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Abstract ─ An asterisk-shaped, metal-mountable RFID 
tag with a minuscule footprint is presented. The 
proposed design makes use of multiple asymmetric slots 
patterned in a cross-shaped fashion to achieve circular 
polarization. The structure is excited capacitively using 
a terminally-grounded, T-shaped feed line positioned 
within the slots. This peculiar arrangement permits the 
attainment of circular polarized radiation characteristics 
over a wide band of operation. Impedance matching, 
antenna size reduction and read range enhancement are 
the additional advantages offered by the embedded feed 
line. The final design is realized on a commercially 
available FR-4 substrate over dimensions of 40 x 40 mm2 
yielding an impedance bandwidth and an axial ratio 
bandwidth of 37 MHz and 20 MHz, respectively. 
Improvement in antenna gain (and consequently in the 
read range) is reported upon mounting the tag on metallic 
surfaces. 

Index Terms ─ Circular polarization, impedance 
matching, Radio Frequency Identification (RFID). 

I. INTRODUCTION 
Applications built upon radio frequency 

identification (RFID) technology, particularly the ones 
in the ultra high frequency (UHF) band of operation 
(860-960 MHz), have increased in number dramatically 
over the last decade [1-4]. This primarily is due to a 
number of advantages associated with RFID tags 
operating in the UHF band including enhanced read 
range, high data transfer rate, and small tag footprint [5-
8]. For most practical applications, a hefty majority of 
the RFID reader antennas that exist today incorporate 
circularly polarized radiation characteristics. Doing so 
offers a multitude of benefits such as an increase in 
orientation diversity and reduction in polarization 

mismatch loss. Most of the commercially available tag 
antennas, however, are linearly polarized, causing a stark 
mismatch in polarization between the reader and the tag 
antenna. This polarization mismatch translates to an 
undesirable decrease in the tag’s read range, limiting the 
overall performance of any application-specific RFID 
system within which the tag is deployed [9, 10]. Doing 
away with the polarization mismatch is bound to result 
in enhanced read range and tag-orientation independence, 
making it a highly sought feature. Owing to these 
advantages, designing RFID tag antennas with circularly 
polarized radiation characteristics that persist over a 
wide band of operation has been the prime focus of 
recent research effort [11, 12]. 

Yet another sought-after feature for RFID tags is the 
capability of being readily mountable on metallic 
surfaces. The majority of metal-mountable RFID tags are 
linearly polarized in nature [13-17], falling prey to 
polarization mismatch loss and depriving the RFID 
system of orientation-independence characteristics. 
There are but only a few RFID tag antennas reported in 
literature that both operate in the UHF band and possess 
circularly polarized radiation characteristics [18, 19]. 
Moreover, for RFID tags that incorporate circularly 
polarized radiation characteristics, are metal-mountable, 
and operate in the UHF band, the structures deployed for 
providing the feed are essentially located outside the 
radiating components [20, 21]. This arrangement results 
in an overall increase in the tag antenna’s size. In 
addition, feeding networks realized external to the 
radiators generally translate to structural asymmetries 
that are manifested in the design of the tag antenna. This, 
in turn, leads to a decrease in the antenna’s boresight 
gain. Lin et al. [22] have presented a RFID reader 
antenna that incorporates a feeding network embedded 
within the radiating elements, operates in the circularly 
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polarized mode, and offers a wide axial ratio bandwidth 
equal to 12 MHz. The antenna, however, has been tuned 
to match an impedance of 50Ω and has its thickness 
exceeding 10 mm. These drawbacks render an antenna 
of this type unfit for deployment in modern-day, 
unobtrusive RFID applications 

In this paper, a compact RFID tag operating in 
the UHF band with circularly polarized radiation 
characteristics. Opting in for a peculiar asterisk-shaped 
patch design offers advantages such as miniscule tag 
footprint and an appreciably wide 3 dB axial ratio 
bandwidth. The tag not only offers benefits such as 
orientation independence and enhanced read range, but 
also boasts the sought-after feature of being readily 
mountable on metallic surfaces. The tag antenna is 
fabricated on readily available substrate and the 
simulated electromagnetic characteristics are juxtaposed 
with the experimental findings.  

II. ANTENNA DESIGN
The flowchart in Fig. 1 elaborates the systematic 

approach that has been adhered to during the antenna 
design process. 

Fig. 1. Flow chart of the proposed antenna design. 

The detailed layout of the formulated RFID tag 
boasting circular polarized radiation characteristics is 
depicted in Fig. 2. An asterisk-shaped patch antenna of 
dimensions 40 x 40 mm2 is realized on an FR-4 substrate 
that has a thickness of 1.6 mm. Selecting this particular 
patch design allows for reduction in tag antenna size and 
also facilitates in maintaining the desired axial ratio over 
a wide band of operation. Four asymmetric slots, labeled 
as S1 through S4, are meticulously etched within the 
asterisk-shaped patch to not only achieve circularly 
polarized radiation characteristics, but also to ensure 
impedance match between the antenna structure and the 
Radio Frequency Integrated Circuit (RF IC). In particular, 
slots S1 and S2 patterned in a cross-like fashion, are 
responsible for the attainment of circularly polarized 
radiation characteristics. Slots S3 and S4, patterned in a 
plus-shaped manner and provided with feeding lines, 
allow for the impedance match to take place. The width 
of the asymmetric slots, with and without the feeding 
lines, are Sw2=4 mm and Sw1=3.5 mm, respectively. The 
L-shaped microstrip feed line is oriented at a coupling 
distance, D, around 1 mm from the radiating patch. The 
width of the main feed line, t, is 2 mm and is further 
divided into two unequal feed lines of lengths L1 and L2 
with the RF IC in between. The formulated design, in its 
entirety, is fabricated on a ground plane having a size of 
60 x 60 mm2. 

Fig. 2. Geometry of the proposed CP RFID antenna 
design (Units: mm). 

Designing for circularly polarized radiation 
characteristics involves varying the lengths of both 
the cross and plus-shaped slots incrementally and 
concurrently, such that the surface current density is 
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equally distributed over the entire patch, resulting in the 
generation of two orthogonal degenerated modes. The 
next step involves controlling the phase difference 
between the two degenerated modes. This is done by 
appropriate tuning of the length of S1 and length of S2. 
When the length of S1 is less than that of S2, the path of 
current in the x-direction will be longer than that for the 
y-direction. This difference in the lengths of S1 and S2 
leads to the formation of lower and higher resonant 
modes. Careful selection of lengths of both S1 and S2 
results in the two degenerate modes being out of phase 
by 90⁰, achieving right-hand circular polarization 
radiation. Similarly, rendering the length of S2 great than 
the length of S1 generates left-hand circular polarization 
radiation. The embedded nature of the slotted design 
allows for the overall antenna size to become minuscule. 

The impedance matching phase lies at the core of 
the tag design process. The RF IC chosen for deployment 
in the formulated tag antenna is Alien Higgs that 
operates in the FCC band (902-928 MHz). The RF IC is 
connected between two feed lines as shown in Fig. 2, and 
has an associated value of impedance mounting to 
13 - j111 Ω at an operating frequency of 915 MHz. In 
order to ensure that maximum amount of power gets 
transferred across from the tag antenna to the chip, the 
value of impedance for the tag antenna is tuned to be 
around 13 + j111 Ω at 915 MHz. The real part of the 
antenna's impedance is adjusted by varying the lengths 
of S1 and S2, whereas the required value of inductive 
reactance is achieved by dint of a pair of short-circuited 
microstrip transmission lines oriented in the etched slots. 

The calculation for length of the short-circuited 
microstrip lines L1 and L2 follows from transmission line 
theory [23, 24]: 

111 = 𝑍𝑍𝑜𝑜tan [2𝜋𝜋
𝜆𝜆

(𝐿𝐿1 + 𝐿𝐿2)], (1) 

𝑍𝑍𝑜𝑜 = 120
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where Zo equals the characteristic impedance of a short-
circuited line and λ represents the guided wavelength at 
915 MHz. Plugging in the relevant values for Zo and λ, 
the total length of the transmission line, L1 + L2, turns 
out to be 36 mm. While many solutions exist for solving 
the equation L1 + L2 = 36 mm, the values are chosen such 
that L1 approximately equals to L2 + λ/6. Owing to slight 
drift in the impedance value of the RF IC as compared 
to the one quoted on the datasheet, the best impedance 
match is attained when total length L1 + L2 equals 
37.7 mm. In addition to impedance matching, this 
peculiar arrangement also offers the advantage of tag 
miniaturization. The design parameters are optimized 
using full-wave simulation tool HFSSTM, and are shown 
in Table 1. 

Table 1: Optimized design parameters (length) of the tag 
Parameters S1 S2 S3 S4 S5 

(λ) 0.052 0.062 0.067 0.069 0.011 
Parameters L1 L2 T X S 

(λ) 0.095 0.019 0.022 0.021 0.113 

III. RESULTS AND DISCUSSION
The design of the formulated RFID tag antenna has 

been fine-tuned by thoroughly examining various key 
electromagnetic descriptors in an iterative fashion. 
The investigation is orchestrated using full wave 
electromagnetic design tool HFSSTM. The meticulously 
refined design is realized on an FR-4 substrate as shown 
in Fig. 3. 

Fig. 3. Fabricated RFID tag antenna. 

The fabricated tag prototype is scrutinized for its 
performance experimentally. The input impedance of the 
tag antenna is measured by two-port differential probe 
measurement method, as in [25, 26], using Vector 
Network Analyzer (MS2026B, Anritsu). The findings 
for the impedance measurement are depicted in Fig. 4. 

Fig. 4. Measured and computed impedances of the 
proposed antenna. 

It can be observed that the impedance of the RF IC 
varies only slightly with a change in the frequency. The 
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resistance and reactance of the tag antenna exhibit a 
close conjugate match with the RF IC’s impedance at 
915 MHz. The computed and measured return loss is 
illustrated in Fig. 5. The measured return loss is calculated 
using the measured antenna impedance. A 10 dB return 
loss bandwidth equal to 37 MHz (897–934 MHz) has 
been reported experimentally, making the proposed 
RFID tag compliant with the North American frequency 
band. The computed values and measured results for 
impedance measurement and return loss are, principally, 
in good accord with one another. 

Fig. 5. Measured and computed return loss of the 
proposed antenna. 

The effect of varying the length of the feedline and 
the asterisk-shaped slot on circular polarization bandwidth 
is investigated. Embedding the capacitively coupled feed 
lines, namely L1 and L2, within the asterisk-shaped slots 
translates to a significant phase delay being induced that 
contributes towards cross-polarized excitation. To ensure 
resonant modes centered about 915 MHz, appropriate 
slot lengths have been chosen after exhaustive comparison 
of two scenarios: length of S1<length of S2 (condition 1) 
and length of S1>length of S2 (condition 2). 

After optimizing the design iteratively the associated 
axial ratio bandwidth of condition 1 (length of S1=17 mm, 
length of S2=20.1 mm) and condition 2 (length of S1=21.8 mm, 
length of S2=15.7 mm), as shown in Fig. 6, turns out to 
be 20 MHz for both the scenarios. The range of the axial 
ratio bandwidth for condition 1 is (899–919 MHz), and 
for condition 2 is (896–916 MHz). 

The default choice, however, is the case where 
length of S1<length of S2 because, here, the axial ratio 
bandwidth lies within the FCC band of operation. The 
results for amplitude and phase along the boresight 
direction are illustrated in Figs. 7 (a) and (b), respectively. 

From Fig. 7 (a), it can be observed that the |Ex| and 
|Ey| are equal in amplitude. Figure 7 (b) shows that for 
condition 1, a phase difference Φx - Φy = 90⁰ is observed 
at 915 MHz, which depicts right hand circular polarization. 
For condition 2, phase difference Φy - Φx = 90⁰ is noted 
at around 900 MHz, which signifies left hand circular 

polarization. This validates the existence of appreciable 
circular polarization radiation characteristics at 915 MHz 
which is within the band of interest. 

Fig. 6. Axial ratio of the proposed antenna design. 

(a) 

(b) 

Fig. 7. Amplitude (a) and phase (b) diagrams of boresight 
radiation field Ex and Ey. 

Circularly polarized radiation characteristics inherent 
with the tag antenna design are demonstrated by plotting 
the simulated surface current distribution at 915 MHz in 
Fig. 8. The figure depicts the changes in the surface 
current distribution and the direction of the distributed 
current at incremental time phases of 0⁰, 45⁰, 90⁰ and 
135⁰. The counterclockwise direction of the current 
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accompanied by an increase in the intensity of the same 
solidifies the existence of an RHCP-excited radiation in 
the design. 

Since the input impedance of the formulated tag 
antenna has been conjugately matched with the 
impedance of the chip (and not to a 50Ω co-axial 
feedline) measuring the radiation pattern of the designed 
tag using conventional anechoic chamber setup is not 
possible. The results are delimited to the computed 
scenario only for both free-space and on-metal scenarios. 
Figure 9 shows the radiation pattern at 915 MHz. 

Fig. 8. Current distribution at 915 MHz. 

Fig. 9. Normalized CP gain radiation pattern at 915 MHz. 

It is evident from Fig. 9 that, the formulated antenna 
boasts a 3-dB beam width of around 74⁰ and an 
appreciable front-to-back radiation ratio in the order of 
22 dB for both x-z and y-z planes. The appreciable front-
to-back radiation ratio validates the existence of pure 
right-hand circularly polarized radiation characteristics 
exhibited in free space. 

Figure 10 depicts the values of electric filed strength 
in the azimuth and elevation plane obtained upon 
mounting the tag on a uniform metallic sheet of 
400 x 400 mm2. The results show that the values of 

E-theta and E-phi are almost identical, verifying the 
existence of circularly polarized radiation characteristics 
associated with the formulated tag even when the tag is 
mounted on the metal surface. 

Fig. 10. Antenna realized gain radiation pattern on 
400 x 400 mm2 metallic plate. 

The change in gain of the tag antenna upon 
deployment free space and metallic surfaces is computed. 
The gain is improved by a factor of 5 dB when the tag 
antenna is moved from free space on to a metallic 
surface. A larger metallic surface yields a larger area 
over which the antenna’s current is distributed, resulting 
in a larger overall gain. As seen in Fig. 11, for ground 
plane, sizes more than 100 x 100 mm2, the antenna gain 
remains well above -10.4 dBic. The calculated and 
measured read range of the proposed tag in free space 
and on metal plate sized 400 x 400 mm2 is shown in 
Table 2 and measurement setup with ImpinjTM RFID 
reader (xPortal) is shown in Fig. 12. 

Fig. 11. Computed gain for different metal plate sizes at 
915 MHz. 

Table 2: Readrange of the proposed antenna with and 
without metal plate 

Condition Computed 
Gain (dBi) 

Readrange 
Calculated 

Readrange 
Measured 

Free space -15.3 1.94m 1.52m 
On metal, 

400x400mm2 -9.7 3.69m 3.36m 
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Fig. 12. Measurement setup for readrange. 

From Table 3, it is evident that the proposed RFID 
tag antenna offers a significantly smaller footprint when 
stacked against designs presented in [20] and [21]. The 
decrease in size has been achieved without compromising 
on the gain of the tag antenna which, being -15.3 dBic, 
is still comparable to competing designs. That said, the 
proposed tag offers an appreciably wide axial ratio 
bandwidth of 20 MHz, which is a clear improvement 
over designs reported in [20] and [21]. Similarly, the 
overall radiating size of 40 x 40 mm2 has also been 
observed as being the minimum among the compared 
designs. 

Table 3: Comparison of different antenna parameters 
Antenna 

Ground Plane 
(mm2) 

Computed 
Gain 
(dBi) 

AR 
Bandwidth 

(MHz) 

Radiating 
Size 

(mm2) 
60x60 [pro] -15.3 20 40x40 
70x70 [21] -14.4 6 50.5x50.5 
80x80 [20] -11.4 6 55.7x55.7 

IV. CONCLUSION
A novel, compact, chip-based RFID tag antenna 

boasting circularly polarized radiation characteristics 
has been designed, fabricated and measured for its 
performance. A peculiarly-fashioned, asymmetrical, 
asterisk-shaped design provisioned with an embedded 
feed line paves the way for achieving an appreciable 
axial ratio bandwidth of 20 MHz, as well as a minuscule 
footprint of 40 x 40 mm2, within the FCC band. Higher 
gain and enhanced read range have also been 
demonstrated when juxtaposed with other circularly 
polarized RFID antenna. Upon mounting on metallic 
surfaces, the designed tag exhibits accentuated read range 
making it a prime candidate for on-metal deployment. 
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