optimal transmission strategies are proposed
to achieve different tradeoffs between maximal information rate
and energy transfer for the separated scenario. In addition, in
[4], SWIPT is also applied into broadband wireless systems. In
this system, the integration of SWIPT and microwave power
transfer has been considered as a convenient power supply,
freeing the wireless devices from the limited battery capacities.
The optimization of power control for different system configu⁃
rations (i.e. single⁃user/multiple⁃user and downlink/uplink in⁃
formation transfer) is studied and the optimal algorithm is used
to sequentially allocate required decoding power for mobile de⁃
vices in ascending order until all the budgeted power is spent.

Nowadays, to further improve the transmission performance,
the combination of SWIPT and 5G key techniques has been
considered to improve the spectral efficiency (SE) and energy
efficiency (EE). As a key technique for the 5G wireless net⁃
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work, massive MIMO is used to satisfy the demand for the ever⁃
increasing data traffic and enhance the spectral efficiency and
radiated energy efficiency. Therefore, the surveys [5] and [6]
investigate the existing work of massive MIMO with SWIPT. In
particular, [5] describes the general architecture of distributed
massive MIMO, including receiver/transmitter design and
beamforming in the uplink/downlink. Then, it proposes future
directions based on interference management and power alloca⁃
tion. Furthermore, the survey [6] introduces relay in MIMO
SWIPT networks and investigate different network topologies
with single and multiple users.

The existing surveys about SWIPT to 5G key techniques in⁃
volve massive MIMO and relaying [5], [6]. However, surveys
about combination of SWIPT with key techniques in 5G net⁃
works such as non⁃orthogonal multiple access (NOMA), device⁃
to⁃device (D2D) and full⁃duplex (FD) are still open. Therefore,
to fill in this gap, we provide a comprehensive survey about the
applications of SWIPT with the key techniques for 5G net⁃
works in this paper.

The contributions of this work are three ⁃ folds, which are
summarized as follows:
•A comprehensive survey on SWIPT techniques is presented,

besides the popular receiving techniques for SWIPT, such
as power splitting, time switching and antenna switching.
Recent advantages on joint transmitting and receiving tech⁃
niques for SWIPT based on the designs of Eigen⁃channels
or mixed signals are also concluded.

•The 5G key techniques that have been applied to SWIPT
are comprehensively surveyed in this paper. In particular,
as shown in Table 1, SWIPT with NOMA, with D2D com⁃
munication, and with FD communication are illustrated re⁃
spectively, which improve the SE and EE of communication
in cellular networks.

•The future directions and open problems related to SWIPT
in cellular networks are identified, as the management of dy⁃
namic harvested energy, trading between wireless power
transfer and traffic offloading, and effects of the mode
switching at energy harvesting devices, which are vital for
the future development of SWIPT.
The rest of this survey is organized as follows. Section 2 in⁃

troduces practical techniques to realize SWIPT, including re⁃
ceiver design techniques and joint transmitter and receiver de⁃
sign techniques. Section 3 discusses the combination of
SWIPT and some 5G key techniques including NOMA, D2D
and FD based on the realizing technologies mentioned in Sec⁃
tion 2. Section 4 provides some future challenges and open is⁃
sues. Finally, Section 5 concludes the survey.

2 Techniques for SWIPT
In SWIPT systems, dual use of RF signals is exploited to si⁃

multaneously transmit information and energy. Therefore, the
receiver of SWIPT has to be split into EH receiver and ID re⁃

ceiver to deal with the information and energy respectively.
This section considers practical receiver designs for SWIPT.
Furthermore, based on techniques at the receiver, joint trans⁃
mitting and receiving techniques are proposed, which can im⁃
prove the performance of energy harvesting and information de⁃
coding by designing the transmitted channel or signal.
2.1 Receiving Techniques for SWIPT

Practical receiver design techniques include power splitting
(PS), time switching (TS) and antenna switching (AS) [7] (Fig.
1). These three techniques split the RF signal resources from
the energy domain, the time domain and the space domain re⁃
spectively.
2.1.1 Power Splitting

As shown in Fig. 1a, the PS receiver consists of a EH receiv⁃er and an ID receiver. By using PS ratio ρ , the PS receiver
splits the received signal y( )t into two streams with different

▼Table 1. Contributions of survey

Aspects

Realizing
techniques
for SWIPT

SWIPT with
NOMA

SWIPT with
D2D

SWIPT with
FD

Survey papers

[7], [8]

[9]

[10]

This Article

[12], [13]

[14], [15]

[16], [17]

This Article

[18], [19]

[20]-[22]

This Article

[24]-[28]

[29], [30]

This Article

Contributions
Surveys about wireless energy transfer technology, its

applications, and three types of practical SWIPT receivers.
A survey about receiving and transmitting techniques, and

resource allocation for SWIPT.
A hybrid receiver design to maximize the achievable rate

in relay channels.
A comprehensive survey on techniques for SWIPT,

including receiving techniques and joint transmitting and
receiving techniques.

Performance analysis on SWIPT with NOMA for single
user pair.

Performance analysis on SWIPT with NOMA for multiple
user pairs.

Performance analysis on NOMA with wireless powered
relay.

A comprehensive survey of NOMA with SWIPT, including
pairing schemes, with/without relay, relaying protocols,

the node and receiving techniques for SWIPT.
Techniques for wireless powered D2D communication.

Techniques for wireless powered D2D relay.
A comprehensive survey of D2D with SWIPT, including
with/without relay, receiving techniques for SWIPT and

relaying protocols.
Transmission schemes for two⁃phase FD relaying systems

with SWIPT.
Transmission schemes for one⁃phase FD uplink and

downlink communications with SWIPT.
A comprehensive survey of two types of FD, including
with/without relay, relaying protocols, the node and

receiving techniques for SWIPT.

D2D: device⁃to⁃device
FD: full⁃duplex

NOMA: non⁃orthogonal multiple access
SWIPT: simultaneous wireless information and power transfer

Recent Advances of Simultaneous Wireless Information and Power Transfer in Cellular Networks
LIU Binghong, PENG Mugen, and ZHOU Zheng

Special Topic

ZTE COMMUNICATIONSZTE COMMUNICATIONS 27February 2018 Vol.16 No. 1



power, namely ρ y( )t and 1 - ρ y(t) . One is used for harves⁃
ting energy at the EH receiver, while the other is used for de⁃
coding information at the ID receiver at the same time. It
should be noted that there is a signal conversion noise added
to the ID receiver, which is produced by RF band to baseband
conversion. Different rate⁃energy trade⁃offs can be achieved by
adjusting the PS ratio ρ .
2.1.2 Time Switching

In this case, the transmitter divides the transmission block
into two orthogonal time slots based on the TS factor. One slot
is used for data transmission and the other is used for power
transmission. At each time slot, the transmitter can optimize its
transmission waveforms to achieve better transmission for infor⁃
mation or energy.
2.1.3 Antenna Switching

There are multiple antennas at the AS receiver. These anten⁃
nas are divided into two groups, one group for information de⁃
coding and the other for energy harvesting [8]. To decide the
optimal assignment of the antenna elements for information de⁃
coding and energy harvesting, the solution of an optimization
problem in each communication frame is required. Further⁃
more, antenna switching can be regarded as a special case of

power splitting, which the PS ratio at each antenna is binary.
Based on the techniques mentioned above, a comprehensive

SWIPT architecture, i.e., the hybrid time ⁃ switching/power ⁃
splitting (TS/PS) energy harvesting receiver or the hybrid time⁃
switching/antenna⁃switching (TS/AS) energy harvesting receiv⁃
er and the hybrid power ⁃ splitting/antenna ⁃ switching (PS/AS)
[9] can be further considered.
2.2 Joint Transmitting and Receiving Techniques for

SWIPT
In this section, we mainly focus on the design of the trans⁃

mitter, including decomposing the transmission channel into
multiple sub⁃channels: eigenchannels and using mixed⁃signals
for transmission (Fig. 2).
2.2.1 Eigenchannels

As referred in [10], the communication link is decomposed
into multiple eigenchannels, which can be used either to con⁃
vey information or to transfer energy. As shown in Fig. 2a, at
the output of each eigenchannel, there is a switch that switches
the channel output either to the information decoding receiver
or to the energy harvesting receiver.
2.2.2 Mixed Signals

There is an information signal XI sent to the ID receiver and
an energy signal XE sent to the EH receiver. The mixed signal
includes both of them. Then we can perform the beamforming
for the mixed transmission signal to achieve better perfor⁃
mance at the ID and EH receivers. To be more specific, by de⁃
signing the mixed signal at the transmitter, i.e. using the pseu⁃
do random signal as the energy signal, which is known by the

EH: energy harvesting ID: information decoding

EH: energy harvesting ID: information decoding

▲Figure 1. Receiving techniques for SWIPT, including a) power
splitting, b) time switching and c) antenna switching.

▲Figure 2. Joint transmitting and receiving techniques for SWIPT.
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receiver, the ID receiver can use successive interference can⁃
cellation (SIC) to remove the energy signal. Meanwhile, the in⁃
formation signal can also be used as a source of energy, which
increases the energy harvested at the EH receiver and enhanc⁃
es its performance.

3 Combination of SWIPT and Recent
Techniques in Cellular Networks
Except for massive MIMO, recent techniques in cellular net⁃

works include NOMA, D2D and full⁃duplex, which contribute
to the enhancement of spectrum efficiency and network capaci⁃
ty. NOMA is to realize multiple access in the power domain.
D2D is used to provide proximity services and enable the es⁃
tablishment of high data rate peer⁃to⁃peer (P2P) links. And full⁃
duplex allows device to transmit and receive on the same fre⁃
quency concurrently. However, devices involved in all of these
techniques are faced with a limited battery capacity, which
leads to a constrained performance. Therefore, the combination
of SWIPT and 5G key techniques has a promising prospect in
the future network.
3.1 SWIPT with Non⁃Orthogonal Multiple Access

Non⁃orthogonal multiple access has been considered as an
emerging technology for the 5G network [11], which improves
the SE by superposing multiple users in power domain. In NO⁃

MA systems, the near NOMA user acts as a relay to help trans⁃
mit information for the far NOMA user, which shorten the life⁃
time of the energy⁃constrained near NOMA users. As a result,
cooperative NOMA with SWIPT (SWIPT ⁃ CNOMA) is pro⁃
posed, so that the near user can harvest energy from received
signals and then use the harvested energy rather than its own
energy to assist the information transmission for the far NOMA
user.

In SWIPT⁃CNOMA, a near user and a far user are chosen to
pair. Then there is a two⁃phase transmission. In the first trans⁃
mission phase, the access point (AP) broadcasts superposed
signals to both of the two users. The near user adopts power
splitting scheme to use the part of the received signal for ener⁃
gy harvesting and the rest for information decoding. Particular⁃
ly, based on SIC, the near user first decodes the message of the
far user and then subtracts it from its observation to decode its
own information. While the far user just keeps the received sig⁃
nal for jointly decoding in the second phase. In the second
phase, the far user forwards the message decoded in the first
phase to the weak user by its harvested energy. At the end of
the second phase, the far user decodes the message jointly
based on the signals received from AP and the near user using
maximal⁃ratio combination (MRC).

Hence, in the following paragraphs, we will introduce three
kinds of NOMA with SWIPT (Fig. 3 and Table 2), the first two
types are about user pairing including single user pair and mul⁃

Figure 3. ▶
SWIPT with NOMA: a)
pairing schemes for near

and far users; b)
transmission scheme for

NOMA with wireless
powered relaying at the

near user; c) transmission
scheme for NOMA with

the EH relay.
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TS: time switching

N1

NK

FM

N3

F1

F2

N2

F3

RNRF

NNFF

NNNF BS

a)

SIC User 1
SIC ID User 2

SIC ID UserN

…

…

ID

SIC ID

EH Relay

PS/TS
X =X1+X2+... +Xn

BS

SIC ID

EH User 2

PS/TS

BS
User 1

Phase 2Phase 1

b)

c)

Recent Advances of Simultaneous Wireless Information and Power Transfer in Cellular Networks
LIU Binghong, PENG Mugen, and ZHOU Zheng

Special Topic

ZTE COMMUNICATIONSZTE COMMUNICATIONS 29February 2018 Vol.16 No. 1



tiple user pairs, the last is about users with relay.
3.1.1 Single User Pair

In the case of single user pair, there only exists one near⁃far
user pair. Specifically, considering a downlink MISO transmis⁃
sion system in [12]. To achieve the maximization of the near us⁃
er’s data rate while satisfying the far user’s QoS requirement,
the corresponding transmitting beamformers and PS ratio have
to be optimized. Demonstrated by simulation, the proposed
SWIPT⁃CNOMA strategy outperforms the existing SWIPT or⁃
thogonal multiple access (OMA) strategy, thus marking it a
promising candidate for enabling high throughput in IoT and
mMTC scenarios.

The author in [13] also considers the situation of single user
pair. Furthermore, it takes the impact of the wireless AP with
multiple antennas on the transmission performance into consid⁃
eration. When the source is equipped with multiple antennas,
[13] proposes two transmit antenna selection schemes to re⁃
duce the complexity of precoding design at the transmitter.
The first scheme is selecting an antenna that provides the
strongest channel condition of the channel from the AP to the
far user. The second scheme is selecting an antenna that maxi⁃
mizes the gain of the channel from the base station (BS) to the
near user. The transmission divides into two phases. Different
from [12], in the first phase, the near user adopts hybrid time
switching and power splitting technologies to obtain informa⁃
tion and energy simultaneously, which provides higher flexibili⁃
ty than the conventional power splitting scheme. To be more
specific, in the first transmission phase, the AP broadcasts the
superposed signals to users, which contain information of the
near and far users. In particular, for a near user, the block time
T is divided into two sub ⁃ blocks. In the first sub ⁃ block, the
near user harvests energy from its received signal. In the sec⁃
ond sub ⁃ block, the near user simultaneously utilizes the re⁃
ceived power for energy harvesting and information decoding,

while the far user just keeps the received signal for jointly de⁃
coding in the second phase. The second transmission phase is
similar to the process referred in [12]. The authors derive tight
closed⁃form approximate expressions for the outage probability
(OP) of near and far users and analyze diversity order of two an⁃
tenna selection schemes. The results demonstrate that at the
high SRN region, the first antenna selection scheme outper⁃
forms the second and vice ⁃ versa, which exactly reflects the
characteristics of the two proposed schemes.
3.1.2 Multiple User Pairs

Considering the situation of multiple user pairs, users are di⁃
vided into two groups: near users and far users, based on their
distance from the BS. Therefore, different near⁃far user pairing
schemes have to be chosen. The work in [14] proposes three us⁃
er selection schemes based on the user distance from the BS:
•Random near user and random far user (RNRF) selection

scheme, in which both the near and far users are randomly
selected from the two groups. The advantage of RNRF is
that it does not require the knowledge of instantaneous chan⁃
nel state information (CSI).

• Nearest near user and nearest far user (NNNF) selection
scheme, in which a near user and a far user closest to the
BS are selected from the two groups. This scheme can en⁃
able the selected near user to harvest more energy and mini⁃
mize the outage probability of both the near and far users.

•Nearest near user and farthest far user (NNFF) selection, in
which a near user that is closest to the BS is selected and a
far user that is farthest from the BS is selected. The trans⁃
mission in this paper is similar to [12]. The authors derive
closed⁃form expressions for the outage probability and sys⁃
tem throughput of three user selection schemes to evaluate
the performance. The results confirm that NNNF outper⁃
forms other two schemes with the lowest outage probability
and the highest throughput for both the near and far users.

▼Table 2. Summary of SWIPT with NOMA

BS: base station
DF: decode⁃and⁃forward

NOMA: non⁃orthogonal multiple access
PS: power splitting

SNR: signal⁃noise ratio
SWIPT: simultaneous wireless information and power transfer

TS: time switching

Literature

Y. Xu et al. [12]

N. T. Do et al. [13]

Y. Liu et al. [14]

Y. Ye et al. [15]

Z. Zhang et al. [16]

W. Han et al. [17]

System model

One BS with single user pair

One BS with single user pair

One source with multiple user⁃pairs

One BS with multiple user⁃pairs

One source, an energy⁃harvesting relay
and a user group (2 users)

One BS, an energy⁃harvesting relay and a
user group (multiple users)

Transmission protocol
NOMA with wireless powered DF relaying at

the near user
NOMA with wireless powered DF relaying at

the near user
NOMA with wireless powered DF relaying at

the near user
NOMA with wireless powered DF relaying at

the near user
NOMA with wireless powered DF relaying at

the energy⁃harvesting relay
NOMA with wireless powered DF relaying at

the energy⁃harvesting relay

SWIPT technique

PS at the near user

Hybrid TS/PS at the
near user

PS at the near user

PS at the near user

PS at the energy⁃
harvesting relay
PS at the energy⁃
harvesting relay

Design objective (far/near)

Maximization of the data rate

Closed⁃form approximate expressions for the
outage probability

Outage probability and system throughput

Ensure target data rates of the relay and the far
user are realized prior to harvesting energy

Performance analysis of the outage probability
and SNR

Performance of the outage probability
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The work in [15] also considers the situation of multiple us⁃
er pairs and the user selection scheme is based on the RNRF
scheme referred in [14], which does not need instantaneous
CSI and can be easy of implementation. The authors mainly
discuss the PS ratio in the first transmission phase. The previ⁃
ous PS protocol in [12] sets that in the first phase, as long as
the decoding correctness of far users’information is guaran⁃
teed, the rest of the signal is totally used for energy harvesting
at the near user (namely the EH relay), which may result that
the near user may not be able to decode its own information
correctly. Therefore, the new proposed PS protocol sets the PS
ratio to firstly ensure the decoding correctness of both near us⁃
ers’information and far users’information at the near user,
then use the rest signal for energy harvesting. The impact of
the proposed PS protocol for far users on the outage probability
of both near and far NOMA users is studied. Simulation results
show that comparing with the existing PS protocol in [12], the
proposed PS protocol can greatly reduce the outage probability
of the near users and enhance system throughput. Meanwhile,
it does not affect the outage performance of far users.
3.1.3 Users with Relay

Besides the traditional multiple access scenarios, the combi⁃
nation of SWIPT and NOMA is applied into cooperative non⁃or⁃
thogonal multiple access scenarios, which mainly considers
that the source node is far from users and the EH relay is intro⁃
duced to provides service for users.

The work in [16] considers a situation that a source node
communicates with two users through an energy harvesting re⁃
lay. The transmission is divided into two phases. In the first
phase, the source uses superposition coding to combine two in⁃
dependent signals of near and far users, and the relay receives
information and energy from the source simultaneously. Specif⁃
ically, firstly the relay uses part of the signal for harvesting en⁃
ergy and the rest for decoding information. In the information
decoding process, based on SIC, the relay first decodes the far
users’information and then, decodes the near user informa⁃
tion. In the second phase, the relay uses the energy harvested
from the first phase to simultaneously serve two users through
NOMA. Specifically, based on decode⁃and⁃forward (DF) proto⁃
col, the relay transmits the superposed signals to two users.
Then the far user will directly decode its own information and
the near user will decode the far users’information based on
SIC and then decode its own information. In this paper, the ef⁃
fect of power allocation on SWIPT⁃CNOMA has been investi⁃
gated. The results show that compared with traditional OMA
with SWIPT, NOMA can efficiently lower the outage probabili⁃
ty and obtain the same diversity gain.

Similar to the study in [16], [17] considers a source commu⁃
nicating with a group of users through an EH relay. Existing
works are mostly focused on single ⁃ antenna system and Ray⁃
leigh fading channels. However, the work in [17] mainly inves⁃
tigates the impact of multiple antennas and Nakagami⁃m fad⁃

ing channels on transmission performance of the NOMA EH re⁃
lay, in which the multiple ⁃ antenna technology is used to im⁃
prove the performance of information and energy transmission.
The paper introduces Nakagami ⁃m distribution because it is
better at modeling empirical data than Rayleigh distribution.
The transmission can also be divided into two phases, while
the relay uses the amplify⁃and⁃forward (AF) protocol to forward
information. To be more specific, in the first phase, the source
is equipped with multiple antennas. The transmit antenna that
maximizes the channel gain between the source and the relay
is chosen for transmitting the superposed signal to the relay,
which enhances the performance of the system. On the basis of
PS protocol, the received signals at the EH relay are split into
two parts, one for harvesting energy and the other for process⁃
ing information. In the second phase, based on NOMA, the re⁃
lay uses the energy harvested from the first phase to broadcast
the superposed signal. Because the user is equipped with mul⁃
tiple antennas, so the received signals are combined with the
rule of MRC. Then, users decode the signals using the optimal
order for SIC, which is in the order of the increasing channel
gain, where users with better channel conditions are required
to decode the signals for others before decoding their own. The
paper concentrates on the outage performance of NOMA⁃EH
relaying networks and derives closed⁃form expressions for the
outage probability. Finally, simulation results demonstrate that
the worst relay location for both NOMA⁃EH and OMA⁃EH re⁃
laying networks is the half ⁃ way point between users and the
BS. Furthermore, it is shown that NOMA⁃EH outperforms OMA⁃
EH with better performance of outage probability and EE.
Meanwhile, NOMA can provide better user fairness and SE
since more users can be served at the same time.
3.2 SWIPT with D2D Communications

D2D communication, which provides proximate services by
establishing direct links between devices rather than through
the BS, has emerged as a key technology for future 5G system
to solve the conflict between the limited network bandwidth
and the growing demands of users. However, the growing de⁃
mand for higher data rate and ubiquitous mobile services have
caused a high⁃energy consumption in mobile devices with lim⁃
ited battery capacities, which becomes a bottleneck of the net⁃
work lifetime. SWIPT enables the receivers to harvest RF ener⁃
gy from the transmitters to extend their lifetimes and improve
the EE. What’s more, the traditional harmful noise and inter⁃
ference can also be exploited as a source of energy to improve
the EE. Therefore, the SWIPT with D2D (Fig. 4 and Table 3)
has been proposed, facilitating the deployment of D2D net⁃
works by prolonging the network lifetime.

In the following paragraphs, we will talk about SWIPT with
D2D mainly from three aspects. Firstly, we will analyze the per⁃
formance of the energy harvesting ⁃ based D2D communica⁃
tions. Then, we will discuss the performance of D2D user
equipment relay. Finally, we will investigate the security issue
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in cooperative D2D communications with SWIPT.
3.2.1 Energy Harvesting⁃Based D2D Communications

The performance of the energy harvesting⁃based D2D com⁃
munications are discussed based on two aspects: the outage
probability and the EE performance.

The work in [18] analyzes cognitive and energy harvesting⁃
based D2D communication in cellular networks from the per⁃
spective of the outage probability. In this paper, there are mul⁃
tiple macro BSs, multiple cellular users and multiple D2D
pairs, in which D2D users can reuse downlink (DL) resource
blocks (RBs) occupied by cellular UEs to enhance the system
SE. All D2D transmitters are powered by energy harvested
from the ambient interference caused by the simultaneous cel⁃

lular transmissions in the network (i.e., downlink and uplink
transmissions), and then use one of the channels allocated to
cellular UEs to communicate with the corresponding receivers.
Considering the power⁃hungry characteristic of the user equip⁃
ment, D2D users with SWIPT communicate with each other on⁃
ly when they harvest enough energy. The authors in [18] pro⁃
pose two spectrum access policies for cellular communication
in the uplink or downlink and use tools from stochastic geome⁃
try to evaluate the performance of the proposed communication
system model with general path⁃loss exponent in terms of out⁃
age probability for D2D and cellular UEs. The results show
that energy harvesting can be a reliable alternative to power
cognitive D2D transmitters while achieving acceptable perfor⁃
mance.

The study in [19] aims to address joint power control and
spectrum resource allocation problem in SWIPT⁃based energy⁃
harvesting D2D underlay networks from the perspective of the
EE. In this paper, there are only one BS, multiple users and
multiple D2D pairs. Each user can harvest energy from the re⁃
ceived desired signals, interference signals and noise. As a re⁃
sult of downlink spectrum reusing, a cellular user can scav⁃
enge energy from the BS and the D2D transmitter using the
same channel, while a D2D receiver can harvest energy from
its corresponding D2D transmitter and the BS. The D2D users
with SWIPT can communicate with each other as long as they
harvest energy, which improves the EE performance. The pur⁃
pose of this work is to maximize the EE performance of D2D
links and the amount of energy harvested at cellular UEs by de⁃
signing an efficient resource allocation mechanism. Hence, a
joint optimization problem of power control and partner selec⁃
tion between D2D pairs and cellular UEs has to be considered.
Simulation results demonstrated that the EH⁃based energy⁃effi⁃
cient stable matching algorithm can achieve the best EE perfor⁃
mance under all of the considered scenarios.
3.2.2 User Equipment Relay

Except for the functionality that users in the D2D pair can

AP: access point
D2D: device⁃to⁃device

EH: energy harvesting
ID: information decoding

UER: user equipment relay

▲Figure 4. SWIPT with D2D: a) wireless powered UE communications;
b) wireless powered relaying at the D2D transmitter.

▼Table 3. Summary of SWIPT with D2D

AP: access point
BS: base station

D2D: device⁃to⁃device
DF: decode⁃and⁃forward

PS: power splitting
SWIPT: simultaneous wireless information and power transfer

TS: time switching
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communicate directly with each other, D2D UEs can also act
as a relay for UEs by cooperative transmission and traffic
offloading. Therefore, the concept of mobile user equipment re⁃
lay (UER) has been introduced to support D2D communica⁃
tions for enhancing communication reliability. However, as the
UER needs to use its own power for data transmission of other
UEs, relaying information in D2D communication may be un⁃
desirable for the UER and UEs are not obligated to provide en⁃
ergy for the UER. Therefore, SWIPT is introduced for energy
compensation. Namely, the UER harvests energy from APs and
relays information of other UEs in D2D communication using
only the harvested energy.

The work in [20] considers a D2D communication provided
EH heterogeneous cellular network (HCN), where APs are ca⁃
pable of performing wireless power transfer and UEs can har⁃
vest energy from nearby APs. Specifically, the UER can har⁃
vest energy from the RF signal transmitted by nearby wireless
APs and then store it. When the harvested energy has been ac⁃
cumulated to a certain threshold, the UER will be chosen to
achieve the best performance based on the best UER selection
strategy. By introducing the EH region (EHR) and modeling
the status of harvested energy using Markov chain, the network
outage probability is derived in close form to measure the per⁃
formance of a D2D communication provided EH HCN. The re⁃
sults show that by exploiting EH⁃D2D communication, the en⁃
ergy can be saved by turning off some APs while maintaining a
certain level of expected outage probability. The results also
show that there exist the optimal AP transmit power which in⁃
creases with EH efficiency, and the optimal offloading bias
which decreases compared to an HCN without EH⁃D2D com⁃
munication.

Considering the future 5G networks, there are massive num⁃
bers of machine ⁃ type communication (MTC) devices to be
scheduling and powering. Offloading MTC traffic onto D2D
communication links can better manage radio resources and re⁃
duce MTC devices energy consumption. However, it requires
D2D users to use their own limited energy to relay MTC traffic.
Therefore, the study in [21] proposes using D2D communica⁃
tion to offload MTC traffic and exploiting RF energy harvesting
for powering D2D relay transmission. A cellular network con⁃
sists of cellular users, MTC devices and D2D relays, where
D2D users and cellular users (CUs) share the licensed uplink
spectrum, while MTC devices use orthogonal spectrum resourc⁃
es. Specifically, to lower MTC devices energy consumption and
improve the transmission performance, the EH⁃D2D user can
serve as a D2D relay, which is able to access a fraction of the
spectrum occupied by cellular users, to help relay the informa⁃
tion of MTC devices to the BS. To protect cellular users, the
spectrum available to D2D users needs to be reduced, which
limits the number of D2D transmissions, but increases the
amount of time that D2D users can spend harvesting energy to
support MTC traffic. The authors in [21] analyze the average
MTC SE, the average cellular SE and the weighted proportional

⁃fairness SE, in which the last one is used to show the balance
between efficiency and fairness among D2D and cellular trans⁃
mitters. Simulation results have shown that a small spectrum
partition factor, combined with an adequate number of avail⁃
able channels in the network, can achieve 1) a balance and
fairness in weighted SE among D2D and cellular users that are
sharing the spectrum, 2) a higher D2D transmission probabili⁃
ty, and 3) a relatively high MTC and D2D SE in a dense cellu⁃
lar environment.

The work in [22] proposes a SWIPT⁃based cooperative D2D
network, where the D2D pairs are distributed in a circular ar⁃
ea. Energy⁃constrained D2D networks calls for multi⁃hop com⁃
munications. Therefore, the authors introduce the dual ⁃ hop
D2D network when the destination is spatially distant from the
transmitter. In the system architecture, there are multiple idle
D2D nodes between the source and the destination. To be more
specific, the idle D2D node can serve as relay to forward the
message to the destination using the cooperative DF mecha⁃
nism. It can also serve as the energy harvesting node to harvest
energy from RF signals transmitted by nearby transmitters. A
transmission flow mechanism encompassing energy harvesting
and decode⁃and⁃forward nodes is devised for end⁃to⁃end trans⁃
mission. The results show that for a larger distance between
D2D communication nodes, dual ⁃ hop D2D network is more
suitable for reliable end⁃to⁃end communication.
3.2.3 Security

In the cooperative D2D communication with SWIPT, there
exist multiple idle D2D users who need to harvest energy from
the D2D transmitter signals and store the harvested energy for
future use. However, the idle D2D users may decode the cellu⁃
lar message without permission instead of harvesting energy,
which results in cellular message security problem. Therefore,
in addition to meeting the energy harvesting requirements of
the idle D2D users, the cooperative D2D communication sys⁃
tem with SWIPT should be optimally designed to guarantee the
cellular message security in the presence of potential eaves⁃
dropping of the idle D2D users.

The work in [23] considers cooperation between a cellular
downlink communication and a D2D communication. The cel⁃
lular downlink communication system consists of a source and
a CU, while the D2D communication system has a pair of D2D
users (DUs). There exists multiple idle DUs. The source trans⁃
mits the confidential message to the CU, the D2D transmitter
(DT) transmits a non ⁃ confidential message to the desired DU
and assists the source to transmit the confidential message to
the CU. To be more specific, the paper considers a two⁃phase
transmission. At the first phase, the source transmits a signal
to all the receivers. The DT amplifies the received cellular sig⁃
nal at different receive antennas using MRC receiver. At the
second phase, the DT concurrently transmits both the cellular
confidential message and its own message to the CU and to the
desired DU. The paper aims to design secure beamforming
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schemes to maximize the D2D users’data rate while guaran⁃
teeing the secrecy rate requirements of the cellular users and
the minimum required amounts of power transferred to the idle
D2D users. Simulation results demonstrate that comparing
with the two⁃suboptimal secure beamforming scheme, the pro⁃
posed optimal secure beamforming scheme in [23] achieves a
significant data rate of the desired DU while provides a high se⁃
crecy rate for the cellular users and facilitates the efficient
power transfer for the idle DUs.
3.3 SWIPT with Full⁃Duplex Communication

Recently, FD communication has become a viable option for
next generation wireless communication networks. In contrast
to conventional half⁃duplex (HD) transmission, FD communica⁃
tion allows devices to transmit and receive simultaneously on
the same frequency, thus potentially doubling the SE. Howev⁃
er, the self⁃interference caused by the own transmit signal im⁃
pairs the simultaneous signal reception in FD systems severe⁃
ly. In fact, the self⁃interference can also serve as a vital energy
sources for RF energy harvesting. As a result, when consider⁃
ing the self ⁃ interference as well as EH, FD SWIPT systems
(Fig. 5 and Table 4) have been proposed.

There are mainly two types of FD SWIPT systems; one is FD
relaying systems and the other is FD systems.

In FD relaying SWIPT systems, there is a source node com⁃
municating with a destination node with the assistance of a
SWIPT FD relay node. The FD relay node receives signal from
the source node and concurrently transmits information using a
portion of the harvested energy. The energy harvested for the
relay node comes from the source node and the self ⁃ interfer⁃
ence link.

The work [24] employs DF protocol and PS for the relay.

The relay node splits its received signal into two components
for energy harvesting and information decoding, respectively,
and forwards the decoded information using a portion of the
harvested energy. To maximize the end ⁃ to ⁃ end transmission
rate, the PS ratio and energy consumption proportion at the re⁃
lay have been jointly optimized. Demonstrated by simulations,
increasing the number of transmit antennas at both the source
node and the relay node can increase the transmission rates of

AF: amplify⁃and⁃forward
AS: antenna switching
BS: base station
DF: decode⁃and⁃forward

DL: downlink
EH: energy harvesting
FD: full⁃duplex
ID: information decoding

PS: power splitting
TS: time switching

UER: user equipment relay
UL: uplink

▲Figure 5. SWIPT with full⁃duplex: a) transmission schemes for
two⁃phase FD relaying systems with SWIPT; b) transmission schemes
for one⁃phase FD uplink and downlink communications with SWIPT.

AF: amplify⁃and⁃decode
BS: base station
DF: decode⁃and⁃forward

EH: energy harvesting
FD: full⁃duplex
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ID: information decoding
MSE: mean⁃squared⁃error
PS: power splitting

RRH: remote radio head
SWIPT: simultaneous wireless information and power transfer

TS: time switching
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FD relay systems.
The study in [25] extends the work in [24] by considering

the power management of relay ⁃ harvested energy. The tradi⁃
tional power management is the harvest ⁃ use model, in which
the harvested energy has been fully used up for relay transmis⁃
sion. Although the harvest⁃use model is easy to implement, it
is not an efficient technology of power management. Therefore,
in [25], the authors consider the situation that storing part of
the harvested energy for future usage is good for practical sce⁃
narios, and propose a new harvest⁃use⁃store model. The results
show that the harvest⁃use⁃store model outperforms the harvest⁃
use model.

Different from the work in [24], [26] employs a new two ⁃
phase protocol for AF based SWIPT. In the first phase, infor⁃
mation is transmitted from the source to the relay. In the sec⁃
ond phase, the received signal at the relay is amplified and for⁃
warded to the destination, and concurrently, dedicated energy
signals are sent from the source to the relay for energy harvest⁃
ing, which possesses the advantage of uninterrupted informa⁃
tion transmission since no time switching or power splitting is
needed at the relay for energy harvesting. The simulation re⁃
sults show a significant throughput gain achieved by this two⁃
phase proposed design over the existing time switching based
relay protocol.

The study in [26] investigates the design of robust non⁃lin⁃
ear transceivers in the face of realistic imperfect CSI. The re⁃
lay node uses the same AF protocol as [26] and TS protocol. In
the first phase, the source node transmits information to the re⁃
lay node, and in the second phase, the relay node harvest ener⁃
gy from the source node and transmits information to the desti⁃
nation node. The proposed nonlinear transceiver relies on a
Tomlinson⁃Harashima (TH) precoder along with an AF relay⁃
ing matrix and a linear receiver, where the TH precoder is com⁃
posed of a feedback matrix and a source precoding matrix. The
simulation results show that the robust design advocated is ca⁃
pable of alleviating the effects of CSI errors, hence improving
the robustness of the system over that of the corresponding lin⁃
ear designs.

The work in [24]-[27] all considers the system with only one
relay, while the authors in [28] study the FD relay SWIPT sys⁃
tem with multiple relays, which bring about the inter⁃relay⁃in⁃
terference. However, the IRI can serve as an additional source
of energy to the relay. Namely, the relay can use energy har⁃
vested from the source node and gleaned from self⁃interference
and IRI links. To manage the degrading effect of the IRI on the
ID receiver, maximum channel gain transmit antenna selection
scheme is proposed at the relay to transmit information to the
destination node. In addition, precoding matrices which opti⁃
mize the ID and EH receivers are jointly designed. The simu⁃
lated results show that although IRI could be a degrading fac⁃
tor from the information viewpoint, it can be properly managed
and exploited for energy harvesting at the relay while maintain⁃
ing the end⁃to⁃end data rate.

In FD SWIPT systems comprising a FD BS and multiple HD
users, the BS transmits information and energy simultaneously
to receivers and receive information transmitted by HD users.

The work in [29] deals with receivers, where ID receivers
and EH receivers are separated, namely some HD users serve
as ID receivers and some serve as EH receivers. To study the
trade ⁃ off between uplink transmit power minimization, down⁃
link transmit power minimization, and total harvested energy
maximization, a multi ⁃ objective optimization framework has
been proposed. Numerical results reveal the improved power
efficiency facilitated by FD in SWIPT systems compared to tra⁃
ditional HD systems.

Differently, the authors in [30] study joint transceiver design
for a FD cloud radio access network with SWIPT considering
integrated receivers. The design aims to minimize the total
power consumption with both uplink and downlink quality of
service constraints and energy harvesting constraints.

4 Open Problems and Future Directions
SWIPT causes many challenging problems. In the following,

we will discuss some of the research challenges and potential
solutions.
4.1 Management of Dynamic Harvested Energy

Based on the investigation about SWIPT, we find out that
the energy harvested by the energy⁃harvesting receiver arrives
dynamically. Therefore, the available energy at the receiver
can be changed over time. As referred in [25], the traditional
power management: harvest⁃and⁃use model is not an efficient
utilization of harvested energy, so that the authors in [25] pro⁃
pose a new harvest⁃use⁃store model to store part of the harvest⁃
ed energy in a battery group for future usage. However, the bat⁃
tery capacity is limited, which may lead to two situations:
•Overflowing when there is too much energy stored in the bat⁃

tery;
•Lacking of energy for the following slot when there is too lit⁃

tle energy stored in the battery.
Thus, further research on the problems that when to store

the energy and how much energy to store is still needed.
Intuitively, the problems proposed above are related to the

channel condition. If the channel condition is better in the next
slot, we can choose to store more harvested energy in the bat⁃
tery and vice versa. A recent work in [31] considers utilizing
statistical properties of CSI to design a scheme of power man⁃
agement.
4.2 Trading Between Wireless Power Transfer and

Traffic Offloading
The abilities (including computing, storage and communica⁃

tions) of edge intelligent UEs in the cellular network can be ex⁃
ploited to resolve the network congestion. Specifically, the
transmission task can be offloaded on edge intelligent UEs or
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small BSs. However, existing works usually assume that edge
UEs and small BSs are willing to perform this offloading. Actu⁃
ally, the offloading will consume energy of edge UEs which are
energy ⁃ hungry and degrade the gain brought about by traffic
offloading. Then, the edge UEs may not be willing to use their
limited power to perform the offloading. Hence, the paper [32]
proposes the issue of making a tradeoff between the amount of
RF energy needed for the offloading and the price at which
edge UEs are willing to participate in the traffic offloading.
4.3 Effect of Mode Switching

There are some wireless powered access points in the net⁃
work, such as PICO BSs. Based on the time switching technolo⁃
gy of SWIPT, they can switch between the energy harvesting
mode and the information transmission mode in different part
of a time slot. Therefore, access points involved in the informa⁃
tion transmission may be different during different time, which
leads to the topology change of the wireless access network.
Hence, the transmission and resource allocation in cellular net⁃
work have to be dynamic and adaptive, which need to be fur⁃
ther investigated.

5 Conclusions
A comprehensive survey on recent advantages of SWIPT in

next generation cellular networks is presented in this paper.
Firstly, we provide an overview of popular techniques that real⁃
izing SWIPT. Then, we survey the combination of the SWIPT
techniques with NOMA techniques, with D2D communication
techniques and with FD communication techniques. Finally,
we discuss the future research directions for SWIPT in next
generation cellular networks.
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Abstract

This paper investigates the problem of bi⁃directional secure information exchange for a multiple⁃input single⁃output (MISO) broad⁃
cast channel in presence of potential and external eavesdroppers capable of decoding the confidential messages. Specifically, a
multi ⁃ antenna base station (BS) simultaneously sends wireless information and power to a set of dual ⁃ antenna mobile stations
(MSs) using power splitters (PSs) in the downlink and receives information in the uplink in full⁃duplex (FD) mode. We address the
joint design of the receiver PS ratio and the transmit power at the MSs, the artificial noise covariance, and the beamforming ma⁃
trix at the BS in order to guarantee the individual secrecy rate and energy harvesting constraints at each receiver, and the signal⁃to⁃
interference plus noise ratio (SINR) at the BS and MSs. Using semidefinite relaxation (SDR) technique, we obtain solution to the
problem with imperfect channel state information (CSI) of the self⁃interfering channels. Simulation results are presented to demon⁃
strate the performance of our proposed scheme.

physical layer security; full⁃duplex; SWIPT; energy harvesting
Keywords

DOI: 10.3969/j.issn.1673⁃5188.2018.01.006
http://kns.cnki.net/kcms/detail/34.1294.TN.20180329.1124.002.html, published online March 29, 2018

1 Introduction
ince the continuous operation of wireless devices is
mostly constrained by the limited capacity of their
power sources, radio frequency (RF) energy harvest⁃
ing (EH) has been identified as a promising tech⁃

nique to power future wireless devices. Technically, RF sig⁃
nals that carry information can also be used as a vehicle for
transporting energy at the same time. For this reason, the study
of simultaneous wireless information and power transfer
(SWIPT) has attracted huge interest from industrial and aca⁃
demic communities [1]-[7]. Effectively, wireless data and ener⁃
gy access can be made available to mobile users through the
application of SWIPT, which in turn gives mobile users great
convenience. SWIPT technology has been practically deployed
in wireless communication networks. For example, [8] consid⁃
ered the practical deployment of SWIPT in a wireless sensor
network mounted at a remote and difficult⁃ to⁃access location,
and powered only by a battery with limited operation time. Re⁃
charging or replacing the battery may be inconvenient, and of⁃
ten attract huge cost. Consequently, electromagnetic energy
emanating from numerous radio and television broadcasting in

the environment may serve as an opportunistic as well as green⁃
er alternative for harvesting energy to power such devices.

SWIPT was first introduced in [9] to describe the trade⁃off
between the rates at which energy and dependable information
is transmitted over a noisy channel and thus, a capacity energy
function was proposed. A key assumption in [9] was the possi⁃
bility of the receiver capable of simultaneously decoding infor⁃
mation and harvesting energy from the same received signal.
However, this assumption does not hold in practice as practi⁃
cal circuits for harvesting energy from the received signal are
not able to decode information directly. Consequently, to facili⁃
tate wireless information and power transfer at the receiver, the
work done in [10] proposed two practical receiver architecture
designs for SWIPT, namely time switching (TS) and power
splitting (PS). Specifically, in the TS design architecture, the
receiver switches over time to achieve information decoding
and energy harvesting, while with PS, the receiver splits the re⁃
ceive signal into two streams of different power in order to de⁃
code information and harvest energy separately. It was shown
in [10] that PS generally achieves better performance than TS
as the TS receiver architecture scheme, in general, can be re⁃
garded as a special form of PS with only a binary split power ra⁃
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tio. In this paper, we focus on the PS design architecture.
Conventionally, half⁃duplex (HD) communication modes, in

which the transmission and reception of radio signals occur
over orthogonal time or frequency resources in order to avoid
crosstalk, have been employed for wireless communications.
Recent advances, however, suggest full⁃duplex (FD) communi⁃
cations that allow simultaneous transmission and reception of
signals over the same radio channel in order to maximally use
the limited available spectral resource [11], [12]. The key chal⁃
lenge to achieve FD communications is the presence of self⁃in⁃
terference (SI). Thus, for wireless communication systems to
communicate in FD mode, the generated SI must be significant⁃
ly suppressed, if not cancelled completely, to receiver’s noise
floor [13]. Digital SI cancellation (SIC) for FD wireless systems
was studied in [14]. Authors in [14] demonstrated the possibil⁃
ity of achieving SIC of 70 dB and 76 dB for antenna separation
and digital cancellation at 20 cm and 40 cm spacing, respec⁃
tively, between interfering antennas. It suffices to say therefore
that radios can work in FD if SI can be significantly sup⁃
pressed. Interestingly, the study of FD systems brings a new op⁃
portunity for SWIPT in FD systems [1], [7]. In particular, au⁃
thors in [1] investigated the end⁃to⁃end sum⁃rate maximization
approach for SWIPT in FD system while maintaining the ener⁃
gy harvesting threshold at each node by optimizing the receive
power splitter and transmit power at each node. In contrast, [7]
investigated the joint optimization of the transmit power at the
source nodes and the two ⁃ way relay beamforming matrix for
SWIPT with a FD MIMO amplify and forward (AF) relay em⁃
ploying PS, where the achievable sum⁃rate is maximized sub⁃
ject to energy harvesting and individual power constraints.

Wireless communication networks are susceptible to eaves⁃
dropping; however, SWIPT systems are more susceptible to
eavesdropping due to the inherent characteristics of SWIPT
and the open nature of wireless channel. The security issue in
SWIPT systems is therefore a critical issue that needs to be ad⁃
dressed. Existing works on communication security have adopt⁃
ed the cryptographic technique. Although this technique may
guarantee communication security to some degree in the appli⁃
cation layer, the suitability of these technique on SWIPT sys⁃
tems is not guaranteed since it requires complex encryption/de⁃
cryption algorithms and key distribution [15]. Alternatively,
physical ⁃ layer (PHY) security has been identified to perfectly
guarantee secure wireless information transmission against
eavesdropping by using the physical properties of wireless
channels such as fading and interference [16], [17]. In this con⁃
text, artificial noise (AN), injected into the transmitted signal,
is used to confuse the eavesdropper [18].

The fundamental study of the integration of PHY security
and SWIPT was first considered in [15]. In particular, authors
in [15] investigated the joint design of the beamforming vectors
and power allocation to maximize the secrecy rate or the total
harvested energy under a multi⁃user multiple⁃input single⁃out⁃
put (MISO) SWIPT scenario. The work done in [19] proposed a

robust secure transmission scheme which minimises the total
transmit power in a multi ⁃user MISO SWIPT system. In con⁃
trast, authors in [20] and [21] extended the study of PHY secu⁃
rity into a multiple ⁃ input multiple ⁃ output (MIMO) broadcast
SWIPT system. To maximise the secrecy rate in a MIMO
SWIPT scenario, [20] investigated the secure transceiver beam⁃
forming design while ensuring efficient energy harvesting. On
the other hand, authors in [21] considered the harvested ener⁃
gy maximization approach subject to secure information trans⁃
mission by designing the transmit covariance.

In contrast to existing works, this paper considers the novel
integration of SWIPT, FD technology and PHY security. In par⁃
ticular, this paper extends the secure HD MISO SWIPT com⁃
munication scenario in [22] to the FD case, where the harvest⁃
ed energy at the MSs is utilized to send feedback information
to the BS. We aim to minimize the end⁃to⁃end transmit power
for SWIPT in FD MISO systems (Fig. 1) while satisfying the se⁃
crecy rate at each MSs, and the QoS requirements for each MS
by optimizing jointly the receive PS ratio and the transmit pow⁃
er at the MSs, the beamforming matrix at the BS, and the AN
covariance matrix. Specifically, we assume perfect CSI, which
is accomplished from fine estimation by transmitting dedicated
training symbols at the receiver, for the uplink and downlink
channels for the MISO SWIPT system. In contrast, loop chan⁃
nels are assumed to be imperfect due to the fact that the distri⁃
bution of SI channels are unknown. Also, SI channel measure⁃
ment results obtained in [23] indicate that the SI channel has a
multipath nature. Specifically, it was shown in [23] that multi⁃
ple paths arising from SI channel measurements are known to
have higher power relative to the line of sight (LOS) path. Con⁃
sequently, there is the need to suppress SI with multiple path
nature, through the use of an adaptive cancellation technique
whose measurement can be used to cancel both the LOS path
and the delayed version of the same, which is not the objective

BS: base station MS: mobile station EH: energy harvesting ID: information decoder

▲Figure 1. An FD MISO SWIPT system.
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to be achieved in this work. Nonetheless, for convenience, SI
channels can be modelled as Gaussian channels [7]. Accord⁃
ingly, due to insufficient knowledge of the SI channel, a deter⁃
ministic model for channel uncertainties is considered, where
the magnitude of the estimation error as well as the SI power is
bounded. Since the problem is non⁃convex, we propose an al⁃
ternating optimization approach.

We denote scalars by non ⁃bold letters and boldface lower⁃
case letters are used to represent vectors, while boldface upper⁃
case letters are used for matrices. For a square matrix A ,Tr(A) , Rank(A) , AT and AH denote its trace, rank, transpose
and conjugate transpose, respectively, while A⪰0 means that
A is a positive semidefinite matrix. Also, In denotes an n × n
identity matrix,  ∙ returns the Euclidean norm. The distribu⁃
tion of a circularly symmetric complex Gaussian (CSCG) ran⁃
dom vector with mean μ and covariance matrix C is denoted
by y (μ,C) . Finally, ℂm × n denotes the space of m × n com⁃
plex matrices.

2 System Model and Problem Statement

2.1 System Model
In this paper, we consider the end ⁃ to ⁃ end transmit power

minimization approach for secure SWIPT in a MISO FD sys⁃
tem where the BS simultaneously transmits K independent
confidential messages to K dual ⁃ antenna (one for transmis⁃
sion, one for reception) receivers in the downlink, in the pres⁃
ence of L external single ⁃ antenna eavesdroppers, and re⁃
ceives information in the uplink in FD mode. In addition to the
external eavesdroppers, each receiver attempts to eavesdrop
messages intended for other receivers. Hence we call them po⁃
tential eavesdroppers. To ensure secure information transmis⁃
sion, AN is superimposed to the transmitted signal to confuse
these potential as well as the external eavesdroppers. We de⁃
note the number of transmit and receive antennas at the BS, re⁃
spectively, as Nt and Nr , and each MS uses an identical pair
of transmitter and receiver antennas for signal transmission
and reception. In the downlink transmission, the BS performs
transmit beamforming to send information to the receivers
while the MSs, using the harvested energy from the received
signal, send feedback to the BS in the uplink with transmit
power Pup,k,k = 1,...,K . Therefore, the complex baseband sig⁃
nal transmitted at the BS is expressed as

x =∑
k = 1

K

ak sk + b, (1)

where sk ∼ (0, 1) denotes the confidential message intend⁃
ed for the kth receiver, ak ∈ℂNt × 1 denotes the corresponding
precoding vector. b ∈ℂNt × 1 is the AN vector modelled as b∼

(0, V ), where V = bbH denotes the covariance matrix of

b . For convenience, we use = {1, . . . , K}, ℒ = {1, . . . , L}
and ℳk = {1, . . . , k-1, k+1, . . . , K} to denote the index set of
receivers, external eavesdroppers, and receivers except the kth
receiver, respectively. The received signal at the kth receiver
and lth external eavesdropper can be expressed as

yk = hH
dl,kx + hSI,kmk + zk,∀k, (2)

ye, l = gH
l x + ne, l,∀l, (3)

where hdl,k ∈ℂ1×Nt and gl ∈ℂ1×Nt represent the channel vec⁃
tors from the BS to the kth receiver, and from the BS to the lth
external eavesdropper, respectively, and mk denotes the infor⁃
mation bearing symbol transmitted by MSk . The antenna nois⁃
es at the kth receiver and the lth external eavesdropper are
modelled as zk ∼ (0, σ2

k ) and ne,l ∼ (0, σ2
e, l ). We as⁃

sume each receiver adopts the PS scheme to coordinate the pro⁃
cess of information decoding and energy harvesting. Specifical⁃
ly, a ρ portion of the received signal power is split to the infor⁃
mation decoder (ID) while the remaining (1−ρ) portion is split
to the EH. Accordingly, the signal split to the ID of MSk is giv⁃
en by

where za,k ∼ (0, σ2
a,k ) denotes the additional processing

noise introduced by the ID of the kth receiver. Consequently,
the signal⁃to⁃interference plus noise ratio (SINR) at the ID of
the kth receiver can be expressed as

Also, the signal received at the EH of the kth receiver can be
written as

yEH
k = 1 - ρk

æ

è
çç

ö

ø
÷÷∑

j = 1

K

hH
dl,ka j sj + hH

dl,kb + hSI,kmk + zk ,∀k. (6)

Then, the energy harvesting rate (i.e., power) at the kth EH
can be expressed as [22]

Qk =ηk(1 - ρk)æ
è
çç

ö

ø
÷÷∑

j = 1

K

||hH
dl,ka j

2 + hH
dl,kVhdl,k) +Pup,k ||hSI,k

2 +σ2
k , (7)

where ηk is the energy conversion efficiency which for nota⁃
tional simplicity is assumed to be unity throughout this paper.

y ID
k = ρk

æ

è

ç

ç
çç
ç

ç
ö

ø

÷

÷
÷÷
÷

÷
 
hH

dl,kak sk
desired signal

+
   
∑
j≠ k

K

hH
dl,ka j sj

interfering signal

+
 
hH

dl,kb
artificial noise

+
   
hSI,kmk

self interference
+ zk +

za,k,∀k. (4)

(5)Γk =
ρk ||hH

dl,kak

2

ρk(∑j≠ k ||hH
dl,ka j

2 + Tr(hH
dl,khdl,kV) + ||hSI,k

2
Pup,k +σ2

k) +σ2
a,k
.

Special Topic

ZTE COMMUNICATIONSZTE COMMUNICATIONS40 February 2018 Vol.16 No. 1

Secure Beamforming Design for SWIPT in MISO Full⁃Duplex Systems
Alexander A. Okandeji, Muhammad R. A. Khandaker, WONG Kai⁃Kit, ZHANG Yangyang, and ZHENG Zhongbin



Meanwhile, the received signal at the BS can be written as
yBS =

   
∑
k = 1

K

hul,kmk

desired signal

+
    
∑
j = 1

K

HSI,BSa j sj

self interference

+ nBS, (8)

where hul is the channel vector from the MS to the transmit an⁃
tennas at the BS and nBS denotes the additive white Gaussian
noise (AWGN) vector at the BS modelled as nBS ∼ (0,
σ2

BSI ). To equalize the uplink signal from MSk , we assume
that the BS applies a receive beamformer wk expressed as giv⁃
en in [24]

sUL
k =wH

k hul,kmk +wH
k∑

j≠ k

K

hul, jmj +wH
k∑

j = 1

K

ΗSI,BSa j +wH
k nBS. (9)

Therefore, the SINR at the BS for the kth user’s signal can be
written as [24]

As in [22], we also assume that the legitimate receivers
themselves may attempt to overhear the signals transmitted to
other receivers and we want to guarantee secrecy against any
such attempt. As such, we denote the received SINR which cor⁃
responds to the signal transmitted for the kth receiver at the
mth potential eavesdropper and the lth external eavesdropper
as

and

Γk
l = ||gH

l ak

2

∑j≠ k ||gH
l a j

2 + gH
l Vgl +σ2

e, l
,∀k,∀l. (12)

In this work, the communication security is considered from
the viewpoint of individual security [25], [26]. Consequently,
the achievable individual secrecy rate at the kth receiver is giv⁃
en as [22]

Rk = éëê ù
û
úlog2(1 + Γk) - log2æè
ö
ø

1 + max∀m,∀l{ }Γm,k,Γk
l

+, (13)
where [x]+ = max (0, x).
2.2 Modelling the SI

Due to the insufficient knowledge of the SI channel, it is im⁃
possible to completely eliminate residual SI (RSI). For this rea⁃
son, we consider a deterministic model for imperfect SI chan⁃
nels. In particular, the actual SI channels hSI,k and HSI,BS are
assumed to respectively lie in the neighbourhood of the esti⁃
mated channels ĥSI,k and ĤSI,BS that are available at the corre⁃
sponding nodes. Therefore, the actual channels due to imper⁃
fect channel estimates can be modelled as

hSI,k = ĥSI,k +△hSI,k, (14a)
ΗSI,BS = Η̂SI,BS +△ΗSI,BS, (14b)

where △hSI,k and △HSI,BS represent the channel uncertainties
assumed to be bounded as

||△hSI,k = ||hSI,k - ĥSI,k ≤ ϵ1, (15a)
 △HSI,BS =  HSI,BS - ĤSI,BS ≤ ϵ2, (15b)

for some ϵ1,ϵ2 ≥ 0 . It is worth noting that the bounding values
{ }ϵk are dependent on the accuracy of the CSI estimates. Con⁃
sequently, to efficiently define the worst⁃case SI level, we mod⁃
ify (14a) and (14b) using the triangle inequality and the Cauchy⁃
Schwarz inequality, respectively [27]. It follows from (14a) and
(14b) that

||hSI,k
2 = |

|
|
| ( )ĥSI,k +△hSI,k

2 ≤ ( )|| ĥSI,k + ||△hSI,k
2 ≤

|| ĥSI,k
2 + ϵ2

1 + 2ϵ1 || ĥSI,k ,
(16a)

 HSI,BSak

2 ≤  HSI,BS
2
 ak

2 =
 ĤSI,BS +△HSI,BS

2
 ak

2 ≤
( ) ĤSI,BS +  △HSI,BS

2
 ak

2 ≤
æ
è
ç

ö
ø
÷ ĤSI,BS

2 + ϵ2
2 + 2 ĤSI,BS ϵ2  ak

2.

(16b)

Note that in the absence of statistical information about the er⁃
ror, we use ϵk to represent the minimal knowledge of the upper
⁃bound of the channel error which is sufficient enough to de⁃
scribe the error. Thus from (16a) and (16b), we obtain

max
||△hSI,k ≤ ϵ1

||hSI,k
2 ≤ || ĥSI,k

2 + ϵ2
1 + 2ϵ1 || ĥSI,k , (17a)

In addition, it holds that

Here, we assume, in general, that || ĥSI ≥ ||△hSI implies that
the error ||△hSI is sufficiently small relative to the estimate or
the estimate is not meaningful. Consequently,

min
||△hSI,k ≤ ϵ1

||hSI,k
2 ≥ || ĥSI,k

2 + ϵ2
1 - 2 || ĥSI,k ϵ1. (19)

2.3 Problem Statement
In this work, we consider the case where each MSk is char⁃

(10)ΓBS
k = Pup,k ||wH

k hul,k
2

∑j≠ k

K Pup, j ||wH
k hul, j

2 +∑j = 1
K ||wH

k HSI,BSa j

2 +σ2
BS wk

2 .

(11)Γm,k = ||hH
dl,mak

2

∑j≠ k ||hH
dl,ma j

2 + hH
dl,mVhdl,m +Pup,m ||hSI,m

2 +σ2
m

,∀k,∀m,

max
 △HSI,BSak ≤ ϵ2

 HSI,BSak

2 ≤ æ
è
ç

ö
ø
÷ ĤSI,BS

2 + ϵ2
2 + 2 ĤSI,BS ϵ2  ak

2. (17b)

|
|

|
| ( )ĥSI,k +△hSI,k

2 ≥ ( )|| ĥSI,k - ||△hSI,k
2 ≥ || ĥSI,k

2 + ϵ2
1 - 2 || ĥSI,k

2
ϵ1. (18)

Secure Beamforming Design for SWIPT in MISO Full⁃Duplex Systems
Alexander A. Okandeji, Muhammad R. A. Khandaker, WONG Kai⁃Kit, ZHANG Yangyang, and ZHENG Zhongbin

Special Topic

ZTE COMMUNICATIONSZTE COMMUNICATIONS 41February 2018 Vol.16 No. 1



acterised by strict quality of service (QoS) requirement. In par⁃
ticular, to ensure a continuous information transfer, the QoS
constraints require that the SINR of the downlink channel at
all times should be above a given threshold denoted by
γDL

k ,∀k . Furthermore, it is required that the harvested energy
by each MS must be above a certain useful level specified by a
prescribed threshold denoted by Qk,∀k . In addition, for the
uplink channel, we also assume that each MS is expected to
send feedback to the BS and a strict QoS is required such that
the SINR of the uplink channel is expected to be higher than a
given threshold denoted as γUL

k ,k = 1,...,K .
FD communication is feasible subject to the effective cancel⁃

lation of SI. As an increase in transmit power causes a corre⁃
sponding increase in the SI, it is important for communication
nodes to transmit at optimality. To this end, our aim is to mini⁃
mize the total transmit power while maintaining the achievable
secrecy rate and energy harvesting constraints at each receiver
as well as the non ⁃ zero uplink and downlink SINR
( γUL > 0; γDL > 0 ). We achieve this by jointly designing the
transmit beamforming vector ( a ) at the BS, the AN covariance
( V ), the uplink transmit power ( Pup,k ) and the receive PS ra⁃
tio ( ρk ) at MSk , k = 1,...,K . Thus we formulate the optimiza⁃
tion problem as

min
ak,ρk,wk,V,Pup,k

∑
k = 1

K

( ) ak

2 +Pup,k + Tr(V) s.t.
Rk ≥ rk,Qk ≥ Q̄k,ΓBS

k ≥ γUL,∀k,
V⪰0,0 <  ak

2 ≤Pmax,Γk ≥ γDL,∀k,
0 < ρk < 1,0 <Pup,k ≤min(Q̄k,Pmax),∀k,

(20)

where Rk and Q̄k , respectively, denote the required secrecy
rate and the energy harvesting constraints at each receiver.
Problem (20) can explicitly be written as given in (21). Prob⁃
lem (21) is a non⁃convex problem due to the coupled optimiza⁃
tion variables in the constraints, and hence it is very difficult
to solve in closed form. Thus, we solve (21) in an alternating
manner.

It is worth noting that the upper bound of the SI at the BS
and the MSk is obtained when the source node transmits at
maximum available power [24], i.e., Pup,k =  ak

2 =Pmax . Con⁃
sequently, we denote the upper⁃bounds of the SI power at the
BS and MSk as Ē and Ḡ , respectively. Thus, the optimization
problem in (21) can be upper bounded as given in (22).

To solve problem (22), first we observe that the QoS uplink
constraint does not have the PS coefficient and this is because
the BS does not need to harvest energy. As a consequence,
problem (22) can be decomposed into two sub⁃problems given
in (23) and (24),

min
wk,Pup,k

∑
k = 1

K

Pup,k

s.t.
Pup,k ||wH

k hul,k
2

∑j≠ k

K Pup, j ||wH
k hul, j

2 + Ē wk

2 +σ2
BS wk

2 ≥ γUL
k ,∀k,

0 <Pup,k ≤min(Q̄k,Pmax),

(23)

where Ē≜ æ
è
ç

ö
ø
÷ ĤSI,BS

2 + ϵ2
2 + 2 ĤSI,BS

2
ϵ2 KPmax,

-
Gk ≜ æ

è
ç

ö
ø
÷|| ĥSI,k

2 + ϵ2
1 + 2ϵ1 || ĥSI,k Pmax, and

Ĝk ≜ æ
è
ç

ö
ø
÷|| ĥSI,k

2 + ϵ2
1 - 2ϵ1 || ĥSI,k Pmax are the SI power associated

with the energy harvesting constraints.

min
ak,ρk,wk,V,Pup,k

∑
k = 1

K

( ) ak

2 + Tr(V) +∑
k = 1

K

Pup,k

s.t.
||gH

l ak

2

∑j≠ k ||gH
l a j

2 + gH
l Vgl +σ2

l

≤ γk
e,∀k,∀l,

ρk ||hH
dl,kak

2

ρk
æ
è
ç

ö
ø
÷∑j≠ k ||hH

dl,ka j

2 + hH
dl,kVhdl,k + ||hSI,k

2
Pup,k +σ2

k +σ2
a,k

≥ γDL
k ,∀k,

||hH
dl,mak

2

∑j≠ k ||hH
dl,ma j

2 + hH
dl,mVhdl,m + ||hSI,k

2
Pup,k +σ2

m

≤ γk
e,∀k,∀m,

ηk(1 - ρk)æ
è
çç

ö

ø
÷÷∑

j = 1

K

||hH
dl,ka j

2 +hH
dl,kVhdl,k + ||hSI,k

2
Pup,k +σ2

k ≥ Q̄k,
Pup,k ||wH

k hul,k
2

∑j≠ k

K Pup, j ||wH
k hul, j

2 +∑j = 1
K  HSI,BSa j

2 wH
k

2 +σ2
BS wk

2 ≥ γUL,∀k,

V⪰0,0 <  ak

2 ≤Pmax,
0 < ρk < 1,0 <Pup,k ≤min(Q̄k,Pmax).

(21)

min
ak,ρk,wk,V,Pup,k

∑
k = 1

K

 ak

2 + Tr(V) +∑
k = 1

K

Pup,k

s.t.
||gH

l ak

2

∑j≠ k ||gH
l a j

2 + gH
l Vgl +σ2

l

≤ γk
e,∀k,∀l,

ρk ||hH
dl,kak

2

ρk
æ
è
ç

ö
ø
÷∑j≠ k ||hH

dl,ka j

2 + hH
dl,kVhdl,k + æèç

ö
ø
÷|| ĥSI,k

2 + ϵ2
1 + 2ϵ1 || ĥSI,k Pmax +σ2

k +σ2
a,k

≥ γDL
k ,∀k,

||hH
dl,mak

2

∑j≠ k ||hH
dl,ma j

2 + hH
dl,mVhdl,m + æ

è
ç

ö
ø
÷|| ĥSI,k

2 + ϵ2
1 + 2ϵ1 || ĥSI,k Pmax +σ2

m

≤ γk
e,∀k,∀m,

ηk(1 - ρk)æ
è
çç

ö

ø
÷÷∑

j = 1

K

||hH
dl,ka j

2 +hH
dl,kVhdl,k + æèç

ö
ø
÷|| ĥSI,k

2 + ϵ2
1 - 2ϵ1 || ĥSI,k Pmax +σ2

k ≥ Q̄k,

Pup,k ||wH
k hul,k

2

∑j≠ k

K Pup, j ||wH
k hul, j

2 + æ
è
ç

ö
ø
÷ ĤSI,BS

2 + ϵ2
2 + 2 ĤSI,BS

2
ϵ2 KPmax wk

2 +σ2
BS wk

2 ≥ γUL
k ,∀k,

V⪰0,0 <  ak

2 ≤Pmax,
0 < ρk < 1,0 <Pup,k ≤min(Q̄k,Pmax).

(22)
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min
ak,ρk,V,∑

k = 1

K

 ak

2 + Tr(V) s.t.
||gH

l ak

2

∑j≠ k ||gH
l a j

2 + gH
l Vgl +σ2

l

≤ γk
e,∀k,∀l,

ρk ||hH
dl,kak

2

ρk
æ
è
ç

ö
ø
÷∑j≠ k ||hH

dl,ka j

2 + hH
dl,kVhdl,k + Ḡ +σ2

k +σ2
a,k

≥ γDL
k ,∀k,

||hH
dl,mak

2

∑j≠ k ||hH
dl,ma j

2 + hH
dl,mVhdl,m + Ḡ +σ2

m

≤ γk
e,∀k,∀m,

ηk(1 - ρk)æ
è
çç

ö

ø
÷÷∑

j = 1

K

||hH
dl,ka j

2 +hH
dl,kVhdl,k + Ĝ +σ2

k ≥ Q̄k,
V⪰0,0 < ρk < 1,0 <Pup,k ≤min(Q̄k,Pmax)
0 <  ak

2 ≤Pmax.

(24)

Note that problem (23) corresponds to optimizing the vari⁃
ables involved in the uplink while problem (24) corresponds to
those in the downlink. We then apply semidefinite relaxation
(SDR) to the sub⁃problems as discussed below.

3 Proposed Solution
Clearly, even with the fixed set of γk

e,γDL
k ,γUL

k ,∀k , problem
(22) is non⁃convex. As a result of the possibility of decompos⁃
ing problem (22) into two sub⁃problems, namely, problems (23)
and (24), we will solve problem (23) analytically and use SDR
technique to solve (24).

We first proceed by solving problem (23) to determine the
optimal value of P*

up,k and w*
k .

The optimal receiver ( w*
k ) can be defined as the Wiener fil⁃

ter [28]

w*
k = æ

è
çç

ö

ø
÷÷∑

j = 1

K

Pup, jhul, jh
H
ul, j + é

ë
êê

ù

û
úúσ2

j +∑
j = 1

K

 a j

2
I

-1
× Pup, j hul, j. (25)

For given w*
k , the problem (23) can be reformulated as

min
Pup,k
∑
k = 1

K

Pup,k (26a)
s.t.

Pup,k ||wH
k hul,k

2

∑j≠ k

K Pup, j ||wH
k hul, j

2 + Ē wk

2 +σ2
BS wk

2 ≥ γUL
k , (26b)

0 <Pup,k ≤min(Q̄k,Pmax),∀k. (26c)
Upon investigation, the optimal P*

up,k is the minimum Pup,k

which satisfies (26b) to equality. Consequently, optimal P*
up,kis given by

P*
up =

γUL
k
æ
è
ç

ö
ø
÷Ē wk

2 +σ2
BS wk

2

||wH
k hul,k

2 - γUL
k
æ
è
ç

ö
ø
÷∑j≠ k

K ||wH
k hul, j

2 . (27)

Then, by defining Ak = aka
H
k , Hdl,k = hH

dl,khdl,k and Gl = gH
l gl ,

problem (24) can be equivalently rewritten as

min
Ak,V,ρk ∈(0,1)∑k = 1

K Tr(Ak) + Tr(V) s.t.
Tr(G lAk)∑j≠ k

Tr(G lA j) + Tr(G lV) +σ2
l

≤ γk
e,∀k,∀l,

ρkTr(Hdl,kAk)
ρk( )∑j≠ k

Tr(Hdl,kA j) + Tr(HkV) + Ḡk +σ2
k +σ2

a,k
≥ γDL

k ,∀k,
Tr(Hdl,mAk)∑j≠ k

Tr(Hdl,mA j) + Tr(Hdl,mV) + Ḡ +σ2
m

≤ γk
e,∀k,∀m,

ηk(1 - ρk)æ
è
ç

ö

ø
÷∑

j = 1

K Tr(Hdl,kA j) +Tr(Hdl,kV) + Ĝk +σ2
k ≥ Q̄k,

V⪰0,0 <  ak

2 ≤Pmax,0 <Pup,k ≤min(Q̄k,Pmax),
rank(Ak) = 1,∀k.

(28)

Note that problem (28) is still non⁃convex due to the non⁃con⁃
vex rank ⁃ one constraints and the coupled optimization vari⁃
ables Ak and ρk . Applying SDR technique, after dropping the
rank⁃one constraint, problem (28) can be reformulated into the
following problem:

Clearly, from (29), both 1 ρk and 1/(1 - ρk) are convex func⁃
tions over ρk , so that problem (29) is convex and can be
solved using a disciplined convex programming toolbox such
as CVX [29]. Now, let A*

k , ∀k denotes the optimal solution to
problem (29). If each A*

k is rank⁃one, it follows that the opti⁃
mal solution of problem (24) can be obtained through eigenval⁃

(29)

min
Ak,V,ρk

∑
k = 1

K Tr(Ak) + Tr(V) s.t.
1
γk

e

Tr(GlAk) -∑
j≠ k

K Tr(GlA j) - Tr(GlV)≤σ2
l ,∀k,∀l,

1
γDL

k

Tr(Hdl,kAk) -∑
j≠ k

K Tr(Hdl,kA j) - Tr(Hdl,kV) - Ḡk ≥σ2
k + σ2

a,k
ρk

,∀k,
1
γk

e

Tr(Hdl,mAk) -∑
j≠ k

K Tr(Hdl,mA j) - Tr(Hdl,mV) - Ḡk ≤σ2
m,∀k,∀m,

∑
j = 1

K Tr(Hdl,kA j) +Tr(Hdl,kV) + Ĝk ≥ Q̄k

ηk(1 - ρk) -σ
2
k,∀k,

V⪰0,Ak⪰0,0 < ρk ≤1,0 <Pup,k ≤min(Q̄k,Pmax).
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ue decomposition of A*
k . Interestingly, as shown in Propos⁃

ition 1, problem (24) always yields rank⁃one optimal solutions
for A*

k,∀k .
Proposition 1: There always exists an optimal solution A*

k

for problem (29) such that rank (A*
k) = 1,∀k .

To summarise, Proposition 1 implies that the relaxation is
tight, and thus the globally optimal solution of problem (24)
can be obtained.

4 Numerical Examples
In this section, numerical examples are

provided. In particular, the performance of
the proposed joint beamforming design
(Joint Opt in Fig. 2) for secure SWIPT in
MISO FD systems is evaluated through
simulations. We simulate a flat Rayleigh
fading environment in which the channel
fading coefficients are characterized as
complex Gaussian numbers with zero
mean and are independent and identically
distributed, and we assume there are K = 2
MSs and all MSs have the same set of pa⁃
rameters, i.e., σ2

k =σ2, δ2
k = δ2, Q̄k =Q,

γDL
k = γDL, γUL

k = γUL, and yE = -15 dB .
We also assume that 70% of the SI power
has been cancelled using existing SI can⁃
cellation techniques [14]. All simulations
are averaged over 1000 independent chan⁃
nel realizations.

In Fig. 2, we investigate the achievable
secrecy sum ⁃ rate for secure SWIPT in
MISO FD system versus the uplink SINR
target for all MSs for fixed values of the
downlink SINR ( γDL = -5 dB), the harves⁃
ted power threshold, and the eavesdropper’
s SINR ( yE = -15 dB ). Fig. 2 shows the
performance comparison between the joint
optimization and the fixed ρ optimization.
As can be observed, an increase in the up⁃
link SINR corresponds to a decrease in the
secrecy sum⁃rate due to increase in trans⁃
mission power which invariably increases
the generated SI. However, the joint opti⁃
mization scheme outperforms the fixed ρ
optimization. Also, as the harvested power
threshold increases, the secrecy sum ⁃ rate
decreases, but the joint optimization
scheme outperforms the fixed ρ optimiza⁃
tion scheme.

In Fig. 3, we further investigate the
achievable secrecy sum ⁃ rate for secure

SWIPT in MISO FD system versus the harvested power thresh⁃
old for given values of the uplink and downlink SINR. As can
be observed, as the harvested power threshold increases, the
secrecy sum rate increases. Technically, an increase in the har⁃
vested power allows more power to be directed to the ER of
each MS, thus less power for SI, which invariably increases the
secrecy sum⁃rate.

In Fig. 4, the achievable secrecy sum ⁃ rate for secure

SINR: signal⁃to⁃interference plus noise ratio

▲Figure 2. Secrecy sum⁃rate versus SINR γUL .

▲Figure 3. Secrecy sum⁃rate versus harvested power.
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SWIPT in MISO FD system versus the residual SI is investigat⁃
ed. In particular, we investigate the performance comparison of
the proposed system for both joint optimization, and optimiza⁃
tion with a fixed ρ . Clearly, an increase in the RSI results in a
corresponding decrease in the achievable secrecy rate. Howev⁃
er, the joint optimization scheme outperforms the optimization
scheme with fixed ρ . Thus, a need for joint optimization is jus⁃
tified.

5 Conclusions
In this paper, we investigated the secure beamforming de⁃

sign for SWIPT in MISO FD system. To reduce SI and achieve
secure FD transmission, the end ⁃ to ⁃ end sum transmit power
has been minimized subject to the given SINR and harvested
power constraints for each MS. In particular, to achieve opti⁃
mal system performance, using SDR technique, we jointly opti⁃
mized the transmit beamforming vector at the BS, and the re⁃
ceived PS ratio and the transmit power at the MSs, and the AN
covariance matrix. We show the need for joint optimization of
system parameters through the numerical results.

RSI: residual self⁃interference
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Power line (PL) interference is one significant artifact in elec⁃
trocardiography (ECG) that needs to be reduced to ensure ac⁃
curate recording of cardiac signals. Because PL interference
is non⁃stationary and has varying frequency, phase, and ampli⁃
tude in ECG measurement, adaptive techniques are often nec⁃
essary to track and cancel the interference. In this paper we
present a phase ⁃ locked loop (PLL) ⁃ based adaptive filter to
cancel PL interference. The PLL obtains the reference signal
that is fed into the adaptive filter to remove the PL interfer⁃
ence at the central frequency of 50 Hz. It is found that the
technique can effectively cancel PL interference in real ECG
signals and, when compared with some existing techniques
such as least mean squares (LMS) adaptive filter, the new
technique produces better results in terms of signal⁃to⁃interfer⁃
ence ratio (SIR).

phase⁃locked loop; ECG; adaptive filter; power line cancella⁃
tion
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E
1 Introduction

lectrocardiography (ECG) is extensively used for de⁃
tecting heart disease by recording the electrical ac⁃
tivity generated by cardiac muscles. In ECG mea⁃
surement, the cable linking the subjects to the

ECG monitor is susceptible to the 50 Hz power line (PL) inter⁃
ference [1], which results in inaccurate reading because the in⁃
terference frequency is located very close to the high frequen⁃
cy component of the true ECG signal [2]. Studies showed that,

to achieve high quality for ECG, the amplitude of the PL inter⁃
ference must be kept at less than 0.5% of the peak⁃to⁃peak am⁃
plitude of the QRS waves [3]. Therefore, removing or cancel⁃
ling the PL interference is a critical challenge in ECG signal
processing. In the last several decades many methods have
been proposed to cancel the PL interference and they can be
generally categorized into non⁃adaptive and adaptive filtering.
Non⁃adaptive filters such as notch filter have the advantage of
featuring a simple structure and fixed coefficients, however,
they cannot target PL interference when its frequency deviates
from 50 Hz [4]- [6]. From this perspective, adaptive filtering,
because of its ability to track the frequency of PL interference,
may yield more robust performance in practice [7]-[11]. In im⁃
plementation, adaptive filtering relies on the stochastic charac⁃
teristics of a reference signal to track the PL interference. In
this work, we propose a method to first use phase⁃locked loop
(PLL) to generate the reference signal that can be used to track
the frequency and phase of PL interference accurately. We
then use a least mean squares (LMS) filter to cancel the PL in⁃
terference from ECG signal for a better result. We use the ECG
data from the MIT⁃BIH database to test our method and found
that it performed superior to the existing techniques.

2 Methodology
The model of our ECG signal and the structure of the adap⁃

tive filter is shown in Fig. 1, where s is the original uncontami⁃
nated ECG signal. The PL interference at 50 Hz is represented
by d . However, as the PL interference will deviate from 50 Hz
in frequency and phase in practice, we model this process as a
noise path filter f such that u = f (d) . Hence, our received sig⁃
nal is r = s + u . The adaptive filter g takes d as one of its in⁃
puts to mimic the process of f to generate an output v such
that the difference between u and v is minimized, and there⁃
fore the final output e is the best estimator of s in terms of
mean square error (MSE).

In our work, the adaptive filter in Fig. 1 has the form of PLL.
Its detailed structure is shown in Fig. 2, where d1 and d2 are
the 50 Hz reference sine waves that have a phase difference of
90°. The coefficient vector is composed of w1 and w2 , whichare updated by the adaptive filter. The adaptively estimated 50
Hz reference signal is y . Given a noisy observation r , we can

▲Figure 1. Principle of adaptive noise cancellation.

∑ ∑s r =s +m + e =s′

Noise path filter
d Adaptive filter
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obtain an estimation ŝ of the true signal in the form of a LMS
filter as below:

w1(n + 1)=w1(n) + μe(n)d1(n), (1)
w2(n + 1)=w2(n) + μe(n)d2(n), (2)
v(n) =w1(n)d1(n) +w2(n)d2(n), (3)
ŝ(n) = r(n) - v(n), (4)

where μ is the step size of LMS process.

3 Proposed Method
It has been shown by Widrow and Glover [10] that once the

parameter estimates have converged and are fixed, an adaptive
power line interference (PLI) canceller is approximately equiv⁃
alent to a notch filter. However, in practice the PL frequency is
not stable or not accurately known a priori, and a mismatch be⁃
tween the reference signal frequency and the PLI frequency
might lead to inadequate reduction of the PLI. In this paper we
propose a new method to solve the problem and take the con⁃
cept of PLL in communication theory. The PLL tracks the PLI
frequency and outputs a reference signal whose frequency is
perfectly equivalent to that of the PLI [11].

The proposed model is shown in Fig. 3.
In Fig. 3, the noisy ECG signal s + n is filtered by a band⁃

pass filter centered to 50 Hz in order to suppress signals out⁃
side PLI band, the filter output contains PLI and noise. Accord⁃
ing to PLL theory, once the input signal frequency is in the
PLL hold in range, the PLL can acquire the frequency of input
signal and keep an output signal synchronizing with the input
signal in frequency as well as in phase [12]. The natural fre⁃
quency of PLL is 50 Hz, and the PLL will track the PLI in fre⁃
quency and phase. When the acquisition succeeds, the misad⁃
justment between the parameter estimates and the actual pa⁃
rameters is small enough and the PLL gives a perfect reference
signal whose frequency is always the same as PLI within the
PLL track range.

The most popularly used PLL in practice is second ⁃ order,
and its closed⁃loop transfer function may be written as follows.

H(s) = 2ξωns +ω2
n

s2 + 2ξωns +ω2
n

, (5)

where ωn is the natural frequency and ξ is the loop damping
ratio. The ξ usually takes the value 0.7. According the PLL
theory, the lock⁃in range of a second⁃order PLL is

Δω = 2ξωn. (6)
The PLL can acquire the input signal immediately as long

as the input signal frequency is in the lock⁃in range of PLL.

4 Experimental Results and Analysis
We used the MIT ⁃ BIH ECG data to test our method and

compared it with an existing technique. The database consists
of 48 half ⁃ hour excerpts of two channel ambulatory ECG re⁃
cordings that are digitized at 360 samples per second per chan⁃
nel. The data have an 11 ⁃ bit resolution over a 10 mV range
and they have been amplified with gain of 200 [13].

Fig. 4 shows a noisy ECG signal (the sum of record 103
and 50 Hz PL interference, Signal Noise Ratio= 0 dB) and its
spectrum. The recording began at 50 second after the ECG
started. The waveform of the ECG was completed submerged
under the PL interference (Fig. 4a). The spectrum of the PL in⁃
terference can be clearly observed in Fig. 4b. Fig. 5 compares
the performance of LMS filter and our proposed method in can⁃
celling PL interference at different frequency deviations. Fig.
5a shows the MSE of an LMS filter to cancel PL interference at
50 Hz. Because there was no frequency deviation, the LMS fil⁃
ter was able to achieve satisfactory performance. When the fre⁃
quency of PL interference deviated to 50.1 Hz, the perfor⁃
mance of the LMS filter decreased as it generated more errors
(Fig. 5b). When the frequency of PL interference was further
deviated to 50.5 Hz, the LMS filter created much larger MSE
(Fig. 5c). For the same scenario, our method was able to
achieve very good performance to maintain a small MSE (Fig.
5d). The reconstructed ECG signal of our method in this case

▲Figure 2. The cancellation scheme of 50 Hz power line interference.

▲Figure 3. The proposed model.
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was plotted in Fig. 5e), from which we can easily observe the
true ECG components. Fig. 6 shows that the proposed PLL ⁃
based canceller can track and lock the frequency deviation in
about 1 second and suppress the PL interference completely.

For quantitative comparison, we simulated different SIRs as
the input to the noise cancellation techniques where SIRin is de⁃
fined as the ratio between the power of true ECG signal s and
the amplitude of the PL interference. We then calculated the

SIRout at the output of the LMS filter and our method. For an ac⁃
curate quantification of the cancellation performance, the SIR
at the input and output of the canceller must be known. Table
1 compares the performance of the two methods for a fixed PL
interference frequency at different SIRin。
Table 2 compares the two methods at a fixed SIRin but for

different degrees of frequency deviations of the PL interfer⁃
ence. It can be seen that the PLL⁃based canceller is robust to
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frequency deviation, and the SIRout is about 30 dB regardless of
frequency deviation.

5 Conclusions
This paper proposes a PLL⁃based adaptive canceller for the

suppression of the PL interference in ECG recordings. The can⁃
celler comprises a second⁃order PLL, so except amplitude and
phase, the frequency deviation can be tracked. Our experiment
results showed that the proposed canceller could track PL in⁃
terference even when its frequency deviated 10% from 50 Hz
and lock the tracking in one second. Therefore, our method
can obtain a high performance ECG output with the SIR of
about 30 dB, and it is robust to frequency deviation. As a con⁃

clusion, the proposed method is superior to the common adap⁃
tive noise canceller. As a PL interference cancellation tech⁃
nique, our method is also applicable to neural recording such
as electroencephalography [14] and wearable biomedical in⁃
struments [15].

◀Figure 6.
Tracking performance
(Δf/f=8%).

c) PLL⁃based ECG signal

a) The noisy ECG signal b) Spectrum of the noisy ECG signal

d) Spectrum of the PLL⁃based ECG signal
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Behavior targeting (BT) based on individual web⁃browsing his⁃
tory has become more valuable in precision marketing for
many companies through capturing users ’interest and prefer⁃
ence. It is common in practice that the behavior data collect⁃
ed from different online shopping applications are inconsis⁃
tent since they are labelled by different item taxonomy, where
the same behavior could have different representations and
therefore analysis confusion arises. To address this issue, we
propose a semantic similarity based strategy to transform the
heterogeneous behavior extracted from deep packet inspection
(DPI) data of a telecommunication operator into a unique stan⁃
dard one. The Word Mover’s Distance algorithm is exploited
to evaluate the semantic similarity of the distributed represen⁃
tations of two web⁃browsing histories. Moreover, the architec⁃
ture of the behavior targeting platform on Hadoop is imple⁃
mented, which is capable of processing data with size of PB
level every day.
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1 Introduction
n the era of mobile Internet, ubiquitous network pro⁃
vides users with convenient service through mobile
phones. This directly leads to large amounts of behav⁃
ior data transmitted in the network pipeline. The be⁃

havior data is the uniform resource locator (URL) that a user
views. It can be mined to learn user’s interest and preference,

further, to identify potential buyers from the large amounts of
Internet users. With the development of deep packet inspection
(DPI) technology, most operators and Internet service provid⁃
ers (ISPs) use it to extract users’behavior data and phone in⁃
formation (e.g. URLs, user agents, and phone numbers) for da⁃
ta mining [1], [2]. Furthermore, with the wide spread use of mo⁃
bile phones, more and more people tend to choose online shop⁃
ping on the phone due to its convenience, infinite choice, and
lower price [3]-[5]. Compared with the offline shopping, online
shopping behavior data can be collected through the DPI tech⁃
nology continuously, so that users’behavior can be consistent⁃
ly mined and then tagged with a semantic label to explain it.

In behavior targeting (BT) methodology, individual web ⁃
browsing behaviors are used to identify users’interest and
preference. Further, advertising can take advantage of BT to
achieve precise marketing. Therefore, it is of great significance
to online advertising and it has been studied for applications.
Natasha Singer has mined data tastes of music in Pandora [6].
WU Zenghong et al. have studied users’interest in map ser⁃
vice based on browse behavior [7]. ZHU Qiushan et al. ana⁃
lyzed users’interest in video recommendation [8]. Although
some studies have been conducted on online shopping plat⁃
forms [9], [10], BT has not been studied on online shopping
due to the heterogeneity of online stores and different hierar⁃
chical taxonomies between online stores.

For users’behavior on online shopping platforms, one of the
key technical issues in BT is the problem of how to generate la⁃
bels based on URL with accuracy, comprehensiveness, consis⁃
tency and semantic, which mainly represents the behavior of a
user, Therefore, we have to extract the information of items
(products) that a user is browsing. Online shopping stores use
stock ⁃ keeping units (SKU) as a unique ID to represent a
unique item [11], and a SKU is transmitted in the URL when
the user is browsing it. However, the SKU is just a code and it
does not have semantic meaning. So there is no help on ex⁃
plaining users’behavior. However, the item represented by a
particular SKU has a hierarchical taxonomy label on the web⁃
site of online store. This hierarchical taxonomy label is a com⁃
prehensive and accurate description of the item. More impor⁃
tantly, the hierarchical taxonomy label that implies users’in⁃
terest and preference can describe users’online shopping be⁃
havior, which is the target of BT.

BT on the shopping platform based on DPI has the following
challenges. First, SKU transmits in the URL through URL pa⁃
rameters. The parameters are made of a key and value separat⁃
ed by an equals sign (=) and joined by an ampersand (&). We
identify the SKU by the key from the URL. Due to the heteroge⁃
neity of online stores, the key is different between them, which
makes it hard to extract SKU from different online stores. Sec⁃
ondly, heterogonous online stores have different taxonomy sys⁃
tems, which leads to the situation where one item has inconsis⁃
tent representations but similar semantic labels, and may easi⁃
ly cause confusion. Therefore, these challenges must be con⁃
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quered to construct accurate, comprehensive, consistent and
semantic labels on users’behavior.

The main contribution of our work is the development of an
extensive methodology for attaching a semantic label to users’
online shopping behavior and implement this methodology on
Hadoop platform. Our methodology addresses all the above
challenges. First, we adopt the Word Mover’s Distance
(WMD) algorithm to handle inconsistent hierarchical taxonomy
labels due to the different taxonomy of heterogonous online
shopping applications. Second, our work extracts the item ID
from URL according to the rules of regular expression. We ana⁃
lyze the key of SKU in the URL and find it delivered in several
forms in every single online shopping application. A bunch of
rules are then summarized for the online shopping applications
we studied. Third, we collect the hierarchical taxonomy labels
corresponding its SKUs through the web crawler. Finally, we
design and implement a platform to achieve our purpose.

Our intention of this work is to develop an extensive method⁃
ology for BT on users’online shopping behavior, and detect in⁃
terest ⁃ based targeting. By this we hope to provide operators
and ISP with BT, which supports further data mining, such as
user profiles and precision marketing [12]. The rest of the pa⁃
per is organized as follows. In Section 2, we introduce the
methodology of our data analysis from input to output. The im⁃
plementation of the methodology based on Hadoop is present⁃
ed in Section 3. Section 4 then gives the conclusion and future
research directions.

2 Methodology
In this section, we introduce the methodology of attaching a

hierarchical and semantic label to users’online shopping be⁃
havior based on DPI data. As for the data source, we introduce

two kinds of data we used in our analysis. Then in the label
processing part, we adopt the WMD algorithm to aggregate the
labels with same semantic meaning but different representa⁃
tions. In the DPI processing part, the rules of regular expres⁃
sion are made to extract the item ID from URL and query the fi⁃
nal label according to the item ID. Fig. 1 shows the overview
of the data analysis model.
2.1 Data Source

2.1.1 DPI Data
In our analysis, DPI data was provided by one of the largest

operators in China. It contains more than tens of millions anon⁃
ymized mobile phone data records in a period of two months in
2016. The data fields we used in our methodology are present⁃
ed in Table 1, and other 33 data fields are omitted.

In the Table 1, the international mobile subscriber identity
(IMSI) is the unique identifier tied with unique users. More⁃
over, it is encrypted by Message ⁃Digest Algorithm (MD5) for
privacy and security concerns. The URL represents the content
that users are browsing, and only URL from online shopping
applications is retained after being filtered by the domain
name. Our intention is to extract the SKU, which is contained
in the URL that users request from the massive DPI data. ST
and ET are used to mark the behavior time of online shopping.
To understand SKU easily, we denote ID as item ID in the fol⁃
lowing context.
2.1.2 Web Crawler

The item ID consists of a string of numbers or characters. It
is an identifier of item and it does not have any semantic mean⁃
ing. Hence it cannot help us target users’online shopping be⁃
havior. Therefore, we have to retrieve the hierarchical taxono⁃
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my label through the web crawler. The hierarchical taxonomy
label represents what users are browsing, and implies users’
interest and preference.

According to iResearch’s report, titled“Online Shopping In⁃
dustry Monitoring Report in China 2016 [13]”, the top six on⁃
line shopping stores accounted for more than 80% of the on⁃
line shopping market in China, and these top six stores are
JingDong, Gome, Suning, Dangdang, Amazon, and Taobao &
Tmall. We are focusing on retrieve hierarchical taxonomy la⁃
bels from the above six online stores. In an online store, each
product corresponds to a unique item ID while this item ID cor⁃
responds to a hierarchical taxonomy label. For example, an
item from Jingdong is 133980, and its hierarchical taxonomy
label is‘Men’s Clothing → Bottoms → Pants’. As a result,
when we extract an item ID from the URL, the hierarchical tax⁃
onomy label corresponding to this item ID can be attached to
the behavior this time.
2.2 Label Processing

Because the above six online stores have different taxonomy
systems, it can lead to the situation where one item has incon⁃
sistent representations but similar semantic labels and cause
confusion. For example, in Table 2 that shows the labels of
iPhone 7 in four online stores, the strings before iPhone 7 rep⁃
resent the hierarchical taxonomy labels.

As Table 2 shows, these labels have the same meaning but
different representations of hierarchical taxonomy, and the
shortcoming of the original taxonomy is obvious. First, the la⁃
bels in Suning and Gome are in a reversed form, i.e., Mobile

Communication → Mobile Phones and Mobile Phones → Mo⁃
bile Communication. Second, the label in JingDong repeats
“Mobile Phones”which shows redundancy. Third, the corre⁃
sponding level of taxonomy has different category grain. Last
but not least, all these labels are used to describe iPhone 7,
but the labels are different, which leads to confusion easily.
Considering these drawbacks of original taxonomy, we normal⁃
ize these labels to a unified meaning for easy understanding
and this is useful for further data analysis.

We adopt one consistent taxonomy label to represent those
similar semantic labels. In this paper, we call the raw hierar⁃
chical taxonomy labels crawled from the website as irregular la⁃
bels. Our intention is to construct a consistent hierarchical tax⁃
onomy system based on semantic meaning. The system aggre⁃
gates those similar semantic irregular labels to a unified one,
and maps all these irregular labels to a standard label by stan⁃
dard label system. The basis of mapping irregular labels is the
method of semantic similarity, which means we map irregular
labels to a standard label with semantic similarity. We will al⁃
so introduce how to achieve our intention through calculating
the similarity between irregular and standard labels.
2.2.1 WMD Based on Word2vec

In our analysis, the irregular label and standard label are
both hierarchical and contain several words, because we can⁃
not calculate label semantic similarity directly. However, we
creatively consider the label (irregular and standard) as a docu⁃
ment, and calculate the label similarity through WMD algo⁃
rithm, which measures the similarity of two documents based
on word2vec embedding. The algorithm was introduced by
Matt J. Kusner et al. in 2015 [14]. Before elaborating WMD in
detail, we introduce its basis—word embedding.

Word embedding is a language model and a kind of feature
learning technique in natural language processing (NLP),
where words or phrases from the vocabulary are mapped to vec⁃
tors. Although one⁃hot representation and distributed represen⁃
tation can both handle word embedding [14], [15], all the meth⁃
ods essentially use distributed representation in some way. Dis⁃
tributed representation states that words appearing in the same
contexts share the semantic meaning. Then semantic similarity
between words can be represented by the distance of corre⁃
sponding vectors

In 2013, T. Mikolov et al. introduced word2vec. It is a par⁃
ticular group of models for learning word embedding from cor⁃
pus and based on distributed representation [16], [17]. Their
model learned a vector representation for each word, using a
(shallow) neural network language model. Speci fi cally, they
proposed a neural network architecture (Continuous Bag ⁃ of ⁃
Words model and the Skip⁃Gram model) which consists of an
input layer, a projection layer, and an output layer to predict
the nearby words. After training on a large data set, the seman⁃
tic similarity between words can be represented by the spatial
distance of the vectors. This model has the ability to learn rela⁃
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▼Table 1. The formats of DPI data

IMSI: international mobile subscriber identity URL: uniform resource locator

Serial number
1
2
3
4
5

Data field
IMSI

Start time
End time
URL

Domain name

▼Table 2. Different labels of iPhone 7 from four online stores

Online store

Jingdong

Amazon

Suning

Gome

Hierarchical taxonomy
手机→手机通讯→手机（Mobile Phones → Mobile

Communication → Mobile Phones → IPhone 7）
电子→手机通讯→手机（Electronics → Mobile
Communication → Mobile Phones → IPhone 7）

手机&数码→手机通讯→手机（Phones& Digital → Mobile
Communication → Mobile Phones → IPhone 7）

手机→手机通讯→手机（Phones → Mobile Communication →
Phones → IPhone 7）
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tionships of complex words (Fig. 2), which can be explained by
the following equations:

v( )phone ≈ v( )cellphone , (1)
( )electronics - v( )phone ≈ v( )sports - v( )basketball . (2)
The learning process of word embedding is unsupervised

and it can be computed on the text corpus of interest or be pre⁃
computed in advance. Although we prefer word2vec to learn
word embedding, other methods of word embedding are also
feasible [18]- [20]. In the following introduction of WMD, we
assume that a finite vocabulary size of n words is trained by
word2vec according to the specific corpus and each word in
the vocabulary is represented by a vector.

In Fig. 3, Label 1 is Mobile Phones → Mobile Communica⁃
tion → Mobile Phones, and Label 2 is Electronics → Mobile
Communication → Mobile Phones. Because we calculate label

distance through word distance, word segmentation must be
used to split the label. Fig. 3 shows Labels 1 and 2 after word
segmentation. The number beside the word is the weight occu⁃
pied in the corresponding label. We denote the word in Label
1 as the word i and that in Label 2 as the word j. The weight of
the word is denoted by wword i . It represents the frequency of
the word divided by the number of total words in this label af⁃
ter word segmentation, because we assume that labels are rep⁃
resented as a normalized bag of word (nBOW) vectors. The dis⁃
tance between the words i and j is denoted as
d( )word i,word j = || ||word i -word j 2 . Then we will show how
to calculate the label distance by word distance.

First, each word i in Label 1 is calculated with any word in
label 2 in total or in parts, and we use Tij to denote how many
word i are involved in distance calculation with the word j. Sec⁃
ond, to make total weights of the word involved in the distance
calculation, Tij should satisfy the equation ∑j

Tij =wword i and
∑j

Tij =wword j . At last, the distance between two labels can be
defined as the minimal cumulative distance of words distance.
Naturally, the following linear program provides the minimal
cumulative distance of Labels 1 and 2. More details can be
found in [14].

D =min∑
i, j

Tijd( )word i,word j ,Tij ≥0, (3)
and (3) is subject to (4) and (5):
∑

j

Tij =wword i ∀i ∈{ }1,2,…,n , (4)

∑
i

Tij =wword j ∀j ∈{ }1,2,…,m . (5)
According to the WMD algorithm, the distance between two

documents can be calculated, but how to construct a standard
label system and map the irregular label to a standard one is
not mentioned. Then we will introduce the construction of a
standard label system and label mapping based on the WMD
algorithm.
2.2.2 Standard Label System

Because of the different taxonomy systems, labels crawled
from different online stores have different representations for a
particular product. Consequently, we put forward a standard la⁃
bel system considering the diversity of online stores. Then we
map all irregular labels to standard labels. We find out that the
hierarchical taxonomy of Gome is more reasonable and more
complete than the other online stores. Therefore, we take the la⁃
bel system of Gome as the base standard label system, and
complete it according to labels from other online stores. Table
3 shows the samples of the standard label system.
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▲Figure 3. The distance between labels.

Label 1: Mobile Phones➝
Mobile Communication➝

Mobile Phones

▲Figure 2. Words relationship after training by word2vec.

Electronics

Sports

Phone
Cellphone

Basketball

Communication1/6

Phones1/3

Mobile1/2

Phones 1/5

Mobile 2/5

Electronics 1/5

Communication 1/5

1/5
1/15

1/30
1/5

2/15

1/6

Label 2: Electronics➝
Mobile Communication➝

Mobile Phones
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In the standard label system, each label has a unique ID,
which is also hierarchical. The label and its label ID both have
three levels, and each three numbers (001⁃999) in a label ID
correspond to a phrase in the label. In the data processing of
DPI data, we use the label ID instead of the label to save stor⁃
age and perform data analysis. We then construct the standard
label system based on WMD.

First of all, we deduplicate the raw taxonomy label of Gome
and take it as the initial standard label. Second, other labels
are merged to this tree according to the WMD algorithm. If the
distance between two labels is smaller than the threshold ε, we
think these two phrases have the same semantic meaning. That
is to say, these two labels can be replaced with each other se⁃
mantically. The pseudo code of constructing the standard label
system algorithm is elaborated in Algorithm 1.

2.2.3 Label Mapping
After constructing the standard label system, we map all ir⁃

regular labels to standard labels for consistency. The purpose
of label mapping is to find the label which has the greatest se⁃
mantic similarity in the standard label system for every irregu⁃
lar label. In other words, we should find a label in the standard
label system to satisfy a given irregular label.

minWMD( )irregular lable,sl sl ∈ standard label system. (6)
We can easily understand the label mapping from Fig. 4.

Given an irregular label in the left, we need to find a label
from the standard label system in the right to satisfy (6). For an
irregular label in a nutshell, we need to find a label in the stan⁃
dard label system to achieve the minimal label distance. At
last, every irregular label is mapped to a standard label.
2.3 DPI Processing

In this part, our intention is to extract the item ID from URL
following a bunch of rules of regular expression (Regex), a
string matching algorithm. The algorithm is designed for
“find”or“find and replace”operations on strings and it is per⁃
fectly suitable for our needs. But it still has two problems.
First, URL contains multiple information in the form of parame⁃
ters and we have to recognize which part involves item ID. Sec⁃
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Algorithm 1: Construct Standard Label System
Input: labels from six online stores.
Output: the standard label system.
Initial parameters:

deduplicate label taxonomy of Gome as the standard label
system, denoted as Standard_System

deduplicate label taxonomy of other online stores, denot⁃
ed as Irregular_System

for ire_label in Irregular_System {
minDistance = INTEGER.MAX_VALUE
for sta_label in Standard_System {

tempDistance = WMD(ire_label, sta_label)
If (tempDistance < minDistance) {

minDistance = tempDistance
}
If(minDistance > ε){

Standaard_System.add(ire_label)
}else{

▼Table 3. The samples of standard label system

Label ID

001001001

001001002

001002001

001002002

002001001

002001002

002002001

Standard label
手机数码→手机通讯→手机（Phone & Digital → Mobile

Communication → Mobile Phone）
手机数码→手机通讯→对讲机（Phone & Digital → Mobile

Communication → Interphone）
手机数码→手机配件→移动电源（Phone & Digital → Phone

Accessories → Mobile Power）
手机数码→手机配件→蓝牙耳机（Phone & Digital → Phone

Accessories → Bluetooth Earphone）
电脑→电脑整机→笔记本（Computer → Computer machine →

Laptop）
电脑→电脑整机→台式主机（Computer → Computer machine →

Desktop）
电脑 办公设备→打印机（Computer → Office Equipment → Printer）

continue
}

}
}
traversing the Standard_System, output the label and en⁃

code with its label ID

▲Figure 4. The example of label mapping.

Jewelry➝Diamonds➝Loose
Diamonds

Digital➝Digital Accessories
➝Mobile Power

Digital➝e⁃Education➝
Repeater

Phone➝Phone Accessories
➝Phone Headset

Jewelry➝Diamonds➝
Diamond Ring

Mobile Phone➝Phone
Accessories➝Battery/
Mobile Power

Irregular label

…
…

…
…

…

Jewelry➝Diamond➝Diamond
Jewelry

Mobile Digital➝Fashion
Digital➝Repeater

Mobile digital➝Mobile Phone
Accessories➝Mobile Power

Mobile Phone Digital➝Phone
Accessories➝Phone Headset

…
…

…

Standard label system

Behavior Targeting Based on Hierarchical Taxonomy Aggregation for Heterogeneous Online Shopping Applications
ZHANG Lifeng, ZHANG Chunhong, HU Zheng, and TANG Xiaosheng



ond, we have to consider six online shopping stores, which in⁃
creases the difficulty because the keys of item ids are different
between heterogonous online stores. Next we will introduce our
procedure of processing DPI data and solutions to the above
problems.

First of all, we filter out the data of the six online shopping
applications from DPI data through the domain name. Second,
we extract the item ID from the URL through Regex match. At
last, we query the corresponding label according to the item ID
from the database. But how to get the Regex? We summarize it
manually from the large raw DPI data for particular online
store, and then we introduce our methodology to summarize the
Regex in an example of Jingdong.

In the beginning, we filter out a large number of URLs from
Jingdong. Then we identify the key of item ID from tens of pa⁃
rameters of URL. In this process, we find out there are several
forms of the key even in one online shopping application. Fi⁃
nally, the item ID with the form of key⁃value is transformed to
Regex manually. Table 4 shows the Regex matching item IDs
in Jingdong. All these Regex has been tested by real URL that
users have browsed.

Through the way above, the Regex of other five online shop⁃
ping applications can also be summarized. Table 5 shows the
number of Regex of these applications.

3 Implementation Based on Hadoop
The data scale of telecom network has reached to PB level

for each day, so a big data platform with high reliability and
high effectiveness is extremely important for operators. We de⁃
sign a big data platform based on Hadoop to achieve our goal
through the above methodology. In a nutshell, users’behavior
can be consistently mined and attached to a label on this plat⁃
form.

The architecture of the platform consists of four modules
(Fig. 5). They are data storage, data collecting, label process⁃
ing and data processing.
3.1 Data Storage

In the era of big data, it is impossible to
store extremely massive amounts of data in
a single machine with varieties of demands.
Therefore, alternative technologies have
been investigated in order to solve this is⁃
sue. Hadoop Distributed File System
(HDFS) works as a part of a Hadoop cluster
or as a stand ⁃ alone universal distributed
file system. It is widely used as a storage
system in industry area because of its high
stability and scalability. In our data storage
module, we also adopt HDFS as our storage
system for DPI data. Haddop’s database
(HBase) is a non ⁃ relational database and

HDFS is served as its physical storage. However, their func⁃
tions are different in our system.
1) HDFS. In our system, HDFS mainly stores two kinds of

files. One is the raw DPI data from telecom operators, which
generates every day in a directory named by date and prov⁃
ince. The other is temporary result, it contains the raw item
labels crawled from the web, the standard labels after label
processing and the final results of data processing module,
that is, the user ID, timestamps and standard label connect⁃
ed by comma.

2) HBase. We adopt HBase to store the item ID and its stan⁃
dard label. HBase can support storage and query in the form
of key ⁃value pairs compared with HDFS, which just meets
our demands for the storage of item ID and standard label
and the query by item ID. Second, HBase is a member of
Hadoop, which can be well integrated with MapReduce in
data processing.
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DPI: deep packet inspection
HBase: Haddop’s database

HDFS: Hadoop Distributed File System
WMD: Word Mover’s Distance

▼Table 4. The Regex of item IDs in Jingdong

Serial number
1
2
3
4
5
6

Regex
ware[iI]d|sku(=|%3D)(\d+)

order.*ware[iI]d(=|%3D)(\d+)
jd\.com/(product/)?(\d+)\.html

productIds=(\d+)
orderComment/(\d+)
item\.jd\.com/(\d+)

▼Table 5. The number of Regex of the six applications

Application
Jingdong
Suning
Amazon
Gome

Dangdang
Taobao & Tmall

Number
6
5
4
4
2
4

▲Figure 5. Data analysis architecture.

Preprocessing ReduceMap Data processing: Mining
label from DPI

Label processing: Mapping
label to standard labelWord2vec WMD

Data collecting: Crawling
data from webScrapy framework

Standard
label

HBase

Temporary
result

DPI
HDFS

Data storage
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Before we adopt HBase as our key⁃value database, we com⁃
pared the performance of HBase and Redis [21], which is a key⁃
value database based on in⁃memory storage. The results show
that Redis supports higher concurrent requests, while HBase
can also satisfy our concurrent requests. Finally, considering
the stability and price, we adopt HBase as our database to
store item information.

In our implementation, the format of item information and
samples are shown in Table 6. The column family: qualifier
and timestamp can be set by a default value, while Rowkey
and cell value must store the corresponding item ID and its
standard label. Furthermore, six tables need to be created to
store the information of six different online stores.
3.2 Data Collection

This module is used to collect data from websites, in other
way, crawl the item ID and irregular labels from the online
store. We implement this function to extract the data from web⁃
sites based on an open source and collaborative framework
named Scrapy [22]. Fig. 6 shows the framework of Scrapy.

This framework is responsible for crawling item information
from the website without considering the scheduler and down⁃
loader because they are implemented by the framework. All we
need to do is to implement the spider module in the Fig. 6, and
focus on the design of our spider. The design of our spider
takes hierarchical labels into consideration, because three⁃lev⁃
el hierarchical label corresponds to three ⁃ level hierarchical
websites. Therefore, we start our web crawler from the starting
page, which corresponds to the first level of the hierarchical la⁃
bel. Then we find all secondary page and save it. Furthermore,

all the secondary pages are crawled and the last level page of
the website is saved. At last, we crawl all last pages and save
all hierarchical labels.

We need to pay attention to one problem, that is, the item in⁃
formation is always changing slowly. Therefore, spiders should
be launched periodically to re⁃crawl the item information. The
new items browsed by users cannot be attached to a label be⁃
cause we have not crawled this item information. Therefore, we
calculate the percentage of the URL from which we can match
the item ID but cannot get the label. Once this percentage is
greater than 5, we launch our spiders and re⁃crawl the website.
As for new item information, if item ID exists in the last ver⁃
sion, we just update the hierarchical label when it changes,
and if the item ID does not exist, we add this item information
to HBase.
3.3 Label Processing

This section focuses on transferring the item ID → the irreg⁃
ular label to the item ID → standard label. The main algorithm
is introduced in Section 2.2, and the realization of the label
processing is as follows.
1) Construct a vocabulary of word embedding, which is trained

by word2vec according to the specific corpus from the web.
The word2vec is trained with the corpus from Sogou Labs
[23]. It contains various types of content of 130 million origi⁃
nal web pages and the amount reaches 5 TB. More impor⁃
tantly, the corpus may directly influence the accuracy of
WMD, so a large corpus should be adopted.

2) Construct the standard label system based on the label tax⁃
onomy of Gome. In this step, threshold ε should be studied
to make the standard label reasonable. We made experi⁃
ments with different values of ε and found that ε = 1.1
makes the standard label system more reasonable. In this
condition, the standard label system has 2153 hierarchical
labels, which contains 25 first ⁃ level phrases, 296 second ⁃
level phrases and 1620 third⁃level phrases.

3) Map the item ID → the irregular label to the item ID →
standard label according to the Algorithm 1. After mapping
the irregular label, every item ID corresponds to a unique
standard label.

4) Store the item ID → the standard label to HBase in corre⁃
sponding tables. In this step, we create six tables with the
same names of the corresponding online store. The item
ID → standard label is written into the corresponding table
in the format mentioned in Section 3.1.

3.4 Data Processing
In this part, we will focus on the processing of massive

amounts of DPI data based on Hadoop MapReduce, which is
the most popular open source implementation of the MapRe⁃
duce framework proposed by Google [24]. The feature of Ha⁃
doop MapReduce is high fault tolerance and scalability. It is
easy to program and perfectly suitable for our demands [25],
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▼Table 6. The store format of item information and samples

Rowkey
Item ID
4005363

3726830

Column family: qualifier
“label:standard”
“label:standard”

“label:standard”

Timestamp
default
default

default

Cell value
Standard label

(Computer → Computer → Laptop)
(Phone & Digital → Mobile

Communication → Mobile Phone)

▲Figure 6. The framework of Scrapy.

Websites of
online stores

Downloader

Scheduler

Spiders

Scrapy engine

Requests

Requests

Responses
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[26]. There are two stages
named map and reduce in a
Hadoop MapReduce job, we
only have to define the map
and reduce to finish our job.
The input and output for⁃
mats of map and reduce are
shown in Fig. 7. The for⁃
mats are denoted as a set of
key⁃value pairs (key, value).
The procedure of DPI data
processing is as follows.

1) Map
The Map process is to transfer the URL to item ID based on

regular expression matching, as shown in Fig. 1. We take two
modules to achieve this function in this phase, they are Filter
and Regex Match.
Filter: The input format is key⁃value pairs of raw DPI data,

which contains a lot of information. The key is offset of current
line in the file and the value is raw DPI data. Filter extracts
the information we need, including the use ID, URL, time⁃
stamp and domain name shown in Table 1, abandoning other
information such as user agent, data size, protocol, and IP. At
the same time, Filter also extracts the data from the top six on⁃
line stores according to their domain names and abandon other
DPI data. Moreover, we take IMSI encrypted by MD5 for priva⁃
cy and security concerns as unique ID of users. In a nutshell,
the output of Filter is in the form of key⁃value pairs (encrypted
IMSI, URL from top six online stores| timestamp| domain
name).
Regex Match: This module handles all URLs after Filter

through Regex matching to extract the item ID. It is difficult to
follow tens of rules of Regex from the top six online stores to
match the item ID. We adopt two strategies to handle this prob⁃
lem. One is matching all rules for one URL and ignoring which
application the URL is from. We call this strategy Global
Match. The other one is identifying which application the URL
is from first, and then matching the URL based on rules from
the corresponding application. We call it Partial Match.

We found that Partial Match costs less time than Global
Match based on our experiment in the Table 7. In the experi⁃
ment, the number of nodes in our Hadoop cluster is 104, and
the time refers to the duration of the Map phase. The final out⁃
put of the Map phase is key⁃value pairs (encrypted IMSI, item
ID | timestamp | domain name).

2) Reduce
Reduce finishes the last step of our data processing, that is,

querying the standard label from the corresponding tables in
HBase. In this process, we need to construct six table connec⁃
tions to HBase and then get the standard label by item ID. The
item ID from the Map process is queried and then output to the
(encrypted IMSI, standard label and timestamp) to a directory.

3) Configuration

Some necessary configuration parameters need to be set first
in the job of launching a MapReduce. For example, the input
and output format of Map and Reduce, the directory of original
input and final output, and the number of Reduce.
3.5 Results

After all the work is done, we achieve the BT on the DPI da⁃
ta, which can attach a Hierarchical label on user behavior. Ta⁃
ble 8 shows the results of our methodology and implementation.

The IMSI is the unique ID tied with unique users, and en⁃
crypted by MD5 for privacy and security concerns. The URLs
represent users’browsing behavior and the labels are the BT
on their behavior. These labels imply users’interest and pref⁃
erence, which will help identify potential buyers from the large
amounts of Internet users.

4 Conclusions
We developed an extensive methodology for BT on users’

online shopping behavior. The methodology is based on hierar⁃
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DPI: deep packet inspection

▲Figure 7. Implementation of Hadoop MapReduce.

▼Table 7. Experiment results

DPI data size

2.7 Tb
470 Gb

Time cost in map
Global match
1 h 13 min
17 min

Partial match
46 min
10 min

▼Table 8. The final results of the proposed scheme

IMSI: international mobile subscriber identity URL: uniform resource locator

IMSI
898A93AA58976A4945

6222D58420B6B1

4B0DA828BDF06C1C2
1BC8926456402CA

45DCF28D2D947447F3
C9B87E24491131

DF6D96FC9B386DABF
2E5C0AADB508BC1

URL
http://item.m.jd.com/
product/3368118.html

http://cd.jd.com/img/
channel?callback=
jQuery6841693

|http://product.dangdang.
com/23215376.html

http://item.m.gome.com.cn/
product⁃A0004771496⁃
pop8003858741.html?

cmpid=seo_baidu_kapian

Label
Online shopping →

Appliances → Health
appliance

skuId=10483088139&_=
1503617852363& Online

shopping → Home building →
Home textile cloth → Sheets
Online shopping → Books →

Political/Military
Online shopping → Home

appliance → Personal care →
Shaver

DPI Filter
(k1,v1)

Map

Regex
match

(k2,v2)
Query

Reduce
(k3,v3) Output

Con
figu

rati
on
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chical and semantic taxonomy aggregation. As a result, we can
attach a hierarchical and semantic label to online shopping be⁃
havior, which will help identify potential buyers from the large
amounts of Internet users and achieve precision marketing. We
adopted the WMD algorithm to aggregate similar semantic la⁃
bels to a unified label, and implemented our methodology on a
big data platform. It performed efficiently to mine users’be⁃
havior on online shopping applications.
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The filter and antenna are two key components of the radio
frequency (RF) front⁃end. When the antenna is directly con⁃
nected with the filter, additional mismatch losses will be
caused. Therefore, the antenna and filter are integrated into
a single device to provide both filtering and radiating func⁃
tions. In this way, many advantages, like low cost, light
weight, small size and lower insertion loss can be obtained.
In this paper, the co⁃design approaches of RF filter⁃antenna
are reviewed. Based on the open literatures, the integrated
approaches of filtering antenna can be classified into five
main categories:1) Co ⁃ design by optimizing the interfacing
impedance, 2) co⁃design according to the synthesis approach
of filter, 3) co⁃design by embedding novel resonators within
the feeding structures, 4) co ⁃ design by employing auxiliary
physical structures, and 5) other methods. The RF filter⁃an⁃
tenna system can improve the integration degree of RF front⁃
end, reduce its size and cost, and optimize its performance.
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1 Introduction
iniaturization and low cost are the two most
fundamental demands for the radio frequency
(RF) receiver front⁃end. Nowadays, dual⁃func⁃
tion or multifunction integrated modules be⁃

come more and more popular in wireless communication sys⁃
tems for their miniaturized circuit size and satisfying overall
performance. For example, the noise figure of a RF antenna⁃fil⁃
ter low⁃noise⁃amplifier (LNA) system has been significantly im⁃
proved with the co⁃design strategy [1]. In [2], antennas were co⁃
designed with the amplifier and transceiver to attain higher in⁃
tegration degree. The filter and the antenna are independent
component in most of the RF front⁃end. The antenna is used to
receive and transmit signal, and the bandpass filter is cascad⁃
ed right after the antenna for filtering the spurious signals.
Generally, the bandpass filter and antenna are designed sepa⁃
rately and connected by a 50 Ω transmission line. This trans⁃
mission line not only degrades the performance of the system
but also occupies the additional circuit area. Recently, many
scholars have begun to study the co ⁃ design method for the
bandpass filter and antenna. Based on the open literatures, it
is possible to categorize co⁃design approach in five main cate⁃
gories: 1) Co⁃design by optimizing the interfacing impedance;
2) co⁃design according to the synthesis approach of filter; 3) co⁃
design by embedding novel resonators within the feeding struc⁃
tures; 4) co⁃design by employing auxiliary physical structures;
5) other methods.

2 Survey and Analysis

2.1 Co⁃Design by Optimizing the Interfacing Impedance
One of the simply co⁃design way by optimizing the interfac⁃

ing impedance between the filter and antenna is displayed in
Fig. 1. Here, the filter and antenna are layered and share the
same ground plane to reduce the dimensions [3]. The advantag⁃
es of this co⁃design approach are that the miniaturized dimen⁃
sions can be obtained compared to the version before the co⁃de⁃
sign. Also, the design process of the filter and antenna is mutu⁃
ally independent. By optimizing the impedance at the interfac⁃
es of the filter and antenna, the performance can be improved.
Various integrated filtering antennas using this method have
been reported [3]-[6]. An example has been developed in [3].

M

▲Figure 1. A co⁃designed filtering antenna.
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The S11 and gain before and after the co ⁃design are shown in
Fig. 2. It can be seen that, for the co ⁃ designed version, the
measured pass ⁃ band is located at 4.06- 4.26 GHz. As com⁃
pared to 4.03- 4.14 GHz for the traditional version, a wider
bandwidth is obtained. Meantime, the corresponding peak gain
is 4.3 dBi, better than 2.8 dBi for the traditional version.
2.2 Co⁃Design According to the Synthesis Approach of

Filter
In this approach, the last stage of filter network is replaced

with an antenna which acts as one of the resonators. The syn⁃
thesis and design process is same as the filter. The advantages
of this approach are that the realized filtering antenna has a
high integration degree. The disadvantages are, in some de⁃
signs, extra filtering circuits are inserted to the antenna feed⁃
ing networks, causing extra insertion loss and degrading anten⁃
na gains.

Many of the filtering antennas according to the synthesis ap⁃
proach of filter use the microstrip structure [7]- [15]. Most of
them obtained compact dimensions, such as 0.41lg × 0.6lg
[12] and 0.23lg × 0.29lg [13]. A typical example and corre⁃
sponding results can be found in Fig. 3 [9]. It is demonstrated

that this simple filtering antenna possesses a flat realized gain
response within its operational band and has good band⁃edge
selectivity.

This co⁃design method can also be used for filtering anten⁃
nas fed by coplanar waveguide (CPW) [16]- [18] and filtering
dielectric resonator antennas. Especially in [17], a reconfigu⁃
rable filtering slot antenna (FSA) is designed. Its structure and
results are shown in Fig. 4 [17]. Compared to the ordinary slot
antenna, the proposed FSA has a wider bandwidth, flat anten⁃
na gain in the passband, and good frequency skirt selectivity in
both states.

Recently, this co⁃design method is applied for designing the
filtering microstrip antenna array [19], [20]. In [20], two filter⁃
ing microstrip antenna arrays fed by a uniform/nonuniform
power divider network have been designed, fabricated, and
measured. Fig. 5 displays its photograph fed by a uniform pow⁃
er divider network [20]. Both the antenna arrays have achieved
good impedance matching characteristic as well as filtering re⁃
sponse, such as a flat gain frequency response, sharp band
edge characteristic, and high stopband suppression. The filter⁃
ing antenna array fed by a nonuniform power divider has pre⁃
sented a low sidelobe performance.
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a)

▲Figure 2. a) Measured and simulated S11 and b) Measured gains for
the co⁃designed and traditional filtering antennas.

b)

a)

▲Figure 3. a) The first electrical small filtering antenna and b) measured
and simulated |S11| and realized gain values of the filtering antenna.
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2.3 Co⁃Design by Embedding Novel Resonators Within
the Feeding Structures

In order to control the performance of filtering patch anten⁃
nas, many designs embed the resonator within the feeding
structure of antenna. The advantages of this approach are that

its design can be more flexible and free. Also, since no com⁃
plex filtering and matching networks are involved, the pro⁃
posed dual⁃band filtering antenna is very compact and the in⁃
sertion loss of feeding circuit is desirably low.

This approach is often used to realize multi⁃band and UWB
filtering antennas [21]- [28]. Typical planar structure can be
found in [23]. Its configuration and the corresponding S11, gain
are shown in Fig. 6 [23]. It can be seen that the two operating
bands locate at 1.9 GHz and 2.6 GHz for LTE applications.
The out⁃of⁃band gains are less than ⁃10 dBi, indicating more
than 16 dB out ⁃of ⁃band radiation rejection levels, which can
meet the requirement of LTE MIMO for customer premise
equipment (CPE). It is also seen that radiation nulls are gener⁃
ated at 1.85 GHz and 2.10 GHz for the lower band, and 2.50
GHz and 2.91 GHz for the upper band, resulting in better filter⁃
ing performance for two bands.

It is worth mentioning that in [28], the tunability has been
achieved by centrally loading the resonator with only a single
varactor diode (Fig. 7). Since the frequency tuning technique
is achieved at the feeding line of the antenna without affecting
the antenna radiation characteristics, the radiation patterns are
stable over the interesting frequency range. This makes the pro⁃
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▲Figure 4. a) Layout of the proposed reconfigurable filtering slot
antenna and b) simulated and measured S11 and gain of the FSA for
OFF and ON states.

a)

b)
PIN: positive intrinsic negative RF: radio frequency SMA: sub⁃miniature⁃A

▲Figure 5. Photograph fed by a uniform power divider network.

▲Figure 6. a) Fabrication prototype of the dual⁃band filtering antenna
and b) simulated and measured results of the proposed antenna.
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posed filter ⁃ antenna convenient for the interweave Cognitive
Radio (CR) communication applications. In addition, in [24], a
filtering antenna which consists of the conventional microstrip⁃
fed monopole antenna and the recently developed high ⁃ fre⁃
quency⁃selective two⁃stage filter based on the twist ⁃modified
Split Ring Resonator (SRR), is demonstrated in Fig. 8. To fil⁃
ter out the unwanted out⁃of⁃band radiation, the used filter unit
is inserted directly into the feeding line of the monopole anten⁃
na without adding extra space.

This co⁃design method can also be used for the filtering di⁃
electric resonator antenna (DRA) [29]-[31]. The common per⁃
formance of three designs are that they show better second har⁃
monic suppression, with out⁃of⁃band suppression of more than
23 dB within very wide stopband. To the best of our knowl⁃
edge, it is the broadest passband and stopband that can be ob⁃
tained thus far from a simple co ⁃ designed broadside filtering
antenna. Fig. 9 shows the interesting filtering circular polariza⁃
tion (CP) antenna in [31]. Here, the coupled line sections are
introduced on the flexible snowflake shaped patch element to
obtain wideband, excellent bandpass filtering and harmonic

suppression characteristics. A hollow DRA is integrated with
this coupler for the implementation of a wideband filtering CP

Overview of Co⁃Design Approach to RF Filter and Antenna
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▲Figure 7. Schematic of the proposed tunable bandpass filtering
antenna: a) The top layer; b) the bottom layer.

b)

a)

DC: Direct Current GND: Ground RF: Radio frequency

DR: dielectric resonator

▲Figure 8. Photographs (top view and back view) of the co⁃designed
filtering antenna and the conventional planar printed monopole antenna.

▲Figure 9. a) Photograph of the designed wideband filtering CP antenna
and b) configuration of the proposed wideband filtering CP antenna.
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antenna. The realized antenna exhibits a wide overlapping
bandwidth of 27.8%. Moreover, the proposed antenna achieves
a wide stopband up to the third harmonics with a suppression
level larger than 19 dB.
2.4 Co⁃Design by Employing Auxiliary Physical

Structures
In order to improve the integration and reduce the insertion

loss caused by inserting extra filtering circuits, filtering anten⁃
nas by employing auxiliary physical structures are proposed
[32]-[35]. Since no extra filtering circuit is involved, the anten⁃
na is very simple. Moreover, due to eliminating insertion loss
of filtering elements, this type of filtering antennas can provide
a relatively high gain.

In this co⁃design approach, the auxiliary physical structures
can be merged with the original antenna [32] or realized in the
driven patch [33], [34]. For example, in [32], the filtering an⁃
tenna is realized by adding a parasitic loop to a unidirectional
loop antenna. As a result, two radiation nulls in the gain curve
versus frequency are obtained at the lower and upper band ⁃
edges, showing enhanced skirt selectivity. In [33], as a high ef⁃
ficient radiator, the metasurface is elaborately designed to pro⁃
vide a sharp roll ⁃ off rate at upper band edge for the filtering
function. In [34] and [35], a filtering antenna composed of a
driven patch and a stacked patch is proposed. In the driven
patch, three shorting pins and a U ⁃ slot are embedded to en⁃
hance out ⁃ of ⁃ band suppression and skirt selectivity near the
lower band⁃edge, whereas the stacked patch provides a sharp
roll⁃off rate at the upper band⁃edge and also an enhanced gain.
2.5 Other Methods

In addition, there are other kinds of filtering antenna, such
as horn filtering antenna [36] and substrate integrate wave⁃
guide (SIW) filter ⁃antenna [37]- [40]. In [36], the single ⁃ and
dual⁃band split ⁃ ring resonator (SRR) etched on a Rogers Du⁃
roid RT5870 dielectric substrate are inserted within the metal⁃
lic flare of the horn at a proper distance from the throat. At the
resonant frequencies of the SRR, transmission is highly re⁃
duced and the notched⁃bands are obtained. For the SIW filter⁃
antenna, it is demonstrated that the co⁃design can be used to
reduce the transmission loss, enhance bandwidth and suppress
signals of adjacent frequency band. This antenna array can be
used as mm⁃wave front end which demands for compact size
and low noise disturbing.

3 Conclusions
An overview of reported filtering antenna in open literatures

has been presented. As the requirement for various applica⁃
tions grows, there are a greater number of filtering antennas
that can be classified in a wide range of different types. This ar⁃
ticle reports the filtering antennas based on the co⁃design ap⁃
proaches. It is demonstrated that the co⁃design is an efficient

method to improve the integration degree, reduce the size and
cost, and optimize the performance.
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