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With the rapid development of the mobile internet and the
massive deployment of the Internet of Things, mobile devic⁃
es, including both the consumer electronics and the sensors,
become hungrier for the energy than ever before. Convention⁃
al cable based charging largely restrict the movement of the
mobile devices. Wireless charging hence emerges as an es⁃
sential technique for enabling our ultimate goal of charging
anytime and anywhere. By efficiently exploiting the legacy of
the existing communication infrastructure, we propose a nov⁃
el data and energy integrated network (DEIN) in order to re⁃
alise the radio frequency (RF) based wireless charging with⁃
out degrading the information transmission. In this treatise,
we focus on the implementation of the DEIN in both the the⁃
oretical and practical aspects, concerning the transceiver ar⁃
chitecture design and the rectifier circuit design. Further⁃
more, we also present a Wi⁃Fi based testbed for demonstrat⁃
ing the availability of the RF based wireless charging.
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1 Introduction
ith the rapid development of the mobile inter⁃
net, people become indulged in their hand ⁃
held smart devices for social networking, pic⁃
tures/videos sharing and online gaming. Fur⁃

thermore, regular mobile devices are all equipped with power⁃
ful CPUs and large screens. Running these intense energy con⁃
suming applications quickly drains the rechargeable battery.
Charging their mobile devices every single day has become an
annoying recipe in people’s daily life. Moreover, cable based
charging restricts positions of mobile devices. Wireless charg⁃
ing may provide more flexible options for the holders of various
types of electronic appliances.

Currently, resonant inductive coupling and magnetic reso⁃
nance coupling emerge as two flexible wireless charging op⁃
tions for different electronic appliances. Resonant inductive
coupling based wireless charging relies on the magnetic cou⁃
pling that delivers electrical energy between two coils tuned to
resonate at the same frequency. This technique has already
been commercialised for the small electronic appliances [1],
such as mobile phones, electric toothbrushes and smart watch⁃
es. The coupling coils only allow the near⁃field wireless power
to transfer at a distance from a few millimetres to a few centi⁃
meters [2], while it is capable of achieving the power transfer
efficiency as high as 56.7% when working in the frequency of
508 kHz [3]. Furthermore, resonant inductive coupling r⁃
equires strict alignment of the coupling coils. A small misalign⁃
ment may result in dramatic reduction of the power transfer ef⁃
ficiency [4]. As a result, during the charging process, the elec⁃

tronic appliances cannot be freely moved.
By contrast, magnetic resonance coupling relies on the eva⁃

nescent⁃wave coupling to generate and transfer electrical ener⁃
gy between two resonators. This technique has already been
widely adopted for charging the electric vehicles due to its
high power transfer efficiency [5]. For example, magnetic reso⁃
nance coupling is capable of achieving the power transfer effi⁃
ciency as high as 90% given a distance of 0.75 m [6]. Both
of its power transfer efficiency and its allowable charging dis⁃
tance are much higher than that of the resonant inductive cou⁃
pling. However, magnetic resonance coupling still belongs to
the category of the near⁃field wireless charging, since its power
transfer efficiency dramatically reduces to 30% when the dis⁃
tance increases to 2.25 m [6]. Nevertheless, magnetic reso⁃
nance coupling does not require strict alignment between the
rechargeable device and the energy source. During the charg⁃
ing process, the electronic appliances are therefore able to
move within the charging area [7].

Supported by the above ⁃ mentioned two classic near ⁃ field
wireless charging techniques, the conventional charging cables
are replaced by charging plates. Restricted by their short ener⁃
gy transfer distance and strict alignment requirements, a re⁃
chargeable device has to be placed on the charging plate for
the energy reception [8]. It is far from our ultimate goal—
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charging anytime and anywhere. Furthermore, massive sensors
will be deployed for the realisation of the Internet of Things
(IoT) and smart cities. Due to the difficult replacement of the
sensors in some circumstances, wireless charging is an essen⁃
tial technique for extending the life time of the sensors as long
as possible. Obviously, the near ⁃ field wireless charging tech⁃
niques is not suitable for providing power supplies for the sen⁃
sors.

With the dramatic growth of the wireless communication de⁃
mand, a huge number of diverse information transmitters work⁃
ing in the radio frequency (RF) will be deployed, especially in
the densely populated urban areas. Researchers have foreseen
that the transmitters may outnumber the receivers in the near
future, which inspires the rise of ultra⁃dense networks (UDNs)
[9]. Consequently, the ambient environment will be filled with
plenty of RF signals. If an electronic device is capable of har⁃
vesting energy from these RF signals, it may effectively solve
their energy shortage issue.

Current research mainly focuses on two techniques of seek⁃
ing power supply from the RF signals. The first technique is
harvesting energy from the ambient RF signals, which are prop⁃
agated by TV towers [10], cellular base stations [11], Wi⁃Fi ac⁃
cess points [12] and more. However, due to the hostile wireless
channels, the power carried by the RF signals in air is serious⁃
ly attenuated and only a small fraction of power can be harvest⁃
ed. As a result, this technique is mostly adopted for powering
sensor networks, where the duty cycles of the sensors are very
long and their communication demand is very low.

The second technique is harvesting energy from the dedicat⁃
ed RF signals. With the aid of dedicated RF resources span⁃
ning from spectrum domain, time domain to space domain, the
hostile wireless channel attenuation can be compensated by
some classic wireless communication techniques, such as or⁃
thogonal frequency division multiplexing (OFDM) [13], full⁃du⁃
plex [14] and multiple antennas [15]. Therefore, we may even⁃
tually achieve high efficient wireless power transfer. Further⁃
more, some dedicated infrastructure may also be deployed for
fulfilling the users’energy demand. As a result, static power
beacons [16] may be massively deployed alongside the existing
cellular infrastructure. Furthermore, a vehicle carrying a power
beacon [17] may also patrol around a specific area covered by
a mobile network in order to power the mobile nodes within it.

However, dedicated power transfer infrastructure requires
additional investment, while transmitting energy on dedicated
RF channels occupies additional communication resources.
These may consequently harm the wireless communication per⁃
formance to some extent. In order to more efficiently exploit
the existing communication infrastructure, we hope to realise
the integrated data and energy transfer [18], which hence re⁃
sults in data and energy integrated networks (DEINs). In this
treatise, we focus our attention on the physical implementation
of the devices in the future DEIN. Our novel contributions are
listed as follows:

•We provide a thorough tutorial on the transceiver architec⁃
ture design for the devices in DEINs from both the theoreti⁃
cal and implementation perspectives.

•We provide a thorough tutorial on the circuit design for the
essential energy reception components and we also provide
the tractable analysis for the RF to direct current (DC) con⁃
version efficiency.

•We also present a Wi⁃Fi based wireless power transfer sys⁃
tem in order to demonstrate the availability of the integrated
data and energy transfer.
The rest of the treatise is organised as follows. In Section 2,

we elaborate on the architecture design for both of the generic
transmitter and the splitter based receiver. In Section 3, we
provide details of the circuit design for effciently converting
the RF signal to the DC. Furthermore, a Wi⁃Fi based wireless
power transfer prototype is presented in Section 4, followed by
the final conclusion of our treatise in Section 5.

2 Transceiver Architecture for DEIN
In order to physically realise the simultaneous transfer of

both the information and energy, we have to re ⁃ design the
transceiver architecture for potential devices in DEINs, e.g.
sensors, vehicles and mobile handsets.
2.1 Transmitter Architecture

The transmitter architecture of devices in DEINs is not quite
different from their current commercialised counterparts de⁃
signed for data transmission, as illustrated in Fig. 1. A typical
transmitter in DEINs consists of several important components.

After responding to an information requester, the applica⁃
tion layer of the transmitter, which is regarded as the“informa⁃
tion source”in Fig. 1, generates a sequence of the information
bits and pushes these bits into the channel encoder as well as
the modulator. Some of the redundant bits are added to the
original information bits in order to enhance the communica⁃
tion reliability before being modulated to the pass band for
transmission. Note that all the energy required for this signal
processing comes from the energy source of the transmitter.
For example, additional redundant bits may consume extra en⁃
ergy in order to form additional signal waves and the modulator
may also consume energy in order to modulate the information
by the pulse⁃amplitude, which is well known as the pulse⁃am⁃
plitude modulation (PAM). As a result, after the channel encod⁃

MIMO: multiple⁃input multiple⁃output OFDM: orthogonal frequency division multiplexing

▲Figure 1. The transmitter architecture of devices in DEINs.
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er and the modulator, the pass ⁃ band signal waves carry both
the information and the energy. A careful design of the channel
encoder as well as the modulator may substantially improve
the performance of the simultaneous information and energy
transfer.

Additionally, the transmitter in Fig. 1 is also capable of re⁃
sponding to an energy requester. After receiving the request
from an energy receiver, the information source of the transmit⁃
ter may generate a sequence of dummy bits in order to carry
the requested energy.

Either the dummy bits for pure energy transfer or the infor⁃
mation bits for simultaneous information and energy transfer
may be modulated into the transmit symbols and further flow
into the multiple⁃input multiple⁃output (MIMO) and the OFDM
module. MIMO technique may provide a range of benefits for
both the information and energy transfer as follows:
•Independent spatial channels provide diversity gains for en⁃

hancing the reliability of the information transmission [19]
and for strengthening the energy transfer [20].

•Independent spatial channels provide multiplexing gains for
increasing the throughput of the information transmission
[21] as well as providing additional tunnels for dedicated en⁃
ergy transfer [22].

•With the aid of multiple transmit antennas, the transmitter
is allowed to focus the main lope of its beam towards the re⁃
ceiver for the sake of counteracting the channel attenuation
[23]. This is even crucial for the wireless energy transfer
since the energy reception efficiency is very sensitive to the
received power level [24].
Furthermore, OFDM is another important technique for the

transmitter in DEINs. A higher received power level may bet⁃
ter stimulate the energy reception circuit and hence increase
the RF⁃DC conversion efficiency. We plot the cumulative dis⁃
tribution function (CDF) of the peak ⁃ to ⁃ average ⁃ power ⁃ ratio
(PAPR) of a 802.11a based OFDM system associated with the
binary⁃phase⁃shift⁃keying (BPSK) modulation in Fig. 2. We ob⁃
serve from Fig. 2 that if a higher number of subcarriers are allo⁃
cated to a transmitter⁃receiver pair, the PAPR is substantially
increased. Fig. 2 demonstrated that OFDM is capable of pro⁃
viding a waveform of high PAPR, which may remarkably in⁃
crease the energy delivery efficiency.
2.2 Splitter Based Receiver Architecture

Let us now investigate the receiver architecture design of de⁃
vices in DEINs. Fig. 3 illustrates three splitter based receiver
architectures, in which the signal is split in spatial, power and
time domains, respectively. Apart from different signal split⁃
ting approaches, these three receiver architectures share the
other components in common. After being received by the MI⁃
MO ⁃ OFDM receiver, the RF signal is split into two parallel
flows. One is for energy reception, where the rectifier plays an
important role in converting the RF signal to the DC before it
can be stored in the receiver’s battery. The other is for conven⁃

tional information reception, where the RF signal is trans⁃
formed from the pass band to the base band for further demodu⁃
lation and decoding operations before it arrives at the informa⁃
tion destination. Due to the signal splitting operation, the trad⁃
eoff between the energy reception and the information recep⁃
tion clearly exists. An optimal signal splitting approach in or⁃
der to serve different purposes is crucial for the design of a
splitter based receiver architecture. Next, we will study the im⁃
plementation of three typical splitting approaches, namely the
spatial splitting (SS), the power splitting (PS) and the time
switching (TS). Without loss of generality, the splitting factor is
denoted as ρ ( 0 ≤ ρ≤1 ), which indicates that a portion ρ
of the RF signal will be invoked for delivering the energy and

(b) Power splitting

CDF: cumulative distribution function PAPR: peak⁃to⁃average⁃power⁃ratio
▲Figure 2. The CDF of the PAPR of a 802.11a based OFDM system
associated with the BPSK modulation. The size of the
Fast⁃Fourier⁃Transformation (FFT) is 128. The maximum number
of subcarriers is 52.

▲Figure 3. Three signal splitting based receiver architecture for devices
in DEINs: (a) Spatial splitting based receiver architecture;
(b) Power splitting based receiver architecture; and
(c) Time switching based receiver architecture.
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the rest (1 - ρ) of the RF signal will be invoked for delivering
the information.

In the SS based receiver, as shown in Fig. 3a, the signal is
split by allocating different number of antennas at the receiver
for the energy and information receptions, respectively. For the
implementation of the SS based receiver, we have to jointly op⁃
timise the antenna selection on the receiver side as well as the
transmit power allocation on the transmitter side so as to
achieve the maximum information rate subject to the require⁃
ment of the energy reception. For example, in [25], by invoking
an antenna selection scheme and the interference alignment
technique, the authors partitioned the received signal into two
orthogonal spaces in order to achieve simultaneous information
and energy transfer. In [26], the problem was formulated as a
joint optimisation of both the antenna selection and the trans⁃
mit covariance matrix design in order to achieve the maximum
information rate subject to the energy harvesting constraint.

In the PS based receiver, the signal is split by the power
splitters for realising the independent energy and information
receptions, as illustrated in Fig. 3b. With the aid of the MIMO
system, we can realise the transmission of several independent
information flows and hence substantially increase the informa⁃
tion throughput. In order to extract energy from these indepen⁃
dent information flows, each receive antenna should be
equipped with a power splitter. These power splitters are capa⁃
ble of adaptively tuning themselves to conceive specific split⁃
ting factors. As a result, for the implementation of the PS based
receiver, we have to jointly optimise the splitting factors for
each antenna on the receiver side as well as the transmit power
allocation on the transmitter side so as to achieve the balance
between the information rate and the energy reception. For ex⁃
ample, the authors of [27] focused their attention on the impact
of channel estimation on the performance of integrated data
and energy transfer by jointly designing the PS factor as well
as the duration of both the training phase and the transmission
phase. Furthermore, the authors of [28] extended the point⁃to⁃
point scenario to a multi⁃relay cooperative network. They pro⁃
posed a harvest⁃use⁃store PS relaying strategy with distributed
beamforming for wireless⁃powered multi⁃relay cooperative net⁃
works.

Furthermore, several existing works focus on the circuit de⁃
sign for a practical power splitter of high performance. For ex⁃
ample, the authors of [29] proposed a 1 ⁃ V wideband CMOS
phase and power splitter (PPS) with an RLC network load and
frequency compensation capacitor. This power splitter could
only produce 7 degree error for phase and 1.4 dB power imbal⁃
ance. The authors of [30] presented a V⁃band active one ⁃ to ⁃
four power splitter in 90⁃nm LP CMOS process for phased⁃ar⁃
ray transmitter. In their power splitter, 0.75 dB power imbal⁃
ance and 4.3 degree phase error were achieved.

In the TS based receiver, the signal is split in the time do⁃
main by a time switcher for the independent energy and infor⁃
mation receptions, as illustrated in Fig. 3c. For its practical im⁃

plementation, we only need to partition a typical transmission
frame into two parts, namely the energy transfer sub⁃frame and
the information transfer sub ⁃ frame dedicated for the energy
and information receptions respectively. However, having di⁃
verse TS factors for each antenna is not quite realistic since
this operation may result in the mismatch of the RF signals re⁃
ceived by the independent channels, which may significantly
complicate the subsequent signal and energy processing. As a
result, all the antennas on the receiver side are assumed to
have identical TS factors. Therefore, for the implementation of
the TS based receiver, we have to jointly optimise both the pow⁃
er allocation on the transmitter side and the TS factors on the
receiver side in order to achieve the balance between the infor⁃
mation rate and the energy reception. For example, the authors
of [31] studied the tradeoff between the energy consumption
and the transmission delay by proposing a dynamic algorithm
for optimally allocating the transmit power and deciding the TS
factor. In [32], the authors maximised the end⁃to⁃end achiev⁃
able information rate in the decode⁃and⁃forward relay network
by jointly optimising both the transmit power and the TS factor.

3 Converting RadioFrequency Signal to
DirectCurrent
As shown in Fig. 3, rectifiers play essential roles in the inte⁃

grated data and energy reception. An efficient rectifier is capa⁃
ble of converting a remarkable portion of the received RF sig⁃
nal into the DC so as to boost the performance of wireless
charging. Besides focusing on the rectifier itself, we will con⁃
sider the overall energy conversion efficiency from the trans⁃
mitter side to the receiver side.
3.1 Overall Energy Conversion Efficiency

As shown in Fig. 4, we consider an overall energy converter
for the wireless energy transfer. The RF signal amplified by the
power Pt is transmitted by the antenna on the transmitter
side. After being attenuated by the wireless channel, the power
of the received RF signal is only Pr . We can simply formulate
the relationship between Pt and Pr as Pr = ηwPt , where the
energy conversion efficiency ηw is determined by various
types of wireless channel attenuation. Then, the RF signal
flows into the matching network first in order to alleviate the
impedance changes between the receive antenna and the recti⁃
fier. However, the matching network results in inevitable ener⁃
gy loss. The relationship between the input power Pr of the

▲Figure 4. An overall energy converter for the wireless energy transfer.
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RF signal to the matching network and the resultant output
power Prec is simply formulated as Prec = ηmnPr , where the
conversion efficiency ηmn is determined by the topology and
the electronic components of the matching network. Finally,
the RF signal goes to the rectifier. The converted power of the
DC signal is PDC = ηrecPrec , where ηrec is the conversion effi⁃
ciency of the rectifier. As a result, the relationship between the
transmit power Pt and the final DC power PDC can be formu⁃
lated as

PDC =ηw∙ηmn∙ηrec∙Pt , (1)
where ηmn∙ηrec is the conversion efficiency ηE from the re⁃
ceived RF power Pr to the DC power PDC as commonly as⁃
sumed in the literature.
3.2 RF Propagation and Aperture Antenna

The first component of the overall energy transfer system is
the wireless channel. The generic form of the path loss for the
RF propagation is formulated as:

ηpl =Gt∙Gr∙æ
è
ç

ö
ø
÷

c4πfd0

2
∙æ
è
ç

ö
ø
÷

d0
d

α

, (2)

where Gt and Gr are the transmit and receive antenna gains,
respectively, while c is the speed of the light, f is the carrier
frequency, and α is the path loss exponent. Furthermore, d0
and d are the reference distance and the actual signal radia⁃
tion distance, respectively. Specifically, when α = 2 , (2) be⁃
comes the well⁃known Friis’law for free⁃space radio propaga⁃
tion. Generally, the path loss exponent α is between 2 and
6 , depending on a specific propagation scenario. For an indoor
scenario, where d0 =1 m, d = 10 m, α = 3 , f = 2.4 GHz,
when isotropic transmit and receive antennas are conceived,
namely Gt = Gr = 1, ηpl is -70 dB according to (2), ηpl is fu⁃
rther degraded by increasing the carrier frequency f . For ex⁃
ample, in IEEE 802.11ad, which works in 60 GHz millimetre
wave (mmWave), ηpl is as low as -98 dB at the same distance
of d = 10 m. Apart from the serious path loss, the RF signal is
further attenuated by the multipath fading. The conversion effi⁃
ciency ηmul is the power of the multipath fading amplitude.
When the RF propagation distance is short, a line⁃of⁃sight path
always exists between the transmitter and receiver. In this
case, the multipath fading may be reasonably modelled as a
Rice distribution. Hence, the energy conversion efficiency of
the wireless channel can be expressed as ηw =ηpl∙ηmul .

The energy reception and information reception circuits
have different levels of sensitivity for the received power Pr .
For example, the effective received power level Pr is in the or⁃
der of -80 dBm for successful information recovery, thanks to
the implementation of the advanced error correction tech⁃
niques. By contrast, the effective received power level Pr for
triggering the energy reception circuit is in the order of - 10

dB, much higher than its information reception counterpart. In
order to guarantee the effective energy transfer, aperture anten⁃
na is capable of compensating the tremendous energy loss dur⁃
ing the signal propagation, due to its high directivity. For the
free space radio propagation scenario, we can rewrite ηpl in
the following equation [33]:

ηpl = Aeff, t∙A2
eff,r

λ2 ∙ 1
d2 , (3)

where Aeff, t and Aeff, t are the aperture areas for the transmit a⁃
ntenna and receive antenna respectively, while λ is the wave⁃
length of the radio signal. The aperture area of the isotropic an⁃
tenna is Aiso

eff = λ2 4π . Hence, given the unity gain of the isotr⁃
opic antenna, the gain of a directional antenna having an aper⁃
ture area of Aeff is expressed as Gt = 4πAeff λ2 . Compared to
the isotopic antenna based path loss of (2), the aperture anten⁃
na based path loss of (3) presents inverse trend with respect to
the carrier frequency. For example, a beam at 80 GHz will
have about 30 dB gain (narrower beam) compared to the beam
at 2.4 GHz frequency if the antenna areas are kept constant.
3.3 Matching Network

As explained in Section 3.2, after being attenuated by the
hostile wireless channel, the received RF signal has a very low
amplitude. There is not any margin to lose for transferring the
RF signal of low amplitude from the antenna to the rectifier.
As a result, we have to carefully design a circuit for matching
the impedance of the antenna to that of the rectifier. This cir⁃
cuit is regarded as a matching network.
Fig. 5 illustrates a typical L ⁃match topology based circuit

for the impedance match. In this example, the antenna is
roughly modelled by an alternative ⁃ current (AC) voltage VA

working in the carrier frequency f of the RF signal and a re⁃
sistance RA . The amplitude of VA generated by the antenna is
given by [34]
VA = 2∙ 2RAPr , (4)

where Pr is the RF signal power received by the antenna as
shown in Fig. 4. The rectifier and the ensuing load are jointly

▲Figure 5. A typical L⁃match topology based matching network.
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modelled by a resistance Rrec and a capacitor Crec in parallel
[35].

As shown in Fig. 5, the L⁃match topology comprises of a ca⁃
pacitor Cm and a inductor Lm . Note that Cm is connected to
Rrec and Crec sequentially but Lm is connected to them in par⁃
allel. The values of Cm and Lm are given by

Cm = 1
ωRA

∙ RA

Rrec -RA

, (5)

Lm = Rrec

ω
∙ 1
ωRrecCrec + 1/ RA

Rrec -RA

, (6)

where ω = 2πf is the angular frequency of the received RF
signal.

The voltage gain of the L⁃match topology is expressed as

G = Vrec

VA

= 12∙
Rrec

RA

. (7)

According to (7), for Rrec >RA , the voltage can be effectively
boosted by the L⁃match topology. Furthermore, the power con⁃
version efficiency of the matching network can be expressed as

ηmn =G2 = 14
Rrec

RA
. (8)

In order to maximise the power conversion efficiency of the L⁃
match topology, the following procedure has to be carried out.
A proper voltage gain should be selected and the resistance
Rrec can be determined according to (7) by assuming a given va⁃
lue for RA . Finally, given ω and Crec , the values of the com⁃
ponents in the L⁃match topology can be derived by (5) and (6).
Note that the L⁃match topology of Fig. 5 is a high⁃pass match⁃
ing network. If we exchange the position of Lm and that of Rm ,
we obtain a low⁃pass matching network. Furthermore, a multi⁃
stage L⁃match topology is also proposed in [36]. Due to its sim⁃
plicity, the L ⁃match topology is widely adopted in the circuit
design of the RF energy reception. Interested readers may refer
to [37]-[39] for more technical details.
3.4 Rectifier Design

After the impedance matching, the RF⁃signal flows into the
rectifier in order to be converted into the DC signal. The rectifi⁃
er is an essential component for the energy reception in the re⁃
ceiver architecture of Fig. 3.
Fig. 6 shows a single stage rectifier, which comprises of an

ideal diode, a parasitic capacitor Cpar and a resistor Rsh . The
input AC voltage Vrec sin(ωt) of the rectifier is the output one
from the matching network, where ω = 2πf is the angular fre⁃
quency of the received RF signal. The amplitude of Vrec can be
obtained with the aid of (7), if the L⁃match topology is invoked.

The energy storage unit is a capacitor Cload as an example.
The current id(t) flowing through an ideal diode with an AC

voltage vd(t) is expressed as [40]

id(t) = Is∙e
vd(t)
MVT

- 1 , (9)

where Is is the saturation current, VT is the thermal voltage
and M is the ideal factor. The value of the parasitic capacitor
Cpar(t) depends on the voltage vd(t) , which can be expressed as

Cpar(t) =C0
æ
è
ç

ö
ø
÷1 - vd(t)

V0

- 12 , (10)

where C0 is the zero bias junction capacitance and V0 is a
constant having a typical value of 0.6 V to 0.8 V. The current
ic(t) through Cpar(t) is derived as

ic(t) =
d( )Cpar(t)vd(t)

dt
=Cpar(t)dvd(t)dt

+ vd(t)dCpar(t)
dt

. (11)

Furthermore, the current flowing through the resistor Rsh is
expressed as ir( )t = vd(t) Rsh . Finally, we have
i( )t = id( )t + ic( )t + ir(t) . The net electric charge accumulated at
the energy storage capacitance during a single charging cycle
T is derived as

ΔQ = ∫0T id(t)dt + ∫0T ic(t)dt + ∫0T ir(t)dt , (12)
where T =1 f . For simplicity, the authors of 0 assume
Rsh = +∞ and hence we have ir( )t = 0 . Furthermore, we also
have vd( )t = Vrec sin(ωt) - Vc , where Vc is the voltage of the en⁃
ergy storage capacitance, which remains constant during a
charging cycle T .

The periodic property of the sinusoidal wave results in the
symmetric nature of ic( )t over a charging cycle T and hence
the corresponding integral ∫0T ic(t)dt is equal to zero. Eventual⁃
ly the net electric charge ΔQ only depends on id( )t , which

▲Figure 6. A single stage rectifier for converting the RF signal into the DC.

Matching
network

Single⁃stage rectifier Energy
storage

i (t )

id (t )

ic (t )

ir (t )

Ideal diode

Cpar

Rsh

i (t )

C loadVrec sin(ωt )
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can be further derived as

ΔQ = ∫0T id(t)dt = ∫0T Is∙æ
è
çç

ö

ø
÷÷e

vd(t)
MVT

- 1
dt = IsT

é

ë
êê

ù

û
úúe

- Vc

MVT ℐ0
æ
è
ç

ö
ø
÷

Vrec

MVT
, (13)

where ℐ0(·) is the modified Bessel function of first kind and
having an order of zero. In the steady state, the electric charge
flowing into the load Cload should be equal to that leaving the
load, which indicates ΔQ = 0 . According to this fact, we can
derive the voltage Vc of the energy storage capacitance, which
is expressed as

Vc =MVT∙ logé
ë
êê

ù

û
úúℐ0

æ
è
ç

ö
ø
÷

Vrec

VT
. (14)

Furthermore, the power conversion efficiency of the rectifier
is expressed as

ηrec = æ
è
ç

ö
ø
÷

Vc

Vrec

2
= æ
è
çç

ö

ø
÷÷

MVT

Vrec

logé
ë
êê

ù

û
úúℐ0

æ
è
ç

ö
ø
÷

Vrec

VT

2
(15)

Normally, connected multi ⁃ stage rectifiers having the same
capacitors and diodes are practically implemented for harvest⁃
ing energy from the RF signal [41], [42]. Fortunately, the per⁃
formance of the multi⁃stage rectifiers can be well approximated
by the above⁃introduced single⁃stage rectifier [43].

After characterising the power conversion efficiency for ev⁃
ery component in Fig. 4, we finally obtain a practical expres⁃
sion for the power conversion efficiency of the overall system,
which is expressed as ηw∙ηmn∙ηrec .
3.5 Energy Storage

Thanks to the above ⁃ mentioned physical implementation,
the energy harvested from the RF signal now is able to drive
the electric load or to be stored in the energy storage unit.
There are two typical energy storage units for different applica⁃
tion scenarios.

The first one is the capacitor based energy storage, such as
the load capacitor Cload in Fig. 6, where the energy is stored in
the electric filed between its insulated plate. The two equa⁃
tions in (16) characterise the discharging and the charging pro⁃
cesses of a capacitor respectively [44]:

Q(t) =Q0e
- t
RC , Q(t) =Q0

æ

è
çç

ö

ø
÷÷1 - e- t

RC , (16)

where Q(t) is the charge remained in the capacitor at time t ,
Q0 is the maximum charge that the capacitor can store, R is
the affiliated resistance and C is the capacitance of the capac⁃
itor. According to these two equations, we observe that as an
energy storage unit, the capacitor has a very fast charging and
discharging rate. Furthermore, due to its distinct energy stor⁃
age mechanism, it has unlimited rechargeable life cycles. How⁃

ever, the capacitor also has some obvious drawbacks as an en⁃
ergy storage unit. For example, it is only capable of storing a
small amount of energy in its electric field and its energy leak⁃
age is significant. Furthermore, during the discharging pro⁃
cess, the capacitor cannot provide a stable voltage since its
voltage v(t) linearly depends on the amount of the charge,
namely Q( )t =C∙v(t) . According to this distinct nature, capaci⁃
tors are suitable to be implemented in sensors for collecting en⁃
ergy and powering their sensing cycles [45], [46]. Since sen⁃
sors work with very low power consumption, they have a long
duty cycle and it is difficult to frequently replace their energy
storage units.

The second one is the rechargeable battery based energy
storage, such as Lithium ⁃ ion (Li ⁃ ion) and Nickel Metal Hy⁃
dride (NiMH) batteries. These batteries store energy by chemi⁃
cals residing in it. Hence, the energy storage of rechargeable
batteries is more stable than that of capacitors. According to
[47], the state Q( )t of the charge at time t≥ t0 in the re⁃
chargeable battery system is expressed as

Q(t) = ìí
î

ï

ï

∫t0tγ(τ)[ ]ir(τ) - il(τ) dτ +Q(t0), Q(t)≤Qmax(t),
Qmax(t), otherwise (17)

where ir(t) is the rechargeable current at time t , il(t) is the
current demanded by the load and Qmax(t) is the potential maxi⁃
mum charge at time t . In particular, the function γ(t) in (17)
represents the recharging efficiency. Generally speaking, the
function γ(t) approaches to zero as the charge of the battery
gets close to its maximum Qmax(t) . By contrast, at a lower
charge level, γ(t) is close to a unity. Note that when the re⁃
charging current ir(t) is higher than the required current il(t) ,
(17) illustrates a charging process. By contrast, when
ir(t) < il(t) , (17) characterises a discharging process. Further⁃
more, the energy leakage (self⁃discharge) of rechargeable bat⁃
teries is remarkably smaller than that of capacitors. For exam⁃
ple, the discharge of a Li⁃ion battery in a month. is only 2%−
3% of its total amount of charge. Rechargeable batteries may
also provide constant voltage during the discharging process.
According to these distinctive characteristics, rechargeable
batteries are widely implemented for providing stable power
for the mobile consumer electronic devices, such as smart
phones, tablets and laptops. Fulfilling both the information and
energy demand of these devices is the prime goal of DEINs
[48], [49].

4 A WiFi Based Testbed
As shown in Fig. 7a, our Wi⁃Fi based testbed for the energy

transfer experiment consists of two Zigbee nodes, two Wi⁃Fi ac⁃
cess points (APs), a smart⁃gateway, a Universal Software Radio
Peripheral (USRP) and a central server as well as an Ethernet
switcher. A rechargeable Zigbee node comprises of a wireless
energy reception circuit board and a Zigbee sensor board (Fig.
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7b). The Wi⁃Fi APs are invoked for providing wireless connec⁃
tion to the Zigbee nodes and for transferring energy to them.
The smart gateway is deployed for the basic control signalling
exchange as well as for collecting the sensing data uploaded by
the Zigbee nodes. The USRP is implemented for detecting the
conditions of the Wi⁃Fi channels, while the central server is for
coordinating the data and energy transfer of the Wi⁃Fi APs. Ex⁃
cept the Zigbee nodes, all the other components in our testbed
are connected by the Ethernet switcher.

Our wireless energy reception circuit installed in a recharge⁃
able Zigbee node has the following components: two matching
networks, a voltage regulator and a voltage booster (Fig. 7b).
Two sets of the L ⁃match topology are adopted for the imped⁃
ance matching at the frequencies of 2.4 GHz and 2.45 GHz, re⁃
spectively. These two bands are capable of covering almost all
possible Wi⁃Fi channels. The negative amplitude of the wave⁃
form of the received RF signal is reversed by two diodes imple⁃
mented in the voltage regulator. A programmable chip
bq25570, supplied by Texas Instruments, operates as the volt⁃
age booster in our wireless energy reception circuit. The con⁃
verted DC voltage is used for charging a Li⁃ion battery. In our
testbed, we program the chip bq25570 to supply the continu⁃
ous DC until the voltage of the battery reaches 3.6 V. The chip
may resume to work again when the battery voltage falls below
2 V. The Zigbee chip CC2530 is programmed to carry out sens⁃
ing duties.

Apart from its regular sensing duties, the Zigbee chip
CC2530 also monitors the voltage level of its own rechargeable
battery in every five minutes. Once the voltage falls below 2 V,
the Zigbee node sends the charging request to the smart gate⁃
way. The request is forwarded to the central server by the
smart gateway. Together with the information of the channel
state conditions offered by the USRP, the central server may
schedule an optimal Wi ⁃ Fi AP for fulfilling the charging re⁃

quest of the Zigbee node without degrading the commu⁃
nication performance of other nodes in the network.

In our testbed, the energy transmitter is implemented
in the Wi⁃Fi APs. An executable program is installed at
the APs in order to realise the function of wireless ener⁃
gy transfer. When a Wi⁃Fi AP is instructed by the cen⁃
tral server to transfer the energy to a requester, it may
first create a socket of the User Datagram Protocol
(UDP). Then a UDP based energy packet having a high
energy density spectrum is constructed. Afterwards, the
isotropic antenna of the Wi⁃Fi AP continuously broad⁃
casts copies of this energy packet until the battery of
the target Zigbee is full of charge. Furthermore, multi⁃
ple Wi⁃Fi APs, operating in different bands, may be se⁃
quentially coordinated by the central server in order to
cooperatively transfer the energy to the target Zigbee
node.

The RF based wireless charging testbed has attract⁃
ed tremendous interest from the electronic and commu⁃

nication engineers. The authors of [50] incorporated the ultra ⁃
wideband retro⁃reflective beamforming technique into the wire⁃
less charging system. In this system, at the energy transmitter,
the antennas are capable of forming a direction beam towards
the energy receiver, as introduced in Section 3.2. The authors
of [51] invented a RF based wireless charging system for wire⁃
less sensor network (WSN). Their testbed consists of multiple
sensors equipped with dedicated energy reception modules, a
Powercast TX91501 as an energy transmitter, and a Zigbee co⁃
ordinator working as both a sink and a synchroniser. In their
system, all the sensors are equipped with rechargeable batter⁃
ies. These batteries keep requesting the energy from the ener⁃
gy transmitter.

Different from the testbeds constructed in [50] and [51], our
system has a relatively simple hardware structure. An energy
reception circuit board is embedded in a Zigbee based sensor.
The charging process in our system works in an on ⁃ demand
mode, which may reduce the adverse effect of the wireless
charging on the other communication pairs in the same net⁃
work. Our system is capable of achieving the harmonious coor⁃
dination between the data transmission and energy transmis⁃
sion, which is the prime goal of DEINs.

5 Conclusions
Due to the massive usage of mobile devices, charging any⁃

time and anywhere becomes as essential as communicating
anytime and anywhere, which inspires a promising prospect for
the deployment of DEINs. However, the actual deployment of
DEINs is not even widely tested in the lab and it is far from
practice. As a result, this treatise aims for pushing the concept
of DEINs a step closer towards its practical deployment. To
this end, we provide a thorough tutorial on the transceiver and
the circuit design for the integrated data and energy transfer.

▲Figure 7. A prototype of the DEIN: (a) A Wi⁃Fi based testbed;
and (b) A Zigbee node.
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At last, we present our testbed based on harvesting the RF sig⁃
nal from the Wi⁃Fi access point so as to demonstrate the avail⁃
ability of the potential deployment of DEINs.
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