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UHF RFID tags need to be attached or embedded into various objects. Unlike traditional free-standing antennas, UHF antenna shapes
and form factors may vary significantly. *ere have been no systematic methods that facilitate the design practice of antenna with
unconventional shapes. In this paper, using the geometries of 26 English letters (in capital) as examples, we explore the general
methodology of shape-specific antenna design. More specifically, we show that 26 letter geometries can be categorized into 9 groups,
and the antennas in each group can be divided and conquered into standard baseline geometries. *rough prototypes and mea-
surements, we demonstrate that each letter-shaped antenna, although exhibiting different gains and radiations, can achieve satisfactory
performance, as compared to standardUHF dipole antennas. Specifically, letters “M” and “J” achieve the longest reading range ofmore
than 20 meters with a good radiation pattern, which is comparable or even better than many commercial UHF RFID tags.

1. Introduction

UHF radio frequency identification (RFID) systems have
demonstrated great potentials in logistic, anticounterfeiting,
and retail applications [1]. Unlike many other wireless
transceiver devices that have free-standing antennas, RFID
tags are required to be attached or embedded into various
objects with different form factors. UHF antennas need to be
compact, conformal, and conceivable, while still maintain-
ing a satisfactory EM performance with low mass-produc-
tion costs.*e design of the tag antennas has always played a
significant role in RFID implementation [2].

*e most popular UHF RFID antenna structures are the
meander-line dipole (MLD) and slotted-patch microstrip
(SPM) antennas [3]. MLD and SPM geometries are relatively
small in size, with satisfactory gain and low cost in mass
production. T-match structure is commonly used to achieve
impedance matching between the transponder chip and the
MLD antennas [4]. Antenna’s S11 parameters and other EM
properties can be conveniently tuned by adjusting the po-
sitions and geometries of the T-match and antenna body.

RFID tags normally are packaged into labels, where the
antennas are conformed to the rectangular form factor, of
which MLD and SPM antenna geometries fit naturally [5].

However, as more and more RFID tags are no longer used as
labels, antenna geometries are no longer constrained by
conventional rectangular form factors.

*e unconventional shape requirements of antenna may
come from different scenarios. For example, RFID tags are
embedded inside bottle caps as a measure of anticounter-
feiting; antennas can be conformal to the shapes of com-
ponent parts on the assembly line; and in many garment
deployment applications, antennas can be embroidered on
apparels [6], so antennas can be conceived as logos or
decorative patterns. *ese scenarios all demand antennas
with unconventional geometries.

Many unconventional antennas have been proposed in
the past. Xi and Ye had proposed a tag antenna that can be
mounted directly on the wine bottle neck [7]; the letter-
shaped antennas can be used as brand logos as well. Chung
and Wong had proposed a Wang-shaped patch antenna
conceived as a Chinese character; in the meantime, the
antenna has a small aperture for wireless communication
[8]. Mutlu et al. had proposed a chipless tag antenna based
on the letter “ABC” [9]. Tedjini et al. had demonstrated an
approach for designing an alphabet-shaped chipless RFID
tag antenna with letters “a,” “b,” and “c” as templates; the
letter geometries need to be placed with 15 cm separation.
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*e chipless tag antenna can be identified through exploi-
tation of resonant frequencies [10]. Keskilammi and Kivi-
koski had proposed a new design using text as a meander line
to reduce the dimension of dipole antenna used in passive
transponders [11]. *e design proposed in the paper con-
sisted of three phrases with 22 letters; half of the letters were
used as a dipole arm, but the approach could not be gen-
eralized to other phrases. Singh et al. had presented amethod
to identify the letters with electromagnetic signature through
RF signals [12].*is paper demonstrates that different letters
exhibit different characteristics in frequency domain.
Exploiting the form factor and geometries of letters and
characters, other logo-based shapes have attracted many
interests from antenna designers and package designers as
well as fashion designers [13].

For MLD antennas, many standard design templates are
available, which can greatly reduce the design cycle. How-
ever, for those unconventional antennas, the design practices
are mostly based on try and error.

In this paper, we propose design procedures that can be
used to design unconventionally shaped antennas. Partic-
ularly, we use the 26 English letters (in capital) as examples
to demonstrate how to conform antenna geometries into
particular shapes. Without loss of generality, we categorize
the 26 letters into 9 groups, based on the letter’s geometry of
each group; we design one antenna as a template for each of
the 9 groups. *e bandwidth, S-parameters, and directivity
will be comparable to those of standard MLD antennas of
similar dimensions. Prototypes of each of the 9 templates are
tested and prove that the design procedures are feasible and
practical. Our proposed methodology can be extended to the
design practice of other unconventionally shaped antennas.

With the increasing deployment of RFID tags, many
RFID antennas are applied as logos or labels on objects,
especially on garments and apparels. Letter shapes are the
natural selection for logo geometries. Of course, there are
countless other shapes that can be used as logos; the study in
this work serves only as the initial steps for more uncon-
ventionally shaped antennas.

*e paper is organized as follows. In Section 2, we
analyze the T-match mechanism for impedance tuning in
MLD antenna designs. In Section 3, we categorize the 26
English letters into 9 groups and present the steps in de-
signing antennas of different shapes. Nine template antennas
of each category are designed and prototyped; their testing
results are analyzed in Section 4. *e design guidelines are
summarized in Section 5.

2. T-Match for Impedance Matching

One of the objectives of designing an RFID antenna is to
tune the impedance of the antenna to match with the chip to
achieve maximum power transmission. *e power trans-
mission coefficient τ between the antenna and the chip can
be expressed as [14]

τ �
4Re Za Re Zchip 

Za + Zchip




2 , (1)

where Za andZchip are the impedance of the antenna and the
chip, respectively. When Za and Zchip are conjugated with
each other, τ will reach its maximum value, that is, τ � 1, to
achieve maximum power transmission efficiency.

As RFID chips are manufactured with standard IC
foundry process, the chip’s impedance is consistent and can
be acquired through the manufacturer’s datasheets. Im-
pedance matching is achieved through the antenna design
that uses the chip’s parameters as reference (impedance, chip
size, pad pitch, etc.). On most occasions, IC chip’s imped-
ance is capacitive at the operation frequency. *us, an in-
ductive matching structure needs to be introduced to
antenna geometries.

T-match is a commonly used impedance matching
technique in UHF RFID tag antenna design. *e basic
structure of the T-match is shown in Figure 1(a); it can be
regarded as the combination of a dipole arm and an in-
ductive loop.

Uda [15] had proposed an equivalent circuit of T-match
as shown in Figure 1(b). *e impedance at the feeding point
of the T-match geometry can be given by

Za �
2Zt(1 + α)

2
Zd

2Zt +(1 + α)
2
Zd

, (2)

where Zd is the impedance of the dipole antenna without
T-match structure and Zt is the input impedance of the
transmission line that is decomposed from the inductive
loop. As shown in Figure 1(b), the inductive loop is split into
two parts; each part can be considered one transmission line
with a length of L/2 and is shorted at one end. *us, Zt can
be expressed as

Zt � jZ0 tan
kL

2
, (3)

where k � 2π/λ and Z0 is the characteristic impedance of
transmission line and can be expressed as

Z0 � 276 log10
W

����������
2.0625d1d2

 . (4)

In addition, α � (ln(W/0.25d1)/ln(W/8.25d2)) is the
current distribution coefficient between the dipole arm and
the matching loop.

Putting everything together, we derive the power
transmission coefficient τ(W, L, d) of the antenna as a
function of the dimensions of the T-match:

τ(W, L, d) �
4Re Za(W, L, d) Re Zchip 

Za(W, L, d) + Zchip




2 . (5)

Analysis of the T-match structure indicates that the
input impedance of the tag antenna can be tuned by
adjusting the T-match geometry parameters, such as W, L,
or line width d. Actually, in the antenna design practice, we
can use any dipole-based geometries as radiation structure
and tune the impedance through T-match structure.

In this paper, Monza 5 chip (with the impedance of
Zchip � 14.56 − 161.25j at the resonant frequency of
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915MHz) is used as the tag chip. *e antenna impedance
should be optimized to the conjugate impedance of the chip,
that is, Zchip � 14.56 + 161.25j, to maximize the power
transmission efficiency.

3. Procedure of Letter-Shaped Antenna Design

Antennas need to achieve certain EM properties, such as
bandwidth, radiation directivity, and gains. It is unpractical
and unrealistic to design antennas into arbitrary geometries
and optimize all parameters in one design; compromise and
trade-offs have to be considered [11].

In the rest part of this paper, we use the 26 English letters
as examples and demonstrate how conforming and com-
promising can be achieved in designing these letter-shaped
antennas.

3.1. Symmetry of Antenna Shapes. MLD antennas are nat-
urally symmetrical, so if a letter’s intrinsic shape is sym-
metrical, as in the case of B, E, I, or T, the center of the
symmetry can be naturally used as the feeding point, and a
T-match structure can be constructed around the center of
the symmetrical geometry; we use the T-shaped antenna as
an example of symmetrical antenna designs, as shown in
Figure 2(a).

For the nonsymmetrically shaped letters, their geome-
tries can normally be separated into two parts, that is, the
symmetrical part and the asymmetrical part. We use the
letter F as an example, as shown in Figure 2(b); the geometry
of F can be decomposed into a rotated T shape (shape in red
in Figure 2(b) and a rectangle at the top (in black)). MLD
antenna can be designed to be conformal to the Tshape, as in
the case of Figure 2(a). *e extra rectangular shape can be
treated as parasitic elements. Unavoidably, the extra
asymmetrical elements will create unbalanced impedance

and directivity; this imbalance can be fine-tuned, as we
demonstrate in later examples of this paper.

Quite often, there are more than one way to divide a
nonsymmetrical geometry into symmetrical parts and
asymmetrical parts. For example, letter F can also be
decomposed into I shape with two extra elements as shown
in Figure 2(c). Designers need to evaluate these two cases
and find the best selection in terms of performance and
appearance.

3.2. Category of Antenna Shapes. *e 26 English letters can
be first divided into symmetrical and nonsymmetrical
geometries:

Symmetrical-shaped letters are A, B, C, D, E, H, I, K, M,
O, T, U, V, W, X, and Y
Nonsymmetrical-shaped letters are F, G, J, L, N, P, Q, R,
S, and Z

Normally, the largest dimension of a letter, that is, the
largest separation between any two points of the letter ge-
ometry, will be used as the arm of the MLD antenna that is
conformal to the letter geometry. *e length of the inductive
loop will be similar to a dipole antenna, that is, around half-
wavelength at operating frequency 915MHz. *e width of
the inductive loop can be adjusted to match the complex
chip impedance in order to achieve maximum power
transmission. *e selection of a particular size needs trial
and error to achieve the best performance.

Simulation results of different width of T-matching
structure are shown in Figures 3 and 4. It can be observed
that the resonant frequency shifts to the higher side with the
increased width of the dipole arm in Figure 3. Meanwhile,
resonant frequency shows the same relationship with the
increased width of the loop arm, as shown in Figure 4.

In summary, the design practice can be summarized into
the flowchart in Figure 5.
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Figure 1: T-match: (a) basic structure and (b) equivalent circuit.
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(a) (b) (c)

Figure 2: (a) “T” letter-shaped antenna with a feeding point and a T-match structure (symmetrical structures), (b) “T” structure, and (c) “I”
structure in a nonsymmetrical structure, that is, “F.”
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Figure 3: S11 with different dipole arm widths.
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Figure 4: S11 with different loop widths.
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Besides the symmetrical properties, the 26 letters can be
further categorized into 9 groups, based on the similarity
between these letters, as well as their corresponding ge-
ometry characteristics, as listed in Table 1.

4. Prototyping and Performance Analysis

4.1. Prototypes and Simulations of the 9 Templates. *e 9
antenna design templates from each of the 9 groups are
shown in Figure 6(a). *e prototypes are fabricated through
laser engraving on aluminum-laminated films, as shown in
Figure 6(b). All antennas use the T-match structure for
impedance matching and optimization.

Simulation results of the reflection coefficient of all 9 tag
antennas are shown in Figure 7. While all antennas can achieve
at least −20dB at 915MHz, letters “M” and “S” have the return
loss of −36dB and −48dB at 915MHz particularly.

Figure 8 shows the simulated 3D radiation pattern of all
9 letter-shaped antenna designs, where the antenna orien-
tation is illustrated at the lower-right corner of each figure. It
can be seen from the results that letters “H,” “J,” “M,” “S,”
“T,” and “Y” all demonstrate dipole-like radiation patterns,
which are omnidirectional in horizontal plane along with
twomain lopes in vertical plane. Particularly, letters “E,” “P,”
and “U” exhibit irregular radiation patterns, which can be
attributed to their unbalanced structures. In addition, letters
“J” and “M” achieve the highest gain (0.41 dBi and 0.38 dBi,
resp.), as seen in the figures. *ese results are in accordance
with our measurement results in later sections.

4.2. Performance Discussion. Impinj Monza 5 RFID chips
are mounted directly on the aluminum antennas using
conductive adhesives. *e tag antennas are then affixed

to an FR4 substrate and are placed at a distance of 0.88 m
from the reader. *e tests are performed in an anechoic
chamber, as shown in Figure 9. *e interrogating fre-
quency of the reader is swept from 860MHz to 960MHz
with a 5MHz spacing; the bandwidth and sensitivity of
each tag prototype under different frequencies are
measured.

Tag’s sensitivity can be derived through the threshold
measurement, which is the minimum power transmitted
from the reader that can power up the chip. Meanwhile, the
tag reading range could also be calculated from the sensi-
tivity using the Friis equations.

Measurement results are shown in Figures 10 and 11,
where the threshold power and reading range of each letter-
shaped tag antenna under different frequencies are shown.
In comparison, a typical commercial tag with the MLD
antenna of a similar dimension, that is, “C50,” is also
measured and shown in the figure as a reference. *e ge-
ometry of C50 antenna is also illustrated in Figure 9.

*rough the threshold measurement results in Figure 10,
we can observe that some letter shapes, such as “M” and “J,”
actually outperform the reference C50 antennas, that is,
around 3–5 dB more sensitive at the 915MHz UHF RFID
operation frequency. In the meanwhile, some letter shapes
are hard to optimize, such as T, S, and P. Although Tshape is
used as the baseline geometry of many other shapes, the
shape itself is not a good radiator, unless other peripheral
geometries are added.

*e reading range of each letter-shaped tag antenna is
illustrated in Figure 11. Most of the antennas reach the
maximum reading range around 915MHz. More specifi-
cally, “M” and “J” achieve the longest reading range to more
than 20 meters. Other letter-shaped tag antennas have
various reading ranges from 3 meters to 10 meters,

26 letters

9 categories

Symmetrical?

Yes

Yes

No

Symmetrical center as
feeding point

Decompose into symmetrical
part and asymmetrical part

Performance
optimization Structure optimization

Meet design
requirement?

No

Completed

Figure 5: Letter-shaped tag antenna design guide.
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Table 1: Letter geometry can be categorized into 9 groups.

Categories Characteristic
U CVG Structure of concaved shapes
P ODQ Structure with a single loop
E BF Structures with “T” shapes embedded
M KW Symmetrical structures with bended arms
S ZN Line structure with two turns
H X Structures with four arms, symmetrical both vertically and horizontally
J L Line structure with one turn
Y A Symmetrical in one dimension
T I T and I structure can be used as the baseline structure of other variations
Note: we chose one letter shape from each of the 9 groups as the antenna template, as marked in bold text.
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Figure 6: (a) Nine template antennas from each of the 9 groups. (b) Nine tag antenna prototypes.
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Figure 8: Simulated radiation patterns of 9 letter-shaped antennas. (a) E gain plot. (b) H gain plot. (c) J gain plot. (d) M gain plot. (e) P gain
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Figure 9: Measurement setup and C50 layout.
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respectively.*e differences in the antenna performance can
be attributed to different letter geometries; that is, letter “J”
shape performs like a standard dipole antenna, while “S”
structure is composed of a dipole antenna and two bended
radiation arms. *ese two bended arms are couple with the
inductive loop and their radiation will interfere with each

other and consequently deteriorate the performance [16, 17],
as shown in Figure 12.

5. Conclusion

In this work, we propose the design methodology of UHF
RFID tag antennas with unconventional geometries. We use
the shapes of the 26 English letters as examples to dem-
onstrate how the performance of the antenna and confor-
mance of geometry can be achieved and balanced. We
categorized the 26 letter shapes into 9 groups and design
antenna prototypes from each of the 9 groups. *e per-
formances of these letter-shaped antennas are comparable or
sometimes even better than the standard MLD antennas.
*is methodology can also be extended to other uncon-
ventionally shaped antenna designs.
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