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I. INTRODUCTION 

Radio frequency identification (RFID) technology enables 

identification from a distance and can discern numerous tags 

located in the same area without human assistance and without 

requiring a line of sight [1–4]. In recent years, this technology 

has moved into mainstream applications, such as metro tickets 

and contactless payments. The communication between an 

RFID reader and a tag depends on the frequency band used by 

the tag [5]. In the low-frequency band (120–150 kHz) and 

high-frequency band (13.56 MHz), tags should be placed very 

close to the reader antennas. For example, high-frequency RFID 

tags have a read range of about 30 cm. Meanwhile, tags operat-

ing at UHF and higher frequencies function at more than 30 m 

away from the reader and can backscatter a signal. For simulta-

neous near-field and far-field operations, we developed a dual-

band RFID tag based on a meander antenna operating in the 

UHF band (917–923 MHz) and microwave band (2.4–2.45 

GHz). 

 Meander line technology allows for the design of a small an-

tenna with wideband performance [1, 6, 7]. In addition, the flex-

ible printed circuit board (FPCB) is largely used in electronics  
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manufacturing and is always in need of a higher level of integra-

tion. Over the years, the technology has been widely improved, 

and it shows promise in a diversity of application fields, includ-

ing antennas, due to its light weight, compact size, and cost ef-

fectiveness when compared to traditional rigid printed circuit 

boards [8, 9]. For these reasons, we developed and fabricated a 

meander microstrip antenna using traditional laser direct struc-

turing (LDS) and the novel FPCB technology and compared 

the two fabrication methods. In the present paper, we report on 

a compact dual-band low-power-consumption active RFID tag. 

The structure of a dual-band meander FPCB antenna is dis-

cussed in Section II, followed by the specifications of a dual-

band low-power-consumption active RFID tag in Section III. 

In Section IV, we describe the field tests using the designed tags, 

while some final conclusions are provided in Section V. 

II. A DUAL-BAND MEANDER FPCB ANTENNA 

An antenna working in the UHF (917–923 MHz) and mi-

crowave bands (2.4–2.45 GHz) with the help of a meander line 

for size reduction was designed and fabricated for an RFID-

based subway car maintenance system. The structure and design 

of the dual-band antenna inspired by meander lines is illustrated 

in Fig. 1.  
 

 
(a) (b) 

(c) 

Fig. 1. Layout of the dual-band meander microstrip antenna: (a) 

3D view, (b) side view, and (c) top and overall unfolded an-

tenna. 

Fig. 1(a) and (b) show the structure and Fig. 1(c) the overall 

unfolded schematic and dimensions of the radiator of the pro-

posed design. The antenna consists of radiators and a ground 

plane, which comprises a battery (32 mm × 38 mm × 6 mm), 

PCB (32 mm × 38 mm × 1 mm; the component mounted on 

the PCB is metallic), and dielectric layer (composed of an air 

and ABS layer). The layer). The overall size of the antenna is 34 

mm × 40 mm × 12 mm. The radiators are designed on the 

ABS (εr = 2.2, thickness = 1 mm) and FPCB (εr = 2.3, copper 

layer mass = 1 oz, thickness = 0.025 mm). The antenna pro-

posed for the UHF band uses an inductive coupling feeding and 

loop antenna structure, while the one for the microwave band 

adopts the folded planar inverted-F antenna (F-PIFA) structure.  

As shown in Fig. 2, the meander microstrip antennas were 

fabricated using FPCB and LDS. The dimensions and shapes of 

the meander lines were optimized through a tuning process to 

achieve the targeted frequency bands and characteristics. 

Fig. 3 shows the simulated and measured S-parameters of the 

proposed dual-band antenna. The resonance frequency of the 

FPCB antenna is 1,030 MHz and that of the LDS antenna is 

1,050 MHz. As seen in the figure, the LDS antenna’s spectrum 

differs more from the simulation than the FPCB S-parameters 

do. 

 

 
(a) (b) 

Fig. 2. The fabricated dual-band meander microstrip antennas: (a) 

FPCB and (b) LDS. 
 

Fig. 3. The S-parameters of the proposed antenna. 
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Fig. 4 shows the frequency characteristics of the proposed du-

al-band antenna using FPCB technology after tuning. The an-

tenna for the UHF band using FPCB has the resonance fre-

quencies of 920 MHz and 2,550 MHz. The antenna proposed 

for the microwave band using FPCB technology has resonances 

at 2.37 GHz and 2.57 GHz. The voltage standing wave ratio of 

the dual-band antenna is VSWR = 2:1 for the operating UHF 

and microwave bands. The isolation between the antennas for 

the UHF and microwave bands reached over 10 dB for all oper-

ating bands. 

The tuning was performed in the same way for both types of 

antennas. Fig. 5 shows the overall unfolded dimensions after 

tuning: the electrical length of the UHF antenna was extended 

by 34.2 mm and that of the microwave antenna by 2.9 mm.  

The dimensions were optimized through tuning to achieve 

the target frequency band and characteristics of the proposed 

dual-band antenna. However, LDS has a high rate of change in 

frequency due to changes in electrical length, resulting in large 

input terminal coupling losses and impedance mismatch losses 

due to process errors. 

The proposed dual-band antennas were measured in an ane- 
 

Fig. 4. The measured frequencies of the proposed antenna (FPCB). 

 

Fig. 5. The overall unfolded dimensions after tuning. 

choic chamber (10 m × 10 m × 4 m). To accurately measure 

small antennas (like the ones we propose), the metallic ground 

effect on them has been studied [10, 11]. In this paper, we used 

a 100 mm × 100 mm metallic ground for the measurements. 

Fig. 6 shows the radiation pattern of the proposed dual-band 

antenna using FPCB technology. The antenna for the UHF 

band has a maximum gain of 2.65 dBi at 920 MHz, while the 

antenna for the microwave band has a maximum gain of 4.49 

dBi at 2,425 MHz. 

Fig. 7 shows the measured gain values of the dual-band me-

ander microstrip antennas. As shown, the gains of the LDS an-

tenna are 0.47 dBi to 1.43 dBi over the UHF band and 2.88 

dBi to 3.65 dBi over the microwave band. The FPCB antenna 

has gains of 1.95 dBi to 3.10 dBi for the UHF band and 4.37 

dBi to 4.57 dBi for the microwave band. Therefore, the gain of 

the FPCB antenna is greater than that of the LDS antenna. 

Fig. 8 illustrates the measured efficiency values of the dual-

band meander microstrip antennas. As shown, the efficiencies of 

the LDS antenna are more than 30% in the UHF band and 

more than 35% in the microwave band. The antennas were op-

timized to have maximum efficiency (62% for FPCB and 42.48  

% for LDS) at 2,430 MHz specifically. 

Additionally, the efficiencies of the FPCB antenna are better 

than 40% at UHFs and better than 55% at microwave frequen- 

 

 
(a) (b) 

Fig. 6. The measured radiation pattern of the proposed FPCB an-

tenna. 

 

Fig. 7. Comparison of the gain values of the FPCB and LDS ante- 

nnas. 
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Fig. 8. Comparison of the efficiency values of the FPCB and 

LDS antennas. 
 

cies. As depicted in Fig. 8, the efficiency of the FPCB antenna is 

greater than that of the LDS antenna. When comparing the 

LDS and FPCB technologies, FPCB is more convenient for 

impedance matching and adjusting the resonant frequency than 

LDS. As a result, the FPCB dual-band meander microstrip an-

tenna was used for an RFID-based subway car maintenance 

system. 

III. A DUAL-BAND LOW-POWER-CONSUMPTION  

ACTIVE RFID TAG 

A dual-band low-power-consumption active RFID tag with 

a built-in wireless rechargeable battery was used in a subway car 

maintenance system. To reduce the power consumption of the 

tag and extend its battery life, two-stage wake-up circuits were 

preferred over continuous reception [12]. An incoming radio 

frequency signal of 900 MHz activates the 2.4 GHz part of the 

RFID tag. In this case, the current consumption is 6.289 mA to 

15.087 mA at a voltage of 4.2 V. When there is no signal at 900 

MHz, the active RFID tag goes into a wait-time state after 15 

seconds. In this state, the current consumption is 3.4 μA at 4.2 V. 

Consequently, the estimated battery life is approximately 6 years 

when the average wait-time of the RFID tag is 86,295 s/day. 

Table 1 shows the specifications of the dual-band low-power-

consumption active RFID tag developed for the subway vehicle 

maintenance system. 

The antenna gain is more than 0 dBi at 900 MHz and more 

than 2 dBi at 2.4 GHz. The beam width is 180°, and the anten-

na polarization is linear. In addition, the sensitivity is better than  
 

Table 1. Specifications of the dual-band low-power-consumption ac-

tive RFID tag 

 900 MHz 2.4 GHz

Transmission power (mW) - 10

Antenna gain (dBi) ≥ 0 ≥ 2

Beam width (°) 180 180

Antenna polarization Linear Linear

Sensitivity (dBm) ≥ -14 ≥ -95

–14 dBm at 900 MHz and better than –95 dBm at 2.4 GHz.  

IV. FIELD TEST 

To verify the performance of the developed dual-band low-

power-consumption active RFID tag, various field tests were 

carried out in the Seoul Metropolitan Subway in South Korea. 

Fig. 9 shows the installation of the measuring equipment in a 

rail yard and a moving area. In the rail yard, the reader and read- 

er antenna were installed under the ground equipment, while 

the tags were installed on the trains. In the moving area, the 

reader and reader antenna were installed on the subway trains, 

and the tags were installed on the ground. The readers used for 

the field measurements operated in dual bands. In the UHF 

band, the transmit power was 30 dBm and the antenna gain was 

6 dBi. In the microwave band, the transmit power was 10 dBm 

and the antenna gain was 12 dBi. The proposed dual-band tags 

were used. The tag recognition distance can be calculated using 

Eq. (1).  
 

𝑅𝐴𝑁𝐺𝐸 𝑅1 ∙ 10         unit m       (1) 
 

R1: Distance from transmitter to tag, 

EIRPTX: Effective isotropic radiation power. 
 

The variable RANGE represents the recognition range from 

the forward link to the tag. In fact, the recognition range of the 

tag requires a comprehensive analysis of the reverse link range, 

the direction and polarization of the tag, the impedance match-

ing of the tag, and the direction and polarization of the reader 

antenna [13, 14]. 

First, the read range of the present RFID tag was measured at 

an inspection shed and at a subway train rail yard of Seoul Met-

ropolitan Subway. In vehicular applications, RFID tags are gen-

erally mounted on the vehicle and the readers on the roadside 

unit [15]. For the field operational tests, the present RFID tags 

were attached to a main air compressor, a traction motor, and an 

air dryer, as illustrated in Fig. 10. 

After that, a subway train moved from the rail yard into the 
 

(a) 

(b) 

Fig. 9. Installation of the measurement equipment: (a) setup in a 

railway yard and (b) setup rate in moving area. 
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(a) (b) (c) 

Fig. 10. RFID tags mounted (a) on a main air compressor, (b) on a 

traction motor, and (c) on an air dryer. 
 

inspection shed at a speed of 5 km/h. Table 2 shows the read 

range values of the RFID tags measured using the Seoul Met-

ropolitan Subway facilities and trains. 

Moreover, the measurements of the recognition rates of the 

present RFID tags were carried out at the inspection shed of 

Seoul Metropolitan Subway. For the field tests, the RFID read-

ers were attached under the inspection track, while the RFID 

tags were mounted on 10 traction motors, 10 main air compres-

sors, and 10 air dryers. In these circumstances, the recognition 

rate measurements of the RFID tags were registered over 40 

days whenever the subway trains came into the inspection shed.  

Table 3 illustrates the recognition rates of the RFID tags 

measured in the Seoul Metropolitan Subway. These are 100% in 

the case of 2.4 GHz, but only 95% and 98% at 900 MHz for 

the RFID tags mounted on traction motors and main air com-

pressors, respectively. The recognition rate for the 900 MHz 

case was 100% when the tags were in the strong-in-field region, 

but it went down to as low as 95% in the weak-in-field region, 

where the tags are subjected to the effect of the metallic surface 

environments on which they are mounted. The relationship be-

tween electric vehicle speed and tag communication velocity is 

expressed by Eq. (2).  
 

𝑀𝑉
_ .  

140 km/h   (2) 
 

MV: Electric vehicle speed, 

DRANGE: Communication distance of the reader antenna used, 

TTAG_ACCESS: Tag access time (7,064 μs) at a communication ve-

locity of 75 kbps. 
 

Table 2. The read ranges measured using the present RFID tag in the 

Seoul Metropolitan Subway 

 900 MHz 2.4 GHz

Traction motor (m) 25 170

Main air compressor (m) 24 175

Air dryer (m) 23 185

 

Table 3. Recognition rates measured using the present RFID tag in the 

Seoul Metropolitan Subway 

 900 MHz 2.4 GHz

Traction motor 95% (380/400) 100% (400/400)

Main air compressor 98% (392/400) 100% (400/400)

Air dryer 100% (400/400) 100% (400/400)

 

Fig. 11. Recognition rates in different RFID reader orientations. 

 

From Eq. (2), when the RFID communication velocity is 75 

kbps and the reader’s reading range distance is 1 m, the speed 

of the electric vehicle can reach up to 140 km/h. Additionally 

we experimented with how recognizable the RFID tag is for 

different orientations of the reader. The recognition rates of 30 

tags located under subway trains with vehicle speeds up to 

70 km/h were measured. For the first field test on orientation 

sensitivity, the RFID readers were placed in a line parallel to the 

subway track. The measurements were repeated 10 times to re-

duce measurement errors. In the second field test, the RFID 

readers were installed perpendicularly to the subway track to 

study the orientation sensitivity. Fig. 11 illustrates the recogni-

tion rates for different RFID reader orientations. As shown, the 

recognition rates were 100% when the RFID readers were 

placed in a line parallel to the subway track (horizontal polariza-

tion). On the other hand, the recognition rates were 99% when 

the RFID readers and the subway track were perpendicular 

(vertical polarization). Consequently, readers should be placed 

parallel to the tracks for optimal performance in subway car 

management systems. Subway cars constitute the most mainte-

nance-intensive part of the subway system and are the most 

vulnerable if maintenance is neglected [16, 17]. 

V. CONCLUSION 

Automated subway car maintenance systems using RFID 

technology are cost saving, time saving, reducing the possibility 

of human errors and bringing benefits to car knockers and pas-

sengers. The present RFID tag was designed to ensure the re-

trieval of information from an RFID tag located on subway cars 

with vehicle speeds up to 70 km/h and then transfer the upload-

ed information from the chip into the central information sys-

tems. The recognition rates were measured using Seoul Metro-

politan Subway facilities and trains. In the strong-in-field region, 

the recognition rates of the proposed RFID tags were 100%. We 

did observe recognition rates as low as 95% in the weak-in-field  
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region. In addition, field tests of the designed RFID tags using 

an automated subway car maintenance system were successfully 

performed. When a subway train moved from the subway rail 

yard into the inspection shed at a speed of 5 km/h, the average 

read ranges of the present RFID tags were 25 m at 900 MHz 

and 200 m at 2.4 GHz. It should be noted that the RFID read-

ers need to be placed parallel with the subway tracks for optimal 

performance, according to our field test results. It is anticipated 

that accidents caused by mechanical failures on subway cars will 

be reduced though the subway car managing system based on 

the present RFID tag. 
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