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 

Abstract—In this paper, we describe a customized 2.45 GHz 

RFID (Radio-Frequency IDentification) reader, designed to 

simultaneously perform 3-D tracking of multiple tagged entities 

(objects or people), static or dynamic, in harsh electromagnetic 

indoor environments. This is obtained by a bi-dimensional 

electronic beam-steering, implementing the monopulse radar 

concept simultaneously in the elevation and azimuth directions, 

with tags-reader distance estimation based on Received Signal 

Strength Indicator (RSSI) measurements. Experimental results 

show that the system is able to perform a tri-dimensional 

scanning of a monitored room with decimeter-accuracy over the 

three reference axes. The RF front-end is designed to be light-

weight, thin and compact in such a way that it is portable and 

embeddable in domestic objects. For this purpose, a multi-layer 

solution is adopted with a two-dimensional patch antenna array 

aperture-coupled with the RF front-end. 3-D localization data are 

computed on board, by means of a seamless connection of the RF 

front-end with a low-power microcontroller which is able to store 

tags 3-D localization data over a multi-hour time frame. A useful 

method to remotely control the whole system is presented, using a 

Raspberry Pi 3B, directly connecting the reader with a flexible 

and extensive digital platform for Smart Homes. The presented 

architecture is experimentally demonstrated to perform a 

reliable fall detection of tagged people in indoor environments.  

 
Index Terms—3-D indoor localization, Ambient Assisted 

Living (AAL), e-Health, remote fall detection, RFID, tracking. 
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I. INTRODUCTION 

 HE concurrent use of information and communication 

technologies, such as Wireless Sensor Network (WSN), 

Real-Time Localization and Sensing (RTLS), Machine 

Learning (ML) and Artificial Intelligence (AI) is of great 

interest for the health care systems. One of the main reasons is 

that societies are now aging, and many individuals living 

alone may be subject to disease, to falls, and need to be 

remotely monitored for their safety. For instance, Alzheimer’s 

disease gradually invalidates many important human 

capabilities such as memory, reasoning, conceiving and 

learning. Invisible to family members or doctors, these signs 

can be recognized by monitoring movements and behaviour of 

the elderly [1], [2] or by studying the onset of space confusion, 

often associated with fast repetitive movements in round trips 

[3]. 

 

 

Fig. 1. The “HABITAT” platform: the smart e-Health platform in which the 

RFID Indoor Localization System is embedded. 

Radio-Frequency IDentification (RFID) has demonstrated 

great potentials with its capability to remotely identify objects 
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and people in harsh electromagnetic environments and has 

been considered in the present work as a suitable solution to 

the above-mentioned monitoring needs. It is worth mentioning 

that positioning solutions relying on untagged objects/people 

are available, too, based on radar technology [4]-[6], but they 

do not ensure the sensitivity of tagged solutions, as required 

by the present project for true fall detection. 

Several applications of Indoor Positioning System (IPS) 

based on RFID have been recently proposed to localize 

patients [7], [8], to detect movements of human body 

segments [9] and for other smart healthcare applications  

[10]-[12]. Combination with pan-tilt zoom cameras or 

accelerometers [13] have also been demonstrated. Ultra-Wide 

Band (UWB) solutions have demonstrated high accurate 

localization capabilities being very robust with respect to 

fading and shadowing that occur in indoor environments [14].  

Drawbacks of these available architectures are the need for 

installing anchor nodes (or readers), that must be 

synchronized, and not negligible computational time for 

processing the incoming data.  

This work presents an anchorless solution consisting of a 

portable RFID reader, based on a combined design of the 

antenna system and the RF front-end, able to simultaneously 

perform 3-D tracking of multiple tagged entities (static or 

moving) and to decode the ID of the same active tags. A 

continuous bi-dimensional electronic beam-steering is enabled 

on the RFID reader in order to implement  the monopulse 

radar concept and to find the angular positions of the RFID 

tags, both in the azimuth and in the elevation directions; the  

tags-reader distance estimation is based on RSSI 

measurements. In this way an indoor real-time 3-D tracking is 

available for monitoring not only people movements and 

occupancy, but also accidental falls.  

This system has been embedded in a smart e-Health 

platform, called “HABITAT” (Home Assistance Based on the 

Internet of Things for the AuTonomy of everybody) [15], that 

is illustrated in Fig. 1. It consists of several smart objects 

developed to monitor elderly people living in their own 

houses. These objects are interoperable through a unique 

platform adopting real-time AI procedures to enable decisions 

and data fusion [16].  

The proposed customized RFID system interact in real-time 

with the e-Health platform to localize tagged people in their 

daily life environments, prevent their entrance in red zones 

considered unsafe, control their position and remotely detect 

their potential falls.  

Starting from the 1-D implementation of a reader for objects 

detection and selection [17], this work expands upon the 

architecture introduced in [18] and [19], of a 2.45 GHz system 

with bi-dimensional beam-steering and identification 

capabilities (Radio-Frequency IDentification). The detailed 

circuit-level implementation of the 2-D antenna array 

integrated with a four-way radio circuitry is presented and a 

multi-layer implementation of the whole system is 

demonstrated, to provide an agile and fully portable solution. 

The realized prototype, combining commercial RF chips and 

customized microwave components, is presented.  

Then, the standalone prototype performance is 

experimentally validated by means of a vast experimental 

campaign in several realistic indoor scenarios, to establish its 

operation accuracy in tracking horizontal and vertical tags 

positions. Measurements show that the system is able to 

manage simultaneously multiple tagged entities (objects or 

people), taking advantage of a custom on-board data 

processing procedure for retrieving their 3-D dynamic 

position.  

Furthermore, a wearable tag is introduced in this work and 

used for the system validation, to demonstrate seamless 

tracking of people activities. These measurements show that 

the presented system can be exploited as a microwave fall 

detector: it is proved that any possible fall positions are 

correctly retrieved with no false positive and false negative 

results, that usually affect other available fall sensors. 

Important enhancements, with respect to [18], regarding the  

3-D localization accuracy, are obtained due to an updated 

signal processing algorithm coupled with a suitable and fast 

system calibration in any room before starting the tracking 

activities. 

Finally, details on the on-board implementation of the 

needed data processing are briefly described together with the 

integration with the e-Health platform. 

II. RFID READER DESIGN AND REALIZATION 

A customized design of a 2.45 GHz RFID reader (Figs. 2 

and 3) has been developed to implement bi-dimensional 

electronic beam-steering [20] and to take advantage of the 

monopulse radar concept [21]. The aim is to enable tri-

dimensional localization of tagged people in 

electromagnetically harsh indoor environments, in the most 

transparent and non-invasive way. For this purpose, a multi-

layer architecture of the RF front-end has been chosen with 

the radiative elements serving as transmitting and receiving 

antennas, placed at the opposite side of the RF circuitry.  

The overall RFID reader board measures 17 x 17 cm2, and 

its multi-layered stack-up is shown in Figs. 2: it consists of 

two external Taconic RF-60A laminates (Inner Layer #1 and 

#2; thickness: 0.635 mm, εr = 6.15); for mechanical stability 

reasons, the two Taconic layers are held together through a 

FR4 film (Prepreg; thickness: 0.120 mm, εr = 4.5). The top 

and bottom copper layers metallization (external foils L1 and 

L4; thickness: 0.035 mm) host the antenna array and the RF 

front-end, including the antenna feeding network and the 

baseband subsystem, respectively.  

For this prototype, the selected working frequency is 2.45 

GHz, belonging to the ISM (Industrial, Scientific and 

Medical) Band (2.4-2.4835 GHz), in order to allow the 

compactness of the overall system, mainly due to the antenna 

array, and the centimeter-level accuracy of the localization. 

A. Antenna Array Design  

To implement beam scanning in the azimuth (xy) and the 

elevation (yz) planes, a two-dimensional array of patch 

antennas has been designed and the photo of the 

corresponding prototype is shown in Fig. 3(a): four squared 

patches are used, fed by means of rectangular apertures 
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obtained in the patches ground planes (L2 and L3 in Fig. 2 

(a)), and excited by proper open feeding lines located in the 

bottom layer (L4 in Fig. 2(a)). 

 

        
                                  (a)                                                     (b) 

Fig. 2. (a) Stack-up of the entire board of the RFID reader and (b) picture 

showing the actual board thickness, measuring 6.15 mm considering also the 
ICs. The only RF substrates, prepreg and copper thickness is about 1.53 mm. 

The patch array and feeding network optimal dimensions 

have been obtained after the optimizations accomplished with 

the electromagnetic (EM) simulation software CST 

Microwave Studio. With reference to Figs. 3, the optimized 

quantities have been: i) the length of the square patches 

(L = W); ii) the patches distances (Lx, Lz); iii) the ground 

aperture dimensions and their relative positions with respect to 

both the patch in the upper layer (L1) and the feeding line in 

the bottom layer (L4), see also Fig. 5. 

Some representative simulated results of the four-port 

antenna system (including the feeding lines) are reported in 

Fig. 4: good matching and low inter-element coupling have 

been obtained by the present design. 

The antenna array feeding network (also visible in the 

prototype bottom layer of Fig. 3(b)) is schematically depicted 

in Fig. 5, where the feeding line for each antenna is marked 

with the corresponding symbols of Fig. 3(b). The microstrip 

lines width of 0.9 mm guarantees the 50-Ω characteristic 

impedance in accordance with both the RF output pin of the 

transceiver (after the matching network) and the RF output of 

the phase shifter. 

The final layout dimensions are summarized in Table I. 
 

TABLE I 

MAIN SYSTEM DIMENSIONS 

Overall Reader Board Length 170 mm 

Overall Reader Board Width 170 mm 

Overall Reader Board Thickness 6.15 mm 

Patch Length: L 21.6 mm 

Patch Width: W 21.6 mm 

Microstrip Width 0.9 mm 

Slot Length 1.4 mm 

Slot Width 11.80 mm 

Slot Distance from Patch Lower Edge 4.66 mm 

Slot Distance from the Feeding Line Open End 2.19 mm 

  
(a) 

 

 
(b) 

Fig. 3. Photograph of (a) the top and (b) the bottom layers of the presented 

RFID reader for 3-D indoor localization. The top layer presents the antenna 
array, whereas the bottom one contains the digital and RF components and 

circuits. 

 

Fig. 4. Scattering parameters of the four-port antenna system (patch antennas 
and feeding lines). 
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B. Master-Slave Operations of the RF Front-Ends 

Subsequently, the 2-D monopulse comparator system, or 

Rat Race System, has been designed. The schematic layout in 

microstrip technology is depicted in Fig. 5 and its realization 

is shown in Fig. 3(b): the open terminations, referred again 

with the symbols A, B, C, D, are aperture-coupled with the 

corresponding antennas. The port Σ provides the in-phase 

received signal, ΔAZ and ΔEL the out-of-phase ones in the 

azimuth and in the elevation planes, respectively, and ΔQ an 

auxiliary signal [22]. Such signals are processed by the 

transceivers, marked with the corresponding letters in Fig. 

3(b), connected to them.  

For this purpose, and to comply with the overall 

compactness of the system, four meandered rat-race hybrid 

couplers [17] (represented in Fig. 5) are suitably connected to 

each other and, at the same time, to the antenna feeding lines 

and to the RF front-end ports: in this way, the signal 

combinations superimposed in Fig. 5 are obtained. 

 

 

Fig. 5. Schematic representation of the four-port microstrip circuit designed to 
host the RF and digital subsystems at the system bottom layer (microstrip 

antenna feeding lines, phase shifters (PS), and monopulse comparator system, 

or Rat Race System). The Σ, ΔAZ, ΔEL and ΔQ ports provide the excitation 
signals to the transceiver chips. Letters A to D, at the feeding lines ends, 

correspond with the antenna elements in the upper layer. 

The RF hardware architecture and the principle of operation 

of the whole system are schematically illustrated in Fig. 6. 

Four TI (Texas Instruments) CC2530 are used: they adopt a 

System on a Chip (SoC) configuration, integrating the radio 

and the microcontroller unit (MCU or μC) enabling radio 

communication in the 2.4 GHz band, and are connected to 

each of the four above-mentioned antenna system ports. 

Communication among the four MCUs is established and is 

based on a Master-Slave logic: the CC2530 Master, connected 

to the auxiliary port ΔQ, controls, sends and receives 

information from the three CC2530 Slaves: this is 

accomplished by the SPI (Serial Peripheral Interface) 

communication protocol which uses four control signals: i) the  

Serial Clock (SCLK) to synchronize the whole 

communication; ii) a number of Slave Select (SS) signals 

(three for the present case), to activate the proper SoC; iii) 

Master Input Slave Output (MISO); iv) Master Output Slave 

Input (MOSI). 

In order to perform the dual-axis (elevation and azimuth) 

tags localization, a bi-dimensional electronic beam-steering of 

the Σ and Δ radiation patterns is accomplished. 

The beam-steering is created by varying the antennas phase 

excitations through four digital phase shifters (Macom MAPS-

010164) that are inserted along the antenna microstrip feeding 

lines and controlled by the corresponding MCU.  

 

 

Fig. 6. Block diagram of the hardware architecture and principles of operation 

(digital I/O and control signals are represented with black dotted lines, while 

the solid red ones represent the RF signals). 

The phase selection is based on a six-bit binary code so that 

there are 64 possible phase shifts for each phase shifter: to 

perform a 360°-coverage of the phase, a step size of 5.6° is 

used, corresponding to a 1.4°-rotation of the radiation pattern.  

Moreover, a DC/DC buck converter (Linear Technology 

LT1086) and a negative voltage converter (Linear Technology 

LTC1144) have been introduced in order to guarantee the 

appropriate supply voltages of 3.3 V and -3.3 V, respectively, 

to the ICs. 

The concurrent operation of the master and the slaves SoCs 

allow to implement in real-time the bi-dimensional beam 

scanning of the Σ and Δ pattern of the two-dimensional array. 

To explain the design choices, it is notable to remind that for 

an array of n identical antennas, aligned along a selected â-

direction, with a constant element spacing (L), the complex 

current phasor at each antenna element port can be expressed 

as:  

 
𝛬𝑘𝑒(−𝑗𝛿𝑘) (𝐴) (1) 

where Λk and δk are the current amplitude and phase of the 

array k-th element (with k ranging from 0 to n-1).  The  array 

factor, as a function of the elevation and azimuth spherical 

coordinates, can be cast as follows: 

 

𝐹(𝜃, 𝜑) =  ∑ 𝛬𝑘𝑒𝑗(𝛽𝑘𝐿â•𝑟̂−𝛿𝑘)

𝑛−1

𝑘=0

 

 

(2) 

where β is the phase propagation constant and 𝑟̂ is the position 

unit vector. If the phase shift between the currents is constant 

and equal to  (k = k∙), (2) is simplified in the following 

way: 

 

𝐹(𝜃, 𝜑) = ∑[𝑒(−𝑗2𝑢)]𝑘 = 𝑒[(𝑛−1)𝑢]

𝑛−1

𝑘=0

sin 𝑛𝑢

sin 𝑢
 

 

(3) 

where u = (πL/λ) ∙ cos - δ/2 and cos  = â•𝑟̂. 
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The radiation function of the array is then computed from 

the normalized version of (3), using the radiation function of 

the array base element 𝑓0(𝜃, 𝜑): 
 

𝑓(𝜃, 𝜑) = 𝑓0(𝜃, 𝜑) |
𝐹(𝜃, 𝜑)

𝐹(𝜃𝑀, 𝜑𝑀)
|

= 𝑓0(𝜃, 𝜑) |
sin(𝑛 ∙ 𝑢)

𝑛 ∙ sin(𝑢)
| 

 

(4) 

where (M, M) represents the maximum radiation direction of 

both (3) and f0. 

For a linear array of two elements, (4) becomes:  

𝑓(𝜃, 𝜑) = 𝑓0(𝜃, 𝜑)|cos 𝑢| (5) 

The monopulse radar concept along one direction is realized 

by an array of two (n = 2) antennas in such a way that if  

 = 0°, the two antennas are excited in-phase and their 

radiation function is of the Σ-type (i.e., with a maximum in the 

broadside direction); on the contrary, if they are excited out-

of-phase (= 180°) their radiation function is of the Δ-type 

(i.e., with a zero in the broadside direction). 

To realize two-dimensional Σ- and Δ-radiation patterns, four 

patches aligned along the x and z directions to form a two-

dimensional array are used, as shown in Fig. 3(a). 

The two-dimensional array factor becomes: 

𝑓(𝜃, 𝜑) = 𝑓0(𝜃, 𝜑)|cos 𝑢𝑥||cos 𝑢𝑧| (6) 

with: 

𝑢𝑥 =
𝜋𝐿𝑥

𝜆
sin 𝜃 cos 𝜑 −

𝛿𝑥

2
 

 

𝑢𝑧 =
𝜋𝐿𝑧

𝜆
cos 𝜃  −

𝛿𝑧

2
 

(7) 

Moreover, with reference to the array feeding network 

layout of Fig. 5, it can be observed that the excitations for the 

antenna elements A, B are out-of-phase with respect to those 

for the elements C, D. 

In this way, by a proper control of the current excitations at 

the antenna ports, namely the phase coefficients i (with i = A, 

B, C, D), the radiation patterns summarized in Table II are 

made available.  

Through the phase shifters, placed in between each antenna 

feeding line (see Figs. 3(b) and 5), it is possible to 

electronically vary the relative phases (i) at each antenna 

port, in such a way to properly vary the values x and z in (7) 

between each couple of antennas. In this way, the electronic 

beam-steering is obtained: depending on the selected phase 

shifts, it is possible to achieve a scanning in both the xy and yz 

planes. 
 

TABLE II 

RELATIVE PHASE SHIFTS OF THE ANTENNA FEEDINGS 

AND CORRESPONDING PATTERNS 

Pattern A B C D 

Σ 0° 0° 180° 180° 

ΔEL 0° 0° 0° 0° 

ΔAZ 0° 180° 0° 180° 

ΔQ 0° 180° 180° 0° 

The electronic beam-steering has been simulated in both 

planes by means of the post-processing tool of CST 

Microwave Studio and then measured. Representative results 

of the Σ and ΔEL patterns in the broadside direction and for a  

0° and 15° down-rotation are compared with the measured 

ones in Figs. 7. Similar agreement has been obtained for the 

azimuth plane patterns and the corresponding plots are not 

reported for the sake of brevity. 

Approximately, a [-45°, 45°] scan with respect to broadside 

directions in both the elevation and the azimuth planes has 

been demonstrated both by measurements and numerical 

predictions. 

In this way, the system is able not only to detect a tag in the 

horizontal plane, but also to determine its elevation, due to the 

accurate scanning capabilities along the vertical plane. In this 

way, the system can be exploited as a portable “people or 

objects scanner” in 2-D. In particular, it is foreseen to be an 

interesting device to accurately detect falls of people wearing 

an active tag.  

 

 
                                 (a)                                                      (b) 

  

Fig. 7. (a) Normalized monopulse Σ and Δ radiation patterns (in dB) in the 
elevation plane in the broadside direction; (b) normalized Σ and Δ monopulse-

steered radiation patterns (in dB) in the elevation plane considering a -15° 

rotation. 

III. MEASUREMENT CAMPAIGNS 

A. Tags Angular Detection Through the Monopulse Radar 

Technique 

First, the accuracy in localizing the tags angular positions, 

both in the azimuth and elevation planes, has been tested by 

Received Signal Strength Indicator (RSSI) measurements at , 

EL and AZ ports, exploiting the system beam-steering 

capabilities. 

These tests have been carried out in a room, whose 

photograph is shown in Fig. 8, in the presence of two tags 

located as follows: i) at 1- and 3-meter distance from the 

reader and at the same reader height from the ground (125 

cm), and ii) 30 cm above and below the reader height. 

The Σ and Δ patterns are stored on-board to compute the 

tags angular positions by means of the Maximum Power Ratio 

(MPR) computation, for the azimuth and elevation scanning, 

defined as follows:  
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𝑀𝑃𝑅𝐴𝑍  (𝑑𝐵) = 𝛴 (𝑑𝐵𝑚) −  𝛥𝐴𝑍 (𝑑𝐵𝑚) 

 

𝑀𝑃𝑅𝐸𝐿  (𝑑𝐵) = 𝛴 (𝑑𝐵𝑚) −  𝛥𝐸𝐿  (𝑑𝐵𝑚) 
(8) 

 

 

Fig. 8. The indoor scenario where Σ, Δ, MPR retrievals and the first tri-

dimensional localization measurements took place (Villa Griffone, Pontecchio 

Marconi, Bologna, Italy). 

The MPRAZ and MPREL are used as the system figures of 

merit in such a way that detecting the tags angular position 

corresponds to the maximum MPRs.  

Measurement results are shown in Figs. 9 and 10 and they 

clearly demonstrate the system capability to measure the tags 

elevation and the corresponding azimuth detection, 

respectively. 

 

 

Fig. 9. Elevation detection of two tags: measurements of the RSSI at the (a)  

port, and at the (b) EL port; (c) resulting MPR. The tags are placed at 1-meter 

(Tag #1) and 3-meter (Tag #2) distance from the plane embedding the reader 

at elevations of  0° and -25°, respectively. 

B. 3-D Indoor Localization Measurements 

In order to provide a full 3-D localization of tagged people, 

the collected data from the azimuth and elevation beam-

steering operations are further used to predict the tags-reader 

distance, following a procedure similar to the one introduced 

in [21]. Once the portable reader is installed in a room, a 

calibration procedure is first carried out as follows: a virtual 

reference plane is considered at 1-meter distance from the 

reader and it is sectorized along the horizontal and vertical 

directions in such a way that it is divided into zones. The plane 

dimensions are chosen based on the reader scanning 

capabilities. For the present case, a plane of 200-cm width 

(corresponding to a left and right scanning of 67.5°) and  

60-cm height (corresponding to an upper and lower scanning 

of 33.4°) has been considered, divided in a total of nine zones. 

Tags are subsequently located in the center of each reference 

zone and the associated received powers P0ij are registered, 

where i = 1, ..., NAZ, j = 1, …, NEL, and NAZ = NEL = 3 are the 

numbers of horizontal and vertical segments chosen.  

 

 

Fig. 10. Azimuth detection of two tags: measurements of the RSSI at the (a)  

port, and at the (b) AZ port; (c) resulting MPR. The tags are placed at 1-meter 

(Tag #1) and 3-meter (Tag #2) distance from the plane embedding the reader 
at azimuths of +25° and 0°, respectively. 

Thus, in addition to the azimuth and elevation angular 

positions, the reader-tag distance d is calculated as follows: 

 

𝑑 = 𝑑0 ∙ 10

(𝑃0𝑖,𝑗−𝑃𝑅𝑚)

10∙𝑛𝑖,𝑗  (9) 

 

where d0 is the distance of the reference plane used during 

calibration, PRm is the actual instantaneous maximum RSSI (in 

dBm) received at the Σ-Port, and ni,j are the path-loss 

exponents for the different calibration zones, depending on the 

radio channel of the environment under consideration (typical 

values are: 2.7 to 4.3 for urban areas, 2 for free space, 1.6 for 

indoor environments) [23], [24]. For the evaluation of these 

path-loss exponents in a particular scenario, the above-

mentioned calibration measurements of the RSSI values are 

replicated at 3-meter distance from the reader, thus deriving 

the proper ni,j for each calibration zone. 

The TI CC2530 radio, integrating the microcontroller, has 

been used for both the tag side and the four radios of the 

reader system. For the first set of validation, the CC2530EM 

evaluation board was used, including the provided monopole 

as the antenna. The protocol adopted by these radios for the 

communication is SimpliciTI, the low-power RF network 

protocol developed by Texas Instruments; this allows to 

exchange information between the reader and the tags 

regarding their IDs and the corresponding instantaneous RSSI 

power values. For these measurements, the same path-loss 
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exponent ni,j = 1.9 for all the calibration zones resulted to be a 

suitable choice. Some explanatory actual and measured tags 

positions in the xy plane and the corresponding heights  

(z-coordinate) are shown in Fig. 11, together with the relative 

reader location. 

 

Fig. 11. 3-D localization of six different positions: comparisons between the 

present system operation and the real positions. For these measurements, the 

evaluation board CC2530EM was used at the tag side. 

A typical laboratory environment (schematically 

represented in Figs. 13) has been considered as a second 

scenario. With the aim to validate the whole RFID system for 

people positioning and monitoring, a wearable antenna has 

been designed in a denim flexible substrate (dimensions: 5 x 5 

cm2, thickness: 1.56 mm) and connected to the CC2530 to be 

worn during the experiments [25], with the ultimate goal of 

integrating the tag into garments. A simple block diagram of 

the designed tag architecture is shown in Fig. 12. 

 

 

Fig. 12. Block diagram of the adopted RFID active tag (antenna realized on a 
denim substrate). 

Again, for the present case, NEL = NAZ = 3, so that nine 

different sectors are used (9-zones calibration). The 3-D 

indoor localization measurements obtained for ten different 

tag positions randomly distributed are reported in Table III, 

together with the errors with respect to the actual locations, 

that are calculated as follows: 

 

3𝐷 𝐸𝑟𝑟𝑜𝑟 = 100 ∙
√(𝑥0−𝑥𝑚)2+(𝑦0−𝑦𝑚)2+(𝑧0−𝑧𝑚)2

√𝑥0
2+𝑦0

2+𝑧0
2

   (10) 

Every measurement has been obtained by averaging ten 

received RSSIs of the same tested point. In this case, the 

reader is  located at a 1.25-meter height from the ground, a 

suitable choice for detecting people standing, sitting or falling. 

 

(a) 

 
(b) 

Fig. 13. (a) 2-D and (b) 3-D location of ten positions considered for the 

second set of localization measurements (EM Fields Lab, University of 
Bologna, Italy), with the RFID tags worn by the monitored users. 

TABLE III 

RESULTS OF 3-D INDOOR LOCALIZATION MEASUREMENTS 

 (WEARABLE TAGS, DENIM THICKNESS = 1.56 MM)   

Point 

Actual 

Position 

(x0;yo) 

Measured 

Position 

(xm;ym) 

Tag Height 

3-D 

Error 

(%) 
Actual 

(z0) 

Meas. 

(zm) 

#1 (5.45;2.00) (5.47;1.86) 1.25 1.25 6.00 

#2 (5.45;3.00) (5.30;3.00) 1.25 1.25 4.62 

#3 (6.05;2.10) (6.07;1.95) 1.25 1.17 6.80 

#4 (4.25;3.30) (4.46;2.86) 1.25 1.38 13.54 

#5 (4.55;1.80) (4.70;1.53) 1.25 1.20 13.21 

#6 (6.95;4.20) (6.37;3.99) 1.25 1.02 14.21 

#7 (5.45;1.00) (5.40;0.92) 0.75 0.73 7.71 

#8 (6.05;3.00) (6.34;2.82) 0.75 0.77 10.85 

#9 (6.95;3.30) (6.45;3.63) 0.75 0.97 17.24 

#10 (4.55;2.70) (4.92;2.40) 0.75 0.67 16.41 

All Cartesian coordinates and altitudes are expressed in meters. Reader 

height: 1.25 m. The reader distance from the bottom left corner of the room is 
5.45 m. Path-loss exponent ni,j = 1.4. 

 

To assess the impact of the tag antenna, the same 

localization scenario of Figs. 13 has been tested using the 

commercial antenna and two versions of the wearable antenna 
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with different thickness of the textile and the results are 

summarized in Table IV: while with the commercial 

monopole tags an average error of 20.13 cm is observed for 

reader-tag distances lower than 2.60 m, the average error with 

wearable tags is less than 18 cm for distances up to 4.50 m. 

 

TABLE IV 

AVERAGE LOCALIZATION ERRORS FOR  
THE THREE MEASUREMENT CAMPAIGNS   

Adopted Tag 

Average  

2-D Error  

(x;y) 

Average  

Height 

Error 

Average 

 3-D 

Error 

Commercial Tags 

 (CC2530EM Monopole) 
22.70 cm 15.00 cm 20.13 cm 

Wearable Tag #1 
(Denim Thickness: 1.56 mm) 

22.20 cm 8.30 cm 17.57 cm 

Wearable Tag #2 

(Denim Thickness: 2.34 mm) 
20.30 cm 8.50 cm 16.37 cm 

 

Finally, the system performance has been tested in the 

presence of two tagged persons moving in a room, and the 

tracked trajectories are reported in Fig. 14. They have been 

moving for 30 seconds, starting from the positions labelled 

with t0, and their measured locations have been compared with 

the effective ones, which are reported in the same figure: even 

when the two people were close by, the average 3-D 

positioning error was under control for the required system 

specifications to track people activities in a room. 

Fig. 14. Actual and measured positions of two tagged subjects moving in the 

indoor environment during a walk of about 30 seconds. t0 is the starting 
position for each person. 

C. Remote Fall Detection of Tagged People 

The renovated aim of this RFID reader is to detect potential 

falls that could occur to people living alone in indoor 

environments. 

Exploiting the elevation scanning capability of the RFID 

reader and its monopulse radar technique, it is possible to 

notice whenever a tag is fallen or rather positioned on the 

floor, thanks to the information provided from the MPREL 

pattern whose maximum values correspond to the detected 

elevations of the tags. Moreover, when the tagged person has 

fallen, his/her height is lower than the reader one, resulting in 

a lower received power than the one expected when a person 

is standing: this is detected by the reader and an alert for 

remote falls can be activated; Figs. 15 and 16 represent the 

aforementioned conditions, showing Σ, ΔEL, and MPREL for 

two falling detections of a user wearing the tag, at 1-meter and 

3-meter distance from the reader, respectively; it is possible to 

notice that for the first fall, the tag is out of the calibrated 

elevation zone of the reader of [-45°, 45°], but the system is 

still able to detect the low tag height, although the MPREL 

shows a plateau in the [-45°, -30°] zone instead of a sharp 

peak; conversely, for the tagged user lying down at 3-meter 

distance, the MPREL maximum peaks is located at -30°, 

corresponding to the actual angular position of the active tag 

in the elevation plane. 

 

Fig. 15. Diagrams of (a) MPREL, (b) Σ and EL in the elevation plane achieved 

after the fall of a tagged user at 1 meter of distance from the reader. 

 

 

Fig. 16. Diagrams of (a) MPREL, (b) Σ and EL in the elevation plane achieved 

after the fall of a tagged user at 3 meters of distance from the reader. 

Similar results have been obtained for other fall detection 

experiments in the same indoor scenario of Figs. 13: twelve 

different fall episodes have been tested and verified: i) lying 

down face upwards (Fig. 17(a)), ii) face downwards, iii) 

lateral (on both sides) and iv) sitting (Fig. 17(b)) with reader-

tag distances of 0.5, 2 and 3 meters; these measurements 

always led to a correct detection of the fall events, with no 

false positive or false negative situations, demonstrating that 

the present microwave system can be a reliable solution to 

detect falls of elderly people living alone, in communities, or 

cohousing, thus getting rid of continuous assistance. 

A further advantage of this proposed fall detection sensor is 

that it operates alone and in real-time and the reader 

operations take less than 15 seconds to be completed.  

The system can be embedded in everyday objects and 

wirelessly connected to a smart-home platform augmented 

with a decision-making algorithm to activate the proper alarms 

to the proper person.  

Indeed, the next Section synthetically describes the seamless 

integration of the proposed tracking and fall detector system 

into a general-purpose software platform combining 

heterogeneous smart objects. 
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(a) 

 

 
(b) 

Fig. 17. Photos of two situations where the reader detects falls: (a) the person 

is lying down face upwards; (b) the person has fallen down sitting. 

IV. DATA REMOTE CONTROL AND ANALYSIS 

Within this Section, the implementation of all the software 

necessary to use our device into an application is considered. 

This is an important task, as the location of people and 

objects in an environment is a very versatile piece of 

information useful in a large set of different situations. 

Smartphones apps and social networks, for instance, perform 

position reads very frequently, to enhance their services, their 

advertising, to increase their security policies, etc. 

Localization, therefore, is an overall source of Big Data. In 

our case we deal with the problem of indoor monitoring, but in 

previous works [26] there is evidence of the possibility to 

exploit the data coming from the daily routine to achieve ways 

more than the control of the trajectory of an object or the path 

chosen by a person. 

In such context, the RFID reader is represented as an IoT 

(Internet of Things) device generating some data that is 

elaborated by an IoT application [15]. In Fig. 18, a schematic 

flow chart of the application is outlined: it is composed by a 

sequence of four tasks whose description is as follows. 

First of all (Raw Data step), the system measures the 

position as it has been explained in Section III. The outcome 

of the measurement is raw position data that is elaborated in 

the Analysis and Elaboration phase. A collection of higher-

level data, subsequently (Behavioral and Computation phase), 

is possible by aggregation of this and other information that 

may be available. Eventually the actual application business 

logic is possible (Actuation). It is worth noticing that the 

interaction model for this example is fog-computing [27]: raw 

data is not immediately sent to external services for 

elaboration but is rather checked and slightly transformed and 

cleaned closer to sensors, before the transmission step. 

According to this pattern, the reader application for the IoT 

description follows. 

 

 

Fig. 18. Abstract scheme for IoT applications in an environment with sensors 
and actuators. 

Phase 1: collect raw data. The firmware is implemented in 

C on the TI CC2530 SoC as a simple Mealy-type finite state 

machine programmed to perform the power scan on the xy 

plane upon reception of the codified request. Similarly, the 

protocol also gives the possibility to scan the yz plane, 

therefore completing the data collection task. 

Phase 2: raw data elaboration. Of course, raw data needs to 

be aggregated into human-readable information and exported 

to the agents responsible for Phase 3. This task has been 

performed by a Raspberry PI 3B (RPI3) running a gcc 

compiled C program located on board of the RFID reader. It is  

responsible for the communication with the microcontroller, 

i.e. they implement all the working protocol to master the 

scans and dispose of their results.  

The communication with the microcontroller has been 

realized with an UART (Universal Asynchronous Receiver-

Transmitter) serial connection. So, eventually, we can sum up 

the functions of the RPI3 as the following: mastering the 

microcontroller, reception and elaboration of raw data, export 

of higher-level data, i.e. the (x;y;z) coordinates, to the Phase 3.  

Phase 3: behavioral computation, and Phase 4: actuation. 

The first phase is performed on the IoT server side. When the 

RPI3 receives all the data and calculates the corresponding 

(x;y;z) coordinates, this information is given to the data 

sequence aggregation unit located on the server. The 

communication, in most IoT applications, is made on top of 

protocols like MQTT, AMQP, CoAP, and others, resulting for 

every application in a specific and sometimes quite complex 

stack. Once the new data is received, the server that 

implements the stack will apply the AI techniques needed for 

the current application. 
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We describe hereby an example application we realized by 

using a semantic architecture, useful to avoid problems 

derived from IoT fragmentation [28].  

We exploited the semantic publish-subscribe architecture 

SEPA [29] (acronym of SPARQL Event Processing 

Architecture) to realize a simple if-this-then-that (IFTTT) 

application. To do so, the aforementioned RPI3 is then 

transformed in an information producer, that performs a few 

triples update in an RDF (Resource Description Framework) 

store. Those triples, when inserted or removed from the SEPA, 

trigger a set of information aggregators and consumers. An 

aggregator might be a (set of) artificial intelligence engine(s), 

or (some) IFTTT controller(s), while a consumer might be a 

map visualizing the received location data.  

The outcome of this construction, in the end, is the 

actuation phase. Whenever the AI, or the IFTTT controller 

detects a need, new triples can be inserted in the SEPA, having 

the effect of triggering an actuator (or more than one). In our 

case, as mere example, the IFTTT controller was programmed 

with a very simple fall-detection algorithm: if the difference 

|𝑧𝑛 − 𝑧𝑛−1| > 𝑇𝑧, where 𝑇𝑧 is a threshold, then notify to the 

caregiver the fall of the person wearing the RFID tag. 

V. CONCLUSION 

In this work, an agile, low-cost and remotely controllable 

RFID reader operating at 2.45 GHz with real-time 3-D 

scanning capabilities has been presented and exploited to 

identify the dynamic position of people moving in an indoor 

environment. The basics of this system preview the angular 

scanning of both the azimuth and the elevation planes; 

moreover, a simple algorithm has been developed to retrieve 

the reader-tag distance and its height, thanks to the calibration 

data of the scenario under test and the information coming 

from the RSSI values, as well as the two angular positions 

retrieved by the bi-dimensional steering. In this way, an 

accurate 3-D localization of tagged people in an indoor 

environment is feasible.  

The effectiveness of the 3-D tracking capabilities has been 

demonstrated by detecting tags positions in indoor scenarios 

that are typically electromagnetically harsh, in order to early 

diagnose and care some age-related diseases that are strictly 

related to the repetition of certain moves.  

The accuracy in the tags height detection, with errors lower 

than 20 cm in all the experiments adopting the wearable tags, 

allows to conclude that the present microwave system can be 

exploited as a novel fall detector in indoor environments, as no 

false positive or false negative events have ever come across 

during the system operations.  
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