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ABSTRACT

The demand for wireless communications surged in the past decade due to the mas-
sive number of devices requiring a connection to the internet. Although traditional
wired communications provide a much more reliable connection, utilizing wires in
specific deployment scenarios is improbable. The Internet of Things wireless com-
munication is a concept where interrelated and interlinked devices and objects are
connected to each other and the internet to collect information and respond intelli-
gently to the end users. These “things” are deployed at a variety of locations with
the objective of providing support for various use cases. Furthermore, the Internet
of Things is envisioned to integrate everyday objects into the connected ecosystem.
This has led to a significant increase in the amount of energy that will be required to
power up these devices.

Modern battery technology involves the movement of electrons between the pos-
itive and negative electrodes. Thus, lithium-ion batteries need to be replaced as
they degrade over time. However, different deployment scenarios of the Internet
of Things render the regular maintenance of these devices impossible. Therefore,
newer technologies need to be identified in order to provide energy and power to
such devices.

Ambient backscattering communication utilizes ambient radio frequency signals
to establish connection links between the transmitter, receiver, and backscatter de-
vices. Radio frequency signals can originate from a variety of sources such as tele-
vision and radio broadcasts, Wi-Fi signals, and cellular signals to name a few. Addi-
tionally, in ambient backscattering communication, the backscatter devices are able
to harvest energy from the ambient signals and utilize them as the source of power
for the backscatter devices.

This thesis focuses on the coverage, capacity, and interference aspects of ambient
backscattering communication pertaining to different outdoor deployment scenarios.

The main contributions to this thesis can be divided into three main parts.
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Firstly, an analysis to determine the maximum coverage of ambient backscatter-
ing communication systems (operating in the mono-static and bi-static modes) was
performed utilizing ambient FM radio signals. It was observed that in the bi-static
mode of operation, about 44 dB (from the path loss) remained for the propagation of
the signal between the backscatter device (located 30 km from the TX) and the RX.
Additionally, in the mono-static mode of operation, the backscatter device could
be located 14.5 km away utilizing the free space path loss equation. The achievable
distance reduces with the decrease in the cross-section of the backscatter device.

Secondly, cellular signals were utilized to evaluate the achievable range of com-
munication of mono-static ambient backscattering communication systems. It was
observed that utilizing ambient Long-Term Evolution (LTE) signals (operating at a
carrier frequency of 700 MHz) a communication link between the TX/RX and the
backscatter device located a few hundred meters apart could be established. Addi-
tionally, an analysis was carried out to determine the applicability of 5G signals for
ambient backscattering communication systems in the outdoor macro cell and small
cell environments. It was concluded that very short-range communication distances
could be established between the TX/RX and the backscatter device at 5G frequen-
cies, especially at the millimeter-wave carrier frequency of 26 GHz. The achievable
range of communication was heavily dependent on the cross-section of the backscat-
ter device and the additional loss. Furthermore, a study was carried out to deter-
mine the impact of the cell load and the adjacent cell interference on the coverage
of mono-static ambient backscattering communication systems. It was observed that
there was a 44 percent decrease in the coverage in a heavily loaded cellular network
in comparison with an unloaded network.

Finally, bi-static AmBC systems were studied utilizing sub-1 GHz ambient signals.
It was observed that only the carrier frequency of 200 MHz was suitable for bi-static
ambient backscattering communication. Subsequently, the need for the suppression
of the direct path signal from the legacy source was studied and some interference
suppression techniques were proposed. In addition, the impact caused by the pres-
ence of a second backscatter device in the environment was studied. It was observed
that the second backscatter device caused the most interference when it was located
close to the original backscatter device or the RX. The impact of the second backscat-
ter device could be alleviated by positioning it one wavelength meter away from the

first backscatter device or the RX.
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1 INTRODUCTION

There is a huge demand for connectivity in modern society. This requirement is
driven by the massive number of connected devices. The particular devices can
range from personal handheld equipment and gadgets to sensors capable of measuring
and monitoring different parameters. Due to various deployment scenarios, wireless

communication technologies are required to support different types of devices.

1.1 Background and motivation

The Internet of Things (IoT) has accentuated the need for wireless communications
because billions of connected devices share information utilizing the internet. These
connected devices comprise autonomous vehicles capable of communicating with
other objects and traffic signals in order to navigate freely in a modernized urban
environment [27]. Additionally, the notion of smart cities was conceptualized based
on the idea of a connected future where everything is connected over the internet
to share and exchange information [35]. Furthermore, IoT is envisioned to be inte-
grated with medicine and healthcare [39, 65], in addition to a variety of other use
cases [40, 52]. Hence, this has led to a significant amount of energy required to
power these billions of devices [4, 54]. Traditional lithium-ion batteries which are
the most common in use degrade over time due to the continuous flow of electrolytes
between the electrodes [47, 48]. Thus, the periodic replacement of the battery mod-
ules in the sensors or backscatter devices (BDs) is necessary till advanced battery
technology is available. Therefore, the need to determine alternative technologies
capable of powering these devices and enabling them to remain operational for the
long term is of utmost importance.

Ambient backscattering communication (AmBC) is a technology that utilizes
ambient radio frequency (RF) signals to provide connectivity between the TX/RX

and BDs [64]. The ambient RF signals can originate from various sources such as



television and FM radio broadcasts, cellular and WLAN signals. Furthermore, prior
research on AmBC technology indicates that the BDs have the capability to harvest
energy from the ambient RF signals that impinge on them [34, 44, 67]. Therefore,
AmBC eliminates the need for batteries and enables wireless communication with
the BDs. The concept of AmBC was first introduced by the authors in [45] during
the year 2013. The achievable communication range of AmBC was constrained
by limited coverage based on previous research. The studies in articles [6, 38, 45]
indicate achievable communication distances less than 10 m utilizing ambient TV

broadcast and Wi-Fi signals, respectively.

1.2 Thesis objectives and scope

The objective of this thesis was to analyze the different aspects of backscattering
communications such as coverage, capacity, and interference. These parameters were
evaluated based on the different ambient RF signals at different outdoor deployment
scenarios. Different operating modes of backscatter communications utilizing ambi-
ent signals were analyzed in the studies performed and are subsequently summarized
in the thesis.

The coverage of AmBC systems was a restriction based on prior research [6,
38, 45]. Therefore, in order to maximize the achievable communication range low-
frequency RF signals from FM radio broadcasts are utilized. FM radio signals are
broadcast at a low frequency that enables a large range of communication. Further-
more, the analysis is carried out for AmBC systems operating in both mono-static
and bi-static modes which have different use cases.

It was also noted that research utilizing ambient cellular signals for AmBC sys-
tems was few and far between. Hence, in the subsequent research, ambient cellular
signals were leveraged in the simulations to determine the coverage and interference
of mono-static AmBC systems. Long-term evolution (LTE) signals operating at the
carrier frequency of 700 MHz were utilized to determine the maximum achievable
range of communication in the urban macrocellular and suburban highway environ-
ments. Additionally, the applicability of 5G as an ambient signal for backscattering
communication was studied. Finally, the adjacent cell interference and the effect of

the network load on the coverage of AmBC systems were examined utilizing ambient

LTE-700 and 5G signals.



Bi-static backscatter communication utilizing ambient RF signals is an interesting
topic because useful information can be transferred to the end user from the BD.
However, in prior research, the coverage and the impact of interference had not
been studied in great detail. Therefore, the coverage of bi-static AmBC systems was
studied at various sub-1 GHz frequencies in the urban microcellular environment.
In addition, the interference caused due to the direct path signal was analyzed and
certain methods to mitigate the effects were proposed. Subsequently, the capacity of
bi-static AmBC systems was studied in the urban microcellular environment. Con-
sequently, techniques to mitigate the impact of interference caused due to additional

backscatter devices are also proposed.

1.3 Thesis contribution and structure
The main contributions to the thesis are listed as follows:

e The power budget for wide area AmBC is proposed to evaluate the coverage

utilizing ambient FM radio signals [P1].

¢ The maximum range of mono-static AmBC systems utilizing ambient low-

frequency FM radio signals is evaluated in [P2].

¢ The maximum communication range utilizing the lowest available cellular fre-

quency (LTE-700) is evaluated for mono-static AmBC in [P3].

¢ The suitability of ambient 5G signals for mono-static backscattering commu-

nications is studied in the publication [P4].

e The effect of the adjacent cell interference on the coverage in a heavily loaded

cellular network is studied in the publication [P5].

¢ Direct path interference suppression requirements from legacy networks in

bi-static AmBC systems are studied in the publication [P6].

¢ The interference caused due to the presence of multiple backscatter devices in

the environment is studied in [P7].

The publications [P1-P7] provide a more detailed explanation of the work carried
out for this thesis. A summary of these publications is provided extensively in this

thesis.



This thesis is structured into four main chapters. Chapter 2 provides insight
into the concept of ambient backscattering communication and the previous research
performed in this field. Ambient FM radio signals are utilized for the work done
in publications [P1, P2]. Mono-static and bi-static modes of operation of AmBC
were studied and summarized in Chapter 3. Ambient signals from mobile networks
are utilized in the simulations performed in [P3-P5] for the mono-static mode of
operation of AmBC. Chapter 4 provides a summary of the findings of the studies
carried out in publications [P3-P5]. The bi-static mode of operation for AmBC
utilizing sub-1 GHz ambient signals is studied in publications [P6, P7]. The findings
of publications [P6, P7] are summarised in Chapter 5. The conclusions of the thesis

are summarized in Chapter 6.

1.4 Author’s contribution to the publications

The idea and concept of this thesis were formulated based on an Academy of Finland-
funded project for wireless innovation between Finland and the United States (WiFiUS).
The research was initiated in collaboration between the University of Houston,
Aalto University, and the erstwhile Tampere University of Technology. The re-
search topic was “Ambient re-scatter inspired machine type communication for het-
erogeneous [oT systems (CNS-1702850)” [70]. After the completion of the project,
the author in collaboration with Prof. Jukka Lempidinen continued performing re-
search on this topic.

The author is the first author and main contributor in all the publications [P1-
P7]. Prof. Jukka Lempiiinen initiated the discussion regarding publications [P1-P5]
with the author. He also provided ideas and support during the research and writing
phase for the publications [P1-P5]. D. Sc. Joonas Sie was the co-author and contrib-
utor to the publications [P1-P3] and provided some valuable ideas during the research
phase and helped in proofreading the articles closer to the publication. The simula-
tion of the research work and writing of the publication [P1] was performed by the
author. The author presented the findings of the work at the Vehicular Networking
Conference (VNC) in Taipei, Taiwan in December 2018.

The simulation and the writing of the publication [P2] were done by the author.
The article was presented by D. Sc. Joonas Sie at the Balkan Conference on Com-

munications and Networking (BalkanCom) in Sarajevo, Bosnia and Herzegovina in



August 2022. The work leading to the publication of [P3] and the final manuscript
was prepared by the author. The findings of the work were presented by the au-
thor at the Global Communications (GLOBECOM) conference in Madrid, Spain
in December 2021.

The author and Prof. Jukka Lempiiinen co-authored the articles [P4, P5]. The
author performed the simulations and wrote the manuscript for publication [P4] and
this was published in the Springer Wireless Networks Journal of Mobile Commu-
nication, Computation, and Information in August 2021. Prof. Lempiiinen pro-
vided invaluable feedback during the writing process of the journal. The simulation
of the research work and the writing of the manuscript for publication [P5] were
performed by the author. Publication [P5] was presented by the author at the Wire-
less On-demand Network Systems and Services (WONS) conference in Madonna di
Campiglio, Italy in January 2023.

Prof. Riku Jantti from Aalto University initiated and formulated the idea for
the research performed in the publications [P6, P7] in discussion with the author
and Prof. Lempiiinen. The author performed the simulations and writing for the
publication [P6]. D. Sc. Mohammad Usman Sheikh helped the author validate the
simulations and helped proofread the article closer to publication. D. Sc. Hiiseyin
Yigitler provided valuable feedback during the simulation and writing of the publi-
cation [P6]. The findings of the work were presented remotely by the author at the
virtual Vehicular Technology Conference (VI C2021-Spring) in April 2021.

The author performed the simulation work for the article [P7]. D. Sc. Mo-
hammad Usman Sheikh and D. Sc. Hiseyin Yigitler helped the author validate the
simulation results by providing invaluable feedback. The manuscript writing for
publication [P7] was done by the author and the proofreading was done by D. Sc.
Hauseyin Yigitler. Prof. Jantti and D. Sc. Hiiseyin Yigitler helped in writing the
“Multi-bounce phenomenon” section of the article. The publication [P7] was pre-

sented remotely by the author at the virtual RFID Technology and Applications
(RFID-TA) in October 2021.

1.5 Methodology

The research work for this thesis was mainly performed with the help of simula-

tions. MATLAB was the interface through which the simulations were primarily



performed. A variety of methods were utilized to perform the simulations.
Different radio propagation models and equations were utilized to perform the
simulations in a variety of outdoor environments. The propagation models varied as
a function of the type of simulation environment. The ray tracing technique (which
was simplified to the free space path loss, FSPL model) for the line of sight (LOS)
paths was utilized in the simulations performed in [P1-P5]. The Okumura-Hata path
loss prediction model was utilized in [P1]. In publications [P2-P5], the radar equation
was utilized to perform the simulations. The 3GPP — urban microcellular model

and the ITU — device-to-device model were utilized to perform the simulations in

publications [P6, P7].



2 AMBIENT BACKSCATTERING COMMUNICATIONS:
AN OVERVIEW

Ambient backscattering communication (AmBC) is a wireless communication paradigm
where sensors or backscatter devices (BDs) utilize ambient radio frequency (RF) sig-
nals to establish communication between the TX, BD, and RX [45]. The AmBC
technology operates on the principle of the radio backscatter where a radio signal is
reflected from an object toward the receiver [64]. The radio backscatter technology
was first introduced in literature by Harry Stockman in 1948 [61]. The technology
was utilized during the Second World War to determine the affiliation of air-crafts
and classify them as friendly or hostile. In radio backscatter technology, the signal
impinges on a BD which directs the signal toward the receiver. The signal is decoded

at the RX and subsequently, the analysis and conclusions are derived.

Backscatter communications can be classified into three categories based on the
type of transmitted signal and the location of the TX and RX with respect to the BD
[14]. Mono-static backscatter communications are established by reflecting the signal
towards the RX which is co-located with the TX. In traditional mono-static backscat-
ter systems, there is a need for the transmission of a dedicated signal [14]. Radio-
frequency identification (RFID) and near-field communication (NFC) are two pri-
mary examples of mono-static backscatter communication systems. However, these
systems are limited by the achievable range of communication as the signal has to be
reflected from a BD/sensor located in proximity to the TX/RX [22, 69].

Bi-static backscatter communications also utilize a dedicated signal in order to
establish communication between the TX/RX and the BD. However, in bi-static
backscatter systems, there is a separation between the TX and RX. Therefore, the
BD can be placed at a location between the TX and the RX. In existing bi-static
backscatter systems, the signal is transmitted by the carrier emitter which can be
situated at a central location [46]. The BDs or sensors are located around the car-

rier emitter. After the signal from the carrier emitter impinges on the sensor it is
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Figure 2.1 Different operating modes for ambient backscatter communications. Fig. 2.1a shows the
mono-static mode of operation for AmMBC systems. The bi-static mode of operation of
AmBC systems is illustrated in Fig. 2.1b.

forwarded toward the RX for decoding.

The third category of backscatter systems eliminates the requirement for the gen-
eration and transmission of a dedicated signal. AmBC systems utilize ambient RF
signals to establish communication between the TX and the RX [45]. Therefore,
AmBC can be classified as a green technology [73]. The range of communication
is dependent on the type of ambient signal utilized by the system. The AmBC sys-
tems can operate both in the mono-static and bi-static modes [15, 64, 67]. Therefore,
AmBC systems provide flexibility in comparison with conventional backscatter com-
munication systems. In mono-static AmBC systems, the TX/RX are positioned at
the same location as illustrated in Fig. 2.1a. However, the TX and the RX are sep-
arate modules. The TX is the ambient source of the RF signal. The RX is a device
capable of receiving the backscattered signal. Therefore, the ambient signal propa-
gates from the TX, impinges on the BD, and then travels back toward the RX [18,
30]. Ambient mono-static backscatter communication systems are primarily utilized
for the purpose of monitoring a variety of system parameters such as temperature
and humidity [46].

The bi-static mode of operation of AmBC systems involves the propagation of
the ambient signal from the TX to the RX after impinging on the BD [18, 67, 68].
Thus, the positioning of the TX/RX in relation to the BD allows the transmission
of useful information to the end user (RX) from the BD. The illustration of ambient

bi-static backscatter communication systems is shown in Fig. 2.1b.
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The ambient signals may originate from a variety of sources that are generally
available in the surrounding environment. The WLAN, cellular, television, and FM
broadcast signals are some of the major sources of ambient signals [45, 51]. The
BDs utilized in AmBC are capable of harvesting energy from the ambient signals
to establish communication links between the TX and the RX [66, 73]. Thus, the
utilization of ambient RF signals enables the wireless and battery-free operation of
the sensors. Therefore, the sensors can be deployed in a variety of locations where
regular maintenance is difficult or unfeasible [16].

The BDs utilized for AmBC are envisioned to monitor a variety of parameters
such as temperature, humidity, traffic, and environmental features [16, 64]. There-
fore, some BDs may be deployed in remote areas of the planet such as rural highways
(to measure the level of snow), agricultural fields (to measure the level of water), or
mountainous regions (to measure seismic changes). Furthermore, the BDs may be
installed inside the walls of buildings to monitor a variety of parameters in indoor
environments. However, it is difficult and expensive to access the BDs (for main-
tenance) in some of these remote areas [16]. Thus, BDs operating on the principle
of AmBC technology can be installed and utilized for the long term as the need for
regular maintenance is avoidable [71].

The research on AmBC has accelerated in the past two decades with the minia-
turization of integrated circuits [72]. This has helped enable AmBC to become an
interesting research field. The authors in [49] were able to achieve communication
between two passive tags. This enabled the growth of interest in this field of re-
search. The concept of AmBC was first studied and introduced by the authors in
[45]. They utilized ambient television broadcast signals to establish communication
links between the two BDs. They were able to achieve communication distances of
0.76 m and 0.46 m in outdoor and indoor environments, respectively [45]. Utilizing
the ambient signals as the only source of power for the BDs, a communication rate
of 1 kbps was achieved at the aforementioned distances. With the utilization of ambi-
ent WLAN signals, the throughput improved to a certain extent [38]. The authors
in [6] were able to achieve a communication distance of S m with a throughput of
1 Mbps. However, the range of communication of AmBC was significantly limited

in both outdoor and indoor environments.
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3  AMBC UTILIZING LOW-FREQUENCY FM RADIO
SIGNALS

In this chapter, studies were performed to determine the maximum range of backscat-
tering communication utilizing ambient FM radio broadcast signals. The mono-
static and bi-static modes of operation of AmBC were studied using ambient FM
signals. The low operational frequencies between 88 and 108 MHz enable the FM
radio signals to propagate further than most RF signals in a given environment [32].
Furthermore, FM radio technology is readily available worldwide. Thus, the ex-
isting network infrastructure can be utilized for the efficient deployment of AmBC
systems. The simulations for the studies in this chapter were performed to investigate

both mono-static and bi-static modes of operation for AmBC systems.

3.1 Propagation models and equations

The simulations were performed based on the assumption that the TX/RX are oper-
ating in the mono-static and bi-static modes. In the mono-static mode of operation,
the TX and RX are co-located. Therefore, the ambient signal propagates from the
TX to the BD, impinges on it, and is reflected back toward the RX (Fig. 2.1 a). In the
bi-static mode, the ambient signal propagates to the BD and is transmitted forward
toward the RX after impinging on the BD (Fig. 2.1 b). Simulations were performed
utilizing different propagation models, the ray tracing approach, the Okumura-Hata
model, and the radar equation. The results of these propagation models were later

analyzed to determine the feasibility of utilizing FM signals for AmBC systems.
3.1.1  Ray-tracing

The ray-tracing technique utilizes the multi-path components of the ambient signal

between the TX and the BD to evaluate the propagation in a particular environment.
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The multi-path components of the ambient signal are a result of reflections from var-
ious different surfaces present in the environment. The reflections from buildings,
automobiles, and other surfaces contribute to the multi-path signals between the TX
and the BD. In traditional wireless communication systems, the multi-path compo-
nents are aggregated at the RX. Every multi-path component can cause constructive
or destructive interference based on the time and phase of the arriving signal [59].

The ray-tracing technique is characterized by individual communication links
(or, individual multi-path components) which can be defined with the help of the
free space path loss (FSPL) equation. The losses occurring due to the reflection of
surfaces are also factored in the final computation of the path loss. The FSPL (in dB)
is calculated for LOS links and can be defined by Eq. 3.1,

ESPL = 32.45 + 20 - log,, (dkm) + 20 - log,, (fMHz)s (3.1

where the frequency (f) is in megahertz (MHz) and the distance () is in kilometers
(km).

3.1.2  Okumura-Hata

The Okamura-Hata model provides path loss information about signal propagation
in different outdoor environments [42]. This model was developed based on the
measurements in the city of Tokyo in Japan. In comparison with the FSPL, the
Okumura-Hata model takes into account multiple parameters which can provide a
much more accurate description of the simulation environment. The height of the
base station (b, in meters) and the mobile station (b, in meters) are factored in the
simulations in addition to parameters such as frequency (f, in MHz) and distance
(d, in kilometers). The environment-specific parameters such as 4oy and Boy are
based on the type of propagation environment. The parameter computed using C —
6.55 - log,, () represents the slope of the propagation model. This term represents
the path loss exponent multiplied by 10. The area correction factor is represented by
the term Cp,. The mathematical formula of the Okumura-Hata propagation model

is expressed by Eq. 3.2,
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+(C = 655 - log, (b)) - log,, (),

(3.2)

where a(bp;) is selected to indicate a small or medium-sized city and is calculated

using Eq. 3.3,

a(hms) = (L1-log,,(f) = 0.7) « hms — (156 - log;, () — 0.8). (3.3)
3.1.3 Radar equation

The radar equation basically involves the signal being reflected from the BD (target
or, radar cross-section, RCS in radar terminology) toward the RX. Thus, the radar
equation computes the entire communication range/link budget between the TX,
BD, and RX [26]. The cross-section of the BD has a major role in the total achievable
range of communication. Radar systems can generally operate in the mono-static and
bi-static modes [5]. In the mono-static mode, the transmitter, and the receiver are
positioned at the same location. In the bi-static mode, the TX and RX are located
in separate positions. For mono-static radar systems, R in (3.4) represents the total
round-trip distance between the TX/RX and the BD in kilometers. However, for
bi-static systems, R is divided into two terms R1 and R2. The distance between the
TX and BD is represented by R1 and R2 represents the distance between the BD
and the RX. In this work, the mono-static mode of operation for radar systems is
utilized and the simulations are performed accordingly.

The achievable range of communication (R) for mono-static radar systems is cal-

s P,G,G. o
R= ‘/ TR (3.4)

where the terms Pz, Gz, and Gr represent the transmit power, transmitter antenna

culated utilizing Eq. 3.4,

gain, and receiver antenna gain, respectively. The additional losses in the system
are represented by the term L. The wavelength of the ambient signal is represented
by the term A. The term o represents the size of the BD or the radar cross-section

(RCS). In the radar equation handbook [5], o represents a half-dipole antenna, and
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Figure 3.1 Propagation environment from Google Maps. Highway 51 is a straight road as can be ob-
served from the map. Also, there are arable lands located in the proximity of this highway.

the size of the BD is calculated utilizing Eq. 3.5,

o =0.88x 2% (3.5)

The received power of radar systems is represented by the term Pr. In order to
determine the maximum achievable range of communication, Pr is assumed to denote
the receiver sensitivity of the system. The calculation of the receiver sensitivity of a

system is discussed in Section 3.2.

3.2 Receiver sensitivity

The receiver sensitivity (RXsensitiviy) represents the minimum signal strength that can
be received and decoded by the RX. The calculation to determine the RX ensicivity i
performed utilizing Boltzmann’s constant (k) which has a value of 1.38 x 10723 J/K
and temperature (7°) of 290 K. Additionally, system-specific parameters such as the
bandwidth (B), noise figure (NF), and signal-to-noise ratio (SNNR) are also utilized

to determine the RXengiiviey of the system. The RXengiivity is calculated utilizing
Eq. 3.4,

B
RXsensitivity(dBm) =10- logl() (%) + NF + SNR. (36)

The term receiver sensitivity has been used interchangeably with the terms noise

floor or minimum reception level of the system in this thesis.
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Figure 3.2 lllustration of propagation environment for bi-static AmBC utilizing ambient FM radio sig-
nals. The sensors are located around the RX antenna in its proximity.

3.3  Simulation environment

A rural open highway environment was selected for the simulations to determine
the maximum achievable range of communication utilizing ambient FM radio sig-
nals. This environment was selected because it is clear of clutter, obstacles, and
interference-causing signals. Furthermore, the ambient signals are able to travel to
the BDs located in the direct line-of-sight (LOS) path of the TX antenna in such
an environment. Fig. 3.1 shows a Google Maps view of the area considered for the
simulations.

The simulation area has a flat landscape free from any significant undulations.
Highway 51 is a straight road from Helsinki in the direction of Hanko in southern
Finland. There are wide arable agricultural fields located beside the highway. This
can also be observed from the Google Maps view as shown in Fig. 3.1. The FM
radio tower is located at a height of 248 meters in the suburb of Kivenlahti [23].
Therefore, the BDs located on or around the highway have nearly clear LOS paths
with the FM radio tower. Thus, the ambient signal from the FM radio is able to
propagate between the TX and the RX after impinging on the BD.

Fig. 3.2 shows the illustration of the propagation environment for bi-static com-

munication using ambient FM radio signals. The main purpose of bi-static AmBC
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Figure 3.3 The illustration of the propagation environment for mono-static AmBC utilizing ambient FM
radio signals. The sensors can be located at the street level, on billboards, or on lamp
posts to monitor different parameters.

is to deliver some information to the end user having an RX module. The BDs have
a clear LOS path with the ambient FM radio tower. The BDs are located around
the RX and this is demarcated as the harvesting area of sensors in Fig. 3.2. Based on
the use case, the BDs can be located between the TX and the RX or sometimes even
beyond the RX. The height of the FM TX antenna (/,) is 248 m. The BDs are lo-
cated at the street level or at heights of around 1 m from the ground. The parameter
(b;) represents the height of the RX module. For the power budget calculations of
wide-area bi-static AmBC systems, the BDs are placed at a distance of 30 km from
the FM TX antenna.

The propagation environment for mono-static AmBC using ambient FM radio
signals is shown in Fig. 3.3. The use-case of mono-static AmBC is to monitor certain
parameters. Therefore, the BDs can be located at a variety of locations such as on
the street level, on lamp posts, on bus stops, or on billboards. These different sensor
locations are illustrated in Fig. 3.3. There can also be some other use cases other than
the ones that are mentioned here. The ambient signals propagate from the FM TX
antenna towards the BD, and after impinging, travel back towards the RX which
is co-located with the TX. In the simulations, the height of the FM TX antenna is
248 m [23]. Therefore, the BDs have a clear LOS with the FM TX antenna. The

RX is also assumed to be co-located with the TX antenna as a separate module.
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Table 3.1 Simulation parameters.

Parameters ‘ Unit ‘ Value
Frequency MHz | 100
FM TX power (2,) kW 60
TX antenna height m 248
Temperature (7) K 290

Bandwidth (B) kHz 1

Noise figure (NF) dB 10
Signal-to-noise ratio (SNR) | dB 10
Additional loss (L) dB 10

3.4  Simulation parameters

The FM TX antenna located in the suburb of Kivenlahti, Helsinki has a transmission
power (2;) of 60kW or 77.78 dBm [23]. The carrier frequency (f) utilized for the
simulations is 100 MHz. The value of the RX ensitiviey of the system is calculated
utilizing Eq. 3.6. The values of # and T are already discussed in Section 3.2. The
value of B for the FM technology is considered to be 1kHz for the calculation of the
RXensitivity- 1he NF of 10dB and an SNR of 10 dB are utilized in the simulations.
Furthermore, there is also an additional loss (L) of 10 dB considered in the simulations
due to the blockage of the Fresnel zone and other losses such as diffraction from
different objects. The value of the additional loss (L) is also utilized in Eq. 3.4. The
simulation parameters are summarized in Table 3.1.

There may be certain minor but negligible errors due to the utilization of the
Okumura-Hata propagation model. This is because according to the specification
of the model, the operating carrier frequency range varies between 150 MHz and
1500 MHz. However, the simulations are performed at the frequency of 100 MHz.
Furthermore, the maximum height of the transmission antenna is specified to be
200 m. However, the FM TX antenna in the simulations is situated at a height of
248 m.

17



3.5 Power Budget for Wide Area Ambient Backscattering
Communications

Previous research on AmBC had very limited communication ranges. Even though
low-frequency television broadcast signals were utilized by the authors in [45], the
achievable range of communication was very limited. Therefore, the purpose of this
work was to determine the suitability of wide-area AmBC. In order to achieve wide-
area communications, the FM technology was selected due to its low frequency of
operation.

The power budget of a system provides a preliminary estimation of the trans-
mitted power utilization by the different network elements [24]. The general idea
of the power budget calculation is to determine the signal strength at the RX. The
factors affecting the propagation of a signal in a particular environment are the gains
and losses experienced by the particular signal. The gains in a particular system are
a result of TX and RX antenna gains. The losses in the system can be due to feeder
and cable loss. Additionally, the propagation loss between the TX and RX while the
signal is traveling between them is the major contributing factor to the loss experi-
enced in a system. The propagation loss increases proportionally with the increase
in distance between the TX and RX. Overall, the strength of the received signal is

computed based on the transmission power, gains, and losses utilizing Eq. 3.7,

Py = P, — losses + gains. (3.7)

The calculation of the power budget is an important process in the design of a
network. The propagation loss is dependent on the geography and topology of a
particular environment. The simulation was performed in an open rural area shown
in Fig. 3.1 as the propagation loss is the lowest in comparison with the urban and
suburban environments.

The idea of this research was to determine the power budget utilizing the trans-
mission power, the minimum reception level of the system, and the system gains
and losses. In addition, the path loss due to the propagation is also factored into
the power budget calculations. Based on the calculations, the available signal power
remaining for the signal to propagate to the RX was determined. Additionally, the

dynamic range of the system was factored into the analysis to determine the available

18



130

120~

Path Loss (dB)
8 3
T

©
38

80

70

I I I I I I I
0 10 20 30 40 50 60 70 80
Distance (km)

Figure 3.4 Path loss graph for the FSPL and Okumura-Hata propagation models.

path loss after the ambient signal impinges on the BD.

The propagation loss was computed between the TX antenna and the BD located
at a distance of 30 km utilizing the FSPL and Okumura-Hata propagation models.
For the Okumura-Hata model, the values of Aoy and Bpy were selected as 69.55
and 26.16, respectively. The propagation slope (C) was tuned so that the path loss
exponent was less than 2.5 indicative of a rural area. Additionally, the area correction
factor (Cm) was selected as —10 dB which is typical for an open area. The values of
C and Cm were selected to be realistic of the propagation environment.

The free space path loss was calculated using Eq. 3.1 at a distance of 30 km as
102dB. The propagation loss was also computed utilizing Eq. 3.2. The path loss
at the same distance utilizing the Okumura-Hata model is 114.8 dB. The Okumura-
Hata model provides a more realistic and accurate estimation of the propagation of
the ambient signal between the TX and the BD in comparison with the FSPL model.
The graphs for the path loss using FSPL and Okumura-Hata are shown in Fig. 3.4.

There are diffraction or scattering losses after the ambient FM signal impinges on
the BD. Therefore, there is an attenuation in the signal strength. This results in the
backscattered signal having a lower signal strength to propagate to the RX. These
losses contribute to the losses experienced by the system and are considered to be
approximately 30 dB.

The RXensitiviey of the system is calculated utilizing Eq. 3.6 and the value obtained
for this parameter is —123.97 dBm. This represents the minimum reception level of

the signal. Therefore, the RX is able to decode the signal as long as the received
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Table 3.2 Power budget of bi-static AmBC systems utilizing ambient FM radio signals.

Parameter Unit Value
Transmission Transmit power dBm 77.78
Propagation Losses | FSPL/Okumura-Hata | dB | 102/115.3
Sensor Losses Diffraction/Scattering | dB 30
Rx Receiver sensitivity | dBm —-123.97
Available Path Loss | FSPL/Okumura-Hata | dB | 69.77/56.45

signal strength is above this value.

The propagation of the backscattered signal between the BD and the RX is cal-
culated based on these parameters. The power budget of the system is presented in
Table 3.2. The calculations indicate an available path loss of approximately 55 dB to
70 dB for the backscattered signal to propagate from the BD to the RX. This value
is dependent on the utilized propagation model.

The ambient signal follows two paths between the TX and the RX. This is rep-
resented in Fig. 3.5. The direct path between the TX and RX is defined by ‘X’.
The other path followed by the ambient signal is represented by the forward link
(‘Y”) and the backscatter link (‘Z’). The distances ‘D’ and ‘d’ represent the distance
between the TX-BD and BD-RX| respectively. The aforementioned characters are
utilized only for illustration purposes. The dynamic range of the system is the dif-
ference between the strongest and weakest signal impinging on the RX. The direct
path signal has a much greater amplitude than the backscattered signal. Therefore,
this is a key parameter to be considered in the development of the receiver module.

In this work, an assumption was made that the difference in the signal strength
between the direct path signal and the backscattered signal was not more than 70 dB.
This design ensures the RX is able to differentiate between the signals arriving via
these two paths. For example, if the RX is located at a distance of 50 km from the TX,
the received signal strength at this location is —28.65 dBm (using FSPL). Therefore,
based on the aforementioned assumption, the backscattered signal can be detected
by the RX if the signal strength is greater than —98.65 dBm.

In comparison with the minimum reception level of the system, the dynamic
range of the system is much more of a limiting factor. It is observed that there is a

25 dB reduction in the available path loss when the dynamic range of the system is
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Figure 3.5 lllustration of the dynamic range for FM systems.

considered. Thus, the final available path loss utilizing the FSPL model is 44.43 dB.
Therefore, communication links of ‘d’ km may be established when FM radio is

utilized as the ambient signal for bi-static ambient backscattering communications.

3.6  Evaluation of Maximum Range for Backscattering
Communications Utilizing Ambient FM radio signals

The primary objective of mono-static backscatter communication is to monitor dif-
ferent parameters in the environment such as the weather, temperature, etc. The
observed data is relayed back to the RX which is co-located with the TX. The signal
propagates from the TX antenna toward the BD, and after impinging on the BD
(where the information is added), the signal propagates back to the RX.

The mono-static mode of operation of backscattering communications is gener-
ally limited by the range of communication. The purpose of this work was to deter-
mine the maximum achievable range of communication for AmBC utilizing ambient
low-frequency FM radio signals. The FM frequency band was selected as it is one
of the lowest commercially accessible frequency bands which is available worldwide.
The low operating frequency of FM radio technology enables wide communication
ranges.

In the rural highway environment, as shown in Fig. 3.1 there is a lack of signif-
icant obstacles that help in achieving long propagation distances. Furthermore, the

rural environment is also free from other signals causing significant interference with
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Table 3.3 Different distances for AmBC with RT and RE propagation models.

Propagation | RCS | Distance between TX/RX Total
model (o; m?) and BD (km) distance (km)
Ray-tracing - 14.5 29
0.001 1.43 2.87
0.01 2.55 5.10
Radar 0.16 5.10 10.21
equation 0.3 5.97 11.94
0.7 7.38 14.76
7.92 13.54 27.08

the system of interest. Finally, there are a lot of LOS paths available between the
TX/RX and the BD. The illustration of the propagation environment is shown in
Fig. 3.3. In the simulation scenario, the BDs are located in the direct LOS of the
FM TX antenna. The BDs can be present on the street level, at bus stops, on lamp
posts, or on billboards based on the use case. In addition, there can be other use cases
different from the ones that are mentioned here.

The computation of the maximum achievable range of communication is per-
formed using the FSPL and the radar equation and they are discussed in Section 3.1.1
and Section 3.1.3.

The transmission power of the FM TX antenna at Kivenlahti is 60 kW. The
RXensitiviey of the system is calculated to be —123.97 dBm. This value is computed
using Eq. 3.6 based on the noise figure and SNR of 10 dB each. Furthermore, an ad-
ditional loss of 10 dB is considered due to the proximity of the BD with the ground
which can result in a minor obstruction of the Fresnel zone. These values are sum-
marized in Table 3.1. Subsequently, the total available path loss calculated based on
the aforementioned parameters is 191.75 dB.

The total available path loss for round-trip communication between the TX/RX
and the BD is 191.75 dB. Therefore, for one-way communication between the TX
and BD, the available path loss is 95.87 dB. This translates to a maximum distance of
14.5 km between the TX and BD, as the corresponding path loss for that distance is
95.67 dB. Additionally, based on the principle of reciprocity, the signal experiences
a similar amount of attenuation while propagating between the BD and the RX.

Therefore, a total round-trip distance of 29km is achievable between the TX/RX
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Figure 3.6  Achievable distances for different additional losses for varying RCS ().

and the BD. Thus, utilizing the FSPL model, it is observed that the distance between
the TX/RX and the BD is 14.5 km.

The radar equation in Eq. 3.4 demonstrates the total range of communication for
the mono-static mode of operation. The values of & were varied to observe the effects
of the size of the BD in the achievable range of communication. The values of the
BD were selected to indicate the realistic scope of sensors utilized for IoT depending
on the use case.

The worst-case scenario is when the BD is small and the ambient signal has a
very small surface area to impinge on. Therefore, when a BD size of 3cmx3 cm (or,
0.001 m?) is utilized, a distance of 1.43 km can be established between the TX/RX
and the BD. Furthermore, such a small BD may be hard to locate even at such a
small distance from the TX/RX. The achievable range of communication increases
to 2.5 km when the size of the BD is 10 cmx10 cm (0.01 m?). As the size of the BD
increases to 40 cmx40 cm (0.16 m?), the achievable range of communication between
the TX/RX and the BD increases to 5.1km. A 5.97 km range in communication is
achievable when the size of the BD is 54 cmxS4cm (0.3 m?). The BD of the size
of 83cmx83cm (0.7m?) enables a communication range of 7.38km between the
TX/RX and BD. Finally, when a BD representing a half-dipole antenna [5], cal-
culated utilizing Eq. 3.5 is utilized, the achievable range of communication between

the TX/RX and BD is 13.54 km. The size of the BD is 2.8 mx2.8 m (7.92m?). The
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achievable range of communication utilizing different sizes of BDs is summarized in
Table 3.3. Therefore, it can be inferred from Table 3.3 that the achievable commu-
nication distances between the TX/RX and the BD increase with the increase in the
size of the BD.

In addition, a study was performed to determine how the achievable range of com-
munication changes with respect to the additional loss experienced by the system.
The achievable range of communication decreases with the increase in the additional
loss in the system. This is expected as the ambient signal experiences significant at-
tenuation which contributes to the additional loss of the system. Therefore, it can be
observed for an increase of 10 dB additional loss, the round-trip achievable distance
reduces by about 43 percent for every BD irrespective of the size. Fig. 3.6 shows
the graph that illustrates the effect of the additional loss in the achievable range of

communication.
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4 MONO-STATIC AMBC UTILIZING CELLULAR
NETWORK SIGNALS

In this chapter, different aspects of the mono-static AmBC system are investigated
when the ambient signal originates from cellular networks. As discussed earlier, in
the mono-static systems, the TX and the RX are located at roughly the same location.
Therefore, the ambient signal propagates to the BD and after impinging on the BD,
propagates back toward the RX. The studies were performed in the outdoor macro-

cell and rural environments with the help of simulations.

41  Propagation models

The radar equation and FSPL were utilized to perform the simulations using ambi-

ent signals from mobile networks. The models are described in Section 3.1.3 and

Section 3.1.1.

4.2  Simulation environment

The TX and RX are located at approximately the same location indicating the mono-
static mode of operation for AmBC. The ambient signal propagates toward the BD
and is reflected toward the RX after impinging. In the simulations, it is assumed that
the BDs are located close to the ground or at most 1 meter from the ground in the
LOS path of the TX/RX. Due to the proximity of the BD to the ground, additional
losses are considered due to the partial blocking of the Fresnel zone. Furthermore,
losses due to the presence of trees, humans, buildings, and automobiles are also con-
sidered in the simulations. The additional loss is greater in the urban environment
because of the abundance of such types of interference in comparison to a suburban

highway environment.
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Figure 4.1 Schematic diagram of the urban macro-cellular environment. The BDs marked with red
crosses are in the NLOS and cannot receive the ambient signal before it is significantly
attenuated.

421 Urban macro-cell

The macro-cell environment is classified by the presence of buildings typically rep-
resentative of an urban city environment. The urban environment also typically
consists of wide streets with sidewalks. In the simulations, it is assumed that the
BDs are located on the street level in the direct LOS path of the TX/RX antenna.
In an urban macro-cellular environment, the antennas are located on or just below
the rooftop level. Hence, in the simulations, the TX/RX antennas are located just
below the rooftop level at a height of 30 m as shown in Fig. 4.1. This configuration
is utilized to minimize the effects of the back lobe of the antenna radiation pattern.
Additionally, this antenna arrangement ensures that the main lobe of the antenna is
aimed toward the BDs which are placed in the LOS path of the TX/RX. Further-
more, due to this antenna deployment strategy, LOS paths exist between the TX/RX
and the BD. Typically, adjacent base stations are separated by approximately 200 m
to 400 m. The layout of the urban macro-cellular environment is depicted in Fig. 4.1.
The BDs in the NLOS of the antenna are depicted with red crosses in Fig. 4.1.
Fig. 4.2 shows an illustration of the environment when macro cells are deployed
in coherence with small cells. This type of network deployment is generally typical
for 5G systems. Additionally, existing macro cell sites can be re-used by the operators
for the deployment of 5G networks. Furthermore, such a network deployment is
necessary for areas where there are numerous users. Therefore, the load of the macro
cell can be shared by the small cell so that the network resources of the macro cell

are not completely exhausted.
P y
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Figure 4.2 Deployment strategies of 5G and AmBC in the urban environment.

422 Small cells

The utilization of small cells generally enables network operators to provide cover-
age for users located at the edge of the cell. The small cell base stations are typically
installed on top of lamp posts, bus stops, or inside shopping malls, etc. This deploy-
ment is performed to provide coverage for users in densely located environments
such as stadiums, bus/train stations, and shopping malls. In addition, small cells
provide significant improvement in coverage for users in dense urban residential ar-
eas. The aforementioned areas have a significant number of users and devices in need
of using network resources. Furthermore, the applications for smart city deploy-
ments have accelerated the need for the deployment of small cells. Fig. 4.2 illustrates
the deployment of small cells in an urban environment. In the simulations, it is

assumed that the BDs have a direct LOS path with the small cell TX antenna.
42.3  Sub-urban highway

The standard height of the TX antenna in the sub-urban environment varies be-
tween 30m to 80 m. The efficient antenna deployment strategy in the sub-urban
environment involves placing the antenna at a higher elevation. This ensures a wider

coverage area in addition to alleviating the hindrance caused by obstacles. As shown

in Fig. 4.3, the BDs are located in the LOS path close to the TX/RX antenna. The
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Figure 4.3 Schematic diagram of the suburban highway environment. The BDs in the NLOS of the
TX/RX are marked with red crosses.

inter-site distances between adjacent cells vary between 10 km to 15 km. Therefore,
there are areas within the environment without coverage for the BDs. Hence, the
BDs need to be located close to the TX/RX to ensure the signal can cover the round-
trip distance after impinging on the BD. The sensors that are unable to receive the
signal due to being in the NLOS or being too distant are marked by red crosses in
Fig. 4.3. The illustration of the propagation environment is shown in Fig. 4.3.
The sub-urban highway was selected for the simulations as this environment is
free of significant interference-causing obstacles. Additionally, the BDs have a direct
LOS connection with the TX and RX antenna. This setup ensures the minimum
amount of path loss due to the propagation of the ambient signal. Therefore, the
maximum harvesting area can be determined under specific circumstances in the rural

highway environment.

4.3  Simulation parameters

The simulations are performed at the LTE and 5G carrier frequencies. The param-
eters were system-specific and chosen based on the frequencies at which the simula-
tions were performed. The frequencies at which the simulations in this chapter were
performed were low-frequency LTE 700 MHz, 3.5 GHz 5G, and 26 GHz millimeter-
wave 5G.

In the simulations, the transmission power (2;) of macro cells and small cells were
40W (or, 46dBm) and 4 W (or, 36 dBm), respectively [20]. The antenna gains for
the simulations at LTE-700 were 18 dBi for the TX and 0dBi for the RX. At the
5G frequencies, the antenna gains for both the TX and RX were 32 dBi each [3].
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Table 4.1  Simulation parameters for LTE and 5G systems.

Parameter Unit | LTE Value | 5G Value
Frequency (f) GHz 0.7 3.5, 26
Transmission power (macro cells, 7,) | dBm 46 46
Transmission power (small cells, 7,) | dBm 36 36
Tx antenna gain (G,) dBi 18 32
Rx antenna gain (G,) dBi 0 32
Cable loss (Z,) dB 2 -
Temperature (7) K 290 290
Bandwidth (B) MHz | 12x15 | 1,20,200
Noise figure (NF) dB 10 8
Signal-to-noise ratio (SNR) dB 2 4
Additional loss (Lyrban) dB 15 10
Additional loss (Lg,burban) dB 5 -
Reflection loss dB - 20

Additionally, a cable loss of 2 dB was considered for the simulations at LTE-700.

The minimum reception level of the system was calculated utilizing the typical
values for Boltzmann’s constant (k) and temperature (7), 1.38 x 10723 J /K and 290
K, respectively. The system bandwidth (B) for LTE-700 was 12 x 15kHz. This
represents one resource block consisting of 12 sub-carriers and the spacing between
them is 15 kHz [57]. Additionally, for the LTE-700 system, a NF of 10 dB and a SNR
of 2 dB are utilized in the simulations.

The simulations for the 5G system were performed utilizing system bandwidths
B of 1 MHz, 20 MHz, and 200 MHz, respectively. A NF of 8 dB and a SNR of 4dB
were utilized for the simulations at these carrier frequencies.

Finally, an additional loss of 15dB in the urban environment and 5dB in the
suburban environment are utilized in the simulations performed at 700 MHz. For the
5G systems, an additional loss of 10 dB is considered. Furthermore, a reflection loss
of 20dB is also utilized in the simulations. All the values utilized in the simulations

are summarized in Table 4.1.
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4.4  Maximum Receiver Harvesting Area of Backscatter Signals from
Ambient Low-Frequency Mobile Networks

This work intended to determine the maximum receiver harvesting area for AmBC
sensors utilizing ambient signals from cellular networks. Therefore, the long-term
evolution (LTE) network operating at the 700 MHz carrier frequency, LTE-700,
was selected as the frequency for the simulations. The LTE-700 band is termed
band 28 by 3GPP. LTE-700 is a favored carrier frequency band due to the available
spectrum, good propagation characteristics, and availability in urban and suburban
areas. The simulations were performed in the urban macro-cell and the suburban
highway environments. A key disadvantage of using band 28 is technologies such as
massive MIMO and beam-forming techniques cannot be easily supported due to the
large wavelength of the signals. However, carrier aggregation can be applied to utilize
band 28 in coherence with LTE-Advanced (LTE-A) or LTE-A Pro technologies by
network operators [37].

The achievable range of communication of mono-static AmBC was limited based
on previous research. The purpose of this work was to determine the maximum
achievable range of communication utilizing commercially available cellular net-
works. Therefore, the lowest commercially available carrier frequency at that time,
the LTE-700 frequency band was selected for the simulations. The primary reason
why this carrier frequency was selected is because this network was already deployed
in most countries of the world. Furthermore, the low frequency of operation of
LTE-700 enabled the ambient signal to propagate further than signals from other
commercially available cellular networks.

To maximize the achievable range of communication, only BDs located in the
direct LOS of the TX/RX were utilized in the simulations. The attenuation expe-
rienced by the ambient signal propagating to the BDs located in the NLOS of the
TX/RX is significantly greater. Therefore, the ambient signal is not strong enough
to establish communication between the TX /RX and the BDs. The location of BDs
in the urban macro cellular environment in the LOS and NLOS is shown in Fig. 4.1.
In the suburban highway environment, the location of the BDs is shown in Fig. 4.3.
The BDs located in the NLOS of the TX/RX are marked with red crosses in Fig. 4.1
and Fig. 4.3.

The RXensitivicy of the LTE-700 system was initially computed to be —109.42 dBm.
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Thus, based on the P; of 46 dBm, a total available path loss of 156.42 dB and 166.42 dB
were available in the urban and suburban environments, respectively. The total avail-
able path loss was computed after considering the additional loss in both environ-
ments. Therefore, the aforementioned path loss was available for the ambient signal
to propagate back and forth between the TX and RX after impinging on the BD.
Therefore, the available path loss for one-way communication between the TX-BD
(or, BD-RX) was 78.21dB and 83.21dB in the urban and suburban environments,
respectively.

Using the FSPL equation, a distance of 275 m is achievable in the urban environ-
ment for one-way communication. The FSPL at this particular distance is 78.14 dB.
Also, based on the principle of reciprocity, a similar distance can be achieved in the
reverse link. Therefore, a round trip distance of 550 m can be achieved between
the TX/RX and the BD. The total path loss experienced by the ambient signal is
156.28 dB, which is less than the total available path loss in the urban environment.
Therefore, communication can be established with a BD located 275 m in the LOS
of the TX/RX in the urban environment.

In the suburban highway environment, a one-way distance of 475 m is achievable
between the TX/RX and the BD. Based on the FSPL, the signal experiences a path
loss of 82.29dB at this distance. Therefore, based on the total available path loss
of 166.42 dB, a round trip distance of 950 m can be achieved in the suburban envi-
ronment. At this distance, the ambient signal experiences a round-trip path loss of
164.58 dB. This value is below the total available path loss in the suburban environ-
ment. Therefore, communication can be established with a BD located 475 m away
in the LOS of the TX/RX in the suburban environment.

The achievable range of communication for the radar equation is computed uti-
lizing Eq. 3.4. The achievable distance indicates the round-trip distance between the
TX/RX and the BD. The size of the BD was altered while performing the simula-
tions to estimate the impact of the cross-section of the BD in the achievable range
of communication. For the simulations, BDs of five different cross-sections were
utilized.

The smallest size of the BD utilized in the simulations was 0.001 m?. A total
round-trip communication range of 159 m and 283 m is achievable in urban and sub-
urban environments, respectively. Therefore, a BD having a size of 0.001 m? can be

placed 79 m and 141 m away from the TX/RX in the urban and suburban environ-
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Table 4.2 Different distances for AmBC with RT and RE propagation models.

Propagation RCS Urban Sub-urban
model (o, m?) | Total distance (m) | Total distance (m)

Ray Tracing ‘ - ‘ 550 ‘ 950
0.001 79 141
0.01 141 251
Radar equation | 0.16 283 500
0.3 331 589
0.7 819 1456

ments, respectively. A total communication range of 283 m and 503 m is achievable
in urban and suburban environments when the size of the BD is 0.01 m?. Therefore,
the BD can be located 141 m from the TX/RX in the urban environment. Also, in
the suburban environment, the BD of this size can be located at a maximum distance
of 251 m. When a larger BD of 0.16 m? surface area is utilized, a total round-trip
distance of 567 m in the urban environment and 1000 m in the suburban environ-
ment was achievable based on the simulations. Therefore, utilizing 0.16 m?> BD, the
maximum one-way distance between the TX/RX and BD can be 283 m and 500 m
in urban and suburban environments, respectively. The achievable range of commu-
nication is 662 m in the urban environment and 1178 m in the suburban environment
utilizing a BD having the cross-section of 0.3 m2. Therefore, the BD can be located
331m and 589 m from the TX/RX in urban and suburban environments, respec-
tively. Finally, a BD having the size of 0.7 m? represents the largest area the ambient
signal can impinge on. Thus, the achievable round-trip distance in the urban and
suburban environments is 819 m and 1456 m, respectively. Therefore, the maximum
one-way distance between the TX/RX and BD is 409 m and 728 m in urban and
suburban environments, respectively. It can be concluded that the achievable range
of communication increases if the ambient LTE-700 signal has a large surface area to
impinge on. The achievable distance between the TX/RX and the BD is summarized
in Table 4.2.

The effect of additional loss in the achievable range of communication was also
studied. Fig. 4.4 illustrates the effect of the additional loss on the achievable commu-
nication distance for each BD. It is observed that the achievable communication range

decreases with the increase in the additional loss. This is due to the greater atten-
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Figure 4.4 Achievable distances for different additional losses for varying RCS (¢).

uation that the ambient signal experiences while propagating between the TX/RX
and the BD. It is observed that an increase in a 10 dB additional loss, reduces the
achievable range of communication by approximately 43 percent.

Therefore, utilizing the FSPL equation, the BDs may be located at 550 m and
950 m in the LOS of the TX/RX in the urban and suburban environments, respec-
tively. The achievable range of communication utilizing the radar equation varies
between 159 m - 819 m and 283 m - 1456 m in the urban and suburban environment,
respectively. The communication distance varies as a function of the cross-section
of the BD. The achievable range of communication is higher in the suburban envi-
ronment due to the low amount of interference in comparison with the urban envi-
ronment. Furthermore, the additional loss has a significant impact on the achievable
range of communication. Therefore, in conclusion, BDs located in the LOS of the

TX/RX can be served by low-frequency ambient mobile network signals.

45  Assessment of 5G as an ambient signal for backscattering
communications

The fifth generation of mobile communications was envisioned to provide high data

rates for devices in comparison with existing technologies. In certain situations, 5G
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was envisioned to provide data rates corresponding to broadband services. Addition-
ally, high reliability and low latency communications are also some major use cases
for 5G systems[21]. The requirement for high data rates, reliability, and low latency
communications is driven by the advent of the huge number of connected devices
with the deployment of IoT [50]. Additionally, 5G was developed with the idea of
providing coverage and support for a huge number of IoT devices that are connected
to each other as well as a central node. Furthermore, certain 5G use cases have
the requirement for ultra-reliable low latency communications (URLLC) such as
remote surgeries, remote traffic management, and autonomous vehicles [58]. These
requirements can be fulfilled by the introduction of certain key technologies for RF
interfaces.

Firstly, a shift toward higher carrier frequencies enables the utilization of massive
multiple-input multiple-output antenna arrays at the base stations [41, 55]. Conse-
quently, the effects of the higher propagation loss at the higher carrier frequencies
can be mitigated due to the antenna arrays present at the TX. Additionally, the az-
imuth and elevation planes can be utilized simultaneously for the allocation of users.
Furthermore, high performance in both the uplink and downlink can be achieved
with beamforming [19].

Secondly, the utilization of higher frequency bands facilitates the need for in-
creased data rates which is necessary to support the requirement for enhanced mobile
broadband (eMBB) [50]. The utilization of the large bandwidth available in the mil-
limeter wave carrier frequency (24 GHz to 100 GHz) helps to achieve the high data
rate requirements of certain use cases. In practical scenarios, the sub 6 GHz carrier
frequency bands are utilized in coherence with the millimeter wave frequency band
to enable communications for 5G systems. The sub-6 GHz carrier frequency band
would be implemented on the existing macro-cellular sites and the millimeter wave
frequency would be utilized in outdoor small cells or short-range communication
links in indoor environments [29]. This enables the utilization of heterogeneous
networks where small cells and macro cells may operate at different carrier frequen-
cies, even for a single operator. This type of implementation is shown in Fig. 4.2.

Finally, in heterogeneous networks, the traffic load on the macro-cells can be re-
duced by the utilization of the small cells. However, the requirement of the macro-
cell base stations would still be necessary to carry the control plane traffic [36].

Fig. 4.2 shows an illustration of a heterogeneous network where macro cells and
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small cells are simultaneously deployed. Cooperative scheduling and coordinating
multipoint (CoMP) technologies may be utilized to mitigate the adjacent cell inter-
ference caused due to the utilization of heterogeneous networks [36, 60]. 3GPP has
decided to utilize OFDM waveforms to support a variety of applications for the 5G
air interface.

5G was envisioned to provide coverage for devices and users located primarily
in the urban macro-cellular environment [21]. It was estimated that there would
be a significant increase in the number of users or devices in such locations with
the advent of IoT wireless communications. 5G networks were designed to support
the high capacity requirements in densely populated urban areas. 5G networks can
be deployed in existing macro-cellular sites. Furthermore, new small cell sites can
be established to provide better connectivity for cell-edge users. The different de-
ployment strategies of 5G sites can be observed in Fig. 4.2. Additionally, with the
advent of autonomous self-driving cars, the coverage of 5G networks is also expected
to be extended to highways located in suburban and rural environments. Fig. 4.3
shows an example of a suburban highway environment where AmBC sensors could
be deployed.

The purpose of this study was to determine the applicability of 5G networks
for AmBC in densely populated urban and rural areas. 5G networks operating at
3.5 GHz and 26 GHz millimeter wave frequencies are utilized in the simulations to
determine the coverage area of AmBC BDs in urban macro-cell and small-cell en-
vironments. Additionally, the carrier frequency of 3.5 GHz is utilized to perform
simulations in the suburban highway environment.

To determine the achievable range of communication between the TX/RX and
the BD, it was necessary to determine the total available path loss in the respec-
tive environment. The total available path loss between the TX/RX and the BD in
the urban macro cell, small cell, and suburban highway environment was computed
based on the difference between the transmission power (P;) and the minimum re-
ception level (or, P,) of the system. The value of P, was calculated by utilizing
Eq. 3.6. The value of P, in the 5G system can change due to the varying system
bandwidths. 5G can support system bandwidth ranging up to 400 MHz. As an ex-
ample, system bandwidth values of 1 MHz, 20 MHz, and 200 MHz were utilized in
the simulations. The corresponding values of P, were calculated to be —101.97 dBm,
—88.96dBm and —78.96 dBm for 1 MHz, 20 MHz, and 200 MHz, respectively. The
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Table 4.3 Receiver sensitivity at different bandwidths (in dBm).

Bandwidth (B) | 1 MHz | 20 MHz | 200 MHz
R ensitiviey (Pr) | —10L97 | —88.96 -78.96

Table 4.4 Ray tracing distances (monostatic) at different bandwidths (in meters).

Bandwidth (8) | 1 MHz | 20 MHz | 200 MHz

3.5 GHz 5370 m | 1200 m 375 m
26 GHz 225 m 50 m 1S m

RXensitivity at different bandwidths is summarized in Table 4.3. The aforementioned
values were computed utilizing an SNR of 4 dB and a NF of 8 dB. The other simula-
tion parameters are summarized in Table 4.1.

Based on the P, values, the total available path loss for the round-trip com-
munication was determined to be 147.97 dB, 134.96 dB, and 124.96 dB in the urban
macro-cellular environment. Similarly, in small cells, the total available path loss is
137.97 dB, 124.96 dB, and 114.96 dB, at 1 MHz, 20 MHz, and 200 MHz, respectively.
The total available path loss further decreases when the additional loss and loss due
to reflection (at the BD) are taken into account.

The range of communication at 3.5 GHz between the TX/RX and the BD was
calculated to be 5370 m, 1200 m, and 375 m at the system bandwidths of 1 MHz,
20 MHz, and 200 MHz, respectively. These values were obtained utilizing the FSPL
equation. Therefore, the BD can be placed at a distance of 2685 m, 600 m, and
187 m from the TX/RX when the carrier frequency is 3.5 GHz. The total achievable
range of communication at 26 GHz between the TX/RX and the BD is 225 m, 50 m,
and 15 m at the system bandwidth of 1 MHz, 20 MHz, and 200 MHz, respectively.
Therefore, the BD can be located at a distance of 112m, 20 m, and 7.5 m from the
TX/RX in the small-cell environment based on the utilized system bandwidth. The
total achievable range of communication using FSPL at 3.5 GHz and 26 GHz carrier
frequencies utilizing different system bandwidths are summarized in Table 4.4.

The radar equation computes the total round-trip communication range achiev-
able between the TX/RX and the BD. The total distance (R) is calculated using
Eq. 3.4. The achievable range of communication is dependent on the size of the BD.

The simulations are performed utilizing BDs having different cross-sections in both
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Table 4.5 Distances (in meters) for AmBC with RE at 3.5 GHz frequency with different bandwidths.

RCS (s m*) | 1MHz | 20 MHz | 200 MHz
0.0004 695 m 328 m 184 m
half — dipole, 0.0065 | 1394 m | 659 m 370 m
0.01 1554m | 734m 413 m
0.15 3059m | 1446m | 813 m
0.3 3637m | 1720m | 967 m
0.7 4495 m | 2126 m 1195 m

the urban macro-cellular and small-cell environments.

The 3.5 GHz carrier frequency is utilized in the simulations performed in the
macro-cellular environment. A BD having a dimension of 2cm X 2 cm (0.0004 m?)
represents the worst-case scenario as the ambient signal has a very small surface area
to impinge upon. The achievable range of communication between the TX/RX and
the BD is 695m (1 MHz), 320 m (20 MHz), and 184 m (200 MHz). It is observed
that the achievable range of communication decreases with the utilization of large
system bandwidth. The achievable range of communication increases to 1.39 km
(1MHz), 659m (20 MHz), and 370 m (200 MHz) when the BD represents a half-
dipole antenna (the size of which is calculated using Eq. 3.5). This is because the
ambient signal has a larger surface area to impinge on. Moreover, it is observed that
communication ranges of 1.5km (1 MHz), 734 m (20 MHz), and 413 m (200 MHz)
can be achieved utilizing a BD of 10cm x 10 cm (or, 0.01m?). Furthermore, the
achievable range of communication is 3km (1 MHz), L4km (20 MHz), and 813 m
(200 MHz) when the size of the BD is 0.15 m?. Additionally, depending on the system
bandwidth, the achievable range of communication varies between 967 m and 3.63 km
when the size of the BD is 0.3 m?. Similarly, using 0.7 m?> BD, the achievable range of
communication varies between 1.19 km and 4.49 km. Therefore, it can be concluded
that the achievable range of communication increases with the increase in the cross-
section of the BD. The achievable communication ranges utilizing 3.5 GHz carrier
frequency are summarized in Table 4.5.

It can be observed from Table 4.4 and Table 4.5 that the achievable range of
communication is dependent on the system bandwidth. For example, the achiev-
able communication range utilizing the FSPL at the 200 MHz system bandwidth is

375 m. Utilizing the radar equation, at the corresponding bandwidth, a communi-
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Figure 4.5 Achievable distances for different additional losses and carrier bandwidth for varying RCS
(o) at 3.5 GHz.

cation range of 370 m can be achieved with a BD of 0.0065 m?. However, the cor-
responding distances achieved (for the BD having the same cross-section) at 1 MHz
(5370 m and 1395 m) and 20 MHz (1200 m and 659 m) utilizing the FSPL and radar
equation are contrasting. Therefore, it can be concluded that the size of the BD
has a significant impact on the achievable range of communication. Thus, the FSPL
equation provides an optimistic estimation of the achievable range of communication
in comparison with the radar equation because the size of the BD is not taken into
account.

The achievable range of communication is dependent on the type of ambient
5G signal. For instance, the 5G pilot signal is transmitted at a narrower system
bandwidth than the traffic channels. The traffic channels have a system bandwidth
in the region of 10 MHz — 100 MHz.

Furthermore, the additional loss has a significant impact on the achievable range
of communication. The additional loss values are varied between 0dB and 20 dB
to observe the impact on the achievable communication range. Fig 4.5 shows the
impact of the additional loss on BDs having cross-sections of 0.0004 m?, 0.0065 m?,
and 0.01m?.

The millimeter wave (26 GHz) carrier frequency is utilized for the simulations

performed in the small cell environment. At this frequency, the total achievable
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Table 4.6 Distances (in meters) for AmBC with RE at 26 GHz frequency with different bandwidths.

RCS (;m*) | 1 MHz | 20 MHz | 200 MHz
half — dipole, 0.0001 | 105 m 49 m 28 m
0.0004 43m | 6/m 38 m
0.01 320 m 151 m 8S m
0.15 63m | 298m 167 m
0.3 750m | 354 m 199 m
0.7 927 m 438 m 246 m

range of communication is minimal when a BD representing a half-dipole antenna
is utilized. For this sensor size, the achievable range of communication is 105 m,
49 m, and 28 m at the system bandwidths of 1 MHz, 20 MHz, and 200 MHz, respec-
tively. The achievable range of communication for a BD having a cross-section of
2cm x 2cm (0.0004 m?) is 143 m, 67 m, and 38 m utilizing different system band-
widths. Therefore, it can be observed that the achievable range of communication
increases when the ambient signal has a large surface area to impinge on. The achiev-
able range of communication is 320 m, 151 m, and 85 m when a BD having a cross-
section of 0.01 m? is utilized in the simulations. Furthermore, communication dis-
tances of 631 m, 298 m, and 167 m may be achieved when the cross-section of the BD
is 0.15 m?. Additionally, the achievable range of communication varies between 199 m
— 750 m and 246 m — 927 m when BDs having cross-section of 0.3 m? and 0.7 m?
are utilized in the simulations based on the utilized system bandwidth. Therefore,
it can be concluded that the cross-section of the BD significantly affects the achiev-
able range of communication. The values for the achievable communication range
in the small cell environment utilizing 26 GHz carrier frequency are summarized in
Table 4.6.

The additional loss is varied between 0 dB — 20 dB to determine the change in
the achievable range of communication. Fig. 4.6 demonstrates the change in the
achievable range of communication due to the variation of the additional loss at
26 GHz carrier frequency. The achievable range of communication decreases by 80 m
when the additional loss increases from 10dB to 15dB when the cross-section of
the BD is 0.01m?. The excess additional loss can arise due to excess interference
experienced by the ambient signal. It was observed that in both the macro-cell and the

small-cell environment, a 5 dB increase in the additional loss reduces the achievable
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Figure 4.6  Achievable distances for different additional losses and carrier bandwidth for varying RCS
(r) at 26 GHz.

range of communication by 25 percent.

In the rural highway environment, 3.5 GHz carrier frequency is utilized to pro-
vide coverage for BDs with different use cases. The 26 GHz carrier frequency is
limited by coverage and is not considered practical for deployment in the rural high-
way environment. Thus, the achievable range of communication is similar to the
distances achieved in the urban macro-cellular environment as shown in Table 4.5.
However, the additional loss in the rural highway environment is significantly lower
than in the urban macro-cellular environment. Therefore, the achievable commu-
nication range in the rural highway environment is more than the communication
range values shown in Table 4.5. However, based on the site distances and the prac-
tical cross-section of the BDs, communication is only possible in proximity to the
TX/RX. The height of the TX antenna can range between 30 m — 80 m in the rural
highway environment.

The objective of this study was to evaluate the applicability of 5G as an ambient
signal for backscattering communications in outdoor environments. It was assumed
that the BDs were located in the direct LOS of TX/RX. It was observed that in the
urban macro-cellular environment (at 3.5 GHz) communication distances between
184 m — 4.49 km could be achieved. Similarly, communication ranges between 28 m

— 927 m may be achieved in the small cell environment utilizing the carrier fre-
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quency of 26 GHz. In the rural environment, the achievable range of communica-
tion was greater than in the urban macro-cellular environment. This is because the
additional loss in the rural environment is less in comparison to the urban environ-
ment. It was observed that the achievable range of communication was dependent
on the cross-section of the BD and the additional loss experienced by the ambient
signal. The increase in the size of the BD enables a greater surface area for the ambi-
ent signal to impinge on. Thus, greater distances can be achieved with a larger BD.
Furthermore, the type of ambient 5G signal (i.e. based on the bandwidth) has a sig-
nificant impact on the total achievable range of communication. The increase in the
system bandwidth leads to a reduction in the achievable range of communication.
Therefore, it can be concluded that 5G signals can be utilized as an ambient signal
for mono-static AmBC as long as the sensors are located in proximity to the 5G TX

antenna.

4.6  Sensitivity analysis of ambient backscatter communications in
heavily loaded cellular networks

The studies on the coverage of mono-static backscatter systems utilizing ambient sig-
nals from different mobile/cellular networks were studied in the preceding sections.
In an urban environment, the cells have a 3-sector hexagonal structure. The adjacent
cells can operate at different frequencies. However, similar frequencies may also be
utilized by the network operator in the adjoining cell if the frequency reuse factor
is 1 [56]. Fig. 4.7 shows an illustration of the layout of the cells in an urban envi-
ronment. Therefore, six adjacent cells can cause interference in the serving cell. The
serving and interfering cells are shown in Fig. 4.7.

In the first two articles of this chapter (Section 4.4 and Section 4.5), the maximum
achievable range of communication utilizing LTE and 5G frequencies was performed
assuming ideal conditions. In the studies, it was assumed that the serving cell (where
the BD is located) was not subject to interference from the adjacent cell.

The ideal conditions may exist when the network load is not high, for example
during the night hours (10 pm — 8am) or the middle of the day (12pm — S pm).
During these particular times of the day, the traffic in the network is limited and
the users/devices in the environment experience less interference. However, during

hours with higher network traffic, there is a significant amount of interference from
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adjacent cells experienced by the devices and the users in the serving cell. High
network traffic is observed during morning hours (8 am — 12 pm) and evening hours
(5 pm — 9 pm) when the network resources are depleted.

The purpose of this work was to determine the impact of adjacent cell interference
on the BDs in the serving cell during peak hours. The effect of the interference
from the adjacent cell is utilized to determine the coverage in the serving cell. The
simulations were performed at LTE-700, 3.5 GHz 5G, and 26 GHz 5G millimeter
wave frequencies.

In the previous studies in Section 4.4 and Section 4.5, the SNR of the system was
considered to be the limiting factor in the maximum achievable range of communi-
cation. In this study, the signal-to-interference and noise ratio (SINR) was calculated
based on the interference caused by the signal from the adjacent cell to the serv-
ing cell. Generally, in urban macro-cell environments, the inter-site distance ranges
between (150 m — 200 m) [2]. In these simulations, the inter-site distance was consid-
ered to be 200 m. The inter-site distance between adjacent small cells was considered
to be 100 m.

The power of the received signal in the serving cell is represented by the term Py.
The thermal noise power of the system is represented by the term P,. The signal
from the TX of the adjacent cell is represented by the term P;. This value indicates
the strength of the interfering signal at a particular location in the cell. The SINR
is calculated utilizing (4.1). Based on the strength of P, or P, either the thermal
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Figure 4.8 SNR for LTE-700 system. The TX/RX antenna is located at (0,0,0). The distances on the
x-axis and y-axis are indicative of the coverage area of the serving cell at 700 MHz

noise or the interference-causing signal can be a greater limiting factor. Therefore,
Eq. 4.1 may represent the signal-to-interference (SIR) or the SNR depending upon
the parameter causing greater hindrance to the system. The SINR of the system is

expressed as,
PrX

SINR = .
P+ P

(4.1)

The BDs are designated to perform differently based on the use case and the de-
ployment scenarios. Thus, in the simulations, the BD was located anywhere within
the environment. The simulations are carried out for LTE and 5G systems based on
the parameters described in Table 4.1. The noise figure and the additional loss are
assumed to be 10 dB in the simulations for both systems. This is done to maintain
coherence and to compare the results. In practical deployments, the values can be
slightly different from the ones that are utilized in this work.

The signal-to-noise ratio graphs of 700 MHz LTE, 3.5 GHz 5G, and 26 GHz mil-
limeter wave 5G systems are shown in Fig. 4.8, Fig. 4.9, and Fig. 4.10, respectively.
The SNR is the highest at the location (0,0,0) which represents the location of the
TX in all three figures. This is because the background noise does not significantly
impact the signal strength in the proximity of the TX. The value of Py is calculated
based on the FSPL in Eq 3.1. It can be observed from Fig. 4.8 that the SNR of
the LTE system operating at a carrier frequency of 700 MHz is around 20 dB at the
cell edge. For the 5G system operating at 3.5 GHz, it can be observed from Fig. 4.9
that the SNR at the cell edge is around 10dB. The SNR at the millimeter wave
frequency of 26 GHz has a rapid degradation as the cell edge is approached as ob-
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Figure 4.10 SNR for 26 GHz millimeter wave 5G system. The TX/RX antenna is located at (0,0,0).
The distances on the x-axis and y-axis are indicative of the coverage area of the serving
cellat 26 GHz

served from Fig. 4.10. Therefore, even during non-peak hours (when the network
traffic is minimum) the coverage area of backscatter communication using ambient
millimeter-wave signals is limited to the proximity of the TX.

The SIR of the system is calculated subsequently to determine the effect of the
signal from the adjacent cell, ;. These values were calculated based on the LOS
locations where the BDs are located. Additionally, the intention was to determine
if P; causes a more significant hindrance to the achievable range of communication
in comparison to the P,. It was observed at every carrier frequency the value of the
SIR at the cell edge is 0 dB. This is because the signals from the serving and adjoining
cells cancel each other at the cell edge. It can be observed from Fig. 4.11, Fig. 4.12,
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Figure 412 SIR for 3.5 GHz 5G system. The TX/RX of the serving cell and adjacent cell are located
at (0,0,0) and (200,0,0), respectively based on the inter-site distance. The distances on
the x-axis and y-axis indicate the coverage area of the serving and adjacent cells.

and Fig. 4.13 that the interfering signal is more of a limiting factor than the SNR.
Thus, the coverage area shrinks due to the effect of P; on the serving cell. Therefore,
the SIR of the system needs to be taken into account while computing the coverage
area of mono-static ambient backscatter communication systems.

Further studies were performed to observe the effects of the size of the BD in the
total achievable range of communication at LTE and 5G frequencies. The achievable
range of communication decreases with the decrease in the size of the BD. This is due
to the small surface area of the BD that the ambient mobile network signal can im-
pinge on. Furthermore, it was observed that the achievable range of communication

decreases with the increase in the SIR, irrespective of the cross-section of the BD.
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Figure 4.13 SIR for 26 GHz millimeter wave 5G system. The TX/RX of the serving cell and adjacent
cell are located at (0,0,0) and (100,0,0), respectively based on the inter-site distance. The
distances on the x-axis and y-axis indicate the coverage area of the serving and adjacent
cells.

The total achievable round-trip communication distance at LTE-700, 3.5 GHz 5G,
and 26 GHz millimeter wave 5G are shown in Fig. 4.14, Fig. 4.15, and Fig. 4.16,
respectively.

It could be observed that the interfering signal from the adjacent cell signifi-
cantly impacts the communication distance in comparison with the SNR. For a BD
with a cross-section of 0.01 m?, the achievable range of communication between the
TX/RX and the BD is 105 m, 30 m, and 6 m at 700 MHz, 3.5 GHz, and 26 GHz, re-
spectively. These communication distances were obtained during peak hours. How-
ever, during the non-peak hours, the achievable communication range is 185 m, 55 m,
and 11 m at the same frequencies. Hence, it can be observed that the SIR causes a
reduction in the achievable range of communication of about 44 percent. Further-
more, the signal degrades significantly as the cell edge is approached due to higher
signal strength (interference) from the adjacent cell. Thus, it can be concluded that
the range of communication is limited due to the interfering signal from the adjacent
cell. Therefore, the BDs must be located in the close vicinity of the TX/RX to

nullify the effect of the adjacent cell interference in mono-static AmBC systems.
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5  BI-STATIC AMBC UTILIZING SUB-1 GHZ SIGNALS

In this chapter, the coverage and capacity aspects of bi-static ambient backscattering
communications in outdoor environments are studied. In bi-static AmBC, the TX
and the RX are present in different locations. The BD is located in the space between
the TX and RX. This type of communication mechanism can be utilized to transfer
information from the BD to the end user (who has the RX/user equipment). The
incoming signal from the TX impinges on the sensor which in turn backscatters the
signal toward the receiver. The BD is also capable of utilizing the incoming ambient

transmission signal as a source of energy to power itself.

5.1  Simulation environment for bi-static AmBC

The simulations were performed in the urban micro-cellular environment at differ-
ent sub-1 GHz frequencies. In the bi-static mode of communication, the signal fol-
lows two paths between the TX and the RX. The first path is the more traditional
communication link which exists directly between the TX and the RX. The second
path is a combination of the forward link (41) between the TX and the BD and the
backscatter link (42) between the BD and the RX (after the ambient signal impinges
on the BD). Fig. 5.1 shows the two different paths the signal traverses between the
TX and the RX.

The communication link between the TX and the RX (for the direct link) and the
TX and BD (for the forward link) are defined in the simulations utilizing the third-
generation partnership project (3GPP) urban micro-cellular model [1]. The commu-
nication link between the BD and the RX (for the backscatter link, 42) is defined by
the International Telecommunications Union (ITU) device-to-device (D2D) model

[33]. These propagation models are discussed in the following sections.
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Figure 5.1 Schematic diagram for bi-static AmBC. The legacy signal follows the direct path (). The
backscattered signal follows the forward link (41) and then the backscatter link (42) after
impinging on the backscatter device (BD).

5.1.1  3GPP — Urban microcellular model

The 3GPP proposed a model for the propagation of radio signals through the urban
micro-cell environment. The model is valid for TX antennas located 10 m — 15 m
on or just below the rooftop level. The propagation model takes into account the
radio wave propagation in both the LOS and NLOS scenarios. Eq 5.1 and Eq 5.2 are

utilized to compute the basic transmission loss in the LOS and NLOS, respectively.

LLos(dB) =324+20- loglo (fGHz) +21- loglo (d}D), (51)

Lnpos(dB) = 32.4 + 20 - log,, (fGHz) + 319 - log,,(d3D). (5.2)

The term d3p represents the distance followed by the ambient signal between the
transmitter and the BD (forward link) and is expressed in meters (m). The frequency
of operation (in GHz) is expressed by the term fGy,. The probability of having a
LOS connection is calculated using Eq 5.3,

1 dyp < 18m

Plos=1 5.3
LOS 18+(_dz_D)(1 18 (5.3)

—_— ——|, 18m<d
drp 36 dZD) ” D

where d)p represents the distance (in meters) between the TX and the BD. So, from
Fig 5.1, it is the base of the triangle created by the BD, antenna, and the surface
of the Earth. The term d3p used in Eq 5.1 and Eq 5.2 represents the hypotenuse
formed by the aforementioned triangle.

Finally, the total propagation loss experienced by the signal in the forward link
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(Lq1) is calculated utilizing Eq 5.4,
Lg1 = Pros X Lros + (1 = PLos) X LNLOS- (5.4)
5.1.2 ITU — Device-to-device model

The ITU specified a propagation model in their ITU-R P.1411-10 report for the
communication between two devices located in the urban micro-cellular street canyon
environment [33]. The location variability statistics for the LOS and NLOS scenar-
ios were considered during the development of this propagation model [33].

The propagation loss in the LOS is calculated using (5.5),

Lios (d) =32.45+20 - loglo (ﬁ\/IHz) + 20 - loglo (d}D), (55)

where the frequency is represented in megahertz (MHz) and the term (d3p) repre-
sents the distance in meters. Thereafter, for the required location percentage (p), the

LOS location probability is computed utilizing Eq 5.6,

ALios(p) = 1.56240—(\/—2 - In(1 = p/100) — 11774). (5.6)

The LOS location correction (AL os(p)) and the median value of the basic prop-
agation LOS loss (L1 0s(d)) are summed up to determine the total loss in the LOS
scenario. The total propagation loss experienced by the signal in the LOS scenario

is represented by Eq 5.7.

Lyos(d, p) = LLos(d) + ALLos(p). (5.7)

The propagation loss in the NLOS scenario is calculated utilizing Eq 5.8. The
frequency and the distance (d3p) are represented in megahertz (MHz) and meters,
respectively. Furthermore, the term L., represents the type of environment as

specified in [33]. L., has a value of 6.8 dB to represent an urban environment.

LNLOS (d) =95+45- loglo (_ﬁ\/IHz) + 40 - lOgIO (d3D) + Lurban- (58)

The location correction in the NLOS scenario is computed using Eq 5.9,

Mnios(p) =7 N(Lo), (5.9)
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where the term N7!(.) represents the normal cumulative distribution function.

Similar to the LOS scenario, the location correction (ALNr0s) and the median
value of the propagation loss (Ln10s(4)) are summed to determine the total prop-
agation loss in the NLOS scenario. The total NLOS propagation loss is calculated
utilizing Eq 5.10,

Lnros(d, p) = Lnros(d) + ALNLos (p)- (5.10)

The term dy os represents the corner distance and the calculation is performed as

a function of the location percentage (p) utilizing Eq 5.11,

212 - [log,,(£:)]% — 64 - log, (i), p < 45

(5.11)
79.2 =70 - (). 45 < p

dros(p) =

The propagation loss experienced by the signal in the backscatter link (Lgp) is
computed on the basis of Eq 5.12. This equation is utilized to compute the final
propagation loss between the BD and the RX. The propagation loss in both the
LOS and NLOS region is utilized based on the relation between the corner distance

(drLos) and the total distance (d) as mentioned in Eq 5.12,

L d, p), d<d
b= Los(4, p) LOS (5.12)

Lnros(d, p).  d > dros
5.1.3  Simulation setup and parameters

In order to calculate the signal strength at the RX, many parameters have to be con-
sidered while performing the simulations. The calculation of the basic propagation
loss in the forward link (Z41) and backscatter link (Zg,) is based on the equations
provided in Section 5.1.1 and Section 5.1.2. The simulations are performed at dif-
ferent sub-1 GHz frequencies of 200 MHz, 500 MHz, 700 MHz, and 900 MHz. The
typical transmission power (P) in the urban micro-cellular environment is 2 W (or,
33 dBm). In the simulations, the TX antenna is located at a height of 15 m, and the
gain of the TX antenna (G,) is 10 dBi.

Moreover, the signal propagation also has to take into account multiple factors

which cause additional losses to the propagation of the signal through the environ-

52



Table 5.1 Simulation parameters.

Parameters ‘ Unit ‘ Value
Frequency MHz | 200/500/700/900
Ty power dBm 33
T antenna height m 15
Ty antenna gain dBi 10
BD antenna gain dBi 0
Slow fading margin dB 15.2
Fast fading margin dB 16
Polarization mismatch loss | dB 3
Modulation loss dB 6
Lyrban dB 6.8
Location percentage % S0

ment. These additional losses (Z,4q) take into account the slow fading (Zsg) and the
fast fading (Lpp) margin. Additionally, the modulation loss (Zy1) and polarization
mismatch loss (Lpyp) are also taken into account. These values were obtained from
the article in [25] where a complete link budget for backscatter communications is
proposed by the authors. Therefore, the additional loss (Z,4q) can be represented by
Eq 5.13. The location percentage is assumed to be 50 in the simulations. All the

parameters utilized in the simulations are summarized in Table 5.1.

Lagd = Lsg + Lrr + Lpm + LvL (5.13)

The received signal strength (RX],]) at a particular location is computed utilising

Eq5.14,

RXjevel(ABm) = P + G — (Lg1 + Lap + Ladd)- (5.14)

5.2  Direct Path Interference Suppression Requirements for Bistatic
Backscatter Communication System

Conventionally, the frequency of the backscattered signal is similar to that of the sig-

nal from the legacy source. Furthermore, both signals utilize the same spectrum [28].
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Therefore, one of the key research questions for bi-static AmBC is the need to dis-
tinguish between the backscattered signal and the direct path signal (i.e. the signal
from the legacy source) by the receiver.

As both the direct path and backscattered signals travel to the receiver via different
paths, the receiver design has to ensure that the significantly weaker backscattered
signal can be differentiated by the receiver. The schematic diagram of this is shown
in Fig. 5.1. This is because the signal from the legacy source has a much higher am-
plitude in comparison to the backscattered signal. As both these signals impinge on
the receiver simultaneously, the receiver design for this kind of system is challeng-
ing. If the direct path signal from the legacy source is not suppressed in the analog
domain before the automatic gain control (AGC) unit and the analog-to-digital con-
verter (ADC), the higher bits of the digital signal are dominated by the signal from
the legacy source. Therefore, the backscattered signal occupies the least significant
bits of the digital signal.

For instance, if the receiver has a 12-bit resolution, the largest amplitude is quan-
tized in approximately the 10” bit when the gain of the AGC loop is adjusted. Con-
sequently, the average signal is quantized in approximately the 6 bit. Therefore,
the backscatter signal is represented in the least significant bit of the ADC output if
the amplitude difference between these two signals exceeds 30 dB. Thus, the signal
processing techniques become ineffectual as such a low SNR operation easily reaches
the SNR wall [63]. Therefore, the effect of the direct path signal from the legacy
source needs to be suppressed and is a prime requirement in the design of receivers
for backscatter communications. This has to be incorporated into the system design
to ensure seamless connectivity.

The difference between the strongest (legacy) signal and the weakest (backscat-
tered) signal is termed the dynamic range of the system. The receiver must be able
to operate such that a range of signals can be handled by the receiver. This ensures
an improvement in the data rate and/or the range of the system. Increasing the
resolution of the receiver is one of the basic solutions. However, this is especially
expensive for systems having a requirement for high speed.

Analog domain suppression techniques can be utilized if some differences between
the signals may be exploited. For a receiver with multiple antennas, the directional
difference between the antennas can be utilized to distinguish between the signals

[17]. Analog filtering can be utilized where the signal can be shifted to another fre-
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Figure 5.2 The coverage of bi-static backscatter systems at LOS and NLOS scenarios for different
combinations of the forward link and backscatter link at 200 MHz.

quency band by the BD [64]. Lastly, if the system is able to operate with differently
polarized signals, the polarization difference between them can be utilized to suppress
the signal from the legacy source [43]. Nevertheless, irrespective of the technique
utilized, the power difference between the direct path and the backscattered signal
needs to be inspected in detail.

In order to determine the amount of signal that needs to be suppressed, certain
steps were followed. Primarily, the objective was to determine the feasibility of the
received signal strength (RX)..) at different locations in comparison with conven-
tional IoT technologies such as LoRa backscatter and NB-IoT. The receiver sensitiv-
ity of LoRa backscatter and NB-IoT were documented as —149 dBm and —141 dBm,
respectively [53, 62]. Therefore, these values were utilized as the threshold values in
the subsequent analysis.

Fig. 5.2 shows the coverage over the LOS and NLOS regions at 200 MHz fre-
quency. The simulations were performed for 0 m - 150 m in the forward link (d1)
and 0 m — 60 m in the backscatter link (42). Based on the receiver sensitivity of the
LoRa backscatter technology, it was observed that the signal can be heard at the re-
ceiver at a distance of 210 m. Here, the forward link (150 m) and the backscatter link
(60 m) have maximum values based on the set simulation criteria. However, when
the receiver sensitivity of NB-IoT is considered, the range of communication for the
forward link reduces to 115 m (when the backscatter link is kept constant at 60 m).
Conversely, the coverage in the backscatter link shrinks to 45 m if the forward link
is extended to 150 m. Furthermore, it can be observed that the signal level degrades

rapidly when moving from the LOS to the NLOS region. This phenomenon is true
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Figure 5.3 The coverage of bi-static backscatter systems at LOS and NLOS scenarios for different
combinations of the forward link and backscatter link at 500 MHz.
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Figure 5.4 The coverage of bi-static backscatter systems at LOS and NLOS scenarios for different
combinations of the forward link and backscatter link at 700 MHz.

at every carrier frequency utilized in the simulations.

In Fig. 5.3 it can be observed that although there is proper coverage in the LOS
region, the coverage in the NLOS region is reduced at the carrier frequency of
500 MHz. When the RX]. of LoRa is considered, the maximum achievable dis-
tance in the forward link and the backscatter link is 62 m and 44 m, respectively.
The distance in the forward link (42 m) is further reduced when compared with the
RXjevel of the NB-IoT technology (when the coverage distance in the backscatter
link is 44 m). There can be different combinations where the forward link has a
longer communication range with the reduction of the distance in the backscatter
link. However, one of the key ideas of this work was to enable longer backscatter

link distances.
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Figure 5.5 The coverage of bi-static backscatter systems at LOS and NLOS scenarios for different
combinations of the forward link and backscatter link at 900 MHz.

At 700 MHz, it can be observed that the range of communication in the NLOS
region is about 30 m in the forward link when the backscatter link is 60 m. This is
when the RXj. of the LoRa backscatter system is considered. When the RX|..
of the NB-IoT system is considered, the distance in the forward link reduces to
17 m when the backscatter link distance is still 60 m. However, it is observed that
there is coverage in the complete LOS region at 700 MHz carrier frequency. Fig. 5.4
shows the RXj.,. for different combinations of the forward and backscatter links at
700 MHz.

From Fig. 5.5 it is quite evident that at 900 MHz carrier frequency, only short-
range LOS communications are possible. Therefore, 900 MHz is unsuitable for long-
range loT communications even when compared to systems with very good receiver
sensitivity such as LoRa and NB-IoT.

Subsequently, the dynamic range of bi-static AmBC systems is studied at different
carrier frequencies. At 200 MHz, the dynamic range varies between 14 dB and 47 dB
in the LOS region whereas the value is between 61.5dB and 74dB in the NLOS
region. This can be observed from Fig. 5.6. In Fig. 5.7, the dynamic range of the bi-
static backscatter system at 500 MHz is shown. It can be observed that the dynamic
range in the LOS varies between approximately 20 dB and 58 dB. The dynamic range
in the NLOS region varies between approximately 60 dB and 80 dB depending on
the forward and backscatter link distances.

At the carrier frequency of 700 MHz, the dynamic range in the LOS region varies
between 24 dB and 60 dB. The variation in the dynamic range in the NLOS region
is between 68dB and 92dB. This can be observed from Fig. 5.8. Finally, from
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Figure 5.7 The dynamic range (in dB) of bi-static backscatter systems at 500 MHz.

Fig. 5.9, it can be observed that the dynamic range at 900 MHz in the LOS region
varies between 24 dB and 60dB. In the NLOS region, the dynamic range varies
between 76 dB and 96 dB.

It was observed that the dynamic range increases with the increase in carrier
frequency. Furthermore, as discussed previously, for practical AmBC systems the
threshold for the dynamic range is 30dB. This signifies that the dynamic range
needs to be maintained below this particular value in order to accurately decode the
signal bits. From the coverage results, it was observed that AmBC systems operat-
ing at only the 200 MHz carrier frequency can be deployed for practical purposes.
Furthermore, after analyzing the results in Fig. 5.2 and Fig. 5.6 it can be concluded
that at 200 MHz carrier frequency, the dynamic range is more of a limiting factor
than the coverage. Therefore, interference suppression has to be performed by pre-

viously mentioned techniques or any other method in order to mitigate the effects
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Figure 5.8 The dynamic range (in dB) of bi-static backscatter systems at 700 MHz.
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Figure 5.9 The dynamic range (in dB) of bi-static backscatter systems at 900 MHz.

of the direct path signal (from the legacy source) and properly receive and decode

the backscattered signal.

5.3 Interference Analysis of Bi-static Backscatter Communication
System: Two Backscatter Devices

Another important research question about bi-static AmBC systems was the effect
of the introduction of a similar BD into the environment. In general, it is envisioned
that there will be multiple BDs present in a practical environment. Each of these
devices can perform a set of pre-defined functions independent of the other.

The ambient signal in the presence of a single BD follows two major paths toward

the receiver. Firstly, the signal is backscattered (by the BD) and reaches the receiver
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Figure 5.10 Environment for bi-static AmBC systems in the presence of BD;. The potential location
of BD, (in the simulations) is assumed to be anywhere in the shaded region.

which is termed the backscattered signal. The other is the direct path signal between
the TX and the RX. These two signal paths are shown in Fig. 5.10. As discussed
in Section 5.2 the impact of the direct signal from the TX is studied and certain
interference suppression techniques are suggested so that the backscattered signal
can be heard by the RX. The direct path signal is not considered in the following
simulations and analysis.

However, with the introduction of a second BD (referred to as BD, henceforth),
the ambient signal can follow multiple paths between the TX and RX. The location
of the BD; can be anywhere in the shaded region of Fig. 5.10. The two strongest
signals follow the path via the first BD (referred to as BD1 from now on) to the
RX and the path via the BD; to the RX. Furthermore, there may be a “ping-pong”
phenomenon where the signal experiences multiple bounces between the BD; and
the BD; before eventually reaching the RX. Therefore, multiple combinations for
the ping-pong effect need to be analyzed to determine how the signal is affected
by each bounce. The effects of self-interference (SI) and cross-interference (CI) are
studied in detail in this study.

After the introduction of the BD; in the environment (as depicted in the shaded
region of Fig. 5.10), the SI and CI were determined. The three main interference-

causing paths are:

e TX — BD, — RX.
° TX—)BD2—>BD1—>RX
e TX — BD; —» BD; — RX.
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The interference caused due to the presence of the BD; is classified as SI or CI
based on the signal path between the two BDs. The CI is caused by the ambient
signal first impinging on the BD;. The first two aforementioned paths contribute
to the cross-interference. The third path where the ambient signal first impinges
on the BDj and travels to the RX after impinging on the BD; is classified as the
self-interference. The SI and CI are computed separately to determine their individ-
ual effects on the system. However, the sum of all these three interference-causing
paths contributes to the total interference (P;) experienced by the system due to the

presence of BD,. The SINR of the system is determined by utilizing Eq. 5.15,

PI‘X

SINR = P ip

(5.15)

where the terms P and P, represent the received signal strength and the thermal
noise power of the system.

Furthermore, the signal can experience a ping-pong effect where the signal can
bounce multiple times between the two BDs. For example, the ping-pong path can
be represented by TX — BD; — BD, — BD; — RX. This ping-pong effect also
contributes to the total interference and is therefore studied in the analysis.

The simulation parameters utilized to determine the impact of the presence of
BD; are similar to the parameters described in Section 5.1.3. However, based on
the previous research as discussed in Section 5.2, it was determined that the 200 MHz
carrier frequency band was the most suitable for bi-static AmBC. The other three
carrier frequency bands that were studied were limited due to both the coverage
and the dynamic range. Therefore, the simulations in this study were performed at
only the 200 MHz carrier frequency. The other simulation parameters utilized were
similar to the parameters explained in Table 5.1.

Initially, the SNR was determined in the presence of the BD1 in the simulation
environment. It was observed that regions in the proximity of the TX and RX have
a better SNR in comparison to other parts of the environment. Moreover, the likely
use cases require the AmBC sensors (or, BDs) to be located close to the RX. Thus,
the location of BD was fixed at a distance of 104 or 15 m. The SNR at this distance
was calculated to be 18.9 dB. The SNR at different locations within the environment
is shown in Fig. 5.11.

The introduction of the BD, causes the ambient signal to follow multiple paths

between the TX and the RX. The cross-interference is caused due to the ambient
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Figure 5.11 The SNR when the BD; is located 101 or 15 m away from the RX.
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Figure 5.12  The total cross interference (CI) due to the presence of the BD,.

signal impinging on the BD; first. It was observed from Fig. 5.12 that the SINR
at the RX was less than —10dB. In addition, the SINR close to the TX also had a
similar value. Fig. 5.12 shows the effect of the total cross interference on the SINR
at different locations within the environment. Furthermore, from the simulations,
it was observed that the signal strength drops sharply when the BD; was located
in proximity to the TX/RX. However, the signal path that contributes to the sig-
nificant amount of CI is TX — BD, — RX. The effect of the interference can be
averted by using a successive interference canceller (SIC) at the RX. The utilization
of SIC provides user fairness and better system efficiency than orthogonal multiple
access (OMA). Furthermore, the utilization of SIC ensures enhancement for non-

orthogonally multiplexed users with dissimilar channel conditions [31].
The result obtained after SIC is performed is shown in Fig. 5.13. The CI caused
by the path TX — BD,; — BD; — RX is only significant when the BD> is located
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Figure 5.14 The self-interference (SI) at BD; in the presence of BD,.

in proximity of the BDj. Therefore, if the effect of the dominant component may be
mitigated by the utilization of SIC, the total effect of CI can be alleviated by placing
the BD1 and BD; 12 meter away from each other.

The self-interference is caused due to the ambient signal impinging first on the
BDj. It was observed that the SI is noticeable when the BD; is located in proximity
to the BDj or the RX. However, if the BD; is positioned 11 meter away from the
BD1 or the RX the effects of the SI can be avoided. Fig. 5.14 and Fig. 5.15 illustrates
the effect of the SI near the BDq and RX, respectively.

Furthermore, the cumulative distribution function (CDF) of the SI and CI are
shown in Fig. 5.16. The SI is the most significant near the BD; and the RX. There-
fore, the interference power levels are computed only for those locations. The in-
terference power due to the CI is computed for the entire environment. It can be

observed from Fig. 5.16 that the CI has a much higher impact than the SI. This is
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Figure 5.15 The self-interference (SI) at the RX in the presence of BD,.
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Figure 5.16 The cumulative distribution function (CDF) of the self-interference and cross-interference
power levels (in dBm) for different scenarios.

due to the TX — BD;, — RX path which causes the most significant interference
to the system. Therefore, SIC at the RX is very necessary in order to mitigate the
effects of CI in the bi-static AmBC system. The other effects due to the SI can be
avoided by placing the BD, approximately 11 meter away from the BD; and/or the
RX.
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6  CONCLUSIONS

The objective of this thesis was to evaluate the coverage, capacity, and interference
aspects of AmBC in outdoor environments. The AmBC technology utilizes ambient
RF signals originating from different sources to communicate between the TX, BD,
and RX. AmBC systems may operate in either the mono-static or bi-static modes. In
mono-static AmBC, the TX/RX are positioned at the same location. Thus, the am-
bient signal travels from the TX antenna, impinges on the BD, and then is reflected
back toward the RX. Thus, mono-static AmBC is envisioned to provide support
for BDs utilized for monitoring purposes. In bi-static AmBC systems, the ambient
signal propagates from the TX antenna impinges on the BD, and then is forwarded
toward the RX. Therefore, bi-static AmBC is foreseen to provide the end user with
information that can be decoded at the RX module.

6.1  Summary

The studies performed in [P1, P2] were focused on determining the maximum achiev-
able range of communication for AmBC systems. The findings of the work are
summarized in Chapter 3. Ambient FM radio signals operating at 100 MHz were
utilized in the simulations performed in articles [P1, P2]. FM radio technology is
readily available worldwide and the low frequency of operation enables longer com-
munication ranges in comparison to other radio technologies. In Section 3.5, the
power budget for bi-static AmBC was calculated and studied to analyze the possibil-
ity of wide-area backscatter communications utilizing ambient FM radio signals. It
was observed that there was a significant amount of signal strength available for the
ambient FM signal to travel toward the RX after impinging on the sensor. The dy-
namic range of the system was also evaluated so that there was no hindrance caused
by the direct path signal from the FM radio tower. In Section 3.6, the mono-static

mode of operation of AmBC was studied to determine the maximum achievable
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range of communication utilizing ambient FM radio signals. It was observed that
the sensor having a minimum cross-section of 47 cmXx47 cm needs to be utilized to
establish communication. This was because the cross-section of the BD was a signif-
icant limiting factor in comparison to the wavelength of the signal. In comparison
with previous research, it was observed that significantly longer communication dis-
tances could be achieved by utilizing ambient FM radio broadcast signals.

Chapter 4 is a summary of the articles [P3, P4, P5] where ambient signals from
cellular base stations are utilized in the simulations. The mono-static mode of opera-
tion of AmBC is studied in Chapter 4. In Section 4.4, ambient low-frequency cellular
signals from LTE-700 base stations are utilized to perform the simulations. It was
observed that communication ranges of a few hundred meters could be established
in the urban and suburban environments based on the additional loss experienced by
the ambient signal in the respective environment. Therefore, based on the simula-
tion results, it could be concluded that ambient low-frequency cellular signals could
be utilized for AmBC systems.

In order to determine the applicability of 5G as an ambient signal for backscat-
tering communications, signals operating at 3.5 GHz and 26 GHz were utilized for
the simulations in Section 4.5. The simulations were performed in the urban macro-
cell and small cell deployment scenarios. Depending on the bandwidth of the 5G
signal, different communication ranges could be achieved. It was also observed that
the range of communication was significantly dependent on the cross-section of the
BD. Furthermore, the achievable range of communication increases with the in-
crease in the cross-section of the BD. Based on the results it could be concluded that
ambient 5G signals operating at 3.5 GHz can only be utilized for short-range commu-
nications. Moreover, the communication range shrinks further when ambient 5G
signals operating at the carrier frequency of 26 GHz are utilized in the simulations.
Therefore, ambient 5G signals can only be utilized by mono-static AmBC systems
if the backscatter devices are located in the proximity of the TX/RX.

As part of the previous studies in Section 4.4 and Section 4.5, the network was
assumed to operate under ideal circumstances or, in other words, when the cell was
unloaded. In Section 4.6 the effect of the interference from the adjacent cell in a
heavily loaded cellular network was studied. It was observed that the adjacent cell
interference was a major limiting factor during the peak hours. Additionally, it was

determined that there was about a 44 percent reduction in coverage during peak
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hours in comparison to non-peak hours due to the interference caused by the signal
from the adjacent cell. Therefore, to mitigate the impact of the interfering signal
from the adjacent cell, the backscatter devices would need to be located in the prox-
imity of the TX/RX to provide uninterrupted connectivity for mono-static AmBC
systems.

In articles [P6, P7], different aspects of bi-static AmBC systems are studied and
the results are summarized in Chapter 5. In previous research, the effect of the
interference caused by the direct path signal on bi-static AmBC systems from the
legacy source was not examined. In Section 5.2, the coverage of bi-static AmBC
systems is studied in comparison with typical IoT technologies such as NB-IoT and
LoRa. Ambient sub-1 GHz signals were utilized in the simulations. It was observed
that only the 200 MHz carrier frequency could be utilized for bi-static AmBC. Sub-
sequently, the interference suppression requirement of the direct path component
from the legacy source was studied. It was observed that the dynamic range of the
system is a significant limiting factor in the coverage of bi-static AmBC systems.

In Section 5.3 the interference caused due to the presence of a second backscatter
device in the environment is studied. The second BD causes a ping-pong effect with
the first BD and this results in the attenuation of the ambient signal. The ping-pong
effect is significant when the second BD is located in proximity to the first BD or
the RX. The impact caused because of the ping-pong effect can be mitigated if the

second BD is located one wavelength meter away from the first BD or the RX.

6.2  Discussion and Future Work

It is a well-known fact that the sensors/BDs utilized for IoT can also be deployed in
indoor environments. The propagation of RF signals into the indoor environment
especially from the outdoor environment is limited due to the significant amount of
attenuation experienced by the signal. This is mainly due to the high penetration
loss experienced by the signal due to the different kinds of building materials utilized
for the construction of shopping malls, offices, and bus/stain stations. Therefore,
the utilization of the ambient signals from the outdoor environment is not very
useful as the strength of the signal is significantly weaker for the BDs. Therefore,
studies utilizing dominant indoor ambient signals such as Wi-Fi may be conducted to

study the feasibility of AmBC in such environments. The analysis must include the

67



high path loss experienced by the ambient signal while propagating between different
cabins or rooms in an indoor environment.

The propagation of the ambient signal from the outdoor to the indoor environ-
ment may also be possible with the utilization of reflective intelligent surfaces (RIS).
The research on backscattering communications has taken a significant step forward
with the advancement in RIS technology. The utilization of RIS can enable the
improvement in the performance of wireless systems.

The fusion of ambient backscattering communications with RIS presents several
compelling advantages. Firstly, it offers the potential for low-power, even battery-
free communication, given that devices do not need to generate their own RF sig-
nals. Secondly, by smartly re-configuring the wireless environment, RIS can further
enhance the efficiency of backscatter communication, ensuring more reliable data
transfer. Moreover, this integration can lead to more extensive coverage areas for
backscatter devices, opening up new avenues for IoT deployments and other low-
power applications. The amalgamation of ambient backscattering with RIS offers a
transformative approach to wireless communication: making environments smarter

and more energy-efficient, heralding a new era in the domain of wireless networking.
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Abstract—The objective of this article is to extend the
range of Ambient Backscattering Communications (ABC).
The ABC technology is a key enabling technology for
Internet of Things (IoT) wireless communications. A rural
open area towards Hanko, Finland is considered for the
power budget calculations. FM radio waves are considered
as the source of ambient RF waves as the FM radio
waves have long communication range and the technology
is readily available worldwide. The sensors are placed on
a highway at an example distance of 30 km from the FM
transmitter. There is a clear line of sight (LOS) connection
between the FM transmitter and the sensors. The path loss
is determined based on the sensor locations and the losses
at the sensor occur due to diffraction and scattering. A
power budget is calculated based on these aforementioned
key system parameters. It is observed that there is around
44 dB of power margin available after the signal from
the FM transmitter is backscattered (at the sensor) and
the losses in the system are accounted for. This indicates
that the receiver module is able to detect the signal as
it is above the minimum reception level threshold for the
system. Therefore, the radio waves are able to propagate
further after the signal is backscattered at the sensor(s),
utilizing the available power margin. Thus, the range of
communication can be extended to a wider area.

Index Terms—IoT, ABC, Power Budget, FM.

I. INTRODUCTION

Ambient backscattering communications (ABC) is a
relatively new wireless communication paradigm which
enables devices to communicate by utilizing the energy
from the ambient RF waves. These RF waves may be
generated from a variety of sources such as television
broadcasts, FM radio signals, cellular signals and wire-
less fidelity (WiFi) sources to name a few. The devices
that enable ABC communications are small sensor-type
elements which can power themselves with the ambient
RF waves or be powered by an external source. By
utilizing the ABC technology, battery-free devices can
communicate between each other by using a technology
which serves as the backbone of radio frequency identifi-
cation (RFID) systems. This technology, termed as radio
backscatter establishes communication by reflecting the
RF waves. Radio backscatter was originally used during
the second World War to determine the identity of
different air-crafts. In 1948, Harry Stockman was the
first researcher to publish a literature about backscatter
communication [1].

Radio backscatter has been comprehensively studied
during the last two decades. This was possible due
to the fact that the cost of manufacturing integrated
circuits (IC’s) dropped drastically in the 1990s, lead-
ing to the mass development of the RFID technology
and supporting devices. Research regarding the channel
modelling [2], power budgets [3], coding methods [4]
and multiple antennas [5] have been carried out for
the RFID technology. Radio backscatter is thought of
as a key enabling technology for the sensors used in
the internet of things (IoT) wireless communications
due to the very low power requirement and the rel-
atively low cost of manufacturing such devices [6].
In classical backscatter systems, the reader radiates a
carrier wave which is received by the sensor, relevant
information is added and eventually backscattered to
the reader. Therefore, systems operating with the classic
radio backscatter principle suffer double the path loss.
Additionally, RFID systems have very limited range (5-
10 m) and the requirement of a dedicated reader has seen
very restricted deployment of the technology. However,
unlike the RFID technology, there is no requirement
for a dedicated reader for devices utilizing the ABC
technology.

The communication between two passive RFID sen-
sors was first introduced in [7]. The tags communicate by
modulating the field of the carrier signal. The backscat-
tered signal is passed on to other tags which eventually
decode the signal in order to retrieve the information [8].
According to Nikitin et al. [8], the strength of the carrier
signal determines the passivity of the tag. Consequently,
with ambient RF signals powering up the tags, the au-
thors in [8] demonstrated a system where communication
can take place between two passive/semi-passive tags.

The ABC concept was first introduced (in 2013) by
the researchers in [9]. As part of their research, two de-
vices can communicate between one another by utilizing
energy from television broadcast signals. These signals
provide the only source of power for these devices.
They were able to achieve data rates of 1kbps by
utilizing their prototypes for ranges of 45.7 cm in indoor
and 76.2cm in outdoor environments respectively. [9]
Ambient WiFi signals were used in [10] to establish



a two-way communication between the sensors and the
WiFi device. This two-way communication was realized
by altering the channel state information (CSI) and the
received signal strength indicator (RSSI) of the WiFi
channel. Therefore, such sensors were able to connect
to the internet by utilizing the ambient RF waves. Thus,
data rates of 0.5 kbps in uplink and 20 kbps in downlink
were obtained for ranges of 1 m and 2.2 m, respectively.
The throughput was significantly improved in [11] where
data rates of 5 Mbps and 1 Mbps are obtained for ranges
of 1m and 5m [11].

Previous research results on ABC have obtained
very small communication distances after the signal is
backscattered by the sensor element. The typical values
from existing research indicate that the communication
ranges vary from a few centimeters to tens of meters.
The aim of this article is to propose an increase in
the range of ABC for wide area environments. The FM
radio technology is chosen as the source for ambient RF
signals as the longer wavelengths of FM radio waves
enable wide area communications. Moreover, there are
extensive FM radio networks available in most countries
as the FM technology is standardized all over the world.
In this paper, the power budget for ABC using the FM
radio technology for wide area networks is presented.

II. THEORY
A. Ambient Backscattering Communications

ABC sensors works on the principle of transmitting
’0’ and ’1° bits by switching the antenna impedance
states [9]. This can be achieved by transitioning between
the reflecting and non reflecting states of the antenna.
Consequently, the passive sensors can backscatter their
own information at lower data rates to enable the receiver
from distinguishing between these conventional signals
and the ambient signals [9]. The authors in [9] devised a
prototype to show the bit-error rate (BER) with respect
to the distance for two passive devices communicating
using ambient backscatter. In [12], multiple antennas are
utilized at the reader (backscatter receiver) in order to
receive signals from the sensors. The authors of [12]
demonstrate that the increase in the number of antennas
at the reader helps in achieving a lower BER.

Contrary to traditional wireless communication sys-
tems that use radiation, the ambient RF signal propagates
(after backscattering) to the receiver module after scatter-
ing or diffracting from the sensor. Sensors utilizing the
ABC principle have the necessary hardware to utilize
or harvest the energy from the signal from a variety
of ambient RF sources. The harvesting of energy from
ambient RF signals help in the utilization of sensors
which are free from batteries. However, ABC can also be
applicable for sensors utilizing an external power source.
The deployment of such sensors will enable IoT where
sensors will be located at a variety of locations. In IoT,

devices are expected to communicate with each other
in order to exchange vital information such as real time
traffic and weather updates.

The source for the ambient RF signals used for this
work are the FM radio waves. The FM radio technology
operates in the frequency range of 88 MHz to 108 MHz
of the electromagnetic spectrum. The radio waves at the
100 MHz frequency band are utilized for the example
power budget calculations. The available bandwidth at
100 MHz is 1kHz. The low frequency of operation of
FM is the primary reason for choosing this technology as
the source for the ambient RF signals. Consequently, the
longer wavelengths of FM radio waves help in achieving
wider communication ranges as the radio signals are able
to propagate for tens of kilometers.

Despite some obvious advantages, some challenges
remain in establishing ABC. First of all, extracting the
power (for communication) from the ambient RF signal
and their subsequent utilization at the sensor will pose
a challenge for researchers. Secondly, ABC differs from
traditional communications by transmitting '0’ and ’1’.
Therefore, the channels used for the backscattered signal
in ABC need to be different in comparison with regular
communication technologies. Thirdly, the receiver has to
discern between the ambient RF signal and the backscat-
tered signal since the physical properties of the two
signals are very similar. Furthermore, the backscattered
signal from the sensor will cause interference for tradi-
tional communication systems as the two signals possess
identical physical properties. Thus, studies need to be
carried out in order to determine how the interference
to legacy systems can be mitigated. Finally, the dynamic
range of the receiver generally indicates the ratio of the
strongest and weakest signals that can be decoded by the
receiver module. As the received signal strength of the
direct signal is greater than the backscattered signal, the
dynamic range of the system needs to be studied before
the receiver modules for ABC are designed.

B. Environment for ABC wide area communications

Although the communication distances achieved in
the existing research are impressive, they are limited to
indoor environments and have restricted range in outdoor
environments. The reason is that, energy harvested from
the ambient RF signals were utilized as the only power
source. Fig. 1 is an illustration of the example environ-
ment that has been considered for the purpose of this
article which enables communications on a wider scale
utilizing ABC.

The area considered as an example for the power
budget calculation is located near the Hanko region of
southern Finland. A FM radio tower is located in the
suburb of Kivenlahti, Espoo which serves as the ambient
source of signals. The FM transmitter (7x antenna) is
located at a height (h) of 248 m. FM radio waves can
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Fig. 1. Illustration of the propagation environment

propagate tens of kilometers due to their large wave-
length and is therefore chosen as a source of ambient
signals. The area towards Hanko is mainly a straight
highway as is shown in the Google map view of the
area in Fig. 2. The terrain is slightly undulating but there
are no considerable losses due to this topography. There
are also forests on both sides of the highway. However,
there are adequate clearing of the forest on both sides
of the highway. Furthermore, there are adequate arable
lands located beside the highway which ensure a clear
line of sight (LOS) connection between the 7k antenna
and the sensors. The significant height of the FM radio
tower helps in maintaining a LOS connection for most
parts of the highway.

The area towards Hanko represents an open rural area
and was selected because the propagation is excellent
in this type of environment. Moreover, in order to
maximize the range for the wide area communications,
an environment like this is ideal. This is due to the
fact that there is very little scope for interference in
this type of environment. The sensors for the example
power budget calculations are located on the highway 51
towards Hanko from Helsinki. The sensors are placed
at some distance away from the FM radio tower at
heights of approximately 1m from the ground on top
of dedicated poles (for sensors). In the example power
budget calculations, the sensors are placed at a distance
of 30 km from the Tx antenna. Although the FM radio
technology enables the RF waves to travel nearly a
hundred kilometers, the distance between the sensor and
the Tx antenna is chosen in a cautious way so as to avoid
an overestimation in the power budget calculations.

The receiver module (Rx antenna) is situated close
to the sensor locations at a height of h.. The available
path loss after the signal is backscattered from the
sensor helps to determine how far the signal is able
to propagate. The sensors propagate the backscatterd
signals towards the Rx antenna. The location of one or
many sensors, propagating signals towards a Ry antenna
can be termed as the harvesting area. The harvesting area
is determined based on the location of the Rx antenna

Fig. 2. Propagation environment as shown in Google Maps.

with respect to the position of the sensors. Therefore, the
sensors can be placed in between the Tk antenna and Rx
antenna and sometimes even beyond the Rx antenna as
shown in Fig. 1, based on the use case.

III. POWER BUDGET

The power budget of a system represents the manner
by which the total transmit power is utilized by different
components that constitute the communication system.
The target of the calculation is to indicate the total gains
and losses in the system in order to illustrate the total
power received at the Rx antenna. The calculation of
the power budget is a very necessary segment of any
wireless communication system design. As demographic
and topographic features vary for different locations,
radio propagation is also different for different environ-
ments. Therefore, to predict the coverage of the system
and estimate the achievable data rates, it is crucial to
represent the radio channel with respect to different key
system parameters.

The power budget can be calculated based on the
simple formula in (1). The transmit power (Prx) and the
received power (FPgrx) are expressed in decibel-milliwatts
(dBm). The system gains and losses are expressed in
the decibel (dB) scale. The system gains are calculated
based on the transmit and receive antenna gains. The
system losses are due to the feeder and connector losses
at the transmitter and receiver. The propagation losses
arise from diffraction and scattering. Additionally, the
attenuation of the signal varies as a function of distance
between the Tx and Ry antenna.

Prx = Prx + gains — losses. (D

The effective radiated power (ERP) of the FM radio
tower located in Kivenlahti is 60 kW or 77.78 dBm [13].
As an example, the sensors are placed at a distance of
30km from the Tx antenna for the power budget calcu-
lations. The free space path loss (FSPL) [14] between
the transmitter and the sensor is 102dB as represented
by the path loss graph in Fig. 3. The curve for the FSPL
is calculated based on (2).
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FSPL = 32.45+20-log(dkm)+20-10g; o (fvmz)- (2)

The Okumura-Hata model [14] can be compared with
the FSPL model in order to provide a more accurate or
realistic estimation of the propagation between the FM
transmitter and the sensor. This can be observed from
the path loss graph in Fig. 3. Few parameters of the
Okumura-Hata model may cause some negligible errors.
For example, the range of transmit antenna heights
specified for the Okumura-Hata model are in the range
of 30m to 200 m. As the height of the transmit antenna
is 248 m in this work, it exceeds the upper bound of
the specified range. Additionally, the lower range of
the operating frequency for the Okumura-Hata model
is in the range of 150 MHz to 1000 MHz. Thus, some
minor errors in the propagation may be observed as the
frequency band used for the power budget calculations
(100 MHz) is below the lower bound of the operating
frequency. The mathematical form of the model is rep-
resented in (3).

L=A+ B-logo(fym) — 13.82 -log; () — a(hms)

+(C — 6.55 - logy(ht)) - 1og1o(dkm) + Cins
3)

where a(hys) is calculated as,

a(hms) = (1.1-logyo(f)—0.7)-h,—(1.56-1log1(f)—0.8).

“)
The path loss (L) from the Okumura-Hata model is
calculated to be 114.8 dB at a distance of 30 km from the
FM transmitter. The path loss curve for the Okumura-
Hata model is displayed in the graph in Fig. 3. The model
specific parameters, A and B are chosen to represent the
low frequency of operation. The values selected for A
and B are 69.55 and 26.16, respectively. The value of
a(hms) is chosen to represent a small city. The value of
C is 39.5 and is tuned to ensure the path loss exponent
for the system is less than 2.5 (which represents rural
area). The area correction factor (C,,,) is set to —10dB
which is a very typical value for an open area. This is

TABLE I
RECEIVER SENSITIVITY PARAMETERS.

Parameter ‘ Unit ‘ Value
Boltzmann’s Constant (k) J/K 1.38 x 10—23
Temperature (77 K 290
Bandwidth (B) kHz 1
Noise Figure (/N F') dB 10
Signal-to-Noise ratio (SN R) dB 10

in coherence with the area considered in Hanko, Finland
for the power budget calculations. The values selected
for C' and C,, are considered to be realistic or slightly
even pessimistic.

The sensitivity of the receiver is the minimum strength
of the RF signal which can be decoded by the receiver
module. Some different parameters play a key role in de-
termining the sensitivity. The signal-to-noise ratio (SNR)
and noise figure (NF) are some of the fundamental
parameters that are utilized. Additionally, Boltzmann’s
constant (k), the temperature of operation (7') and the
bandwidth (B) of the system are essential parameters
used for calculating the minimum reception level of the
system. The temperature of operation for the system is
the room temperature or 290 K. The bandwidth of FM
radio waves is 1 kHz. The values of the different parame-
ters used for the calculation of the receiver sensitivity are
summarized in Table I. The computation is performed
based on the mathematical expression given in (5).

kTB
RXsensitivity(dBm) = 10 . loglo(m) -+ NF -+ SNR
. &)

The sensitivity of the receiver is calculated to be
—123.97dBm. This value represents the minimum re-
ception level of the system. Therefore, the signal can
be decoded by the receiver module and the system
can operate efficiently if the received signal strength is
greater than —123.97 dBm.

When the FM radio signal strikes the sensor, the signal
gets split into different components which propagate to
a variety of directions. This occurs due to diffraction
and/or scattering. Therefore, the energy of the EM wave
reduces after the signal is backscattered and subsequently
propagates to the Rx antenna. Propagation losses due to
diffraction and/or scattering at the sensor module add
to the system losses and this adds up to approximately
30dB. The power budget for the propagation from the
transmitter to the sensor is calculated based on the
aforementioned system parameters. The power budget
of the system when the signal is backscattered (at the
sensor) is presented in Table II.

Based on the power budget calculations there is
approximately 55dB to 70dB of path loss available
(Fig. 3) at the sensor location (30 km) before the signal



TABLE II
POWER BUDGET.

Parameter ‘ Unit ‘ Value
Transmission Transmit power dBm 77.78
Propagation Losses | FSPL/Okumura-Hata | dB 102/115.3
Sensor Losses Diffraction/Scattering | dB 30
Rx Receiver sensitivity | dBm | —123.97

Available Path Loss ‘ FSPL/Okumura-Hata ‘ dB ‘ 69.77/56.45

FM
Transmitter

Rx
antenna

Sensor

D km d kmr

Fig. 4. Dynamic range

cannot be distinguished from the background noise. This
is dependent on the minimum reception level of the
system (—123.97 dBm). After the necessary information
is added to the signal from the sensor, the backscattered
signal can propagate to the Rx antenna. The available
path loss (shown in Fig. 3) ensures that the signal is able
to propagate to nearby Ry antennas. These Rx antennas
are able to receive the backscattered signal from a variety
of sensors located in their vicinity.

The signals follow two paths from the transmitter to
the receiver module as illustrated in Fig. 4. The direct
signal from the transmitter to the receiver module (X”)
and the backscattered signal via the sensor ("Y’) to the
receiver ("Z’). The sensors are located at a distance of D
kilometers from the Tx antenna with heights (hs) from
the ground. In the example power budget calculations,
the value of D is 30km and the value of hg is 1m.
The dynamic range of the system is defined as the ratio
between the strongest and weakest signals measurable
by the receiver module. This is a major parameter for
the design of the receiver module. It is assumed to
be 70dB for the system used for the power budget
calculations. Therefore, the difference in the received
power levels of the two signals ("X’ and ’YZ’) should not
be more than 70 dB. This enables the receiver module
to distinguish between the two signals. The received
signal strength of ’X’ at the Rx antenna, located at
an example distance of 50km (from the Tk antenna)
is —28.65dBm (FSPL). X’ represents the strongest
(direct) signal received by the Rx antenna. Consequently,
the backscattered signal ’YZ’ can be detected by the Rx
antenna if the received signal strength is greater than

—98.65 dBm (based on the FSPL model). In comparison
with the minimum reception level of the system, the
dynamic range of the system limits the available path
loss for the transmission from the sensor to the Ry
antenna. Therefore, the available path loss is reduced
by approximately 25 dB after the dynamic range of the
system is taken into account. Thus, the final available
path loss is computed to be 44.43dB for the FSPL
model. So, the signal is able to propagate further to
the Rx antenna if the power of the backscattered signal
is greater than —98.65dBm (for an example distance
of 50km). Furthermore, the communication links of d
kilometers may be established between the sensor and
Rx antenna based on the available path loss.

IV. CONCLUSION

ABC is considered as an enabling technology for
IoT wireless communications. ABC utilizes ambient RF
waves to provide power for the sensor-type devices
or to simply assist in the forward propagation of the
signal. The previous research on ABC have managed
to accomplish communication distances of a few cen-
timeters in indoor locations. In outdoor environments,
the communication distances of tens of meters were
achieved by researchers. In this article, the power budget
for wide area communications using the ABC technology
has been proposed. The FM radio waves at 100 MHz
frequency, with a transmit power of 60 kW were uti-
lized as the source of ambient RF waves. The sensors
were placed at an example distance of 30km from the
transmitter on the highway which is primarily an open
area. Thereafter, the power budget for the system was
computed. Additionally, the dynamic range of the system
limits the range of the backscatterd signal. It is observed
that the reduction in the available path loss (due to the
dynamic range) is approximately 25 dB. After the signal
is backscattered and additional losses (at the sensor
module) are accounted for, there is around 44.43dB
of available path loss for the communication from the
sensor to the Ry antenna. Therefore, the radio wave
can propagate to the Rx antenna after diffracting or
scattering from the sensor. Many such sensors located in
the vicinity of the Rx antenna can propagate their signals
to the receiver for signal detection keeping the dynamic
range of the system in mind. In the future studies, the
measurements will be performed in the real environment
and based on the analysis of the results the propagation
from the sensor to the receiver will be studied.
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Abstract—The objective of this article is to evaluate the
maximum range of ambient backscattering communications
(AmBC). FM radio signals operating at 100 MHz are selected
as the ambient signal due to their large communication ranges.
The FM radio signals operate in one of the lowest commercially
available frequency bands that can be utilized for AmBC.
Additionally, due to the extensive deployment of FM radio,
this technology is readily available worldwide. Simulations are
performed in a rural highway environment to analyse the
suitability of FM radio as an ambient signal for backscattering
communications. The FM transmitter and receiver antenna are
located in approximately the same area representing a mono-
static form of operation for backscattering communications. The
sensors are located in more or less the line of sight (LOS) of the
TX/RX antenna. The FM signal is reflected back from the sensor
towards the receiver for detection. The ray-tracing technique
and the radar equation are utilized to perform the simulations.
Based on the ray-tracing simulations, a distance of 14.5 km
was obtained between the TX/RX antenna and the sensor.
The achievable distances utilising the radar equation depend
significantly on the cross-section of the sensor and different
sizes were utilised in the simulations.

Index Terms—IoT, AmBC, FM, Sensor, RCS

I. INTRODUCTION

Ambient backscattering communications (AmBC) is a
wireless communication technology which utilises ambient
RF signals to establish communication between devices.
These ambient RF signals can originate from a variety of
sources and some environments have a larger number of
ambient signals than others. For example, in urban areas,
ambient signals such as television broadcasts, FM radio
signals, WLAN signals and cellular signals are predominantly
found. However, in rural environments, there are significantly
less number of ambient RF signals and those are restricted
to only low frequency FM radio and television broadcast
signals and intermittent cellular signals. AmBC is envisioned
by researchers as a key technology for the internet of things
(IoT) wireless communications. This is due to the fact that
energy from the signals can be collected by the sensors
utilizing the AmBC technology [1].

Sensors located in very secluded places are envisioned
to be one of the key use cases of the AmBC technology.
Additionally, as energy can be harvested from ambient RF
signals, the AmBC technology can provide coverage to
sensors located in places where maintenance is very difficult
or not possible [2]. For example, sensors can be located

inside walls of buildings to monitor various parameters. The
installation of these sensors are integrated with the building
construction, so changing batteries may prove to be difficult
or even impossible once deployed. Therefore, in some cases
these devices maybe permanently left inside the walls. Fur-
thermore, the sensors may be deployed in remote locations
such as in agriculture fields, highways and mountain villages
to monitor environmental changes and other parameters as a
result of climate change. Therefore, regular maintenance may
prove to be a stumbling block as it may be very difficult and
cumbersome to replace the batteries of the sensors in these
locations. The AmBC technology eliminates the need for the
periodic maintenance of these sensors by collecting energy
from ambient RF signals [2]. This enables battery free and
wireless operation of the sensors.

Radio backscatter is the fundamental backbone technology
of ambient backscattering communications. The reflection of
RF signals from different objects towards a receiver is the
key operating principle of the radio backscatter technology.
During the second world war, the radio backscatter tech-
nology was utilized to determine the identity of friendly or
hostile air-crafts. The first article on radio backscatter was
published by Harry Stockman in 1948 [3]. Radio frequency
identification (RFID) technology works on the principle of
radio backscatter. The signals are generated from a device
and transmitted towards a sensor. After reflection from the
sensor the signals are received and decoded by the same
device [4]. RFID technology has its applications in areas
such as identification and near field communication (NFC)
payments. The research and development of RFID technology
accelerated after the 1990s due to the reduction in cost of
manufacturing sensors and readers [5].

Ambient television broadcast signals were utilised by the
authors of [1] to power AmBC sensors. They were able to
achieve communication distances of 0.46m and 0.76 m in
indoor and outdoor environments, respectively [1]. Data rates
of 1kbps were achieved for these ranges [1]. The throughput
improved to a certain extent when WLAN was utilized as the
ambient signal [6]. Two way communication was achieved
between two tags by modifying the channel state information
(CSI) and the received signal strength indicator (RSSI) of
the WLAN signal [6]. Communication distances of 1 m and
2.2m were achieved in indoor and outdoor environments
with a maximum data rate of 0.5kbps. The throughput



significantly improved in [7], as data rates of 1 Mbps were
achieved for 5m and 5 Mbps for 1 m, respectively.

The purpose of this paper is to evaluate the maximum
range of AmBC. Due to the extensive worldwide availability
and deployment, FM radio is selected as the preferred source
of ambient RF signals. Additionally, the coverage area of FM
radio signals is greater than conventional cellular systems
or television broadcast signals as they operate at very low
frequencies (between 88 MHz to 108 MHz). FM radio signals
operating at 100 MHz are used in the simulations. A rural
highway (highway number 51) near Helsinki in southern
Finland is chosen as the environment for the simulations as
this area is generally free of significant obstacles and other
interference. This ensures a more or less clear line of sight
(LOS) path between the TX antenna and the sensors.

II. AMBIENT BACKSCATTERING COMMUNICATIONS

AmBC is a wireless communication paradigm which works
on the principle of energy and/or signal collection from
ambient RF signals. These signals originate from a variety of
sources such as television broadcasts, FM radio, cellular and
WLAN signals to name a few. AmBC utilizes small devices
(sensors) which have the necessary hardware to collect the
energy from the ambient RF signals. The harvesting of the
energy from the ambient RF signals enables wireless and
battery free operation of the sensor.

Ambient backscatter is one of the three categories of
backscatter systems [8]. Mono-static backscatter systems
generate RF signals which are reflected back from a sensor
for detection [8]. RFID is a typical example of a mono-static
backscatter system. As the reader and the sensor needs to
be in close proximity of each other, the range of operation
is a limitation of mono-static backscatter systems. In bi-
static backscatter systems, a carrier emitter generates the
RF signals. The carrier emitter is located centrally (or, in
different locations) and the sensors are placed within the
coverage area of the carrier emitter. The signals generated by
the carrier emitter are backscattered by the tags to a dedicated
reader. The generation of a dedicated signal from the carrier
emitter is a disadvantage of bi-static backscatter systems [9].

Ambient backscattering communications utilise ambient
RF signals for its operation. Thus, a dedicated signal does
not have to be generated. Furthermore, the utilization of
low-frequency ambient signals overcomes the restriction of
limited achievable communication range. In contrast to tradi-
tional wireless communication systems, AmBC operates by
reflecting the ambient RF waves towards the receiver [2].
This operation is performed after the required information is
added to the signal.

AmBC systems operate by transmitting '0’ and ’1° from
the sensors by switching between the reflecting and non-
reflecting states [1]. This functionality is achieved by mod-
ifying the electrical properties of the sensor. The receiver
is able to distinguish the backscattered signals as they are
transmitted at a lower data rate in comparison to traditional
signals [1]. The authors in [1] also developed a prototype to
demonstrate the bit-error rate (BER) in comparison with the

distance between two passive AmBC sensors. The utilization
of multiple antennas at the receiver helped in achieving a
lower BER [10].

AmBC has certain disadvantages that needs to be ad-
dressed before this technology can be extensively deployed.
Firstly, the receiver has to be able to distinguish between the
traditional and the backscattered signals. Additionally, as the
operating principle of AmBC is different in comparison with
traditional wireless communications, separate channels for
communication needs to be defined. Finally, the technology
through which the energy and/or signal is harvested from
ambient RF signals needs to be further developed in order to
achieve seamless operation of the AmBC technology.

III. PROPAGATION MODELS

The maximum achievable range of AmBC is analysed with
the help of simulations. The ray-tracing technique and the
radar equation are used for the simulations to investigate the
feasibility of the approach.

A. Ray-tracing

The ray-tracing technique is based on the detailed simula-
tion of the entire propagation environment. The simulations
are performed based on the path each individual signal travels
between the transmitter and the sensor. If there are obstruc-
tions such as trees or buildings between the transmitter and
the sensor then each individual signal is divided into line-of-
sight (LOS) links. The free space path loss (FSPL) equation
is utilized in order to calculate the path loss encountered for
each LOS link of the signal. The FSPL is calculated based
on eq. 1 where ”d” represents the distance in kilometers and
” f” represents the operating frequency in megahertz (MHz).

FSPL = 32.45 4 20 - log(dym) + 20 - log,o (famz). (1)

The signal may also have a variety of multi-path compo-
nents between the transmitter and the receiver. Each individ-
ual signal may experience reflection, scattering or diffraction
from various objects in the environment while propagating
from the transmitter to the sensor. Additional losses are
factored in the simulations to account for the losses caused
due to any such phenomenon. However, the environment and
the location of the sensor and the receiver (with respect to the
transmitter) has an important role in determining the strength
of the multi-path components. In this work, the sensors are
assumed to be in more or less the direct LOS of the TX/RX
antenna.

B. Radar Equation

The total range of communication can also be calculated
utilizing the radar equation. The operating principle of the
radar equation is based on the reflection of the transmitted
signal from a target (or, sensor) towards the receiver. The
location of the TX and RX antenna determines the type of
radar system. In mono-static radar, the TX and RX antenna
are co-located. For bi-static radar systems, the TX and RX
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Fig. 1. Illustration of the deployment scenarios for AmBC sensors in rural highway environment.

antenna are located at different positions. The simulations in
this work are performed using mono-static radar systems.
The radar equation (for mono-static systems) in repre-
sented by eq. 2. The range of the radar is represented in
kilometers. In bi-static radar, the range term (R) in eq. 2
is divided into two parts to represent the distance between
the transmitter and sensor (R;) and the distance between the
sensor and the receiver (R;). For the mono-static operation
of radar systems, the range terms R; and R, are equal and

combined into R.
4 PthGr)\QO'
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In eq. 2, P, represents the power of the transmitted signal
and P represents the power of the received signal. The units
for both these terms is watts (W). The wavelength (in meters)
of the signal is represented by \. The G; and G| represent the
antenna gains for the TX and RX antenna, respectively. The
parameter L factors in the additional loss of the system. The
radar cross section (RCS, o) is expressed in square meters
and is the sensor from where the ambient signal is reflected
back to the RX antenna. In [11], o is considered as a half-
dipole antenna and is represented by the formula in eq. 3.

o =0.88 x A% 3)

In the simulations, different values are considered for
o to compare how the cross-section of the sensor affects
the achievable range of communication. Moreover, the cross
section of the sensor in comparison to the wavelength of the
signal has a significant role in determining if scattering or
reflection occurs at the sensor [12]. The value of z in eq. 4
determines the phenomenon happening at the sensor.

“4)

where r represents the size of the sensor and A represents
the wavelength of the signal. If the value of z < 1, the signal
is scattered at the sensor. A clear reflection happens when the
value of x > 1. [12]

IV. SIMULATION SETUP
A. Simulation environment

The simulations in this work are performed beside a rural
highway as shown in Fig. 1. This type of environment
helps in determining the maximum achievable range of
communication due to the absence of significant obstacles
such as multi-storied buildings. The map of the simulation
environment is obtained from Google Maps and is shown
in Fig. 2. Highway 51 is mainly a straight highway and the
area (beside the highway) is clear of obstacles and consist of
mainly arable lands. This area is located towards the direction
of Hanko in southern Helsinki, Finland. The FM TX antenna
is located in the suburb of Kivenlahti and there is almost a
clear LOS to highway 51. The minor obstructions are due to
tree foliage located beside the highway. The typical effective
isotropic radiated power (EIRP) of this FM radio TX antenna
is 60kW or 77.78 dBm [13].

The FM radio TX antenna at Kivenlahti is at a height
of 248 meters. The receiver is assumed to be co-located
with the FM TX antenna in approximately the same area.
The ambient FM radio signals are reflected back to the
receiver from the sensors. The schematic diagram of the
simulation environment is illustrated in Fig. 1. The sensors
are located in more or less the LOS of the TX/RX beside the
highway to monitor different parameters as shown in Fig. 1.
For example, the sensors can be utilized to determine the
number of vehicles passing through a certain point for traffic
monitoring. Additionally, some sensors installed on lamp-
posts can also be utilized to determine the level of snow on
highways by measuring the depth. Furthermore, sensors can
be deployed on the walls of bus stops or on billboards to
monitor different parameters. The deployment scenarios for
AmBC sensors are shown in Fig. 1.

B. Simulation parameters

The ray-tracing technique and the radar equation are uti-
lized to determine the maximum achievable communication
range between the TX/RX antenna and the sensor after
the signal impinges on it. Consequently, the noise floor



Fig. 2. Propagation environment from Google Maps.

(or, the receiver sensitivity) of the system is calculated to
determine the maximum achievable range of communication.
The noise floor gives an indication of the signal level that
can be decoded by the receiver and is calculated based
on eq. 5. The parameters represent the typical values used
for the noise floor calculation for FM radio systems. The
Boltzmann constant (k) is 1.38 x 10723 J/K and the operating
temperature (T) is 290 K. The bandwidth (B) is 1kHz and
represents the standard bandwidth for FM radio signals.

RXsensitivity(dBm) =10- loglo(%) + NF + SNR. (5)

The receiver sensitivity (F;) of the system is calculated
to be —123.97 dBm utilising eq. 5. The noise figure (NF) is
10 dB and the signal to noise ratio (SNR) is 10 dB. Therefore,
if the power of the backscattered signal is higher than the
noise floor, the signal can be decoded by the RX antenna.
The value of the receiver sensitivity is utilised as an input
parameter for the received power (F,) term in eq. 2. This
helps to determine the maximum achievable communication
range by using the radar equation. Moreover, based on the
EIRP of the FM radio tower (77.78 dBm) and the receiver
sensitivity (—123.97 dBm), the total available path loss for
the system is 201.75dB.

In the ray-tracing approach, the path loss in the LOS links
between the TX and the sensor is calculated based on eq.
1. Consequently, based on the principle of reciprocity, the
path loss between the sensor and the RX has the same value.
The total available path loss provides an estimation of the
maximum achievable distance the signal can travel between
the TX/RX and the sensor.

Furthermore, losses are experienced in the system due to
the obstruction of the Fresnel zone (due to the close proximity
of the sensor to the ground) and the reflection loss that is
experienced at the sensor. An additional loss (L) of 10dB is
accounted for in the simulations. The simulation parameters
are summarized in Table L.

V. RESULTS AND ANALYSIS

The maximum achievable range of communication be-
tween the TX/RX antenna and the sensor is calculated
utilizing the ray-tracing technique and radar equation.

TABLE I
SIMULATION PARAMETERS.

Parameters [ Unit [ Value
Frequency MHz 100
FM TX EIRP kW 60
TX antenna height m 248
Temperature (1) K 290
Bandwidth (B) kHz 1
Noise figure (IVF') dB 10
Signal-to-noise ratio (SN R) dB 10
Additional loss dB 10

The ray-tracing technique provides an optimistic value for
the maximum achievable communication range as the size
of the sensor is not factored in the calculations. The total
available path loss for round trip communication between
TX-sensor-RX is 201.75 dB. After the additional loss (10 dB)
is factored in, the available path loss decreases to 191.75 dB.
Thus, for one-way communication between the TX-sensor
(or, sensor-RX), the total available path loss is 95.87dB.
Therefore, a maximum distance of 14.5 km in one direction
can be achieved and the signal experiences a path loss of
95.67 dB at this distance. Consequently, based on the prin-
ciple of reciprocity, a maximum round trip communication
range of 29 km can be achieved. This distance represents the
longest achievable range of communication where the sensor
is located 14.5km from the TX/RX antenna.

The range of the radar equation is calculated utilizing eq.
2 and represents the total range of communication (between
the TX-sensor and sensor-RX). In the simulations, the size
of the cross-section of the sensor (o) is altered to observe
the change in the achievable range. The size of the sensors
utilized for IoT wireless communications varies based on the
use case.

The sensor size of 0.001m? (3cmx3cm) represents the
worst case scenario. It is observed that the total communica-
tion range achieved with such sensor sizes is about 2.8 km.
Sensors with such a small cross section may be difficult to
locate and can be placed 1.4km from the TX/RX antenna.
A distance of 2.5 km is achievable between the TX/RX and
the sensor having a cross section of 10 cmx 10 cm (0.01 m?).
A distance of 5.1km can be achieved when the size of the
sensor is 0.16 m? (40 cm x40 cm). The distance increases to
5.9 km when the size of the sensor is 0.3 m? (54 cm x 54 cm).
Furthermore, when the cross section of the sensor is increased
to 0.7m? (83 cmx83 cm) the achievable distance increases
to 7.38km. A radar cross section of 7.92m? (2.8 mx2.8 m)
is calculated based on the eq. 3 and represents a half dipole
antenna for the intended carrier frequency [11]. The achiev-
able distance utilizing such a sensor is 13.5 km. The different
values utilized for o and their corresponding distances are
summarised in Table II.

It is observed that with the increase in the cross section of
o the communication range increases as there is more area
available for the ambient FM radio signal to reflect back
from. Additionally, a study is also carried out to determine



TABLE I
DIFFERENT DISTANCES FOR AMBC WITH RT AND RE PROPAGATION

MODELS.

Propagation RCS Distance between TX/ Total

model (o, m?) RX and sensor (km) distance (km)
Ray-tracing - 14.5 29

0.001 1.43 2.87

0.01 2.55 5.10

Radar 0.16 5.10 10.21

equation 0.3 5.97 11.94

0.7 7.38 14.76

7.92 13.54 27.08

how the additional loss affects the range of communication.
A graph illustrating the different communication ranges for
different cross section of o is shown in Fig. 3. Additional
loss values of 10dB to 30 dB are utilized to observe how the
communication range is affected. It is observed that with the
increase in the additional loss, the range of communication
reduces for different o sizes.

The value of x in eq. 4 determines the boundary condition
for scattering or reflection to occur after the signal impinges
on the sensor. The minimum required cross section of the
sensor is 47cmx47cm for the ambient signal to reflect
towards the RX antenna. Sensors with a smaller cross section
cannot be utilised as the ambient FM radio signal will
scatter instead of reflecting. Therefore, only sensors having
a cross section greater than 47 cmx47 cm (or, 0.22m?) can
be utilised to determine the maximum achievable range of
communication.

VI. CONCLUSION

The purpose of this article was to evaluate the maximum
range of mono-static AmBC technology. A rural highway
near Helsinki in southern Finland was chosen as the envi-
ronment where the simulations were performed. The AmBC
sensors were deployed beside the highway for monitoring
different parameters in more or less the LOS of the FM TX
antenna in Kivenlahti. The selected area is free of obstacles
and therefore, the amount of interference is least in such
an environment. The ambient FM radio signals (at 100 MHz
frequency) were utilised in the simulations. Two propagation
models, the ray-tracing technique and the radar equation
were utilized to perform the simulations. It was observed
that utilising the ray-tracing technique the sensors could
be deployed 14.5km from the TX/RX antenna. Utilising
a mono-static radar, it was observed that the sensor could
be located 5.9km from the TX/RX antenna for sensor
sizes of b4 cmxbH4cm. Sensors of such cross sections can
be deployed in billboards or bus-stops located beside the
highway. A significant limiting factor for reflection to occur
is based on the cross section of the sensor in comparison
with the wavelength of the ambient signal. Consequently,
for reflection of the ambient FM radio signals, the cross
section of the sensor has to be a a minimum of 47 cm x47 cm.
Therefore, the size of the sensor has an essential role in
the achievable range of communication. Furthermore, it can
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Fig. 3. Achievable distances for different additional losses for varying RCS
(o).

be inferred that the achievable range utilising the radar
equation is more realistic in comparison with the ray-tracing
technique as the cross section of the sensor is factored in the
simulations. Also, it was observed that the communication
range decreases with the increase in the additional loss. In
conclusion, ambient FM radio signals could offer a wide
range of opportunities for monitoring purposes in rural or
highway areas utilising the AmBC technology.
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Abstract—The purpose of this paper is to estimate the maxi-
mum achievable range for ambient backscattering communica-
tions (AmBC) by utilizing one of the lowest available frequency
bands for mobile networks. Long term evolution (LTE) networks
operating at 700 MHz (LTE-700, also referred to as LTE
band 28) use the frequency division duplexing (FDD) technique
for communications and are utilised as the ambient signals to
perform the simulations. The simulations are carried out in
urban macro-cellular and suburban highway environments. For
the simulations, the sensors are placed in the line-of-sight (LOS)
path of the LTE-700 transmitter and receiver antenna as this
ensures the maximum applicability of the AmBC technology.
Two propagation models, the ray tracing approach and the
radar equation are leveraged to determine the maximum range
of communication when the signal is reflected by the sensor. It
is observed from the analysis that distances of a few hundred
meters are achievable utilising both propagation models. The size
of the sensor has a pivotal role in determining the maximum
range of communication while utilising the radar equation.
Therefore, a thorough analysis is performed using real-world
sensor sizes deployed for the internet of things (IoT) wireless
communication.

Index Terms—Internet of Things, Sensor, Radar cross section,
AmBC, LTE, 5G.

I. INTRODUCTION

Ambient backscattering communications (AmBC) is a
wireless communication technology which utilises ambient
radio frequency (RF) signals to establish communication with
sensors or devices. These sensors have their applicability in
the internet of things (IoT) wireless communications. These
ambient signals can originate from a variety of RF sources
such as television (TV) broadcasts, Wi-Fi, FM radio and
cellular signals. The sensors used in AmBC are capable of
harvesting energy from the ambient RF signals. This enables
the battery free and wireless operation of the sensors.

AmBC systems operate on the principle of radio backscat-
ter where a transmitted signal is reflected back from an object
towards a receiver for decoding. This technique was first
utilized during World War II to determine the identity of
the air-crafts and classify then as friendly or hostile. The
first article on backscatter communications was published by
Harry Stockman in 1948 [1]. There has been a significant
amount of research in the radio backscatter technology during
the last two decades due to the relatively low cost and very
low power requirement of manufacturing such devices [2].

Radio frequency identification (RFID) systems also utilize
the concept of radio backscatter in order to perform their
functionality.

The concept of AmMBC was first presented by the au-
thors of [3] in the year 2013. They were able to achieve
communication distances of 45.7 cm in indoor environments
and 76.2cm in outdoor environments by utilising ambient
TV broadcast signals [3]. Backscatter communication utilis-
ing ambient wireless LAN (WLAN) signals were presented
by the authors in [4]. They were able to connect to the
internet by connecting to the gateway network [4]. There
was a significant improvement in throughput achieved in
[5] in comparison with previous articles such as [3], [4].
Typically, it was observed that very short communication
ranges could be achieved by AmBC systems. However, in
[6], wide area communication was proposed for AmBC and
it was predicted that communication distances of 30km
are achievable utilizing ambient FM radio signals based on
power budget calculations. Furthermore, the link budget for
typical backscatter communications at different frequencies
were studied by the authors in [7].

In this article, ambient long term evolution (LTE) cel-
lular signals operating at 700 MHz (LTE-700) frequency
are utilised to estimate the maximum distance between the
TX/RX antenna and the sensor in outdoor environments. To
maximise the coverage, the LTE-700 carrier frequency band
is utilised as this is one of the lowest operating frequencies
for cellular communications. Additionally, the simulations are
performed for the sensors located in the direct line-of-sight
(LOS) of the TX/RX antenna in urban macro-cellular and
suburban highway environments. Furthermore, the TX and
the RX are placed in the same location which represents
the mono-static mode of operation for AmBC systems. The
simulation results demonstrate that the AmBC systems are
capable of achieving distances of the order of hundreds of
meters when typical real world antenna configurations are
utilised.

II. BACKSCATTER COMMUNICATIONS

Backscatter systems can be classified into two categories
based on the location of the TX and RX. In the mono-
static mode of operation, the TX and RX are placed in the
same location. The signal transmitted by a dedicated TX



reflects back from an object (or, sensor) towards the RX
for detection [8]. The bi-static backscatter utilizes a carrier
emitter to transmit a dedicated signal to the sensor which is
backscattered to a RX for reading and decoding the signal [8].
This type of system can utilize a centrally located receiving
device capable of decoding the signal [9]. However, a disad-
vantage of traditional backscatter communication systems is
the requirement for a dedicated transmission.

AmBC eliminates the need of a dedicated signal by util-
ising the ambient RF signals present in the environment.
These ambient signals can be transmitted from a variety of
sources such as TV/FM broadcasts, WLAN or cellular signals
to name a few. These ambient signals are utilized by the
backscattering element in order to establish communication
between two passive or active devices or a combination of
both. The advent of IoT wireless communication necessitates
the deployment of a huge number of sensors. All these
sensors will have a power requirement as they are required
to communicate with each other or other devices. However,
it might impractical to change batteries for certain use cases
and in some environments [3], [10]. Therefore, the harvesting
of energy from ambient RF signals is an important feature
ensured by AmBC [11].

The operating principle of the AmBC technology is based
on the transmission of ”1” or ”0” from the sensor. For
example, ”1” can indicate the reflecting state and ”0” can
indicate the non-reflecting state [11]. In order to establish
communication, the antenna impedance states are changed
between the non-reflecting and reflecting states [3]. The signal
transmitted from the chosen ambient RF source propagates to
the sensor, where the signal is modulated and forwarded to a
device capable of receiving and decoding the signal.

Although AmBC has significant advantages, there are some
practical disadvantages that need to be addressed before
commercial deployment is possible. Firstly, the RX/sensors
must be capable in deciphering between various RF signals
emitted from legacy sources. Secondly, the capability of
energy harvesting at the sensor will be a challenge for
hardware designers. Lastly, the mode of operation of AmBC
differs from traditional wireless communications. Therefore,
separate channels need to be defined for communication
utilizing ambient RF signals in comparison with traditional
communication systems.

III. PROPAGATION MODELS

To examine the signal path from the TX antenna to the
sensor, each environment is analysed with the help of two
propagation models. While performing the analysis, the signal
is assumed to have a clear LOS between the TX antenna, RX
antenna and the sensor.

A. Radar Equation

The radar equation (RE) generally computes the total
range of communication. The operating principle of the radar
equation is based on the reflection of the transmitted signal
from the target of a given cross section back to the RX

antenna. The radar can be mono-static, that is, the TX and RX
is positioned at the same location. In bi-static radar, the signal
travels from the TX via reflection from a target to the RX
antenna which are not collocated. In this work, mono-static
radar is considered for computing the range. The formula
for the computation of the range using the radar equation is

shown in (1).
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The range from the TX antenna to the sensor is expressed
by R;, and R, represents the range of the sensor to the
RX antenna. For mono-static radar two ranges are nearly
identical and can be combined into R [12]. These distances
are expressed in meters. Parameters such as wavelength (),
transmit power (FP;) and the antenna gains of the TX (G;) and
RX (G;) has a vital role in determining the range of radar
systems. L represents the propagation loss of the system.
The received power (P,) indicates the receiver sensitivity (or,
noise floor) and is calculated using (2),

RXsensitivity(dBm) = 10~10g10 <(];1,€031> +NF+SNR. (2)
The values for the parameters represent typical values used
for the LTE power budget calculation. The temperature (7")
is 290 K and Boltzmann’s constant (k) is 1.38 x 10723 J/K.
For calculating the bandwidth (B), one resource block (12 x
15kHz) is utilized. The number of sub-carriers is 12 and the
spacing between them is 15 kHz [13].

The cross section of the target (sensor, o) is expressed in
square meters and plays an important role in in the operation
of the radar. In literature [12], the value of o is calculated
using (3),

o =0.88 x \?, (3)

when the antenna is considered to be a half dipole. The
wavelength is calculated to be 0.42m for 700 MHz.

B. Ray Tracing

The ray tracing (RT) approach is generally based on the
comprehensive simulation of the propagation environment. A
proper description of the physical propagation environment is
necessary in order to provide a deterministic representation of
the ray path(s). The simulation is carried out by using rays to
model different multi-path components of the environment in
detail. The total ray paths are subdivided into LOS links. The
propagation of the individual LOS link between two points is
determined by the free space path loss (FSPL) utilizing (4).

FSPL = 32.45 4 20 - logy¢(dkm) + 20 - logyo(fymmz), &)

where d represents the distance (in km) between the two
points and f represents the frequency (in MHz) of operation.
Generally, in an environment each ray experiences reflec-
tion, diffraction and/or scattering which can be termed as
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Fig. 1. Urban macro-cellular environment.

the propagation loss. The total loss experienced by a certain
ray is a combination of these phenomena and the loss due
to the distance traveled by the signal. In order to obtain
an accurate prediction of the propagation, the parameters
that affect the ray tracing approach are thoroughly analysed.
Building penetration losses, the permittivity of the ground and
building materials, the precise locations of the TX antenna,
RX antenna and the obstacles (buildings, trees) need to be
accurately modelled. Losses occurring due to any of these
phenomena contribute to the propagation loss. The final result
is a combination of the FSPL for each individual LOS link
of the ray in addition to the propagation loss. Additionally,
the frequency of operation also has an important role in the
simulation. The received signal power is computed based on
the multi-path components that exist between the TX antenna
and the RX antenna.

IV. COMPUTATION OF THE RECEIVER HARVESTING AREA

The receiver harvesting area is determined based on the
simulation performed in two different environments, an urban
macro-cellular and a suburban highway environment.

A. Environment for receiver harvesting area

The harvesting area of the receiver is determined based on
the location of the sensor relative to the TX/RX. Additionally,
the strength of the reflected signal also determines the area
where the sensors can be deployed. This study is focused
on the analysis of urban macro-cellular environment and
suburban highway environment where there are direct LOS
paths between the TX/RX and the sensor. It is assumed the
transmitter and the receiver are placed at the same location.
Therefore, the signal travels from the transmitter to the sensor
and back to the receiver following the same path. Additional
losses due to reflection and scattering are included while
computing the total path loss. The sensors are placed at the
ground level or at heights of 1 m from the ground in the direct
LOS path of the transmitter. Thus, some additional loss is also
considered for the obstruction caused by the blocking of the
Fresnel zone.

1) Urban macro-cellular environment: In the urban macro-
cellular environment, there are clear LOS paths present be-
tween the TX antenna and the sensor. The sensors which are
located in the non line-of-sight (NLOS) with respect to the TX

()

Fig. 2. Sub-urban highway environment.

antenna are unable to receive and harvest the signals. These
sensors are marked with red crosses in Fig. 1. Generally, in
an urban macro-cellular environment the TX is located on or
just below the rooftop. In this work, the location of the TX is
considered to be just below the rooftop level (as depicted in
Fig. 1) in order to avoid the back-lobe of the antenna radiation
pattern. Also, by placing the antenna just below the rooftop
level, the signal in the main beam direction is emphasised in
the direct LOS with the sensor. In this work, the RX is placed
at the same location of the TX at a height of 30 m. The inter-
site distance in a standard urban macro cellular environment
is 200 m. The illustration of the propagation environment for
such a scenario is depicted in Fig. 1.

2) Suburban highway environment: The height of the TX
antenna in a suburban highway environment is typically
between 30m to 80 m. The cost efficient way is to have the
TX as high as possible. This is done in order to have the
maximum possible coverage and avoid the nearby obstacles
such as trees. It is assumed RX antenna is located at the same
height of the TX antenna. The sensors are placed near the TX
ensuring a clear LOS path. The location of these sensors is
depicted in Fig. 2. The sensors which are in the NLOS of the
TX are represented in Fig. 2 with red crosses. The typical
site distances for a highway environment is 10km to 15 km.
This signifies there are parts of the highway between TX
where the sensors cannot be deployed. A schematic diagram
for the receiver harvesting area in a highway environment is
illustrated in Fig. 2.

B. Simulation parameters

The analysis of the signal propagation in the urban macro-
cellular and highway LOS environments is performed utiliz-
ing the radar equation and the ray tracing method. The sensors
are located in the direct LOS of the TX/RX and an illustration
of two environments are shown in Fig. 1 and Fig. 2.

The effective isotropic radiated power (EIRP) of the LTE-
700 TX antenna is 62dBm. This is calculated based on
a transmit power (P;) of 46dBm (typical for most man-
ufacturers), a transmit antenna gain (G;) of 18dB and a
cable loss of 2dB. The noise figure (NF') is 10dB and the
signal to noise ratio (SNR) is 2dB. These values indicate
typical values utilised in the LTE power budget calculations.
The value of the receiver sensitivity is calculated to be



TABLE I
SIMULATION PARAMETERS.

Parameter ‘ Unit ‘ Value
TX power (P) dBm 46
TX antenna gain (Gt) dBi 18
RX antenna gain (G) dBi 0
Cable loss dB 2
Temperature (77 K 290
Bandwidth (B) kHz | 12 x 15
Noise figure (N F') dB 10
Signal-to-noise ratio (SN R) dB 2
Additional loss (urban, Lypan) dB 15
Additional loss (suburban, Lgypurban) dB 5

—109.42 dBm utilising (2). Therefore, the total available path
loss is 171.42dB based on the difference between the EIRP
and the receiver sensitivity.

The free space path loss is calculated for the LOS link
between the TX/RX and the sensor utilizing equation (4). The
total path loss is a summation of the path loss between the TX
and sensor and the path loss between the sensor and RX after
reflection (from the sensor). In the urban environment, there is
approximately 15dB additional loss (Lyan) considered due
to the reflection off the sensor (10 dB) and the minor obstruc-
tion of the first Fresnel zone (5 dB). The total additional loss
(Lguburban) in suburban environment is approximately 5dB. In
equation (1), the additional loss values are utilized for the L
term. P, (or, the receiver sensitivity) determines the minimum
value of the signal strength that can be received at the RX.
A comparison is performed for two approaches in order to
determine the feasibility of these propagation models for this
approach. The different parameters utilised for the simulations
are summarised in the table I.

V. RESULTS AND ANALYSIS

The total available loss that an individual ray can experi-
ence in the LOS path is 156.42 dB in urban and 166.42 dB in
suburban environments, respectively. These values are calcu-
lated after the additional loss for the respective environments
are considered as stated in table 1. The available path loss is
basically the round-trip loss experienced by the ray when it
travels from the TX to the sensor, gets reflected and travels
back to the RX.

Utilizing the ray tracing method it is observed that a
maximum distance of approximately 275 m can be achieved
between the TX and the sensor in the clear LOS link in urban
environments. The FSPL at a distance of 275 m from the TX
is 78.14 dB utilizing (4). Based on the principle of reciprocity,
the path between the sensor and the RX experiences a similar
path loss. Thus, the total path loss experienced by the signal
is 156.28 dB which is less than the maximum allowable loss
for the urban environment after the additional loss is taken
into account. Therefore, theoretically, a signal in the LOS path
can travel 550 m between the TX and the RX via reflection

TABLE II
DIFFERENT DISTANCES FOR AMBC WITH RT AND RE PROPAGATION
MODELS.
Propagation RCS Urban Sub-urban
model (0,m?) | Total distance (m) | Total distance (m)
Ray Tracing [ - [ 550 [ 950
0.001 159 283
0.01 283 503
Radar equation 0.16 567 1000
0.3 662 1178
0.7 819 1456

from the sensor. In the urban macro-cellular environment, the
sensors can be placed approximately 275 m away from the
TX/RX antenna in the clear LOS path in order to perform
various functionalities based on different use cases. The site
distances in an urban environment is about 200 m therefore
most of the sensors are able to utilize the ambient signals.
The urban macro-cellular environment represents the worst
case for distance calculations due to the large amount of
interference in this type of environment.

Similarly, a signal is able to travel 475m between the
TX and the sensor in a suburban environment when a LOS
link exists between them. The loss at a distance of 475m is
82.29 dB. Therefore, a total loss of 164.58 dB is experienced
by a signal travelling from the TX to the RX via reflection
from the sensor. As this value is less than the total available
loss, a communication link of 950 m between the TX and
the RX can be established after the signal is reflected from
the sensor. In the highway environment, the sensors can be
placed within a diameter of 0.95 km centering around the TX.
The site distances in highway environments are about 10 km
to 15km so all the sensors need to be placed in the vicinity
of the TX/RX. As the interference and the additional loss is
less in comparison, greater distances can be achieved by the
ambient signal. Therefore, due to the lower losses experienced
in highway environments these results are optimistic. Sensors
located in the NLOS path of the TX/RX experience greater
losses and further studies and measurements need to be
performed to determine how coverage can be provided to
them.

The range (R, km) is calculated utilizing the radar equation
(1) using different values for the radar cross section (o). The
values considered for o attempts to indicate the size of the
sensors used in [oT wireless communications. The worst case
scenario is when the value of o is the smallest as the signal
has the least surface area to reflect back from.

In the urban macro-cell environment, a total distance of
159 m can be achieved when utilising a sensor of 0.001 m?.
The total achievable range of communication is 283 m when
a 0.01m? is used. A distance of 567 m is achievable when
a half-dipole antenna (¢ = 0.16m?) is used (based on the
value calculated using (3). This distance represents the most
realistic value when compared with the ray tracing technique.
Longer communication distances of 662m and 819m are
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Fig. 3. Achievable distances for different system and additional losses for
varying RCS (o).

achievable when 0.3m? and 0.7m? sensors are utilised,
respectively. However, such sensor sizes may be impractical
in practical applications. The large sensors indicate the best
case scenario as the signal has a much larger surface to reflect
back from. A 15dB additional loss is used for these calcu-
lations and the summary of the total distances in the urban
environment for corresponding o values are summarised in
table II.

In the sub-urban environment, with an additional loss of
5dB, the achievable distance is 283 m when a 0.001 m? size
sensor is utilised. The total achievable distance is 503 m when
a 0.01m? sensor is used. For a 0.16 m? sensor, the total
achievable range is 1000m. It is observed that this value
is the closest to the the total distance achieved utilising the
ray tracing technique in the sub-urban environment. Finally,
total distances of 1178 m and 1456 m are achieved utilising
0.3m? and 0.7 m? size sensors. These values are summarised
for different o values in table II.

An analysis is also carried out to determine how the
additional loss affects the calculation of the range using the
radar equation. Fig. 3 shows the distance the ray is able to
travel between the TX and the RX for different values of
additional loss. The additional loss makes a significant impact
on the achievable distance. Values from 0dB to 20dB are
used to in the graph to represent various use cases. Radar
cross section (o) values vary and are represented by the
different curves in Fig. 3. It is observed that the increase
in the additional loss decreases the total achievable distance.

VI. CONCLUSION

In this paper, an analysis was performed to determine the
maximum achievable distance between the TX and the RX
after reflection from the sensor utilizing ambient LTE-700
signals. This is one of the lowest available frequency band
for mobile communications. Furthermore, it was assumed that
the TX and RX were operating in the mono-static mode and

the sensors are located in their LOS path. The ray tracing
approach and the radar equation were utilized to perform
simulations in the urban macro-cellular and suburban highway
environments using different values for the additional loss.
Due to the scarcity of interference, the suburban environ-
ment represents the best case scenario in contrast to the
urban environment which has multiple sources of interference.
Additionally, different values were considered for the radar
cross section (which acts as the sensor) to indicate real-world
IoT deployment scenarios. It was observed that by using the
ray tracing approach, distances of 550m and 950 m were
achieved in urban and suburban environments, respectively.
Utilising the radar equation it was observed that distances of
a few hundred meters are achievable depending on the size
of the sensor and the additional loss. The distances achieved
by using the ray tracing approach and the radar equation
demonstrate that this approach performs well for LOS links
in the outdoor environment.
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Abstract

The aim of this article is to evaluate the applicability of 5G technology as a possible ambient signal for backscattering
communications (AmBC). This evaluation considers both urban macro-cellular, small cell as well as rural highway
environments. The simulations are performed in outdoor areas including analysis about 5G implementation strategies in
different scenarios. Essential aspects of 5G radio network topology such as frequency domain (3.5 GHz and 26 GHz) and
antenna locations (offering line-of-sight, LOS) are highlighted and turned to applicability scenarios with AmBC. The LOS
scenarios are evaluated to determine the widest applicability area of 5G for AmBC. Typical AmBC applications are studied
including collection of data from several sensors to receivers. Evaluation of the applicability of 5G was based on
propagation related simulations and calculations utilising the ray tracing technique and the radar equation. The results
demonstrate that 5G can be used as an ambient signal for backscattering communications for short ranges for typical sensor

sizes. It is also observed that the range of communication is heavily dependent on the the size of the sensor.

Keywords IoT - AmBC - 5G - Sensors

1 Introduction

The internet of things (IoT) is a wireless communication
paradigm where sensors are utilised to collect information
from the surrounding environment. These sensors may
have the capability to measure a multitude of parameters
such as temperature, humidity, location, etc. Some of the
use cases of these sensors include traffic, atmosphere,
health and environment monitoring. Additionally, they
have the capability to communicate among themselves and
with a central server. Due to the variety of use cases, these
sensors will probably be deployed in huge numbers and at a
variety of locations. IoT is considered a key enabling
technology for future wireless technologies. IoT devices
are envisioned to be connected to each other along-with the
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Jukka Lempidinen
jukka.lempiainen @tuni.fi

Faculty of Information Technology and Communication
Sciences, Tampere University (Hervanta Campus),
Korkeakoulunkatu 1, Tampere 33720, Finland

internet in order to exchange and transfer different types of
data. The fifth generation (5G) of mobile communications
is being developed with the provision of supporting the
data needs for such a variety of devices.

Ambient backscattering communications (AmBC) is a
technology where sensors are capable of harvesting (or,
gathering) energy from ambient RF signals present in the
atmosphere. AmBC enables battery free and wireless
operation of the sensors by harvesting energy from cellular
signals, television broadcasts, Wi-Fi signals and so on.
Therefore, the requirement for maintenance and changing
batteries are eliminated. Thus, AmBC permits the deploy-
ment of sensors in some remote as well as inaccessible
locations such as inside walls (where certain ambient sig-
nals are present). The concept of AmBC was first intro-
duced in [10] during the year 2013. Ambient television
broadcast signals were utilised as part of their research and
communication distances of 45.7 cm and 76.2 cm were
established in indoor and outdoor environments, respec-
tively [10]. Moreover, the channel state information (CSI)
and the received signal strength indicator (RSSI) were
altered to achieve communication by harvesting ambient
Wi-Fi signals [8]. This enabled the sensor type devices to
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be connected to the internet. Data rates of 0.5 kbps and 20
kbps were achieved in the uplink and downlink [8]. There
was a significant improvement in throughput achieved in
[2] where data rates of 5 Mbps and 1 Mbps were achieved
for ranges of 1 m and 5 m, respectively [2].

The AmBC technology can be used for a variety of
applications. AmBC works on the principle of radio
backscatter, where radio waves generated by a dedicated
reader are reflected back from a sensor. Radio backscatter
was introduced in literature by Harry Stockman in the year
1948 to identify friendly or hostile air-crafts during the
Second World War [17]. The advancement in technology
and the reduction in the cost of manufacturing integrated
circuits (ICs) has stimulated the development of the radio
backscatter technology [19]. This has enabled radio
backscatter to become a common and mainstream tech-
nology during the past couple of decades [19]. A key
application area for radio backscatter is the radio frequency
identification (RFID) technology. RFID systems consist of
a transmitter, receiver and tag or sensor. The signal gen-
erated from the transmitter is reflected back from the sen-
sor. Based on the application scenario, the receiver
authenticates the particular sensor. However, these RFID
sensors are generally passive elements which are unable to
communicate among each other. The communication
between passive RFID sensors was introduced in [11] and
was achieved by modulating the field of the carrier signal.

Previous studies focused on technologies such as
WLAN, FM radio, television broadcasts and existing cel-
lular signals as the possible source of ambient signals for
backscattering communications. Presently, the research and
development of the fifth generation (5G) of mobile com-
munications is nearly complete (based on Release 15) and
the deployment of the system has already taken place in
parts of some countries. The 5G system is expected to be
widely deployed commercially between 2020 and 2022.
The new radio access technology for 5G termed as the 5G
new radio (5G NR) was developed by 3GPP and was
standardised as the air interface for the 5G systems during
the end of 2017. The 5G NR utilises two frequency bands,
frequency range 1 (FR1) which utilises the sub 6 GHz
microwave frequency band and frequency range 2 (FR2)
which utilises the millimeter wave frequency band between
24 GHz and 100 GHz.

The objective of this study is to evaluate the suitability
of 5G as an ambient signal for backscattering communi-
cations in outdoor environments. The outdoor environment
represents the maximum applicability area of 5G for
AmBC, due to typical antenna implementations. 5G net-
works (which support high capacity) are generally
deployed in densely populated urban environments (as
shown in Fig. 1) at frequencies of 3.5 GHz and 26 GHz.
IoT wireless communications are envisioned to have a lot
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of use cases in these environments. Therefore, AmBC
sensors of different sizes are also studied in order to
determine the change in the achievable range of commu-
nication due to this parameter. Furthermore, the advent of
autonomous vehicles (for example) has led to the research
of IoT in rural highway environments. 5G networks can
provide coverage to rural highway environment (as shown
in Fig. 2). Therefore, the applicability of 5G as an ambient
signal for AmBC is also studied in rural highway
environment.

2 System setup—5G for Ambient
backscattering communications

2.1 Fifth generation (5G) mobile networks

In the near future, mobile communications are envisioned
to provide data rates of the order of gigabits and also
provide communications with low latency in comparison
with present standards. The need for high data rates is
driven by the tremendous number of devices that are
thought to be connected to the internet and also with the
advent of IoT [12]. It is also believed that these data rates
would be comparable to fixed-line broadband services. 5G
aims to provide support for IoT by enabling more capacity.
In IoT wireless communications, a plethora of devices (or,
things) are connected to each other as well as a central
node via the internet. Additionally, 5G also aims to provide
support for technologies such as augmented reality, tactile
internet, machine type communications and so on [12].
Furthermore, autonomous vehicles, traffic management and
remote surgeries are some of the major use cases behind
achieving and establishing ultra reliable low latency com-
munications (URLLC) which is a major requirement of 5G
communications [15]. The 5G mobile communications aim
to fulfil these requirements by introducing key technologies
for the RF interfaces.

Firstly, utilisation of higher frequencies (in comparison
with present standards) enable the use of massive multiple-
input and multiple-output (MIMO) antenna arrays at the
macro-cell base stations [9, 13]. Therefore, the higher path
loss resulting from the use of higher frequencies can be
compensated by utilising the large antenna arrays at the
transmitter. Additionally, advances in the massive MIMO
technology and the use of antenna arrays can help in
transmission to users distributed along the azimuth and
elevation plane simultaneously. Furthermore, beam-form-
ing can help in achieving high performance in both the
uplink and downlink [4]. Figure 1 shows the distribution of
macro-cell towers in an urban area (for example) where
massive MIMO implementation will be carried out.
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Secondly, the traffic load on dense urban macro-cells
can be reduced by utilising small cells in heterogeneous
networks. However, to carry the control plane traffic, the
requirement and utilisation of macro-cells would still be
necessary even if small cells are densely deployed [7].
Figure 1 shows an example of an heterogeneous network
environment where small cells are utilised in coherence
with traditional macro-cellular networks. Small cells will
be implemented for example on top of light-posts located
beside the street. The use of heterogeneous networks may
result in a higher other cell interference which can affect
the capacity gains. However, the excess interference can be
compensated by cooperative scheduling and coordinating
multipoint (CoMP) technology [7, 16]. Additionally, the
5G air interface and the associated wave-forms need to be
defined such that it is flexible enough to support a variety
of applications. For 5G new radio (NR) phase 1, 3GPP has
decided to utilise OFDM type wave-forms to fulfil these
requirements.
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Finally, a shift towards higher frequency bands is
required in order to support the requirement for very high
data rates and enhanced mobile broadband (eMBB) [12].
There is very large carrier bandwidth available in the
millimeter wave frequency range (24 GHz-100 GHz) and
the utilisation of this bandwidth can help in achieving high
data rates. In 5G networks, a combination of the millimeter
and the sub-6 GHz microwave frequency bands will be
utilised to establish communications. The wide area cov-
erage could be provided by utilising the sub-6 GHz fre-
quency bands in macro-cells. For local and personal area
communications, the licensed millimeter wave frequency
band could be utilised [6]. The unlicensed frequency bands
in the millimeter wave spectrum could be utilised for small
cells and short range indoor links [6]. Macro-cells and
small cells may operate at different frequencies even for
the same operator as shown in Fig. 1. Generally, the 5G
macro-cells are mostly implemented on existing sites and
small cells are deployed on new sites such as light-posts as
shown in Fig. 1.

This study is performed using ambient 5G signals
transmitted at frequencies of 3.5 GHz and 26 GHz (utilised
in Europe). The 3.5 GHz frequency band is generally uti-
lised on macro sites and has already been deployed in some
countries. However, there is also a possibility of utilising
the millimeter wave frequency band in macro-cellular
environments (as shown in Fig. 1). It is foreseen that small
cells will generally operate at the 26 GHz frequency band
(in Finland) though the 3.5 GHz frequency band may also
be utilised in some cases. As shown in Fig. 1, the
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implementation of 5G is carried out in the macro-cell and
small cell environments based on the use cases and the
number of users that need to be served at a particular
location.

2.1.1 Urban macro-cellular

The urban macro-cellular environment has the most num-
ber of users both in terms of personal mobile users and
“things” which are a key part of IoT wireless communi-
cations. Figure 1 shows a schematic diagram of the envi-
ronment where the 5G urban macro-cellular 7x antenna
will be deployed. Generally, the Tx antenna is located on or
just below the rooftop level as shown in Fig 1. The antenna
is placed below the rooftop to minimise the effect of the
back lobe of the antenna radiation pattern. By modifying
the base station components and configurations, existing
sites can be utilised for the deployment of 5G networks
which provides a profitable approach for telecom operators.
The height of the Tx antenna in such an environment is
typically 20 m-30 m depending on the height of the
buildings. The site distance for such environments is
approximately 200 m—400 m. There are various line-of-
sight (LOS) paths which exist between the Tx antenna and
the users because of typical antenna deployments below the
rooftop. In this study, we are considering only the scenarios
where a LOS path exists between the Tx antenna and the
sensors to find out the maximum applicability area of 5G
for AmBC.

2.1.2 Small cells

For cellular operators, small cells tend to provide coverage
at the cell edge therefore extending the range of commu-
nications. Additionally, small cells are also utilised for
providing enhancement in network capacity in densely
populated urban areas such as city-centers, shopping malls
and railway stations. As shown in Fig. 1, small cell Tx
antennas may be located on light-posts which helps to
provide coverage to a variety of devices. The requirement
of small cells is mostly predominant in densely populated
areas such as residential areas (as shown in Fig. 1), stadi-
ums and shopping malls. Furthermore, the expansion of
coverage to indoor users in dense urban areas is possible
due to the use of small cells. These locations have a large
number of users both in terms of personal users and
devices. Therefore, the requirement for small cells has
grown with smart city applications. This study is performed
based on the scenarios where a clear LOS path exists
between the small cell 7 antenna and the sensor.
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2.1.3 Rural highway

This study is also performed in a rural highway environ-
ment because obstacles and interference causing signals are
at a minimum there. The typical existing site distance in a
rural highway environment is between 5 km and 15 km
depending on the frequency of operation and height of the
Tx antenna towers. Generally, in Finland, the height of the
Tx antenna is between 30 m and 80 m. The schematic
diagram of a rural highway environment is shown in Fig. 2.
The cost effective method for obtaining the best possible
coverage is to place the Tx antenna as high as possible.
Moreover, due to the lack of obstacles in this environment
clear LOS paths exist between the sensors and the Tx
antenna. This study analyses the best case scenario which
can be achieved in a rural highway environment.

2.2 Ambient backscattering communications
(AmBC)

The AmBC technology works on the principle of energy
harvesting from ambient RF signals generated from a
variety of sources [10]. Enabling the battery free operation
of the sensors is a major advantage of AmBC. In addition,
as an external power source is not necessary these sensors
can be deployed in a variety of locations where regular
maintenance is not possible. The three categories which
work on the principle of radio backscatter are, mono-static
backscatter, bi-static backscatter and ambient backscatter.

A dedicated transmitter/receiver is necessary for the
operation of mono-static backscatter systems [3]. In these
systems, the transmitted signal is reflected back from the
sensor towards the reader for decoding. An example of
mono-static backscatter is a traditional RFID system.
Automatic authentication systems and contact-less pay-
ments are two major applications of RFID systems. In bi-
static backscatter, a centrally located carrier emitter
transmits the ambient signals [3]. The sensors can be
placed around the carrier emitter within a certain distance.
The purpose of bi-static systems is different in comparison
to mono-static systems as a dedicated reader is not
required. Therefore, in comparison with mono-static
backscatter, the range of communication for bi-static
backscatter systems may be longer in some use cases.
However, the transmission of a dedicated signal is still a
drawback of the bi-static backscatter systems as is the case
with mono-static backscatter systems.

Ambient signals present in the atmosphere are utilised to
establish communication in AmBC. The source of the
ambient signal can be mobile network, television broad-
cast, Wi-Fi signal or FM radio to name a few. The com-
munication range of AmBC is dependent on the strength of
the ambient RF signals which depends on the frequency of
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the transmitted signal. For example, when FM radio signal
is utilised as an ambient signal, the achievable communi-
cation range is longer than in case where the ambient signal
is received from mobile networks due to the lower oper-
ating frequency of FM. The sensors utilised for AmBC
need to have the necessary hardware to harvest signals
from the ambient systems. The operating principle of
AmBC is based on the transmission of ‘0’ and ‘1’ from the
sensor [10]. The change of state is achieved by changing
the antenna impedence states and alternating between the
reflecting and the non-reflecting states of the sensor.

The AmBC technology can operate by utilising the
principle of mono-static backscatter or bi-static backscat-
ter. In this study, AmBC operates in the mono-static
backscatter mode. Fig. 1 demonstrates the 5G implemen-
tations where AmBC mono-static backscatter systems are
deployed. The Tx antenna of 5G macro-cell or small cell
generates the signal which is subsequently reflected back
towards the receiver located at approximately the same
location. These communication links between the Tx/Rx
antenna and the sensor are shown in Fig. 1. Moreover,
AmBC can also be utilised for bi-static operation of the
sensors. In this case, the ambient signals may come from
the 5G Tx antenna, get reflected from a sensor and be
received by an user equipment. This scenario is also
illustrated in Fig. 1.

3 Simulation setup

Radio propagation simulations are needed in order to
evaluate the applicability area of 5G for AmBC. 5G macro-
cells and small cell configurations presented in Fig. 1 are
analysed based on ray tracing simulations and radar
equation calculations. Both ray tracing approach and radar
equation are used in order to have a comparison and certain
accuracy of the results.

3.1 Ray tracing

The first method used in order to estimate the signal
propagation is the ray tracing technique. The principle of
the ray tracing technique is based on the signal propagation
between two points, the transmitter and the receiver
antenna. A detailed and comprehensive description of the
propagation environment is required to accurately predict
the path the signal travels. A number of parameters such as
the size, location and the height of different obstacles such
as buildings, trees and light-posts need to be modelled
properly to estimate the signal paths correctly. Addition-
ally, the width of the street, building penetration losses, the
rooftop and window refraction losses and other parameters
need to be defined. Furthermore, diffraction and scattering

losses of the signal also need to be described in detail in
order to have a proper design of the simulation
environment.

The ray tracing approach utilises the mirror image the-
ory in order to find the exact path the ray travels between
the Tx and the Ry antenna. Moreover, this algorithm
defines the direction the signal needs to propagate. Even-
tually, the received signal power is calculated at the Rx
antenna. If there is a signal transmitted between two points
A’ and "B’, the path loss is calculated based on (1) and the
loss occurring due to diffraction or reflection is added.
Subsequently, as the ray continues till the Rx antenna, the
entire path is divided into smaller links.

In the ray tracing method, each individual multi-path
signal component is divided into LOS point-to-point links
between reflection and diffraction or between Tx and Rx.
For example, a transmitted signal may reflect and diffract
of three surfaces before it reaches the receiver. Therefore,
there would be four LOS links for this particular scenario.
The path loss for each LOS link is calculated based on (1)
which represents the free space path loss (FSPL) model.
Finally, the path loss for each individual LOS link is
summed up to obtain the total loss that the signal experi-
ences following that particular path. In (1), the distance (d)
between two points of an LOS link is represented in kilo-
meters and the frequency (f) is calculated in megahertz.

FSPL = 32.45 4 20 - log o (dim) + 20 - log,o (furz)- (1)

In this study, the sensors are assumed to have a clear LOS
connection from both the macro-cell and small cell Tx
antennas as shown in Fig 1. Therefore, there exists only
one LOS path between the Tx antenna and the sensors. In
other words, the ray tracing technique gets simplified into a
single FSPL link. Furthermore, an approximate reflection
loss of 20 dB is considered when the signal rebounds from
the sensor [14, 18].

3.2 Radar equation

Another method to calculate the range of communication
for a Tx/Rx LOS scenario is the radar equation (RE). The
radar equation is represented by (2) where the transmitted
signal is reflected towards the Rx antenna from the sensor
[1]. The range of communication for the radar equation is
determined by the sum of the distance between the trans-
mitter and the sensor and the distance between the sensor
and the receiver.

g | PG 2)
(47‘[)3P rLadd
There are two types of radar systems, mono-static and bi-

static radar. In mono-static radar, the transmitter and the
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receiver are located approximately at the same location.
Thus, the signal travels via the same path before and after
the reflection from the sensor. Therefore, the total range of
communication for a mono-static backscatter system is
double the distance between the Tx/Rx antenna and the
sensor. On the other hand, bi-static radar systems may have
a significant separation between the transmitter and the
receiver. The transmitted signal gets reflected from the
sensor and travels further to reach the receiver for detec-
tion. The total range of communication for bi-static radar
systems is the sum of the distance between the transmitter
and the sensor and the distance between the sensor and the
receiver. In this study, a mono-static radar system is con-
sidered for calculating the range of AmBC communication
utilising 5G ambient signals.

In (2), the range (R) of the radar is calculated for a
mono-static system. The range of a bi-static radar system is
expressed by dividing the range term (R) into the distance
between the transmitter and the sensor (R,) and the distance
between the receiver and the sensor (R,). All the distances
are expressed in meters. The transmit power (P;), trans-
mitter gain (G,) and receiver gain (G,) are specific for a
particular system and these values are expressed in the
linear scale. In this study, 32 dBi is used for G, and G, for
all calculations. The radar equation is frequency dependent
and / represents the wavelength of the ambient 5G signal.
The size of the sensor (RCS, o) is expressed in square
meters and has a vital role in determining the range of the
radar equation. In literature [1], the value of ¢ signifies a
half dipole antenna and is represented by,

o =0.88 x 12 (3)

The additional loss (L,qq) accounts for the system and
propagation losses which are different from the path loss.
For example, obstacles in the the first Fresnel zone in case
of LOS communications lead to an additional loss of a few
decibels.

3.3 Minimum reception level and path loss

In order to evaluate the total communication distance, the
path loss needs to be defined. The calculation of the path
loss is done based on the difference between the transmit
power (P,) and the minimum reception level (P,) of the
system. The typical transmit power (P,) of 40 W (or, 46
dBm) is utilised for the simulations in the urban macro-cell
environment [5]. Also, a typical transmit power (P;) of 4 W
(or, 36 dBm) is used for the urban small cell simulations
[5]. P, represents the minimum reception level of the
system which generally signifies the limit up to which the
received signal is distinguishable from the background
noise. The value of P, is calculated based on (4). The value
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of the Boltzmann’s constant (k) is 1.38 x 1072/ /K and the
operating temperature (7) is 290 K.

kTB
Rxsensiﬁvity (dBm) =10- lOglo <m) + NF + SNR.

(4)

The carrier bandwidth (B) may vary in 5G as different
bandwidths of 50 MHz—400 MHz are supported for
example in the 26 GHz frequency band. In order to reduce
the effects of the background noise, the large carrier
bandwidth can also be split into smaller parts. As an
example, the bandwidth values of 1 MHz, 20 MHz and 200
MHz are used for the simulations in this work. The noise
figure (NF) and the signal-to-noise ratio (SNR) of the
system is considered to be 8 dB and 4 dB, respectively. The
values utilised for calculating the minimum reception level
is summarised in Table 1.

Utilising the aforementioned values, the receiver sensi-
tivity (P,) equals — 101.97 dBm when the carrier band-
width is 1 MHz. When a carrier bandwidth of 20 MHz is
used P, is — 88.96 dBm and for 200 MHz P, equals
—78.96 dBm. The values of P, are summarised in Table 2.
It can be observed that noise floor increases when carrier
bandwidth increases.

The path loss is calculated as a difference of P, and P, of
the system. It is observed that the path loss is 147.97 dB (1
MHz), 134.96 dB (20 MHz) and 124.96 dB (200 MHz) for
macro-cells. For small cells the path loss is 137.97 dB (at 1
MHz), 124.96 dB (20 MHz) and 114.96 dB (200 MHz),
respectively. The available path loss decreases once the
additional loss (L,qq) of 10 dB and the reflection loss is
considered.

Table 1 Simulation parameters

Parameter Unit Value
Transmission power (macrocells, P;) dBm 46
Transmission power (smallcells, P;) dBm 36

Tx antenna gain (G;) dBi 32

Rx antenna gain (G,) dBi 32
Boltzmann’s constant (k) J/K 1.38 x 1072
Temperature (7) K 290
Bandwidth (B) MHz 1, 20, 200
Noise figure (NF) dB 8
Signal-to-noise ratio (SNR) dB 4
Additional loss (Lygq) dB 10
Reflection loss dB 20
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Table 2 Noise floor at different bandwidths (in dBm)

Bandwidth (B) 1 MHz 20 MHz 200 MHz

Noise floor (P,) -101.97 —88.96 —78.96

4 Results

In typical 5G urban macro-cellular environments, the net-
work operation is primarily performed utilising the fre-
quency band of 3.5 GHz. Table 3 shows the distances
achieved for different carrier bandwidths at 3.5 GHz util-
ising the ray-tracing technique for the calculations. It is
observed that the signal is able to travel 5.37 km from the
Tx antenna to the Rx antenna after it is reflected from the
sensor (for mono-static communication). This calculation
is performed utilising a carrier bandwidth of 1 MHz. A
total distance of 1.2 km can be achieved when 20 MHz
carrier bandwidth is used. When the carrier bandwidth of
200 MHz is utilised a total distance of 375 m is achievable.
It is clearly observed that the increase in the carrier
bandwidth decreases the distance. These results indicate
distances that can be achieved for mono-static mode of
operation.

The radar equation is also utilised in the urban macro-
cellular environment to perform simulations in order to
determine the achievable range between the Tx and Rx
antenna, after reflection from the sensor. Table 4 gives a
summary of the achievable distances at 3.5 GHz for dif-
ferent sensor sizes and for different carrier bandwidths.
When ¢ is 0.0004 m? (which represents a sensor size of 2
cm X 2 cm), the maximum range of achievable commu-
nication is 695 m (at a carrier bandwidth of 1 MHz), 328 m
(at 20 MHz) and 184 m (at 200 MHz). This value of ¢
represents the scenario where the signal has very small
surface area to reflect back from. The sensor size of
0.0065 m? represents a half-dipole antenna and the maxi-
mum range of achievable communication is 1.39 km (at a
carrier bandwidth of 1 MHz), 659 m (at 20 MHz) and 370
m (at 200 MHz). The range of achievable communication
increases to 1.55 km (at 1 MHz), 734 m (at 20 MHz) and
413 m (at 200 MHz) when the value of ¢ is 0.01 m? (sensor
size of 10 cm x 10 cm). As the sensor size is increased to

Table 3 Ray tracing distances (monostatic) at different bandwidths
(in meters)

Bandwidth (B) 1 MHz (m) 20 MHz (m) 200 MHz (m)
3.5 GHz 5370 1200 375
26 GHz 225 50 15

Table 4 Distances (in meters) for AmBC with RE at 3.5 GHz fre-
quency with different bandwidths

RCS (o, m?) 1 MHz (m) 20 MHz (m) 200 MHz (m)
0.0004 695 328 184
Half-dipole, 0.0065 1394 659 370
0.01 1554 734 413
0.15 3059 1446 813
0.3 3637 1720 967
0.7 4495 2126 1195

0.15m? the total achievable communication range varies
between 813 m (at a carrier bandwidth of 200 MHz) and
3.05 km (at 1 MHz). Correspondingly, the achievable
communication range is between 967 m-3.63 km when
sensor size is 0.3 m? and 1.19 km—4.49 km when size of the
sensor is 0.7m?. All these distances represent the mono-
static mode of operation where the Tx and Rx antenna are
co-located. Furthermore, these results are based on LOS
connections between Tx/Rx antenna and sensor.

Based on Tables 3 and 4 it can be observed that the
achievable range of communication (in mono-static mode
of operation) at 3.5 GHz frequency band varies for corre-
sponding carrier bandwidth values for a particular sensor
size. For instance, at 200 MHz carrier bandwidth the
achievable distance using ray tracing technique (375 m) is
similar to the achievable distance using radar equation (370
m) when a half-dipole antenna is utilised as the sensor.
However, the achievable range of communication is sig-
nificantly different for the ray tracing technique (1.2 km)
and the radar equation (659 m at the lower carrier band-
widths. The ray tracing technique does not take into
account the size of the sensor. Therefore, the corresponding
values for a particular sensor size does not match at each
carrier bandwidth. Additionally, the results indicate that the
ray-tracing technique provides slightly optimistic values in
comparison with the radar equation as the calculation is
mainly based on plane wave propagation.

It can also be observed that the carrier bandwidth has a
significant impact on the achievable range of communi-
cation. The increase in the carrier bandwidth decreases the
achievable communication distance. For example, the
achievable range of communication is three to four times
higher when 1 MHz carrier bandwidth is used instead of
200 MHz. Therefore, achievable communication distance
is dependent on the type of ambient 5G signal that is
transmitted. A 5G pilot signal generally uses narrower
carrier bandwidth in comparison with a 5G traffic channel
(10 MHz-100 MHz). Furthermore, the height of the
building in the macro-cellular environment plays an
important role in determining how far away the sensors can

@ Springer



4090

Wireless Networks (2021) 27:4083-4094

actually be deployed from the Tx antenna. For example, the
distance between the Tx antenna and the sensor is 734/2 =
367 m (at a carrier bandwidth of 20 MHz) when the sensor
size is 0.01 m?. Therefore, based on the Pythagoras’s the-
orem, the sensors can be located 365 m away from the
building (when the height of the building is 30 m) in the
LOS path of the Tx antenna in order to establish commu-
nication in mono-static mode of operation.

The accuracy of the results can be analysed based on the
varying additional losses (L,gq) in the AmBC Tx/Rx
communication link. Fig. 3 shows the achievable commu-
nication range for different carrier bandwidths as a function
of the additional loss. In Fig. 3, the additional loss is varied
between 0 dB and 20 dB. The additional loss was 10 dB for
the calculation of the results in Table 4. It can be observed
that when the additional loss decreases, the achievable
communication range increases significantly for all the
sensor sizes. Therefore, if a certain communication link
experiences more loss due to an obstacle, it is still possible
to establish communication, although for a shorter range.
Therefore, the blocking of the first Fresnel zone due to a
larger obstacle (such as a tree or building) can result in
greater additional loss which results in shorter achievable
distance for communication.

The 5G small cells are expected to operate mostly at 26
GHz frequency band because the required range of com-
munication is generally short. The ray-tracing results cor-
responding to different carrier bandwidths at 26 GHz

frequency band are summarised in Table 3. From ray
tracing calculations, it is observed that the achievable range
of communication is 225 m between the Tx antenna and the
Rx antenna after the signal is reflected from the sensor
(when carrier bandwidth of 1 MHz is utilised). The total
achievable distance is 50 m and 15 m when the carrier
bandwidth of 20 MHz and 200 MHz are utilised, respec-
tively. The change in achievable communication distance
is not impacted due to the height of the Tx/Rx antenna.
Additionally, it can be observed from Table 3 that the
range of achievable communication decreases heavily
when the frequency band is changed from 3.5 GHz to 26
GHz.

The calculation of the total achievable distance is also
performed using the radar equation, similar to the urban
macro-cellular environment. Table 5 shows a summary of
the results at 26 GHz for different carrier bandwidth and
different sizes of o. When ¢ represents a half-dipole
antenna (0.0001 m?), the achievable range of communica-
tion is 105 m (at a carrier bandwidth of 1 MHz), 49 m (at
20 MHz) and 28 m (at 200 MHz). When the value of ¢ is
0.0004m” (2 cm x 2 cm), the achievable range of com-
munication is 143 m (at a carrier bandwidth of 1 MHz), 67
m (at 20 MHz) and 38 m (at 200 MHz). When the size of
increases to 0.01 m? which represents a sensor size of 10
cm X 10 cm, the achievable range of communication
increases to 320 m (at 1 MHz), 151 m (at 20 MHz) and 85
m (at 200 MHz), respectively. For these three sensor sizes,
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Fig. 3 Achievable distances for different additional losses and carrier bandwidth for varying RCS (¢) at 3.5 GHz
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Table 5 Distances (in meters) for AmBC with RE at 26 GHz fre-
quency with different bandwidths

RCS (o, m?) 1 MHz (m) 20 MHz (m) 200 MHz (m)
Half-dipole, 0.0001 105 49 28
0.0004 143 67 38
0.01 320 151 85
0.15 631 298 167
0.3 750 354 199
0.7 927 438 246

it can be observed that distances of 28 m—320 m may be
possible in mono-static mode of operation depending on
the carrier bandwidth utilised. The achievable range of
communication is between 167 m—631 m when the size of
o is 0.15m? and when the carrier bandwidth is varied.
When the size of ¢ is 0.3m? or 0.7m?2, the achievable
range of communication varies between 199 m—750 m and
246 m-927 m, respectively. All these results are based on
LOS connection between Tx/Rx antenna and the sensor.

Similar to 3.5 GHz frequency band, it is observed that
the achievable range of communication for ray tracing and
radar equation differs for a particular sensor size when
different carrier bandwidths are considered in the calcula-
tions. For a half-dipole sensor, the achievable range of
communication using the radar equation is 49 m at 20 MHz
carrier bandwidth. This is very close to the achievable
range of communication using the ray tracing technique
(50 m) at the same carrier bandwidth. However, the values
at 1 MHz and 200 MHz carrier bandwidth are different for
the two techniques. This is due to the ray tracing calcula-
tions being independent of the size of the sensor. In this
frequency band, the radar equation calculations provide
more optimistic values in comparison with the ray-tracing
technique.

The range of achievable communication in Table 5 is
also heavily dependent on the carrier bandwidth utilised.
As the carrier bandwidth is increased, the range of
achievable communication decreases. The type of 5G
ambient signal also has a major impact on the distance of
the communication link. A 5G pilot signal (at 26 GHz)
utilises a narrower carrier bandwidth in comparison to a 5G
traffic channel (50 MHz—400 MHz). For example, when the
size of the sensor is 0.01 m?, the range of achievable
(mono-static) communication is 85 m at a carrier band-
width of 200 MHz, which signifies that the sensor can be
located at a maximum distance of 85/2 = 42.5 m from the
Tx antenna. However, when a carrier bandwidth of 1 MHz
is utilised, the achievable mono-static communication
distance is 320 m and the sensor can be located 320/2 =
160 m from the T antenna. One of the 5G small cell base

station deployment scenario is expected to be on top of
light-posts which are approximately 10 m in height from
the ground. Therefore, the sensors can be served with a
signal from the small cell base station as long as they are
located in the LOS path and within the proximity of the Tx/
Rx antenna.

The accuracy of the results for different additional losses
(0 dB-20 dB) are computed and the variation in the
achievable range of communication for different sensor
sizes is presented in Fig. 4. In Table 5, the calculation of
the range of achievable communication was performed
using an additional loss of 10 dB. For example, it is
observed in Fig. 4 that the communication distance in
mono-static mode is 320 m (when the sensor size is
0.01 m?) for an additional loss of 10 dB. However, the
achievable range of communication decreases significantly
(240 m for an additional loss of 15 dB) as the additional
loss increases due to the presence of more obstacles
between the Tx/Rx antenna and the sensor. Furthermore,
from Fig. 3 it is observed that the achievable range of
communication (for a similar sensor size at 3.5 GHz) is
1.55 km (for an additional loss of 10 dB) and decreases to
1.16 km (for an additional loss of 15 dB). It is observed that
the mono-static distance for both the frequency bands
decreases by approximately 25 percent when the additional
loss increases to 15 dB from 10 dB.

In rural highway environments, mono-static communi-
cation links can be established with the sensors utilising
ambient 5G signals at 3.5 GHz frequency band as long as
the achievable range of communication is greater than two
times the height of the base station antenna. Distances of
695 m—1.55 km can be achieved for practical sensor sizes
of 0.0004 m?, half-dipole and 0.01 m?, respectively. These
communication distances are achieved for sensors located
in the LOS path of the Tx antenna. The distance between
the sensor and the base station can be calculated using the
Pythagoras’ theorem. For example, the achievable range of
mono-static communication is 695 m (at a carrier band-
width of 1 MHz) if a sensor of 0.0004 m? is used in the
calculations. Therefore, for mono-static mode of operation,
the range of achievable communication becomes half
(695/2 = 347 m) because the signal has to travel back after
reflection from the sensor. As illustrated in Fig. 5, when the
base station is at a height of 80 m, it is observed that the
sensors can be placed 337 m away from it. The achievable
range of communication is good for a sensor of size 2 cm x
2 cm even though the signal is unable to reach near the cell
edge. Although the height of the base station antenna has a
major impact on the length of the communication link, it is
observed that when the height of the base station antenna is
reduced to 30 m from 80 m the range of achievable com-
munication does not change significantly. Therefore, in
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Fig. 4 Achievable distances for different additional losses and carrier bandwidth for varying RCS (o) at 26 GHz
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Fig. 5 Illustration of the achievable range of communication in rural
highway

order to achieve communication, the sensors need to be
located in close proximity of the base station. The addi-
tional loss can also be considered to be less than 10 dB as
there are generally less obstacles in the rural highway
environment. From Fig. 3, it can be observed that for a
sensor size of 0.0004 m? a total distance of 926 m can be
achieved (at 1 MHz carrier bandwidth) between the Tx and
the Rx antenna in mono-static mode of operation (when the
additional loss is 5 dB). However, in contrast to the 3.5
GHz frequency band, the 26 GHz frequency band is most
probably used in a very limited way in the rural 5G
environments.
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5 Conclusion

The objective of this paper was to evaluate the suitability
of 5G as an ambient signal for backscattering communi-
cations in the urban macro-cell, small cell and rural envi-
ronments. The aim was to perform propagation simulations
in outdoor environments to analyse different AmBC con-
figurations and geographical areas which can be supported
by 5G networks. The AmBC configurations at most typical
5G frequencies of 3.5 GHz and 26 GHz were analysed and
it was expected that LOS communication was available
between the Tx/Rx antenna and the sensor. In the urban
macro-cellular outdoor environment, it was observed that
the range of communication at 3.5 GHz was limited to 184
m—4.49 km from the Tx antenna in mono-static mode of
operation. In the urban small cell outdoor environment, the
26 GHz frequency band was utilised for the simulations.
The sensors located in the LOS path at a distance of 28 m—
927 m from the Tx antenna were able to collect information
and maintain communication. Additionally, it was
observed for both frequency bands that the achievable
range of communication significantly changed due to dif-
ferent carrier bandwidth and sensor size. Furthermore, it
was observed that the achievable range of communication
using the ray-tracing technique did not match with the
range achieved utilising the radar equation for a particular
sensor size. This was due to the fact the ray-tracing tech-
nique did not consider the size of the sensor and the
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calculation was based on plane wave propagation. More-
over, it was also observed that the range of communication
was heavily dependent on the additional loss (L,qq) in the
communication link. The communication range decreased
as the additional loss in the communication link increased.
In rural highway environments, sensors located at a dis-
tance of 184 m—4.49 km in the LOS of the T antenna were
able to establish mono-static communication links. Fur-
thermore, based on the results it was observed that the
antenna height did not significantly affect the range of
communication in rural environments. Therefore, it can be
summarised that 5G can be utilised as an ambient signal for
AmBC primarily when the sensors are located in the LOS
path and in close proximity of the 5G base station Tx
antenna.
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Abstract—The purpose of this article is to evaluate the
impact of adjacent cell interference on monostatic ambient
backscattering communication (AmBC) systems at LTE and
5G frequencies. In dense urban areas, cellular macro cell
and small cell networks are utilised to provide coverage to
backscatter devices (BDs) and traditional users. However, due
to the close proximity of adjacent cell mobile base stations,
a significant amount of interference is noticed in the serving
cell during peak hours. Thus, the signal-to-interference ratio
(SIR) is much more of a limiting factor than the signal-to-
noise ratio (SNR) of the system. Therefore, the SIR needs to
be considered in the system design of AmBC systems. AmBC
systems utilise ambient signals as the only source of power, so,
there is a necessity for good SIR for proper communication
with the BD. Therefore, based on the simulations, the area
in close proximity to the base station can be utilised for the
deployment of the BDs. Furthermore, it is observed that the
achievable range of communication reduces by 44 percent in
a heavily loaded cell in comparison with an empty cell when
the SIR increases by 10 dB.

Index Terms—Sensitivity, AmBC, SIR, IoT, LTE, 5G

I. INTRODUCTION

Ambient backscattering communications (AmBC) is a
wireless communication technique where sensor-type de-
vices utilise ambient radio frequency (RF) signals to es-
tablish communication between a transmitter (TX) and
a receiver (RX) [1]. AmBC works on the principle of
radio backscatter technology which was first introduced
in literature by Harry Stockman [2] in 1948. The radio
backscatter technology was utilised to determine the af-
filiation of aircrafts and distinguish them as friendly and
hostile by bouncing RF signals from them. Modern tech-
nologies such as RFID and NFC utilise radio backscatter
as the backbone technology for operation. However, these
systems are limited by the range of communication and the
requirement for the generation of a dedicated signal.

AmBC eliminates the need for the generation of ded-
icated signals by utilising the energy from ambient RF
signals. These ambient signals are generated from a variety
of sources such as cellular networks, FM radio, television
broadcasts, and WLAN signals to name a few [3]. The
sensors have the required hardware to gather energy from
these ambient signals and establish communication [1].
Furthermore, AmBC systems are not limited in the range

of communication as the frequency of the ambient signals
determines the range of communication.

A number of studies have been performed to determine
the range of communication of AmBC systems utilising
different wireless technologies. The authors of [3] were the
first to introduce the concept of AmBC in indoor environ-
ments. They were able to achieve communication ranges
of tens of meters by utilising ambient television broad-
cast signals. Simulation-based studies were performed in
outdoor macro-cell, micro-cell and rural environments to
determine the feasibility of utilising ambient LTE-700
and 5G cellular network signals [4], [5]. However, these
studies were performed for an ideal cell, that is, a network
unaffected by the interference caused by adjacent cells. In
urban environments, the inter-site distance is limited to
about 150m to 200m [6]. The site distances are shorter
to provide better coverage as the free space propagation
loss increases with the increase in carrier frequency.

In this work, the effect of adjacent cell interference on
the communication range of AmBC systems is studied.
Simulations are performed to determine the interference
caused at different locations of the serving cell. These
values are utilised in further simulations to determine the
range of communications for the mono-static operation of
the AmBC technology. The simulations are carried out at
different carrier frequencies such as low-frequency LTE-
700 (700 MHz), mid-frequency 5G (3.5 GHz), and high-
frequency millimeter wave 5G (26 GHz) bands. Eventually,
a comparison is made on the achievable range of commu-
nication between the ideal cell and the cell experiencing
interference.

II. AMBIENT BACKSCATTERING COMMUNICATIONS

AmBC is a wireless communication paradigm that
utilises ambient RF signals to establish communication
between a TX and RX after the signal impinges on a
sensor (or, backscatter device, BD). The BDs have the
capability to harness the energy from the ambient RF
signals. This enables the battery-free and wireless operation
of the sensors [7]. The location of the TX and RX with
respect to the BD determines the type of backscattering
system in use.
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Fig. 1. (a) mono-static and, (b) bi-static backscatter.

In mono-static backscatter, the TX and RX are posi-
tioned at the same location. The ambient signal impinges
on the BD and is reflected back toward the RX for
decoding [8]. The illustration of a mono-static backscatter
system is shown in Fig.1 (a). The phenomenon of reflection
is determined by the boundary condition based on the
wavelength of the incident signal [9]. This type of system is
generally useful for monitoring certain parameters and no
information is transferred to the end user. These parameters
can range from traffic monitoring to environment moni-
toring such as determining the level of water or snow in
certain locations. The sensors utilised for such monitoring
purposes are generally located in remote areas or places
where regular maintenance is not possible. Therefore, the
ambient signals are the only source of power and this
enables the operation of these sensors [7].

In the bi-static backscatter system, the BD is located
between the TX and the RX antenna as illustrated in
Fig.1 (b). The signals are forwarded towards the RX
after impinging on the sensor in a bi-static backscatter
system [8]. Generally, the communication range between
the TX and the sensor (forward link) is much longer
than the distance between the BD and the RX antenna
(backscatter link) [10]. A major challenge for the bi-
static backscatter communication system is the requirement
for the suppression of the direct path signal from the
legacy systems which transmit the ambient signal. This
is due to the significantly low amplitude and power of
the backscatter signal in comparison with the direct path
signal. The interference suppression requirements of bi-
static backscatter communication is studied in [10]. The
major use case for a bi-static backscatter communication
system is the transfer of information to the end user from
the BD.

In this article, the study is performed to evaluate the
achievable range of communication of mono-static AmBC
systems when there is interference from the adjacent cell.

III. PROPAGATION MODELS

The simulations for the signal propagation between the
TX/RX and the BD are performed utilising the radar
equation and the ray-tracing technique.

A. Radar equation

The radar equation is utilised to determine the range
of communication when a radio wave is backscattered
towards the RX antenna after impinging on the BD (or,
target in radar terminology). Equation 1 is utilised to
determine the range of the radar system. This equation
generally illustrates the mono-static mode of operation for
the radar system as the TX and RX are positioned at
the same location. This is represented by the term R (in
kilometers), which is the round trip distance between the
TX—BD—RX. If the TX/RX are not co-located, as in bi-
static radar systems, R can be divided into two terms to
demonstrate the distance between TX—BD and BD—RX

[10].
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The terms P;, G; and G, represent the transmitted
power, transmitter gain, and receiver gain, respectively.
These values are in linear scale. The wavelength of the
ambient signal is represented by the term A (in meters).
The size of the BD (also termed as the radar cross-section,
RCS) is represented by the term o (in square meters).
The additional losses in the system due to the blockage
of the Fresnel zone, and propagation losses arising due to
scattering and diffraction are represented by the term L (in
dB). P, represents the received power. In the simulations,
the receiver sensitivity (or, the noise floor) is utilised as the
value for P,.. The RXgnsitiviy Of the system is calculated
utilising equation 2.

kTB
RXsensitivity(dBm) =10- 10g10 <O 001) + NF + SNR.
@)

The terms %k, T and B represent Boltzmann’s constant,
temperature, and the system bandwidth respectively. The
noise figure and signal-to-noise ratio of the system are rep-
resented by the terms N F' and SN R. The value of the B,
NF and SN R is dependent on the type of ambient cellular
technology utilised. The specific values are discussed in
detail in Section IV.

B. Ray tracing

The ray tracing technique is based on the comprehensive
simulation of the propagation environment. The signal
between the TX antenna and the BD can follow multiple
paths due to reflection from different objects present in
the propagation environment such as buildings, trees, au-
tomobiles, etc. In traditional wireless systems, these multi-
path signals are added at the RX module based on their
constructive or destructive interference. Each multi-path of
the signal is segmented based on the line-of-sight (LOS)
section and the path loss between these two points is
computed. Subsequently, the loss due to scattering and
refraction is added to determine the entire loss in that
section. Finally, the propagation loss in each of these
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Fig. 2. Illustration of serving and interfering cell.

segments is added to determine the total path loss of a
particular multi-path component of the signal.

However, in AmBC systems the ambient signal is re-
flected (mono-static systems) or transmitted (bi-static sys-
tems) towards a RX module. Therefore, only the strongest
signal from the line-of-sight (LOS) path is considered in
the simulations. The propagation path loss in the LOS
path between the TX/RX and BD (in mono-static AmBC
systems) is represented by the free space path loss (F'SPL)
as shown in equation 3.

FSPL = 32.45+ 20 - log, o (dim) + 20 - 10g 0 (fuitz)- (3)

The FSPL is a measure of the signal degradation be-
tween two points in the direct LOS of each other separated
by a distance of d (in kilometers) and operating at a carrier
frequency (f, in megahertz).

IV. SIMULATION SETUP
A. Simulation environment

The simulations are performed in the urban macro-cell
and small-cell environments at traditional LTE and 5G
frequencies. The TX antennas are located on or just below
the rooftop level in the macro-cell environment. This setup
is mainly used to avoid the effect of the back-lobe of the
antenna radiation pattern. Moreover, such type of antenna
deployment enables a large amount of line-of-sight (LOS)
connections between the TX/RX antenna and the BD. In
small cells, the TX antennas are generally positioned to
provide connectivity to cell-edge users and also to users
located in dense urban areas such as stadiums, shopping
malls, and bus/train stations. In this work, simulations are
performed in outdoor small-cell environments. The TX/RX
antenna can be located, for example, on top of light posts
enabling a number of LOS connections between the TX/RX
and the BD.

The network layout of the environment is represented by
3-sector hexagonal cells. Therefore, there are six adjacent
cells that can cause interference with the serving cell.
The amount of interference from the adjoining cell is

TABLE I
SIMULATION PARAMETERS.

Parameter ‘ Unit ‘ Value
Simulation frequencies (f) GHz 0.7, 3.5, 26
TX power (macrocells, Pt) dBm 46
TX power (smallcells, P;) dBm 36

TX/RX antenna gain (G¢/G+) dBi 10

BD antenna gain (Ghq) dBi 0
Bandwidth (B) MHz | 0.18(LTE), 1(5G)

Noise figure (IVF') dB 10

Signal-to-noise ratio (SN R) dB 4

Additional loss (Lydq) dB 10

dependent on the traffic in the network which in turn is
associated with the time of day. Generally, the network is
heavily loaded during peak hours and unloaded during the
early morning or late night. The inter-site distance between
adjacent macro-cells is generally between 150 m to 200 m.
[6] In the simulations, the inter-site distances are 200 m in
the urban macro-cell environment. The inter-site distance of
small cells utilised in the simulations is 100 m. The network
layout of the environment is illustrated in Fig. 2.

The signal-to-interference and noise ratio (SINR) is
calculated based on the interference caused by the signal
from the adjacent cell. The signal from the TX of the
serving cell is represented by the term P. The thermal
noise power and the interference power are represented
by the terms P, and P,. The relation between Py, P,
and F; is shown in equation 4. If either the P, or P
hinders the system then the thermal noise or the adjacent
cell interference is the dominant limiting factor. Therefore,
equation 4 can accordingly represent the SNR or SIR.

P
P+PR

The BDs are deployed in a variety of locations based
on the use case. For example, the BDs can be placed on
the walls of bus stops (to enable the end-user to check
for the timetables), on lamp posts, or, on the side of
different buildings. The locations for the different BDs can
be anywhere within the cell. The TX/RX antenna is co-
located as the mono-static mode of AmBC is considered
during the simulations. The BDs are deployed around the
area surrounding the TX/RX of the serving cell.

SINR = “)

B. Simulation parameters

The simulations are performed for the BDs located in the
direct LOS of the TX/RX antenna operating at frequencies
of 700 MHz, 3.5 GHz and 26 GHz utilising the ray tracing
technique and the radar equation.

The transmit power (Fix) of the macro-cell and small-cell
are 46dBm and 36 dBm, respectively. The antenna gain
for the TX and RX antenna is 10 dBi. The bandwidth of
the LTE-700 system is 12 x 15 which signifies 12 resource
blocks having a carrier spacing of 15 kHz. The simulations
at 5G frequencies are performed at a system bandwidth



90 80
80 60
2]
70z 40
=
60 & 20
50 0
50
40
Distance [m],0 200

0
0 10 Distance [m]
-100 Dlstance [m]

(a)

-50 100 ©

(b)

Distance [m]

200 ! E ‘
Distance [m] 50 IOO

-100 Dlsmncc

(©)

100

Fig. 3. The results for the representation of SNR at different locations in the serving cell. The location of the TX/RX for the serving cell is at (0,0,0).
Fig. 3a illustrates the SNR at a frequency of 700 MHz. In Fig. 3b, the SNR at a carrier frequency of 3.5 GHz is shown. Fig. 3¢ demonstrates the

variation in SNR at 26 GHz.

60 60 60
40 50 40 50 40
20, 20 ¢, 20 @
o2 0 5 0 =
= 0=z e
= = =
220 -50 20 -50 220
-40 50 -40 50 40
308 .
100 200 60 Dlstan(.e m]- 60 Dlstance m 100 -60

Dlstance [m]
-50
Distance [m

(a)

-100 0 Dlstancc [m]
(b)

Dlstance [m]

()

Fig. 4. The results for the representation of SIR with respect to the distance between the serving cell and adjacent cell base stations. The TX/RX
of the serving cell is located at (0,0,0). The location of the adjacent cell TX/RX is at (200,0,0) in Fig. 4a and Fig. 4b. In Fig. 4c the location of the
adjacent cell TX/RX is at (100,0,0). Fig. 4a illustrates the SIR at a carrier frequency of 700 MHz. In Fig. 4b, the SIR variation is demonstrated at
3.5 GHz. Fig. 4c illustrates the variation in the SIR at a carrier frequency of 26 GHz.

of 1 MHz. The noise figure utilised in the simulations is
10 dB. Furthermore, an additional loss (L,q4q) of 10dB is
utilised in the simulations for losses caused due to blockage
of the Fresnel zone. The values utilised in the simulations
are summarised in Table 1.

V. RESULTS AND DISCUSSION

The SNR of the system is computed as a ratio of the
received signal strength (P) at different locations in the
cell and the thermal noise power (F,). The calculation of
P« is done using the FSPL in equation 3 for LOS paths
between the TX/RX antenna and the BD. The variation of
the SNR at different frequencies and locations in the cell
is shown in Fig. 3. The SNR is highest at the LOS points
closest to the TX antenna (located at (0,0,0) in Fig. 3) as
the signal is much stronger than the background noise.

It was observed from Fig. 3a that the SNR for the LTE-
700 system is a bit higher than 20dB near the edge of
the cell. The Fig. 3b and Fig. 3c SNR graphs follow a
similar pattern for the 5G systems operating at 3.5 GHz
and 26 GHz. At 3.5 GHz, it is observed that the SNR is
about 10 dB near the cell edge. The SNR decreases rapidly
at 26 GHz near the cell edge as observed in Fig. 3c.

Subsequently, the signal-to-interference ratio (SIR) of
the system is computed for an adjacent cell transmitting
the interfering signal (/). The LOS paths between the TX
antenna and the BDs are studied in this analysis. The inter-

site distances are discussed in Section IV and it varies with
the type of system and the frequency of operation. The
value of 0 dB SIR at the edge of the cell (at all frequencies)
is logical as the two signals (serving and interfering) cancel
each other. The requirement for a high SIR limits the
total range of communication of the system at all carrier
frequencies.

Furthermore, it can be observed from Fig. 3 and Fig 4
that the interfering signal is much more of a limiting
factor than the background noise. Therefore, the SIR of
each system needs to be accounted for in the simulations
utilised to accurately determine the maximum achievable
communication range for mono-static AmBC systems.

To compute the maximum achievable range of commu-
nication, the receiver sensitivity of the system is calculated
using equation 2. These RXensiivity Values are utilised as
the input parameter for Py, in equation 1. The achievable
range of communication utilising the radar equation is also
dependent on the size of the BD. Therefore, different values
are utilised for the parameter o in equation 1.

It is observed that the achievable range of communi-
cation increases with the increase in the size or surface
area of the BD. The variation for the achievable range of
communication (at 700 MHz, 3.5 GHz and 26 GHz carrier
frequencies) utilising different size of the BD is shown in
Fig. 5. The results are based on the size of the BD. The
distances in Fig. 5 indicate the total round trip distance
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variation in the total achievable range of communication is demonstrated at 3.5 GHz. Fig. 5c illustrates the variation in the achievable communication

range at a carrier frequency of 26 GHz.

between the TX/RX and the BD. It is observed that the
increase in the SIR decreases the achievable range of
communication.

The achievable range of communication is restricted in
comparison to the results obtained in [4] and [5] where the
SNR of the system was considered as the major limiting
factor. The achievable range of communication is higher
when the traffic in the network is low, for example at night
time. Therefore, at those hours the SIR is not the major
limiting factor. In comparison, the need for having a better
SIR limits the achievable range of communication due to
the interfering signal from the adjoining cell.

It can be observed that utilising a BD device of 0.01 m?2,
a distance of 105 m (between TX/RX and BD) is achievable
at 700 MHz. Distances of 30 m and 6 m (between TX/RX
and BD) are achievable at carrier frequencies of 3.5 GHz
and 26 GHz, respectively. These values are calculated
based on a 10 dB increase in SIR. These are in comparison
to 185m, 55m and 11m which are achievable at night
when the cell is relatively empty and the interference
from the adjacent cell is not a major limiting factor.
Therefore, the simulations indicate a decrease of 44 percent
in the achievable range of communication in a fully loaded
network.

VI. CONCLUSION

The effect of the interference from an adjacent cell
was analysed to determine the total achievable range of
communication in urban macro cell and small cell environ-
ments. The signals following the LOS paths between the
backscatter devices and the TX/RX antenna were studied
in this paper. The simulations were performed at different
cellular frequencies of 700 MHz (LTE-700), 3.5 GHz (5G)
and 26 GHz (millimeter wave 5G). It was observed that the
signal from the adjacent cell is much more of a limiting
factor than the background noise. The interference from
the adjacent cell causes significant signal degradation while
approaching the cell edge during peak hours. Therefore, the
BDs need to be located in the close vicinity of the TX/RX.
In comparison, mono-static AmBC systems can achieve a
higher range of communication when the network is not

heavily loaded, for example, at night. However, the effect
of the interference causing signals must be integrated with
the system design because these BDs are envisioned to be
deployed especially in dense urban areas. It was observed,
that there was a 44 percent reduction in the achievable
range of communication with a SIR increase of 10dB
Therefore, mono-static AmBC systems may be utilised
where the BDs are deployed close to the base station in
the LOS path of the TX/RX antenna during peak hours.
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Abstract—The ambient backscatter communication (AmBC)
system utilizes the existing ambient RF signals present in the
atmosphere for backscattering the signal. One of the challenges
for AmBC system is the interference at the receiver module
caused by the direct path signal from the ambient source.
The purpose of this paper is to study the coverage aspects
of the bi-static backscatter communication system in a typical
urban environment at sub-1GHz frequencies using simulations in
MATLAB. For the simulation, 3" generation partnership project
(3GPP) urban microcellular and international telecommunication
union (ITU) device-to-device (D2D) propagation models are used.
Moreover, the dynamic range i.e., the difference in the received
power level of the direct path and the backscatter path is
investigated. For correctly decoding the backscatter signal at
the reader, the target value set for the dynamic range is less
than 30dB. This paper studies the importance of direct path
interference suppression for the successful deployment of a bi-
static backscatter communication system.

Index Terms—IoT, Backscatter communications, AmBC, Dy-
namic range, Interference suppression

I. INTRODUCTION

The Internet of things (IoT) is a wireless communication
paradigm where sensors are utilised to collect and process the
information from the environment [1], and for sending the
data for post processing. IoT is considered as a key enabling
technology for the future wireless technologies i.e., for fifth
generation (5G) and beyond. IoT has various applications in
our daily lives e.g., the IoT sensors can be used to measure the
temperature, humidity, air pollution, car traffic density, health
related parameters, agriculture, for counting the objects, and
for detecting different events [1].

Low power wide area networks (LPWAN) such as long
range (LoRa) radio, Sigfox and narrow band IoT (NB-IoT)
have been proposed as key enabling technologies for the
practical deployment of IoT in real life cases [2]. These
technologies are designed to provide wide coverage for a large
number of sensors simultaneously. Additionally, these tech-
nologies incur low costs and consume low energy. Due to the
variety of use cases, [oT sensors are expected to be deployed
in huge numbers and at a variety of locations, especially in the
urban environment. Although, there are certain advantages of
the aforementioned LPWAN technologies, the major drawback
associated with these technologies is the energy consumption,
and the need for a dedicated transmission signal [3].

Backscatter communication (BC) is a technology where an
IoT sensor i.e., in this case called a backscatter device (BD)
receives the incoming RF signal from the transmitter (Tx)
antenna, modulates and forwards it to the receiver also known
as reader [3]. In case of the ambient BC (AmBC), the radio
signal generated by a non-dedicated transmitter is reflected
back from a BD to the reader. In AmBC, the BDs can operate
in a passive or semi-passive mode. In semi-passive mode, the
BDs are capable of harvesting the energy from the cellular
networks, television broadcasts and from WiFi signals to name
a few. Therefore, AmBC is a step towards battery free and the
wireless operation of the sensors [3].

The authors in [4] were the first to introduce the concept of
AmBC by utilising the ambient television broadcast signal in
the year 2013. They were able to achieve an AmBC link for a
short range. The link budgets for different modes of backscat-
ter systems were presented in references [5], [6]. Although the
maturing of the technology has helped in achieving improve-
ments over traditional backscatter systems. The performance
of the BC system is limited by the short communication ranges
and low data rates. This is due to the direct path interference
and weak backscatter signal, since these two signals are
summed at the receiver. Therefore, the limitations of BC
must be investigated to identify the bottlenecks and check the
feasibility of the technology for application specific scenarios.
In this work, considering a legacy cellular system, first the
power difference between the direct path and backscatter
signal is computed, then the required amount of direct path
signal suppression requirement is found, prior to the analog-
to-digital conversion of the composite signal. Although this
work is not limited on a specific type of direct path signal
suppression method, a realistic assumption about the receiver
hardware is made, where the signal power difference is lower
than a threshold so that digital processing can be successfully
applied.

II. BACKSCATTER COMMUNICATION
A. Asymbiotic Backscatter Communications

The two major variants of the asymbiotic backscatter tech-
nology are the mono-static and bi-static backscatter. In the
mono-static backscatter, the Tx antenna and the receiver mod-
ule are essentially the same device. Thus, the signal propagates
from the Tx antenna and reflects back at the receiver module



from the sensor. Radio frequency identification (RFID) is
an example of mono-static backscatter technology. The Tx
antenna and the receiver module are located away from each
other while operating in the bi-static backscatter mode of
operation. The signal from the Tx antenna is forwarded to
the receiver terminal after reflection from the sensor. A major
drawback of an asymbiotic backscatter system is the need to
generate a dedicated signal.

B. Symbiotic (Ambient) Backscatter Communications

Ambient backscatter communication is a symbiotic wireless
communication technique where the signals from ambient RF
sources are conveyed forward by BDs, without needing active
RF components. Generally, the frequency of operation of the
backscatter signal is the same as that of the incoming signal
source and utilises the same spectrum [7]. However, it is
stated in [3] that frequency of the backscatter signal can be
shifted to the adjacent non-overlapping frequency band for
robust decoding. AmBC promises to provide high spectral and
energy efficiency [7]. There are numerous sources of ambient
RF signals such as television broadcasts, WLAN signals and
cellular signals. Furthermore, as no external power source
is utilised, AmBC is a green technology having a very low
environmental footprint.

The schematic diagram of the bi-static backscatter system
is illustrated in Fig. 1. AmBC has several advantages over
the traditional BC system. The backscatter signal has much
lower amplitude compared with the legacy system’s signal i.e.,
the direct path. The receiver decodes the backscatter signal
that impinges at the receiver antenna together with the legacy
systems’ direct path signal. The receiver design for these
systems is challenging. In particular, if the direct path is not
suppressed in the analog domain before the automatic gain
control (AGC) unit and the analog-to-digital converter (ADC)
the numerical values of the digital signal are dominated by
the legacy system signal, and the backscatter signal is pushed
toward the least significant bits. For example, if the receiver
effectively has 12-bits of resolution (here, one may include
the number of AGC gain steps into the resolution), the AGC
loop would adjust its gain so that the largest amplitude is
quantized into the approximately 10*" bit, and the average
signal approximately into the 6" bit. As a consequence, when
the amplitude difference between these two signals exceeds
30 dB, the backscatter signal would be only be represented in
the least significant bit of the ADC output. Such a low SNR
operation easily reaches the SNR wall of the signal detection
[8], which makes digital signal processing techniques ineffec-
tive. Therefore, studying direct path interference requirements
for backscattering receivers is a fundamental problem and must
be addressed for each deployment.

The dynamic range of the system is defined by the differ-
ence in the signal strength of the strongest (legacy) and the
weakest (backscatter) signal. In order to improve the range
and/or data rate of the backscatter system, the receiver must be
able to handle the large difference between these two signals.
The easiest solution is to increase the receiver resolution,

Direct link (gt Receiver
terminal
- D

3 & 3
»<€ >

Backscatter link (d2)

A

Forward link (d1)

Fig. 1. Schematic diagram of the propagation environment.

which is costly for high-speed systems. The other solutions
include analog domain suppression techniques, which requires
to exploit certain differences between these two signals. In
case of shifting the signal to another band by the BD [3], ana-
log filtering can be used. Whereas, for a receiver with multiple
antennas, directional difference can be used [9]. Finally, if two
systems are able to work on differently polarized signals, their
polarization differences can be used for suppressing the legacy
system signal [10]. Regardless of the adopted technique, the
power difference of these signals should be investigated for
deployment before selecting the suppression technique.

III. PROPAGATION MODELS
A. 3GPP - Urban microcellular model

The 3GPP has developed a propagation model operating at
different frequencies in an urban microcellular environment
[11]. This model is valid for the scenarios where the Tx
antennas are mounted below the rooftops (10m to 15m) of
surrounding buildings. The basic path loss in line of sight
(LOS) and non-LOS (NLOS) condition is computed by using
eq. | and eq. 2, respectively.

LLOS(dB) =32.4+20- lOglo(fGHz) + 21 - loglo(dm), (1)
Lxvos(dB) = 32.4 420 -logy o (fomz) +31.9-log, (dsp). (2)

where the term d3p is expressed in meters and represents the
direct path followed by the signal (to the BD). The frequency
of the signal is expressed in GH z, and subsequently, the LOS
probability is calculated using eq. 3,

1 d2D S 18m

Bos =4 18 dop 18 (3)
(2 (-2 18m<d
dop ( 36 dp )’ 8m < axp

where the term dpp represents the distance between the Ty
antenna and the BD in meters. Therefore, d,p is the base of
the triangle formed by the antenna, the ground and the sensor.
The term djp represents the hypotenuse of this triangle. The
total loss in the forward link (Lg;) is computed using eq. 4,

Lgi = PLos X Lios + (1 — PLos) X Lnros, 4)
B. ITU - Device to device (D2D) model

International telecommunication union (ITU) specifies a
model for communication between two devices located in
an urban microcellular street canyon environment [12]. The
model calculates the basic transmission loss while taking into
account the location variability statistics for the LOS and



the NLOS regions [12]. The calculation of the LOS basic
transmission loss is performed by using eq. 5,

LLOS(d) =32.45+ 20 - loglo(fMHZ) + 20 - logm(d3D), (®))

where fyp, is the frequency expressed in M Hz and the
distance (dsp) is expressed in meters. Subsequently, the LOS
location correction is computed for the required location
percentage (p) by using eq. 6,

ALpos(p) = 1.56240(\/—2 - In(1 — p/100) — 1.1774). (6)

Subsequently, the LOS location correction (ALypos(p)) is
added to the median value of the LOS basic transmission loss

(Lros(d)) using eq.7,
Lios(d,p) = Lios(d) + ALios(p). N

The NLOS basic transmission loss is computed using eq. 8,
where the frequency is expressed in M H z and the distance in
meters. The value of Lypa, 18 6.8 dB and is indicative of the
type of urban environment [12]. The NLOS location correction
is computed for the required location percentage using eq.9,

Lnios (d) =95+45- 10g10(fMHz) +40 - logw (d3D) + Luban,
3
p
)s

AlLnpos(p) =0 - Nfl(m &)

where N71(.) is the inverse normal cumulative distribu-
tion function. Subsequently, the NLOS location correction
(ALNpos) is added to the median value of the NLOS basic
transmission loss LnLos (d) to obtain the total NLOS loss using
eq. 10,

Lnios(d, p) = Laios(d) + ALnLos(p)-

Furthermore, the corner distance, djos is calculated as a
function of the location percentage p and is calculated using
eq. 11,

(10)

dios(p) = 212 - [logy(365)]* — 64 - logyo (1), p <45
79.2— 70 - (£5), 45 < p
(11)

Finally, the total loss in the backscatter link (Lg4;) is computed
utilising the criteria stated in eq. 12, taking into account the
loss in the LOS and NLOS regions,

Loy — LLOS(dvp)a
{0 =
LNLOS(dv p)a

d < dros

12
d > dios (12

IV. SIMULATION SETUP AND PARAMETERS

A schematic diagram of the propagation environment is
shown in Fig. 1. The propagation for bi-static AmBC is a
combination of two links. The first link (d1, forward link) is
the connection between the 7} antenna and the sensor. The
second link (d1, backscatter link) is the connection between
the sensor and the receiver equipment. In this work, the
definition of the forward link is provided by 3GPP and the
backscatter link for communication between two devices is

TABLE I
SIMULATION PARAMETERS.
Parameters [ Unit [ Value
Frequency MHz | 200/500/700/900
Tx power dBm 33
Tx antenna height m 15
Tx antenna gain dBi 10
BD antenna gain dBi 0
Slow fading margin dB 15.2
Fast fading margin dB 16
Polarization mismatch loss dB 3
Modulation loss dB 6
Luytban dB 6.8
Location percentage % 50

defined by the ITU. The simulations are performed in an
environment depicting an urban street canyon. The transmit
power (Pr,) of the Ty antenna in such an environment is 2 W
i.e., 33 dBm. Typical cellular frequencies operating at less than
1 GHz are utilised for the simulations. The received power
level is calculated using eq. 13.

RXlevel(dBm) - R,X + Gt - (Ldl + Ld2 + Ladd)a (13)

where L4, and Lg, is the basic transmission loss in the
forward and the backscatter link, respectively. G, represents
the gain of the 7 antenna. The additional losses (L,qq) in the
communication link is contributed by the slow fading (Lsg),
fast fading (Lgp), polarization mismatch (Lpy;) and modulation
loss (Ly) and is calculated using eq. 14,

Laga = Lsp + Lrr + Lpm + L (14)

The reference values of the aforementioned losses and
margins are obtained from [6] where a complete link budget
is provided for backscatter systems. The values of these
parameters are summarised in Table I, and are used for the
simulation work of this paper.

V. RESULTS AND ANALYSIS

Fig. 2(a-d) shows the received signal level at the receiver
i.e., reader, for different combinations of the forward and the
backscatter link distances at four different sub-GHz frequen-
cies. The target is to determine the feasibility of the received
power with respect to the receivers’ sensitivity of typical IoT
technologies such as the LoRa backscatter and NB-IoT. It is
reported at references [13], [14] that the LoRa backscatter
and NB-IoT have a receiver sensitivity of —149dBm and
—141 dBm, respectively. Therefore, in the rest of our analysis
these threshold values are used as a reference for coverage.

It can be seen in Fig. 2(a), that considering LoRa backscatter
technology at 200 MHz there is good coverage at considered
distances in the forward and backscatter link. It was found
that considering the LoRa receiver sensitivity level the reader
should be able to hear the signal at 150 m for the forward link
and 60m for the backscatter link. Whereas, for NB-IoT, the
coverage area is reduced to 115m and 60 m for the forward
and backscatter link, respectively. In other words the coverage



40

-60 -

-80 -

-100

-120 +

Rx level [dBm]

-140

-160 —

-180

200 4— 1
0 ﬁ—\—*/—r/”/'/o -200
50 100 40 20

Forward link [m] 150601 Backscatter link [m]

(a)

40
-40

-60
-60 -

80 | -80

-100 -100

-120 -120

Rx level [dBm]

-140 -140

1607 W \\‘\“‘\“‘\“““ -160
A

-180 il

4180

200 =T Tm—
0 P e 0
0 100 ygpep 40 20
Forward link [m] Backscatter link [m]
(©

T

-60 |

-80 |

-100

-120 -

Rx level [dBm]

140 4

-160 |

-180 -

-200

0 50 400 40 20
Forward link [m] Backscatter link [m]

0 -200

40 —
-60 -
-80 o

-100

-120

Rx level [dBm]

-140 |

-160 i
AR
| “v‘ I “‘“\“!\‘ﬂ

-180

-200 ~
0

15060

(d)

Forward link [m] Backscatter link [m]

Fig. 2. Received power level at the receiver at, (a) 200 MHz, (b) 500 MHz, (c) 700 MHz, and (d) 900 MHz.

in the forward link can be extended to 150 m for backscatter
link upto 45m. It is observed from Fig. 2 that the signal
strengths at the receiver decreases sharply when the receiver
terminal is moved from the LOS to the NLOS region at all
frequencies.

For higher frequencies i.e., for 500 MHz and 700 MHz, it
can be observed in Fig. 2(b-c) that there is coverage in the
LOS region when LoRa technology is considered. However,
the coverage in the NLOS region is limited to short distances
only. The maximum achievable distance is 62 m (forward link)
and 44 m (backscatter link) at 500 MHz. At 700 MHz, the
maximum achievable range in the NLOS region is 30 m in the
forward link when the backscatter link is 60 m. Similarly, for
NB-IoT technology, the maximum range of communication in
the NLOS region at 500 MHz is 42 m (forward link) and 44 m
(backscatter link), and at 700 MHz, the maximum range of
communication in the NLOS range is 17 m in the forward link
and 60 m in the backscatter link. From Fig. 2(d), it is clearly
evident that the 900 MHz band is only feasible for short range
communication and is unsuitable for long range [oT networks.
These results shows the potential of using 200 MHz for IoT
type of services, and signifies the importance of 200 MHz band
for future smart city deployment, as long range coverage is
a bottle neck even for technologies with very good receiver
sensitivity level i.e., the LoRa backscatter and NB-IoT.

Fig. 3 shows the dynamic range of the bistatic backscatter
system for four different considered frequencies. It can be
observed from Fig. 3(a), that at the frequency of 200 MHz, the

dynamic range of the signal varies between 14 dB and 47dB
in the LOS region. Whereas the dynamic range has values from
61.5dB to 74dB in the NLOS region. It is important to here
re-call that in most of the practical AmBC systems the required
dynamic range is below 30dB as mentioned in the Section
II-B, therefore the target is to achieve the dynamic range below
the aforementioned threshold for correctly decoding the bits.
By analyzing the results presented in Fig. 2(a) and Fig. 3(a)
collectively, it can be said that at 200 MHz for IoT technolo-
gies like the LoRa backscatter and NB-IoT the limiting factor
is not the coverage rather it is the dynamic range, and therefore
interference suppression techniques mentioned in the Section
II-B or any other means should be utilised to suppress the
direct path. It is also revealed in Fig. 3(a-d) that the value of
dynamic range increases with the increase in the frequency
of operation, as in Fig. 3(b) the dynamic range has values
between 22dB and 55dB in the LOS region, and similarly
for other higher frequencies higher values of dynamic range
were found.

VI. CONCLUSION

In this paper, we studied the coverage aspects of the bi-
static BC mode at four targeted frequencies at sub-1GHz band
in an urban microcellular environment through simulations.
The received signal levels at the receiver were computed for
different combinations of forward link and backscatter link
distances, and it was found that at 200 MHz considering the
LoRa receiver sensitivity level the reader should be able to
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hear the signal at 150 m for the forward link and 60 m for
the backscatter link. Whereas, for NB-IoT signal technology,
the coverage area shrinks to 115m for the forward link and
60m for the backscatter link. Even at 500 MHz it was hard
to find long range coverage for both LoRa and NB-IoT in
NLOS region. More interestingly, it was found that the limiting
factor is not the coverage rather it is the dynamic range, as at
200 MHz frequency of operation for the considered distances
the dynamic range of the signal varied between 14 dB and
47dB in the LOS region, and in NLOS the value of dynamic
range is even higher. These results signifies the importance of
direct path interference suppression techniques, only migrating
to a lower frequency band will not help in extending the
coverage of the backscatter communication system unless the
direct path interference is not properly mitigated.
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Abstract—Ambient backscatter communication (AmBC) sys-
tems utilize existing ambient radio frequency (RF) signals to
establish an indirect communication link between a transmitter
(TX) and a receiver (RX). Backscatter devices (BDs) modulate
their useful information on the incoming ambient signal emitted
by the TX, as such their range is usually a very short event
when only one BD is considered. This paper aims to analyze
the impact of the interference generated due to the presence of
another BD in a bi-static backscatter communication system.
It is observed from the simulation results that the received
signal degradation is mostly due to the cross interference of the
other BD, which can be mitigated using successive interference
cancellation (SIC) techniques. The level of both cross interference
and self interference is significant when the interfering BD is
located close to the target BD or the receiver. Therefore, AmBC
systems can support more than one BD in an environment as
long as the BDs are placed more than a wavelength apart from
each other and RX.

Index Terms—Successive Interference Cancellation, Backscat-
ter communications, AmBC, SINR

I. INTRODUCTION

Ambient backscattering communications (AmBC) is a niche
wireless communication paradigm where sensors utilise ambi-
ent RF signals to establish communication with other sensors
and user equipment (UE). These RF signals may be generated
from a variety of sources such as cellular, WLAN, television
broadcast and FM broadcast signals to name a few. The AmBC
technology is based on scattering of electromagnetic waves,
where a RF signal is reflected towards a receiver/reader for
decoding [1]. The AmBC systems do not require a dedicated
RF signal for their operation, and they enable ultra low-power
sensing and monitoring applications, and paves the way toward
development of battery-free and wireless communication capa-
ble sensor nodes. Therefore, AmBC devices can be deployed
in remote locations or in places where regular maintenance is
not possible.

Over the past few years there has been growing interest on
AmBC systems, and the research activities in this field have
gathered a significant momentum. The authors in [2] were the
first to study the AmBC technology in the year 2013. The
researchers were able to achieve communication distances of
45.7 cm and 76.7 cm utilising ambient television broadcast sig-
nals in indoor and outdoor environments, respectively. WiFi-
based AmBC developed and investigated by the authors in [3]
by decoding the BD information using the variations in the

channel state information (CSI) and received signal strength
indicator (RSSI) [3].

AmBC systems have generally been considered for short
range communications due to the interference experienced by
such systems. A major cause of interference is due to the
direct path signal of the TX toward the receiver module.
This interfering signal is more predominant due to the lower
intensity of the backscattered signal. In [4], the interference
suppression requirements for the direct path signal are studied.
The possible methods to suppress the direct path interference
is also stated in the article for a single backscatter device (BD).
However, when another BD is introduced in the operating
environment of AmBC, the scattered received signal properties
changes. In this article, we investigate the impact of a second
BD (BDy), on the signal quality of a target BD (BDy).

In this work, ambient signals from cellular base stations
(operating at the 200 MHz carrier frequency) are considered.
The signal to noise ratio (SNR) of the signal of BD; is used
as a baseline for the analysis. Thereafter, BD; is introduced
into the environment and the signal to interference plus noise
ratio (SINR) is calculated after computing the interference due
to the different signal paths between TX, BD;, BD, and RX.
It is observed that the most significant interference is caused
by the signal travelling directly to the RX after impinging
on the BD,. Although, this interference component can be
mitigated by utilising the successive interference cancellation,
the other interference paths are only predominant when the
BD, is placed close to the BD; or RX. Therefore, the effect
of the interference caused by these paths can be mitigated by
placing the BD, at shortest a wavelength meter away from the
BD; and RX.

II. BACKSCATTER COMMUNICATION

In backscatter communications, a RF wave transmitted from
a particular source is reflected from an object (or, sensor/tag),
towards a receiver for decoding. The backscatter technology
generally has two modes of operation, namely monostatic and
bistatic backscatter. In monostatic backscatter, the TX and
RX antenna are located at the same site. However, in bistatic
backscatter systems, the TX and RX are spatially separated
and the signal is propagated forward towards the RX after
impinging on the sensor.
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Fig. 1. Schematic diagram of the propagation environment.

A. Symbiotic Backscatter Communications

Ambient backscatter communications is a symbiotic
backscatter communication technology. The AmBC system
utilises ambient RF signals to establish communication with-
out the necessity of active RF components. The communica-
tion system operates in the same spectrum as that of the trans-
mitted signal [5]. However, the frequency of the backsacttered
signal can be shifted to the adjacent non-overlapping frequency
band to achieve better decoding at the receiver terminal [2].
Furthermore, AmBC systems aim to achieve better energy
efficiency and also provide higher spectral efficiency [5].

The schematic diagram of the bi-static backscatter com-
munication system in shown in Fig. 1. A major bottleneck
of AmBC systems is the interference caused by the (legacy)
signal following the direct path (d) between the TX and the
RX. This is caused due to the the lower amplitude of the
backscatter signal. Therefore, the design of the receiver for
AmBC systems is challenging and the signal from the direct
path needs to be suppressed in the analog domain before it
reaches the automatic gain control unit (AGC) and the analog
to digital converter (ADC). This needs to be done in order to
avoid the backscattered signal from being shifted to the least
significant bits [6].

The potential locations of the BD, is shown in Fig. 1. The
presence of the BD, in the environment causes interference
to the signal of interest at the RX. The interference causing
signal can follow multiple paths after bouncing between the
two BDs. However, the most significant interference is caused
by the TX—BD,— RX signal path. However, by utilising a
successive interference canceller (SIC) at the RX, the effect
of this signal can be mitigated. SIC offers superior system
efficiency and user fairness in comparison with orthogonal
multiple access (OMA). The improvement provided by SIC
is significant for non-orthogonally multiplexed users having
different channel conditions [7].

III. PROPAGATION MODELS
A. 3GPP - Urban microcellular model

The propagation model developed by the 3GPP for urban
microcellular environment [8] is utilised in calculating the

propagation loss in the forward link (d1). This model is utilised
to calculate the basic transmission loss in the link for LOS and
NLOS regions. This propagation model is described in detail
in [4].

B. ITU - Device to device (D2D) model

The international telecommunication union (ITU) developed
a propagation model specifically for the communication be-
tween two devices located in an urban microcellular street
canyon environment [9]. This model computes the basic
transmission loss and also considers the location variability
statistics for LOS and NLOS regions. This model is utilised
to compute the backscatter link (d2). The detailed description
of the model is provided in [4].

C. Multi-bounce phenomenon

Consider an ambient backscatter or symbiotic radio system,
in which N backscatter tags share the spectrum with a
downlink transmission from a base station. The backscatter
devices uses non orthogonal multiple access (NOMA) to share
the spectrum. The task of the receiver is to decode both the
downlink transmission as well as the messages superimposed
on it by the backscatter devices also known as tags.

We assume that both the base station and the receiver has
a single antenna. The signal at the receiver antenna at time ¢
can be written as

K
Zhdk\/»l'ot_Tdk Z e k[t — 7] 4+ 2[t] (1)

k=1 =

where z¢[t] denotes the signal transmitted by the base station,
P is the transmit power, z[t] ~ CA(0, 1) is the complex Gaus-
sian received noise at time t, ldeJc denotes the channel gain
between the transmitter and 7,4, is the associated propagation
delay. Similarly receiver izn  and 7, ;, denotes the channel gain
between BD k ant the receiver and the delay between BD k
and the receiver antenna, respectively. The signal scattered by
the BD n at time ¢ can be written as

N
vnlt] = zult] | hepolt — 7ok + Zﬁnzvz t—7ul | @
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where x[t] denotes the symbol utilized by the BD device &
at time t, hy j is the channel gain from the transmitter to BD
k and 7 ) is the associated propagation delay, g,; denotes
the channel gain between BD antenna [ and k£ and 7, is the
associated propagation delay.

Under the standard narrowband assumption that the BD and
illumination signals would be constant over long period of
time, we can rewrite the above in a vector form as

y = VPhgro+hfv+ 2 (3)
v=X (\/thxo + Gu) &)

where hg is the complex channel gain from transmitter to the
receiver X = diag{z,,n =1,2,..., N} is a diagonal matrix
containing the BD symbols, h; is the complex N x 1 channel



TABLE I
SIMULATION PARAMETERS.

Parameters [ Unit [ Value
Frequency MHz 200

TX power dBm 33

TX antenna height m 15

TX antenna gain dBi 10

BD antenna gain dBi 0
Slow fading margin dB 15.2

Fast fading margin dB 16

Polarization mismatch loss dB 3

Modulation loss dB 6

vector between the reader antennas and the BDs, hz is the
complex 1 x N channel vector between BDs and the receiver,
G is the K x N zero diagonal complex channel matrix between
the BDs and z is the complex noise.

We assume that the receiver is not able to track the multi-
bounce components and thus those components appear as

channel uncertainty for the receiver. Thus we write

N
y=VP(ha+ Y _ hpnhinzr)zo+VPhle+z  (5)

n=1

where
E=V— ﬁXhtxo (6)

which can also be written as
e = XGe + VPXGXh,x (7)

IV. SIMULATION SETUP AND PARAMETERS

A schematic diagram of the propagation environment is
shown in Fig. 1. The TX antenna is wall-mounted on a building
as in typical urban microcell deployments. The transmit power
(or, Py) is 2watts or 33dBm and the carrier frequency is
200 MHz. The RX is located at a distance of about 150 m
or 100\ from the TX antenna. The BD; is the sensor of
interest in this work and is located at a maximum distance
of 10\ from the RX antenna. The thermal noise power (F;)
is —133.97dBm and is computed utilising 10 kHz bandwidth
at room temperature (290 K). The power level received at the
RX (Py) is calculated using (8),

P (dBm) = Py + Gy — (Lg1 + Laz + Laga), (3

where Lg; and Lg, are the basic transmission loss in the
forward and the backscatter link, respectively. G represents
the gain of the TX antenna. The additional losses (L,qq) in the
communication link is contributed by the slow fading (Lsg),
fast fading (Lgr), polarization mismatch (Lpy) and modulation
loss (Lmp), respectively. These values are obtained from [5]
where a complete link budget is provided for backscatter
systems and are summarized in Table 1. L,4q is calculated
using (9),

Laaa = Lsk + Lrr + Lpm + L. &)

The signal to noise ratio (SNR) is computed the P« and
P, values. Subsequently, the second BD (or, BD,) is intro-
duced into the environment and placed in the shaded region
represented in Fig. 1. The interference caused due to BD,
can be due to different paths the signal travels and can be
classified as self interference and cross interference. The three
main interference causing signal paths can be identified as:

« TX — BD, — RX.

e TX — BD, — BD; — RX.

« TX — BD; — BD, — RX.

The first two paths contribute of the cross-interference and
the third path causes self-interference to the received signal.
The cross and self interference are calculated separately for the
analysis. The total interference P; caused due to the presence
of the BD; is a sum of all these three paths. The SINR for
any of the interference paths is computed utilising (10),

P
Pt P

The signal can also follow a path where it ping-pongs
between the two backscatter devices before reaching the RX.
This also contributes to the total interference experienced at
the RX. The ping-pong path can be represented by the path TX
— BD; — BD, — BD; — RX. The interference caused by
the signal following this path is also factored into the analysis.

SINR =

(10)

V. RESULTS AND ANALYSIS

The SNR is calculated at the RX when only BD; is present
in the simulation environment. It can be observed that the
regions close to TX and RX antenna have better SNR values
in comparison to other areas in the environment. Additionally,
based on the applicable use cases it is required that the
BD; and the RX are located relatively close to each other.
Therefore, the location of the BD; was fixed at a maximum
distance of 10\ or 15 m from the RX. The SNR at this location
was approximately observed to be 18.9dB.

Subsequently, the BD, was introduced into the environment.
As discussed in Section IV, the interference causing signal
follows three different paths while travelling between the TX
and the RX. The cross interference caused at the RX is due to
the first two paths mentioned in Section IV. It was observed
from Fig. 2 (a) that the SINR at the RX was less than —10dB.
Similarly, it was also observed that the location very close to
the transmitter also had a very low SINR. Therefore, due to
the cross-interference, it was observed that when the BD, was
located very close to the TX or RX, the signal strength is very
poor. Therefore, in order to have proper communication, the
BD; needs to be located away from the the TX/RX. However,
the predominant cross-interference path TX — BD, — RX,
can be suppressed by utilising SIC as stated in Section II-A.
Fig. 2 (b) shows the SINR after SIC is performed. It was
observed that after the SIC is considered, the cross-interference
plays a role only when the BD, is located in the close
proximity of BD;.

The self-interference is caused by the signal path following
TX — BD; — BD, — RX. It was observed that the SINR due
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Fig. 2. Results for the variation of SINR with respect to the location of the BD, for different interference components. Fig. 2a illustrates the SINR for the
total cross interference. In Fig. 2b, the SINR at BD; for the cross interference component after SIC is shown. Fig. 2c demonstrates the self interference
component at BD;. In Fig. 2d, the SINR for the self interference component at the RX is illustrated.
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Fig. 3. Cumulative distribution function (CDF) of the cross and self
interference power levels (in dBm) for the considered scenarios.

to the self interference was generally constant over the entire
area except for the regions located in the close proximity of
the BD;/RX. It was observed from Fig. 2 (c-d) that the SINR
due to the self interference only had a significant effect when
the BD, is located very close to the BD{/RX. Therefore, in
order to have proper communication it is essential that the
BD; is placed atleast 1\ meter away from the BD/RX.

The cumulative distribution function (CDF) of the interfer-
ence power for the cross and self interference is illustrated in
Fig. 3. The values for the cross interference power levels were
computed over the entire area. The self interference power lev-
els were computed only around the BD{/RX. After computing
both the interference power levels, it was clearly observed that
the cross interference power levels were significantly stronger.
Therefore, SIC is essential to mitigate the interference caused
by the primary cross interference signal path.

VI. CONCLUSION

In this paper the interference caused due to the presence
of a second BD in a bi-static backscatter environment was
studied with the help of simulations. It was observed that the
interference causing signal had three paths between the TX and
the RX. The cross interference was primarily caused by the
signal following the path TX—BD,— RX. However, by using
SIC the impact of this interference could be mitigated. Conse-

quently, it was observed that the cross interference caused by
the path TX—BD,—BD;— RX is only predominant when the
BD, is located close to the BD. Therefore, if the BD, is not
located in the very close proximity of the BD; then the remain-
ing cross interference could be mitigated. Furthermore, the self
interference was caused by the path TX—BD;—BD,— RX. It
was observed that the self interference was generally constant
over the entire environment, but had an impact when the BD,
was located close to the BD; or the RX. The impact of the
self interference could be mitigated by placing the BD, about
a wavelength meter away from the BD;/RX. In conclusion,
it can be stated that when a second BD is introduced into
the network the effect of the self interference and the cross
interference (after SIC) is negligible as long as the BD; is
located one wavelength meter distance away from the BD,
and the RX.
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