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Abstracﬂ\(\/ireless RF power transmission from dedicated En-  devices should feature two separate RF front-ends, for decod-
ergy Transmitters (ETs) is emerging as a promising approach to ing the information and converting RF energy into DC [6].
enable battery-less wireless networked sensor systems. Howeverﬂ'herefore, devising methods for energy provisioning without

when data communication and RF energy recharging occur in- . .
band, sharing the RF medium and devoting separate access affecting data communications appears to be the challenge to

times for both operations raises architectural and protocol level tackle [7]. For instance, transmission of both point-to-point
challenges. This paper proposes a novel method of concurrent energy and data enables downlink communications from a base

transmission of data and energy to solve this problem, allowing station (BS) to a node [8]. This is also benebcial in terms
ETs to transmit energy and sensors to transmit data in the same o parqware costs, since the signal receiver can be integrated

band synchronously. Our key idea concerns devising a physical . . -
layer modulation scheme that allows the data transmitting node in the energy harvester [9]. For uplink communications full

to introduce variations in the envelope of the energy signal at the duplex techniques have been proposed where the BS is able
intended recipient. We implemented a proof-of-concept receiver, to simultaneously transmit energy and receive information on
modeled and validated through extensive experimentation. We the same frequency [10]. However, enabling communication

then propose a new physical layer mechanism for guaranteed 5mong network nodes while an ET is transmitting power still
successful delivery of information in a point-to-point link. Quan- - .
needs to be investigated [11].

titative results demonstrate the feasibility of joint energy-data ) )
transfer, along with its associated benebts and tradeoffs. In this paper, we propose a new method for concurrent in

band transmission of data and energy, where nodes exchange
. data among each other while being re-charged by ETs at the
Wireless networked sensing systems are the Oinvisibigfhe time. The combined signal at the antenna of the receiving
enablers of pervasive communications and the Internet méde is characterized by a large bias component (generated
Things. A notable example in this Peld refers to graphemg the transmission of energy) with small Ructuations (caused
nano-antennas that are enabling the Internet of nano-Thingsthe overlapping data). In order to enable successful data
as an increasingly essential part of our everyday life [ljeception we decode the information by using the built-in en-
Powering these systems is becoming the crucial challenge.edgy detection properties of energy harvesters. This detection
key requirements such as cost effectiveness, very small fojieermodulates both data and energy signals, amplifying the
factors and decade-long lifetimes are difPcult to meet by usiagta signal through the action of the ET as a remote data signal
nodes that are battery-less or with low-capacity batteries. ampliber. Then, a novel physical layer technique is designed
A recently investigated viable approach to power and/@s mitigate the data and energy phase misalignment.
recharge these systems concerns the use of dedicated Energ¥he main contributions of this paper are as follow.
Transmitters (ETs) that send RF power to the system nodes o .
wirelessly [2]. This technique aims at leveraging RF energy¥ We present a communication mo_"?' fof df"‘ta reception
harvesting, allowing controlled powering of nodes that may through energy h_arvesters, prowdmg_ insights on the
have insufpcient residual energy in their batteries, or that are treatment of the signal through the action of the energy
unable to scavenge ambient energy at desired rates. Using harvest_er. . .
the RF spectrum for both energy and data transfer, however! Wg validate this model by testbeq-based .experlments
may seriously affect network operations and performance, and using off-the-shelf hardvyare, ;howmg the smultangous
require sophisticated hardware and devices that many systems recharglng of a node as it efbciently decodes data signals
cannot afford. For instance, transmitting energy and data on through its energy harv_ester. . .
different frequencies [3] would require multiple or broadband * We develop a new physical Iayer technique to mitigate the
access capabilities, since the frequency gap between energy obstacles that our apprqach brings tqwards guaranteeing
and data communications cannot be very small [4]. Alter- a successful point-to-point packet delivery.
natively, when both energy and data share a single bandThe rest of the paper is so organized. In Section Il we
specialized MAC protocols are required [5]. In both casedescribe the fundamentals of our Communications over wire-

I. INTRODUCTION



less Energy (CoE) scheme. Section Ill presents a commu-
nication model for the energy harvester. In Section IV we
experimentally validate the proposed communication model. In
Section V we describe a physical layer to enable reliable point-
to-point communications. The corresponding link is evaluated
in Section VI. Related works are reviewed in Section VII.
Finally, Section VIII concludes the paper.
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II. COMMUNICATIONS OVER WIRELESSENERGY Data —> Energy
This section debnes our Communications over wireless Fig. 1. A CoE node.
Energy (CoE) scheme and describes the network topology that
enables it.

Transmitter architecture. The design of the transmitter is not
A. Overview particularly challenging, and state-of-the-art wireless transmit-
. . . .. ters can be used to transmit data to the receiving sensor, since
We consider an RF wireless powered point-to-point link,; o e
made up of three components: An energy transmitter (ET)élégnal overlapping is performed at the antenna of the receiving
: ’Hgde. Each transmitting node (i.e., the ET and a node) just

transmitting node, and a receiving node. The purpose of t A
. . : nerates an RF wave that is wirelessly propagated to the
ET is to transmit power to the nodes. The nodes implem o

destination antenna.

CoE to communicate between them. ) ) - N
) . : . Receiver architecture. Designing a CoE data receiver is chal-
The key idea of CoE is that of overlapping the simultaneous . . L
énging since the RF waves overlap at the receiving antenna.

transmissions of data and energy in such a way that both tratis- .
- . erefore, this antenna must be able to separate the two
missions can be successfully recovered at the receiving node.” = = ™ o : .
. L : nsmissions, and do it with as little power as possible. To
To do this, the transmitting node superimposes a low-power
. .__.address these challenges we use an energy harvester as both
signal that modulates the envelope of the energy transmissign ] : ) .
: . ; . data and energy receiver. The idea is that of leveraging the
basically using the ET as a remote data signal ampliber gy : o
ergy transmission to amplify the data transmission, thus

(RDSA). The energy transmission is expectedly orders %ﬁminatin the need of power hungry signal amplibers and
magnitude larger than the power of the data transmission. To g b gry sig P

X L o - Performing a coherent RF baseband downconversion where
obviate this imbalance, the receiving node opportunistically” . : .
- i . ) ﬁlscnlators are no longer required (Section IlI-A).
utilizes the nonlinear properties of its energy harvester t0
intermodulate both transmissions, extract the data signal and |||
retain the harvested energy. _ _ _ o
This approach brings several benebts to the node. First!n this section we describe a communication model for
it reduces system complexity, as the node can be equipE¥ray harvgsters. that are used as S|gnal receivers for CoE,
with only one antenna and a single RF front-end for botf{here the signal is recovered by sensing the output current
data and energy reception. Second, the action of the ET Qdsthe energy harvester. The aim of this model is to help
RDSA removes the need for an internal RF ampliber.Thirgnderstanding why the energy harvester is suitable for data
it enables low-power coherent signal reception without powE#Ception. Our model divides the action of an energy harvester
hungry components (e.g., RF mixers). Finally, given that da@§ @ signal receiver into conventional communication blocks
and energy transmissions are simultaneous, the complexity@9 provides a high-level explanation of the reception process.

the MAC layer is reduced. The model is shown in Fig. 2.

. ENERGY HARVESTERS ASDATA RECEIVERS

B. Design of a CoE transceiver

Designing a CoE device requires addressing two major Sd(i(% 0
Ci

/e

challenges. First, the power required to implement CoE op-

eration should be as low as possible, to enable energy neutral

operations. Second, devices must be able to tolerate differenggs,. communication model of a CoE energy harvester as a signal receiver.

of orders of magnitude between the power of the simultaneous

data and energy transmissions. It is made up of bve components: A 1D homodyne receiver,
Fig. 1 shows the block diagram of a device with CoE. Sind&o ampliPer stage<i; andG»), additive noise and an output

the transmitter and the energy harvester both use the sdfyé-pass Plter.

RF frequency, they are connected to the same antenna. The ) ) )

harvester is in charge of converting the RF energy into electflc EXtracting the low-power overlapped information

current to power the sensor, as well as of acting as an RFThe input power detection of an energy harvester used

front-end for signal reception. (The communication data pa#ts a signal receiver for CoE implements the following two

in reception is showed in gray.) communication blocks.

xi(t) 182 xo(t) + (t)
23(t)

0s(2 fot + ")



¥ A 1D Homodyne receiver. The received RF signal i&here P, is the data signal received powds, indicates the
converted to baseband. Given that this unit is oneiodulated informationy is the phase shift between the energy
dimensional, only data arriving at the receiver in-phassnd data transmissions, angl(t) is the noise at the output

with the energy transmission is received. of the energy harvester dug to the antenna noise, debned as
¥ An amplifying stage of gainG; = 2 %:, where P, z2(t)=2 P.Pyi# zel% .

and P, are the received power from the energy and data Counter-intuitively, decoding data during the transmission

transmissions, respectively. of energy shows signibcant benebts, as it performs a coherent

. . reception and because the dual action of the ET as RDSA
The energy harvester operates as a power processing circuit

that converts the available power received by the antenna ir?trgphbes the data signal.
an electrical current, so that an energy storage unit can gep,.,..;-

recharged. Unlike signal processing circuits, power processingTh q d sianal i qi I . ;
circuits maintain the relation between input and output power, | '€ detected signal is converted into small variations o
electrical current generated by the energy harvester. Even

determined by a certain efbciency. By assuming a bPx X I=TEe ) , )
y y. By g gh, this conversion is ideally linear, it has been experi-

antenna impedance and a bxed output voltage, we obser ) i
that its output current is proportional to its input pO\I\Iel{nentally observed that the efpciency of the energy harvester is
Therefore:I,,; = V2, where is a constant that dependslnput-power dependent [12]. In general, we bnd that the output

n?' . .
on the electrical properties of the energy harvester (amoﬁﬁrrent is characterized by the power to current transconduc-

others, its input-to-output power conversion efbciency), th8"Ce9 and it can be written as:
input impedance of the circuit and the impedance matching.
The RMS value of the generated voltage at the antdripa Io+ zp = g(Pe + 21(1)),

i . = 2 i i .
is such thatP, Vin/Ra, with R, being the antenna wherelj is the constant component of the output current of the

impedance. . : .
- . energy harvester aneh refers to its small signal Buctuations
At the receiving node, both energy and data signals a(rﬁg. 2). To derive the small signal gain, we approximate this

received simultaneously. First, the transmitted data Sig%hction by its brst order Taylor polynomial:
arrives at the receiving end as: '

to-current (P-I) gain

. Io+ z2 % g(P) + ngD(Pe)l"l,
sa(t) = 2Py [br(t)cos (2rfot + ¢a) ! bg sin (2m fot + Ba)]

(1) where %%(Pe) is the derivative ofg(§ with respect to the
where P, is power received from the data signgh is the input power evaluated i¥.. As a result, the P-I gai; is:
carrier frequency, and, is the phase shift of the data at
the receiving node. The phase and quadrature components of Gy = @(pﬁ). (5)
the baseband data streatn, and b, are such that[B] = opP
E[br+ jbo]l = 0 and E[|B|?] = 1, whereE[4 is the statistical Fig. 3 plots the gair;, (Equation (5)) for the Powerharvester
expectation. Then, the transmitted energy, characterized ag1a00 from Powercast Co. [13].
large power carrier wave, arrives at the receiver node as:

~
=]
S

R
- (<]
se(t) = 2P.cos(2rfot + ¢c), @) . ,0°" |z
B ’ 9,00 o : 500
. . . E 109 =a,x+a =
where P, is the received power from the energy signal anz S B
. . . £ R X) = b_x?+b_ x+ °
fo stands for the carrier frequency. Notice that the carrig | Yoo LI
frequency of both transmissions are the same. H ,° f %0
The energy harvester performs power detection, which g O Vo vt || 20
transferred to the output in form of current. The input powe ¢ ] L U
110 !5 0 5 10 16 14 12 0 2 4 6 8 10
can be calculated as: mpuwo;ver[daml .npmpge,msm]
a,
_ 2 . o
x1(t) = [sa(t) + se(t) + z2()]", (3) Fig. 3. (a) Characterization of the output current of the Powerharvester

P1100 [13]. (b) Calculation of its small signal gaBp.
where z1(t) is the additive white Gaussian noise (AWGN)

generated at the receiving antenna, with powef;. By  To obtain this curve, we have Prst measured its input power
substitutingsq and s. from equations (1) and (2), respec+to output current relation (Fig. 3 (a)). The output DC current
tively, neglecting the high-frequency terms (i.e., the terms g modeled by a piece-wise function, with two distinguishable
frequency2fo), and assuming”. " P, we can approximate regions of operation. At input powers ! 1dBm the output
Equation (3) by: current, as a function of the input power (in dBm), can be
" g $ modeled with the brst order polynomigd(z). At high input
21(t)= P.+2 P,P.# B(t)e? + 2(t), (4) power it can be modeled by a second order polynomiét):



E. Decoding the symbol

g1(x) = 2.935¢ + 0.2843[mA/dBm]. Once the signal is extracted, a baseband receiver must
g2(x) =1.912¢% + 0.1058: + 0.3607[mA/dBm]. decode signal levels into a binary stream. We consider two
We then calculate7, as the partial derivative of the Ob_mam decoding alternat|yes. .
. . . . . - Comparator-based decoding. By employing a comparator-
tained piece-wise function with respect to the input POW§  sed decoder, the received signal is compared against a
(Fig. 3 (b)). Notice that this must be calculated in linear. ' 9 P 9

units, instead of dBm. We observe that the g&in depends given threshold, thus providing only two logic values. This
on th19 input power 01; the energy signal angl it ran%es frOis the most basic implementation of a signal receiver and

Shows signibcant advantages in power saving (offering a power
200 pAIMW to 600 pA/MW. consum[?tion< 1 uW asgrepori)ed in the ﬁtc(eratureg[lz]).
C. Additive noise However, these circuits suffer from low-performance, since no
As the noise that an energy harvester generates depend@@yanced signal processing techniques can be implemented.
the circuit topology, devices and design, it is not possible ttDC-based decoding. As a more advanced technique to re-
provide a generic closed-form expression. As a consequeneever information, the receiving sensor can implement analog-
the estimation of these values has to be performed eithert@ddigital converters. This option requires a signiPcantly larger
circuit design time or by experimentation. Notice that curremount of energy but enables the use of more advanced signal
energy harvesters do not target signal processing applicatiopi®cessing tools to improve signal quality. Power consumption
and therefore, these are not optimized for low-noise. We expétstate-of-the-art micro power ADC in the order of a few tens
that custom circuit design for CoE applications will loweef W have been reported [15].
the overall noise. According to our experiments (Section 1V),
we have measured a combined energy harvesting and mea- ) . ]
surement system noise characterized as AWGN with spectral? this section we develop a CoE receiver using off-the-
density of -80 dBmA/Hz. shelf hardware, and evaluate the model from Section Il and
We refer asZ; to the overall induced noise of the systemi,tS performance.
this is given by:

IV. PROOF OFCONCEPT

A. Implementation design and experimental set-up

Z3= Zpn + GaZa, Our experimental set-up is shown in Fig. 4.
where Zgy is the internal noise, and:,Z, represents the
contribution of the antenna noise after the P-I conversion stage. Transmitter Receiver

D. Output filter mmm Current Sensing

As the main purpose of energy harvesters is to regulate )
the output voltage, their circuits contain a relatively large
output equivalent capacitance to provide a stable output.
Unfortunately, this parallel capacitance at the output of the
energy harvester limits the bandwidth of the output current,
hence limiting the maximum achievable bit rate. To model

this last output stage, we bnd that the effective output CUrTeR,,smirter ser-up. We used a signal generator that generates

(«
POWERCAST
P1110

1 Processing
Signal Energy
Generator Storage

Fig. 4. Experimental set-up.

of an energy harvester is low-pass Pltered by: both energy and data transmissions at a bxed frequency of
Zo 915 MHz. The energy transmission is composed of a sine
H(s) = Zot Zuonss wave with power ranging from -1 dBm to 4 dBm. We have

also implemented a BPSK modulation at a rate of 1 kbps for

with .ZO be!ng the output impedance am‘j‘?"‘*e Is the associ- data transmission. The power of the data signal is in the range
ated input impedance to the current sensing and energy storfF

e
. . . . rom -68 dBm to -48 dBm.
unit. According to our experiments, the output impedance o ) . :
: . Receiver set-up. \We base our signal and energy receiver
Powerharvester P1100 from Powercast Co. [13] is capacitive
) ; — - on off-the-shelf energy harvester Powerharvester P1100 from
with capacitanceC;, = 5.5 puF. Then, we have utilized a S
: i . Powercast [13]. This circuit offers a reasonable performance
resistor asZ.,s. 10 sense variations in the output current ) . .
. in the desired frequency band, with efbciency rates above 50%
which has ranged between!1and 100! .

In this case, the output blter becomes a brst order Iow-patt(%[smpUt POWErs ranging fro.m -5 dBm to_ 20 dBm..Thg output
blter, given by: current as a function of the input power is shown in Fig. 3 (a).
' The output of the energy harvester has been connected to a

H(s) = T super-capacitor operating as energy storage and management
s+ 7’ unit of the overall circuit. This unit is in charge of providing
where T = Rg.,5Cr. In our experiments, the cut-off fre- continuous operation over time, and its design presents several
guency of the output ranges from 11.4 kHz (usiRg..sc = trade-offs [16]. Given that we are not constrained by the size

1!)to 1.14 MHz (whenR,.,,s. = 100! ). of the circuits, in this paper we have employed a capacity



of 220 mF to ensure a steady output voltage during da®pecibcally, we measure the voltage drop at the current
reception. sensing resistor to detect the transmission of binary data. We
A series resistor has been employed to sense the output s@tup a transmission of energy with a powefbf= 2 dBm at
rent of the energy harvester. These resistors provide outstaadkxed frequency of 915 MHz. Overlapped to this RF wave, we
ing current sensing performance due to their linear propertiéansmit a periodic binary sequence, using a BPSK modulation
Given that the sensing gain is related to the resistance valwith powerP; = | 49dBm and bit rate of 130 bps at the same
larger values provide a larger gain. However, resistors increasmter frequency of 915 MHz. This periodic binary sequence
power losses and increase noise. Through experimentatiemulates actual data transmission.
we have observed that values betweeh 10 100! offer a Fig. 6 depicts the sensed voltage drop at the resistor.
reasonable tradeoff between sensing gain and power losses. In
Fig. 5 we show the power losses associated with using different
resistor at different input power levels, and compare it to the
harvested power considering a Powerharvester P1100 [13]. In
addition, we show the ideal operation of an energy harvester
(i.e., output power equaling input power, dashed line).
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— — — Model: Amplitude

Sensed signal [mV]
a o (5]
re—
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& 00 ° e Fig. 6. Recovered signal from an energy harvester used as data receiver.
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E¥ e e " © The binary sequence can be recovered, showing two distin-
i e s § guishable voltage levels centered at 0 mV and with a voltage
el A - & -10123.@07722AB 5., €. 1 |] difference of approximately 8 mV (i.e., approximately 4 mV
ok ‘ —C 12300722 A8y O 1 signal amplitude). This signal is compared to the expected
I . . .
i i ) # " sensed voltage according to the communication model (Sec-
)*+,-./0123.45678

tion IV-B). In addition, we observe a certain ripple in the
Fig. 5. Power losses with different resistors vs. ideal operations. ~ Voltage levels of approximately 2 mV, which is a combination

of the antenna, energy harvester and sensing noise.
Signal decoding. We have implemented a software-dePnedfodel validation. In Fig. 7 we show the sensed peak-to-peak
computer based signal receiver. In particular, we have iweltage at the input of the signal decoding unit. We observe
plemented a 16 bit analog-to-digital converter (ADC) witlthe operation of the ET as RDSA, since the sensed voltage is
a sampling frequency of 10 kHz. The combination of theffectively modulated by the received input power. In Fig. 8
sensing resistor with the ADC provides a signal gairGef= we compare the sensed peak-to-peak voltage to the expected
1310mV/mA units. We expect baseband signal decoders fealue according to our model. Our observation shows that
sensors used for low-power applications to be of much lowlte model is effective in predicting the sensed value with
performance and probably implementing comparator-basgat accuracy in case for powd?, = 1 dBm. We also
schemes. Once digitized, a matched Plter is implementebserve that as this power grows, there appears a noticeable
and the optimum sampling time is computed. Finally, theismatch among the values. This is due to the fact that the
decision threshold is computed to perform signal detection, small-signal approximation no longer applies for large values.
that the bit error rate (BER) is minimized. Accordingly, thisNonetheless, the value provided by the model is still within
last communication block converts the sensed voltages intah@ same order of magnitude, thus still being useful for link

binary stream. budget calculations.
) Calculation of the BER. We next evaluate the performance of
B. Evaluation the receiver for CoE. In particular, we measure the bit error

To evaluate the validity and performance of this approactate (BER) observed when transmitting a raw binary sequence
we brst perform proof-of-concept measurements. Then, wecoded in a BPSK modulation at a bit rate of 1 kbps. Given
validate the communication model by observing the type tfiat aBER < 10 2 can be considered enough in the context
RF-to-baseband conversion and its gain. Finally, we evaluatkedevice-to-device communications (when considering packet
the receiver performance as a function of the bit error rasizes of around 100 bits and implementing simple repetition
(BER), by assuming a null phase shift between energy andding [14]), we consider 88ER = 10' 2 as our target.
data transmissions. Additionally, we will refer as receiver sensitivity (in power
Proof of concept. We prst validate the key idea that an energynits) as the minimum power that is required in order to obtain
harvester has built-in properties as a CoE signal receivthe targeted BER.
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power of both data and energy transmissions.

Fig. 9 shows the BER as a function of the power of the data
transmission, for different values of power in the overlapped
transmission of data and energy. In our experimental setup,
we have obtained BERs conbned aroubd 3. This has
two main reasons: 1) The appearance of Ricker noise in our
current sensing platform, and 2) the lack of implemented
delay-locked loop components to overcome temporal drifts.
Implementing a signal amplibcation stage before the ADC
unit can signibcantly improve the signal quality at the cost
of higher power consumption. As shown by the bgure, the
intermodulation between energy and data plays a key role in
the performance of the device. Particularly, we observe thatFi
sensitivities of -53 dBm are required if the device is harvesting
a power of P, = ! 1 dBm, whereas this is reduced down to
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-65 dBm if the harvested power is increased just by 2 dB. TheAlthough this approach can achieve relatively low PER
achieved performance using off-the-shelf hardware proves thgues, this solution renders inefPcient in terms of energy con-
feasibility of this approach and motivates further research §umption. For this, we implement a time-multiplexed coherent
joint energy-data hardware design. reception. To implement this concept, each symbol transmis-
sion is divided into two time epochs, namedty and eg.
Both time epochs contain the same symbol, but with a phase
hift of /2 rad. In phasor notation, the transmitted symbol

gring the time epochs can be written &s= b = b; + jbg

V. PHYSICAL LAYER DESIGN

In this section, we devise a physical layer for CoE, whicE
i hat th i inf i ; 4
aims to guarantee that the transmitted information can agfi s0= ! jb=bo! jbs. This approach lets the receiver

successfully decoded at the destination node. The main ai O roiect the received symbol into two orthogonal axis. B
this layer is to handle the phase shift misalignment betweeh P y g - BY

the received transmissions of data and energy through tinjeouming a generic phase shift bet}Negn data. and energy,
multiplexing techniques. the received symbol at each epoch is given by:

£ 3 |
Br=# sre® = brcos@)! bg sin(e)

A. Time-multiplexing coherent reception ©)
The properties as 1D homodyne receiver of an energy ) # ¢$ )
harvester enables coherent reception using power-saving, and 8 = # sqe® = bgcos@)+ brsin(¢). ()

even power generating, components. However, given that thel’hen, by estimating this phase misalignment, the trans-

phase shift between data and energy transmissions canifted symbol can be successfully recovered. For this, the

be controlled, there appears a distinct possibility that t'?gceived symbol must be multiplied by the rotation matrix,
modulated transmission cannot be received. f= R& the rotation matrix is debned as:

Implementing simple retransmissions of data packets can
improve the eventual packet error rate (PER). We show in
Fig. 10 the cumulative distribution function (CDF) of the
packet error rate, when a data packet is being retransmitted

0,

“cos@ ! sin() &
sin(@) cos(@)

(8)

assuming two different retransmission policies, namely reaghere @ refers to the estimated phase shift. An error in the
signing a random phase shift and retransmitting the packdtase estimation = ! ¢ will eventually impact upon the

with a phase shift ofr/2.

received symbol by:



% ) &
B = brcosf) ! bg sin(e)
~ bgcos) + by sin(e)

signal over the phase of the energy signal). Provided that the
(9) Q component is transmitted through time-multiplexing, the |
component is passed through a 1-input-2-output serial-parallel
We next show the separated implementation of the physiéal emulate the reception of both components. This signal is
layer at both the transmitting and receiving ends. then multiplied by the aforementioned matRxwhich is used

to correct the phase shift between the energy and data signals.
B. Transmitter

Fig. 11 illustrates the block diagram of the operation df- FPacket framing and data-energy phase-shift estimation
the transmitter node implementing time-multiplexed coherentA physical layer header is considered in the transmission
transmission. of each data packet. This header must include a known binary
sequence used to perform the estimation of the channel state

dn] IQ J information (CSI) at the receivgr (i.e., the matRy. In partic;-
) e BPSKIT oA 12 oo E}Lj_! 117,28 Mod ular, the data-energy phase shift is estimated by calculating the
scalar product between the known sequence and the received
’ ’ signal.
r bps 7 baud 2r baud
din] . \f VI. PHYSICAL LAYER EVALUATION
B T1ora?RPSKrag 2 rrerean M e 1\11(‘3(1 We emulate the proposed physical layer for data and energy
phase misalignment mitigation using MATLAB software and
r bps T band - baud evaluate it.s performange. For this, we brst evaluatq the BER
2 as a function of the ratio between the energy per bit and the
—» Binary Domain & ComplexDomain  —— RF Domain noise level,E;,/Np. This is a standard metric that allows us

to better compare the performance of our approach against
Fig. 11. PHY-Layer of the transmitter. (a) BPSK modulation and (b) QPSEONventional receivers.
modulation. To derive the BER calculations, we evaluate the model,
i.e., equations from (6) to (9) with modulations BPSK and
. i ) : PSK, considering both comparator or ADC based receivers.
bits per second into either a BPSK (Fig. 11 (a)) or a QP derive generic results, we have considered generic AWGN

(Fig. 11. (b)) signal at a Ta‘e Of or r/2 symbols per second, antenna noise (the internal noise of the receiver has not been
respectively. Then, the signal is interpolated by two, such t

The transmitter encodes the bit streafn] at a rate ofr

; nsidered).
samples are placed between zeros. Afterwards, the signal is
convoluted with the interpolator bltérr, debned as: A. Comparator-based receiver
iven that simple communication schemes based on energy
% & Given that simpl t h based
hr= i detection can only recover non-coherent amplitude shift keying

(ASK) modulations, we compare in Fig. 13 the BER as a
Finally, the signal is 1Q modulated and transferred to th@nction of theE), /Ny with a preamble of 4, 8 and 16 bits and
antenna. By employing this physical layer, we time multiple¥ompare the obtained results to the BER of theoretical non-
the two dimensions of a coherence transmission (i.e., the Ic@herent ASK [17]. In addition, we also show the obtained
components). Using one or the other modulation will deperBER if the proposed physical layer is not implemented and
on the receiving capabilities of the destination node. the theoretical BER for coherent ASK [17].

C. Receiver .

A block diagram of the operations of the receiver node 10
shown in Fig. 12.
10" 1
| S 1 ! dn]
LDgn% P R QPSK' fr— % 102 i
m

r baud L baud r bps ®—@ BPSK, 4 bits Preamble
2 3 |[|m-m BPSK, 8 bits Preamble |
A—A BPSK, 16 bits Preamble| &

Fig. 12. PHY-Layer of the receiver for both BPSK and QPSK modulatior Theor. coh. ASK

(QPSK case). - Theor. non-coh. ASK
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The received signal brst passes through a 1D homody
demodulator, represented as tH@ Hem block.. This unit
represents the action of the energy harvester as a sigAgl 13 comparison of the obtained BER between a

. L. . . comparator-based
receiver, which is able to only collect the projection of the dataceiver for CoE and classical communication schemes.



It is Prst observed that CoE requires a physical layer to
operate well. Then, we bnd that CoE outperforms in terms e e T aesk
of BER non-coherent detection for values Bf,/Ny below A BPSK 4bit A A QPSK 4bit — Theor. coh, ASK
10.5 dB. In addition, we bnd that CoE improves the sensitivity ¥—¥ BPSK
of our system (bxing a threshold #ER < 10 2) by 0.6 dB.
Finally, we observe that the obtained BER is lower bounded
by the theoretical coherent ASK reception.

10°

B. ADC-based receiver 10
Analog-to-digital converters can offer higher accuracy and
performance during the signal detection process at the cost & 10
of higher power consumption. By using this approach, we
can leverage signal processing techniques and to use CS
estimation techniques to correct the phase shift between the
data and the energy signal. We bnd that on the one hand, we
can transmit information using QPSK modulations (i.e., we
can double the achievable throughput of a sensor node), as
well as to approach the theoretical limit in BER as a function
of the Eb/NO, ratl,o' . . Fig. 14. Comparison of the obtained BER between a comparator-based
We show in Fig. 14 the obtained BER as a function of th@ceiver for CoE and classical communication schemes.
E, /Ny ratio for BPSK and QPSK modulations. In the bgure,
Gantzaton bits employed i the ADC. In acdiion, we shofge"S0eNg MIMO-based solutons [18] or simultaneous relay
. of energy and data [19]. In particular, a model for integrated
the theoretical bound for BPSK and QPSK, as well as traet d ¢ o ina SWIPT has b ted
coherent ASK bound in the BER. ata and energy transmission using as been presente

We observe that the BPSK modulation is more robust to'%[gl'

low number of quantization bits than QPSK. We also note thatWe contextu_ah;e CoE W|th.oth.er §|mu|taneous data and
this curve approaches the theoretical bound for coherent ASREYY transmission technologies in Fig. 15.

when the number of quantization bits becomes sufpciently

large. That is, there is a loss of 3 dB compared to ideal BPSK <<( )>>>>

due to the fact that each symbol is transmitted twice using the

time-multiplexed | and Q components. However, given that A
this approach enables low-power coherent detection through

the energy detection mechanism of an energy harvester, this ‘
performance is still remarkable and better than non-coherent
A0

10°

E,/N, [dB]

energy detection mechanisms.

Alternatively, we see that QPSK shows less resilience to a g "#$%& (#'8*+)&,#3$-.$5.%
low number quantization bits. Nonetheless, we observe that o1y " ©T 233749 > 13778, <
the set of QPSK curves approaches the theoretical bound o o
for BPSK and QPSK when the number of quantization biﬁ%%b;igé CoE vs. existing simultaneous data and energy transmission tech-
becomes sufpciently large. That is, the proposed physical layer
overcomes the phase misalignment between data and energy particular, we compare our CoE approach to SWIPT [8]
transmissions, and permits a near optimal operation if amd full-duplex EH [10]. These three approaches show poten-
ADC-based CoE receiver is implemented. tial to operate together within a single network.

Simultaneous transmission of energy and data is also pro-
vided by other technologies. For instance, RFID technologies

Simultaneous wireless information and power transfémherently implement simultaneous transmission of energy
(SWIPT) and full duplex energy harvesting have been prand data, being based on backscatter communications [20].
sented in [8], [10]. These technologies aim to deliver inn line with this approach, backscatter communications have
formation over a wireless medium during the simultaneouscently been presented and experimentally demonstrated for
transmission of energy. However, SWIPT enables the trangireless RF [14]. This approach leverages ambient RF waves
mission of data and energy from the same network devigeoduced by a third entity that are passively rel3ected from
thus enabling downlink communications, whereas full-dupleke transmitting to the receiving node. To ref3ect the RF wave
energy harvesting aims at receiving energy as the device traasd to modulate information, the impedance of the antenna
mits it, thus targeting uplink communications. In these Pelds, being constantly modiPed at the transmitter (i.e., short-
signibcant work has been recently performed, which includescuiting and open circuiting the antenna to modify its re3ec-
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