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Summary 
 
The lecture is devoted to the problems of low-profile antennas of data transponders of the radiofrequency 
identification (RFID) systems operating in UHF band designed for identification of people. Novel 
techniques for achievement of a very low antenna profile and maintenance of sufficient radiation 
efficiency are described as well as possibilities of tuning their complex input impedance. Proposed 
identification transponders have been tested for read range and identification reliability with the help of 
real RFID systems in indoor and open areas. We also solved the issues of optimal setting of the used 
systems for maximization of power margin in the area of identification, predominantly the influence of 
pointing and the shape of radiation pattern of reader antennas, interferences of reflected signals, 
shadowing the signal by other person. Mathematical modeling and computer simulation has been 
performed before the real testing and proved a good agreement with them. RFID system tuned for tested 
application (identification of sportsmen) validated reliability of identification and practical applicability 
of the proposed concepts. 
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Souhrn 
 
Přednáška se věnuje problematice nízkoprofilových antén datových nosičů (tagů, transpondérů) pro 
systémy rádiové identifikace (RFID) pracující v pásmu UHF určené pro identifikaci osob příp. kovových 
objektů. Popisuje nové techniky dosažení velmi nízkého profilu při zachování dostatečné vyzařovací 
účinnosti a možnosti ladění komplexní vstupní impedance antén. Navržené nosiče byly testovány na čtecí 
dosah a spolehlivost identifikace s reálnými RFID systémy v interiérech i otevřených prostorech. Řešeny 
byly i aspekty optimálního nastavení použitého identifikačního systému maximalizující výkonovou 
rezervu v oblasti čtení, především vlivy směrování a tvaru vyzařovacích diagramů čtecích antén, 
interference odražených signálů či zastínění jinou osobou. Praktickým měřením předcházela tvorba 
matematických modelů a počítačových simulací, s nimiž prokázala dobrou shodu. RFID systém vyladěný 
pro testovanou aplikaci (identifikaci sportovců) osvědčil spolehlivost identifikace a praktickou 
použitelnost navržených konceptů. 
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Introduction 
One of the challenges within the application of passive radiofrequency identification (RFID) 

systems which is not treated satisfactory yet is reliable identification of people in indoor and open areas at 
the distances of a few or in optimal case even more than ten meters. Such distant identification might be 
enabled with the use of RFID systems operating in ultra-high frequency (UHF) band (860 – 960 MHz) 
due to the coupling between the reader and the transponder via propagation of electromagnetic wave. 
Other commonly used RFID systems operating in low-frequency (LF, 125 kHz), and high-frequency (HF, 
13.56 MHz) bands are not suitable due to the very low radiated power as the size of coupling device (coil) 
is typically three or four orders of magnitude lower than the used wavelength, and consequently the read 
range is small, typically up to few decimeters.  

A typical passive RFID system for UHF band consists of a transmitter/receiver (TX/RX) 
sometimes called reader, TX/RX antennas and a set of low cost data transponders or tags (integrated 
circuit called chip connected to a small thin antenna) placed on objects to be identified [1]. Such system 
often operates on a principle of backscattering, i.e. reader transmits a continuous electromagnetic wave 
which is reflected back by a tag which varies its reflection coefficient based on the unique identification 
number encoded in a chip supplied from energy of incident wave. 

The received signal strength (RSS) which have to be higher than the sensitivity of the chip of the 
data transponder in the reading area is determined by Friis formula i.e. radio-communication equation.  It 
comprises the transmitted power, gain of the TX/RX reader and transponder antennas, propagation free 
space losses, and additional kind of losses typically attributed to fast fading due to the interferences of 
direct and reflected signals. Some of the parameters of the equation are done by the used technology or 
legislation, e.g. maximum transmitted power. Another parameter such as propagation losses are 
determined by the physical laws and may vary in the certain range with the signal interferences. In 
general, more problems are associated with the transponder antennas as it will be described later on. 
Insufficient performance of transponder antenna parameters can thus substantially impact on the power 
budgets and result in an erroneous or even no identification. Efficient and reliable identification of people 
is thus a relatively difficult technical task. 

The following text focuses first on the design of novel concepts, and performance evaluation of 
very low-profile radiators able to efficiently operate closely spaced to the human body. Further, we 
present a set of read range tests and evaluation of identification reliability of real passive RFID systems 
operating in UHF band [2], [3]. We solved the issues of optimal setting of the used system for 
maximization of power margin in the area of identification, predominantly the influence of pointing and 
the shape of radiation pattern of reader antennas, interferences of reflected signals, shadowing the signal 
by other person. Mathematical modeling and computer simulation has been performed before the 
performance evaluation and testing and proved a good agreement. Optimized RFID system has confirmed 
a reliability of identification and practical applicability of the proposed concepts. 
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1 Wearable low-profile tag antennas for radiofrequency identification of people 
The design of UHF transponder antennas suitable for identification of people has several important 

requirements, some of them being slightly different from demands on standard communication antennas: 

• Immunity of antenna parameters from the nearby presence of a human body, 
• Impedance matching to the complex impedance of the chip, 
• Low profile, small footprint dimensions, and low weight; eventually also flexibility. 

One of the problems that must be solved considering the identification of people in UHF band is the 
degradation of the TAG antenna performance in the close vicinity of a human body. The body can be 
treated as a high-loss dielectric object with a relative permittivity εr ~ 50 - 60 and loss tangent 
tan δ ~ 0.5 - 1.2 [4]. In case of the standard dipole type TAG antennas, the presence of such dielectric 
objects causes significant detuning of the antenna and absorption of the radiated or received energy [5] -
 [8]. This results in a low radiation efficiency and consequently in a short read distance. The problem of 
frequency detuning and energy absorption can be, in principle, solved by insertion of distant spacer 
which, on the other hand, increases the vertical profile. Another solution is an insertion of a metallic 
plate between radiator and body that acts as a screening plane or is an inherent part of the antenna 
structure. The former solution might be used in a case of dipole or loop-type antennas [6], [7], while 
patch and PIFA antennas [9] - [12] usually represent the latter case. 

Electrical performance requirement on the wearable transponder antennas for the UHF band is 
conjugate matching to the complex input impedance of the chip which is typically capacitive. Small 
dimensions, very low profile and low weight; eventually flexibility are physical requirements for the 
convenience of the persons carrying the transponder. 

Thus, the challenge in the research of UHF transponder antennas is a development of radiators of very 
low vertical height over a shielding conductive plane (typically bellow 0.01λ0, i.e. smaller than 
approx. 3 mm) concurrently with the maintenance of a sufficient radiation and antenna efficiency.  

The following two subchapters first concerns the problems of low radiation efficiency in case of 
standard dipole-type antennas placed closely above the metallic plane and patch-type antennas with 
relative height of the substrate smaller then approx. 0.01λ0. Original very low-profile solutions using 
multiple-element dipole, and the novel dual-element shorted-patch antennas for maintenance of sufficient 
radiation efficiency and tuning capability for required complex input impedance are presented. All these 
solutions exhibit polarization of radiated electromagnetic wave parallel with the screening plane. 

1.1 Dipole-type antennas 
As mentioned above the dipole-type antennas closely spaced above conductive shielding screen; see 

Fig. 1a suffer from low radiation efficiency that may be explained simply by application of the image 
principle. Image current denoted I2 below the conductive plane have the opposite direction in face of the 
source dipole current I1. Dipole input impedance can be expressed as Zin = Z11 + I2/I1Z12; where Z11 is a 
self-impedance of the dipole, Z12 is the mutual impedance of the dipole and its image. Current magnitudes 
may be considered nearly the same (I2 ≈ - I1) for small distances of source and image currents (h/λ0 << 
1/20). For h/λ0 → 0 self and mutual impedances are comparable Z11 ~ Z12, consequently Zin → 0 and 
dominant real part of the input impedance (radiation resistance) Rrad → 0 as well. As a result, the radiation 
and antenna (1) efficiencies significantly decrease for h/λ0 → 0; see Fig. 1c, d.  

 
lossrad

rad
rad RR

R

+
=η , ( )Γradant −⋅= 1ηη                  (1) 

Rloss is a loss resistance of the antenna which is typically very small for good conductors, and Γ is a 
reflection coefficient at the input port. 
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a)  b)  

c)  d)  
Fig. 1 Simulation of a half-wave planar dipole placed above an infinite conductive plane, for details see [13]: 
a) sketch of the arrangement, b) input impedance curves in the Smith chart as a function of relative dipole distance 
over the conductive plane, c), and d) radiation and antenna efficiencies (method of moment simulator IE3D). 

1.1.1 Multi-element folded dipoles 
One of the possible solutions that raise the radiation resistance of a dipole-type antennas operating 

above the close conductive plane is the application of multi-element folded dipoles. These structures may 
provide an extremely low profile (even below the relative height 0.01 λ0) and, at the same time, maintain 
the sufficient radiation efficiency (over 50 %). Nevertheless, the relatively large footprint dimensions 
comparable with the half-wavelength might be limiting factor for certain RFID applications.  

Based on our previous work on multi-element folded dipoles [13] we proposed, designed, and measured 
5-element folded dipole placed on two-layer substrate composed of 2.4 mm thin foam substrate and 
0.09 mm thin GML 1100 woven-glass laminate backed by a conducting plate [14]. The folded dipole 
length is 155 mm, the width is 14 mm, spacing of elements is 0.8 mm, strips width is 2.2 mm. The total 
antenna size including shielding metallic plate is 180 × 36 × 2.5 mm (0.52 × 0.1 × 0.007 λ0@869 MHz). 
The central element has been fed by a chip of the impedance Zchip = 22 - j195 Ω. The real part of complex 
conjugate antenna impedance has been achieved by appropriate number of elements and imaginary part 
by proper tuning of the length over the half wavelength resonance; see Fig. 2b. The measured antenna 
efficiency and gain of this design was between 40 - 50 % (irrespective of whether it is placed in free 
space or enclosed to human body phantom) and 1.3 dBi, respectively. 

  

a) b) c)  

Fig. 2 N-element folded dipole placed closely (h = 1.04 mm; ~ 0.003λ0 @869 MHz) over a perfect conducting plane, 
a) sketch, b) curves of input impedance in a Smith chart, c) simulated antenna efficiency; details in [13]. 
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a)  b)  
Fig. 3 The 5-element folded dipole placed on the foam dielectric shielded by a metallic screen: a) sketch, b) curves of 
input impedance in a Smith chart, c) photograph of a manufactured sample, d) its antenna efficiency. 

1.2 Patch-type antennas 
The employment of the patch-type and PIFA antennas, where a metallic ground plane is an inherent 

part of the antenna structure, represents another possible concept for very low-profile antennas. But, it is 
necessary to take into account the fundamental fact that their radiation efficiency decreases significantly 
[15], when substrate height is lower than approx. 0.01 - 0.02 λ0 (3.5 – 6 mm); see Fig. 4. For wearable 
UHF TAG antennas, such height might be limiting in a certain radiofrequency identification applications. 

 

 
Fig. 4 Radiation efficiency of a patch antenna as a function of relative substrate height, calculated according to [15] 

1.2.1 Foam substrate patch antenna 
A patch antenna [2] for identification of sportsmen, see Fig. 5, was proposed and fabricated on a foam 

dielectric (G3 9568 foam h = 4.8 mm, h/λ0 ~ 0.014) using a conductive fabric. The weight of the antenna 
is approx. equal to 20 g, it is flexible and, it is intended to be easily integrated into the sportsmens’ 
number labels. The ground plane dimensions are 165 × 74 mm, the measured gain of an antenna placed 
on a human body is 5.0 dBi. 
 

a)  b)  
 

Fig. 5. Patch TAG antenna: a) photograph, and b) sketch.  
 

1.2.2 Small dual-loop antenna loaded by a patch array backed by grounded dielectric slab 
Aimed at the development of a badge-sized chest-fixable TAG antenna, the electrically small flatten 

dual-loop antenna placed over a planar array of four sub-wavelength patches printed on a grounded 
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dielectric slab has been designed [16]. The footprint dual-loop size is 70 × 11 mm, the total size including 
the patch array printed on the grounded dielectric layer (1.58 mm, εr  ~ 10) is 105 × 70 × 1.82 mm 
(relative size is 0.3 × 0.2 × 0.005 λ0@869 MHz); see Fig. 6.  

    

a) b)  
Fig. 6 Flat dual-loop antenna closely spaced over a metal-backed patch array with the substrate parameters 
d1 = 0.24 mm, d1/λ0 ~ 0.0007, εr1  ~ 3.05, d2 = 1.58 mm, d2/λ0 ~ 0.0046, εr2  ~ 10): a) photograph, b) sketch. 

 

Comparison of radiation efficiency of the flat single-loop antenna in the free space, above the metallic 
plane, and above the four-element patch array and antenna efficiency of the antenna over patch array is 
demonstrated in Fig. 7. The only drawback is relatively high relative permittivity of the screening patch 
array substrate. 

 

a) b)  

Fig. 7 Comparison of radiation and antenna efficiencies of the proposed dual-loop patch array antenna.   

1.2.3 Slot-coupled dual-element shorted patches 

The above-mentioned drawback of the dual-loop patch array antenna can be eliminated using a low 
permittivity substrate (εr = 3.2, tanδ = 0.002). However, this approach leads to a significantly larger patch 
array size, because the wavelength λg is equal to approx. 220 mm at frequency 869 MHz. The reduction 
of the screening four-element patches structure to the two-element structure is the first miniaturization 
step that does not result in the decrease in the radiation efficiency. The patch array length can be further 
reduced by the realization of the patches acting as a quarter-wavelength resonators, whose outer edge is 
conductively connected with the screening metallic plane; see Fig 8 and [17].  

A planar meanderly folded dipole etched on the superstrate layer is used as an excitation element, 
whose length is used in order to tune the input impedance so that it is the complex conjugate to the chip 
impedance value. The total size of the dual-layer antenna [17] equals 95 × 60 × 1 mm (relative size is 
equal to 0.28 × 0.17 × 0.003 λ0@869 MHz). The dipole dimensions follow: la = 28.5 mm, lb = 23.5 mm 
and wa = 8 mm. 
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a)   b) c)  
Fig. 8 Coupled two-element shorted-patch excited by a folded dipole: a) photograph, b) sketch, and c) tuning of the 
impedance curve by change of the dipole length in a Smith chart. 
 

The removal of the upper substrate represents another possibility how to simplify the structure of the 
antenna. The shorted two-element patch structure can be excited directly by the chip, inserted into the 
slot situated between the inner patch edges; see Fig. 9 and [17]. Unfortunately, this structure does not 
involve the capability of impedance tuning. By the insertion of two slots (as reactive elements that are, 
from both sides, symmetrically close to the inner slot), by setting of its distance, length and width the 
impedance matching can be achieved. The total size of the directly excited two-element shorted patch 
antenna is 100 × 60 × 0.76 mm (relative size is 0.29 × 0.17 × 0.0022 λ0@869 MHz). The dimensions of 
the impedance slots follow: ls = 40 mm, ws = 6 mm and p = 3 mm. The antenna is, again, realized on the 
low-permittivity substrate εr = 3.2. Fig. 9c depicts the parametric dependence of the complex Zin on the 
distance p (i.e. the distance between the impedance slot and the radiating slot). SMD capacitors act as a 
galvanic separation for used chip. It is evident that both, the magnitude and phase of Zin can be easily 
tuned. 

a) b) c)  
Fig. 9 Coupled two-element shorted-patch with tuning slots with direct excitation: a) photograph, b) sketch, 
c) parametric dependence of magnitude and phase of antenna input impedance on the distance p. 

 
The simulation and measurement of the antenna efficiencies of both antennas are depicted Fig. 10.  

 
   a)                      b)   
Fig. 10 Antenna efficiencies of coupled dual-patch antennas a) dipole excited, b) directly excited with tuning slots 
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Performance properties of proposed antennas and comparison with selected commercially available 
antennas are summarized in Table 1; see also [3]. Note that proposed antennas yield the advantage of the 
design for narrow European UHF RFID band (865 – 869 MHz).    
 

Antenna 
Size 
(mm) 

Relative size 
(λ0) 

εr 

(-) 
m 
(g) 

ηant 
(%) 

dmax 

(m) 

Foam substrate patch 165 × 74 × 5.0 0.48 × 0.21 × 0.014 ~1.3 20 911)/552)  
5-arm dipole 180 × 36 × 2.5 0.52 × 0.1 × 0.007 1.3 9 491)/412) 7.6 
Dual-loop patch array 105 × 70 × 1.82 0.3 × 0.2 × 0.005 10 38 331)/392) 4.8 
Dipole excited 95 × 60 × 1.0 0.28 × 0.17 × 0.003 3.2 14 471)/642) 3.9 
Directly excited 100 × 60 × 0.76 0.29 × 0.17 × 0.002 3.2 10 521)/602) 5.4 
WF-SM-12 125 × 78.1 × 9.38 0.37 × 0.23 × 0.028  -  1.2 
WF-SM-25 150 × 6.25 × 6.25 0.3 × 0.092 × 0.009  -  2.7 
WF-SM-40 103 × 31.2 × 3.1 0.3 × 0.092 × 0.009  -  1.2 
UHF metal tag-01 55 × 20 × 2.0 0.16 × 0.06 × 0.0059  -  3.0 
UHF metal tag-06 150 × 18 × 2.0 0.44 × 0.053 × 0.0059  -  3.0 

Tab. 1 Comparison of parameters and read distance (Pt = 1W, Greader ~8 dBi) of proposed and selected commercially 
available TAG antennas for metallic surfaces operating in European UHF RFID band [3]. 1) Free space, 2) agar. 

 

2 Optimization and performance evaluation of RFID system for identification of people 
As it has been already mentioned, in order to identify people parameters of RFID system have to be 

optimized or tuned [2], [3]. The optimization should be particularly focused on: 
•   The selection of a suitable operating frequency and RFID system (reader, TAG chips). Low 

sensitivities PrTAGmin and PrREADERmin of TAG chip and reader are beneficial. 
• The selection and implementation of a suitable propagation model, power budget calculations. 
• The choice or design of suitable reader antennas, optimization of their positioning and tilt with 

respect to the identification area to maximize power margin. 
• The choice or design of suitable TAG antennas. The most important features are immunity 

against the influence of the human body, small dimensions, low profile and weight. 
• Evaluation of the propagation model and power margin by measurement, evaluation of possible 

random influences (shadowing, tilt), ensuring of required power margin. 
• Practical identification tests of the tuned RFID system. 

2.1 System parameters 
A commercial RFID system operating in UHF band; see Table 2 and [18] were used for the evaluation 

of a read range in corridors and open areas and a reliability of identification of people.  
 

 

Tab. 2 Parameters of UHF RFID system used 
 

System 
components 

Parameter 
Troley Ponder 

(chip Troley Ponder) 

 Operating frequency 869 MHz 

Reader 

Transmitted power (dBm) 24.7 to 36.0 

Receiver sensitivity (dBm) -64 

Reader antenna gain (dBi) 8.0 

Transponder 
(TAG) 

Chip sensitivity (dBm) -6.9 

Chip impedance (meas.) (Ω) 76 - j340 
TAG conversion loss (dB) 20 
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2.2 Propagation models and power budget 
As mentioned already, the performance and reliability of the identification depend upon the reader-

TAG and TAG-reader power budgets. The TAG chip input power PrTAG must be higher that the chip 
sensitivity PrTAGmin, and simultaneously the power PrREADER at the input of the receiver must be higher than 
the reader sensitivity PrREADERmin 

 

rTAGminrTAG PP ≥ ˄ rREADERminrREADER PP ≥            (2) 
 

The power PrTAG in dBm can be expressed as 
 

ftrTAG LLPP −−= ,                    (3) 
 

where Pt is the RF power transmitted by the reader in dBm, L stands for the link loss and Lf represents the 
attenuation of the feeder cable in dB. The peak power of the modulated signal reflected back from the 
TAG and received by the reader receiver PrREADER in dBm can be expressed as 

 

convfrTAGrREADER LLLPP −−−= ,              (4) 
 

where Lconv is the conversion loss of the chip. The maximum read distance dmax can be defined as the 
longest distance d, where conditions (1) are simultaneously fulfilled. In order to evaluate the conditions of 
the identification in different environments, it is necessary to calculate the corresponding link loss L. 

The propagation of an electromagnetic wave from the reader to the TAG in an open area can be 
described by the modified two-ray model, see Fig. 11a and [2]. The model takes two paths of 
electromagnetic waves between the reader and TAG into account; the first is formed by a direct ray, the 
second by a ray reflected from the ground.  The resulting radio link loss can be evaluated by means of the 
following formula 

 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) 




⋅⋅⋅+⋅











−= ⋅⋅−⋅⋅− 21

2
rHtagHrrVrtagV

1
rHagHdrVdtagV

1
R

1

4
log20 rkjrkj

t e
r

GGGGe
r

GGGGL ϑδγβαδγβα
π
λ   (5) 

 

where r1, r2 are the lengths of the direct and reflected rays, GrV(β), GrH(δ) stand for approximated 3D 
angular dependencies of the reader antenna gain in the vertical and horizontal planes, GtagV(α), GtagH(γ) 
represent angular dependencies of the TAG antenna gain in the vertical and horizontal planes, while ( )ϑR  

is a complex reflection coefficient of the ground (εr = 10, σ = 10-2 S/m was considered).  
The phenomena which influence reader-TAG link loss inside buildings are substantially more 

complicated compared to open areas. Since electromagnetic waves interact with many surrounding 
obstacles, multiple reflections and diffractions must be taken into account. Many models and methods can 
be found [19] - [21] which are applicable for calculating the path loss inside buildings. 

In empirical models, approximate mathematical formulas are used to calculate the received power, 
which is proportional to the distance from the transmitter d by the term (1/d)n, where n stands for the 
path-loss exponent which is affected by the geometry as well as the electrical properties of the given 
environment. 

 In open areas, the value of the path-loss exponent is close to n = 2, while in corridors, lower values are 
reported (n = 1.4 in [20]). That is why substantially longer read distances can be expected in corridors 
compared to open areas.  

On the other hand, the deterministic or semi-deterministic models utilizing ray-tracing or ray launching 
methods [21] are based on the geometry of the particular task (see Fig. 11b) and can provide more precise 
results. In order to take into account as many propagation phenomena in corridors with the given 
dimensions and material parameters as possible, the 3D ray-tracing method implemented in the WinProp 
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program [22] was used. Up to six reflections and two diffractions (calculated by uniform theory of 
diffraction - UTD), from brick walls (εr = 4, σ = 0.005 S/m) and a concrete floor and ceiling (εr = 6, 
σ = 0.003 S/m) were considered.  

 

a)   b)  

Fig.11 Configuration of a) a two-ray model: side-view (upper) top-view (bottom) with the following parameters: h1 
height of reader antenna, h2 height of TAG antenna on person’s chest, r1 direct ray trace, r2 reflected ray trace, d2 
ground plane distance between reader and TAG antennas, wg width of identification area, p reader and TAG antenna 
axis offset, b) a six-ray model in a narrow corridor. 

2.3 A novel gain enhanced reader antenna 
In order to enhance the effective radiated power of the TX and RX reader antennas and to concentrate 

the energy at the expected identification area, a special collinear microstrip patch antenna with enhanced 
gain was proposed and developed [23]; see Fig. 12. It provides a wide radiation pattern in the horizontal 
plane and narrower pattern in the vertical plane with a corresponding higher gain (11.7 dBi compared to 
8.0 dBi of the original reader antenna). 

 

a)   b)  c)  
Fig. 12 A reader collinear microstrip patch antenna: a) photograph, b) vector surface current distribution, and c) 

measured radiation patterns. 
 

2.4 Tuning of a tilt of the reader antennas 
The simulation of the effect of a tilt of the reader antenna on the TAG input power PrTAG is depicted in 

Fig. 13; see [2]. The plot indicates that the optimum tilt is ψ = 30º. Higher tilt values result in a steep 
PrTAG decline within the 3 ≤ d ≤ 4 m range, whereas a lower ψ value provides a low TAG input power in 



 

15 
 

the vital region d < 4 m close to the gate, where a smaller influence of the shadowing of TAGs by 
neighboring sportsmen can be expected. The difference between the maximum receiver power on the axis 
(p = 0 m) and off the axis (p = 2.5 m) is about 4 dB. The ψ = 30º tilt was used for both other 
measurements and practical identification tests. 

 

a)   b)  
Fig. 13 Simulation of the TAG input power PrTAG versus distance d for different tilt ψ  of the reader antenna 
(Pt = 35.4 dBm, h1 = 3 m, h2 = 1.3 m) on the axis (p = 0 m) and off the axis (p = 2.5 m) 
 

2.5 Influence of tilt of the TAG antenna  
One possible additional loss can be caused by more or less random tilt of the TAG antenna caused by 

the natural tilt of a human body. It can be especially significant in the case of people running. These 
additional link losses were investigated by means of practical measurements.  Fig. 14 shows the measured 
PrTAG values as a function of the distance d from the gate (on the gate axis p = 0) and tilt ϕ of the person; 
see [2]. The presented data indicates that the tilt ϕ > 0 can result in significant additional loss, especially 
in the ranges d ≤ 2 m and d > 7 m. Nevertheless, in both of these regions, the simulated and measured 
PrTAG values are below the PrTAGmin value even for ϕ = 0 (an erected person), and the identification is 
unlikely to be performed here. And on the contrary, the proper identification can be expected in the 
2 ≤ d ≤ 7 m range, where the influence of the person’s tilt ϕ is relatively small and the additional loss 
caused by the tilt usually does not exceed 3 dB.  
 

 
Fig. 14 Influence of tilt ϕ  of a person on the received TAG power PrTAG (measurement, Pt = 35.4 dBm, h1 = 3 m, 
h2 = 1.3 m, ψ = 30°, p = 0 m). 
 

2.6 Influence of a person shadowing 
If several people gather in a small area in an identification area, it may result in mutual shadowing and 

consequent additional path-loss. In practice, any configuration of people can appear. In order to get at 
least the basic information about this potential signal fading, a set of relatively simple measurements was 
performed. The PrTAG values were measured at all positions but one person was always standing erectly at 
a distance of 1 m in front of a person wearing the measurement antenna. The results of these 
measurements are presented in Fig. 15 and [2]. As expected, the additional shadowing loss is strongly 
dependent on the distance d from the gate. Within the range d ≤ 3 m, the influence of the shadowing is 
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negligible. In the range between 3 ≤ d ≤ 5 m, this shadowing loss is up to 3 dB, for d > 5 m the shadowing 
loss is around 6 dB.  

           
Fig. 15 Influence of shadowing on received signal strength (Pt = 35.4 dBm, h1 = 3 m, h2 = 1.3 m, ψ = 30°, p = 0 m) 

2.7 Power budgets of the optimized RFID system  
The following figures show the PrTAG and PrREADER plots as a function of distance d from the gate and p 

from the gate axis [2]. To see the potential of the “tuning” procedure, the figures include the same 
dependencies measured with a meander dipole antenna fixed on a test person at a distance b = 20 mm 
without a screening metallic plate.  Fig. 16 shows the plot of the simulated and measured TAG input 
power PrTAG at the gate axis p = 0 m. Fig. 17 shows the simulated and measured PrTAG values at the offset 
p = 2.5 m.  Both figures include the corresponding PrTAGmin sensitivity value and compare the results 
obtained from the new RFID patch and the standard meander dipole. With the meander dipole antenna 
used, the PrTAG values are above the PrTAGmin for p = 0 m, but with only 3 dB backup. For p = 2.5 m, PrTAG 

is significantly below PrTAGmin. That is why a non-optimized system can only work close to the gate axis 
and with low identification reliability.  The optimized system show min. 6 dB backup even at the 
p = 2.5 m offset. That is why its identification reliability is 100 % in the entire required identification area 
and even under worst expected conditions; see Table 3.   
 

 
Fig. 16 Simulated and measured TAG input power PrTAG on the reader-TAG trace (Pt = 35.4 dBm, h1 = 3 m, 
h2 = 1.3 m, ψ  = 30°, p = 0 m) 
 

 
Fig. 17 Simulated and measured TAG input power PrTAG on the reader-TAG trace (Pt = 35.4 dBm, h1 = 3 m, 
h2 = 1.3 m, ψ  = 30°, p = 2.5 m) 
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Fig. 18 shows the simulated reader input power PrREADER values with respect to the reader sensitivity 
PrREADERmin. Use of the standard meander dipole antenna leads to unacceptably low PrREADER values, 
especially off-axis. Employment of the RFID patch, optimized for operation on a human body, can 
guarantee high enough power even in this return TAG-reader link. 
 

 
Fig. 18 Simulated input power PrREADER on the TAG-reader trace (Pt = 35.4 dBm, h1 = 3 m, h2 = 1.3 m, ψ  = 30°).  

2.8 Identification of sportsmen 
In order to verify identification reliability of the optimized system, tests simulating real RFID system 

applications were performed [2]. A group of racers moved on an asphalt surface in several different 
formations, see Fig. 19. In the first formation, 7 racers moved in a row, in the second formation 7 racers 
formed a kind of a matrix. Each formation moved with 3 different speeds simulating a walk (approx. 
4 km/h), a fast walk (approx. 8 km/h) and a run (approx. 15 km/h). Each test was repeated 3 times. 
For comparison, tests were performed using both the RFID patch and standard planar dipole TAG 
antennas fixed on thick foam spacer (b = 20 mm). The results of performed tests are presented in Table 4.  
 

 
    a) b) c) 

Fig. 19 Antenna gate dimensions a) and basic formations of racers used for testing of the optimized RFID system in 
b) row, c) matrix 

Configuration 
of racers 

Speed of racers 
Percentage of correct 

identification (%) 

Dipole RFID patch 

row 
walk 66.7 100 

fast walk 52.4 100 
run - 100 

matrix 
p = 2.5 m 

walk 61.7 100 
fast walk 52.4 100 

run - 100 
matrix  

p  = 0 m 
 

walk 85.7 100 

Tab. 4. Reliability of identification of racers in open area obtained with dipole and the RFID patch TAG antennas. 
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2.9 Evaluation of received signal strength and read range in open and indoor areas 
In order to verify and compare the performed simulations in open indoor area, the PrTAG values were 

measured in several test configurations corresponding to typical scenarios in people identification tasks. 
Besides that, values of the maximum read distances dmax were also measured.  The RF generator, the test 
antenna with the same gain as the new TAG antenna and a spectrum analyzer were used for PrTAG 
measurements. The dual-loop patch array TAG antenna with the connected chip and reader were used for 
the dmax measurements. During both measurements, antennas were fixed on a person’s chest in the height 
of 1.25 m, see Fig. 20.  

Measurements were performed in narrow and wide corridors (width of 2 and 4 m, respectively) and in 
an open area in front of the building. The 4 m wide corridor has the following parameters: height of 
3.35 m, length of 29 m, ended by a wall. The parameters of the 2 m wide corridor are: height of 3 m, 
length of 45 m, ended by a glass window. In all the configurations the standard 8 dBi reader antenna was 
fixed at a height of 2.5 m with a tilt of ψ = 30°, the TAG attached on a person’s chest at the height of 
1.25 m. The transmitted power was Pt  = 35.4 dBm. All values were measured both at the axis of the 
identification area and for several off-axis offset p values. 

 

 
 a)  b)             c) 
Fig. 20. Photograph of test configurations: a) a person with a chest-fixed TAG in an open area, b) a person with a 
chest-fixed TAG in a 4 m wide corridor, c) detail of the tag antenna 

 
Fig.21 shows the simulated (2-ray model) and measured PrTAG values as a function of the distance d 

from the reader in an open area. The plots show a very good agreement between the simulated and 
measured values, especially in the most important 2 - 8 m range. The maximum identification distance is 
approx. 9 m on axis, both the PrTAG and PrREADER indicate the difficulties with the reliability of the off-axis 
identification. For practical implementations, the employment of more suitable reader antennas described 
in [23] can be recommended. 

. 

a) b)  

Fig. 21 Simulated and measured received power PrTAG (a) and PrReader (b) versus ground plane distance d from the 
reader antenna in an open area. 
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Figures 22 to 24 show the simulated (ray-tracing) and measured values of PrTAG and PrREADER in 4 m and 
2 m wide corridors. The agreement is acceptable. The majority of differences can be explained by the 
estimated parameters of walls only, their non-homogenities and reflections from the metal door and 
window frames which were not included in the model.  
 

a) b)  

Fig. 22 Simulated and measured received power PrTAG versus ground plane distance from the reader antenna in a 4 m 
wide corridor. (a) Antennas axis offset p = 0 m (b) Antennas axis offset p = 1.8 m.  
 
 

a)  b)  
 

Fig. 23 Simulated and measured received power PrTAG versus ground plane distance from the reader antenna in a 2 m 
wide corridor. (a) Antennas axis offset p = 0 m (b) Antennas axis offset p = 0.8 m. 
 
 

a)  b)  

Fig. 24 Simulated received power PrREADER versus ground plane distance from the reader antenna in 4 m (a) and 2 m 
(b) wide corridors. 
 

 
Nevertheless, it was observed, that these influences had no essential impact on the identification 

distance of the RFID system. The measured dmax values are presented in Table 5.  
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Tab. 5 Prediction and test of the read range of dual-loop patch array transponder in open area and corridors.  
 

2.10  Summary of radio identification of people in UHF band 
A reliable radio identification of people in moderate distances of a few meters should be based on an 

electromagnetic wave propagation mechanism. Due to the acceptable antenna dimensions for wearable 
purposes, UHF or microwave operational frequencies are supposed to be applied. Indeed, at these 
frequencies, the propagation of electromagnetic waves is influenced by several physical phenomena, 
namely by interferences, shadowing or waveguide effects. All of these effects can result in a false or even 
no identification. Besides, the functionality of the transponder antennas can be affected by the presence of 
a nearby human body that is able to detune the definite antenna structures and absorb a substantial part of 
the radiated or received power. Thus, the suitable tag antennas immune against the influence of a nearby 
human body have to be used. In order to guarantee the reliable identification, the whole UHF RFID 
system has to be tuned to ensure the sufficient power margins in both, the reader-TAG and TAG-reader 
signal paths.  

Test 
configuration 

Reader 
and tag 
antenna 

offset (m) 

Read range (m) 

Prediction 
Ident. 
test 

Reader-
tag sim. 

Reader-tag 
meas. 

Tag-reader 
sim. 

dmax 

(m) 

Open area 

0 8.0 7.2 7.2 9 
1 7.7 6.2 7.0 6.5 
2 7.6 4.0 5.0 4 
3 7 *)  - - - 

Corridor  4 m 
0 13.8 13.8 11.0 9 

1.8 13 15.8 8.2 8 

Corridor 2 m 
0 16.4 16.4 15.8 16 

0.8 9.3 9.8 9.0 9 
*) small margin of 0.8 dB over chip sensitivity does not allow the reliable RFID system performance 

Tab. 5 Read ranges of the test configurations in open area and corridors
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