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Abstract—This paper presents an ink-jet printed ultra-high 
frequency (UHF) radio frequency identification (RFID) label for 
tagging fruits. The proposed tag antenna is based on a hybrid 
configuration, which consists of a loop, dipole-like strips, and 
eye-shaped rectangular nested slots. The loop fulfills 
impedance matching proposes, While the eye-shaped slots 
assist to maintain high imaginary impedance to mitigate 
capacitive effects of high permittivity surfaces of fruits. 
Moreover, the dipole strips help to reduce the loss resistance 
caused by the high permittivity of the surface of the fruit. 
Therefore, the overall tag configuration provides a good 
impedance match with the Alien H3 RFID chip in the whole US 
UHF RFID band. Furthermore, the fabricated prototype of the 
proposed tag antenna achieved a read range of 3 m after mounting on Apple. Moreover, an automatic weighing and 
billing experiment is performed by placing the tagged apples inside a refrigerator. Overall, the performance of the 
proposed tag antenna is tested after mounting on apple fruits of different shapes and sizes which indicates the 
robustness of this tag. Moreover, the tag antenna is also tested for sensing spoilage of apple fruits. The read range of 
the proposed tag antenna reduces up to 42 % on spoiled apples. Therefore, this tag can be suitable for automatic 
sorting, weighting, and billing of fruits in smart cities, vending machines, and departmental stores.  

 
Index Terms— Internet of Things (IoT), passive RFID (Radio Frequency Identification), Spoilage sensing, UHF (Ultra High 

Frequency) RFID tags 

 

 

I. INTRODUCTION 

FID and IoT have been emerging day to day in numerous 

application areas ranging from the supply chain, sensing, 

tracking, healthcare, and so forth. UHF RFID is one of the key 

enabler technology of the IoT family [1]–[3]. For decades, 

fruits and vegetables have been an important element of the 

human diet. People in the present era are more interested in 

natural and organic nutrition because of the rise in disease 

variants. Fruits and vegetable contaminated with 

microorganisms may result in serious health issues. 
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Decomposed fruits and vegetables cause various issues for 

food-related companies and marketplaces during imports and 

exports, as well as storage [4],[5]. So, a traceability and 

spoilage sensing system is required for fruits to prevent food 

wastage. The significance of UHF RFID systems lies in their 

loner reading distances and low-cost, inkjet-printable tags. 

However, the UHF tags are sensitive to background tagging 

surfaces and objects [6-11]. More precisely, the performance 

parameters of UHF tags such as impedance matching with 

RFID chips and radiation characteristics severally deteriorated 

on high permittivity materials and metallic surfaces. There 

were serval techniques have been reported in the literature to 

mitigate such effects and improve the performance of UHF 

tags. However, most of these tags and techniques were based 

on thick substrates, which makes the UHF tags bulky and 

costly for most applications [12]. A folded dipole antenna 

based on a single layer of Polytetrafluoroethylene (PTFE) has 

been proposed in [13]. It is composed of C-shaped resonators 

and dipole arms embedded with outer strips for size reduction. 

The tag antenna has a size of 82.75 × 19.5 × 1.5 mm3. 

However, this tag design is costly and has a large size from a 

mass production perspective. A spiral resonator-based S-

shaped folded dipole tag with dual-band features has been 

presented in [14]. Although, this tag design posed a relatively 

small dimension, however, this tag design has a small read 
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                              Fig. 1.  The sustainable food system and food security perspectives such as the concept of farm to folk. 

range along with a costly structure as compared to printed 

tags. An optically transparent flexible RFID tag antenna with 

circular polarization features was proposed. The tag design is 

based on a planner circular ring and the whole tag 

configuration is encapsulated inside transparent polymer. The 

transparent tag achieved a read range of 8.3 m [15]. A flexible 

tag antenna with a relatively long read range has been 

designed in [16] using graphene-based film. The graphene 

film is embedded in a polyethylene terephthalate (PET) 

substrate. This tag achieved a read range of 14 m. In [17], a 

flexible UHF RFID tag is designed for sensor applications. 

The tag antenna was comprised of a semicircular feed 

configuration and a meander line radiator. This tag antenna is 

fabricated on photo paper using silver nanoparticle ink. This 

tag has a size of 44 × 59 × 0.54 mm3. Another inkjet-printed 

tag has been proposed for sensing salinity and sugar con-tents 

of water. This tag design consists of a slot-match technique 

that provides a good imaginary impedance above high 

permittivity surfaces. The slot-match tag has a size of 64.5 × 

15 mm2 [18]. In [19], a folded dipole and loop matching-based 

design was devised for liquid-filled bottles. Although, this tag 

design achieved a read range of 4.2 m after mounting on water 

bottles. The dimensions of the bottle tag are 80 mm × 24 mm, 

however, its size is large for tagging fruits.   

    A washable UHF RFID passive tag-based sensor was 

devised in [20] for the moisture sensor of the diaper. The 

sensor design achieved on body read range of 3.6 m and 4.4 m 

on a baby diaper and adult diaper, respectively. The reader 

system is attached to the internet for generating an alert for 

parents or caregivers regarding the presence of moisture. The 

size of the tag design is 105 × 06 mm2. A flexible UHF RFID 

has been proposed for ice sensing [21]. Despite other 

techniques, this paper exploits to increase the read range of tag 

antenna for ice superstrate cases. This sensor tag has a read 

range of 9.4 m and 10 m in unloaded and ice-loaded scenarios 

as the superstrate. The tag antenna is encapsulated in Kapton 

and has dimensions of 109 × 3.5 mm2. 

A complementary split-ring resonator (CSRR) based circularly 

polarized sensor tag design has been proposed for detecting 

the complex permittivity of liquids. The liquid under test was 

injected into the cavity through a hole. The complex 

permittivity of liquids was extracted by manipulating the 

measure read range [22]. Similarly, a passive wire-less label 

type tag antenna was proposed for sensing the dielectric 

properties of aqueous liquids. An unobtrusive, safe monitoring 

solution was proposed by attaching a label antenna to a Petri 

plate or clear borosilicate glass bottle. The proposed tag was 

based on a parasitic matching loop and half-wave dipole 

antenna with a 29 mm diameter [23]. 

   Most of the aforementioned substrate-based tag designs 

were too bulky or costly for tagging fruits. Moreover, the 

inkjet-printed/inlay-type tags devised for water bottles also 

have large dimensions. Therefore, this paper presents a low-

cost flexible UHF RFID tag design for tagging fruits. The tag 

is based on loop match, eye-shaped slots, and dipole-like strips 

to provide a good impedance match over the surface of Apple. 

This tag configuration provides a good match with an 

impedance of the Alien H3 RFID chip in the whole US UHF 

RFID band. Moreover, the tag antenna achieved a read range 

of 3 m after mounting on Apple. Additionally, an automatic 

billing experiment is performed by placing the tagged apples 

inside a refrigerator. The performance of the proposed tag 

antenna is verified after mounting on apple fruits of different 

shapes and sizes. Therefore, this tag can be suitable for 

automatic sorting, weighting, and billing of fruits in smart 

cities, and further assists sustainable food system and food 

security perspectives such as the concept of farm to folk [24] 

or farm to home as described in Fig. 1. 

II. TAG ANTENNA CONCEPT AND DESIGN  

Fig. 2 illustrates the detailed dimensions and configuration 

of the proposed RFID tag design.  
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Fig. 2. Detailed dimensions and configuration of proposed RFID 
tag design.  
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This tag design is fabricated on a 0.2 mm PET substrate. 

The hybrid tag structure exploits the features of eye-shaped 

nested slots (ENS) and the loop matching technique (LMT) 

[25]. The combination of ENS and LMT offers a good 

imaginary impedance match with the RFID chip. The LMT 

counters the capacitive impedance of the RFID chip, while 

ENS assists to counter the capacitive effects of high 

permittivity surfaces such as Fruits. Thanks to the inductive 

reactance of ENS configuration that can offer a good 

imaginary impedance match, especially on high permittivity 

dielectrics. To investigate it further, a two-layered apple 

model (as depicted in Fig. 3) is simulated in CST Microwave 

Studio (MWS). The electrical properties of the apple were 

listed in [26], [27] states that external issues of the apple have 

permittivity ranging from 20 – 24 (at 915 MHz), while internal 

tissue has permittivity ranging from 67 – 74 (at 915 MHz).  

   The effects of the challenging surface of fruits such as 

apples were studied and analyzed by mounting the tag antenna 

on these surfaces. The tag structure is translated into an 

equivalent circuit (EC) according to the formulations reported 

in [28] – [30] as shown in Fig. 4 (a). It is observed that the 

high permittivity of apples causes an increase in loss 

resistance. The effects of apple on tag performance are 

mitigated by modifying the equivalent circuit of tags. 

   Furthermore, by analyzing the full-wave simulated results 

obtained from CST, the equivalent circuit is simulated using 

ADS software. The optimized values of equivalent circuits are 

achieved by fine-tuning in ADS and curve fitting in Matlab, 

respectively. The increase in loss resistance is compensated by 

adding an equivalent RLC circuit in parallel to the main tag 

EC. The modified EC with parallel RLC is shown in Fig. 4(b). 

Finally, the modified equivalent circuit is translated back to 

the modified tag structure, which resulted in the shape of 

dipole-like strips. More precisely, the increase in loss 

resistance due to the fruit surface is compensated by adding a 

dipole-like strips as shown in Figure 4 (c). The tag parameters 

are optimized further using CST Microwave studio to get a 

conjugate match with the Alien H3 RFID chip with impedance 

28-201j at 915 MHz. 

III. SIMULATION RESULTS AND MEASUREMENTS 

A. Impedance Match and Reflection Coefficient 

Fig. 5 illustrates the impedance plot of the first variant and 

proposed tag after mounting on a flat apple surface. The 

introduction of dipole-like strips (DLS) in the first variant of 

the apple tag compensated the increased loss resistance due to 

the high permittivity of the apple. The first variant provides an 

imaginary impedance of 150 Ω to 160 Ω in the US UHF RFID 

band (902 MHz - 928 MHz). While the real impedance ranges 

from 25 Ω to 35 Ω, that matches well with the H3 chip. 

However, the imaginary impedance of the H3 RFID chip 

ranges from 180Ω to 190Ω in the US RFID band. 

 

 
 
Fig. 3.  Two-layered apple model simulated in CST MWS along with 
RFID tag design. 

 

 
(a) 

 
(b) 

Dipole like strips

 
(c) 

 
Fig. 4.  (a) Equivalent Circuit (EC) of RFID tag antenna (b) Modified 
Equivalent Circuit model of pro-posed tag to compensate the increase 
in loss resistance. (c) Dipole strips resulted after modifying EC 
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 Therefore, the slots are added across the strips to match the 

imaginary impedance of the apple tag with H3. The slots 

increase the imaginary impedance without any significant 

change in the real impedance of the apple tag design. 

Moreover, the previous simulated real and imaginary 

impedances of apple tags are estimated by considering a flat 

apple surface model.  

Fig. 6 illustrates the simulated as well as measured results 

regarding the impedance of the apple tag after mounting on a 

curved apple surface. The imaginary and real impedance do 

not change much as long as the conformal angle/surface is less 

than 15o. however, the results deteriorate significantly after the 

curve angle increased more than 30o. As it can be seen from 

Fig. 6, the measured real and imaginary impedances of the 

apple tag match well with each other and the H3 RFID chip. 

However, there is a slight increase in the value of measured 

real impedance as compared to the simulated one. The 

measured real impedance has a value of around 40 – 50 Ω 

recorded after testing on 10 different apples. To measure 

impedance, a probe formed by connecting the outer coax of 

two coaxial cables (also known as balance-to-unbalance 

(balloon) probe) is employed with an Agilent vector network 

analyzer (Agilent E8363B) and MATLAB code. The tag inlay 

without a chip is used for impedance measurement.  

Similarly, the corresponding simulated and measured results 

S11 parameter plot of apple tag after placing on apples is 

shown in Fig. 7. There is a little discrepancy in the value of 

the measured S11 parameter with the simulated one, which is 

due to the increased value of the measured real impedance 

value. Finally, the measured impedance and corresponding 

S11 match well with the simulated one.  

To elaborate it further, the impedance performance of 

proposed tag design for more than 15o curved or bending 

surface are also discussed. The real and imaginary impedance 

of proposed apple tag along with S11 parameter for more than 

15o is depicted in Fig. 8. Although, the performance of this tag 

design is getting worsen even at 16o. However, the impedance 

and S11 performance of apple tag shown in Fig 8 are taken at 

20o curved or bending surface. 

 

 
 Fig. 8.  Real and imaginary impedance and S11 plot of proposed 
apple tag after mounting on Curved apple surface (more than 15o). 

 
 
Fig. 5.  Real and imaginary impedance plot of first variants and 
proposed tag after mounting on flat apple surface.  
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Fig. 6.  Real and imaginary impedance plot of proposed apple tag 
after mounting on Curved apple surface (less than 15o). 
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Fig. 7.  S11 parameter plot of proposed apple tag after mounting on 
Curved apple surface (less than 15o). 
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B. Read range Measurement and Setup 

Finally, the read range of tagged apples has been tested to 

verify the performance of the apple tag. For the read range 

measurement proposes, the fabricated tag with an H3 RFID 

chip is mounted on apples as shown in Fig. 9. The read range 

is measured using two different setups 1) Tagformance Pro 

unit and 2) Impinj R420 UHF RFID reader with a circularly 

polarized antenna. The read range of the proposed tag 

obtained using the Tagformance Pro setup ranges from 4.5 m 

to 5.5 m using a linearly polarized reader antenna. Fig. 10 

shows the Tagformance Pro setup for the read range 

measurements of the apple tag. A foam spacer was placed 

between the tagged apple and the linear polarized antenna.  

  

 

To investigate it further, the read range of the apple tag has 

been recorded in an indoor lab environment using an IMPINJ 

R420 RFID reader and circularly polarized antenna as 

depicted in Fig. 11. The EIRP (Effective Isotropic Radiated 

Power) of the reader was set to 4W for reading range testing. 

Moreover, the read range testing is done by using apples of 

different shapes and sizes. The read range of two apples after 

mounting on curved apple surfaces is shown in Fig. 11. The 

apple 1 has approximately 5o and the apple 2 has 15o curved 

surface. The read range is tested for almost 10 apples. Almost, 

all apple samples give similar read ranges in the US RFID 

band. The maximum read range recorded using this setup is 

3.2 m.  To prove the robustness of the apple tag, the read 

range was recorded from different directions by pasting the tag 

both horizontally and vertically (as listed in Table I). The 

maximum read range achieved from the direction is almost 3 

m for both horizontally and vertically tagged apples. The read 

range from back size is recorded as almost 2 m for both 

aforementioned cases. Additionally, the read range is also 

recorded from a downwards direction after placing the apple 

on foam above the RFID reader antenna. The read distance 

with a downwards direction is recorded to be 2.5 m and 2.9 m 

for apple 1 and apple 2, respectively. Therefore, this proposed 

apple tag achieved a read distance of about 2 m in all 

directions.          
 

TABLE I 
                     READ RANGE OF APPLE TAG IN DIFFERENT DIRECTIONS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C. Spoilage Sensing Experiment  

The spoilage of apples can be sensed by detecting the 

reduction in reading range or RSSI (received signal strength 

indicator). The changes in permittivity of the apple’s upper or 

inner surface cause a mismatch between the impedance of the 

RFID chip and the tag. Moreover, if spoilage results in 

watering the inner surface, there will be also gain reduction., 

which also results in read range reduction.  

 

Apple 

samples 

Measured read range from different 

directions 

Front 

(m) 

Back 

(m) 

Downward 

(m) 

Apple 1 with 

horizontal tag 
2.9 2 2.5 

Apple 2 with 

horizontal tag 
3 2.1 2.9 

Apple 1 with 

vertical tag 
3.1 2.1 2.5 

Apple 2 with 

vertical tag 
3.2 2.5 2.9 

 
 
Fig. 9.  Fabricated prototype of apple tag on two different apple 
samples. 

Tagged 

Apple

Tagformance Pro 

unit
Computer

 
 
Fig. 10.  Tagformance Pro setup for read range and RSSI 
measurement of tag after mounting on apples. 

 

 
Fig. 11.  Measured read range of apple tag after mounting on 
apples using reader and circular polarized antenna. 
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The RSSI can be estimated using the method presented in 

[31]. Moreover, the RSSI can be recorded either using an 

RFID reader setup or Tagformance Pro setup. Considering, the 

known reader parameters such as reader antenna gain 
ReaderG , 

input power 
tP  and d is the distance between the RFID reader 

and tagged substance. Let ϑ is the change in permittivity of 

apple surface due to spoilage.  
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 Where [ ]TagG  is gain of the tag and p  is polarization 
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[ ] [ ] [ ]   Tag Tag TagZ R jX  are reflection coefficient, 

RFID chip impedance and Tag impedance resulted due to 

change in permittivity of the background surface. 
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 The [ ]   represents the corresponding power 

transmission coefficient with respect to the change in 

permittivity.  

Finally, the RSSI can be estimated as follows  
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Where [ ]Trcs  is the RFID tag’s radar cross-section. 
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The change in permittivity of the apple is estimated using 

the corresponding RSSI  RSSIP .  

The Tagformance-based setup is used to record the RSSI 

value of fresh and spoiled apples in a laboratory environment 

as shown in Fig. 9. The same set of apples was used to record 

the RSSI in the spoiled case after placing the fresh apples 

outside the refrigerator for one week. It can be seen from Fig. 

12, that the RSSI of the tag antenna mounted on fresh apples is 

approximately -52 dBm, while the RSSI on spoiled apples is 

recorded as -58 dBm. Therefore, there is a decrease in RSSI 

value by about 6 dB for spoiled apples. The reduction in RSSI 

value is due to the difference in the dielectric constant of 

apples during the spoilage process. We have tested almost 10 

different apples for spoilage testing. Fig. 13 shows a sample of 

spoiled apples with and without the proposed apple tag. There 

is approximately a 42 % decrease in the read range of the 

proposed tag on spoiled apples. Therefore, the proposed apple 

tag can successfully detect the spoilage of apples.   

 

D. Automatic Billing Experiment 

An application of the proposed apple tag is also devised by 

placing it inside a refrigerator for an automatic billing 

experiment. A similar experiment proposed in [3] is repeated 

for the automatic billing of apples. The experimental setups 

are depicted in Figs. 14 and 15. As illustrated in Fig. 14, two 

apple samples were placed in a refrigerator along with a 

circularly polarized reader antenna installed at the bottom of 

the refrigerator. The RFID tags were affixed horizontally and 

vertically on apple samples. The reader successfully reads 

both tagged apples placed in different orientations.  

 The QR code pasted on the refrigerator door is scanned 

using an online payment application such as WeChat or 

Alipay. The door of the refrigerator is opened after confirming 

the account balance payment application server. The user can 

pick any tagged apple. The reader antennas are mounted 

beneath each shelf as shown in Fig. 15. The reader antennas 

assist RFID reader to count the picked tags after door of 

refrigerator is closed. The picked tagged apples are 

automatically billed from customer payment account after the 

door of the refrigerator is closed.    

 

 
Fig. 12.  Measured RSSI vs time for fresh and spoiled apples in 
laboratory environment.  

 
Fig. 13.  Spoiled apple sample with or without mounting 
proposed apple tag. 
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IV. CONCLUSION 

A low-cost inkjet printed label was proposed for tagging and 

spoilage sensing of fruits such as apples. The tag was based on 

eye-shaped slots, matching loop, and dipole-like strips to 

counter the effects of the high permittivity of the surface of the 

fruit. The proposed tag configuration provides a good 

impedance match with the Alien H3 RFID chip in the US RFID 

band. Moreover, the apple tag also achieved a read range of 3 m 

after pasting on apples. Additionally, an automatic billing 

experiment is performed by placing the tagged apples inside a 

refrigerator. Overall, to prove the robustness of the proposed 

solution, the performance of the proposed tag antenna was 

tested after mounting on apple fruits of different shapes and 

sizes. Moreover, the tag antenna was also tested for sensing 

spoilage of apple fruits. There was approximately a 6 dB 

difference recorded in RSSI value for tags pasted on fresh and 

spoiled apples. Accordingly, the read range of the proposed tag 

antenna reduces up to 42 % on spoiled apples. Therefore, this 

tag can be suitable for automatic sorting, weighting, and billing 

of fruits in smart cities, vending machines, and departmental 

stores. For future work, this spoilage sensing approach can be 

further combined with machine learning and other sensing 

techniques such as relative humidity, temperature, and carbon 

dioxide to develop digital twins in order to predict freshness. 
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