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Introduction 

Antennas for radio communication systems (e.g. radio links, cellular networks, 
WLAN, remote sensing) are designed giving a lot of attention to antenna gain, 
polarization, radiation pattern characteristics (e.g. half power beam width, front to back 
ratio, etc.). All above parameters are defined in the antenna far-field (FF) region, so they 
are suitable to characterize a communication system in which the transmitter and the 
receiver antennas are far enough (i.e. distance bigger than 2D2/λ, where D is the 
maximum antenna size and λ is the free-space wavelength).  

On the other hand, some applications exist that exploit antenna features in its near-
field (NF) region (i.e. distance smaller than 2D2/λ). In this context, NF coupling 
between antennas has been studied since a long time and most researches have been 
focused on coupling effects in antenna arrays, field sensing for near-field antenna 
scanning systems, magnetic coupling between loops operating at LF-HF frequency 
bands.  

Recently the near-field coupling analysis has been applied to specific short-range 
radio systems, as for example NFCs (Near Field Communications), microwave wireless 
power transfer, as well as RFID (Radio Frequency IDentification) systems. In low-
frequency (LF, 125-134 KHz) and high-frequency (HF, 13.56 MHz) RFID systems the 
reader-tag communication occurs through a near-field inductive coupling, and antennas 
are usually made of single/multi turn coils (at both reader and tag side). The inductive 
coupling is robust with respect to environmental effects (metallic or liquid objects in the 
tag proximity). On the other hand, UHF (860-960 MHz) and microwave (2.4 GHz and 
5.8 GHz) RFID systems are characterized by increased reading range, reading rate and 
data rate with respect to LF and HF RFID systems. Tag and reader are usually in the far-
field region of each other and system performance can be evaluated by simple formulas 
derived from the free-space Friis equation. However, UHF and microwave RFID 
systems are sensitive to environmental effects such us line-of-sight obstruction, 
multipath propagation, presence of near objects exhibiting high dielectric permittivity 
and loss.To exploit the potentials of both HF and UHF RFID systems, the Near-Field 
(NF) UHF RFID systems have been investigated. They are expected to combine typical 
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advantages of UHF systems (high reading rate and data rate) with those of HF systems 
(robustness to the environment and multipath). Communication occurs in the antennas 
near-field zone, like in the HF systems, but through an electromagnetic coupling. In 
several UHF RFID applications the NF coupling between reader and tag antennas can 
occur: item-level tagging (ILT) in pharmaceutical and retailing industry, tracking of 
objects moving along conveyor belts, RFID printers/encoders, desktop readers, RFID 
portals of supply-chain or warehouse management.  
In this context, the author designed and tested several antennas for Near-Field UHF-
RFID Desktop Readers, and they are presented and analyzed in Chapter I and Chapter 
II. These antenna solutions are capable to generate a strong and uniform 
electromagnetic field in a confined volume, making the tag detection possible only up to 
few tens of centimeters (near-field region), even in presence of items with different 
material. Such activities have been developed in collaboration with the Yuan-Ze 
University of Taiwan and the C.A.E.N. RFID s.r.l. company. 

Moreover, in the last decade the near-field coupling has been employed in many 
biomedical field, for example to monitor the breathing, heart rate, temperature or blood 
pressure. Wearable sensors have been also designed to sense the dielectric properties of 
the human internal tissues and then to estimate the patient health status (e.g. localize the 
presence of tumors). A specific sensor and an innovative dielectric permittivity 
estimation method have been proposed by the research group at the ElectroScience 
Laboratory, Ohio State University (Columbus, OH, USA), where the author spent six 
months as a Visiting Scholar. During this period, he developed numerical codes aimed 
at estimating the accuracy achievable with the novel estimating method. It is worth 
noting that the operating frequency of such a wearable system was 40MHz, so the 
theoretical analysis had to take into account the sensor performance in the near-field 
region. The main research results are presented in Chapter III. 

The near-field coupling is also an important phenomenon to take into account when 
one or more antennas are integrated in the same communication system. In this case, the 
near-field coupling between antennas has to be limited to avoid interferences and 
overall performance degradation. For example, the author designed antennas for 
GSM/UMTS, WiFi and WiMAX applications systems to be integrated in a photovoltaic 
panel, exploiting the available room between solar cells. The presence of solar cells and 
glass close to the radiating elements has an important effect on the antenna 
performance, and a proper optimization is needed. More details on the design process is 
presented in Chapter IV, together with simulated and measured performance results. 

Finally, the mutual coupling effect is significant in all those communication systems 
in which antennas for different wireless applications are integrated into a single compact 
device. In particular, the author designed antennas to be integrated in a compact 
handheld RFID reader. The two antennas were designed for two separate applications 
(i.e. UHF RFID and WiFi). Since the overall available volume in a handheld reader is 
small, the two radiating elements are very close to each other, and the mutual coupling 
effect can be significant. In Chapter V a detailed analysis of this problem is presented. 
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1 Near-field Antennas for UHF 
RFID desktop readers 

1.1 Introduction 

N accurate analysis of near-field (NF) coupling between antennas is essential to 
improve the performance of a number of short-range wireless applications, such as 

Near-Field Communication (NFC) [1], microwave wireless power transfer [2]-[3], as 
well as Radio Frequency Identification (RFID) [4]. Specifically, tag and reader antenna 
designs are strictly related to each other, in near-field passive RFID systems. There are 
two main near-field RFID classes, which correspond to different operating frequency 
bands: HF (13.56 MHz) and UHF (865-928 MHz). HF RFID systems are short-range 
communication systems based on inductive coupling between the reader antenna and 
the antenna of the data-provider device. The tag is powered up through the interrogation 
magnetic field, so that these systems are not susceptible to the presence of liquids or 
other dielectric and conductive objects in the tag proximity. Since the magnetic field 
amplitude decreases rapidly after a short distance, HF RFID systems can find 
application in Item Level Tagging (ILT) in pharmaceutical and retailing industries. On 
the other hand, UHF RFID systems are often preferred because they are able to transmit 
a larger amount of data in a shorter time, and small and low-cost tags can be used. Thus, 
for those applications where reader antenna and tags are in the near-field region of each 
other, NF UHF RFID systems have been developed; they have the above advantages 
typical of UHF RFID systems [5]-[7], and an improved robustness with respect to the 
effects of metals and liquids nearby the tag.  

A number of solutions for NF UHF RFID reader antennas have been proposed, 
exploiting both the inductive and the capacitive coupling in the near-field region. 
Segmented loop antennas have been proposed to get an almost constant current 
distribution in a physically large loop, where contiguous loop segments are connected 
by lumped [8] or distributed [9]-[12] capacitive elements. However, getting a 50 
Ω impedance matching in the whole UHF RFID band is quite awkward, due to both the 

A
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low radiation resistance and the high reactance typical of loop antennas, and a proper 
matching network is needed [8]-[10]. Array of patches [12]-[13] or slots [14] have also 
been designed for UHF and microwaves (e.g. 2.4 GHz) frequency bands. Above 
mentioned solutions consist of resonating antennas whose size is specified by the 
operating frequency, and consequently they are not easily scalable solutions that can fit 
predetermined detection areas with an arbitrary size. More recently, travelling wave 
antennas (TWAs) have been proposed for NF-UHF RFID systems [15]-[20]. Since their 
length and shape are not strictly related to the operating frequency (non-resonating 
structures), they are able to be changed in size quite easily. Then, a printed TWA can 
represent a low-cost, scalable, wideband, and low-profile solution, which allows for an 
undemanding shaping of the electromagnetic field in a confined volume nearby the 
antenna surface. Specifically, since the tag may be located at an arbitrary location over 
the antenna surface, with any orientation too, an as homogeneous as possible amplitude 
distribution for all filed components is required to avoid tag reading failures (low 
detection rate over the antenna surface). In this context, microstrip line technology has 
been often applied [15]-[19]. Parallel straight microstrip lines have been proposed for 
smart-shelf applications [15], while trying to improve the distribution of a specific H-
field component parallel to the antenna surface. In [16]-[17], a single straight microstrip 
line has been presented for a NF UHF RFID reader (865-928 MHz), and a modified 
version with slight meanders has also been proposed for conveyor belt applications. 
Coupled meander microstrip lines and two spiral-shape parallel transmission lines have 
been presented in [18] and [19], respectively. A straight coplanar stripline (CPS) is 
proposed in [20]-[21], where the antenna is composed by several elements (a grounded 
CPW input line, a coplanar stripline, a lumped balun, multiple resistors and a finite-size 
ground plane). Such an antenna has been optimized to maximize the magnetic field 
component perpendicular to the antenna surface, in order to detect loop-like tags placed 
right on it. 

In this Chapter, a new reader antenna suitable for NF-UHF RFID applications is 
proposed, with reference to a desktop reader application. In particular, a TWA realized 
with CPW technology has been designed [22]. With respect to microstrip technology, 
the CPW technology allows to generate field force-lines concentrated above the antenna 
surface rather than inside the dielectric substrate. In order to obtain a homogeneous field 
distribution above the antenna surface, a meander geometry has been adopted, also for 
making the reader performance more independent on tag orientation. Furthermore, an 
array of meandered TWAs has been also designed, getting a confined and uniform field 
distribution close to the antenna (up to few centimeters), where tagged items are 
supposed to lie on. In particular, the presence of 2×2 radiating elements allows 
maximizing both electric and magnetic fields within a confined volume above the reader 
antenna surface (10 cm), reducing the false positives issue in the item level tagging 
applications (e.g. smart point readers).  

 

1.2 Antenna Design and Performance 

An NF UHF-RFID reader antenna operating in the 865-928 MHz frequency band has 
been designed. Such an antenna has been thought to be able to confine the 
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electromagnetic field in the antenna near-field region with low far-field radiation, in 
order to detect tags at a range up to around 10 cm from the antenna surface, with no-
coupling with other tags external to the detection volume (cross readings). A printed 
TWA has been adopted, since it also represents a low-cost, wideband, and scalable 
solution. After a preliminary qualitative comparison analysis, a CPW technology has 
been preferred to microstrip TWAs [15]-[19]. Indeed, in a microstrip line the field-force 
lines are such that the region with the strongest electromagnetic field intensity is 
concentrated inside the dielectric substrate, between the printed line and the ground 
plane (Fig. 1.1a). Conversely, using a CPW it is possible to increase field intensity 
outside the dielectric, because a strong electromagnetic field is generated into the two 
slots between the internal conductor and the lateral ground planes (Fig. 1.1b). Thus, the 
electromagnetic field above a CPW line is expected to be stronger than the field above a 
microstrip line, at the same operative feeding conditions, and this can improve the 
antenna performance in near-field applications. 

 

 
    (a)    (b) 

Fig. 1.1 - Electric field force-lines of (a) a microstrip line and (b) a CPW. 

 
In a printed transmission line, the power concentration ratio is defined as the ratio 

between the power flowing through the dielectric laminate and that one travelling 
through the whole transmission line section. In [23], it is shown that such ratio is lower 
for CPWs with higher characteristic impedance (Z0). Then, instead of using a 
conventional 50Ω CPW can be convenient using such a degree of freedom to increase 
field amplitude  above the antenna surface. On the other hand, the CPW characteristic 
impedance is strictly related to the distance between the internal conductor and the 
ground planes. Specifically, for a given internal conductor width, the greater the slot 
width, the higher is Z0. Then a CPW characteristic impedance higher than 50Ω also 
allows to fill with a strong field a larger physical area (Fig. 1.2b). 

The antenna size has been set to 275 × 135 mm2, in order to test it inside an existing 
RFID reader case. Nevertheless, the proposed layout is easily scalable to almost any 
arbitrary size, since TWAs length and shape are not strictly related to the operating 
frequency. In Fig. 1.2, the antenna layout is depicted and its main geometrical 
parameters are listed in Table I. The antenna is made of a meander CPW divided into a 
forward branch and a backward branch (it is named as Snake Antenna in the following). 
The meander layout has been adopted to get an electromagnetic field distribution as 
uniform as possible above the antenna surface. The CPW line has been realized on a 
0.73mm-thick FR4 substrate and ends on a matched load, to avoid a standing wave 
(non-uniform) field pattern on the antenna surface. A metallic reflector has also been 
added (Fig. 1.2b) in order to make the reader performance quite independent from the 
material properties of the desk supporting the antenna. Antenna design has been 
performed by using the commercial tool CST Microwave Studio®. 
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     (a)      (b) 

Fig. 1.2- Snake Antenna layout and its main geometrical parameters: (a) top view and (b) stackup. 
 

TABLE I 
ANTENNA SIZE (mm) 

SNAKE ANTENNA 

A B C D G M N H S W 

11 29 49 7 17 275 135 10 4.6 2 

 
 
In the Snake Antenna design, a 150Ω CPW line (S=4.6 mm, W=2 mm) has been 

chosen. This characteristic impedance value comes out from a trade-off between the 
electromagnetic field intensity required near the antenna surface and the maximum 
width allowed for the meander line (A) by the space constraints. A quarter-wavelength 
impedance transformer is needed to match the CPW line to the required 50 Ω input 
impedance (actually, two quarter-wavelength impedance transformers have been used, 
as during the measurement phase the matched load has been replaced by an SMA 
connector in order to measure the power absorbed by the matched load, namely to allow 
for S12 measurements). Moreover, a minimum distance between two adjacent meanders 
(D) was guaranteed in order to limit mutual coupling effects that complicate achieving a 
wideband impedance matching. It is worth noting that the need for a matched load is 
twofold: it allows to realize a TWA (with no stationary wave field distribution on the 
antenna surface) and also reduces the antenna efficiency (namely, it reduces far-field 
antenna gain, which is mandatory to avoid tag cross readings outside the reader 
detection volume). The simulated antenna gain is less than -13 dBi in the whole UHF 
RFID band. 

The meanders number has been set in order to fully cover the tag detection area, 
keeping constant the distance (D) among them, along both the x-axis and the y-axis. The 
overall CPW line length results longer than 10 λg (λg being the CPW guided 
wavelength). The length of a couple of meanders corresponds to around one CPW 
guided wavelength (as apparent in Fig. 1.3 where simulated results for the surface 
current are shown for a particular phase value, at 900MHz).  
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Fig. 1.3. - Simulated surface current intensity on the CPW line, at a particular phase value, at 900MHz. 

 

 
Fig. 1.4. - Simulated surface current verse in the CPW internal conductor, at a particular phase value, at 
900MHz. It should be noted that along the y-axis the currents verse in the forward and backward branch are 
in-phase, so improving the generated electromagnetic field above the antenna surface. 

 
Above design criteria combined with a proper optimization of the parameter G (Fig. 

1.2a), allowed us to obtain in-phase currents in the forward and backward branches of 
the antenna (Fig. 1.4), so avoiding deep minima in the field distribution on the antenna 
surface. It is also worth noting that the discontinuities introduced by the meanders also 
contribute to increase near-field radiation [23]. 

To limit the antenna thickness, in agreement with typical aesthetic specifications for 
desktop readers, the metallic reflector is placed at a distance of only 10 mm from the 
FR4 laminate (Fig. 1.2b). It has been verified that the presence of such a metallic 
reflector does not complicate impedance matching, even if it is very close to the CPW 
line (less than around λ0/30, λ0 being the free-space wavelength). Since the proposed 
antenna is a non-resonating structure, it is robust to the presence of the reflector plane as 
well as to the dielectric and mechanical tolerances, which are attractive features for a 
simple and cheap production process. 

In the HF band, most of the tags are loop-like tags that require a magnetic coupling 
mechanism. On the other hand, in the NF UHF-RFID systems both electric and 
magnetic coupling are important, since both dipole-like and loop-like tags may be used. 
Since at UHF band it is expected that the homogeneity of the electric field also implies 
the homogeneity of the magnetic field, simulation results only for the magnetic field 
behavior are considered in the following. The simulated magnetic field normalized 
distributions on transverse planes are shown in Fig. 1.5.  
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Fig. 1.5. - Simulated normalized H-field intensity (dB) on three planes perpendicular to the Snake Antenna 
surface  and  parallel to the xz-plane: (a) y=0, in the middle of the antenna, (b) y=34 mm, in the middle of the 
meander forward branch, and (c) y=68 mm, at the antenna border (all plots are normalized to the maximum 
value among them). 

 
In particular, three different planes have been considered: y=0 mm (in the middle of 

the antenna), y=34 mm (in the middle of the meander forward branch) and y=68 mm (at 
the antenna border). It is apparent that the H-field is concentrated in the region above 
the antenna. 

In order to evaluate the magnetic field homogeneity, each single H-field component 
has been calculated on a 275 × 135 mm2 plane, at a distance of 1 cm from the reader 
antenna surface (Fig. 1.6), at 900MHz. All plots are normalized to the maximum of the 
H-field total amplitude. The Hz intensity, which is stronger close to the meanders, is the 
dominant magnetic field component, and this allows for reliable loop-like tag detection, 
when the tag is parallel to the reader antenna surface. Furthermore, thanks to meandered 
design, both Hx and Hy are excited. Since the meander segments  along the y-axis are 
longer than those along the x-axis, the Hx intensity is stronger than the Hy intensity, on 
average. 
  



 

 
Andrea Michel 

Near-field Antennas for UHF RFID Desktop Readers 

 

19 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 1.6. - Simulated normalized H-field components (dB) on a xy-plane (275 × 135 mm2)  at a distance of 
1 cm from the Snake Antenna surface: (a) Hx, (b) Hy and (c) Hz. Magnetic field data have been obtained at 
900MHz. 
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1.3 Measurements 

A prototype of the proposed Snake Antenna has been realized (Fig. 1.7) and 
characterized. The meandered CPW line has been etched on a 0.73mm-thick FR4 
substrate.  

 

  
Fig. 1.7. - Snake Antenna prototype. 

 
The Snake Antenna reflection coefficient has been measured and it is shown in 

Fig.1.8. In the European (865-868 MHz) and American (902-928 MHz) UHF RFID 
bands the reflection coefficient is lower than -15dB. Measurement results in the 
700MHz-1GHz frequency band illustrate that the considered antenna typology 
(travelling wave antenna) allows for a quite good impedance matching, as expected. 
Wideband performance are only mainly limited by the presence of the quarter-
wavelength impedance transformer, and the coupling effects between adjacent CPW 
lines (the latter can be controlled through the geometrical parameter D). The measured 
S12 parameter is around -6dB in the operating frequency band. 

 

  
Fig.1.8. - Measured reflection coefficient of the Snake Antenna (CPW meander line ending on a soldered 50-

Ω load), with a (275 × 135 mm2) reflector plane at a distance of 10 mm from the FR4 substrate. 
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The performance of the proposed Snake Antenna has been tested with a commercial 
compact UHF RFID reader (CAEN R1260I Slate) designed for slim desktop readers. 
Measurements of tag detection range have been carried out, by varying tag orientation, 
position and distance with respect to the antenna surface. The measurement setup is 
shown in Fig. 1.9. Two different tags have been used: the Inlay UH113, LAB ID 
(18 × 32 mm2, oriented to near-field applications) [24], and the ALN 9640 Squiggle 
Inlay, Alien Technology (94.8 × 8.15 mm2, optimized for far-field applications) [25].  

The US RFID band (902-928 MHz) has been considered, and the reader output power 
has been set to 23 dBm. The antenna surface (275 × 135 mm2) has been subdivided into 
4×9 square cells (30 × 30 mm2). The detection test has been repeated in each cell, for 
both tags, by varying the distance of the tag from the Snake Antenna surface. As an 
example, the results of the detection tests are shown in Fig. 1.10 and Fig. 1.11, for the 
short-range and the long-range tag, respectively, for two different tag orientations.   

 
 

 
Fig. 1.9. - Measurement setup for the tag detection tests. 

 
It results that the short-range tag can be detected beyond 12 cm for one specific 

orientation (Fig. 1.10). The long-range tag is gradually undetected above the antenna 
edge close to the feeding port, and it is undetected beyond a distance of 70 cm (Fig. 
1.11).  
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      (a)     (b) 

Fig. 1.10. - Detection tests by varying the distance of the tag from the antenna surface, when the short-range 
tag (Inlay UH113, Lab-ID) is aligned to the (a) x-axis and the (b) z-axis. Tests have been carried out by 
setting the reader input power equal to 23 dBm. The tag drawing scale is the same as for the reader antenna.  

 

 
(a)     (b) 

Fig. 1.11. - Detection tests by varying the distance of the tag from the antenna surface, when the long-range 
tag (ALN 9640 Squiggle Inlay, Alien Technology) is aligned to the (a) y-axis and the (b) x-axis. Tests have 
been carried out by setting the reader input power equal to 23 dBm. The tag drawing scale is the same as for 
the reader antenna. 
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By varying the distance from the antenna surface and the tag orientation, a large 
number of tests have been carried out to get an estimation of the percentage of the 
whole antenna surface where the tags can be successfully detected. Results are 
summarized in Fig. 1.12. 

 

 
Fig. 1.12. - Percentage of the whole antenna area (275 × 135 mm2) where the tags can be successfully 
detected; repeated tests have been performed by varying tag position and orientation. 

 
 

When fed with a reader output power of 23dBm, the proposed Snake Antenna is able 
to detect the short-range and the long-range tag up to 10 cm and 50 cm away from the 
antenna surface, respectively, in more than 50% of the whole antenna surface. 

It is apparent that the quite large extension of the reading range for the ALN 9640 
Squiggle Inlay is mainly due to its long-range feature; on the other hand, this reading 
range is expected to reduce in real scenarios where a number of tagged items are usually 
stacked up and all processed at once. Indeed, tag detection rate is affected by the 
material properties of the items the tags are attached to, as well as by tag mutual 
coupling. Thus, a further detection test has been carried out to validate the antenna 
performance in presence of a number of stacked tags. In particular, 16 long-range tags 
(Inlay UH414, LAB ID) [24] have been placed one above the other and separated 
through blocks of Styrofoam, with the same relative orientation with respect to the 
antenna borders (Fig. 1.13).  
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Fig. 1.13. - Measurement setup for the detection test of 16 stacked tags up to 20 cm. The reader input power 
has been set to 23 dBm (200 mW). The tags are separated through blocks of Styrofoam. 

 
 
The first tag was placed directly on the antenna case. The second tag was placed at a 

distance of 10 mm from the first one. From the 2nd to the 11th tag, the spacing between 
each couple was equal to 15 mm, meanwhile from the 11th to the 16th the distance was 
equal to 10 mm, for an overall height of 20 cm. Such a non-uniform distance 
distribution between the tags has been chosen to increase the tests number beyond 
10 cm, where the tag readability was supposed to be very low. The reader input power 
was set to 23 dBm. Two different stack orientations have been considered (Fig. 1.14). 

 

 
Fig. 1.14. - Two considered orientations of the 16 stacked tags with respect to the antenna surface. 

 
Moreover, the 16-tags stack has been continuously and randomly moved above the 

whole antenna surface, for both orientations, to obtain an average detection 
performance. Thus, the readings number for each tag has been recorded, by considering 
a reading time interval of 30 sec, and it is shown in Fig. 1.15, for both the European 
(865-868 MHz) and  American (902-928 MHz) frequency bands. As expected, the read 
range is affected by the presence of multiple tags, and the considered long-range tag 
detection is substantially confined up to about 11 cm. 

 



 

 
Andrea Michel 

Near-field Antennas for UHF RFID Desktop Readers 

 

25 
 

 
(a) 

 
(b) 

Fig. 1.15. - Detection tests for a stack of 16 tags (Inlay UH414, LAB ID) while the stack is continuously 
moved on the antenna surface, for a reading interval of 30sec. The test has been carried out by setting the 
reader input power equal to 23 dBm. The lower tag is right on the antenna cover (distance equal to 0mm), 
while the most far tag is at an height of around 19 mm from the antenna surface. 

 
 

1.4 Meandered TWAs array 

As an extension of the single line meandered line, an array has been designed and 
fabricated. Specifically, it is composed of 2×2 meandered CPW lines, printed on a 1.53 
mm-thick FR-4 substrate (Fig. 1.16). Each of them ends on a matched load at the center 
of the antenna surface; thus, a travelling wave (not stationary) is excited. Since such 
loads introduce losses, a low far-field gain is reached (simulated maximum gain is about 
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-14 dB), so limiting far-field interferences and the problem of false positives readings. 
Moreover, when CPW technology is adopted, the higher the line characteristic 
impedance, the higher the field generated above the antenna, and the wider the CPW 
line. This suggests to use a relatively high characteristic impedance to maximize the 
antenna near-field. In the proposed antenna, the line characteristic impedance is equal to 
130 Ω, whose width C represents a trade-off between the available space on the antenna 
surface and the TWA field intensity. Anyway, two λ/4 transformers have been properly 
introduced to match the input impedance (equal to 50 Ω). In order to compensate the 
180°-rotation of the right branch with respect to the left one, the length difference of the 
two feeding lines reaching each branch has been set to λg/4 (with λg the guided 
wavelength within the substrate). Thus, an overall broadside far-field radiation has been 
obtained. As in [22], the meandered lines are such that the fields components along the 
three main directions are excited (x, y, and z in Fig. 1.16); in the proposed novel antenna 
solution some meanders are also oblique with respect to the antenna edges (Fig. 1.16), 
making the tag readability more independent to the particular tag position and 
orientation. 

 

 
a    b 

Fig. 1.16 - Antenna prototype: (a) top view and (b) bottom view. The main geometrical parameters are: 
A=45 mm, B=29 mm, C=10.6 mm, M=275 mm, N=136 mm. 

 
A particular attention in the design of this kind of array is needed to maintain the 

two TWA ground planes at the same potential, in order to avoid the excitation of CPW 
modes generating unforeseen field distributions. Thus, each of the four meandered CPW 
lines is connected through a transition (Fig. 1.16) to a microstrip feeding line realized in 
the bottom FR-4 substrate. A detailed description of the microstrip to CPW transition 
can be found in [26]. Furthermore, since the reader antenna performance could be 
affected by the particular desk material, a 275 × 135 mm2 reflector plane (not 
electrically connected to the antenna) has been placed very close to the bottom of the 
antenna substrate (about 10 mm of distance). The measured antenna reflection 
coefficient is shown in Fig. 1.17, and it is below -14 dB in the entire UHF RFID band. 
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Fig. 1.17 - Measured reflection coefficient of the proposed TWAs array. 

 
In Fig. 1.18 the simulated electric and magnetic field normalized distributions at the 

frequency of 900 MHz are shown, considering an XY-plane parallel to the antennas 
surface at a distance of 100 mm. As comparison, the simulated field distributions of the 
single-line Snake Antenna [22] are reported. The distributions are normalized to the 
electric and magnetic field maximum values between the two antennas. It is worth 
noting that, thanks to the TWAs array configuration, the generated fields have been 
shaped to obtain the field uniformity in correspondence of the central area of the 
antenna. 

In order to evaluate the performance in a real scenario, the proposed antenna has been 
integrated into a commercial desktop reader and read range tests have been carried out. 
In this test, the UH414 (Lab-ID) tag has been chosen, and the antenna surface (275 × 
135 mm2) has been subdivided into 4×9 square cells. The detection tests have been 
repeated in each cell by varying the distance of the tag from the antenna surface, setting 
an input power to 23 dBm. In Fig. 1.19 the results are shown for two orthogonal 
orientations of the tag. Since the meandered lines cover almost the entire available area 
(275 × 135 mm2), the tag is read in any location and orientation when it lies directly 
above the antenna surface. By increasing the tag distance from the antenna surface, the 
UH414 tag has been mainly detected in the central area of the TWAs array, as expected 
from the simulated field distributions. Moreover, the tag detection is only slightly 
dependent on the particular orientation. Finally, such tag detection tests show that the 
read range is limited up to 10 cm, so avoiding false positives readings in the desired 
detection volume. 
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a 

 
B 

Fig. 1.18 - Normalized electric and magnetic field distributions on an XY-plane parallel to the antenna surface 
at a distance of 100 mm (f0=900 MHz): (a) Snake Antenna and (b) TWAs Array. The dashed line represents 
the antenna boundary (275 × 135 mm2). 

 

 
Fig. 1.19 - Tag detection test for the UH414 tag, by varying the distance, the position and the orientation 

with respect to the antenna surface. The input power has been set to 23 dBm. 
 



 

 
Andrea Michel 

Near-field Antennas for UHF RFID Desktop Readers 

 

29 
 

1.5 Conclusions 

A novel low-profile, low-cost, scalable, wideband travelling wave antenna based on 
the coplanar waveguide technology has been designed for NF UHF-RFID systems (865-
928 MHz). A meander TWA layout has been adopted to obtain an almost homogeneous 
field distribution (no deep minima) for all field components above the antenna surface, 
so reducing the effect of tag position/orientation on the detection rate performance. A 
planar metallic reflector has been added in order to make the antenna independent to the 
particular supporting plane material. A low antenna gain (required to avoid cross 
readings outside the confined and predetermined detection volume above the antenna 
surface) is given by the losses in the matched load connected to one antenna end, which 
also avoids a standing pattern for the surface current on the antenna. 

A number of antenna parameters (e.g. meanders number and size, CPW line 
characteristic impedance, distance between two adjacent lines, CPW line profile) are 
available to the antenna designer to easily control the antenna far-field gain and 
impedance matching, and to match detection volume to the required size specifications 
(design criteria have been explicitly discussed all through the paper). Above feature 
makes the proposed antenna suitable for several NF UHF-RFID applications, other than 
RFID desktop readers, as for example for access control gates, smart shelves/tables and 
any other UHF-RFID-based system requiring a confined and properly shaped tag 
detection volume. 

An antenna prototype has been used with a commercial reader to test system 
performance in terms of reading range, by considering both short- and long-range 
commercial tags. When fed with a reader output power of 23 dBm, the proposed Snake 
Antenna is able to detect the short-range and the long-range tag up to 10 cm and 50 cm, 
respectively, in more than 50% of the whole antenna surface. Moreover, such an 
antenna is able to detect tags up to 11 cm when they are stacked above the antenna 
cover. 

Moreover, an array of travelling wave antennas based on the CPW technology has 
been also proposed for NF-UHF RFID desktop reader applications. The presence of 2×2 
radiating elements allows to obtain a field distribution uniform above the antenna and 
maximized in the broadside direction. Tag detection tests demonstrate that such an array 
configuration allows for the detection of tags placed in the antenna central area, up to 10 
cm from the antenna surface, satisfying typical system requirements for NF-RFID 
applications (e.g. smart point readers, smart drawers, smart shelves).  
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2 A Multifunctional Modular 
Antenna for Near-Field UHF 
RFID Readers 

2.1 Introduction 

The antenna near-field (NF) features have been applied in different contexts: short-
range radio systems (Near Field Communications [27], microwave wireless power 
transfer [28], Radio Frequency IDentification (RFID) systems [5],[7]. In such a 
framework, NF UHF RFID systems for item level tagging applications have been 
developed, with the advantages of higher reading and data rates, and smaller tag 
antennas, with respect to HF RFID systems.  

Near-field antennas are employed in different UHF RFID applications such as 
desktop readers, smart shelves, smart drawers, smart point readers, RFID portals. The 
purpose of a NF UHF RFID system is to guarantee the tag detection only within a 
confined volume, preventing the false-positives issue [29]. Inside the specified volume, 
the reader antenna has to radiate an as homogeneous as possible amplitude distribution 
for all field components, since the tag may be located in an arbitrary location, with any 
orientation too. Segmented loop antennas have been proposed to get an almost constant 
current distribution in a physically large loop, where contiguous loop segments are 
connected by lumped [8] or distributed [9],[30],[31] capacitive elements. Moreover, a 
reader antenna based on double-sided parallel-strip line (DSPSL) is presented in [32]. 
However, getting a 50 Ω impedance matching in the whole UHF RFID band is quite 
awkward for these loop-like configurations, due to both the low radiation resistance and 
the high reactance typical of loop antennas. Then, a proper matching network is needed 
[8], [9], [30],[31]. Fractal antennas [33] and array of printed metal strips [34], patches 
[12],[13] or slots [14] have also been designed, for UHF and high UHF (e.g. 2.4 GHz) 
frequency bands. 

Above mentioned solutions consist of resonating antennas whose size is specified by 
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the operating frequency, thus they do not represent a scalable solution for those 
applications requiring an antenna of specific size, as for example in desktop readers or 
RFID-based smart shelves. In such a framework, travelling wave antennas (TWAs) 
have been recently proposed for NF UHF RFID systems 
[15],[16],[18][19][20][21][22][36], since their length and shape are not strictly related 
to the operating frequency (non-resonating structures). A printed TWA can represent a 
low-cost, scalable, wideband, and low-profile solution, which allows for an easy 
shaping of the electromagnetic field in a confined volume nearby to the antenna surface. 
Furthermore they are able to create a strong and uniform field distribution just above the 
antenna surface, where the tag is supposed to lie on and the impedance matching can be 
easily obtained in the whole UHF RFID band. Different technologies have been 
employed to realize TWAs: microstrip line technology with several layouts (single 
straight line [15], slight meandered line [16], coupled meandered line [18] or two spiral-
shape lines [19]), CoPlanar Stripline (CPS) technology [20],[21] or CoPlanar 
Waveguide (CPW) technology [22],[36]. In most of the afore-described TWA-based 
layouts, a good tag readability is obtained when the tag lies right on the antenna surface. 
However, the achievable read range is usually limited to a few centimeters, depending 
on the tag employed for the tests. For the smart shelf antenna in [15], a good tag 
readability is obtained on the whole antenna surface (747 mm×176 mm) up to a distance 
of around 3 cm, when using a NF button tag with a 30 dBm reader output power. 
Similar performance is obtained for the smart shelf antenna in [20] and the desktop 
reader antenna in [21], where the reading distance reaches 7 cm in the antenna central 
area. Better results are obtained with the desktop reader antenna (150 mm×150 mm) 
in[19], which guarantees a reading distance up to 35 cm with an input power of only 
20 dBm. As described in [22], a reading distance of around 55 cm can be reached on 
60% of the desktop reader surface (275 mm×135 mm) with 23 dBm input power (the 
long range tag Alien ALN 9640 was used). In [16], three Alien ALN 9640 tags can be 
simultaneously read up to 15-20 cm from the desktop reader surface 
(275 mm × 220 mm) for 30 dBm input power. 

In real-world applications, tag detection must be effective also for tagged items 
stacked on the reader surface, in a pile or in bulk. Then, it is mandatory to reduce the 
rate of the field amplitude spatial decay along the direction perpendicular to the reader 
surface, as well as along directions parallel to the reader surface (when moving from the 
antenna center to the borders). A TWA structure is effective to get a homogeneous and 
strong field right on the antenna surface, but the field amplitude decays rapidly away 
from the antenna surface. To extend tag readability up to a few decimeters from the 
antenna surface, a modular antenna concept has been proposed by the authors in [37]. 
The modular antenna comprises a TWA and a low-gain resonating antenna, which are 
combined to meet specific requirements on the spatial decay rate and amplitude of the 
radiated field, in the reactive and radiative near-field regions [6]. 

In this Chapter, a specific layout implementing the modular antenna concept firstly 
presented in [37] is selected, and a desktop reader antenna for the FCC UHF RFID band 
is designed and characterized at system level. A spiral-shaped microstrip line is series-
connected to a low-gain array of two miniaturized patches, to get an as homogenous as 
possible field distribution up to a distance of 60 cm from the antenna surface. Besides, 
by simply adding a switch, the spiral microstrip line can be either connected to the array 
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or ended on a matched load to implement a conventional TWA. The latter configuration 
ensures a strong and uniform field distribution in a small volume just above the antenna 
surface, which is high desirable for tag writing operations or single-tag readings. 

The Chapter is organized as follows. The modular antenna operating principle is 
summarized in Paragraph 2.2. Then, the proposed antenna layout is described in 
Paragraph 2.3, together with some simulation results. Measured antenna performance in 
terms of RSSI (Receive Signal Strength Indicator) distributions on the desktop reader 
surface is shown in Paragraph 2.4. Reading tests for stacked tags and writing tests are 
also shown. 

 
 

2.2 Multifunctional Modular Antenna: Operating Principle 

The main operating characteristics of a NF UHF RFID antenna for desktop readers 
can be summarized as follows: 
a) VSWR less than 1:1.5 to limit the power reflected toward the reader RF front-end; 
b) low far-field gain to limit false positives (unintended detection of tags that are 
located outside the specified detection volume); 
c) electric and magnetic fields as uniform and high as possible on the antenna surface, 
to allow successful reading/writing operations, independently on the tag location above 
the reader antenna surface; 
d) low field amplitudes behind the reader antenna where tags are not supposed to be 
located; 
e) electric and magnetic energies almost uniformly distributed among all the near-field 
components to allow successful reading/writing operations independently on the tag 
spatial orientation; 
f) a thin layout, also scalable to almost any size, to meet application and market 
requirements. 

The general scheme of a modular antenna [37] that can satisfy above requirements up 
to a few decimeters from the reader surface is sketched in Fig. 2.1. A TWA (ANT1) is 
located at the center of the desktop reader surface. One of its ends is the feeding 
connector, while the other end is connected to either a low-gain resonating antenna 
positioned at the reader borders (ANT2) or a matched load. If the TWA is ended on the 
matched load, the detection volume is limited to a small region right above the TWA 
surface (reactive near-field region). The detection volume is extended to include the 
radiative near-field region when the TWA end is connected to the low-gain resonating 
antenna.  
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Fig. 2.1. - General scheme of a modular antenna for NF-UHF RFID desktop readers: a central near-field 
travelling wave antenna and a low-gain resonating antenna located at the reader border. The switch allows to 
connect the TWA end port to either the resonating antenna or a matched load. 
 
 

The TWA has been chosen to increase the field amplitude on the antenna surface, 
with respect to a conventional low-radiation microstrip or CPW printed line. Spiral or 
meandered structures are preferred to distribute the electromagnetic (EM) energy among 
all the field components. The TWA is favorably located at the middle of the reader 
surface, where a tagged item is more likely located. The  resonating antenna (ANT2 in 
Fig. 2.1, which is placed in the TWA surrounding region, can be optimized to cover the 
radiative near-field region with a circularly polarized field. Since most of the reader 
surface must be used to accommodate the TWA antenna, a miniaturized layout is 
preferred to realize the resonating antenna. It is worth noting that the miniaturization 
also helps to meet the low far-field gain requirement. Moreover, thanks to the series 
connection between the two modules (with one end of the TWA directly connected to 
the reader circuit output), return loss requirement can be met in a relatively large 
bandwidth. The matched load is needed to avoid a current standing wave when the 
TWA is implemented, since this can degrade field uniformity on the reader surface. The 
orientation and layouts of the two antenna modules have to be chosen by considering 
that the mutual coupling between the radiators sharing the reader surface is not 
negligible, since the radiating elements are very close to each other and they must 
operate at the same frequency. 

2.3 Antenna Layout and Numerical Results 

The multifunctional modular antenna for near-field UHF RFID readers here proposed 
represents a specific implementation of the modular antenna concept introduced in Sect. 
II.  

The antenna layout is shown in Fig. 2.2. A 50-Ω coaxial cable, placed close to the 
antenna surface center, feeds a spiral-shaped microstrip TWA printed on a grounded 
1.6mm-thick FR4 (εr=4.4, tanδ=0.025) dielectric substrate. The TWA is an archimedean 
spiral of width W1=3 mm, with around 7 turns that are 4.8 mm apart from each other. 
The TWA is series connected to either a planar array of two miniaturized circularly-
polarized square patches [38],[39] (Fig. 2.2a, Modular Antenna Configuration) or a 
matched load (Fig. 2.2b, Spiral TWA Configuration). 
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(a) 

 
(b) 

Fig. 2.2. - Top and lateral view of the proposed NF Multifunctional Modular Antenna for UHF RFID desktop 
reader applications: (a) Modular Antenna Configuration and (b) Spiral TWA Configuration. For each 
configuration related to the switch position, the radiating elements are denoted by a light colour. The main 
geometrical parameters values are listed in Table I, for an UHF RFID FCC band (902-928 MHz) reader. 

 

The simulated reflection coefficient (Fig. 2.3) is below -14 dB in a frequency range 
that is much larger than the UHF RFID FCC band (902-928 MHz), for both the 
Modular Antenna Configuration (solid line) and the Spiral TWA Configuration (dashed 
line).  
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Fig. 2.3. - Simulated reflection coefficient versus frequency for the Modular Antenna Configuration (solid 
line) and the Spiral TWA Configuration (dashed line), in the UHF RFID FCC band. 

 
TABLE I 

MULTIFUNCTIONAL MODULAR ANTENNA DIMENSIONS 
FOR UHF RFID FCC BAND READERS. 

Parameter A B C D F L 
Value (mm) 31 33.4 6.2 2.4 194 69.7 

 
In Fig. 2.4, the broadside gain of the Modular Antenna Configuration (solid line) is 

compared with that of the Spiral TWA Configuration (dashed line). As expected, the far-
field gain (dashed line) of the Spiral TWA (when the latter is closed on a matched load) 
is very low (about -13 dBi). This low value advises that a TWA ended on a matched load 
cannot be used alone if a reading range more than a few cm is required. The broadside 
gain of the Modular Antenna is about -5 dBi, with variations less than 2 dBi in the 
whole UHF RFID FCC band. Such a value accounts for both the array gain and the 
TWA insertion loss. It is large enough to allow tag detection in the antenna radiative 
near-field region, yet minimizing false-positives events outside the defined detection 
volume. 

 

 
Fig. 2.4. - Simulated broadside far-field gain versus frequency for the Modular Antenna Configuration (solid 
line) and the Spiral TWA Configuration (dashed line), in the UHF RFID FCC band. 
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2.3.1 Electric and magnetic field distributions 

Since both dipole-like tags and loop-like tags can be employed in NF UHF RFID 
systems, it is important to analyze both the electric and the magnetic near-field 
distributions. 

In Fig. 2.5-8 the simulated electric and magnetic field distributions of both antenna 
configurations are shown, in the xy-plane and the xz-plane, at 915 MHz.  
 

 
(a) 

 
(b) 

Fig. 2.5. - Normalized electric field distribution (dB) on a plane parallel to the antenna surface (xy-plane) at a 
distance of z=1 cm and f0=915 MHz: (a) Modular Antenna Configuration and (b) Spiral TWA Configuration. 

 

 
(a) 
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(b) 

Fig. 2.6. - Normalized magnetic field distribution(dB) on a plane parallel the antenna surface (xy-plane) at a 
distance of z=1 cm and f0=915 MHz: (a) Modular Antenna Configuration and (b) Spiral TWA Configuration. 

 

 
(a    (b) 

Fig. 2.7. - Normalized electric field (dB) distribution on an orthogonal plane (y=0) and f0=915 MHz: (a) 
Modular Antenna Configuration and (b) Spiral TWA Configuration. 

 

     
(a)                                             (b) 

Fig. 2.8. - Normalized magnetic field (dB) distribution on an orthogonal plane (y=0) and f0=915 MHz: (a) 
Modular Antenna Configuration and (b) Spiral TWA Configuration. 
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The xy-plane parallel to the antenna surface has been chosen at a distance of z=1 cm 
(Fig. 2.5-Fig. 2.6), and the xz-plane is chosen at y=0 cm (Fig. 2.7-Fig. 8), where 
(x,y)=(0 cm, 0 cm) is the overall antenna center. For each plane, the field distributions 
are normalized to the maximum field value among the two antenna configurations. 
The Spiral TWA Configuration exhibits an almost uniform field distributions (Fig. 2.5b-
Fig. 2.6b) on the antenna central area. Moreover, filed amplitude reduces significantly 
close to the reader borders and away from the surface, so confirming the expected rapid 
amplitude spatial decay.  

On the other hand, the Modular Antenna radiates a field whose amplitude decreases 
more slowly (Fig. 2.7a-Fig. 8a), as it is required when multiple tagged items are stacked 
on the reader surface. It is worth noting that the slits in the metallic patches are effective 
to give a satisfactory field uniformity even in the surface section surrounding the TWA, 
except for the expected deep nulls of the electric field at the patch center (Fig. 5a). 

 
 

2.4 Antenna Reading/Writing Performance 

To simplify the antenna construction, two different prototypes have been fabricated, 
one for the Modular Antenna Configuration (see a photo in Fig. 9a) and one for the 
Spiral TWA Configuration (see a photo in Fig. 9b).  

 

  
 (a)        (b) 

Fig. 2.9. - Prototype of the modular antenna for the UHF RFID FCC band: (a) Modular Antenna 
Configuration and (b) Spiral TWA Configuration. 

 

By doing this, we avoided to add the switch into the prototypes. It is worth noting 
that the patch array is present in both prototypes (even if the array is disconnected in the 
Spiral TWA Configuration), to account for the effect of the mutual coupling between the 
spiral TWA and the patches. 

The antenna prototypes have been integrated into a desktop reader case 
(30 cm × 18 cm) and connected to the CAEN reader module A528[40] Tests have been 
performed by using compact-dipole LABID UH414 tags [41]. The reader output power 
has been set at 23 dBm. 
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2.4.1 Reading/Writing tests for single tag 

The detection tests have been repeated in each of the 33×33 cells in which a 
99 cm×99 cm plane coplanar to the antenna surface has been subdivided into (cells sizes 

are ∆x=∆y=3 cm). In Fig. 2.10, the RSSI and read rate distributions are shown, for the 
tag orientation parallel to x-axis and y-axis, on the entire square plane.  

For each cell, the RSSI value has been obtained by averaging the RSSI samples 
collected in a 10 s interval. 

When the Modular Antenna Configuration is employed, the tag can be read at any tag 
position and orientation on the reader surface (Fig. 2.10a and Fig. 2.10b). Also, there are 
no false positives if tagged items in the case surrounding are located at more than 10-15 
cm from the case edge. The average read rate on the antenna area is around 8 tag/s. 
Reading performance is worse at the lower edge of the desktop reader, where the reader 
electronic circuit is accommodated. 

By using the Spiral TWA Configuration, the tag is read when it lies directly above the 
antenna central area (Fig. 2.10c and Fig. 2.10d). By approaching the antenna borders, 
the tag detection fails, so successfully avoiding false positives. For both tag orientations, 
an average read rate of 8 tag/s has been measured in a detection area of about 4×5 cells 
(12 cm × 15 cm). 

To measure the reader antenna read range, further tests have been carried out by 
moving the tag away from the antenna surface, with a step of 5 cm. At each distance, 
the RSSI value has been averaged in an interval of 10 s, for two orthogonal tag 
orientations. The read ranges (Fig. 2.11) are around 10 cm and 60 cm for the Modular 
Antenna Configuration and the Spiral TWA Configuration, respectively, regardless of 
the tag orientation. This result is in agreement with the difference between the simulated 
gain values of the two configurations (Fig. 2.4). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 2.10. - RSSI (left column) and Read Rate (rigth column) distributions on a 99 cm×99 cm (33×33 square 
cells with ∆x=∆y=3 cm) plane parallel to the desktop reader surface, by using a LABID UH414 tag and a 
reader otuput power of 23 dBm. The following reader antenna-tag configurations have been considered: (a) 
Modular Antenna @ x-oriented UH414, (b) Modular Antenna @ y-oriented UH414, (c) Spiral TWA @ x-
oriented UH414, (d) Spiral TWA @ y-oriented UH414.  
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Fig. 2.11. - RSSI distribution by varying the tag (LABID UH414) distance from the antenna center (along a 
direction perpendicular to the reader surface), with an input power of 23 dBm, for two orthogonal tag 
orientations and for both antenna configurations. 

 

Writing tests have also been performed, as such operation requires higher field 
amplitudes with respect to the tag reading operation, and then they represent more 
demanding tests. Results in terms of writing attempts are shown in Fig. 2.14. 

When the Spiral TWA Configuration is employed, the area of successful writing is 
concentrated at the antenna center, and only one attempt is required to initialize the tag 
for any considered tag position and orientation (Fig. 2.14c and Fig. 2.14d). If the 
Modular Antenna Configuration is used, the area on which the writing operation 
enlarges and also includes sectors beyond the case border (Fig. 2.14a and Fig. 2.14b). 
Then, the latter configuration is not suitable if the only tag to be encoded is that one on 
the reader surface. 
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(a) (b) 

 
(a) (b) 

Fig. 2.12. - Number of attempts of writing operations on a 99 cm×99 cm (33×33 square cells with 
∆x=∆y=3 cm) plane parallel to the desktop reader surface, by using a LABID UH414 tag and a reader otuput 
power of 23 dBm. The following reader antenna-tag configurations have been considered: (a) Modular 
Antenna @ x-oriented UH414, (b) Modular Antenna @ y-oriented UH414, (c) Spiral TWA @ x-oriented 
UH414, (d) Spiral TWA @ y-oriented UH414.  
 

2.4.2 Multiple tags detection 

Finally, 11 LABID UH414 tags have been placed in a stacked configuration at a 
distance of 2 cm from each other, up to an overall height of 20 cm (tags are separated by 
a foam layer). The lower tag has been placed directly on the case surface. The stacked 
tags readability has been tested on a surface subdivided into 9×5 cells (cells sizes are 
∆x=∆y=3 cm). The total number of tags that are detected in a 10 s time interval has been 
recorded, when varying the tag orientation and the stack position on the antenna surface. 
Results are shown in Fig. 2.13. When using the Modular Antenna (Fig. 2.13a-Fig. 
2.13b), almost all the 11 stacked tags are read in each cell of the antenna surface, for 
both orthogonal tag orientations. As for single-tag tests, performance get worse at the 
desktop reader lower border, where the reader electronic circuit is accommodated. 
Besides, the Spiral TWA Configuration is able to detect just an average number of 5 
tags, with a maximum number of 7 at the antenna center, regardless of tag orientation 
(Fig. 2.13c-Fig. 2.13d). This was expected due to its characteristic rapid field spatial 
decay. Similar considerations apply to the read rate, which is shown in Fig. 2.14. 
Indeed, a high read rate is observed for the Modular Antenna: 111 tag/s (Fig. 2.14a) and 
100 tag/s (Fig. 2.14b) for the x-oriented tag and y-oriented tag, respectively. For the 
Spiral TWA Configuration, the average read rate on the whole antenna surface is 
32.6 tag/s (Fig. 2.14c) and 27.5 tag/s ((a) (b) 

Fig. 2.14d) for the x-oriented tag and y-oriented tag, respectively. These results 
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confirm that the proposed multifunctional modular antenna represents a low-cost 
solution that allow to select the best shape and size of the near-field reader detection 
volume, as a function of both the operation required (reading or writing) and the number 
(and material properties too) of the tagged items that the operator is going to put on the 
reader surface. 

 

    
(a) (b) 

    
(a) (b) 

Fig. 2.13. - Number of detected tags on the antenna surface by employing 11 LABID UH414 stacked tags at a 
distance of 2 cm each other, up to a height of 20 cm (the first tag has been placed directly in contact with the 
surface of the antenna): (a) Modular Antenna @ x-oriented UH414, (b) Modular Antenna @ y-oriented 
UH414, (c) Spiral TWA @ x-oriented UH414, (d) Spiral TWA @ y-oriented UH414.  
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(a) (b) 

    
(a) (b) 

Fig. 2.14. - Read Rate on the antenna surface by employing 11 LABID UH414 stacked tags at a distance of 
2 cm each other, up to a height of 20 cm (the first tag has been placed directly on the antenna surface): (a) 
Modular Antenna @ x-oriented UH414, (b) Modular Antenna @ y-oriented UH414, (c) Spiral TWA @ x-
oriented UH414, (d) Spiral TWA @ y-oriented UH414.  
  

2.5 Conclusion 

A multifunctional modular antenna for near-field UHF RFID desktop readers has 
been designed and tested. It operates at the FCC band and fits into a reader case whose 
size is around 30 cm ×18 cm × 1.5 cm. In the proposed layout a spiral-shaped travelling 
wave antenna is positioned at the center of the reader surface. By using a common 
switch, the spiral can be connected to either an array of two miniaturized circularly-
polarized patches or a matched load. When the spiral microstrip is ended on the 
matched load, the reader detection volume is limited to a small area at the center of the 
reader surface. The latter configuration being preferred during writing operations, 
namely when the only tag to be encoded is most likely placed at the antenna center, or 
when tagged items are read one at a time. Conversely, if the power at the output of the 
spiral microstrip is used to feed the array (instead of being absorbed by the matched 
load), the two-module antenna exhibits a lower rate of the field spatial decay when 
moving away from the center of the reader surface. The latter feature is of interest when 
reading of stacked tags is required. 

It has to be underlined that by simply adjusting the length of the microstrip spiral (the 
latter being a non-resonant antenna) the proposed modular antenna can fit in reader 
cases with shape and size that are different from those here considered by the authors. 
Full scalability of the proposed antenna is only limited by the topology selected for the 
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low-gain resonant antenna used to cover the radiative near-field region. Work is in 
progress to find a class of antennas that can allow the design of modular antennas 
suitable to meet almost arbitrary shape and size requirements. The latter is an important 
feature when designing low-profile near-field antennas for RFID-based smart storage 
spaces (such as drawers and shelves).   

Finally, it is worth noting that replacement of the switch with a variable power 
divider would allow for a further degree of freedom to dynamically size and shape the 
reader detection volume, in addition to the power control that is already available in any 
commercial reader. 
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3 Accuracy of a Conformal 
Sensor for Estimating Deep 
Tissues Dielectric Constants 

3.1 Introduction 

AGNETIC resonance Imaging (MRI), X-ray and Computerized Tomography 
(CT) are the most used surgery-free technologies to detect tumors and produce 

deep tissues images. Nonetheless, they are not able to provide real time human tissue 
characterization, as they are not body-worn systems. Also, they are expensive and not 
portable for use in rural areas or in the field for emergency diagnostics. 

There is of course a strong need to develop low cost health monitoring devices. 
Devices such as those in [42]-[43] pursue monitoring of breathing, heart rate, 
temperature or blood pressure monitoring. But these devices are not suitable for 
imaging as they penetrate only few cm within the skin. 

Toward this goal, a new on-body health-monitoring sensor was proposed in [44]-[46]. 
This is a multi-probe sensor operating at 40MHz, providing penetration depth of 10-15 
cm within the human body. Therefore, it can be used to sense deep tissue dielectric 
properties. Specifically, the dielectric constant of the medium of interest is calculated 
using a linear combination of the S-parameters measured at the sensor’s passive probes. 
In this way, the classic inverse-scattering approach is avoided. That is, we avoid the 
solution of ill-posed matrices [47]-[50]. As claimed in [45], experimental results have 
demonstrated that the proposed method can provide dielectric constant estimation with 
accuracy better than 11%. However, this level of accuracy is not sufficient. Therefore, 
there is a need to improve the imaging accuracy (dielectric constant prediction) down to 
2-3% by optimizing the sensor in [45].  

In this Chapter, a numerical study is performed to better assess the algorithm’s 
prediction capability and determine critical parameters that affect its accuracy. 
Specifically, a stratified dielectric medium is used to model the human torso. The probe 
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sensor is a linear arrangement of transmitting and receiving ideal dipoles sources or 
probes (see Fig. 3.1). For a specific excitation, spectral domain Green’s function is used 
to calculate the received fields at the probe locations. The dielectric constant at a 
specific depth inside the torso is then expressed as a weighted sum of the computed 
electric field samples. General guidelines for sensor design optimization are extracted 
and employed to achieve dielectric constant estimation with accuracy better than 3%. 

Chapter III is organized as follows. In Paragraph 3.2 the overall imaging sensor 
concept is briefly described. The proposed model and numerical approach used to 
estimate the deep tissues dielectric constant is then presented in Paragraph 3.3. In 
Paragraph 0, we discuss the results and give guidelines for further improvement of the 
sensor design. 

3.2 Sensor Overview 

The sensor concept to estimate the dielectric constant has been presented in [44]-[46], 
and is briefly summarized below. The proposed sensor consists of a finite set of 
electrodes, as in Fig. 3.1. Only one port (a port is the gap between two electrodes) is fed 
by a 40MHz input signal, while the rest are used for receiving the radiated fringing field 
after propagation and attenuation into the tissues.  

 
Fig. 3.1. - Top and lateral view of the multi-probe sensor. The electric field force lines inside the medium are 
also shown. 

 
Specifically, the S-parameters are collected from the passive ports, denoted as Si,1, 

where i=2, 3,….16. Port #1 is always active and the others terminated with a matched 
load. Using the collected Si,1 parameters, the dielectric constant (εr) is then represented 
by a weighted sum of the measured scattering parameters via the relation 

�� � �����	�,�
�

��
 (1) 

The coefficients wi in (1) are computed to minimize the error in approximating εr for a 
set of known configurations. That is, they are determined by enforcing (1) for several 
combinations of assigned outer tissue layers and known values of the inner layer 
dielectric constant [46]. This process generates a system of equations solved via a least 
squares method to extract the coefficients wi in (1). Measurements given in [46] 
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confirmed the effectiveness of the representation (1). However, for the selected sensor, 
the estimation error was up to 11%. Below, we examine the needed sensor length and 
required number of probes to obtain accuracies down to 2-3%. 
 

3.3 Layered Model 

To optimize the sensor length and number of probes for minimal error, we consider 
an ideal dipole excitation depicted in Fig. 3.2(b). The excited infinitesimal dipole is 
oriented along the x-direction. Also, instead of measuring the fields as the voltage 
between two electrodes, for the computational model we will simply use the x-directed 
electric fields along the y-axis (see Fig. 2(b)). These fields are, of course, proportional to 
the voltage between the electrodes and will be used to represent the Si,1 values in (1). 
We specifically chose to examine the surface fields up to 30cm away from the dipole 
excitation. That is, we examined sensor lengths up to 30cm. 

 

 
Fig. 3.2. - (a) Actual multi-probe sensor with ports, and (b) multi-layer model for dipole excitation simulation. 

 
 

Spectral field representations are used to formulate the problem since simpler 
calculations are involved (algebraic instead of convolution integrals). Let us consider 
the radiation of an infinitesimal dipole located on the surface of a stratified medium 
(along the x axis) as shown in Figure 1. The Fourier transform of the x component of 
the electric field can be expressed as in [51]: 

������ , ��, �� � ������ ������ , ������ � ��� ���
2 �  �!"#$|&|��& 		�1� 

in which �� � )√+��� is the wavenumber in region 1 and �� � ,+� ��⁄  is the 
intrinsic impedance in the same region. This represents a plane wave traveling along the 

z direction with a propagation constant of ��& � .�� � �/. To consider the reflection 

of this wave from the dielectric interface it is instructive to decompose it into TE and 
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TM components and calculate the generalized reflection coefficients of the multi-layer 
structure for the two components, 012 and 013 [55].  
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where 

• ki is the wavenumber of the i-th layer 

• hi is the i-th layer thickness 

• Ri,i+1  is the reflection coefficient between the i-th and i+1-th layer 
 
Specifically, the reflection coefficient for the TE mode is 
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and for the TM mode is 
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For the TE field, �& � 0, and for the TM field 5& � 0, and to accomplish such a 

decomposition the fields must be expressed in terms of their �& and 5& components. 

Since 
6
6& →	8��& from Maxwell’s equations we obtain [51]: 

 

 ��9��� , ��, �&� � 1
�12 � �1�2 :;�9 <=��&=� > ������̂ @ ;95�&AB (5) 

 
The transforms of the z-components generated by the source alone are found to be: 
 

 ��&��� , ��, �� � ������ ������, ������& ���
2 �  �!"#$|&|��&  (6) 

 

 5�&��� , �� , �� � �������� , ����� ���
2 �  �!"#$|&|��&  (7) 

 
Each of these components gives rise to a reflected field which is given by 
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 �&���� , �� , � C 0� � 013��&��� , ��, � � 0� �!"#$|&| (8) 
 

 5&���� , �� , � C 0� � 0125�&��� , �� , � � 0� �!"#$|&| (9) 
 
where z=0 is the interface between region 1 and the multi-layer medium. By combining 
(6) to (9) the z-components of the total TM and TE fields above the interface can be 
expressed as: 
 

 ��&��� , �� , � C 0� � ������ ������ , ������&�1 � 013� ���
2 �  �!"#$|&|��&  (10) 

 

 5�&��� , ��, �� � �������� , ������1 > 012� ���2 �  �!"#$|&|��&  (11) 

 
Upon calculating the expressions for the TM and TE spectral components, the fields in 
terms of spatial variables x, y, z can be derived by evaluating the following inverse 
Fourier integrals:  
 

 
D13 � � ��2�� �

1
2E�

 F<:GH����& > IH����&
�� � ��& B > �̂A ���1

J

�J� 013� ������ , ��� �!"#$& !�"K�L"M�� N��N�� 

(12) 

 

 
D12 � �����2 � 1

2E�
 F<GH�� � IH��

�� � ��& A���1
J

�J
> 012� ������ , ���  

�!"#$&
�&  !�"K�L"M�� N��N�� 

(13) 

 
The evaluation of the above integrals must take into account any possible 

integrand poles and branch cuts when the observation point is near or on the surface. 
The steps followed to obtain ��12, which is the dominant component, are indicatively 
presented below. Similar procedure can be followed for all other components. 

 

 
��12�G, I, �� � �����2 � 1

2E�
 F ��

�� � ��& �1
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�J
> 012� ������ , ���  

�!"#$&
�&  !�"K�L"M�� N��N�� 

(14) 
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��12�G, I, �� � ����2 � 1

2E�
 F���������� 1

�/ 	�1
J

�J
> 012�	 OP  

�!"#$&
�&  !�"K�L"M�� N��N�� 

(15) 

 
where �/ � �� � ��& . Since both 012 and 013 are functions of �/	 , the double 

integral can be reduced to a single integral by invoking the well-known Sommerfeld’s 
and Weyl’s identities [51]. 

 

 ��12�G, I, �� � ���� OQ8E
=
=I S 1

�/ �1 > 012�TQ����/U�  
�!"#$&
�& N�/

J

�J
 (16) 

 

where we made the replacement ����� → 6V
6�V . Taking into account that: 

 

=
=ITQ����/U� � ��/ sin Z =

=IT�����/U�
� ��/ sin Z :TQ����/U� � 1

�/UT�����/U�B 
(17) 

 

equation (13) can be written as: 

 
��12�G, I, �� � ����� OQ8E sin Z S �/ :TQ����/U�

J

�J
� 1
�/UT�����/U�B �1 > 012�  

�!"#$&
�& N�/ 

(18) 
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Also, considering that: 

 

=
=U :TQ����/U� � 1

�/UT�����/U�B
� �1

UTQ����/U� > < 2
�/U � �/AT�����/U� 

(21) 

 

 (17) can be written as: 

 
��12�G, I, �� � ����� OQ8E sin Z S :�1

UTQ����/U�
J

�J
> < 2

�/U � �/AT�����/U�B �1 > 012�  
�!"#$&
�& N�/ 

(22) 

 
which is the only the field component parallel to the used dipole orientation. 
 
As is well known, direct numerical computation of the Sommerfeld’s integral is time-

consuming and computationally expensive. This is due to the oscillatory and slowly 
decaying nature of the integrands, especially whenever the source and observation 
points are on the same interface [52]-[53]. Indeed, several techniques have been 
proposed in the literature to numerically evaluate Sommerfeld’s integral. 

Similarly to [51]-[55], we invoke Cauchy’s theorem to deform the original path of 
integration off the real axis (Fig. 3.3) and avoid difficulties associated with integrand 
singularities along the real axis of integration [51]-[54]. Specifically, we decided to split 
the integration path [	 in to three paths, [� � ��∞� �], ] � �]�, [ � �] � �], ] > �]� 
and [^ � �] > �],∞ > �]�, where ] is chosen equal to 0.8�Q.  

 

 
Fig. 3.3. - Initial Sommerfeld Integration Path (SIP) on the real axis of the complex kρ plane (a) and deformed 
SIP to avoid singularities and branch cuts (b) 

 
A MATLAB code was developed to obtain the total electric field on the 

interface of the stratified medium with the ambient region. To verify the calculations, 
the code was used to compute the total electric field radiated from an infinitesimal 
dipole in free space and the results were compared with the theoretical equations as 
described in [56]. As depicted in Figure 3, good agreement is observed between the two 
curves. The calculated generalized reflection coefficients for TM and TE fields were 
also verified using examples included in [56]. 
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Fig. 3.4. - Radiated fields from an infinitesimal dipole in free space calculated with implemented numerical 
evaluation (red curve) and from [56] (black curve). 

 
 

3.4 Dielectric permittivity estimation method 
 
Doing so, the fields can be computed on the interface and used to estimate the inner 

layer dielectric constant. Having the fields at the original probe locations, and given that 
Si,1 is proportional to the computed x-directed electric field denoted as Ei,1, we proceed 
to express �� as 

�� � �����L�,�
3

��
 (23) 

 
 

Specifically, 

`��a�@� � `�a�@3`�a3@� (24) 

Here, ̀εca is the vector representing the “known” dielectric constant at the chosen depth 
for each of the N simulated combinations of other layers parameters, `wa is the matrix 
containing the coefficients to be determined, M is the number of points where the 
electric field is computed or probed, and `Ea contains the calculated surface electric 
field values. As in [46], since N>>M, (23) is solved via the least squares method to 
obtain ̀wa. 

The accuracy of (23) will likely depend on the: 

1. Number, N, of random simulated combinations used to populate the ̀ �a3@� matrix 
in (24), and 

2. sensor length, and 

3. distance between sampling points. 
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As in [46], we chose to generate the system (24) using the parameter variations in Table 
I for each layer. Below we discuss the accuracy of (24) for predicting the dielectric 
constant of deep layers representing the lung. 
 

TABLE I 
NOMINAL VALUES AND VARIATION RANGE OF THE TISSUE ELECTRICAL PROPERTIES AND THICKNESSES 

[57] 

Tissue Dielectric 
Constant (εr) 

Loss tangent 
(tanδ) 

Thickness (h) 
 [cm] 

Skin 93.73 ± 10% 2.17 ± 10% 0.3 ± 10% 
Fat 7.33 ± 10% 2.09 ± 10% 1.5 ± 10% 

Muscle 82.57 ± 10% 3.64 ± 10% 1.5 ± 10% 
Bone 26 ± 10% 1.55 ± 10% 2.0 ± 10% 
Lung 65 ± 40% 2.65 ± 20% 15 ± 20% 

 

3.5 Numerical Results 

The accuracy of the proposed deep tissue dielectric constant extraction method was 
evaluated as a function of: (a) the sensor length, (b) the number of points where the 
electric field was probed, viz. number of field measurements points, and (c) the number 
of equations, N, used to populate the matrix {E} in (24). Two scenarios were 
considered, shown in Fig. 3.5. In one case, the torso model included 3 outer layers (skin, 
fat, and muscle) (see Fig. 3.5(a)). Of course, the proposed deep tissue monitoring 
method must be able to provide accurate results for any arbitrary number of tissue layers 
and sensing depths. Therefore, to demonstrate the versatility of this method, we also 
considered a torso model with 4 outer layers (skin, fat, muscle, and bone). The latter 
scenario is depicted in Fig. 3.5(b).  

   
 (a) (b) 

Fig. 3.5. - Human torso equivalent model taking into account (a) three and (b) four outer layers. Electric field 
propagation inside the medium is also sketched. 

 
To calculate the weight coefficients (��), we considered the parameter variations 

shown in Table I for each layer, leading to N=2000 equations. After obtaining ��, the 
average error of the approximation (24) was then obtained using different and random 
combinations of the top 3-4 layers. Specifically, we averaged the errors computed over 
1000 random combinations of tissue electrical properties and thicknesses. 

Fig. 3.6 and Fig. 3.7 show the average error in estimating the lung’s dielectric 
constant for the scenarios depicted in Fig. 3.5 (a) and Fig. 3.5 (b), respectively.  
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(a) 

 

(b) 

 

(c) 
Fig. 3.6. - Average percentage error in estimating εr4 (see Fig. 3(a)) when the sensor includes: (a) M=6 probes, 
(b) M=10 probes, and (c) M=20 probes. 

 
A different set of weight coefficients (��) was computed and used for these two 
scenarios for several sampling points or probe number, M. Three different values of M 
were considered, M=6, 10, and 20. The error for each of these M values was plotted in 
Fig. 3.6-Fig. 3.7 for different number of equations, N. Specifically, the vertical axis of 
Fig. 3.6and Fig. 3.7 refers to the number (N) of equations used to determine the �� 
coefficients and the horizontal axis is the overall sensor length for M=6, 10 and 20. As 
indicated to the right of the plots, deep red colors imply large errors (8-10%), whereas 
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light yellow refers to low errors (<2%). 
From the results in Fig. 3.6 and Fig. 3.7, we can extract the following guidelines for 

sensor design optimization: 

• the electric field must be recorded across a sensing area that spans at least 20cm 
from the source point; 

• for a given sensor length, a larger number of probing points leads to greater 
accuracy; 

• increased accuracy is achieved as the number of equations used to solve for �� is 
higher . 

Remarkably, for the scenario of Fig. 3.5(a), an average error of less than 2% may be 
achieved by: (a) using at least 10 probes or field sampling points, (b) distribution of the 
probes should be over a length at least 18-20cm, and (c) at least N=100 equations are 
needed to compute the coefficients ��. For the scenario in Fig. 3.5 (b), an average error 
less than 3% is achieved by: (a) using at least 20 probes, (b) distributing the probes 
across a length of at least 20cm, and (c) considering at least 100 equations to compute 
the coefficients ��. The two scenarios provide consistent results for achieving an 
accuracy of 2-3% in extracting the lung’s ��. As would be expected, the accuracy of our 
expression (6) is lower for the case in Fig. 3.5 (b), compared to that of Fig. 3.5 (a).  

 

(a) 

 
(b) 
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(c) 

Fig. 3.7. - Average percentage error in estimating εr5 (see Fig. 3(b)) when the sensor includes: (a) M=6 probes, 
(b) M=10 probes, and (c) M=20 probes. 

3.6 Conclusion 

A theoretical analysis was presented to assess the accuracy of a novel method for 
extracting the dielectric constant, ��, of deep human tissue. To do so, the human torso 
was modeled as a stratified dielectric medium and the electric field distribution on its 
surface was computed using a custom numerical code. A key aspect of the extraction 
method was the representation of �� as a linear combination of the surface electric field 
samples. The Chapter presented guidelines for sensor design optimization. It was 
concluded that the deep tissue’s dielectric constant can be estimated with errors lower 
than 3%, at almost any arbitrary depth. 
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4 Integration of Slot Antennas in 
Commercial Photovoltaic Panels 
for Stand-Alone Communication 

4.1 Introduction 

UTONOMOUS communication systems often use photovoltaic (PV) panels that are 
physically separated from the antenna, and this demands for a compromise in the 

utilization of the available space. Moreover, in several applications, as for example 
monitoring, vehicular communication and satellite systems, distinct PV panel and 
antenna may be anti-aesthetic, expensive and causes engineering issues. For above 
reasons, antenna integration in large PV panels is desirable and it has become a research 
topic. Designing the antennas such that they can be easily integrated in a commercial 
PV panel without modifying the panel geometry (after-market integration) can result in 
a low-cost implementation of additional functions in a solar PV field. For example, a 
low-data rate wireless communication system could be implemented for the remote 
control and monitoring of PV panels in large solar fields. In this context, low cost 
antennas with proper polarization and pattern characteristics are needed to improve 
panel-to-panel radio links or maximize a tunnel-propagation effect  (Fig. 4.1). Most 
recent solutions for antennas integrated in PV panels are those based on the innovative 
transparent antennas [58]-[60], or patch [61]-[71] and slot [71]-[70] antennas. 

 

A
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Fig. 4.1. - A simplified scheme of a solar PV field where a wireless communication link can be used for 
remote control and monitoring functions. 

 
Transparent materials have been proposed to implement innovative transparent 

antennas, as they can be easily mounted on solar cells. Transparent antennas have been 
optimized for different applications, at 3.4-3.8GHz [58] and 2.5GHz [59] frequency 
bands. Nevertheless these materials are still relatively expensive. Besides, meshed patch 
antennas printed on the top of PV cells are considered a cost-friendly solution. An 
example of such antennas, optimized for a 2.52GHz small satellite application, is 
described in [60]. However, a 90% sunlight transparency needed for the proper 
functioning of the solar cell [60] cannot be easily achieved. 

Solar cells have been employed themselves as a radiating patch [61] or as a coupled 
patch [62]-[64], for GPS vehicular applications, GSM bands or 3.76 GHz satellite 
communications. In such cases the cell dimensions are strictly related to the operating 
frequency, and this limits the possible applications for PV panels made of cells with 
standardized cells. Solar cells may also be used as a ground plane for an upper patch 
element [65]-[67], but with a reduction of the PV solar efficiency. 

Slot antennas placed between solar cells have been optimized for high frequency 
applications [68], or by requiring modifications of the DC bus wires [69]. Alternatively, 
slots have been realized by properly etching of them [70]-[71] into the solar cell, but 
reducing the cell solar efficiency. 

In this Chapter, two configurations of low-cost slot antennas suitable for their 
integration in a class of commercial large PV panels are described. As test cases, two 
antennas operating at the GSM/UMTS and WiMAX frequency bands have been 
designed to show the achievable performance in terms of compactness and percentage 
impedance bandwidth. A considerable reduction of the antenna physical size was 
obtained exploiting the presence of the cover glass layer that is always present in 
commercial PV panels. Measurements on antenna prototypes attached to real PV panels 
have been used for a fine tuning of the antennas, so avoiding detailed numerical models 
that would result in complex models but not able to account for the several propagation 
phenomena involved in the periodic/multilayer structure of a PV panel. Indeed, the 
effects on antenna performance of the cells close to the slot, as well as of the DC bus 
wires and panel aluminum frame cannot effectively accounted for by numerical models 
(dielectric permittivity values of the PV cell material at the UHF and microwave 
frequencies are also difficult to find). 
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4.2 Slot antenna design  

The antenna integration concept here proposed is based on the exploitation of the 
room available between adjacent solar cells of some large PV panels, so without 
decreasing the panel solar efficiency. In particular, two cell arrangements often used in 
large PV panels are considered, and they are shown in Fig. 4.2. 

 

 
Fig. 4.2. - Two typical arrangements for PV cells in large panels: (a) square cells separated by a distance D; 
(b) octagonal cells close to each other, with an uncovered square-shape space whose side length is denoted by 
J. Possible locations for slot antennas are also shown (with dark color), which are such that the slot aperture is 
not crossed by the DC voltage bus wires. 

 
For such configurations, a linear or square slot antenna etched on a low-cost substrate 

can be attached just on the back side of the panel and located in such a way that the slot 
aperture is not obstructed by the cells (which basically behave like shielding conductive 
surfaces). Also, the DC voltage bus wires have not to cross the slot aperture, as it would 
result in an antenna shorting effect. For example, this means that in the cell arrangement 
shown in Fig. 4.2a, gaps parallel to the x-axis are not functional because of the presence 
of the DC voltage bus wires; on the other hand, more room is available along the y-axis 
(it being only limited by the panel frame size), so allowing either the allocation of some 
long linear slots (resonating at low frequencies) or the allocation of linear arrays made 
of shorter linear slots (higher resonance frequencies) to implement high-directivity 
arrays or a number of low-directivity arrays operating at different frequency bands 
(electronic beam scanning can also be implemented through a proper feeding network). 

To better understand how to make use of the above linear or square gaps, the stack-up 
of two typical PV panels are shown in Fig. 4.3. Silicon or GaAs (Gallium Arsenide) 
solar cells are usually incorporated between two ethylene vinyl acetate (EVA) layers. 
Also, two cover glass layers are placed at the top and bottom sides of the PV panel. In 
some commercial panels, the bottom cover glass layer can be replaced by a plastic 
backsheet, as a Tedlar® film (Fig. 4.3b). 
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Fig. 4.3. - Stack-up of two typical commercial photovoltaic panels: (a) a glass- cells-glass PV panel, with 
square solar cells and (b) a glass-cells-Tedlar® PV panel with octagonal solar cells. In both PV panel 
configurations, the solar cells matrices are encapsulated between two EVA layers. 

 

Therefore, a slot antenna positioned according to the two above mentioned criteria, 
could be enclosed by cover glass and EVA layers. Both layers are low-loss dielectrics 
and their effect can be accounted for during the design process. EVA layer is relatively 
thin (usually less than 0.1mm) and its effect can be neglected up to some Gigahertz. The 
glass layer is thicker, going from a few mm up to 10 mm when both a top and a bottom 
cover glass layer are present (see Fig. 4.3a). Notably, the glass layer of the PV panel 
that will appear to be positioned on the top of the slot helps in reducing slot resonance 
frequency [72], so giving rise to an extremely advantageous antenna miniaturization 
effect (without requiring any antenna meandering or distributed reactive loading, or any 
other complex configuration). 

As test cases for the proposed design approach, a linear slot antenna and a square slot 
antenna have been designed and prototyped, to fit in commercial PV panel topologies 
like those in Fig. 4.3a and Fig. 4.3b, respectively. Fig. 4.4 shows the top view of the two 
proposed antennas: a three-stepped slot antenna (TSSA) [73] and a square slot antenna 
(SSA) [74]. Both slots are realized on a 1.6mm thick FR4 substrate (εr=4.4, tgδ=0.02); a 
CPW and a microstrip are used to feed the TSSA and SSA, respectively (both with a 50-
Ω characteristic impedance). The three-stepped slot configuration has been chosen to 
check the best performance that can be achieved in term of percentage impedance 
bandwidth, in the framework of slot antennas whose maximum width is limited by the 
presence of nearby PV cells separated by a given distance D. Specifically, it is shown 
that the antenna can operate in frequency bands that allocate both GSM (1710 – 1910 
MHz) and UMTS (1920 –2170MHz) applications (around 24% percentage bandwidth). 
The three-stepped slot is etched on the same side of the CPW feeding line. The main 
parameters related to the resonant frequency and to the bandwidth of TSSA are the slot 
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length (L) and width (W), respectively. An antenna impedance fine tuning on a wide 
frequency bandwidth can be achieved by varying the lengths A, B and C. 

 

 
Fig. 4.4. - Layout of the proposed slot antennas suitable to be integrated in a typical PV panel: (a) three-
stepped slot antenna, TSSA; (b) square slot antenna, SSA. 

 

In the SSA, the microstrip feeding line is in the opposite side with respect to the 
square slot. As in other square slot configurations, the length of the open-circuit stub (S) 
behind the slot is optimized for input impedance tuning. The SSA has been designed to 
operate at higher frequencies, in the WiMAX 3300–3800MHz frequency band, as it 
represents the lower frequency band that can be covered when the side of the square 
space available at the corner of octagonal cells is less than 30mm (and a cover glass 
layer of less than 4mm is considered). 

The numerical simulations were performed using the commercial software CST 
MWS®. Simulation results on the miniaturization effect due to the PV panel cover glass 
layer are discussed in Paragraph 4.2.1. The effects of the solar PV cells close to the 
antenna have been numerically checked by adding square or octagonal metallic patches 
positioned nearby the slots, between the slot plane and the glass layer (Paragraph 4.2.2). 
Finally, the influence of a reflector behind the whole structure (needed if an 
unidirectional beam is required) is analyzed in Paragraph 4.2.3. 

 

4.2.1 Miniaturization effect due to the cover glass layer 

 
A simplified model of the PV cell multilayer structure has been adopted during the 

numerical design process (Fig. 4.5). Indeed, only a glass layer (εr =4.82, tgδ=0.0054) 
has been considered.  

The TSSA and SSA have been optimized by considering for the cover glass layer a 
thickness G equal to 8mm and 4mm, respectively. These values come from the 
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corresponding value of the cover glass layer of the two commercial photovoltaic panels 
that have been used for the measurements. The geometrical parameters of the two 
optimized slot antennas are listed in Table I. 

 

 
Fig. 4.5. - Stack-up of the proposed slot antennas suitable to be integrated in two typical PV panels: (a) TSSA 
and (b) SSA. The cover glass layer on the top is the only layer of the PV cell that has been considered in the 
numerical model used for the slot antenna design. 

 
TABLE I 

ANTENNA DIMENSIONS OPTIMIZED WITH COVER GLASS LAYER (MM) 

TSSA SSA 

N 
20

0 
A 35.2 L 19.5 

M 70 B 40.7 N 140 

L 
92.

4 
C 43.5 S 11.4 

W 13     

 
The TSSA and SSA fit an overall volume of 200×70×1.6 mm3 and 140×140×1.6 mm3, 

respectively. The TSSA slot is 92.4mm long (L) and 13mm wide (W). The square slot 
exhibits an area of about 19.5 × 19.5 mm2, with a S =12.3mm stub. Fig. 4.6 shows the 
reflection coefficient of the two antennas. 

 



 

 
Andrea Michel 

Integration of Slot Antennas in Commercial Photovoltaic Panels for Stand-Alone 
Communication 

 

65 
 

 
Fig. 4.6. - Simulated reflection coefficient for the slot antennas: (a) TSSA and (b) SSA. A reference curve 
showing the reflection coefficient when the cover glass layer is removed. 

 
To give evidence to the miniaturization effect, in the same figure the reflection 

coefficient for an identical slot antenna without the glass layer is shown. It has been 
numerically estimated that the presence of the cover layer leads to a quite important 
miniaturization level: 36% for the TSSA and 25% for the SSA. It has been also verified 
that TSSA and RSA antenna gain are stable in the frequency band of interest, as shown in 
Fig. 4.7. 
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Fig. 4.7. - Simulated gain for the proposed TSSA and SSA in the GSM/UMTS and WiMAX bands, 
respectively. 

 

4.2.2 Numerical analysis of the effect of the PV cells located nearby the slot 

 
The effects of the solar PV cells close to the antenna have been numerically checked 

by adding square or octagonal metallic patches positioned nearby the slots, in the 
middle of the glass layers (Fig. 4.8). The 1-mm-thick plastic backsheet effect in the PV 
panel of Fig. 4.8b can be neglected in the numerical simulation. 

 

 
Fig. 4.8. - Stack-up of the proposed slot antennas suitable to be integrated in two typical PV panels, for (a) the 
TSSA and (b) the SSA. The cover glass layer on the top is the only layer of the PV cell that has been 
considered in the numerical model used for the slot design, while simple metallic patches have been used to 
model the PV cells. 

 
Fig. 4.9a shows the reflection coefficient behavior of the TSSA, by varying the 

distance D between the PV cells from 10mm up to 50mm. It is noted that when the 
distance between two solar cells is smaller than the TSSA slot width (W=13mm), there is 
a significant impedance mismatching, as expected since the slot is partially covered by 
the PV cell.  

Numerical results for the SSA are shown in Fig. 4.9b. It results that for a slot side of 
19.5mm, the distance between nearby octagonal PV cells (Fig. 4.2b) should be enough 
large to allow that the side of the square space in Fig. 2b, J, is at least greater than 
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26mm. The presence of the solar cells determines a slight mismatching and a 100MHz 
shift toward lower frequencies (this shift can be compensated through a small reduction 
of the square slot side, L). 

 

 
Fig. 4.9. - Simulated reflection coefficient for the slot antennas, as a function of the size of the room available 
between adjacent cells (parameters D and J in Fig. 4.2). PV cells have been modeled trough simple metallic 
patches: (a) TSSA and (b) SSA. As a reference, a curve has been added for the simpler cell model where only 
the glass layer is present. 

 

4.2.3 A metallic reflector to get an unidirectional radiation pattern: its effect on 
the antenna input impedance 

 
An aluminum reflector placed at a distance R from the bottom side of the FR4 

substrate (Fig. 4.10) can be used to achieve unidirectional radiation at broadside and 
increase the antenna gain. 
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Fig. 4.10. - Stack-up of the (a) TSSA and (b) SSA with a 250mm-side square reflector plane. Its presence 
ensures a low back radiation and an improvement of the antenna gain. 

 
The effect on the reflection coefficient of a 250mm-side aluminum square reflector 

is shown in Fig. 4.11 for different distances R. The presence of the reflector results in a 
slight impedance mismatching that can be compensated by varying the main parameters 
of the two antenna configurations. For R=30mm, antenna gain increases up to about 
8dBi and 7dBi for the TSSA and SSA, respectively. The radiation patterns in the 
principal planes (Eθ and Eφ components), evaluated at the center frequencies of the 
bands of interest, are shown in Fig. 4.12. A back lobe amplitude less than -13dB is 
achieved for both antennas. The two slots antennas (both they are linearly polarized 
antennas) exhibit a cross-polar component levels below -18dB. 

 

 
Fig. 4.11. - Simulated reflection coefficient of the slot antennas versus the distance R between the FR4 bottom 
and a metallic reflector: (a) TSSA and (b) SSA. The reference curve shows the antenna reflection coefficient 
when the reflector is absent. 
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Fig. 4.12. - Normalized radiation patterns in the principal planes at GSM and UMTS centre frequencies for 
the TSSA, and at WiMAX centre frequency for the SSA. A metallic reflector is placed at a distance R from 
the FR4 bottom: R=30mm for the TSSA, and R=20mm for the SSA. 
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4.3 Experimental results 

Fig. 4.13 shows the TSSA and SSA prototypes. Two different commercial PV panels, 
corresponding to the cell arrangements in Fig. 2, have been used to estimate antenna 
performance when it is attached on a real PV panel. 

 

 
Fig. 4.13. - TSSA (a) and SSA (b) prototypes realized on a 1.6mm-thick FR4 substrate. 

 
 

4.3.1 Measurements results for the TSSA prototype 

 
A 140-W-BRP6336064-140 PV panel [75] was employed to check the TSSA input 

impedance for different locations of the antenna with respect to the panel surface. The 
panel consists of 36 high-quality polycrystalline silicon square solar cells (156×156 
mm2); the aluminum panel frame is 1655x991mm2 and its thickness is 40mm. The total 
thickness of the top and bottom cover glass layers is 8mm, that guarantees a good light 
permeability and protects solar cells from atmospheric agents. In the standard 
BRP6336064-140 panel the distance D between the PV cells is set to 25mm. A panel 
with four columns at different distances (D=20, 30 and 50mm) was specifically 
manufactured, to measure the effect of the cell proximity on the antenna reflection 
coefficient. The distance between cells along the vertical direction is set to 25mm. 
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Fig. 4.14. - The BRP6336064-140 PV panel used for testing the TSSA. The panel is made of four columns at 
different distance: D=20, 30 and 50mm. The distance between cells along the vertical direction is set to 
25mm. 

 
Measured values of TSSA reflection coefficient are plotted in Fig. 4.15, for the 

isolated antenna (without the glass layer) and when the antenna is attached on the back 
of the PV panel, at the 133mm-wide space at the border of the panel (Fig. 4.14), in order 
to maximize the distance from the cells and so minimize their effect. 

 

 
Fig. 4.15. - Measured reflection coefficients of the proposed TSSA, with and without the cover glass, and in 
presence of a reflector at a distance of R=30mm. 
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The miniaturization effect of the 8mm-thick glass layer is evident, while the 

variations introduced by a reflector at a distance R=30mm are much smaller. The cover 
glass layer determines a frequency shift of about 350MHz. Subsequent to the above 
preliminary measurements, a fine tuning of some geometrical parameters was used to 
get a return loss greater than 10dB in the whole band of interest, in presence of a 
reflector at a distance R=30mm form the panel bottom. Final geometrical values are 
shown in Table II. Reflection coefficient measurements are shown in Fig. 4.16, when 
the slot is attached on the back side of the PV panel, in presence of the metallic reflector 
at a distance of R=30mm, and at different distances from the nearby PV cells; indeed, 
the slot antenna has been measured when positioned at the center of the room available 
between the four columns that are separated by a distance D=20cm, D=30mm and 
D=50mm.  

 

 
Fig. 4.16. - Measured reflection coefficient of the TSSA by varying the distance between the slot and the 
nearby PV cells (the slot is positioned at the center of the room available between adjacent columns of PV 
cells, Fig. 4.14). The metallic reflector is  placed at a distance of R=30mm from the panel bottom. 

TABLE II 
PV PANEL INTEGRATED PROTOTYPES 

TSSA DIMENSIONS (MM) 

N 200 A 42.5 
M 70 B 49 
L 105 C 54.3 
W 14.5 R 30 
    

If the specific application requires a bidirectional radiation pattern (as that about solar 
fields and mentioned in the Introduction) the reflector can be removed. The absence of 
the metallic reflector results in a slight impedance mismatching (Fig. 4.17), which can 
be recovered by varying some of the antenna geometrical parameters, as for example the 
length C (see Fig. 4.4). 
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Fig. 4.17. - Measured reflection coefficient of the TSSA by varying the distance between the slot and the 
nearby PV cells (the slot is positioned at the center of the room available between adjacent columns of PV 
cells, Fig. 4.14). The metallic reflector has been removed. 

 
A possible approach to improve impedance tuning without changing slot geometrical 

parameters consists in moving the slots with respect to the nearby cells, for example by 
shifting the slot along the direction of its longer axis (y-axis) In Fig. 4.18, the reflection 
coefficient of the antenna placed in three different positions (A, B, and C) is shown, 
when the distance between two solar cells columns is D=20mm, which corresponds to 
the worst case in terms of impedance detuning (Fig. 4.17). In Position A, the centers of 
the slot antenna and solar cells are aligned along the x-direction (Fig. 4.18a). Instead, in 
Position B the slot center point corresponds to the symmetric center of a group of 4 cells 
(Fig. 4.18b). The Position C is a intermediate position between A and B. 

 

 
Fig. 4.18. - Measured reflection coefficient of the TSSA by varying the relative position of the slot antenna 
with respect to the nearby solar cells, along the y-axis. Different position were considered. The Position C is a 
intermediate position, between Position A and B. 
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Measured results in Fig. 4.18 show that a small shift with respect to the y-axis 

represents an effective parameter to match the antenna without changing its geometry. 
Moreover, this effect must be considered when an arrangement of slots is used to 
implement a linear array along the y-axis, since the input impedance of each array 
element will be a function of its relative location with respect to nearby cells. 

 

4.3.2 Measurements results for the SSA prototype 

 
A 180-W-RSP180S-50M PV panel [76] was employed to check the SSA input 

impedance for different locations of the antenna with respect to the panel surface (Fig. 
4.19). The 1580x808 mm2 panel consists of 72 monocrystalline silicon octagonal solar 
cells (125×125 mm2); a 25mm-thick aluminum panel frame can be employed to fix the 
panel on a supporting structure. In the top and bottom side of the solar cell matrix, a 
4mm-thick cover glass and a 1mm-thick Tedlar® film are present, respectively. The 
available space between each 4 octagonal solar cells group is a J =30mm-side square. 

 

 
Fig. 4.19. - The RSP180S-50M PV panel used for testing the SSA. The J-side square space (Fig. 4.2b) 
between cells is 30x30mm2. 
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Fig. 4.20. - Measured reflection coefficient of the proposed SSA attached to the back side of a PV panel, with 
and without the reflector (the reflector was at a distance H=20mm or H=30mm from the FR4 bottom). 

 
Fig. 4.20 shows the measured reflection coefficient of the SSA when it is attached on 

the PV panel backside, with and without a reflector. An aluminum reflector can be 
easily fixed to the metallic frame, at a distance of about 20mm from the FR4 bottom 
side. In the prototyping stage a decreasing of the stub length (S) was necessary, by 
setting this parameter equal to 12.3mm. The measured reflection coefficient (Fig. 4.20) 
of the integrated antenna without the reflector was below -14dB in the band of interest. 
The presence of a reflector resulted in a slight mismatching and in a frequency shift. 
Anyway, the antenna reflection coefficient was still below -10dB in the whole WiMAX 
band. 

 

4.4 Conclusions 

Two slot antenna configurations have been optimized to fit the room between adjacent 
PV cells of a class of commercial PV panels. A linear slot (three-stepped slot antenna) 
with width of 13 mm and length of 94.2 mm can achieve a return loss greater than 10dB 
in a 24% percentage frequency bandwidth, like that required for GSM/UMTS 
applications. Moreover, a square slot with a side smaller than 20mm can be used to 
implement an antenna operating in the 3300–3800MHz WiMAX bands. The cover glass 
layer of the PV panel has been employed to achieve an effective and valuable antenna 
miniaturization. Experimental investigations on antenna prototypes attached to real PV 
panels have been used to evaluate the effect of cells nearby the slots. Moreover, the 
presence of a reflector has been considered to get an unidirectional radiation pattern and 
increase antenna gain. The proposed slot antennas represent low-cost and compact 
solutions, which can be integrated into existing PV panels with a relatively easy 
mechanical process.  
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5 Dual-Band UHF-RFID/WLAN 
Circularly Polarized Antenna for 
Portable RFID Readers 

5.1 Introduction 

N recent years, RFID (Radio Frequency Identification) rapidly attracted a 
considerable attention as an effective and low-cost labeling technology, in supply 

chain management, logistics and access control. A number of frequency bands have 
been assigned to the RFID technology: 125 KHz (Low-frequency band, LF), 13.56 
MHz (High frequency band, HF), 866-928 MHz (European and FCC Ultra-high 
frequency bands, UHF), 2400-2485 MHz and 5725-5875 MHz (Microwaves, MW). In 
this context, dual-band antennas have been investigated for different frequency bands 
and/or applications: HF/UHF [77], UHF/GPS [78], UHF/MW [3]-[84] and MW-
2.4GHz/MW-5.8GHz [85]-[89]. Among them, those dual-band antennas that are 
suitable to operate at both the UHF-RFID and 2.4GHz bands are of specific interest for 
portable readers, as they enable the RFID reader to transmit collected data toward a 
management data center through a wireless local area network (WLAN). The dual-band 
(FCC UHF and MW bands) antennas that have been presented in [3]-[82] are linearly 
polarized antennas. In [3], the dual-band functionality was obtained by combining a 
single patch with an aperture in the antenna ground plane; in [4], an annular plate with 
curved rectangular slots has been designed; finally, an aperture-coupled patch and a 
marquise-brilliant-diamond-shaped patch have been proposed in [81] and [82], 
respectively. On the other hand, in order to make the RFID tag detection and WLAN 
link performance independent from the handheld reader orientation, a circularly 
polarization is preferred, at both frequency bands. This feature was achieved in [7] by 
resorting to two circularly polarized stacked patches, while two concentric ring radiators 
excited through coupling apertures have been suggested in [84]. The antennas in [7]-
[84] exhibit an extent of about λ/2×λ/2×λ/40, where λ is the free-space wavelength at 

I
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the UHF-RFID central frequency. A more compact (λ/5×λ/5×λ/50) and low-cost dual-
band antenna solution for handheld readers was presented in [78], where two circularly 
polarized printed quadrifilar antennas at UHF RFID (902-928MHz) and GPS (1575 
MHz) frequency bands, concentrically arranged, have been designed. This compact 
solution presents four orthogonally arranged TLX-9 substrates for the lower band (UHF 
RFID) and an FR4 substrate placed parallel to the ground plane for the higher frequency 
band.  

In this Chapter, a compact, low-cost, dual-port dual-band circularly polarized antenna 
is presented for UHF-RFID (FCC UHF band, 902-928 MHz) and WLAN (2400-2480 
MHz) applications. Two radiators (a series of four inverted-F meandered monopoles 
and a miniaturized patch, for the UHF-RFID and WLAN frequency bands, respectively) 
are printed on the same side of an FR4 substrate. A proper layout optimization was 
needed to mitigate the mutual coupling between the nearby radiating elements. 
Reflection coefficient and isolation parameter have been investigated. The achieved 
antenna compactness (60mm×60mm×7mm, corresponding to about λ/5×λ/5×λ/50 at the 
UHF RFID central frequency of 900MHz) allows for an easy integration in handheld 
UHF-RFID readers. Furthermore, the measured radiation patterns and axial ratio (in 
both the operating frequency bands) are shown and compared with the simulated results. 
Simulated results have been obtained by CST Microwave Studio. 

 
 

5.2 Antenna Design and Performance 

The antenna is composed of two FR-4 substrates (Layer 1 and Layer 2 in Fig. 1) 
separated by a distance H through a set of 4-pin headers. The distance H can be used to 
effectively control antenna gain performance. In Layer 1 top surface (Fig. 2a), four 
identical inverted-F meandered monopoles operating at the UHF-RFID band are 
realized. Each monopole is 65.4mm long, but 7 meanders have been introduced to fit 
the available space; thus, their actual length L reduces to 48.2mm (73.7% reduction). 
Each monopole input (Layer 1) is close to an antenna corner, at a distance of 4mm from 
the edge, and is fed by a microstrip line (Layer 2) that implements the sequential 
rotation technique [90]-[91]. The sequential rotation technique consists in sequentially 
rotating each element together with imposing a 90° offset in the feed excitation phase. 
Sequential rotation feeding is effective to improve cross polarization (circular 
polarization purity) and radiation pattern symmetry. The feeding network is realized on 
the Layer 2 top surface and has been designed with a single port (Port 1) in the middle 
of the substrate; 4-pin headers have been used to connect the two layers. The antenna 
ground plane is in the Layer 2 bottom surface. A detailed representation of the 
connection between the feeding line (Layer 2) and the feeding pin is shown in Fig. 3. In 
each of the 4-pin headers, one pin connects the feeding network to the monopole, 
meanwhile another pin connects the monopole stub (Layer 1) to the Layer 2 ground 
plane, thus working as a shorting pin. Two other pins are not connected to the radiating 
structure, but they give mechanical robustness to the antenna and set the distance H 
between the two substrates. Since the feeding line and the ground plane have been 
realized onto two opposite surfaces of Layer 2, the feeding pin would result shorter than 
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the other pins of a length equal to 1.53mm, which corresponds to the FR-4 substrate 
thickness. To simplify antenna realization process, a via has been realized in the Layer 
2, and the electrical connection (soldering) between the feeding line and the pin header 
occurs in the Layer 2 bottom surface. 

A WLAN miniaturized patch antenna has been realized by exploiting the available 
space between the four meandered monopoles, without increasing the overall antenna 
volume. A W-wide circularly polarized square patch has been designed on the same 
surface as for the meandered monopoles (Layer 1). Since the available space (among the 
four meandered monopoles) was not enough for a conventional patch operating at 
2.4GHz, four cuts at the patch corners have been introduced in order to decrease patch 
resonance frequency [92] (so reducing the patch surface area of about 30%). The patch 
cuts are asymmetric (C=2.3mm, D=1mm), in order to radiate a CP field. Thanks to the 
patch miniaturization, the design of the meandered monopole layout is only slightly 
influenced by the presence of the patch. The patch antenna ground plane, 30mm×30mm 
in size, is printed on the bottom surface of Layer 1. A narrow frequency band of the 
axial ratio is expected for the WLAN antenna, as for conventional miniaturized patch 
[92]. It is known that the adopted miniaturization techniques (the meanders in the 
monopoles and the cuts in the patch) reduce the antenna gain. Thus, a trade-off between 
the antenna miniaturization and the achievable maximum gain has been considered in 
order to guarantee satisfactory WLAN connectivity and tag reading range. Antenna cost 
and complexity have also been considered.  

 

 
Fig. 5.1. - Stack-up of the proposed dual-port dual-band circularly polarized antenna. 

 
                          (a)                                                (b) 
Fig. 5.2 - Antenna top view: (a) Layer 1 and (b) Layer 2 
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Fig. 5.3. - Header pins connection between the meandered monopoles, feeding network and ground plane, for 
the proposed dual band circularly polarized antenna. 

 

In Table I, the final values of the antenna geometrical parameters are shown.  
 

TABLE I 
ANTENNA SIZE (mm) 

DUAL BAND ANTENNA FOR PORTABLE RFID READER 

A B C D L P R S W H 

2 
5

.7 
2

.3 
1 

4
8 

7 
7

.8 
7

.8 
2

7.7 
7 

 

The antenna has been optimized for the FCC UHF RFID band (2.8% percentage 
bandwidth). Anyway, by properly increasing the effective length of both the meanders 
(A and B parameters) and the λ/4 transformer in the feeding line (Fig. 5.2), it is possible 
to obtain an antenna design operating in the narrower UHF RFID ETSI band (865-868 
MHz, 0.34% percentage bandwidth). The patch ground plane size and shape have been 
optimized in order to reduce the mutual coupling between the patch and the monopoles. 
For the same reason, the patch sides are 45° rotated with respect to the four meandered 
monopoles (Fig. 2).  

In Fig. 5.4, the surface current peak on the patch and the meandered monopoles is 
shown, at 915MHz and 2440MHz when Port1 and Port2 are fed, respectively (the input 
port that is not fed is connected to a matched load); a low coupling level between the 
patch and the meandered dipoles can be noted. 
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Fig. 5.4. - Surface current peak for the proposed dual-band circularly polarized antenna, at 915MHz (Port1 
fed) and 2440MHz (Port2 fed). 

 

 
Fig. 5.5. - Reflection Coefficient of the proposed circularly polarized dual band antenna for the UHF-RFID 
band, when the WLAN patch is either present or removed. 

 
In Fig. 5.5, the reflection coefficient at Port1 is shown, with and without the presence 

of the WLAN patch. A 15 MHz frequency shift of the antenna resonance occurs when 
the patch is removed. In the design process, above patch effect has been easily 
compensated by a fine tuning of the length of the meandered monopoles. In Table II, the 
simulated gain in the broadside direction and the radiation efficiency for the UHF RFID 
and WLAN band are shown. The simulated 3dB axial ratio percentage bandwidth in the 
two bands of interest results to be 3.1% and 0.9%. 
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TABLE II 

SIMULATED ANTENNA PERFORMANCE 

f [MHz] 
Gain 

[dBic] 
Radiation 
Efficency 

f [MHz] 
Gain 
[dBic] 

Radiation 
Efficency 

905 -1.6 38% 2400 1.5 33% 
910 -1.2 35% 2420 1.6 34% 
915 -0.5 45% 2440 1.7 34% 
920 0 48% 2460 1.7 34% 
925 -0.1 50% 2480 1.8 34% 

 
 

 

5.3 Experimental results  

A prototype of the dual-band UHF-RFID/WLAN antenna for portable readers has 
been fabricated; photos of the RFID feeding line and the two radiating elements are 
shown in Fig. 6. Both measured and simulated results for the reflection coefficient and 
port isolation are shown in Figs. 7-8, exhibiting a reasonable agreement. The measured 
reflection coefficient (below -14dB in both the UHF-RFID and WLAN bands) results to 
be lower than the simulated one, and it is probably due to the losses in the FR4 
laminate. 

The measured port isolation is greater than 25 dB in both the UHF-RFID and 
WLAN frequency bands. Radiation pattern measurements have been performed in the 
anechoic chamber of the Department of Electrical Engineering of the University of 
Oviedo. In Fig. 5.9-Fig. 5.10 the measured radiation patterns (for both antennas a right 
hand circular polarization has been considered) at the XZ and YZ planes, at 915MHz 
and 2440 MHz when the Port 1 and Port 2 are fed, respectively, are compared with 
numerical simulations. The maximum gain in the broadside direction (z-axis) is -
0.6dBic in the UHF FCC RFID band and 1.2 dBic in the WLAN band. The measured 
HPBW is about 80° and 85° in the XZ plane and YZ plane, respectively, for both the 
operating frequency bands. 

 

           
Fig. 5.6. - Prototype of the proposed circularly polarized dual-band antenna: (a) the feeding line on the top 
side of Layer 2 and (b) the two radiating elements on the top side of the Layer 1. 



 

 
Andrea Michel 

Dual-Band UHF-RFID/WLAN Circularly Polarized Antenna for Portable RFID 
Readers 

 

83 
 

 
Fig. 5.7. - Simulated and measured reflection coefficient in the UHF-RFID and WLAN bands. 

 

 
Fig. 5.8. - Simulated and measured isolation between Port1 and Port2. 

 

 
   (a)        (b) 

Fig. 5.9. - Simulated and measured radiation patterns (co-polar component) in the (a) XZ and (b) YZ planes, 
at 915 MHz (central frequency for the UHF RFID band), when Port 1 is fed and Port 2 is matched. 
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   (a)        (b) 

Fig. 5.10. - Simulated and measured radiation patterns (co-polar component) in the (a) XZ and (b) YZ plane, 
at 2440 MHz (central frequency of the WLAN band) ), when Port 2 is fed and Port 1 is matched. 

 
Measured and simulated antenna axial ratio in the broadside direction is shown in 

Fig. 5.11. Moreover, the axial ratio in the XZ and YZ planes (Fig. 5.12-Fig. 5.13) is 
below  3dB in a beam of at least 60° around the broadside direction, for both 
applications. 

 

 
Fig. 5.11. - Simulated and measured Axial Ratio in the antenna broadside direction for the RFID UHF and 
WLAN frequency band, when Port1 and Port2 is fed, respectively. 

 

 

Fig. 5.12. - Simulated and measured Axial Ratio in both XZ and YZ planes, at 915 MHz (central frequency of 
the UHF RFID FCC band). 
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Fig. 5.13. - Simulated and measured Axial Ratio in both XZ and YZ planes, at 2440 MHz (central frequency 
of the WLAN band). 

5.4 Conclusions 

A compact, low-profile, low-cost, two-port dual-band circularly polarized antenna for 
UHF-RFID and WLAN applications has been designed, which is suitable to be 
integrated in the PCB of a portable reader. The radiating element for the UHF-RFID 
band (902-928 MHz) has been realized through a circular array of four inverted-F 
meandered monopoles, where the array elements are excited with a 90° phase offset 
(sequential rotation feeding technique) through a microstrip feeding network. In order to 
also provide the portable reader with a wireless web access, a miniaturized CP patch has 
been added for the WLAN IEEE 802.11b,g radio link, by exploiting the available space 
between the four array elements, without increasing the overall antenna volume 
(60mm×60mm×7mm). The patch loading effect on the monopoles can be compensated 
by adjusting the meandered monopole length (measured isolation is greater than 25dB). 
Reflection coefficient, port isolation, axial ratio and radiation patterns are evaluated by 
numerical simulations and compared with measurements on an antenna prototype. 
Reflection coefficient, port isolation, axial ratio and radiation patterns have been 
evaluated by numerical simulations and compared with measurements on an antenna 
prototype. Despite of the limited antenna volume, good performances have been 
measured. 
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Conclusions 

In this dissertation, the mutual coupling effect is analyzed and studied in a number 
of wireless systems for identification, sensing and communication.  

In Chapter I and Chapter II low-cost and low-profile antennas for Near-Field UHF 
RFID desktop readers have been presented. These antenna solutions have been designed 
and optimized to maximize the field generated on the antenna surface and up to few tens 
of centimeters from the antenna. This allows for limiting the far-field radiation and then 
avoiding the undesired detection of farther tags (false-positive).  

Furthermore, in biomedical engineering applications, several devices used to 
monitor the real-time human health conditions make use of the electromagnetic near-
field coupling. Specifically, several systems and numerical methods have been designed 
to estimate the internal human status. In Chapter III, a novel method suitable to estimate 
the internal human tissues condition (i.e. estimate tissue permittivity variations due to 
the presence of lung water content or tumor masses) is described, and the mathematical 
approach used in the accuracy analysis is reported. In addition, numerical results are 
shown and commented. 

In Chapter IV, antennas for GSM, UMTS, WiFi and WiMAX applications are 
presented. Specifically, they are optimized to be integrated in a commercial 
photovoltaic panel, exploiting the available space between solar cells and taking into 
account the near-field interaction with other elements (e.g. other radiating elements, 
glass layer or close solar cells). 

Finally, in Chapter V a dual band antenna integrated in an UHF RFID handheld 
reader is presented for UHF RFID and WiFI applications. In this case, the near-field 
coupling between the two radiating elements represents an undesired effect that limits 
the overall system performance. To face with this effect, a proper geometry 
optimization is chosen for the two radiating elements, resulting in a good compromise 
between antenna performance and occupied volume. 
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