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ABSTRACT: This paper presents a passive UHF RFID dipole antenna designed for object identification in supply chain applications.
The antenna features a simple structure measuring 75 x 28 x 1.6mm?® (2.17 x 0.81 x 0.046)o), with a copper radiating element
printed on Taconic RF-35A2 substrate. It is matched to a Monza R6 chip with an impedance of 13 — j125 €2 at 868 MHz through a
T-matching circuit. The prototype was tested on various complex surfaces, including plastic bottles, foam, cardboard, plastic boxes,
and wood. Its performance evaluation involved measuring the reading distances in these environments. Simulation and measurement
results demonstrate effective impedance matching between the antenna and chip. The read distances vary with the surface type, with the
maximum distance reaching up to 14 meters on a plastic bottle within the European UHF RFID band (865.5-869.5) MHz and the shortest
distance around 6 meters on wood. Overall, the tag exhibits strong adaptability to different surfaces. Simulations were conducted using

CST Studio microwave software.

1. INTRODUCTION

Radio Frequency Identification (RFID) is a technology that
employs high-frequency radio waves to transmit and store
data for the unique identification of objects, animals, or hu-
mans. It finds extensive applications across diverse fields
such as supply chain management [1], healthcare [2, 3], animal
breeding through implanted tags [4], and the Internet of Things
(IoT) [5-71.

Passive RFID systems use tags that communicate with a
reader, which powers and interrogates them [8]. This com-
munication relies on the transmission of electromagnetic waves
from the reader to the tag [9]. The reader continuously emits a
signal, which provides the energy needed to activate the chip
embedded in the tag. Once activated, the tag responds by
backscattering the signal via its antenna.

RFID systems operate over multiple frequency bands,
depending on the application and geographic region. The
Ultra-High Frequency (UHF) band (860—960 MHz) is the most
widely used due to its long read range compared to the Low
Frequency (LF) and High Frequency (HF) bands, with the
latter often employed for Near Field Communication (NFC)
[9]. The passive UHF RFID technology, requiring no internal
battery, allows easy integration and offers significant benefits
[10].

Numerous studies have focused on the design of UHF RFID
dipole antennas for operation on complex surfaces. For ex-
ample, a UHF RFID antenna the size of a smart card is pro-
posed in [11] for contactless payment cards such as VISA and
MasterCard, achieving a maximum read distance of 12 meters.
RFID antennas for identifying liquid-filled bottles are presented
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in [12, 13], with one design employing a folded dipole and loop
matching adapted to the chip, reaching a 5.6-meter read range
on water bottles in the American UHF band, though affected
by the water surface. The dielectric effects of food and bev-
erage contents and packaging are analyzed in [13]. Another
RFID tag dipole, equipped with an integrated Artificial Mag-
netic Conductor (AMC), with dual bands, namely the Euro-
pean (855-867 MHz) and Japanese (950-955 MHz) UHF RFID
bands, was proposed in [14]. This tag, mounted on a metal sur-
face, achieves a read range of 7.3 m at 866 MHz and 10.8 m at
953 m. In[15] and [16, 17], a monopole RFID tag and a dipole
RFID tag are proposed. These tags are used to identify objects
such as foam, fiber, glass, plastic, and wood. The monopole
[15] operates only on the 915 MHz band, while the dipole [16]
operates on the 866 MHz and 915 MHz frequency bands.

Efficient transportation of goods requires accurate tracking
and traceability from the point of shipment to final delivery,
in order to ensure increased product safety and improved op-
erational quality [18]. To meet these requirements, the trans-
portation and logistics sector must undergo a digital transfor-
mation by implementing systems for identifying and tracking
products from source to destination. RFID technology appears
to be a particularly suitable solution in this context, as it allows
products to be labeled with RFID tags for seamless tracking
and identification [19, 20]. Transportation is a key application
area for RFID due to the considerable volume of goods trans-
ported from one location to another. These goods are often
packaged in cardboard boxes or wooden crates [21]. Unlike
barcodes, which require contact identification, RFID enables
contactless, intelligent identification by facilitating communi-
cation between the reader and the tag through electromagnetic
wave backscatter [22-25].
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This paper presents a meandered dipole RFID tag antenna de-
signed for product tracking in the supply chain. The work car-
ried out in this paper presents a new method for improving the
performance of a dipole antenna. This method is based on the
use of short-circuit stubs, which not only adjust the impedance
matching between the antenna and the chip, but also improve
the tag’s performance in terms of gain and read range compared
to the reference design. This design approach offers a practi-
cal and effective solution for applications requiring good per-
formance in compact formats. The addition of stubs extends
the tag’s inductive lines, enabling precise resonance tuning at
868 MHz and achieving effective impedance matching with the
Monza R6 chip. The fabricated prototype demonstrated excel-
lent performance, reaching a maximum reading range of 14 m
on a plastic bottle and a minimum read range of 6 m on wood
surface. This robust performance is highly beneficial for real-
world supply chain application where goods are packaged in
diverse materials.

2. PROPOSED RFID TAG DIPOLE

The proposed tag antenna in this paper is a meander-shaped
dipole with a simple design, as shown in Figure 1. It consists of
a copper dipole etched onto a 1.6 mm thick FR4 epoxy substrate
(e, = 4.4 and tano = 0.02). The overall tag dimensions are
75 x 28 x 1.6 mm? (2.17 x 0.81 x 0.046)¢). The antenna de-
sign was initially simulated in free space using the HFSS (High
Frequency Structure Simulator) software.

FIGURE 1. Proposed passive UHF RFID tag dipole antenna.

The initial design started with a simple meander dipole serv-
ing as a reference antenna, without any short-circuit stubs. This
reference antenna is connected to a T-shaped matching network,
which is specifically designed to interface with the Monza
R6 chip characterized by an impedance of (13 — j125)(Q at
868 MHz. The measured reflection coefficient reveals that the
antenna resonates at 903 MHz MHz with an S7; of —19.8 dB
(Figure 2). However, this resonance frequency falls within
the (900-910) MHz band, which lies outside the desired opera-
tional frequency range of (865.5-869.5) MHz for the European
UHF RFID band. This mismatch in frequency highlights the
need for further tuning of the antenna geometry or matching
network to align the resonance with the target band.

To analyze areas of high and low current density for optimiz-
ing the design parameters, we simulated the surface current dis-
tribution. Figure 3 shows that the current is predominantly con-
centrated around the matching circuit, whereas the meandering
lines exhibit low current density. Consequently, increasing the
length or width of these lines will have minimal impact on the
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FIGURE 2. Reflection coefficient of the reference antenna.

antenna’s resonance frequency. Therefore, an alternative tech-
nique is necessary to shift the frequency and achieve resonance
at the target frequency of 868 MHz.

To increase areas of high current density, we introduced two
short-circuit stubs on the upper sections of the dipole arms.
These stubs are placed symmetrically with respect to the match-
ing network (Figure 4). This configuration is intended to con-
centrate the current in these regions, thereby enabling effective
resonance tuning.

The simulated current density for the dipole antenna con-
nected to the two short-circuit stubs remains low, similar to
the previous configuration. The current is mainly concentrated
near the chip area, while the current intensity along the radi-
ating lines is very weak. As a result, the resonance frequency
does not shift, and the antenna still resonates at 903 MHz with
a reflection coefficient of —15 dB, as shown in Figure 5.

Another pair of stubs was added symmetrically with respect
to the first pair (Figure 6). These additional stubs extend the
electrical length of the dipole, thereby enhancing the induc-
tive reactance of the antenna. The simulated current density
now shows a more uniform distribution over the entire radi-
ating surface, with a stronger concentration near the matching
network. Connecting folded-over lines in regions of high cur-
rent significantly impacts the resonance frequency, effectively
lengthening the meander lines and allowing the antenna to res-
onate at lower frequencies. Through a parametric study on the
line lengths, this method successfully shifted the antenna’s res-
onance to cover the European UHF RFID band, as illustrated
in Figure 7.

The use of stubs to short-circuit the dipole’s meander lines
has not only made it possible to adjust the resonance to cover the
European UHF RFID band, but also to increase the tag’s gain
and radiation efficiency. This improves its radiation perfor-
mance. The four short-circuit stubs used in this design demon-
strate the difference between the proposed dipole and conven-
tionally used dipoles.

Table 1 summarizes the tag parameters along with their cor-
responding values, which were derived from these parametric
analyses to achieve the best impedance matching.
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FIGURE 3. Simulated current density without short-circuit.
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FIGURE 4. Simulated current density with two stubs.
TABLE 1. Antenna parameters and their values (in mm). 0
2
Parameters | L, | W, L Ly Ly | L3
4
Values (mm) | 75 25 | 134 | 175 3 14
Parameters | Ly | Ls Lg W | Wy | We o
Values (mm) | 2.4 3 8 0.9 2 0.1 g 8
Z-10
The space left to place the chip is 100 um due to its small 12
size. 1
The antenna is connected to Impinj’s Monza R6 microchip of
. . . . . -16
size 464.1 um x442 um whose datasheet is given in [26]. Chip !
parameters are reported in Table 1. IS us os oss oss 0o oor 0 oo
Table 2 summarizes the characteristics of the Monza R6 chip. ‘ ‘ ‘ " FreqiGH ' ‘ ‘

TABLE 2. Monza R6 microchip characteristics.

Cp Rp Cmount Readlng ertlng
sensitivity sensitivity
1.23pF | 1.2kQ | 0.21pF —20dBm —16.7dBm

Cp and R, represent the chip’s parallel capacitance and re-
sistance, respectively, while Cyoune denotes the parasitic capac-
itance caused by adhesive mounting. The total capacitance is
thus the sum of these two components: Cp = Cp, 4 Count. The
chip impedance is calculated using the following equation.

A VAV _ (Rl +]X1)(R2 +jX2) 1)
chip eq Z1 +Z2 (Rl +R2)(X1 +X2)
With,
Ry = 12000,
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FIGURE 5. Reflection coefficient of the RFID tag antenna with two

stubs.
Ry = 0,
X1 =0,
X, = —j/(QWfCT)

= *j/(27r x 868 - 10% x 1.44 - 107 '?)

= —j127.33Q. )

This IC microchip features a low power sensitivity of
—22.1dBm and has an impedance of Zy,p, = 13 — j125Q
at the central European UHF RFID frequency of 868 MHz.
Its small size and low sensitivity make it highly efficient
and practical. However, the main constraint lies in the chip
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FIGURE 6. Simulated current density of proposed tag dipole antenna.
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FIGURE 7. Simulated reflection coefficient of the tag antenna.
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FIGURE 8. Simulated tag antenna impedance.

attachment process, which requires additional tools to ensure
secure mounting.

3. SIMULATION RESULTS

The power reflection coefficient (Figure 7) and impedance
(Figure 8) were simulated to evaluate the dipole antenna’s per-
formance in terms of resonance and impedance matching. The
tag antenna resonates at the European UHF RFID center fre-
quency of 868 MHz, covering a bandwidth of 15.7 MHz (860—
875.7MHz) with a matching criterion of —10dB, which cor-
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FIGURE 9. Simulated realized gain of the tag antenna.

responds to a 10% power loss. At the resonant frequency
(868 MHz), the simulated return loss is S1; = —19dB.

The simulated tag impedance is Z, = 15.74j123.5 €2, which
closely matches the conjugate of the chip impedance (Z; =
13 +j125Q) at 868 MHz (Figure 8). This impedance matching
ensures that the antenna can efficiently transfer the maximum
amount of energy received from the reader’s signal to the chip.

Key radiation parameters of the antenna, including the radi-
ation pattern, gain, and radiation efficiency, were simulated to
evaluate its electromagnetic performance comprehensively.

The gain shown in Figure 9 represents the realized gain of
the tag over the 0.8 to 1 GHz frequency range. Realized gain
is a crucial parameter that directly influences the tag’s reading
distance by accounting for both antenna gain and impedance
matching losses. The simulation results indicate a realized gain
of 1.55dB at 868 MHz, demonstrating the antenna’s effective
radiation performance within the European UHF RFID band.

Figure 10 illustrates the tag’s radiation efficiency across the
0.8 to 1 GHz frequency band. Radiation efficiency is defined as
the ratio of the power radiated by the antenna to the total power
received at its input. The results indicate that the tag achieves
a high radiation efficiency of up to 87% at 868 MHz, which
signifies minimal ohmic losses and effective power radiation
within the European UHF RFID band. With an efficiency of
87%, there will be good transmission of the energy received by
the tag antenna to the Monza R6 microchip.
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FIGURE 10. Simulated radiation efficiency.
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FIGURE 11. Simulated radiation pattern at 868 MHz.

Figure 11 presents the 2D radiation patterns of the tag in both
the horizontal (H) and vertical (E) planes at 868 MHz. The
antenna exhibits an omnidirectional radiation pattern, charac-
teristic of many dipole-type RFID tag antennas [14—16]. This
omnidirectional coverage ensures wide area tracking capabil-
ity, allowing the tag to reliably identify objects regardless of
their orientation relative to the reader.

To evaluate the impact of complex surfaces on the proto-
type, the tag was mounted on various substrates including a
polyethylene terephthalate (PET) plastic bottle, a glass bottle,
wood, foam, and cardboard. The electrical and physical prop-
erties of these surfaces, which can influence the tag’s perfor-
mance by affecting antenna parameters such as impedance, res-
onance frequency, and radiation efficiency, are summarized in
Table 3 [26-29].

To evaluate its performance, the tag was mounted on vari-
ous surfaces. Figure 12 presents the simulated reflection coef-
ficient of the tag in free space and on different substrates, in-
cluding plastic and glass bottles, foam, cardboard, and wood.
When placed on foam or a plastic bottle, the tag’s performance
remains close to that in free space, exhibiting good impedance
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TABLE 3. Dielectric properties of the different surfaces.

Surfaces | PET | Glass | Wood | Foam | Cardboard
Er 3 5.5 1.7 1.03 1.78
tan o 0.002 0.0 0.036 | 0.0001 0.025
0
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FIGURE 12. Simulation of tag reflection coefficient on different sur-
faces.

matching. However, mounting the tag on cardboard, wood, or a
glass bottle causes a resonance shift towards lower frequencies,
leading to increased matching losses within the desired band.
This resonance shift also adversely impacts radiation charac-
teristics such as antenna gain and read range.

Figure 13 shows the tag’s maximum read distance d,.x on
the different surfaces to be tagged, determined from the FRISS
equation given by Equation (3) [30].

A |EIRPGgrT

=L, /—F 3
P P 3)

dmax

where EIRP = P,G. is the Effective Isotropic Radiated Power,
normalized to 3.28 W in the European UHF RFID band; P, and
Py, correspond to the reader’s transmitting power and the chip’s
sensitivity, respectively; G, et G are the gains of the reader
and tag antennas, respectively. The transmission coefficient 7
is calculated from Equation (4) (1 = 0.99).

T=1-I?=1-5% 4)
With,
Do — Z*
= 76 5
7. 1 7. Q)

The reading range varies depending on the surface type, as
the properties of these materials influence the tag’s impedance
matching and radiation performance. Although dipole anten-
nas are typically sensitive to complex surfaces, simulation re-
sults show that the read range, calculated with an EIRP of
3.28 W [31], exceeds 6 meters for all tested surfaces. This
demonstrates that the proposed tag is well suited for its intended
application in product identification.
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FIGURE 13. Simulated reading distance on various complex surfaces.

FIGURE 14. Measuring tag impedance with the Vector Network Ana-
lyzer (VNA).

In order to validate the results obtained in simulations, it is
crucial to build the prototype and then carry out measurement
tests on the RFID tag.

4. REALIZED PROTOTYPE AND MEASUREMENT RE-
SULTS

The prototype was fabricated by depositing copper onto an FR4
epoxy substrate using an electronic printer. Subsequent mea-
surement tests were conducted to validate the simulation re-
sults. Impedance measurements were performed using a vector
network analyzer (Figure 14). The impedance measurements
were performed using an Agilent Technologies ES061B net-
work analyzer, capable of operating over a broad frequency
range from 5 Hz to 3 GHz. A balun from the MegiQ calibra-
tion kit was employed to facilitate the measurement of circuit
parameters. This balun features two pads attached to both ends
of the chip location and connects to a single port on the vector
network analyzer. The two ends of the antenna gap were con-
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FIGURE 15. Measured tag impedance.

FIGURE 16. Microscopic view of the chip connected to the antenna
matching circuit.

nected to transmission lines, which in turn were linked to the
same VNA port. For the measurements, the tag was placed on
foam, selected for its dielectric properties closely resembling
free space.

Figure 15 presents the tag impedance measurement results
over the 0.8 GHz to 1 GHz frequency range. The measurements
reveal a shift in the antenna’s resonant frequency, with the best
impedance matching occurring at 820 MHz, where the mea-
sured impedance is Z, = 17.26 + j109.8 2. Although this
represents the optimal match across the band, it does not per-
fectly correspond to the conjugate impedance of the chip. At
868 MHz, the tag exhibits reduced inductance, causing the res-
onant frequency to shift lower than intended.

The resonance shift can be attributed to a modification in the
design parameters observed in the Gerber file. As shown in
Figure 16, the gap allocated for the chip has expanded from
100 pm to 415.11 pm. This microscopic inspection reveals an
approximate widening of the gap by 315 um. Consequently,
the chip was tilted to allow its tabs to connect with the radi-
ating circuit. However, this alteration reduces the capacitive
effect between the two parallel faces defining the gap, leading
to an increase in the tag’s reactance. As a result, the resonance
frequency shifts to lower values. The observed frequency shift
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FIGURE 17. Reading distances measured at 820 MHz and 868 MHz.

FIGURE 19. Design with Computer Simulation Technology (CST).

from 868 MHz to 820 MHz, a difference of 48 MHz, is due to
a manufacturing defect. A small variation in the dimensions of
the meander lines can cause a significant shift in the resonance
frequency. We will re-examine the design to find a solution to
this problem.

The chip positioning proved to be challenging, which ex-
plains its tilted placement. Nevertheless, the chip’s legs remain
properly connected to the matching circuit lines, allowing the
tag to successfully communicate with the reader.

To evaluate the label’s performance, measurements of the
maximum read range in free space were taken using a Voy-
antic Tagformance Pro system inside a mini anechoic cham-
ber. Measurements of the tag’s read distance on the vertical
plane were taken at frequencies of 820 MHz and 868 MHz (Fig-
ure 17). The maximum read range, reaching up to 15 m, was
obtained at 820 MHz, the frequency at which the antenna res-
onates. At the intended frequency of 868 MHz, the read range
was approximately 7 m in free space.

Figure 18 compares the measured and simulated read ranges
at 868 MHz and 820 MHz. When comparing the maximum read
distances at 868 MHz, a significant discrepancy is observed.
The antenna resonates at 868 MHz in simulations, while the res-
onance frequency obtained during measurements is 820 MHz.
the simulated range is approximately 17 m, while the measured
maximum is only 7m, resulting in a 10 m difference. At the
target frequency of 868 MHz, the reading range in free space
is approximately 7m. Since the tag’s performance is limited
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0 I I
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+~ o

8]

Environment

FIGURE 18. Comparison of simulated and measured read distances at
820 MHz and 868 MHz.
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FIGURE 20. Parametric study of line length L.

within this frequency band, a meaningful comparison with the
simulation results is not feasible. Therefore, it is necessary to
re-examine the design to identify the root cause of this discrep-
ancy and develop a new prototype that effectively covers the
European UHF RFID band (865.5-869.5 MHz).

Measurements on the various surfaces intended for label-
ing with this prototype were not conducted, as the impedance
matching issue needed to be resolved before proceeding.

To address this, the design was re-simulated using CST Stu-
dio microwave simulation software. In this iteration, the sub-
strate was changed to Taconic RF-35A2 (g, = 3.5; tano =
0.0018), and the tag parameters were readjusted accordingly.
Figure 19 presents a top view of the redesigned tag in CST,
preserving the original structural configuration.

The modified parameters include the substrate width W's
set to 28mm and the length L of the meander lines. Ini-
tially, the tag was simulated with all original parameters ex-
cept for the substrate width, which was increased from 25 mm
to 28 mm. The simulation showed that the antenna resonates
at 856 MHz, resulting in a 12 MHz offset from the target fre-
quency of 868 MHz.
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Subsequently, a parametric study was performed by varying
the meander line length L from 13 mm to 13.4 mm in 0.1 mm
increments. This analysis identified that a meander line length
of 13 mm yields resonance at the desired 868 MHz frequency
(Figure 20).

The prototype was then fabricated, and measurements of
impedance and reading range were conducted to validate
the simulation results. The fabrication involved engraving a
35 um thick copper layer onto a Taconic RF-35A substrate.
Impedance matching measurements were performed using a
vector network analyzer (VNA) prior to chip placement, as
illustrated in Figure 21.

r

FIGURE 21. The prototype and measurement with the VNA.

Figure 22 shows the simulated and measured reflection coef-
ficients of the tag in free space. A slight frequency shift is ob-
served in the measured resonance compared to the simulation
results. The measured reflection coefficient indicates a reso-
nance at 878 MHz with an S7; value of —14 dB, representing a
10 MHz offset from the simulated resonance.

Since the manufactured prototype did not match the dimen-
sions of the original design, a new simulation was performed
using the prototype’s actual dimension, L, = 60mm. As
shown in Figure 22, this updated simulation aligns well with
the measurement results, demonstrating that both the simulated
and measured tags cover the same frequency band.

The simulated impedance at 868 MHz is Z, = 13.6+j125 Q2
losely matching the conjugate impedance of the Monza R6 chip,
Z¥ = 13 + j125 Q) Vector network analyzer (VNA) measure-
ments confirm a good match, with the measured resistance near
12 Q) and a slight offset in the reactance at approximately 113
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FIGURE 22. The simulated and measured reflection coefficients of the
tag in free space.
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FIGURE 23. Simulated and measured impedances of the tag in free
space.

FIGURE 24. Reading distance measured in free space at 868 MHz and
878 MHz.
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FIGURE 25. Surfaces tagged for measurement tests.
at 868 MHz, as shown in Figure 23. These discrepancies are "
explained by the dimensional variations discussed above. ——Free_Space
After placing the Monza R6 chip, tag performance tests are 14 Foam
e Bouteille_PET

carried out by measuring the tag’s maximum read range.

To validate the tag’s radiation performance, measurements
of its reading distance were first conducted in free space, as the
antenna was originally designed and simulated under these con-
ditions (Figure 24). Subsequent measurements on the various
specified surfaces will follow.

To assess the tag’s performance on complex surfaces, it was
placed on foam, an empty PET bottle, cardboard, a plastic box,
and wood. These measurements evaluated the tag’s robustness
against variations in the surfaces to be identified.

Figure 25 illustrates the different surfaces tagged with the
proposed design. These materials are typical in transportation
sector for product routing and were chosen to test the tag’s per-
formance in realistic applications.

Measurements of the tag’s reading range were conducted
to determine its radiation performance across the 800 MHz to
1000 MHz band on these surfaces (Figure 26). The results show
that the maximum read distance in free space reaches approxi-
mately 13.8 meters at 868 MHz within the European UHF RFID
band. The resonance frequency remains stable on free space,
foam, and the empty PET bottle, with the maximum reading
distance achieved around 868 MHz.

Interestingly, the highest maximum reading distance of 14.2
meters is obtained when the tag is mounted on the PET bottle,
compared to 12.4 meters on foam. When placed on cardboard
and the plastic box, the tag’s resonance shifts to approximately
860 MHz, reflecting an increased frequency shift. The mea-
sured reading distances at 868 MHz in the European UHF RFID
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FIGURE 26. Measured tag reading distance in different environments.

band are 12.0 meters on cardboard and 11.5 meters on the plas-
tic box.

Mounting the tag on wood causes a notable resonance shift
towards lower frequencies, with the maximum reading distance
at these frequencies reduced to around 6 meters in the European
UHF RFID band.

The variation in the measured reading distance across differ-
ent objects confirms the theoretical reading range predicted by
the Friis equation (Figure 13).

The tag is effective in identifying various complex surfaces
and encounters no reading issues on any of them. Although the
resonant frequency shifts depending on the surface, the reading
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TABLE 4. Comparative study with some previous works.

Ref Size (mm?*) | Surface tagged Freq Distance
Plastic Bottle 6.5m
[1] 65 x 15 Glass Bottle 915MHz 2.6m
Water Liquids >2m
Plastic Bottle 8m
12 4 2 15 MH.
121 020 Water Bottle 15 z 42m
Plastic Box 35m
Fiber 10m
15 40 x 20 915 MH
1131 * Wood g 6m
Glass 1.5m
Foam Sm
Fiber 866 MHz and S5m
1 4 2
[16] 020 Wood 912 MHz 45m
Glass 3.5m
Plastic Bottle 14.2m
Work | 75 x 28 Plastic box 868 MHz H.5m
Wood 6m
Cardboard 12m

distance remains substantial in all cases, with the shortest range
being 6 meters at 868 MHz. These results demonstrate that the
proposed tag is well suited for product tracking applications in
supply chain environments involving diverse and complex sur-
faces.

Figure 27 compares the measured read ranges in different
environments with simulation results at the key frequency of
868 MHz. On all tested surfaces, including free space, foam,
PET bottles, cardboard, and wood, the measured reading dis-
tances are close to those simulated. This agreement demon-
strates the robust performance of the proposed tag on various
complex tagged surfaces.

= Mes

14

12

10 |

0 II

PET_Bottle Cardboard Wood

Type of surface

u Sim

Read Range (m)
e (=} oo

S}

Free Space Foam

FIGURE 27. Comparison of simulated and measured reading distances
at 868 MHz on various complex surfaces.

Table 4 provides a comparative study between the perfor-
mance of the proposed tag design and other prior works. This
highlights the competitive advantages of the current design in
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terms of read range and adaptability to complex surfaces com-
monly used in supply chain and product tracking applications.

To evaluate the performance of the proposed UHF RFID tag
for identifying complex surfaces commonly used in transporta-
tion sector, a comparison with previously reported prototypes
was made based on the type of surface tagged and the maximum
reading distance achieved.

The prototypes described in [1] and [12] demonstrate good
performance on certain complex surfaces such as plastic bottles,
wood, and cardboard. Those reported in [15] and [16] target ob-
jects including foam, fiber, plastic boxes, wood, and glass mate-
rials more closely related to those considered in our study. Our
paper makes a significant contribution by demonstrating supe-
rior read range performance and exceptional adaptability across
multiple complex surfaces compared to previous designs. As
detailed in Table 4, our prototype achieves a maximum reading
range of 14.2 meters on plastic bottles, and importantly, main-
tains a minimum range of 6 meters even on challenging wood
surfaces, all at 868 MHz. This significantly surpasses the read
ranges reported in similar works (e.g., [1, 12, 15, 16]), which of-
ten show more limited ranges or are less adaptable across such
a broad spectrum of materials.

5. CONCLUSION

This paper has presented a passive UHF RFID dipole tag de-
signed for product identification in the supply chain. The ini-
tial design, simulated using HFSS, exhibited discrepancies be-
tween simulation and measurement results due to a design flaw.
A redesigned tag, employing a different substrate and adjusted
antenna parameters, delivered measurement results that closely
matched simulations. Reading distance measurements on var-
ious complex surfaces, including foam, plastic bottles, wood,
and cardboard, demonstrated that the maximum read range was
approximately 14.2 meters on a plastic bottle and the minimum
was around 6 meters on wood, both measured at 868 MHz.
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