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ABSTRACT Ambient backscatter communication is an emerging and promising low-energy technology
for the Internet of Things. In such a system, a tag sends a binary message to a reader by backscattering
a radio frequency signal generated by an ambient source. The tag can operate without battery and
without generating additional radio waves. However, the tag-to-reader link suffers from the source-to-
reader interference. In this paper, we propose a polarization-based reconfigurable antenna in order to
improve the robustness of the tag-to-reader link against the source-to-reader direct interference. More
precisely, we compare different types of tags’ antennas, different tags’ encoding schemes, and different
detectors at the reader. By using analysis, numerical simulations, and experiments, we show that a
polarization-based reconfigurable tag with four polarization directions significantly outperforms a non-
reconfigurable tag, and provides almost the same performance as an ideal reconfigurable tag with a large

number of reconfigurable polarization patterns.

INDEX TERMS Internet of Things, ambient backscatter communication, compact reconfigurable antennas.

. INTRODUCTION

HE RECENT development of the Internet of Things

(IoT) has massively increased the number of connected
devices. At the same time, despite the energy efficiency
improvement brought by every mobile network genera-
tion, the energy consumption of wireless communications
keeps increasing due to the fast growth of the number of
devices [1].

Recently, the ambient backscatter (AmB) principle [2] has
been proposed for low-energy consumption communication.
In an AmB system, a Radio Frequency (RF) tag transmits a
binary message to an RF reader without a battery and with-
out generating additional waves. The tag can be illuminated
by an RF ambient source (such as a TV tower, a WiFi hot-
spot or a 5G base station). In simple terms, the tag switches
between two states: a backscattering state during which it

backscatters the ambient signal, and a transparent state dur-
ing which it has a weaker effect on the ambient signal. The
two distinct states constitute a code for the bits “1” and “0,”
respectively. The simplest implementation for a tag is consti-
tuted by a dipole antenna that switches between two different
load impedances: a null impedance (the two branches of the
dipole are short-circuited) or an infinite impedance (the two
branches of the dipole are open-circuited). Such tag does
not generate any additional RF waves and can therefore
operate without battery. An energy harvesting device is then
sufficient to power an RF switch and a low power micro-
controller. On the RF reader side, the simplest receiver is an
energy detector that compares the received power level with
a threshold (the time-windowed received power for instance)
to determine the state of the tag and to detect the transmit-
ted bits. The performance of the energy-detector increases
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with the signal contrast, i.e., with the difference between the
signals’ amplitude during the first state and the second state.

Due to the low energy consumption, AmB has been identi-
fied as a promising technology for application to the IoT [3].
However, the tag-to-reader link suffers from the source-to-
reader direct interference in many different ways. Firstly, on
average, the tag-to-reader signal is weak compared to the
source-to-reader direct signal. This is due to the fact that a
fraction of the incident ambient signal is backscattered and
diffused in many directions. Secondly, a tag in a deep fade
of the ambient signal is invisible to the reader. This may
happen, typically, in a rich scattering environment. Thirdly,
even in line-of-sight (LOS) and even if the tag-to-reader sig-
nal is strong, the signal-to-noise-ratio (SNR) contrast can be
close to zero for some locations of the tag. Indeed, there
are locations where the tag-to-reader signal and the source-
to-reader direct interference interfere together so that the
received signals in the two distinct states are different in
phase but are equal in amplitude. In these locations, the
signal contrast is null and the energy detector performance
is poor. The authors of [4] show, by using simulation and
experiments, that the signal contrast experiences deep fades
when the tag is located on ellipses that have the source and
the reader as foci. These ellipses are regularly spaced by
half a wavelength. Such deep fades of the signal contrast
may also occur in scattering environments. Even if the tag
is not in such locations, in addition, the performance may
not be good enough if the polarizations of the tag, reader,
and source are not matched [5].

Channel polarization has been studied extensively for radio
frequency identification (RFID) tags and RFID readers in [6].
To guarantee a minimum polarization match, a circular polar-
ized antenna at the reader side has been proposed in [7].
However, ambient sources may not use such type of antennas
systematically.

More recently, a tag based on a compact reconfig-
urable antenna has been proposed to achieve higher data
rates for application to AmB systems [8]. The antenna
switches between four radiation patterns with distinct dom-
inant linear polarizations. Such compact polarization-based
reconfigurable (PR) antennas have been proposed for spatial
modulation application [9], [10]. These PR antennas are used
in [9] and [10] to spatially modulate the transmitted signal
thanks to different patterns with low inter-correlation. In our
case, we propose to use these PR antennas to backscatter
the ambient signal and to improve the robustness of AmB
communications as well.

This PR tag attains log>(4) = 2 bits per switching period
instead of 1 bit per switching period (that would be obtained
with a 2-state tag).

Other types of detectors have been implemented for some
applications of ambient backscattering, such as solutions
based on the minimum mean square error instead of the con-
ventional energy detector [11]. These solutions are, however,
complex, and hence we propose to study the least square
error estimator that has lower complexity.
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FIGURE 1. Tag with different polarizations that is illuminated by an ambient signal in
a rich scattering environment, and that backscatters its message to the reader.
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In this paper, we introduce a PR tag to improve the robust-
ness of the tag-to-reader link against the source-to-reader
direct interference. As illustrated in Fig. 1, we consider a
PR tag that is able to switch between several polarizations.
Instead of using the PR tag to increase the spectral effi-
ciency and the data rate of the tag-to-reader link [8], we use
it to improve the robustness of the tag-to-reader link against
noise and source-to-reader interference.

In addition, we consider and compare two different cod-
ing schemes that exploit polarization diversity to improve
the performance. In the first considered coding scheme, the
tag, as any standard two-state tag, sends its message by
switching its operation between a backscattering state and
a transparent state. In practice, this is realized by switching
the antenna between two different load impedances. This
coding scheme is referred to as “Backscattering/Transparent
Scheme” (BTS). With this approach, however, the tag
sends the same message several times, by using a differ-
ent configured radiation pattern (and corresponding different
polarization) at each transmission time. The rationale of this
approach lies in the possibility of receiving a good quality
signal over at least one polarization state.

To make an initial assessment of the benefits of the
proposed tag, we introduce a simple model for the tag that
can be studied theoretically and numerically with the aid
of an electromagnetics-based simulation software (4NEC2)
based on the Method of Moments (MoM), and that can be
tested experimentally by using dipole antennas. We model
the tag as a device that can switch between N, radiation
and corresponding polarization patterns. This is obtained by
mechanically rotating a dipole antenna across Ny, different
orientations. The dipole is connected to a load impedance
with two different values in order to create the backscattering
and the transparent transmission states.

In addition, we introduce a second coding scheme, accord-
ing to which the tag backscatters ambient signals with
different polarization patterns. The information bits are
encoded by switching among a subset of available pat-
terns, according to the spatial modulation principle [13]-[19].
This coding scheme is referred to as “Polarization Coding
Scheme” (PCS). Similar to the BTS scheme, we expect that
an appropriate (optimized) choice of the subset of polar-
ization states will improve the system performance. The
proposed implementation is assessed experimentally by using
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a compact reconfigurable antenna that is made of a split ring
resonator antenna and a cross-polarization antenna.

The rest of paper is organized as follow: Section II
introduces the system model and the methodology for
performance evaluation. Section III reports a theoretical
and simulation based performance analysis of the BTS
coding scheme. In particular, the best direction of polar-
ization is identified under LOS propagation conditions.
Section IV reports the simulation and experimental validation
of the proposed approach under a rich scattering propagation
environment. Section V reports a performance comparison
between an energy detector and a least square error receiver.
Section VI reports simulation and experimental results that
compare different compact reconfigurable antennas. Finally,
Section VII concludes this paper.

Il. SYSTEM MODEL AND METHODOLOGY OF ANALYSIS
A. SYSTEM MODEL
We consider a system that consists of a source, a tag and a
reader. The source radiates an ambient signal at the carrier
frequency f corresponding to the wavelength A. The source
and reader are equipped with a half-wavelength linearly
polarized dipole antenna of length I = A/2. We neglect
the radius of the conductors (thin-wire approximation).

The positions and orientations of the antennas of the
source, tag, and reader are denoted by (x5,y5.2%), (T y7,27)
and (xR ,yR zR), respectively. They correspond to the Cartesian
coordinates of the centers of the dipole antennas of the
source, tag, and reader. The orientation angles of the dipole
antennas of the source and reader are denoted by (¢5,¢%)
and (¢R,¢R), respectively.

The antenna of the tag can switch among N, radiation
patterns with distinct dominant polarization states.

The signal received by the reader is y € C:

y = (R 4+ y ™)V PTx v, (1

where 15K € C is the channel coefficient of the direct path
between the source and the reader, K% € C is the channel
coefficient of the backscattered link between the source and
the reader (i.e., the signal backscattered by the tag antenna),
y is a modulation factor that corresponds to the state of the
tag (i.e., transparent mode or backscattering mode), v € C, is
the Gaussian noise at the reader and P’* is the power trans-
mitted by the source. By introducing the aggregate channel
g = (WR + yh™), with g € C, the received signal can be
rewritten as follows:

y=gVP+v. @)

Let P™s¢ = T[||v||*] denote the received noise power,
where || - ||2 is the Frobenius norm. The signal-to-noise ratio,
denoted by SNRT*, is defined as the ratio between the power
transmitted by the source and the noise power at the reader:

Tx

SNR™* =

~ pnoise”

3)
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To allow a fair comparison between different types of tags,
the transmitted power and the noise power are assumed to
be fixed. Hence, SNR™* is assumed to be fixed. Also, we
introduce SNR“P™ed to denote the average signal-to-noise
ratio (SNR), which is given by the ratio of the power captured
by the reader (P®¥) when the tag operates in the transparent
mode and the noise power at the reader:

Rx
SN, Rcuplured _

~ pnoise”

“)

We consider a sequence Qf Rbitsb=5by...b,...bg sent
by the tag and denote by b = bi...by...bg the sequence
of R bits detected by the reader. The Bit Error Rate (BER)
is defined as follows

iR — et Dy = byl
-

We consider that the target quality of service is met by
the tag-to-reader link when BER™8¢' is achieved. The outage
probability is hence defined, for given values of SNR™* or
SNReaptured a5 the probability of the event BER < BER'@8¢!,

®)

B. PROPAGATION ENVIRONMENT
Different propagation environments are analyzed.

1) LOS: The LOS environment corresponds to a free
space propagation environment between the source,
the tag, and the reader.

2) Scattering Environment: In this case, we consider dif-
ferent elements including scatterers and reflectors. A
scatterer is modeled as a conductive line defined by its
length 5C. The number of scatterers is denoted by N5C.
Reflectors are modeled as reflective planes, such as the
ground plane. The number of reflectors is denoted by
NRP_ Each scatterer is randomly positioned but the
distance between any dipole antenna and the scatterer
is DS¢=X > ). The distance from each randomly dis-
tributed scatterer and the reader is constrained to be
DS¢—R < 10x. Dipoles antennas are spaced at least
half of the wavelength apart. As far as the experiments
are concerned, a reverberation chamber is employed in
order to reproduce realistic multipath propagation and
a scattering environments.

C. RECONFIGURABLE ANTENNAS FOR THE TAG
In order to implement the tag, we consider three types of
reconfigurable antennas.

1) Rotating Dipole Antenna: The tag is a mechani-
cally rotating half-wavelength dipole antenna with
linear polarization. By changing the orientation of
the antenna, the polarization and the main orienta-
tion of the backscattering signal can be controlled and
changed. This implementation allows us to have an
antenna that is reconfigurable in polarization. More
specifically, three types of tags are considered: 1) an
“ideal” polarization reconfigurable (IPR) tag that is
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FIGURE 2. 3D model of the system for a dipole tag.

2)

3)

able to be configured for any directions of polariza-
tion; 2) a more realistic 4-polarization reconfigurable
(4PR) tag that can realize four directions of polar-
ization; and 3) a non-reconfigurable (NR) tag with a
fixed direction of polarization. As an illustrative exam-
ple, Fig. 2 shows the orientation angles of a tag. The
angles are denoted by (¢7,¢7).

Split Ring Resonators (SRR) Antenna: In this case, the
tag is realized by using split ring resonators [8], [9].
More precisely, the tag is composed of four resonators
and four PIN diodes. By controlling the PIN diodes,
one can connect or disconnect the resonators and,
hence, change the polarization pattern of the SRR
antenna. In this paper, we consider only four patterns
in order to compare the SRR antenna with the 4PR
rotating dipole antenna. For performance optimization,
the four patterns are those that provide the most distin-
guishable polarization states. The polarization patterns
are provided in Section VI (Fig. 19).
Cross-Polarization Antenna (XPOL): In this case,
the tag is realized by using a cross-polarization
antenna [10]. The polarization state is changed by
using PIN diodes. In particular, only four polarization
states out of the eight possible polarization states are
considered [8]. The polarization patterns are provided
in Section VI (Fig. 20).

D. CODING SCHEMES
To transmit in a reliable manner the R bits from the tag to
the reader, two coding schemes are analyzed.

1y

Backscattering/Transparent Scheme: The tag sends its
message, for a given polarization of the antenna, by
switching between two states corresponding to differ-
ent load impedances connected to the antenna. The two
states are (i) the backscattering state that is obtained
by short-circuiting the dipole antenna strands, so that
the corresponding impedance is close to zero; and (ii)
the transparent state that is obtained by open-circuiting
the dipole antenna strands, so that the corresponding
impedance is close to infinity. These two states have a
different impact on the propagation of the signal. The
BTS coding scheme corresponds to a well-used coding
scheme in AmB communications. The backscattering
state encodes bit 1 and the transparent state encodes

VOLUME 1, 2020

2)

bit 0. In 1, the backscattering state corresponds to a
modulation factor yON =1, ie., g(l) = WSR 4+ pTR
and the transparent state corresponds to a modulation
factor yOfF = 0, ie., g© = nSR. According to the
BTS coding scheme, the tag repeats the message sev-
eral times by using a different radiation pattern and
polarization at each transmission instance in order to
make the transmission more robust and reliable. It is
expected, in fact, that at least one polarization pattern
is more reliably detected by the reader.

Polarization Coding Scheme: The tag sends the mes-
sage by switching between two polarization patterns of
a pair of patterns (among several available pairs of pat-
terns) and each pattern corresponds to a different bit.
Similar to spatial modulation [17], the reader is able
to determine the polarization pattern used by the tag.
In this coding scheme, the tag is always backscattering
but with different polarization patterns In particular, the
bit 1 is encoded by one polarization pattern and the bit
0 is encoded by a different polarization pattern. In 1,
the bit 1 corresponds to g(1) = #SR AR "and the bit
0 corresponds to g©@ = BSR4 pTRO) Tt is expected that
this scheme provides good performance if the detector
can easily distinct the two states of the tag, since it
takes advantage of uncorrelated polarization patterns.

E. DETECTORS
At the reader, two different detectors are analyzed.

1y

2)

Energy Detector (ED): An ED measures the voltage
at the port of the dipole antenna, which is induced by
the total received signal. The ED, in particular, deter-
mines whether the received average power is above
or below a present threshold in order to detect the
transmitted bits. The voltages measured at the dipole
antenna port of the reader when the tag is backscat-
tering and when the tag is transparent are denoted
by VON and VOFF| respectively. From the measured
voltages, the corresponding signal amplitudes A°Y and
A9FF can be deduced for each state. The signal con-
trast AA is defined as the difference of the received

signals between the two states of the tag:
AA = |AON — AOFF) (6)

The receiver noise amplitude level is denoted by A",
Using this notation, the BER is defined as follows [4]:

AA
where erfc() denotes the complementary error
function.

Least Square Error Detector (LSE): This detector oper-
ates in two phases. First it estimates the channel for
the states of the tag based on the coding scheme.
Then, during the transmission of the tag, the trans-
mitted bits are detected. The output of the detector
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TABLE 1. Case studied and evaluation methodologies.

Section Environment | Antenna Coding Detector Channel
Scheme Modeling
1T LOS Analytical
IV-A and B
IV-A and B Rotating BTS ED 4NEC2
V-A and B Dipole
IV-D . Experiments
VA mdB Scattering
VB LSE 4NEC2
VI-B SRR PCS .
Experiments
VI-B XPOL

can be formulated as follows:
5 = arg min {||z —y||2} with z ¢ {g“’), g(l)}, )

where y is the estimate of y. For each bit b,, the
reader calculates y for the two states g@ and g(I) that
correspond to the bit 0 and bit 1, respectively. The
estimated bit b, corresponds to the smallest .

F. CHANNEL MODELING
Three different channel models are considered, and are ana-
lyzed analytically, and by using simulations and experiments.

1) Analytical Model: In order to assess the performance
of the considered backscattering system, we introduce
a model for the polarization-based dipole antenna in
a LOS propagation environment. This is discussed in
Section III.

2) Numerical Electromagnetic Code (NEC) Simulator:
The dipole antennas are studied by using the 4NEC2
simulation software. 4NEC?2 is a software based on the
method of moments. By using 4NEC?2, it is possible to
model and configure the dipole antennas, the source,
the tag, the reader, the N5C gcatterers, the ground plane,
the load impedances, and the physical characteristics
of the dipole antennas and the conductive lines. In
particular, this tool allows us to (i) configure the state
of the tag (transparent or backscattering), by changing
the load impedance; and (ii) to measure the resulting
voltage at the reader port.

3) Experiments: Besides analysis and simulations, we
perform measurements to estimate the channels. The
obtained empirical channels are used to validate the
analytical model and the simulations.

G. SUMMARY OF THE CASE STUDIES ANALYZED

Table 1 lists all systems and performance evaluation method-
ologies considered in this paper. We note that the XPOL and
SRR antennas radiation patterns are complex to be modeled
analytically and through 4NEC2. Therefore, these cases are
analyzed only through experiments.

lll. ANALYSIS IN LOS ENVIRONMENTS
In this section, we consider a LOS propagation environment,
i.e., N5¢ and N®P are equal to zero. Only the source, the
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tag and the reader are considered. We consider a rotating
dipole antenna, a BTS coding scheme, and an ED detector.
The carrier frequency f is set to 2.4 GHz. We limit the study
to an IPR tag in order to find the best polarization for the
tag and some upper bound performance.

A. SELECTION OF THE OPTIMAL POLARIZATION

In this section, we propose an approach to find the ori-
entation of the linear polarization that maximizes AA. We
assume that the source, the tag and the reader have a perfect
linear polarization. Under these assumptions, the direction
of the electric field is given by the orientation of the dipole
antennas. Let S be the normalized electric field vector and
let T and R be the unitary vectors that determine the orien-
tations of the dipoles of the tag and the reader, respectively.
For a given position and orientations of the dipole antennas,
we approximate the direct source-to-reader signal, S‘”’“’ (for
a normalized electric field S) with the projection of S over
R. The source-to- -tag-to-reader signal (Sb“d‘) is approximated
with the projection of S over T then on R:

Sdzrect S R (9)

sback _ ((s T)T) (10)

where - is the dot product. Then, for a fixed vertical source
(¢° = 0) we obtain the following optimal solution:

T _ nR
{9 =6k [27] an

o7 =% 3]

From (11), we conclude that there exists an optimal ori-
entation for the tag. Therefore, an IPR tag is expected to
outperform an NR tag. The derived optimum orientation of
the tag can be interpreted as follows: the best orientation of
the IPR tag is obtained when the tag simultaneously max-
imizes the received signal from the source and maximizes
the backscattered signal to the reader. This is obtained when
the angle between the source and the tag is equal to the
angle between the tag and the reader.

B. 4NEC2-BASED VALIDATION

We validate the proposed analytical result by using sim-
ulations. The 4NEC2 simulation tool takes into account
the following elements that are not taken into account in
the analytical model: the wire length, the coupling between
the elements, the LOS propagation, and the radiation dia-
gram. For a given set of source, tag and reader locations
and for a given set of reader orientations, we determine
by simulation, through an exhaustive search, the orienta-
tion of the tag that maximizes AA. The numerical search is
performed over a reduced number of angles due to the sym-
metry: (¢%,6%) in ([0, 10, ..., 90], [0, 10, ..., 90]) and (¢7,
GT) in ([0,1,...,90],[0,1,...,180]) degrees. For a given
reader orientation, once the optimal tag orientation is found,
we compare two unitary vectors giving the best orientation
of the tag according to two different methods:
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FIGURE 3. Comparison of the best orientation obtained by using the model and an
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FIGURE 4. Example of optimum angle for a given source (03, ¢s) =(0°,0°) and
reader (BR, ¢R) = (90°, 90°) configuration.

. (i‘beS’_’}") that is obtained through the analytical model,
o (Thest=simuy that is obtained through an exhaustive
search.

_ Fig. 3 illustrates the dot product between Tbesi—th and
Tbest=simu A high dot product (close to 1) means that the
polarization found with the analytical model matches the
polarization obtained by exhaustive search. Fig. 3 shows
that the analytical and simulation results match for more
than 80% of the orientations of the reader, i.e., 68 > 50° or
@R < 45°. The analytical approach is, therefore, valid in most
cases. The cases where the model is not valid correspond to
the source being out of the “donut” diagram of the reader
dipole and are therefore of low interest.

C. TAKEAWAY MESSAGES FROM THE ANALYSIS

Based on our analysis, we conclude that, in a LOS propaga-
tion environment, the optimal angle of the IPR tag is equal
to the mean between two angles: the angle of the source and
the angle of the reader.

The PR tag takes advantage of the mispolarization between
the source and the reader. For example, when the source and
the reader are orthogonal to each other, the reader can receive
the PR tag signal without being interfered by the direct
source-to-reader signal. The current study shows that the [IPR
tag is better detected by the reader, when it is transmitting its
message, with the direction of its linear polarization being
at 45° from the source and 45° from the reader, as shown
in Fig. 4.
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TABLE 2. System model parameters.

Parameters Details Value Units
(5,95, 2%) Source localization (0,0,0.3) m
(¢°,69) Source orientation (0,0) deg
(z, yR, 21 Reader localization (100,0,0.3) m
(o1, 07%) Reader orientation (90, 90) deg
(T, yT,2T) Tag localization (=T, yT,0.3) m
15¢ Length of scatterers A/2 m
AL Reader load impedance 50 Q
BERtarget Target bit error rate 10—2

In a real environment, in addition to the LOS propagation
path studied in this section, additional propagation paths exist
(due to scatterers and reflectors). This is studied in the next
section.

IV. ANALYSIS IN A RICH SCATTERING ENVIRONMENT

In this section, we consider a rich scattering environment,
with a large number of scatterers and a few reflective
planes. We consider rotating dipole antennas, the BTS coding
scheme, and an ED detector.

The carrier frequency f is set to 2.4 GHz. We consider
the three different types of tags. As mentioned, the 4PR and
NR tags have Nyo; = 4 and N, = 1, respectively. The IPR
tag has N,,; = 81. The considered simulation environment
accounts for NS¢ = 20 scatterers and one ground plane
(NRP = 1). The waves travel from the source to the reader
through the LOS path and through multiple non-line-of-sight
(NLOS) paths due to presence of the scatterers in proximity
of the reader and the ground plane. Whereas the linear polar-
ization of the wave remains unchanged along the LOS path,
it may change on the NLOS paths. Hence, at the reader
side, the source-to-reader signal is given by the combina-
tion of incident waves with distinct linear polarizations. It is
expected, however, that the linear polarization of the LOS
path is dominant.

A. NUMERICAL ANALYSIS OF POLARIZATION AND
PERFORMANCE

In this section, we illustrate the best linear polarization of
the tag by using 4NEC2 simulations. Source and reader
orientations are fixed and orthogonal to each other, as it is a
worst case scenario in terms of received SNR. We analyze the
performance of the communication link as a function of the
tag coordinates (x”, y7), i.e., we illustrate 2D spatial maps of
the BER. Other simulation parameters are detailed in Table 2.
We study the three types of tag for different configurations
of their orientation and for different environments (LOS or
with scattering). Fig. 5 illustrates the BER maps of some of
the configurations in Table 3 by assuming SNR’™* = 116 dB.
The spatial maps of the BER show the locations where the
tag can be detected by the reader with the target QoS (BER <
BER'™"8¢") Light colors (yellow or red) indicate where the
QoS can be achieved and dark colors (blue) indicate locations
where the QoS cannot be achieved. Each subfigure of Fig. 5
is accompanied by a “velvet carpet” illustrating the tag’s best
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TABLE 3. Tag and environment configurations.

LOS Scattering
NR tag in the worst orientation | LOS-NR-Worst | SCAT-NR-Worst
NR tag in the best orientation LOS-NR-Best SCAT-NR-Best
4PR tag LOS-4PR SCAT-4PR
IPR tag LOS-IPR SCAT-IPR

orientation depending on the tag’s location. Each position
on the velvet carpet corresponds to a tested position of the
tag. The thread of the carpet at a given position illustrates
the best orientation of the tag for the considered position.
The velvet carpet illustrations in Fig. 5-a,c,d show that the
orientation is uniform for NR tags and Fig. 5-b,e,f show that
the orientation is non-uniform for PR tags.

In Fig. 5-a and in Fig. 5-b, we show the results obtained for
the configuration in a LOS environment. Fig. 5-a illustrates
the BER for the optimum orientation in LOS: 87 = 90° and
¢T = 45°. Fig. 5-b shows the contrast map in a LOS environ-
ment for the IPR tag. We observe that a PR tag has limited
effects in a LOS channel if the source and the reader have
a cross-polarization. The following rotating dipole antenna
tags are compared in a scattering environment.

o NR Tag: We study the performance of the NR tag when
its fixed orientation is, on average, the optimal one. We
determine numerically this best orientation. We observe,
that even in a scattering environment (Fig. 5-c), we
obtain the same best orientation as in a LOS environ-
ment. Indeed, the optimum orientation in LOS, obtained
by applying 7 to the parameters listed in Table 2, is
6T = 90° and ¢T = 45°. This is due to the fact that
our studied scattering environment is close to a LOS
environment. For comparison, Fig. 5-d illustrates the
performance of the NR tag when its fixed orientation
is, on average, the worst (GT = 90° and ¢T =90°), i.e.,
for which a very small amount of backscattered signal
can be detected by the reader.

e 4PR Tag: The compact reconfigurable antennas
presented in [8] have four patterns with distinct dom-
inant linear polarization directions. The 4PR tag is
a simplified model of such existing antennas. The
angles of the 4 polarizations are set to (x’,y’) =
(0,90), (45, 90), (90,90), (135,90) and they corre-
spond to the main polarization directions of one of
the antennas from [8]. The SNR contrast maps are
computed for the 4 polarizations of the tag.

e IPR Tag: We consider an IPR tag with N, = 81.
The orientations of the IPR tag (x7,y”) are uniformly
distributed in ([0, 180], [0, 180]) degrees. We compute
the BER maps for each of N, polarizations.

As for the IPR and 4PR tags, we determine the polarization
of the tag that minimizes the BER for every location of
the tag based on the Ny, computed maps of each tag. We
obtain the corresponding optimal BER maps as illustrated
in the Fig. 5-e,f. As expected, Fig. 5 shows that the IPR tag
outperforms all types of tags. We also observe that the more
realistic 4PR tag, with 20 times fewer available polarizations
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SCAT-NR-Worst, (e) SCAT-4PR, (f) SCAT-IPR. On the left of each subfigure, the tag
orientation map (i.e., the velvet carpet) is illustrated.

than the IPR tag, offers performance that is close to the IPR
tag. The 4PR tag outperforms the NR tag, even if the NR
tag employs the optimal orientation of the LOS system.
Compared to the NR tag, the 4PR tag is more robust to the
impact of scatterers and polarization mismatch.

In the next sub-section, we study the performance of the
tags as a function of SNRT*.

B. OUTAGE PROBABILITY ANALYSIS

In the previous section, we have shown that a PR tag
can improve the performance of an AmB system in terms
of BER. In this section, we numerically evaluate the out-
age probability for each configuration listed in Table 3.
The outage probability is computed over a target cover-
age area, i.e., over tag’s locations (in meters) defined by:
2 = 2 + o x 0.001 and y© = yR + B x 0.001, with
0.51 < DT=B - 3 and o, B, € Z, where DT=R) corre-
sponds to the Euclidian distance between the tag and the
reader. The BER is calculated as a function of SNR™*, for
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FIGURE 7. SNRCaptured py the reader as function of the SNRTX.

every tag location and orientation and for a given configura-
tion of the source, the reader, the scatterers and the reflective
planes. We compute the outage probability, based on (7), for
the three types of tags.

Fig. 6 shows that the IPR tag attains the best performance.
It provides the lower bound performance for this environ-
ment configuration. The NR tag, even configured to operate
at the optimal orientation, has a high outage probability,
since it is not robust to scattering. Fig. 7 shows the aver-
age captured SNR for each configuration as a function of
SNR™. In LOS, the amount of received power corresponds
to the power backscattered by the tag, which depends on
the tag polarization. However, as expected, in a scattering
environment, the SNRP™d does not depend on the tag
polarization (as it is measured when the tag is transparent)
and only depends on the scattering. In the LOS-NR-Worst
configuration, the NR tag and the reader are orthogonal to the
source, thus the reader receives close-to-zero signals from
the source and from the tag. We observe that increasing
the number of reconfigurable polarizations Ny, of the tag
improves the system performance. In addition, this improve-
ment is boosted by the presence of scatterers. Finally, we
observe that, even with a limited number of polarization ori-
entations (Np, = 4), the performance of the 4PR tag is close
to the IPR tag.

C. IMPACT OF THE SCATTERERS

Fig. 8 illustrates the amplitude of the signal A?FF, respec-
tively A9V, received by the reader when the tag is transpar-
ent, respectively backscattering, as a function of the position
of the tag in space, for two different propagation environ-
ments (LOS and with scattering), for two different tags
(NR-Best and IPR), and for the ED detector. As the presence
of scatterers results in additional paths in the source-to-reader
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FIGURE 8. Amplitude maps for the transparent and backscattering state of the IPR
and NR tags in scattering and LOS environment.

propagation channel (in addition to the LOS path), the ampli-
tude of the signal AT when the tag is in the transparent
state, is much higher in scattering condition compared to the
received signal A°FF in LOS condition. As a consequence,
in the scattering condition, the additional path due to the
tag being in backscattering state is much less visible by the
reader, compared to the LOS condition.

D. EXPERIMENTAL VERIFICATION

In the previous section, we have shown, with the aid of simu-
lations, that a PR tag outperforms an NR tag. In this section,
we validate this observation through experiments conducted
in a semi-anechoic chamber. In our experimental setup, we
reproduced, as closely as possible, the conditions modeled
in the simulation environment. Instead of scatterers made
of conductive lines, we deploy reflective planes in the envi-
ronment (N5€ = 0, N5¢ = 6). Each of them has a different
surface area and is placed randomly around the system, with
different orientations and locations, as illustrated in Fig. 9
and Fig. 10. The source is located at a shorter distance from
the tag and the reader (0.35m) as compared with the simula-
tion results (100m). This is necessary because of the limited
size of the semi-anechoic chamber. To measure the signal
contrast maps experimentally, the source and the reader are
installed at fixed locations. The mechanically rotating dipole
antenna of the tag is mounted on two motorized rails whose
length is 0.3m.

Each element is composed of a dipole antenna made of
two strands with a total length of 6.25 cm. We connect the
source and the reader to two different ports of a USRP B210.
We use a GNU Radio to control the USRP and process the
source and received signals. The tag’s antenna is connected to
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FIGURE 10. Photo of the experimental setup.

an Arduino platform that controls the impedance connected
to the two strands using a PIN diode.

We place the source at the origin of the axis, (xs , yS 2 )=
(0, 0,0), with a vertical orientation, (¢5,65) = (0, 0). The
reader is placed at position (xR, yR, zR) = (0.35,0,0) and
is in cross-polarization with the source (¢%, 9%) = (90, 90).
The tag is moved along a linear trajectory perpendicular
to the line connecting the source and the reader, such that
xT = xmin+ nx x step and yI' = ymin+ny x step. We define
xmin = 0.03m and ymin = —0.15m so that the tag scans the
area between the source and the reader, given the limited
range of 0.28m. The step of the tag displacement is step =
10~ 2m along the x and y axis and nx,ny € [0, 1...,28].

We acquire the maps for the signal amplitude of the
backscattering and transparent states, AN, A9FF | respec-
tively, the noise signal amplitude A", and then calculate
the AA/A"¢ maps. We acquire the signal contrast maps
for each angle of the 4PR tag. We obtain 4 maps for the
signal contrast as shown in Fig. 11.

We process these maps to determine the map with
the best signal contrast. Experimental results show that
selecting among four polarization orientations improves the
performance of an AmB system (Fig. 11). Even though the
experiment is not a perfect replica of the simulations, exper-
imental and simulation results are consistent: both show
that, in a complex environment, the maps depend on the
orientation of the polarization of the tag, and that a PR tag
is more robust.
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E. TAKEAWAY MESSAGE FROM THE ANALYSIS

Based on our study based on simulations and experi-
ments, we conclude that the use of a PR tag improves the
performance of an AmB system in a rich scattering environ-
ment. Based on our study, a simple 4PR tag provides good
performance similar to an ideal tag.

V. IMPACT OF THE READER DETECTION SCHEME

In this section, we compare the performance of the ED
and LSE detectors. We consider rotating dipole antennas,
the BTS coding scheme, and a scattering environment. The
configuration of the system is given in Table 3. We evaluate
the BER maps for locations of the tag around the reader. The
three dipole tags IPR, 4PR and NR are considered. The map
is shown for a fixed SNRC®"red — 124B, which is equivalent
to SNR™ = 116dB in the scattering configuration.

A. VISUALIZATION OF POLARIZATION AND
PERFORMANCE

Fig. 12 shows the BER map for the three tags and for
the two detectors. Similar to the previous section, the IPR
tag provides the best performance for both detectors. The
LSE detector, however, yields better BER performance and
a larger coverage area. Even the NR tag that uses the best
polarization orientation and the LSE detector provides bet-
ter performance than an IPR tag that uses an ED detector.
The LSE detector has better performance than an ED as it
compares the amplitude and the phase of the received signal
with the estimated channel.

B. OUTAGE PROBABILITY ANALYSIS
In this section, we numerically evaluate the outage proba-
bility for each configuration setup reported in Table 3. The
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outage probability is computed over a target coverage area,
defined such that the Euclidean distance D' ~®) between the
tag and the reader lies in the range 0.51 < DT—R < 3;,
The BER is calculated as a function of SNR°¥™ed for every
tag location and orientation and for a given configuration
of the source, the reader, the scatterers and the reflective
planes.

VOLUME 1, 2020

TABLE 4. Antenna configurations.

Antenna Coding Channel Number
Scheme Modelling of receiving
antenna
SRR PCS Experimental 3
XPOL PCS Experimental 3
Dipole 4PR PCS Simulation 1

Reader ante

FIGURE 14. Experimental setup for the XPOL antenna.

Reader antenn

FIGURE 15. Experimental setup for the SRR antenna.

In Fig. 13, we observe that the LSE detector improves
the performance compared with the ED detector. The IPR
tag combined with the LSE detector outperforms the IPR
tag combined with the ED detector. The 4PR has good
performance that is close to the IPR tag. In conclusion,
the LSE detector outperforms the ED, and the 4PR tag with
LSE provides close to ideal performance.

VI. IMPACT OF THE ANTENNA RADIATION PATTERN

In this section we compare the performance of the SSR
antenna, the XPOL antenna, and the 4PR rotating dipole
antenna. We consider The PCS coding scheme and the LSE
detector.

A. EXPERIMENTAL SETUP
The configuration setups studied in this section are reported
in Table 4. The propagation channel is extracted from
measurements conducted in a reverberation chamber. The
reverberation chamber has the advantage to provide a time
invariant environment and multipath.

Fig. 14 and Fig. 15 illustrate the experimental setup of
the system for the two compact reconfigurable antennas. For
each antenna we consider 4 polarization patterns as depicted
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FIGURE 16. SRR polarization patterns according to the state number.
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FIGURE 17. XPOL polarization patterns according to the state number.

TABLE 5. Configuration of the PCS based on the state of the antenna.

Configuration | 2:1 3:1 4:1 3:2 4:2 4:3

Bit 1 State 2 | State 3 | State 4 | State 3 | State 4 | State 4

Bit 0 State 1 | State 1 | State 1 | State 2 | State 2 | State 3

in Figs. 16, 17, 18. Based on the PCS coding scheme, the tag
switches between two polarization patterns in order to trans-
mit the bits 1 and 0. We evaluate the performance depending
on the two chosen patterns for each antenna.

B. RESULTS

In this section, we evaluate numerically the BER as a
function of the SNR¥™ed The results are reported in
Figs. 19, 20, 21.

From the figures, we evince that the performance depends
on the selected polarization patterns. For example, it is easier
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for the LSE detector to detect the bits if the two patterns
are uncorrelated.

From Fig. 19, we observe that the best configuration for
the SRR corresponds to the states 2 and 1, which have an
envelope correlation coefficient lower than 0.1 [9]. Also, the
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configuration with the states 3 and 2 is one of the worst and
has a correlation coefficient close to 0.5 [9].

From Fig. 20, we observe that the BER performance of the
XPOL depends on the configuration of the chosen states. The
best configuration is obtained for the states 3 and 2, and for
the states 4 and 2. In both cases, we observe that these states
have opposite pattern directions (see Fig. 15). This property,
in fact, reduces the correlation between the patterns and the
states are more easily detectable.

From Fig. 21, we observe that the performance of the
4PR tag is worse compared to the XPOL and the SRR tags.
This can be explained by the fact that the patterns of the
dipole antennas are more correlated. We can note that the
configuration with the states 4 and 2 has the best performance
because these two states correspond to the best orientations
of the dipole (see Section III-A) and because these states
are cross-polarized (Fig. 18).

In conclusion, our analysis shows that the SRR antenna is
the best antenna, thanks to its low inter-patterns correlation
properties.

VIl. CONCLUSION

In this paper, we have shown the advantages of using a polar-
ization reconfigurable tag in ambient backscatter systems.
Such a tag takes advantage of different polarizations in order
to improve the robustness of the communication against the
direct source-to-reader interference. With the aid of analysis,
simulations, and experiments, we have shown that a realistic
4 polarization reconfigurable tag provides performance that
is similar to an ideal tag with 80 polarization states.
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