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Abstract. In this paper, a comparison of three tags based 
on modified patches for UHF RFID in terms of size and 
read range performances is proposed. The antenna struc-
ture consists of a patch with an open stub and a meander 
line for feeding. The tags are dedicated to being mounted 
on metallic items and to interoperate on dual-band fre-
quencies (European and American UHF RFID frequency 
bands). Moreover, the structure of the antennas is planar 
without any via holes or multilayers for a low cost and easy 
fabrication. Good agreement between simulation and 
experimental results has been obtained at 866 MHz and 
915 MHz. 
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1. Introduction 
Radio Frequency Identification (RFID) is a very pop-

ular and widespread technology. It is used in various appli-
cations such as logistics management, asset tracking, ac-
cess control, and RTLS (Real-Time Location System). One 
of the types of RFID technology that has grown more in 
recent years is the RFID technology based on passive Ultra 
High Frequency (UHF) tags. The UHF RFID system is 
composed of a tag and a reader. The tag consists of 
an antenna and a chip that receives power from electromag-
netic waves transmitted by the reader [1]. Due to its popu-
larity, the cost and sensitivity of the UHF RFID Integrated 
Circuits have been notably improved. This reduction in the 
sensitivity of the IC's has allowed the reading range to be 
increased to several meters. 

However, to successfully design antennas, several 
factors need to be considered like their operating fre-
quency, mounting structure, read range, and size [2], [3]. 
The frequency allocation for RFID systems in the UHF 
band and the maximum power transmitted vary in each 
country based on their regulations. For example, in the 
USA the frequency range is 902–928 MHz with an equiv-
alent isotropically radiated power (EIRP) of 4 W, while in 
Europe it is 865–868 MHz with an EIRP of 3.3 W [4]. To 
ensure the interoperability of the system worldwide, it is 

necessary to design a broad or multi-band RFID tag to 
cover the UHF band in the range of 860–960 MHz. 

Several applications require RFID tags to be mounted 
on metal objects. However, the surfaces of these objects 
and their surrounding environment change the antenna's 
characteristics drastically by altering parameters like 
impedance matching, radiation efficiency, and the radiation 
pattern [5], [6]. 

The size of the antenna and the read range are closely 
related. Often, resulting in a need to compromise the read 
range in order to reduce the size of the tag, in an ideal case, 
reducing the area occupied by the antenna provides for 
more convenient usage, but this also results in poor per-
formances as the read range comes down drastically. How-
ever, to overcome this, different designs are being explored 
for tags of similar dimensions as varying configurations 
have proved to have significantly different operating 
results. 

To overcome these issues, many designs have been 
explored in the literature. Among these, microstrip patch 
antennas [7–17] have been used as they utilize a ground 
plane to isolate them from the effects generated by the 
material to which they are attached. Inverted F antennas 
and planar inverted F antennas (PIFA) [18–25] include 
a modification that achieves the tag's miniaturization by 
inserting via holes. However, these designs have draw-
backs as the resonant frequency is very sensitive to the via 
hole [26] location, and there is an increase in the cost of 
fabrication of the antenna. Dipole-type tag antennas have 
also been used for designing RFID metal tags [27–29]. 
Still, they suffer from low radiation efficiency when placed 
on or near metals because of their boundary conditions [30].  

In this work, we propose a planar and compact min-
iaturized design structure of antennas for UHF RFID tags 
mounted on metallic objects, operating in both the Euro-
pean and American frequency bands with a promising read 
range. Three tags are studied in Sec. 2, the first structure 
with the size of 139 × 32 × 1.6 mm3, but operating in dual 
bands and presenting a good read range up to 17 m and 
15 m at 866 MHz and 915 MHz, respectively. To minimize 
the tag size, we designed another design, which is a minia-
turized structure of the first one. Still, we observed degra-
dation in the read range performance as a result of this 
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miniaturization. To improve this performance, we in-
creased the thickness to enhance the gain, and therefore, 
the read range is boosted by 30%. The performances of the 
proposed structures are validated by simulation as well as 
measurements in Sec. 3. Finally, the results are compared 
and discussed with other designs in the literature. 

2. RFID Tag Antenna Configuration 
The tag antenna designs proposed in this work are 

manufactured using FR-4 dielectric substrate. The antennas 
consist of stub loaded patches with a ground plane in the 
bottom. The antenna does not use via holes nor shorting 
strips for easy fabrication on one layer. Using thin sub-
strates has a narrow bandwidth. Therefore, it required to 
know the electrical properties of the substrates to tune it at 
the desired operating frequency. Since the FR-4 material 
has a broad frequency variation in the dielectric permittiv-
ity and depends on the manufacturer, its dielectric proper-
ties have been obtained by designing a ring resonator 
structure on the FR-4 substrate. The transmission frequency 
response (parameter S21) of the ring resonator is measured 
with a Vector Network Analyzer (VNA). The relative per-
mittivity is calculated from the measurements of the reso-
nant frequencies and the dimensions of the ring resonator at 
the UHF RFID band [31], [32]. The loss of tangent is ob-
tained from the measurements of the resonator loaded 
quality factor following the procedure described in [31], 
[32]. The relative permittivity εr = 4.69 and loss tangent 
tan δ = 0.02 are obtained from the measurements for the 
FR-4 substrate used. 

The layout and dimensions of the first proposed de-
sign are presented in Fig. 1 and Tab. 1, respectively. The 
tag is composed of a radiation patch and an open stub for 
feeding and as a tuning structure [7]. The RFID chip is 
attached between the open stub line and the radiation patch. 
The antenna reactance could be tuned in a very large range 
with the length Li. The lengths Lr1 and Lr2 control the an-
tenna resistance. Adjusting all these parameter dimensions 
could be used to obtain two resonant frequencies 866 MHz 
and 915 MHz. 

 

 
Fig. 1.  The layout of the tag-based on patch loaded with 

a long open stub. 
 

L W Wp Lp Lr1 Lr2 Li h 
139 32 28 50.55 14 32 73 1.6 

Tab. 1.  Dimensions in mm of the patch loaded with an open 
stub. 

 
Fig. 2.  The layout of the tag-based on patch loaded with the 

meander open stub. 
 

Dimensions Parameters Second Design Third Design 

L 88 88 

W 32 32 

Wp 28 28 

Lp 51.3 47 

Wr 6 3.5 

Lr 34 38 

Li1 10 10 

Li2 = Li4 = Li6 = Li7 = Li10 5 5 

Li3 12 12 

Li5 13 13 

Li8 = Li9 12 12 

Li11 10 12 

h 1.6 3.2 

Tab. 2. Dimensions in mm of the second and third tag-based 
on patch loaded with the meander stub. 

The second tag is presented in Fig. 2, and its dimen-
sions in Tab. 2, it is a miniaturized form of the first design, 
with a size of 88 × 32 × 1.6 mm3. It is a patch loaded with 
a meander stub. In this structure, the parameters Lin are 
used to adjust the antenna reactance and Lr to adjust the 
antenna resistance, the parameter Wr is set to adjust the 
866 MHz and 915 MHz frequency bands.  

For a gain enhancement, and to improve the read 
range, we designed a third tag by increasing the thickness 
of the substrate to 3.2 mm of the previous design and by 
adjusting the dimensions as given in Tab. 2. 

3. Simulated and Measured Results 

3.1 Chip Impedance Characterization 

For the optimization of the parameters, the simula-
tions are carried out using Keysight ADS Momentum and 
CST Studio software. 

For impedance matching and maximum power 
transfer, the tag antenna is designed in such a way that its 
impedance is the conjugate of the chip's impedance [1], 
[33]. The complex reflection coefficient Г gives the 
mismatch between the antenna and chip: 

 
*

in chip

in chip

Z Z

Z Z






 (1) 

where Zin and Zchip are, respectively, the antenna's input 
impedance and the chip's input impedance. 
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The chip used is an Impinj Monza R6 [34]. The IC 
manufacturer (Impinj Monza R6) gives a read sensitivity of 
up to –20 dBm and write sensitivity –16.7 dBm with 
a dipole antenna. These values have been taken as refer-
ence for the antenna design. The measurement of chip 
sensitivity is out of the scope of this work. We assume that 
the sensitivity is well measured by the IC manufacturer 
because they have access to on-wafer measurements that 
can be taken into account the parasitic of the test fixture 
better. The read range measurements presented verifie that 
the average sensitivity of the manufacturer is enough. The 
chip impedance can be modeled with an equivalent input 
parallel resistance Rp = 1200 Ω and equivalent input paral-
lel capacitance Cp = 1.43 pF. However, this equivalent 
circuit given by the manufacturer is for the die chip without 
taking into account the parasitics of the package, substrate, 
and input power dependence. In the prototypes, a packaged 
chip from Murata LXMS21ACMF-183 is used. Therefore, 
it is needed to characterize its impedance as a function of 
the frequency [35–38]. 

The impedances of the antenna designs and the chip 
are measured with an Agilent vector network analyzer 
(VNA) Agilent Technologies E5062A. As the input of the 
chip is differential, a differential probe with small parasitic 
should be used to ensure the closest situation to real condi-
tions. For this purpose, a custom differential probe was 
made with a λ/4 short-circuited semirigid coaxial [35] 
(Fig. 3a). To this end, a full two-port calibration is per-
formed at the SMA connectors. Then, the reference planes 
were shifted from the measurement of the probe in an open 
circuit using the schematic shown in Fig. 3b. To this end, 
two ideal lines with negative delay were used to shift the 
reference plane to the chip or antenna plane. The delays 
were adjusted from a measurement with the probe in 
an open circuit. The chip or antenna is soldered at the end 
of the probe, and the two-port S parameters are measured 
with the VNA. The differential impedance of the antenna 
or chip is computed from the shifted two-port S parameters 
using the Keysight ADS software using the schema shown 
in Fig. 3c. This way is equivalent to use the conversion for-
mulas to convert two single-ended S parameters to differ-
ential impedance given in [35]. 

The input impedances given by the manufacturer are 
(13.6 – j127) Ω and (12.2 – j120) Ω at 866 MHz and 
915 MHz, respectively. As the chip is packaged, the input 
impedances are slightly different. The chip impedance is 
a function of the input power. Therefore, to obtain the 
highest read range, we have chosen for the design of the 
antenna, the chip impedance corresponding to the chip 
sensitivity (–20 dBm from the manufacturer data). The 
measured impedance of the chip at different input powers 
(setting the VNA port power to the desired level) and the 
calculated chip's impedance according to the values given 
by the manufacturer are presented in Fig. 4. The input 
power level is the power level used in the VNA calibration. 
We have observed that the impedance remains nearly con-
stant for power levels below –10 dBm because the over-
voltage protection of the rectifiers is not working, and  
the  rectifiers are  working  in low-power  conditions. In the 

(a) 

(b) 

(c) 

Fig. 3.  Characterization setup of chip and antenna. (a) VNA 
and probe detail with the chip. (b) ADS circuit used to 
shift the reference plane from the measured S 
parameter for an open-ended probe. (c) ADS circuit to 
obtain the input impedance from the measurements 
with the probe. 

setup, a loss of about 3.4 dB is achieved by the mismatch 
of the IC (assuming that the IC is loaded with 50 Ω in se-
ries when is measuring the S11 or S12 from the VNA). 
Therefore, the IC is receiving –17.4 dBm while it is meas-
ured with the probe with the VNA, but the impedance does 
not change a lot (see Fig. 4, where the real part is constant, 
and the imaginary part changes about 3 Ω from –17.4 dBm 
to –20 dBm). A new equivalent circuit is consisting of 
a shunt resistance and shunt capacitance from the real part 
and imaginary part of the measured chip admittance, re-
spectively. The values found from the measurements at the 
input power of –20 dBm are 1748 Ω and 1.39 pF. Good 
agreement has been found between the extracted shunt 
model (see inset circuit in Fig. 4b) and the measurements.  

All the following measurements are performed, taking 
into account the continuous values of the chip's input im-
pedance versus frequency. 

3.2 Simulations and Measurements of the 
Proposed Tag Antenna Designs 

Impedance matching between the antenna and the 
chip is very important in the antenna design, the simulated 
and measured input impedance, as well as the reflection 
coefficients  as a function  of the frequency  of the first and 
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(a) 

 
(b) 

Fig. 4.  Comparison of the real (top) and imaginary part 
(bottom) of the measured and calculated chip 
impedance from the manufacturer equivalent model 
and extracted from the measurements as a function of 
the frequency for different input power. The inset 
figure in (b) shows the equivalent shunt circuit. 

second proposed antennas designs, are shown in Fig. 5, 
Fig. 6 and Fig. 7, respectively. The measured and simulated 
complex reflection coefficient is computed from the meas-
ured or simulated impedance and the measured chip im-
pedance at –20 dBm using (1). It is clearly seen that the 
results are well matched. 

Simulations of surface currents densities are illus-
trated in Fig. 8 to show that the proposed antennas resonate 
at two different resonant frequencies, 866 MHz and 
915 MHz. It is clear that the current is intensive and con-
centrated mainly on the open stub feed line of the first 
antenna design and the meander line in the second antenna 
design. 

The read range is considered among the most 
important criteria of tag performance, according to the Friis 
transmission equation, the theoretical read range of the tag 
in free space can be calculated as follows [3]: 

  2

EIRP tag

max
th

1

4

P G
R

P





  (2) 

where λ is the free space wavelength of the operating 
frequency, PEIRP is the equivalent isotropic radiated power 

 
Fig. 5.  Measured and simulated antenna impedance versus 

frequency of the first antenna design. 

 
Fig. 6.  Simulated and measured reflection coefficient of the 

proposed antenna. 

 
Fig. 7.  Simulated and measured RL results of the second 

proposed antenna. 

(the maximum value depend on the regulation, 3.3 W in 
EU and 4 W in the USA), Pth is chip sensitivity (–20 dBm), 
and Gtag is the gain of the antenna tag, its value is nearly 
constant over the frequency band. The product Gtag(1 – |Г|2) 
corresponds to the realized gain. The correction of the read 
range is achieved by the function (1 – |Г|2), which is the 
power transmission coefficient. 

In order to check the simulated read range, the read 
ranges of the RFID tags are measured in an anechoic 
chamber  (as shown in Fig. 9,  tags mounted on the metallic 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 8.  Simulated currents densities of the proposed designs at 
866 MHz and 915 MHz: (a), (b) for the first design; 
(c), (d) for the second design. 

surface), using a commercial RFID reader (Ion R4301P 
CAEN RFID), connected to a circularly polarized antenna 
with gain (Greader) of 8 dB, the distance d between the 
reader and the tag is 1.6 m.  

The measured read range, Rmax, is obtained by 
sweeping the reader's transmitted power in tiny steps to the 
tag up to receive a backscattered response frame (for Tx 
power PTxmin). An external attenuator of 12 dB is used to 
reduce the reader's power and to ensure that the received 
power at the tag can reach its sensitivity. The losses of 
cable between the reader and reader antenna (1.5 dB) are 
taken into account. 

The read range is computed using the following 
equation: 

 EIRP
max

reader Txmin

P L
R d

G P
    (3) 

where PTxmin is the reader power when the tag stops to 
answer, Greader is the reader antenna gain, and L is the cable 
and external attenuator losses. Unfortunately, commercial 
readers cannot select a frequency channel outside the reg-
ulations. In addition, the minimum power step is typically 
0.5 dB [39]. To overcome this limitation, expensive tag 
evaluation systems such as available from the Voyantic 
system with 0.1 dB power resolution and fine frequency 
step can be used. To estimate the read range outside the 
866 MHz and 915 MHz bands that cannot be measured by 
the reader, we computed the approximated read range from 
the measured antenna impedance with the probe: 

  
2

max max,mes ref 2

ref

1

1
R R f








 (4) 

where Rmax,mes(fref) is the maximum read range measured 
with the reader at the channel with frequency 
fref = 866 MHz. Equation (4) assumes that the tag gain 
(Gtag) and the sensitivity (Pth) remain nearly constant [39]; 
that is, it a reasonable approximation for frequencies close 
to fref. Γ in (4) is the measured complex reflection coeffi-
cient obtained with (1) for the measured antenna imped-
ance and measured chip impedance. Γref is the complex 
reflection coefficient at the reference frequency fref. The 
simulated and measured (using (4)) read ranges of the three 
proposed tags are illustrated in Fig. 10 at 3.3 W EIRP (cor-
responding to the most restrictive EU band). The measured 
read range of the first design is about 17.6 m at 866 MHz 
and 16.6 m at 915 MHz, and the calculated read range by 
Friis equation reach 17.4 m and 16.8 m at 866 MHz and 
915 MHz respectively with a realized gain of 0.94 dB. 

As expected, the second prototype, which is a minia-
turized form of the first one, had a degradation in the read 
range performance as a result of this miniaturization, as it 
is seen in Fig. 10, which confirms the agreement between 
the size occupied and the read range, these two constraints 
usually depend on each other. The reached read range is 
6.4 m and 6.1 m at 866 MHz and 915 MHz respectively 
with a realized gain of –7.8 dB. 
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Fig. 9.  Read range measurement of the proposed designs in 

the anechoic chamber. 

 
Fig. 10.  Simulated and measured read ranges of the three 

proposed antenna designs. 
 

Ref. 
Type of the 

tag 

Operating 
frequency 

bands 
(MHz) 

Power 
(EIRP) 

Tag volume 
(mm3) 

Max. 
read 

range 
(m) 

[7] Patch 902–928 4 W 108.5 × 22 × 3 6.5 

[8] Patch 
865–867 
902–928 

3.3 W 
4 W 

96 × 50 × 2 4.5 

[9] Patch 860–960 1 W 65 × 65 × 2 3.5 

[10] Patch 
865–867 
902–928 

3.3 W 
4 W 

106 × 44 × 4.6 6.2 

[11] Patch 903–923 1 W 100 × 100 × 1.6 4.62 

[14] Patch 902–928 4 W 50 × 50 × 1.8 2 

[15] Patch 866 3.3 W 
100 × 60 × 0.76
105 × 60 × 0.76
60 × 88 × 0.76 

7 
7.3 
5.4 

[16] Patch 902–928 4 W 32 × 18 × 3.2 1.5 

[17] Patch 902–928 4 W 40 × 80 × 1.6 4.2 

[19] PIFA 902–928 4 W 130 × 45 × 0.8 3.1 

[22] 
Folded 

dipole/patch 
902–928 4 W 120 × 30 × 3.2 4.3 

[25] PIFA 922–928 4 W 65 × 20 × 1.5 3.1 

This 
work 

Patch 
865–867 
902–928 

3.3 W 
139 × 32 × 1.6
88 × 32 × 1.6
88 × 32 × 3.2 

17.6
6.4 
9.6 

Tab. 3. Comparison of UHF RFID tags mounted on metallic 
items. 

To enhance this performance, we have to increase the 
thickness of the substrate to ameliorate the gain. For this 
reason, a third antenna tag was designed with a thickness of 
3.2 mm. The read range is improved by 30%, as is shown 
in Fig. 10, with a realized gain of –4.4 dB. 

Table 3 compares the proposed tags with other previ-
ous works, in terms of dimensions and read ranges, for 
a fair comparison, all of them are designed to be mounted 
on metallic items, printed on FR-4 substrate. 

4. Conclusion 
Low-cost and dual-band UHF RFID tags are studied. 

The performances of these designs show that they are suit-
able for metallic objects. The proposed structure allows 
an easier impedance matching of the antenna and the chip 
on a large scale without any further matching network. 
A promising read range is reached, up to 17.4 m in 866 MHz 
and 16.8 m in 915 MHz, respectively, for the first proposed 
structure and up to 9.6 m and 9 m for the miniaturized form. 
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