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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

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

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.

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

Fig. 1 Deployment strategies of 5G and AmBC in urban environment

Sensors

10-15 km

30-80 m

Sensors

Tx & Rx

Fig. 2 Rural highway environment
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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 TX 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 TX antenna and the sensor.

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 RX 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 ¼ 32:45þ 20 � log10ðdkmÞ þ 20 � log10ðfMHzÞ: ð1Þ

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.

R ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PtGtGrk
2r

ð4pÞ3PrLadd

4

s

: ð2Þ

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 (Rt) and the distance

between the receiver and the sensor (Rr). All the distances

are expressed in meters. The transmit power (Pt), trans-

mitter gain (Gt) and receiver gain (Gr) are specific for a

particular system and these values are expressed in the

linear scale. In this study, 32 dBi is used for Gt and Gr for

all calculations. The radar equation is frequency dependent

and k represents the wavelength of the ambient 5G signal.

The size of the sensor (RCS, r) is expressed in square

meters and has a vital role in determining the range of the

radar equation. In literature [1], the value of r signifies a

half dipole antenna and is represented by,

r ¼ 0:88� k2: ð3Þ

The additional loss (Ladd) 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 (Pt) and the minimum reception level (Pr) of the

system. The typical transmit power (Pt) of 40 W (or, 46

dBm) is utilised for the simulations in the urban macro-cell

environment [5]. Also, a typical transmit power (Pt) of 4 W

(or, 36 dBm) is used for the urban small cell simulations

[5]. Pr 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 Pr is calculated based on (4). The value

of the Boltzmann’s constant (k) is 1:38� 10�23J=K and the

operating temperature (T) is 290 K.

RXsensitivityðdBmÞ ¼ 10 � log10
kTB

0:001

� �

þ NF þ SNR:

ð4Þ

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 (Pr) equals - 101.97 dBm when the carrier band-

width is 1 MHz. When a carrier bandwidth of 20 MHz is

used Pr is - 88.96 dBm and for 200 MHz Pr equals

-78.96 dBm. The values of Pr 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 Pt and Pr 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 (Ladd) of 10 dB and the reflection loss is

considered.

Table 1 Simulation parameters

Parameter Unit Value

Transmission power (macrocells, Pt) dBm 46

Transmission power (smallcells, Pt) dBm 36

TX antenna gain (Gt) dBi 32

RX antenna gain (Gr) dBi 32

Boltzmann’s constant (k) J/K 1:38� 10�23

Temperature (T) K 290

Bandwidth (B) MHz 1, 20, 200

Noise figure (NF) dB 8

Signal-to-noise ratio (SNR) dB 4

Additional loss (Ladd) dB 10

Reflection loss dB 20
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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 r is 0:0004m2 (which represents a sensor size of 2

cm � 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 r
represents the scenario where the signal has very small

surface area to reflect back from. The sensor size of

0:0065m2 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 r is 0:01m2 (sensor

size of 10 cm � 10 cm). As the sensor size is increased to

0:15m2 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 0:3m2 and 1.19 km–4.49 km when size of the

sensor is 0:7m2. 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

Table 2 Noise floor at different bandwidths (in dBm)

Bandwidth (B) 1 MHz 20 MHz 200 MHz

Noise floor (Pr) �101:97 �88:96 �78:96

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 (r;m2) 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
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actually be deployed from the TX antenna. For example, the

distance between the TX antenna and the sensor is 734=2 ¼
367 m (at a carrier bandwidth of 20 MHz) when the sensor

size is 0:01m2. 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 (Ladd) 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 r. When r represents a half-dipole

antenna (0:0001m2), 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 r is

0:0004m2 (2 cm � 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 r
increases to 0:01m2 which represents a sensor size of 10

cm � 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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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

r is 0:15m2 and when the carrier bandwidth is varied.

When the size of r is 0:3m2 or 0:7m2, 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 0:01m2, 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 ¼ 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 ¼
160 m from the TX 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

0:01m2) 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 0:0004m2, half-dipole and 0:01m2, 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 0:0004m2 is used in the

calculations. Therefore, for mono-static mode of operation,

the range of achievable communication becomes half

(695=2 ¼ 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 �
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

Table 5 Distances (in meters) for AmBC with RE at 26 GHz fre-

quency with different bandwidths

RCS (r;m2) 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
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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 0:0004m2 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.

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 (Ladd) 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 TX 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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