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Abstract 

Radio-frequency identification technology, based on the reader/tag paradigm, is quickly permeating several aspects of 
everyday life. The electromagnetic research mainly concerns the design of tag antennas having high efficiency and small 
size, and suited to complex impedance matching to the embedded electronics. Starting from the available but fragmented 
open literature, this paper presents a homogeneous survey of relevant methodologies for the design of UHF passive tag 
antennas. Particular care is taken to illustrate, within a common framework, the basic concepts of the most-used design 
layouts. The design techniques are illustrated by means of many noncommercial examples. 
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1. Introduction 

The idea of radio-frequency identification (RFID) of objects 
and remote control of devices was first introduced in late 1948 

by H. Stockman [I). After the big efforts produced by the devel­
opment of microelectronic technology in the !970s [2], and the 
continuing evolution of the last decade [3, 4), RFID is now 
becoming a pervasive technology (5, 6) in everyday life (7]. lt is 
also being used in more advanced applications, involving logistics, 
inventory management, systems for disabled people, homeland and 
personal security, distributed sensor networks [8], and mobile 
healthcare (9). A basic RFID system comprises a radio-scanner 
unit, called a reader, and a set of remote transponders, denoted as 
tags. The tags include an antenna and a microchip transmitter with 
internal read/write memory. Tn passive tags, the energy required to 
drive the microchip comes from the imerrogaiion system itself. A 
backscattering modulation is achieved when lhe microchip acts as 
a switch, to match or mismatch its internal load lo the antenna. 

Several frequency bands have been standardized for this tech­
nology. Low-frequency (LF, 125-134 kHz) and high- frequency 
(HF, 13.56 MHz) systems are the most mature and worldwide dif­
fused technology. They are based on quasi-static magnetic flux 
coupling anlong the reader's and tag's coils. Ultra-high-frequency 
(UHF, 860-860 MHz) and microwave (2.4 GHz and 5.8 GHz) 
systems instead involve electromagnetic interaction among true 
antennas and permit longer communication links, and they are the 
emerging technology. 

Together with the power sensitivity of the microchip, the 
tag's antenna plays a key role in the overall RFID system perfom1-
ance factors, such as the overall size, tbe reading range, and the 
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compatibility with tagged objects. Most of the antennas for UHF 
omnidirectional tags are commonly fabricated as modified primed 
dipoles. The design goal is to achieve the inductive input reactance 
required for the microchip conjugate impedance matching, and to 
miniaturize the antenna shape. Several tricks are used, and the 
resulting tags sometimes exhibit charming and nearly artistic lay­
outs. 

Although many tag configurations can be retrieved in scien­
tific papers, or even in the catalogs of commercial products, there 
is a lack of systematization of the design methodology. A first tuto­
rial paper was available in [10], where the concept of conjugate 
impedance matching to the microchip was reviewed, some per­
fom1ance parameters were introduced, and fabrication and meas­
urement procedures were described in some detail. 

This paper provides a unitary and general survey of the most­
used design procedures for miniaturized tag antennas with a com­
plex impedance matched to the microchip load. Attention is 
devoted lo the rationale and to the main features of basic configu­
rations, by the modification and combination of which a great vari­
ety of lag layouts can be easily obtained. For each design solution, 
the role of the main geometrical parameters over the complex 
impedan.ce tuning are investigated here by introducing matching 
charts, which are a useful tool to get the same antenna configura­
tion to suit different kinds of microchips. 

The rest of this paper is organized into four main sections. 
Section 2 introduces several techniques for achieving complex 
impedance matching, such as the T-mach, the proximity-loop, and 
the nested-slot layouts. Miniaturization and bandwidth issues are 
addressed in Section 3, with references to meandered and inverted-
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F solutions, corroborated by many examples. Other miscellaneous 
design issues arc addressed in Section 4 and, finally. some meas­
urement and test procedures for UHF tags arc presented in Sec­
tion 5. 

2. Methods for 
Conjugate Impedance Matching 

Let the effective power ( EIRPR) transmitted by the reader 

and the sensitivity ( P,,h,p) of the tag's transponder, e.g .. the RF 

power required by the microchip electronics to tum on and lo per• 
fonn back-scattering modulation. be fixed. Under the hypothesis of 
polarization matching between the reader and tag antennas, the 
maximum activation distance of the tag along the ( 0,¢) direction 

( I OJ is then given by 

( ) 
c EIRPR ( dma.t 0,¢ = - --rG,ag 0,¢). 

4;rf f',,h,p 
(1) 

where G,"11 (0,¢) is the tag gain. The factor 

(2) 

is the power 1ra11s1111ss1011 coefficie111, which accounts for the 
impedance mismatch between the antenna ( z.◄ = R14 + JX 11 ) and 

the microchip (Zchip = Rc111p + iXc!,ip). The microchip impedance 

depends on the input power, and, since the transponder includes an 
energy-storage stage, its input reactance is strongly capacitive. 
Most of the avai lable RFTD ASICS (application-specific integrated 
circuits) in the UHF band exhibit an input reactance roughly rang­
ing from I 00 n to --400 n [ 11-13 ], while the real pan i~ ahout an 
order-of-magnitude smaller, or less. The antenna impedance should 
be inductive in order to achieve conjugate matching, and a large 

impedance phase angle. arctan ( Z 11 ) > 45°, needs to be obtained. 

Beyond d,,,a.., the power collected by the tag decreases below the 

microchip sensitivity, and the tag becomes unreachable. 

To obtain low-cost devices, it is not feasible to use external 
matching networks involving lumped components. Therefore, the 
matching mechanisms have to be embedded within the tag's 
antenna layout. 

Several feeding strategics can be adopted for antenna tuning. 
Those most used arc modified versions of the well-known T­
match, proximity coupling to a small loop, and the inc lusion of 
shaped slots. Useful configurations should pem1it a nearly inde­
pendent tuning of resistance and reactance when acting on the tag's 
geometrical parameters. 

Some matching techniques will be no" reviewed and com­
pared. For clarity, the antenna maximum size is fixed at half a 
wavelength without giving consideration to the overall size. which 
could be eventually impracticable for real applications. The 
miniaturization issues are deferred to the next section. The match­
ing capabilities of the feeding schemes considered will be summa­
rized through impedance charts. where the input resistance and 
reactancc arc related to the variation of relevant geometrical 

IEEE Antennas and Propagation Magazine, Vol 50, No. 1. February 2008 

parameters. Such a matching scheme is more agile, as the iso-lines 
for resistance and reactance arc mutually parallel. The basic 
matching schemes are illustrated with the help of some non­
commercial examples, taken from the recent open scientific lttera­
ture. 

2.1 T-Match 

With reference to Figure I, the input impedance of a (planar) 
dipole of length I can be changed by introducing a centered 
short-circuit stub, as explained in detail in the old book (14], and 
more recently in [ 15]. The antenna source is connected to a second 
dipole of length as I, placed at a close distance. b, from the first 
and larger dipole. The electric current distributes along the two 
main radiators according to the size of their transverse sections. ll 
can be proved [ I 4, 15] that the impedance at the source point is 
given by 

Zin 
2Z,(l+a)2 

ZA 

2Z1 +(l+a}2zA 
(3) 

where 21 = jZ0 tanka/ 2 is the input impedance of the shon-circuit 

stub formed by the T-match conductors and pan of the dipole; 

Z0 = 2761ogt0 (b/ M) is the characteristic impedance of the 

two-conductor transmission line with spacing b; Z11 is the dipole 

impedance taken at its center in the absence of the T-match con­
nection; re = 0.25w and r; = 8.25w' are the equivalent radii of the 

dipole and of the matching stub, supposed to be planar traces; and 

a= ln(b 1~)/ln(b/ 1e) is the current division factor between the 

two conductors. 

The geometrical parameters, a, b, and the trace's width, 11/, 

can be adjusted to match the complex chip impedance, Zchip . The 

◄ b ► 

a/2 

a/2 

w 

( l +a.): I 
~-----'-~ r---""T""--- Z 

• ,n 

Z A 

j 
chip 

terminals 

Figure I. The T-match configuration for planar dipoles and 
the equivalent circuit, where the impedance step-up ratio 
(I+ a) is related to the conductors' cross sections. 
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Figure 2. The matching chart for the T-match in Figure 1, for 
the case of / = ?./2 , w= ?./100 , w' = w/3, and z.., = 75 0 . 

T-match acts as an impedance transfom1er (Figure I). For the case 
of half-wavelength dipoles, the resulting input impedance at the T­
match port is inductive, while for smaller dipoles, the total input 
impedance can be both capacitive and inductive. For example, Fig­
ure 2 shows a matching chart for the T-match layout, with the ratio 
between the dipoles ' cross sections having been fixed to i.f,✓ = 3. 
The input resistance and inductance depend on both the stub sizes 
a and b, but with different rules. It is known that the cross section 
of the second conductor has a considerable effect on the resulting 
antenna impedance. In particular, it can be easily verified from 
Equation (3) that the increase of the wj,,v ratio will raise the 

impedance values, and the iso-lines for resistance and reactance 
become nearly vertical and mutually parallel (strongly dependent 
on the size of b), resulting in a reduced matching agility. Even with 
small values of a and b, high values of input resistance are gener­
ally found. This makes it difficult to match the impedance 10 real 
microchip transmitters, unless some shape modification of the 
main radiator is considered. A single T-match layout could there­
fore not be completely adequate for matching high-irnpedance­
phase-angle microchips. In such cases, further degrees of freedom 
are added by means of multiple T-match stages. The T-match 
geometry can be also embedded within the main radiator, yielding 
a compact structure, as in Figure 3. 

2.2 Inductively Coupled Loop 

Instead of the T-match, the radiating dipole may be sourced 
via an inductively coupled small loop [17], placed in close prox­
imity to the radiating body (Figure 4). The tenninals of the loop are 
directly connected to the microchip. This arrangement adds an 
equivalent inductance in the antenna. The strength of the coupling, 
and therefore of the added reactance, is controlled by the distance 
between the loop and the radiating body, as well as by the shape 
factor of the loop. 

The inductive coupling can be modeled by a transfom1er, and 
the resulting input impedance seen from the loop's terminals is 

(4) 
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where Zioop = j2ttf L/OQp is the loop's input impedance. Whether 

or not the dipole is at resonance, the total input reactancc depends 
only on the loop inductance, Lioop, while the resistance is related 

to the sole transformer mutual inductance, M: 

R,-11 (/0 ) = (2ttf 0M)
2 
/ RA (/0), 

(5) 

X,11 Uo) = 2tt fol1oop • 

Under the assumption that the radiating body is infinitely long, the 
loop's inductance and mutual coupHng, M, can be expressed i11 
terms of the loop's size and its distance from the dipole through 
analytical formulas [ I 8). II is important to note that the mutual 
coupling, and therefore the total input resistance, are dependent on 
both the loop's shape and on the dipole-loop distance, while the 
reactance, lioop, is mainly affected only by the loop's aspect ratio. 

165 mm 
Figure 3. An example of an embedded T-matcb feed. This 
antenna was proposed in 116], to be rolled around cardboard 
reels. 

b 

d□a/2 RA 
a/2 

w' 

w 

l,. 
chip 

terminals 

Figure 4. T he layout of the inductively coupled feed and its 
equivalent circuit. T he parameters RA, CA, and LA give the 

circuit model of the radiat in g body near its (series) resonance. 
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Figure 5 shows an example of the matching chart, computed 
by the Method of Moments [ I 9), for the loop-driven ctipole, for the 
particular case of a resonant ctipole and a square loop (a = b ). As 
expected from Equation (3), the input reactance is nearly unaf­
fected by the loop-dipole ctistance (d), and the correspondjng iso­
lines are veriical. For a fixed loop size, the resistance reduces when 
the loop-dipole distance increases. A design procedure could there­
fore initially select the loop size with the purpose of canceling the 
chip' s capacitive reactance. Further on, a proper loop-dipole dis­
tance, d, could be chosen to match the chip's resistance. This lay-
out is particularly effective for microchips having high impedance- / 
phase angle. 

2.3 Nested Slot 

A completely different matching strategy. useful for tags 
fabricated with large planar dipoles or suspended patches [20, 21 ] , 
may employ a nested, shaped slot (Figure 6a). Thanks to the 
inductive reactance of a nonresonant slot, this feeding strategy has 
the relevant capability of complex impedance matching, even when 
the tag is attached onto a high-permittivity substrate (see, for 
instance, Figure 6b). The slot profile can be seen as a slot-line 
impedance transformer, where each discontinuity (tooth) provides 
energy storage and radiation. By increasing the number of teeth, 
further degrees of freedom are added, with the possibility of 
improving miniaturization and achieving multi-band features [22]. 
Since the slot sizes may be comparable to the patch surface, the 
radiation features are related to both objects. 1n particular, the 
maximum antenna gain is fixed mainly by the patch side, /, while 
the impedance tuning can be changed by acting on the slot's aspect 
ratio, dimensions a and b. Depending on the shape and on the size 
of the internal slot, the antenna acts maii1ly either as an H slot, a 
broadband dipole, or as a doubly folded dipole. When the slot 
width, b, is much smaller than the external side, /, a typical RLC 
behavior can be observed, with strong reactance peaks. As the size 
b increases, the resonance moves towards de, and the reactance 
peak is reduced. 

0.045 
Rin in] 
Xin 1n1 

0.04 

I 

0.035 I I I I 
100 ,so 200 250 

' 0.03 
d!f 

0.025 

0.02 

0.015 

0.01 

0.04 0.06 0.08 0 1 

all 

Figure 5. T he matching chart for the loop-fed dipole in Fig­
ure 4, having fixed / = )./ 2, w = A.fl 00, w' = w/ 3, and a = b 

(square loop). 
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I 
Figure 6a. The geometry of the nested-slot suspended-patch. 

50 

5G 
silicone slab 

Figure 6b. An example of the tag (size in mm) to be attached 
onto the human body and able to host sensors [20j. 

b g/2 g/2 b 

- ~ 
Figure 6c. The equivalent simplified distributed circuit for the 
tab of Figure 6b. 
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Figure 7. The matching chart for the nested-slot matching lay­
out in Figure 6, for the case of / = 2/ 2 and d = g = 2/150. 

Figure 8. The geometry of a meander-line antenna having mul­
tiple unequal turns. The horizontal lines mainly control the 
radiation resistance, the adjacent vertical lines (transmission­
line current mode) give storage of electric energy and loss, and 
the overall conductor length affects the inductance. 

It has been observed [20) Lhat in case where the slot's width 
is nearly similar to the side of the antenna ( 2b ss / ), the input reac­
lancc varies slowly with the frequency, and therefore the tag can 
remain well tuned within a wide band. When the sizes a and b 
increase ( 2b"' a"" I) until the slot nearly fills the surface of the 
whole patch, a folded-dipole mode is achieved. Figure 7 shows the 
matching chart of the nested-slot suspended patch when the H slot 
aspect ratio {a,b} is changed. It can be observed that the resistance 

is sensitive mainly to the slot's width, b, while the reactanee pre­
sents fast and nearly linear variations along with the sizes of both a 
and b. The impedance iso-lines yield a nearly orthogonal grid. 
Therefore, broad resistance dynamics can be obtained for any fixed 
reactance value, with a high degree of matching capability. 

70 

3. Methods for Size Reduction 

Since most UHF RF[D tags have to be attached onto small 
objects, the antenna's geometry needs to be miniaturized without 
unacceptable degradation of the radiation efficiency. Two size­
reduction strategies successfully used to design RFfD tags are now 
reviewed: meandering and inverted-F structures. Both require a 
single or even multiple folding of the radiating body, but the 
inverted-F antennas additionaUy include a finite approximation of a 
ground plane. Whereas the design of simple tag layouts can be 
accomplished by using tbe previously introduced matching charts, 
geometries with a large number of parameters, such as those 
described next, often require nondetem1inistic optimization tools, 
such as those based on genetic algorithms [23]. 

3.1 Meandering 

As proposed in [24], by folding the am,s of a dipole antenna 
along a meandered path (Figure 8), a wire configuration is pro­
duced with distributed capacitive aud inductive reactances that 
globally affect the antenna's input impedance. Up to the first 
antenna resonance, the currents ou the adjacent horizontal seg­
ments of meander-line antennas (MLA) have opposite phases. 
These transmission-line currents do not give a valuable contribu­
tion to the radiated power, but nevertheless produce losses. Reso­
nances are achieved at much lower frequencies than in the case of a 
straight dipole of the same height, at the expense of a narrow 
bandwidth and a low efficiency. 

Figure 9 shows some relevant examp.les of RFID tag antennas 
found in recent scientific publications, which use the meander-line 
technique to reduce the size: 

Figure 9a shows an equi-spaced meander-line antenna 
(I =953MHz) with T-match feed [25]. 

Figure 9b is a meander-line antenna ( / = 915 MHz) 

with an inductively coupled loop feed [26). 

Figure 9c is an equi-spaced meander-line antenna 
(/ = 920 MHz) with a loading bar. The antenna's reac­
tancc and resistance can be controlled by trimming the 
meander-line antenna and the bar by means of punching 
holes [ I 0, 27). 

Figure 9d shows the Albano tag (f = 915 MHz), which 

is a doubly-folded L-shaped dipole, useful for wrapping 
around the comer of a box with the purpose of achiev­
ing nearly omnidirectional visibility [28). 

Figure 9e is a multiconductor antenna ( / = 900 MHz) 

with a double T-match scheme and spiral folding, used 
to achieve the required inductance. The additional 
external conductor pem,its increasing the antenna's 
bandwidth, especially when it is attached to a dielectric 
slab or on a metal object [29]. 

Figure 9f is a text-shaped meander-line-antenna 
( / = 870 MHz) tag where the turns are obtained by 

joining the adjacent letters of the text [30]. 
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Figure 9a. An equi-spaced meander-line antenna. 

0.24A x 0.05A 

CJ 
Figure 9b. A meander-line antenna with an inductively coupled 
loop feed. 

0.3A x 0.04A 

m rn 
Figure 9c. A u equi-spaced meander-line antenna with a load­
ing bar. 

0.27A x 0.27A 

Figure 9d. A doubly-folded L-shaped dipole. 
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0.27A x 0.01 A 

Figure 9e. A multiconductor antenna with a double T-match 
scheme and spiral folding. 

0.3A 

~~ 
Figure 9f. A text-shaped meander-line antenna. 

0.23A x 0.23A 

Figure 9g. A resonant tapered dipole that is partially mean­
dered, with a resistive shorting stub and a double inductive 
stub. 

0.22A x 0.12A 

Figure 9h. A mulliconductor meander-line tag with a circular­
shaped double T-matcb. 

71 



Figure 9g is a resonant tapered dipole ( / = 915 MHz), 
partially meandered, provided with a resistive shorting 
stub and a double inductive stub to achieve impedance 
matching. The conductor tapering is aimed at obtaining 
a smoother transition from the connecting pads of the 
microchip to the dipole's arms, and at maintaining high 
efficiency when the antenna is embedded in a dielectric 
[12). 

Figure 9h shows a multiconductor-meander-line tag 
( f = 900 MHz) with circular-shaped double T-matcb. 

The particular meander-line antenna layout is such as to 
put most of the horizontal currents in pbase [31). 

The shape of the meanders can be periodic, as in most of the 
above examples, or even individually optimized to match a par­
ticular impedance. For this purpose, the required i.nductjve reac­
tance may be achieved by allocating a wire (or strip) conductor 
longer than half a wavelength within a small space. Reduction of 
the antenna height down to fractions of a wavelength can be easily 
achieved, as shown, for example, in Figure I 0. In this case, the 
meander-line shape was chosen by the genetic-algorithm procedure 
in (24], for the purpose of maximizing the realized gain, rG1ag, 

with the tag's size constrained within a A/ 5 x ?../5 square. Since the 
linear conductor's length for the optimized meander-line antenna is 
generally longer that half a wavelength, the tag's maximum gain 
may be nearly the same of a regular resonant dipole, in spite of the 
consistent size reduction. As expected, the total length of the 
meander-line antenna increases along with the reactance to be 
matched, while the antenna's height controls the resistance. 

3.2 lnverted-F Configurations 

The size of a vertical wire monopole can be reduced by fold­
ing part of the wire parallel to the ground plane according to an 
inverted-L structure, which typically has a low resistance and a 
high capacitive reactance. To provide tuning freedom, the structure 
is augmented with a shorting pin, giving the F-type (inverted F 
antenna, )FA) configuration (Figure 11). This can be also viewed 
as a monopole version of the T-match, where the radiating body is 
folded to reduce the space occupied. [n the inverted structure, the 
radiating elements are mainly the conductors orthogonal to the 
grotmd plane. The folded conductor, together with its image, yields 
a transmission-line current mode, producing power loss and only 
negligible radiation. Therefore, this kind of geometry does not 
exhibit high efficiency. The antenna bandwidth can be improved by 
replacing the wires with large strips (planar inverted-F antenna, 
PJF A}. Due to the presence of a ground plane, these configurations 
are suited to hosting additional electronics and sensors, or to being 
allached over a high-conductivity object. The introduction of addi­
tional conductors, orthogonal to the ground, may permit multi-band 
tags. Coplanar geometries, e.g., such that the inverted F and the 
ground plane lay on a same layer, are also used (32], with the pur­
pose being to simplify the fabrication and the microchip connec­
tion. In such a case, the resulting geometry can be seen as an 
asymmetric dipole, where the arms are given by the inverted F and 
the ground plane, the size of which is about a quarter of a wave­
length. 

A wide spectrum of complex input impedances can be 
obtained by varying the geometrical parameters {a,b,d} . As 

shown in the matching chart of Figure 12, tile input (inductive) 
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Figure 10. Meander line antennas with a maximum size of 
2/5 x A./ 5, matched to some complex impedances (black cir­

cles). L indicates the total length of the meander-line antenna 
conductor, supposed to be in copper. The trace width is J./300. 

IFA PIFA coplanar IFA 

Figure 11. Folded antennas: The circles indicate the position of 
the microchip. In the rightmost antenna, the inverted-F is 
placed on the same layer as the ground plane (coplanar lay­
out). 

0.45 ' 1 1 
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0.35 
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Figure 12. The matching chart for the coplanar inverted-F 
antenna geometry of Figure 11, having fixed w = J,/4, 11 = J./2 , 

a = A/ 10, and varying the folded-wire length and the feeding 

position. The width of the inverted-F antenna's linear conduc­
tors was J,/ 600. 
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reactance monotonically increases with both b and d. [n contTast, 
the resistance increases along with d, while ii undergoes changes 
with respect to b around a local minimum value. lt could therefore 
be possible to find two different useful layouts for a given input 
impedance, having relevant differences in the size b (the length of 
the conductor parallel to the ground). Finally, the antenna becomes 
more inductive as the radiati11g conductor's value of a increases, 
since the folded part of the antenna moves away from the ground 
plane. The matching dynamics seems to be comparable to those of 
the nested-slot suspended-patch configuration. 

Some examples of inverted-conductor tags, taken from recent 
scientific papers, are shown in Figure l3 and summarized in the 
following. 

0.19AX0.19A 

Figure 13a. A conventional two-layer PIFA with a square con­
ductor . 

0.13AX0.16A 

______ E_r __ l_ 
Figure 13b. A two-layer double-PIFA tag with a proximity loop 
feed. 
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0.09A x 0.18A 

Figure 13c. A coplanar inverted-F antenna with au additional 
horizontal stub. 

0.11 A x 0.08A 

Figure 13d. A coplanar inverted-F antenna with multiple 
folded conductors to obtain dual-band operation. 

Figure 13a shows a conventional two-layer PIF A 
( / = 870 MHz) with a square conductor. The tag micro­

chip is attached vertically onto the dielectric truncation 
[33]. 

Figure 13b shows a two-layer double-PIFA tag with a 
proximity loop feed ( / = 900 MHz). The microchip is 

placed on the top metallization. The loop is fully inte­
grated within the top conductors [34]. 

Figure 13c is a coplanar IFA (/ = 870MHz) with an 

additional horizontal stub [35). 

Figare 13d is a coplanar IFA (/=2450MHz) with 

multiple folded conductors to obtain dual-band opera­
tion at 2400 MHz and 5300 MHz [36]. 
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3.3 Bandwidth Issues 

Unlike conventional 50 Q-matched antennas, lhe most useful 
parameter for the definition of an RFID tag's bandwidth is the 
realized gain, rather than the return loss, as it is also in the design 
of ultra-wideband anteru1as [37). ln fact, the tag's bandwidth 
depends on the required minimum reading range in the specific 
application. Once fixed by the power conslrainis, this can be there­
fore be related to the system parameter ,G1ag . Indeed, the stability 

of the realized gain over the frequency gives the ra11ge111idt'1 of ihe 
reader- tag system. 

ln general, it is well known that antenna miniaturization 
yields layouts with reduced bandwidth. Although RFID applica­
tions involve narrow frequency bands, bandwidth issues are nev­
ertheless important. Tag impedance may be easily detuned by cou­
pling with the objects to be tagged, as well as by the interaction 
with the surrounding environment, and the resulting reading range 
could be globally degraded. 

ln order to intrnduce a general bandwidth definition that is 
not dependent on the particular application, a perfectly matched 

isotropic antenna ( [ rGu,g ]
0 

= 1 ) is selected as a reference. The 

tag's band is then defined as the frequency range, [/,,.;,.,/,,,0,. ] , 

where the following condition holds: 

(6) 

with fc being the middle-band frequency. Under his condition, the 

activation range reduces to not more than 70% of the activation 
range of the reference antenna. This definition permits comparing 
the features of different tags whatever arc the transmitter power 
and the microchip sensitivity. When the tag is desig11ed to be 
attached over a high-loss target, as in the case of the human body. a 
different (lower) reference-antenna gain my be chosen. 

To discuss the bandwidth capability of miniaturized lags, a 
meander-line antenna (MLA) and an inverted-F antenna (lFA) 
antenna, having maximum sizes not exceeding 5 cm x 5 cm (about 
J./7 at 870 MHz), and matched to a high-impedance-phase-angle 

microcllip (Zchip = 15-j450Q), arc now analy.ied with respect to 

frequency changes. With reference to Figure 14, the inverted-F 
antenna's vertical conductors occupy most of the available space 
with the purpose of achieving the required input resistance. The 
meander-line antenna was automatically optimized as previously 
discussed. ln particular, under only the constraint of best realized 
gain, the solution found by the genetic optimizer was slightly 
smaller than the imposed maximum size. No bandwidth constraint 
was considered. 

Figure l5 shows the tags' features (maximum gain, power­
transmission factor, and realized gain) with respect to the variation 
in frequency. The meander-line antenna exhibited a gain larger 
than the inverted-F antenna's gain. Nevertheless, the gain was only 
slightly frequency dependent, and the bandwidth perfonnance was 
therefore manly affected by the impedance matching. The mean­
der-line antenna geometry pem1itted a better realized gain 
( ,G1ag = 1.46) at 870 MHz than the invened-F antenna design 

( ,G1ag = I .33 ), but U1e activation range improvement at that fre­

quency was only about 5%. 
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Figure 14. lnverted-.F antenna and genetic-algorithm-opti­
mized meander-line-antenna tags (sizes in mm), matched at 
870 MHz to the microchip impedance Zc1,;p = 15-}450 n. The 

maximum external sizes are S cm x S cm ("' 0.14,l). The trace 
size is 1 mm. 

:1::[- - - ~- --:- - - ~ - - - ; - -- ~ - - - :- -- '. - - -;-1 ~ ~1 
1
·~ 860 870 880 890 900 910 920 930 940 950 

~J?:S:.: ... : ... ~~~-~j 
850 860 870 880 890 900 910 920 930 940 950 

~~:b2:S;: ~---: ... :~: ~1 
8so 860 870 880 890 900 910 920 930 940 950 

![MHz] 

Figure 15. The maximum gain and power transmission coeffi­
cients as a function of frequency for inver ted-F antenna and 
meander-line antenna tags having the same overall s ize (S cm x 

S cm). The horizontal thin line for ,Grag = 0.5 ident ifies the tag 

bandwidth within which the activation d istance is not less than 
70% of the acti,•ation dista nce of a reference perfectly matched 
isotropic antenna. 
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Table l. The bandwidth features of the 870 MH z meander­
line-antenna ~ LA) and inverted- F-antenna ()FA) tags having 

the same maximum external size of S cm x 5 cm. 

MLA JFA 

/min 856 MHz 852 MHz 

f,,.ax 885 MHz 887 MHz 

N 29MHz 35MHz 

B 3.3% 4.0% 

According to the above definition, the bandwidth features of 
the examples considered are reported in Table I , where 
jj.f = f,

11
ax - J,,,;

11 
and B = jj.f / f c . Although the two antennas 

showed a nearly similar narrow bandwidth, as expected by the 
relevant size reduction, the inverted-F antenna's layout had a 
slightly broader relative bandwidt11. However, it must also be con­
sidered that the meander-line antenna layout possesses a larger 
number of degrees of freedom compared to the standard inverted-F 
antenna. Additional constraints may therefore be included in the 
meander-line-antenna optimization procedure for the purpose of 
bandwidth enhancement. 

4. Other Designs (Dual-Band, 
Dual-Polarization, and Near-Field Tags) 

Some issues concerning the design of particular tags that are 
1101 fully included in the previous classification - such as dual-band 
and dual-polarized tags, and the new near-field UHF tags - are 
now briefly discussed. 

4.1 Dual-Band Tags 

Multi-band operation is traditionally achieved in antennas by 
using several resonant elements or by exploiting high-order har­
monics. Some dual-band design solutions have been recently pro­
posed to acnieve 870 MHz and 2.45 GHz or 2.45 GHz and 
5.8 GHz compact multifunction transponders. The basic idea is to 
load a traditional tag antenna with parasitic tuning clements, such 
as inner slots or a tuning stub. The goal is to avoid a size increase, 
and the tuning elements are engineered to be embedded inside U1e 
radiating element, itself. Figure 16 shows four examples of dual­
band tags. 

Figure 16a shows a planar antenna [38) with shaped slots, 
used to both achieve two working frequencies (resonances or com­
plex impedance matching) at 868 MHz and 2450 MHz, and to 
reduce the antenna's size at the smaller frequency. Figure 16b is a 
microstrip Sierpinsky gasket printed antenna [39], optimized for 
dual-band operation at 2.45 GHz and 5.8 GHz. A microstrip line 
feeds the first iteration of the Sierpinsky fractal meta.llization, and 
the ground plane under the radiating element is removed. The 
metallic triangle's size fixes the fundamental mode, while the inner 
triangular slot detem1ines the second resonance. 

A slot-loaded dipole [40) for operation at 870 MHz and 
2450 MHz is shown in Figure 1.6c. A coupled slot is introduced 
here within the dipole's conductor, the global length of which fixes 
the lower working frequency. The slot acts as a sort of current trap 
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Figure 16a. A planar antenna with shaped slots for a dual­
band tag. 

ground 
Figure 16b. A microst r ip Sierpinsky gasket prin ted antenna 
for dual-band operation. 

a a 
Figure 16c. A slot- loaded dipole for dual-band operation. 

' -
Figure 16d. A dual-band planar inverted-F antenna. 
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[41) that breaks off the dipole into a smaller-length conductor 
working at the higher frequency. Additional slots, or any other 
lumped and di.stributed impedance, can be introduced to further 
tune the impedance. 

A planar inverted-F antenna with an open tuning stub ( 42] is 
shown in Figure 16d. By changing the width and the length of the 
stub. the antenna's impedance can be matched to the microchip at 
two different frequencies (870 MHz and 915 MHZ) at same time. 

4.2 Dual-Polarization Tags 

Dual-polarized tag antennas are generally designed to either 
reduce the reading-distance sensitivity to the mutual orientation 
between the reader and the tag, or to receive energy and transmit 
back the identification infonnation through different antennas and 
polarizations. In these designs, orthogonal slots [ 43], driving a 
conventional patch tag, or crossed dipoles [ 44], can be used. 

4.3 Near-Field UHF Tags 

Very recently, some attention has been devoted to UHF tags 
that arc able to work in the reader's near field as a possible solution 
to item-level tagging in the phannaceutical and retailing industries 
(see the overview and the related references in [45)). When com­
pared to the well-asse-ssed LF RFID systems, the near-field UHF 
tags could promise smaller sizes. In these applications. the goal is 
to create very small activation regions. For instance, this can be 
done by using conventional far-field UHF tags and a reader with 
low transmitted power, such that each tag will respond only when 
placed in the close proximity of the reader. Conversely, the reader 
could radiate the same power, as in the far-field applications, but 
the tag impedance is mismatched so that it responds only to strong 
fields in the vicini ty of the reader's antenna. However, both of 
these two options have the drawback of not pennitting any size 
reduction of the tag (in the llrst case), and of producing a non­
localized interrogation zone (in the second case), so that the reader 
may unintentionaJly see some other long-range tags present in the 
far-field region. 

More-efficient lag design consists of introducing a coil ele­
ment to create a strong near-field magnetic coupling with the 
reader, as in the case of LF systems. Due to the higher working fre­
quency than in the LF band, the coil size requi red for the UHF tags 
could be considerably smaller than in the case of LF tags. More­
over, such a coil could be also integrated with a dipole-like 
antenna, such as the T-match or the inductively coupled loop lay­
outs described in Section 2. When properly optimized, such layouts 
could be used in both the near- and far-field regions. 

In any case, the design of near-field UHF tags has particular 
complexity. This is because the electromagnetic coupling between 
the reader and the tag may not be neglected, due to the mutual 
small distance, and the antenna perfonnance parameters (gain and 
impedance) can not be specified independently. The whole system 
therefore needs to be studied by means of numerical electromag­
netic solvers, such as the Method of Momenis or the Finite-Differ­
ence Time-Domain Method (46). 
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5. Tag Measurement and Testing 

The measurement of tag perfonnance is a not-yet-assessed 
issue, in contrast to the case of more-conventional 50-O-matched 
antennas. The tag is in fact designed to work as a back-scattering 
antenna, and it is connected to the microchip, which is a nonlinear 
load. Three different measurement strategies are typical ly adopted: 
i) measurement of the chip-less tag's input impedance and gain, ii) 
measurement of the tag's radar cross section for different loading 
impedances, and ii i) measurement of the reading distance when a 
reader-tag link is established. ln all of ihe cases, since the tag is 
designed to be attached onto a class of targets, a reference object 
should be included in the measurement in order io have reliable 
data. 

5. 1 Measurement of 
Input Impedance and Gain 

This is the most general measurement of the specific tag per­
formance. The critical issue is the cormection of the vector network 
analyzer's (VNA's) probe to the tag's tem1inals, in the absence of 
the microchip. Since the tag is not designed as a transmitting 
antenna, a balanced com1ection of the vector network analyzer' s 
coaxial cable to the tag's port often requires a balun or a choke. lo 
this case, particular care has to be devoted to avoid impedance and 
pattern distortion. Accurate measurement schemes can be achieved 
in the case where the tag is a grounded antenna, as in some of the 
(planar) inverted-F-antenna-likc structures previously described, or 
when the tag possesses an electric symmetry plane. Under this last 
condition, only half of the antenna needs to be fabricated, and the 
vector network analyzer' s probe can be placed in the ground 
plane' s side that is opposite to the antenna half-space. For instance, 
Figure I 7 shows the measurement setup (21] of the nested-slot 

Figure J 7. A copper prototype of a nested-slot suspended-patch 
antenna (NSSP) antenna designed for a muscle-Hke box. A 
coaxial (SMA) connector is on the reverse side of the image 
plane. 
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suspended-patch antenna reviewed in Figure 6. The antenna's gain 
can be measured by standard techniques, and all the tag's perform­
ance indicators (realized gain, bandwidth, reading distance) can be 
then calculated in post processing, and arc scenario and reader 
independent. 

5.2 Measurement of the 
Tag's Radar Cross Section 

A relevant part of reader-tag communication consists of the 
tag's backscattering of the continuous wave coming from the 
reader. During this task, the microchip acts as a programmable 
switching device, which connects or disconnects the antenna lo a 
Zmod load (typically, an open circuit or a high impedance for the 

low state, and a short circuit or the antenna's conjugate impedance 
for the high state). During the data transfer, the RFID system can 
be considered to be a monostatic radar, and it therefore can be 
characterized by the radar cross section (RCS), Gf . As discussed 

in detail and experimentally verified in [47], the RCS of many 
classes of tag antennas can be easily related to the antenna's gain 
and input impedance by 

(6) 

The RCS of the chip-less tag can be then measured as the S11 

variation at the port of an illuminating antenna, in both an anechoic 
chamber or a real scenario. The measurements are generally 
repeated for different impedances Zmod . Although this is an indi­

rect measurement that does not give any direct information about 
the input impedance and the activation range, it is nevertheless a 
reader-independent characterization. 

5.3 Measurement of the Reading Distance 

This is an application- and scenario-specific measurement 
since besides the choice of the target, it is strictly related to the 
features of the reader and to the transmitting power. It requires that 
a particular microchip be physically connected at the tag antenna's 
port [ 48]. Measurements can be also pcrfonned in a controlled 
environment, such as an anechoic camber or a TEM cell, as 
described in detail in [10]. Typical diagrams of the reading range 
as a function of distance and reader power are generally produced. 
This measurement is the simplest to perfonn. 1n the case of real 
scenarios, it does not require any particular or expensive equipment 
besides a reader, and provides a true system perfonnance evalua­
tion. However, the features of the tag itself are hidden within the 
overall results. This procedure is therefore of less general meaning 
than the previous measurement schemes. 

6. Concluding Remarks 

Several basic design layouts have been discussed. The mean­
der-line antenna configurations exhibit the largest number of 
degrees of freedom, which can be globally optimized to suit the tag 
to a large variety of microchips and sizes. The tagged object can 
also be accounted for in the antenna design procedure by employ-
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ing layered media models. The (planar) inverted-F antenna struc­
tures are instead particularly attractive for metallic objects. ln 
addition to the (planar) inverted-F antenna, the nested-slot sus­
pended-patch antenna can be useful for hosting sensors and elec­
tronics. 

The available know-how, scattered all over the open technical 
literature, seems to be mature and rich enough for approaching the 
design of conventional UHF passive RFID tags. However, due to 
the general requirements of small size. the resulting antenna band­
\vidth is narrow, no matter which configuration is chosen. The 
antenna's pcrfonnance is therefore strongly dependent on the 
nearby environment. The open challenge is therefore the design of 
antennas the input and radiation properties of which remain nearly 
unchanged when the tag is attached to different substrates, such as 
paper, wood, metal, or living tissues. The problem is particularly 
hard in the presence of metals, and the (planar) inverted-F-antenna­
like structures give only a partial solution. 

Further research efforts could be devoted to the design 
methodology of RFID tag antennas for sensor networks, where the 
tag should by tightly integrated with the sensor and electronics. 
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