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Abstract—Design of antennas for metal mountable radio-

frequency identification tags is driven by a unique set of 

challenges: cheap, small, low-profile and conformal structures 

need to provide reliable operation when tags are mounted on 

conductive platforms of various shapes and sizes. During the past 

decade, tremendous amount of research has been dedicated to 

meet these stringent requirements. Currently, the tag read ranges 

of several meters are achieved with flexible label type tags. 

Moreover, a whole spectrum of tag size-performance ratios has 

been demonstrated through a variety of innovative antenna 

design approaches. This article reviews and summarizes the 

progress made in antennas for metal mountable tags and presents 

future prospects. 

 
Index Terms—RFID, metal mountable tags, tag antennas, 

conformal antennas 

 

I. INTRODUCTION 

assive radio-frequency identification (RFID) technology 

provides the automatic identification and tracking of items. 

This is achieved by labeling the items with battery-free 

remotely addressable tags composed of an antenna and an 

integrated circuit (IC). The use of propagating electromagnetic 

waves at ultra high frequencies (UHF) for powering and 

communicating with passive tags enables rapid interrogation of 

a large quantity of tags through various media from the 

distances of several meters. These are the main advantages that 

initially sparked the interest on passive UHF RFID systems 

[1][2]. Currently, they are used in access control, supply chain 

management, and in item-level asset tracking. The operation 

frequencies are regulated regionally within the sub-bands of 

the global frequency range of 840-960 MHz.  A tutorial 

providing more details on the fundamentals of passive RFID 

systems is presented in the below inset.  

Thanks to the versatility of passive RFID technology, new 

applications are continually emerging. For instance, RFID 

sensors based on antenna self-sensing and low-power 

integrated sensors have gained much attention [3][4]. The 

localization of tags and utilization of RFID in navigation of 

intelligent machines has been investigated [5][6]. Miniature, 

ultra-low-power and maintenance-free tags are also envisioned 

to provide platforms for wireless sensor nodes in the next 

generation internet − the internet of things [7][8]. Tracking of 

people with wearable garment-integrated tags [9] and a variety 

of bio-medical applications from detecting limb movement to 

miniature RFID-inspired neural recording tags are being 

investigated [10][11][12][13]. Fig. 1 illustrates the various 

practical applications of RFID. 

The major factors driving the design and optimization of 

RFID tags are the stringent requirements on tag size, cost, and 

integration. Fundamental physical limitations exist on the 

achievable performance of an antenna with given size. Often, 

antennas occupying the spherical volume such that ka≤0.5, 

where k=2π/λ is the free-space wavenumber and a is the radius 

of a sphere circumscribing the maximum dimension of the 

antenna, are classified as electrically small [14]. For tag 

antennas, however, not only the volume, but also the thickness 

of the structure is strictly limited. This is because in most 

applications tags need to be inconspicuous. Thus, when 

considering the size-performance ratio of tag antennas, in 

addition to ka, it is also important to consider the antenna 

footprint and thickness separately. 

To minimize the material and fabrication costs, tag antennas 

need to be impedance-matched by utilizing self-matching 

techniques (e.g. single and double T-matching, proximity-

coupled loop feed, and parasitic loading [15][16][17][18]) to 

avoid the use of discrete components. This means, that the 

antenna geometry is adapted to provide the desired input 

impedance and radiation properties simultaneously. The 

modern computational electromagnetics tools are 

indispensable in tackling this challenge. [19][20] 

Another special feature in the design of tag antennas is that 
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they need to be interfaced directly to an ultra-low-power RFID 

application specific integrated circuit (tag IC). The impedance 

of a tag IC is largely determined by the charge pump in the 

chip frontend [21]. It is a non-linear device and makes the IC 

impedance capacitive (example of a typical value: 15−j150 Ω). 

Therefore, the design of complex conjugate impedance 

matching for tag antennas is fundamentally different compared 

with conventional antennas which are commonly matched to 

50 Ω. In particular, the accurate knowledge of the frequency-

dependent tag IC impedance at the wake-up power of the chip 

is imperative for a successful design [22]. 

Finally, perhaps the greatest challenge yet to be overcome in 

the design of tag antennas is the undesired antenna-matter 

interaction, as in practice RFID tags are mounted on platforms 

with unspecified material properties. Thus, the development of 

antennas for low-profile and low-cost tags mountable on items 

containing or consisting of materials which have adverse 

effects on the functioning of conventional antennas is of 

paramount importance [23][24][25]. 

A. Challenge in Antennas for Metal Mountable Tags 

The undesired electromagnetic antenna-matter interaction is 

a particularly pronounced issue when tags are mounted on 

conductive items. The requirement of low-profile antenna 

structure leads to a situation where the separation of the 

antenna from a conductive surface is much less than a quarter 

wavelength. Hence, the antenna current flows predominantly 

horizontal to a conductive surface. In this configuration, the 

antenna operation is strongly influenced by the conductor [26]. 

Indeed, if the proximity of a conductive body is omitted in the 

design, the tag is likely not functional at all when mounted on 

a conductive item.  

For dipole-like antennas, which are the most popular type of 

antennas used in RFID tags, this is explained by considering a 

line source parallel to a conductive plane. The electromagnetic 

boundary conditions require that the tangential electric field at 

the surface vanish. This means that there is a current on the 

surface with almost equal magnitude, but approximately 

opposite phase compared with the source current. Thus, the 

superposition of the radiation generated by the two current 

distributions approximately cancels out in the far field. 

Consequently, the antenna radiation efficiency will be low. 

Alternatively, the image theory can be used to understand 

the phenomenon. In this case, an identical antenna (image 

source) is placed at an equal distance on the opposite side of 

the conductive plane which is assumed to have infinite extent. 

The plane is then removed, but its impact is modelled by 

feeding the image source antenna in such a way that the 

original boundary condition at the conductive plane is satisfied 

(the tangential electric field vanishes). This is achieved with an 

image source antenna carrying a current with equal magnitude 

but opposite phase compared with the primary source antenna. 

Theory of antenna arrays can then be used to find the far field 

radiation pattern. The computation of input impedance of the 

coupled antennas reveals that for very closely-spaced antennas 

the mutual resistance approaches the self-resistance [27]. This 

means that the coupled antennas become approximately short-

circuited. Consequently, even small loss resistance will 

degrade the radiation efficiency. The antenna directivity, 

however, may be enhanced. In practice, the proximity of a 

conductive body (even a small one compared with the antenna) 

can greatly affect the antenna radiation pattern and the antenna 

impedance is a function of the distance to the metal [28]. 

Operation of a dipole antenna placed parallel to a conductive 

plane will be further studied in Section II.B. 

Recalling the top priorities in the design of antennas for 

RFID tags; cheap and unobtrusive structure, it is evident that 

addressing jointly the fundamental limitations on antenna size-

performance ratio and the adverse effects due the proximity of 

conductive bodies presents a prominent challenge. This makes 

it extremely difficult to achieve the high tag read ranges of 

several meters, while maintaining the antenna size and 

 
 

Fig. 1.  Examples of applications of passive UHF RFID. 
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structural complexity at an acceptable level. 

Nonetheless, as illustrated in Fig. 2, conductive items of 

various shapes and sizes are encountered through the whole 

spectrum of RFID applications. Examples include industrial 

asset management, machine inventory at construction sites, 

tracking of containers, vehicles and train cars through a 

transportation chain, monitoring of elevators and escalators, 

and item level identification of small metallic items, such 

hardware tools, kitchen ware, tin cans and spray bottles. Thus, 

the need for tag antennas performing well in the proximity of 

conductive bodies is eminent. Correspondingly, a great amount 

of research on such antennas has been conducted while the 

interest in the topic remains high. Finally, the general design 

flow of antennas for metal mountable tags is illustrated in Fig. 

3. 

This article reviews the progress made in the field, discusses 

the various types of antennas and design approaches used in 

the metal mountable tags and presents future prospects. The 

rest of the text is organized as follows. Section II introduces 

the concept of tag read range which will be used as tag 

performance metrics throughout the paper, Sections III and IV 

discuss metal mountable tags based on antennas with and 

without ground planes, respectively. Discussion and future 

prospects are provided in Section V.  

II. READ RANGE AS TAG PERFORMANCE METRICS 

The maximum distance at which a tag can be detected by 

the reader is an important practical tag performance indicator, 

which is readily understood not only by the antenna engineers, 

but also by people with other areas of expertise. Using the read 

range to evaluate the performance of RFID tags has also the 

advantage that it can be measured wirelessly, using rather 

unsophisticated equipment. This way, the problematic invasive 

small antenna measurements are avoided and separate 

characterization of the tag IC is not required. 

 

A. Measuring and Simulating the Read Range 

Normally, the read range of passive tags is limited by the 

forward link operation, i.e. the efficiency of the wireless power 

transfer from the reader to the tag IC. Assuming free-space 

conditions for site-independent comparison, the obtainable tag 

read range at the spatial observation angles φ and θ of a 

spherical coordinate system centered at the tag is given by [71] 
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Fig. 2.  Metallic items of various shapes and sizes that are typically encountered in RFID applications. 
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where λ is the wavelength of the carrier tone emitted by the 

reader, EIRP is the regulated equivalent isotropic radiated 

power, Pic0 is the wake-up power of the tag IC, χtag is the 

mutual polarization power efficiency between the tag and 

reader antennas, er,tag is the tag antenna radiation efficiency, 

Dtag is the tag antenna directivity, and τ is the antenna-IC 

power transfer efficiency determined by the antenna and IC 

impedances Ztag and Zic, respectively. Equation (1a) is a direct 

implication of Friis’ simple transmission equation. 

While equation (1) shows explicitly how the tag antenna 

properties and impedance matching with the tag IC affect the 

read range, all the required data may not always be available 

for the computation. However, based on the wireless 

measurements performed in an anechoic chamber on fully 

assembled tags, a different equation is obtained from the Friis’ 

simple transmission equation and (1). In this measurement, the 

transmit power of the reader is ramped down during the 

interrogation of the tag under test and the lowest transmit 

power (threshold power; Pth) at which the tag remains 

responsive, is recorded. Most commonly, the threshold power 

is defined with respect to the query command to which the tag 

replies with its identification code. The obtainable tag read 

range is given by [17] 
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where r is the separation of the polarization-matched reader 

and tag antennas, Gr,tx is the realized gain of the reader antenna 

including the combined cable and impedance mismatch losses. 

Here, the observation direction (φ,θ) is determined by the 

orientation of the tag under test with respect to the transmit 

antenna.  

Normally, dtag is reported assuming χtag=1, while sometimes 

χtag=1/2 is imposed to estimate the polarization loss between 

the predominantly linearly polarized tag antennas and 

circularly polarized reader antennas. If the observation angles 

are not specified, it is assumed that the read range value is the 

maximum value over all the spatial angles. To summarize the 

above discussion: dtag given in equations (1) and (2) is the 

forward link limited tag read range obtainable in free-space 

conditions with an EIRP-compliant transmitted power when 

the maximum reader antenna gain is pointed toward the tag.  

Henceforth, all the tag read range values quoted in this 

article will be scaled to correspond with EIRP = 4 W 

(regulated EIRP e.g. in the U.S.), Pic0 = –18 dBm and χtag = 1. 

This allows for the fair comparison of the results reported by 

authors using different measurement configurations, tag ICs 

with different wake-up powers, as well as various EIRP 

regulations. It should be noted here that over the years, 

especially the tag IC wake-up powers have improved much 

and as seen from equation (1) this parameter plays a major role 

 
 

Fig. 3.  Design flow of metal mountable tags exemplified. 
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in the tag read range. For clarity the asterisk notation: dtag* is 

used to distinguish the scaled read range values from those 

reported in the cited articles.  

In addition to read range, we have considered the operable 

bandwidth as a qualitative tag performance indicator. 

Currently, the global UHF RFID frequency range of 840-960 

MHz is divided into regionally regulated sub-bands which are 

centered approximately at the frequencies of 866 MHz 

(lower), 915 MHz (middle) and 953 MHz (upper). Single band 

(S) tags are specifically designed for one of these ranges. 

Broadband (B) tags achieve broader bandwidths of several 

tens of megahertz. Wideband (W) tags are operable with 

similar performance on at least two of the lower, middle, and 

upper ranges of the of 840-960 MHz band. 

B. Read Range of Dipole Type Tags on Metal 

Dipole type tag antennas are presently popular in UHF 

RFID. They have simple single-layer structure fit for label type 

tags. Moreover, the dipole antenna radiation pattern is 

omnidirectional in the plane perpendicular to the dipole axis. 

Compared with directive antennas, this provides broader 

spatial coverage for power harvesting. Size-reduction 

techniques for dipole type antennas are also well-established 

[29][30][31]. Dipole type tag antennas can also provide 

sufficient platform-tolerance to guarantee the reliable 

identification of most dielectric objects with low permittivity 

(1≤εr≤5) [18][19][32][33][34][35]. 

The influence of a conductive surface on a dipole antenna 

is, however, a more severe performance issue. To exemplify 

the influence of this phenomenon on the properties of dipole 

type antennas, we have conducted a simulative study on a 

straight quarter-wave dipole and a T-matched folded dipole (a 

popular tag antenna structure) placed parallel to conductive 

surface. The simulations were conducted with ANSYS HFSS 

version 13. The studied antennas are shown in Fig. 4.  

The quarter-wave dipole was simulated at the distance of 

1.5 mm from a metal plate (conductivity: 58 MS/m) with the 

size of 140505 mm3. The simulated antenna was not 

matched to specific tag IC impedance, but we chose the 50-Ω 

feed port power in the simulation tool so that the amount of 

power transferred to the antenna structure is 100 mW. Figure 

5a presents the surface current density on the antenna and 

metal plate beneath it. The arrows show a snapshot of the 

current flow at a fixed time instant. From this illustration, it is 

seen that the surface current densities on the antenna and metal 

surface beneath it are of the same order of magnitude, but the 

current flow directions are opposite. 

The resulting effect on the conventional antenna parameters 

is summarized in Fig. 6a. At small separations from the metal, 

the antenna is almost short-circuited. This leads to very low 

values of the radiation efficiency. As the antenna-metal 

separation is increased up to 3 mm, which is still feasible in 

some RFID applications, the radiation efficiency is increased 

to 25%. However, the antenna resistance still remains low 

making the impedance matching problematic. 

The study on the T-matched folded dipole demonstrates 

further the impact of the metal proximity on the properties of a 

common class of tag antennas. In general, tag antennas need to 

be conjugate-matched with capacitive tag ICs. For short 

dipoles, T-matching technique can be used to transform the 

capacitive antenna impedance to inductive [16]. In practice, 

this is realized by forming a short circuit current path parallel 

to the antenna terminals (params. a and b in Fig. 4). 

Since the footprint size of tag antennas is a major concern, 

the dipole arms are typically folded to lower the fundamental 

antenna resonance within the same footprint. Following these 

two widely employed design approaches, we chose the 

parameters a, b, and c in Fig. 4 to achieve antenna impedance 

close to 15+j150 Ω (at 866.6 MHz) at the distance of 1.5 mm 

from the metal plate. This serves as an example of a typical 

target value in a practical tag design scenario. Since the aim of 

the study is to exemplify the general features of dipole tags 

near metal, a specific antenna substrate material was not 

considered, but the simulations were conducted in air. The 

features arising from the metal proximity are, however, shared 

by dipole tags on low-permittivity platforms, including circuit 

boards, plastics, and foams.  

To achieve a fair comparison with the quarter-wave dipole, 

we adapted the 50-Ω feed port power in the simulation so that 

100 mW was delivered to the antenna. As seen from Fig. 5b, 

the surface currents on the antenna and metal plate are of the 

same order of magnitude, but flow in the opposite directions. 

Thus, this antenna shares the same ailments with the quarter 

wave dipole when it is placed parallel to a conductive surface. 

The simulated tag performance parameters are summarized in 

Fig. 6b. The T-matched folded dipole exhibits its self-

resonance frequency within the studied frequency range. 

Below the resonance frequency, the antenna impedance is 

inductive providing conjugate matching to the tag IC. In this 

case the antenna-IC power transfer efficiency (τ) is maximized 

near 866.6 MHz (τ≈1). However, the radiation efficiency 

remains low, below 5%, up to the antenna-metal separation of 

 

 

Figure 4. Studied dipole antennas. 
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3 mm. At the separation of 1.5 mm, the radiation efficiency is 

only 2%, but the tag still achieves a seemingly high read range 

of approximately 3 meters at the matched frequency of 866.6 

MHz. This is because the proximity of the metal surface 

increased the antenna directivity to approximately 4.3 dBi 

(Fig. 6b), which is notably higher than the value for a dipole in 

free-space. 

As a summary, T-matched folded dipole tag in metal 

proximity suffers from low efficiency with resistance sharply 

decaying toward zero at frequencies away from the antenna 

self-resonance frequency. This results in limited read range 

and narrow-band matching. Moreover, the simulated antenna 

parameters are sensitive toward the antenna-metal separation. 

Therefore, in practical scenarios with the antenna-metal 

separation varying from object to object, the tag read range is 

likely less than the simulated peak value.  

 

 

 

 

Figure 5a. Surface current density [A/m] on the quarter-wave 

dipole and metal plate beneath it (separation: 1.5 mm) at 

866.6 MHz. The antenna is accepting 100 mW. 

Figure 5b. Surface current density [A/m] on the T-matched 

folded dipole and the metal plate beneath it (separation: 1.5 

mm) at 866.6 MHz. The antenna is accepting 100 mW. 
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Figure 6a. Properties of the quarter-wave dipole placed parallel to a metal plate. 

Radiation properties are reported in the direction of the positive z axis in Fig. 4. 

 

 
 

Figure 6b. Properties of the folded T-matched dipole placed parallel to a metal plate.  

Radiation properties are reported in the direction of the positive z axis in Fig. 4. 
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III. ANTENNAS WITH GROUND PLANE 

Microstrip patch antennas have been widely used in the 

wireless devices, where low-profile planar antennas with 

moderate gain are needed [14]. Later, the planar inverted-F 

antennas (PIFA) with similar radiation characteristics, but even 

smaller footprints and favorable multi-resonant features 

became popular cell-phone antennas [36][37]. The ground 

plane included in these antennas also helps to 

electromagnetically isolate them from the matter behind the 

ground plane. Thanks to this feature, these antenna types were 

the first ones to be used in metal mountable tags. Until today, 

an abundance of modifications to the canonical patch antennas 

and PIFAs have been proposed to achieve size-reduction, 

bandwidth improvement, and longer tag read ranges. Later, the 

electromagnetic band gap (EBG) structures [38]  enabled the 

development of metal mountable tags based on dipole 

antennas integrating EBG structures. All these developments 

are reviewed and summarized in the following subsections. 

 

A. Microstrip Patch Antennas 

The conventional microstrip patch antenna is composed of a 

conductor patch patterned on a dielectric substrate material on 

top of a larger conductor area acting as the ground plane. In 

the transmitting mode, the antenna is driven by a time-varying 

potential difference between the patch and ground. This sets 

up a time-varying electric between the two conductors and at 

certain frequency bands the related electromagnetic energy 

leaves the structure efficiently as radiation. Since tag ICs have 

differential inputs, patch-type tag antennas need to be 

equipped with a balanced self-matching structure. The 

operable frequency range of the antenna is determined 

predominantly by the size of the patch and the dielectric 

constant of the substrate material. Normally, the viable 

substrate thicknesses are found in the range of 0.01λ-0.05λ. 

This enables fairly low-profile antenna structures. [14] 

At high frequencies, the current flows predominantly in a 

thin layer at the surface of good conductors. This is known as 

the skin effect. Thus, in the ground plane of patch antennas, 

the current flows mostly near the surface facing the dielectric 

material, so that there is little interaction with the current in the 

ground plane and the materials behind it. For this reason, patch 

antennas are considered advantageous for metal mountable 

tags. By making the ground plane larger than the patch, the 

antenna-metal interaction through the fringing fields at the 

patch edges can be further suppressed. However, this comes 

with the cost of increasing the tag size. 

In one of the earliest studies on antennas for metal 

mountable tags, a rectangular patch antenna patterned on 

copper-clad RT/Duroid TMMi10 high-frequency laminate 

(εr=9.8, tanδ=0.002) was investigated [39]. The size of the 

antenna ground plane is 100100 mm2 and the laminate 

thickness is 3.2 mm. An identical layer of the material was 

placed also on the opposite side of the ground plane to 

separate it further from the metal surface backing the tag. Full-

wave EM simulations with 1820 cm2 metal plate backing the 

antenna showed that a rather high gain of 5 dBi was 

obtainable. Given that good impedance matching to a tag IC 

was arranged, this corresponds to read range dtag* = 23 m. 

Although the studied antenna may be too large for most 

applications, the presented results clearly demonstrated the 

impressive read ranges achievable with patch antennas. 

Recently, a holistic simulation-based design of a rectangular 

patch antenna (Fig. 7) patterned on copper-clad RT/Duroid 

5880 high-frequency laminate (εr=2.2, tanδ=0.0009) was 

presented [40]. The tag is intended for tracking of large and 

high-value conductive items. In this application, high tag read 

on conductive surfaces is paramount while the tag size is not 

as strictly limited. To guarantee the maximal tag performance 

on metal, a 2020 cm2 copper plate backing the antenna was 

included in all the simulations for design optimization. In this 

process, a clearance of 16 mm between the patch and substrate 

  
 

Figure 7.  Patch antenna studied in [40]. 
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edges (param. c in Fig. 7) was found to suppress the antenna-

metal interaction through the fringing fields at the patch edges 

sufficiently to provide the high radiation efficiency of 89%. 

Directive radiation pattern and suitable impedance pre-

matching were achieved by adjusting the patch size (params. a 

and b in Fig. 7). To fully conjugate match the antenna with 

capacitive tag ICs, the chip was placed at the patch edge so 

that one of the chip terminals is connected to the patch and the 

other is joined with the ground through narrow inductive strips 

wrapping over three of the substrate edges. The antenna 

impedance was then controlled by the dimensions (params. e 

and d in Fig. 7) of this inductive matching network. The 

overall size of the studied tag is 131683.3 mm3 and it 

achieved the high read range dtag* = 25 m.  

The trapezoid patch [41] has an approximately equal 

footprint size (11080 mm2) compared with the tag presented 

in [40]. The overall thickness of the tag, however, is only 0.8 

mm. In this antenna, the impedance matching was realized by 

adjusting the height and length of one of sides of the trapezoid 

patch. The tag IC was placed immediately at the patch edge 

and shorted to ground through a via. The studied tag achieved 

the read range dtag* = 10.7 m. While the antenna topologies 

[40] and [41] are in essence the same (solid patches with 

approximately equal sizes connected to ground through the tag 

IC), the performance comparison between the two accentuates 

the principal design trade-off shared by virtually all antennas 

for metal mountable tags: thickness vs. performance. 

In many applications, even smaller tags are needed. For 

instance, a rectangular patch on a double-layer RF-4-foam 

substrate achieved the overall size of only 5047.53 mm3 

[42]. The antenna is composed of two rectangular patches 

shorted to the ground through narrow strips at one corner of 

each patch to form two symmetrical radiating elements. The 

authors found this to be a favorable approach to reduce the 

antenna-metal interaction compared with a single radiating 

patch. The tag IC was mounted in a loop which proximity 

couples to the two radiating patches and provides impedance 

matching. The studied tag achieved the read range dtag* = 8.7 

m. 

On the other hand, also various other design approaches for 

size-reduction and bandwidth improvement have been studied. 

One of the successfully applied techniques is the slot loading. 

With this method, the path of the radiating current can be 

increased with cut-outs in the patch. This lowers the antenna 

self-resonance frequency and thereby provides the means for 

antenna miniaturization, given that excessive current 

cancellation is avoided [30]. Moreover, the antenna impedance 

can be tuned by placing the cut-outs in regions away from the 

main current path. One of the earliest demonstrations of this 

design approach in metal mountable tags is an L-shaped slot in 

a conductor patch on double-layer FR4-foam substrate 

[43][44]. A favorable feature in this design is the non-

monotonic reactance frequency-response at the frequencies of 

interest. This helps to achieve broadband matching. The 

developed tag has the overall size of 90.554.55 mm3 and it 

achieved the read range dtag* = 13 m. 

Later, for instance, a rectangular patch antenna shown in 

Fig. 8 with a pair slots extending from the patch edges towards 

the center has been studied [45]. Compared with the tag 

antenna presented in [43][44], this design is thinner and 

smaller, but also exhibits a non-monotonic reactance 

frequency-response favorable for impedance matching. The 

overall size of the studied tag is 80401.6 mm3 and it 

achieved the read range dtag* = 7.4 m. 

A similar design, where strategically placed U-shaped slots 

near the patch edges provided improved bandwidth through an 

appropriate reactive loading of the antenna impedance, was 

reported in [46]. The overall size of this tag is 96502 mm3 

and it achieved the read range dtag* = 7.6 | 8.8 m in European | 

U.S. RFID frequencies. Another design [47] with very similar 

tag size of 98501.6 mm3 includes a T-shaped insertion 

formed inside a rectangular slot for reactive loading. The tag 

achieved the read range dtag* = 8.5 | 8.7 m in European | U.S. 

RFID frequencies. 

More recently, a dual-patch antenna loaded with several 

slots was studied [48]. The antenna structure is shown in Fig. 

9. In this design, the inductive feed loop provided an adequate 

pre-matching for most tag ICs, while the additional parametric 

study provided by the authors shows how to adapt the shape of 

the slot configuration (reactive loading) to fully impedance-

match the antenna to given tag IC. The antenna was patterned 

on copper-clad RT/Duroid 5870 high-frequency laminate 

(εr=2.3, tanδ=0.0012). The overall size of the tag is only 

50501.6 mm3 and it achieved the read range dtag* = 5 m. 

Compared with a similar antenna [42] with solid rectangular 

 
 

Figure 8.  Patch antenna studied in [45]. 

 
 

Figure 9.  Patch antenna studied in [48]. 
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patches on a double-layer FR4-foam substrate, the multi-

slotted version provided considerably thinner and simpler 

structure. 

Shorting the patch to the ground at one or more strategic 

locations is another design approach which has been found 

useful in the development of patch antennas for small metal 

mountable tags. The antenna shown in Fig. 10 makes use of 

this approach by adapting the structure of a high-impedance 

unit cell as a radiator [49]. The overall size of the tag is 

65201.5 mm3 and it achieved the read range dtag* = 6.9 m. 

In addition to the slim structure, a distinctive feature in this 

design is the oblong shape, which in some applications may be 

a good alternative to the commonly more square-shaped patch 

tags. A further study [50] showed how to reduce the antenna 

footprint by inserting a non-connected intermediate conductor 

layer in between the patch and the ground. However, this 

increased the thickness and structural complexity. 

Additionally, a more performance oriented adaption of the 

same structure was analyzed in [51] with the note on reduction 

of the mutual capacitance between the two patches by sloping 

of the patch edges facing each other. This made the antenna 

more inductive which was favorable for impedance-matching 

the antenna to capacitive tag ICs. 

Multiple proximity coupled grounded patches can provide 

bandwidth improvement. For instance, designs with one or two 

parasitic patches loading the driven patch were studied in [52]. 

The patch sizes were chosen to have slightly different lengths, 

so that the antenna is excited with multiple modes. With the 

appropriate separation between the patches, the antenna 

achieved a fluctuating reactance frequency-response favorable 

for wideband impedance matching. The configuration with two 

parasitic patches provided broader bandwidth, but had a larger 

footprint. The overall tag size with one parasitic patch is 

85581.6 mm3 and with two parasitic patches 85.5831.6 

mm3. The designs achieved the read ranges dtag* = 11 | 4.8 m 

and dtag* = 11.4 | 7.1 m in the European | U.S. RFID 

frequencies.  

A similar design with the tag IC mounted in a loop, which 

proximity coupled to four parasitic patches was studied in 

[53]. The parasitic patches had different sizes and each of 

them included a via to ground. The overall size of the tag is 

80802 mm3 and it achieved the read range dtag* = 8 m at 

915 MHz. The simulation results suggested that similar read 

range could be obtained throughout the global UHF RFID 

frequency range. However, the polarization properties of the 

antenna vary with frequency, depending on which parasitic 

patch is active at the specific sub-band. 

The authors of [54] studied a patch tag with a new kind of 

proximity-coupled feed structure. The radiating patch and the 

ground plane were formed by bending a thin aluminum sheet 

into U-shaped cross-sectional view around low-permittivity 

and low-loss polystyrene foam. A straight conductive trace 

was immersed in the foam at an equal distance from both the 

patch and ground. The trace was shorted from both ends to the 

ground and the tag IC was placed near one of the shorting pins. 

The antenna exhibited a non-monotonic reactance frequency-

response which enabled broadband operation. The tag 

achieves the read range dtag*=14.1 m with the overall tag size 

of 72.125.53.2 mm3. 

By recalling that the cavity resonator model (electric field 

oscillating in between the patch and the ground within the 

substrate material) is a widely used approximate analytical 

model for a patch antenna, it is understood that the size-

reduction may be achieved by using a high-dielectric substrate 

material. This makes the structure appear electrically large 

compared with its actual physical dimensions and thereby 

lowers the frequency of the fundamental resonance mode. By 

combining this size-reduction technique with slot-loading and 

a proximity-coupled loop feed, the authors of [55] proposed a 

miniaturized patch tag (Fig. 11) on a ceramic substrate with 

the relative permittivity of 48. In this antenna, the feed loop 

was connected to ground through a via. The tag has the overall 

size of only 25253 mm3 and it achieved the read range 

 
 

Figure 10.  Patch antenna studied in [49].  
 

Figure 11.  Patch antenna studied in [55]. 
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dtag*=10.1 m. As discussed in Section III.C, high-permittivity 

ceramic and polymer-ceramic composite substrates have been 

successfully applied also in the development of tag antennas 

without ground plane for the on-metal application. 

Finally, Table 1 summarizes the performance of different 

metal mountable tags based on microstrip patch antennas. 

  

B. Planar Inverted-F Antennas 

A planar inverted-F antenna (PIFA) is a microstrip loaded 

with a short circuit. In its standard single-band configuration, 

PIFA is a patch shorted to ground from one location (single 

via or a shorting wall at one of the radiating edges) and driven 

by a time-varying potential difference between the patch and 

ground antenna at another location. In this configuration, the 

resonant length of the patch element is approximately quarter 

wavelength and the cross-sectional view of the conductor 

structure excluding the ground plane resembles the letter F 

[14][37]. However, as seen below, some PIFAs in this section 

incorporate structural modification beyond the standard 

configuration explained above. Also, some of the patch tags 

discussed in Section III.A may fit under the above definition of 

a PIFA. Nonetheless, we have followed the original authors’ 

classification of the antenna types based on the design 

approaches they have employed. 

As grounded structures, PIFAs benefit from the built-in 

antenna-conductor isolation when they are mounted on 

conductive surfaces. In performance critical applications, this 

feature could be further enhanced by inserting an additional 

layer of dielectric material beneath the antenna ground plane. 

This approach was studied in [56]. Although the improvement 

comes with the price of increased antenna thickness, high read 

range dtag*=22.3 | 15.6 m was achieved with the overall tag 

size 100806.5 | 3.2 mm3. This demonstrates again the 

fundamental thickness-performance trade-off shared by 

virtually all metal mountable tags. A more size-oriented PIFA 

design for tags mountable on conductive items was proposed 

in another early study [57]. This antenna is a square patch 

shorted at one corner to the ground through the tag IC while 

the opposite corner is shorted to the ground through a shorting 

wall. The tag has the overall size of 5959 3 mm3 and it 

achieved the read range dtag*=8.9 m. 

Shortly afterwards, a PIFA with a low-permittivity foam 

substrate was reported [58]. By folding the main radiator into 

an intermediate layer, the antenna was made to appear 

electrically larger. Mounting the tag IC over U-shaped slot 

patterned in the top face of the main radiator provided the 

means for impedance matching by varying the slot dimensions. 

The tag has the overall size of 50604 mm3 with the 

measured read range dtag=4 m. Although the necessary 

information for computing the scaled read range is not 

provided, equipping the tag with a present-day tag IC is 

expected to improve the read range further. Compared with 

[56], the discussed antenna provided a more compact size and 

instead of specialized microwave antenna substrates used in 

[56][57], it was based on a low-cost and flexible foam 

substrate.  

While the above-discussed PIFAs are operable at a specific 

sub-band of the global RFID frequency range, the authors of 

[59] showed that dual-band operation was attainable within the 

same antenna footprint. The studied antenna shown in Fig. 12 

is composed of a rectangular patch connected from one of non-

 

Table 1.  Comparison of metal mountable patch tags. 

Ref. [40] [41] [45] [46] [48] [49] [50] [52] [54] [55] 

Tag size 

[mm3] 

13168 

3.2 

11080 

0.8 

8040 

1.6 

9650 

2 

5050 

1.6 

6520 

1.5 

3218 

3.2 

85.583 

1.6 

72.125.5 

3.2 

2525 

3 

ka 1.40 1.28 0.84 1.02 0.67 0.64 0.35 1.12 0.72 0.33 

Metal 

plate [cm2] 
2020 4040 3030 3030 1717 1717 1717 4040 2020 2020 

dtag* [m] 25 10.7 7.4 7.6 5 6.9 3.3 7.1 14.1 10.1 

Bandwidth S S B W B S S W B S 

S = single-band, B = broadband, W = wideband 

dtag*  [m] is the reported tag read range referred to Pic0 = −18 dBm  

and EIRP = 4 W under perfect polarization alignment. 

 

 
 

Figure 12.  PIFA studied in [59]. 
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radiating edges to an open-ended L-shaped stub and from one 

of the radiating edges to the ground through a shorting wall. 

The tag IC was mounted over a gap between the patch edge 

and the open-ended L-stub, which acted as the second ground 

connection of the conventional PIFA. Importantly, the authors 

found that the structure provided dual-band matching with a 

tag IC. Moreover, they showed that the capacitance between 

the stub and the radiating patch edge can be used to adjust the 

frequency separation between the two matched frequencies. 

The tag has the overall size of 5959 3 mm3 and it achieved 

the read range dtag*=8.9 m in the European RFID band. 

Simulations suggested that the read range dtag*=9.8 m would 

be attained at the upper matched frequency of 940 MHz. 

Moreover, by adjusting the gap between the radiating edge of 

the patch and the stub, the authors also managed to bring the 

simulated upper matched frequency down to 915 MHz with 

dtag*=9.3 m. 

At the same time, further size-reduction on single-band 

PIFAs was reported in [60]. The studied antenna, shown in 

Fig. 13, consists of a U-shaped radiating slot in the top layer of 

a square-shaped circuit board and an impedance tuning 

structure patterned in the bottom layer. A via joins the top 

layer metallization to a rectangular pad, which terminates a co-

planar waveguide patterned in the bottom layer metallization. 

The other end of co-planar waveguide is terminated with the 

tag IC. The top and bottom metallization were joined through 

several vias located at an edge of the board. Finally, a 1-mm 

foam layer was attached to the bottom layer to separate the 

whole structure from the metal surface. While the exact shape 

of the U-slot and the board size predetermined the antenna 

properties, according to the authors, the size of the rectangular 

pad in the bottom layer played a key-role in the impedance 

tuning. The tag has the overall size of 4646 3.4 mm3 and it 

achieved the read range of dtag= 4.5 m. Although the necessary 

information for computing the scaled read range is not 

provided, equipping the tag with a present-day tag IC is 

expected to improve the read range further. 

More recently, another small PIFA, shown in Fig. 14, 

utilizing the co-planar waveguide as the impedance matching 

structure was studied [61]. Compared with [60], this antenna 

has even smaller footprint and simpler structure, where both 

the impedance matching structure and the main radiator are 

located in the top layer. In this way an additional foam layer is 

not needed. Moreover, the co-planar waveguide stub is open-

ended. A shorting wall connects one edge of the top 

metallization to the bottom layer acting as the ground. The 

radiation originates predominantly from the patch in the top 

layer, which is the co-planar metallization around the middle 

trace of the open-ended waveguide. According to the authors, 

one of the advantages of the structure is that by changing the 

stub length, the low-resistance and inductive antenna 

impedance changes monotonically over a sufficient range to 

tune the design for most tag ICs. Thus, the antenna impedance 

matching is conveniently controlled with a single parameter. 

The tag has the overall size of 56223 mm3 and it achieved 

the read range dtag* = 11.8 m. 

Finally, Table 2 summarizes the performance of different 

 

Table 2.  Comparison of metal mountable PIFA tags. 

Ref. [58] [59] [60] [61]  

Tag size [mm3] 
5060 

4 

6251.3 

3 

4646 

3.4 

5622 

3 

ka 0.74 0.76 0.61 0.57 

Metal 

plate [cm2] 
2020 4646 4646 2020 

dtag* [m] > 4 8.9 > 4.5 11.8 

Bandwidth S W S S 

S = single-band, B = broadband, W = wideband 
dtag* [m]  is the reported tag read range referred to Pic0 = −18 dBm 

and EIRP = 4 W under perfect polarization alignment. 

 

 
 

Figure 13.  PIFA studied in [60]. 

 
 

Figure 14.  PIFA studied in [61]. 
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metal mountable tags based on PIFAs. 

C. Antennas integrating EBG structures 

Electromagnetic band gap (EBG) structures are a class of 

metamaterials defined as structures that prevent or assist the 

propagation of electromagnetic waves in a certain frequency 

band for all incident angles and polarization states [38]. In 

antenna applications EBG structures can be used to form 

conductive surfaces with reflection phase adjustable from 

−180° to 180° and to suppress the excitation of surface waves. 

This allows for the development of low-profile antennas 

(reflection phase) and improving the efficiency of antenna with 

ground planes (surface wave suppression). As discussed 

below, both these features have been found useful in the 

development of antennas for metal mountable tags.  

Article [62] presented a performance comparison of 

microstrip patch antennas with regular and EBG ground planes 

mounted on metal plates of different sizes. The studied 

antennas had otherwise the same structure as those studied 

earlier in [39], but the second layer of the high-frequency 

laminate beneath the patch ground plane was removed. The 

EBG structure was based on circular slots arranged in a square 

lattice in the ground plane. The simulation results showed that 

on 5050 cm2 metal plate the EBG patch achieved the 

radiation efficiency of 94% and directivity of 5.2 dBi, while 

the corresponding values for the regular patch were 72% and 3 

dBi. Given that good impedance matching to a tag IC was 

obtained, this corresponds to read range dtag*=15.7 | 23 m for 

the regular | EBG patch with the overall size of 1001003.2 

mm3. Moreover, the resonance frequency of the EBG patch is 

the same in air and on 2020 cm2 and 5050 cm2 metal 

plates. Both improvements; the better read range and platform-

tolerance, are due to the suppressed surface waves in the EBG 

design. 

An alternative approach exploited the in-phase reflection 

achievable from an EBG surface [63]. This enabled the 

efficient operation of a dipole antenna placed on a 2-mm layer 

of foam (εr≈1) on top of the EBG structure formed by a 22 

array of rectangular patches patterned on a circuit board 

(εr=4.5) with solid metallization in the opposite side. The 

structure does not contain interconnections between any of the 

conductor layers. This simplifies the fabrication process. The 

overall size of the tag is 152463 mm3 and the authors 

report the measured read range dtag=6.3 m on 8080 cm2 

metal plate (information for computing dtag* not provided) 

with virtually the same performance in air. 

More recently, dipole antennas suspended on a three-layer 

mushroom EBG structure were studied [64]. The square-

shaped mushroom caps were first patterned on both sides (S1 

and S2) of a 0.2 mm FR-4 board. Then the side S2 was 

attached onto a non-metallized side of a 1.5 mm FR-4 board 

and all the mushroom caps were joined with the solid 

metallization on the opposite side of the 1.5 mm board through 

drilled vias. Finally, a 3 mm foam spacer was placed onto S1 

and a folded dipole tag antenna (outer dimensions: 8222 

mm2) was suspended on the foam. The structure of the antenna 

and the EBG structure are shown in Fig. 15. The authors 

reported the measurement results on two prototypes tags based 

on 53 (P1) and 42 (P2) arrays of the mushroom unit cells 

with the overall size of 124764.8 mm3 and 100544.8 

mm3, respectively. Top view of the prototype P1 and the cross-

sectional structure diagram are shown in Fig. 15. The reported 

read ranges on metal are dtag*=12.7 m (P1) and dtag*=7 m 

(P2). The performance of P2 in air was very similar, but for P1 

the read range in air reduced to 9.8 m.  

As a summary, antennas integrating EBG structures provide 

an interesting approach for creating directive low-profile 

antennas by placing dipoles on EBG structures which provide 

an in-phase reflection. Including an EBG ground plane in 

regular patch antennas improves the antenna performance on 

metal through suppression of surface waves. Despite these 

favorable properties, it is difficult to meet the stringent size 

requirement of RFID tags with EBG antennas, where the size 

of the EBG structure dominates the overall tag size. Moreover, 

the desired electromagnetic properties of the EBG structures 

can be achieved within a limited bandwidth. As result, the 

 

Table 3.  Comparison of metal mountable EBG tags. 

Ref. [62] [63] [64] [64] 

Tag size [mm3] 
100100 

3.2 

15246 

3 

12476 

4.8 

10054 

4.8 

ka 1.33 1.50 1.37 1.07 

Metal 

plate [cm2] 
2020 8080 NA NA 

dtag* [m] 23 
dtag = 

6.3 
12.7 7 

Bandwidth S S S S 

S = single-band, B = broadband, W = wideband 
dtag* [m]  is the reported tag read range referred to Pic0 = −18 dBm 

and EIRP = 4 W under perfect polarization alignment. 

 

 
 

Figure 15.  EBG folded dipole studied in [64]. 
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antenna miniaturization problem turns into the problem of 

miniaturizing the EBG structure. 

Finally, Table 3 summarizes the performance of different 

metal mountable tags integrating EBG. 

IV. ANTENNAS WITHOUT GROUND PLANE 

Antennas for RFID tags have very stringent requirements on 

size and cost. The size-reduction techniques discussed in the 

previous section provide antennas with compact footprints for 

the identification of small metallic items. However, these 

antennas include two or more conductor layers with 

interconnections and have rigid structures. Thus, in order to 

further reduce the manufacturing and material costs and to 

achieve conformal antenna structures, recently the focus of the 

research has been shifting toward antennas based on a single 

conductor layer. These developments, fuelled by the vision of 

label type metal mountable RFID tags, are reviewed and 

summarized in this section. 

One of the first articles on antennas for metal mountable 

tags not incorporating a ground plane presented a fork-shaped 

antenna on an FR-4 board [65]. As seen from Fig. 16, the 

antenna is composed of a tapered open-ended co-planar 

waveguide stub loaded with two rectangular parasitic patches. 

The tag IC is mounted over a gap between the stub and the co-

planar metallization. The distance of the parasitic patches from 

the stub controlled the antenna reactance while the resistance 

was tuned through either the length or width of the parasitic 

patches. The tag has the overall size of 120303.2 mm3 and 

it achieved the read range dtag* = 8.9 m on metal. The 

performance in free space was similar. 

At the same time, the on-metal performance of a dipole 

suspended a foam spacer was studied [66]. The studied 

antenna is a combination of a T-matched dipole with spiral 

arms and a dipole with bent arms. These two structures are 

joined through vertical conductor strips on both sides of the T-

matching loop to form a double T-matched dipole. According 

to the authors, in air the bent dipole was capacitive and the 

spiral-arms-dipole was inductive, but in metal proximity these 

roles were interchanged. In this way, the impact of metal 

proximity on the antenna reactance was limited and the tag was 

operable both in air and on metal. The tag has the overall size 

of 83.829.93 mm3 and the authors reported the measured 

read range dtag = 1.8 m with the tag mounted on a metal 

surface. Although the information required for computing dtag* 

is not provided, the reported measured radiation efficiency of 

20% is notably higher than the 4.7% simulated for the folded 

T-matched dipole placed at the same distance from a metal 

plate in Section II.B. Moreover, the tag achieved similar 

performance in free space and on low-permittivity (1≤εr≤4) 

platforms. 

The viability of dipole antennas for metal mountable tags 

was studied also in [67]. The authors achieved broadband 

characteristics by splitting a bow-tie element into two slightly 

dissimilar parts which are both proximity coupled to a feed 

loop carrying the tag IC. This antenna shape is shown in Fig. 

17. The slight dissimilarity of the bow-tie elements manifested 

itself as a non-monotonic reactance frequency-response which 

provided bandwidth improvement. The simulated radiation 

efficiency and directivity of the antenna suspended on a 1.5 

mm thick polytetrafluoroethylene (PTFE) –based substrate 

mounted on an infinite metal surface were 18% and 6.6 dBi, 

respectively. The tag has the overall size of 80.574.51.5 

mm3 and it achieved the read range dtag* = 11.2 m. In free 

space the read range dropped to around half of this. 

Later, a similar antenna based on a single rectangular 

conductor strip as the main radiator was studied [68]. In this 

design the main radiator is proximity coupled to an inductive 

feed loop carrying the tag IC. The authors also proposed and 

validate an analytical framework for numerically efficient 

computation of the antenna impedance. Parametric study 

showed that the antenna resistance and reactance were 

controllable by varying the feed loop size and its separation 

from the patch, respectively. The patch shape determined the 

radiation properties of the antenna. The prototype tag has the 

 
 

Figure 16.  Fork-shaped antenna studied in [65]. 

 

 
 

Figure 17.  Double-bowtie antenna studied in [67]. 

 

Figure  18. Folded meandered dipole studied in [69]. 
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overall size of 118431.5 mm3 and it achieved the read 

range dtag* = 13.4 m when mounted on metal. 

Continuation to the study of low-profile metal mountable 

tags based on dipole antennas was provided in [69], where the 

performances of folded meandered dipoles suspended on foam 

spacers of various thicknesses were evaluated. The authors 

found that an additional loop connected in parallel with the 

dipole feed point and enclosing the entire dipole structure 

provided gain improvements beyond 2 dB when the antenna 

was mounted on metal. The impedance tuning was done using 

T-matching approach. The prototype tag shown in Fig. 18 has 

the overall size of 9127h mm3, where h = 1 | 2 | 3 | 5 mm is 

the thickness of the foam spacer. The corresponding read 

range on metal is dtag* = 6.7 | 9.1 | 11.4 | 13.4 m. The 

performance in free space was slightly better. 

In the designs [67][68][69] discussed above, over 9 m read 

ranges were achieved with the antenna-metal separations up to 

1.5 mm. However, as demonstrated in [70], much longer range 

is achievable in performance critical applications, where the 

slim form factor of the tag is not the top design priority. The 

studied antenna is a T-shaped slot with a narrow conductor 

strip going through the whole vertical section of the letter T. 

The tag IC was mounted over a gap in this strip and the 

antenna impedance was controlled by length of the current 

path around the T-slot. The antenna was patterned from copper 

on PET film, which was suspended on a 5-mm layer of foam. 

The prototype tag has the overall size of 125345 mm3 and 

it achieved the read range dtag* = 22.1 m when mounted on 

metal. 

Regarding the size-performance ratio of the antennas 

without ground plane, the authors of [67][68][70] predicted 

that miniaturization would be obtained by using a high-

permittivity substrate material. This miniaturization approach 

was investigated later in article [71] where a small slot antenna 

(Fig. 19) on ceramic Barium Titanate (BaTiO3) substrate was 

presented. The relative permittivity and loss tangent of the 

substrate were estimated to be 39 and 0.02, respectively. The 

antenna has a circular footprint with the diameter of only 27.5 

mm (0.09λ at 915 MHz). 

While the use of high-permittivity materials is one of the 

well-known antenna miniaturization techniques and it has also 

been applied earlier in patch tags [55], for an antenna without 

ground plane, high-permittivity substrate increase the electrical 

separation between the antenna and metal surface. Moreover, 

in contrast to dipole types antennas discussed above, the 

authors of [71] considered the slot antenna to be advantageous 

in the application of metal mountable RFID tags for two 

reasons. Firstly, the comparison of a canonical slot and dipole 

structures within the same footprint showed that a stronger 

current is induced in the metal plate behind the dipole 

structure. This is illustrated in Fig. 20. Secondly, the input 

impedance of a slot antenna is inherently inductive below the 

antenna self-resonance frequency. This allows for conjugate 

impedance matching to capacitive tag ICs already below the 

antenna self-resonance frequency without additional matching 

structures. 

The prototype antenna was patterned on a copper-clad FR-4 

board (thickness: 0.16 mm) which was then mounted on 

ceramic BaTiO3 substrate. The tag has the overall size of 

27.5Ø2.9 mm3, where Ø denotes the diameter. Despite the 

 
 

Figure 19.  Slot antenna studied in [71]. 

 

 
 Figure 20.  Surface current density [A/m] on metal plate beneath a dipole (on the left) and 

its complementary configuration (on the right) suspended on a 2.75 mm BaTiO3 disk 

(εr=39, tanδ=0.02) at 915 MHz. The antennas are accepting 100 mW. 
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slightly higher loss tangent of the ceramic substrate compared 

with conventional low-loss microwave circuit boards, the tag 

achieved the read range dtag* = 2.85 m on metal. Importantly, 

over 1.2 m read range was maintained even on small metal 

plates with the sizes down to 33 cm2. This verified the 

feasibility of the tag in the intended application: identification 

of small metallic items.  

Although ceramic substrates can provide high dielectric 

constant, the rigid structure is not fit for all applications. 

However, flexible and high-permittivity polymer-ceramic 

composite materials provide compelling means for the 

development of small and conformal metal mountable tags.  

This approach was studied in [72], where the performance of a 

T-matched dipole antenna on flexible polymer-BaTiO3 

composite with the dielectric constant of 12 was characterized 

on both metallic plates and cylinders. The tag prototype shown 

in Fig. 21 has the overall size of 32Ø 1.5 mm3 and it 

achieved the read range dtag*= 2.65 m | 2.2 m when mounted 

on a metal plate | cylinder (radius: 35 mm). Importantly, the 

experimental and simulated characterizations showed that 

bending had little impact on the impedance matching. Increase 

in the plate size and reducing the cylinder radius improved the 

antenna directivity. This increased read range further. 

Finally, Table 4 summarizes the performance of different 

metal mountable tags based on antennas without ground plane. 

V. DISCUSSION AND FUTURE PROSPECTS 

Developing cheap, small, low-profile, and conformal 

antennas for RFID tags mountable on metallic objects presents 

a unique challenge. In the wireless communication systems, 

microstrip patch and planar inverted-F antennas are typically 

regarded as low-profile and compact structures. Since these 

antennas include a ground plane they benefit from the built-in 

tolerance toward the platform they are mounted on. These two 

aspects sparked initially the interest in developing metal 

mountable tags based on patch antennas and PIFAs.  

As a result, antennas achieving high read ranges, up to 25 

m, when mounted on metal plates were achieved and various 

techniques such as loading with slots and parasitic patches 

were successfully applied in size-reduction. However, the 

typically rigid and 2-to-3 mm thick structure of these antennas 

still limits their usage in RFID applications, where unobtrusive 

and flexible label type tags are needed. Nonetheless, in the 

identification and tracking of large and high-value assets, such 

as machinery, vehicles, and cargo containers, the metal 

mountable tags based on microstrip patch and planar inverted-

F antennas are certainly a viable choice. On the other hand, for 

patch antennas in particular, progress has also been made 

toward thinner (less than 1 mm), smaller (footprint less than 

10% the free space wavelength) and conformal structures, 

while combining all these desirable features in a single antenna 

is a topic of ongoing research. 

The use of an EBG ground plane to enhance the 

performance of microstrip patch antennas through surface 

wave suppression has also been investigated. The in-phase 

reflection obtainable from an EBG surface has been employed 

in development of dipole antennas integrating an EBG surface 

to isolate it from the metallic object. However, further research 

on the miniaturization of the EBG structures is required to 

achieve EBG tags with size-performance ratios competitive 

against PIFA and patch tags. 

Lately, the focus of the research on antennas for metal 

mountable RFID tags has been shifting from the antennas with 

ground planes toward structurally simpler designs based on a 

single conductor layer. These antennas hold the promise for 

 

 
 

Figure 21.  Dipole antenna studied in [72]. 

Table 4.  Comparison of metal mountable tags based on antennas without ground plane. 

Ref. [65] [67] [68] [69] [70] [71] [72] 

Tag size [mm3] 
12030 

3.2 

80.574.5

1.5 

11843 

1.5 

9127 

1 

12534 

5 

27.5Ø 

2.9 

32Ø 

1.5 

ka 1.17 1.03 1.83 0.89 1.22 0.26 0.30 

Metal 

plate [cm2] 
2020 3123 3123 NA 2040 2020 1010 

dtag* [m] 8.9 11.2 13.4 6.7 22.1 2.85 2.65 

Bandwidth B B S S S S S 

  S = single-band, B = broadband, W = wideband 

dtag* [m] is the reported tag read range referred to Pic0 = −18 dBm and  

EIRP = 4 W under perfect polarization alignment. 
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truly label type metal mountable tags fit for the identification 

and tracking of small everyday conductive items. As pointed 

out in Section IV, some of the tags based on single-layer 

antennas achieved high performance not only on metal, but 

also in free space and on low-permittivity platforms. This is an 

important aspect in the development toward universal tags, not 

exclusively designed for conductive items.  

The major challenge in the design of single-layer antennas is 

to find effective means to reduce the currents induced in the 

conducting bodies in the antenna proximity. As discussed in 

Section II.B, this undesired antenna-metal interaction leads to 

various ailments, but perhaps the most prominent issue is the 

low radiation efficiency. Nonetheless, it has been shown that 

ad-hoc single-layer antennas suspended on foam spacers 

separating them from the conductive objects can achieve size-

performance ratios similar to patch/PIFA tags. In addition, the 

foam-attached antennas benefit from the bendable and low-

cost structure. 

As opposed to foam spacers with low permittivity, flexible 

polymer-ceramic composite materials with high permittivity 

have also been found fit substrates for single-layer antennas in 

metal mountable tags. These materials are advantageous for 

two reasons: firstly, they increase the antenna-metal separation 

thus reducing the parasitic currents. Secondly, the high-

permittivity material can be exploited in antenna 

miniaturization. 

In the future, breakthroughs in the performance of single-

layer antennas in the metal proximity are likely achieved 

through unconventional antenna design approaches, where 

insight on the antenna near fields is actively employed to adapt 

the antenna shape for minimal antenna-metal interaction. 

Another design approach, which is likely to improve the 

reliability of all metal mountable tags, is the thorough 

assessment of the impact of the shape and size of the 

conductive object on the antenna performance. Indeed, 

antennas backed by large conductive platforms tend to benefit 

from increased directivity, while in contrast, tags intended for 

the identification of small conductive may require antennas 

optimized considering the smallest conductive platform the tag 

can be mounted on. Moreover, optimizing the tag antennas 

toward broad spatial coverage for reliable power harvesting, 

instead of maximizing the peak read range, may prove to be 

the key in improving the overall reliability of the system. 
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Fundamentals of Passive UHF RFID Systems 

 

The core components and operation principles of passive UHF RFID systems are illustrated in Fig. A.1. The use of the 

modulated antenna scattering as a means for wireless communication was introduced as early as 1948 [A.1]. One of the 

first completely passive RFID tags was reported in 1975 [A.2], but it was not until the successful fabrication of Schottky 

diodes on a regular CMOS integrated circuit in 1990’s that the passive RFID tags started to assume their present shape 

without off-chip components, other than the antenna. With this development, the design of fully integrated RFID ICs got 

into full speed and correspondingly, a great amount of research on antennas for the passive tags has been done during the 

past decade. [A.3]  

Referring to Fig. A.1, passive RFID tags consist of only two separate entities: the tag antenna and the RFID tag 

microchip (tag IC). The passive tags are remotely powered by the reader and the tag-to-reader data link is based 

modulated antenna scattering. The communication by means of reflected power provides superior power efficiency on the 

tag side compared with active transmission. As a result, the reader can interrogate the battery-free tags from the distances 

of several meters. With specialized tag antennas distances beyond 20 meters can be achieved.   

The tag antenna, is responsible for capturing energy from the continuous wave emitted by the reader. The tag antenna 

radiation efficiency describes the power efficiency in this process while the tag antenna directivity measures the antenna’s 

ability to extract power from an incident electromagnetic wave impinging on it from a certain direction. Finally, the 

antenna-IC power transfer efficiency (determined by the antenna and tag IC impedances) identifies the fraction of the 

captured power that is being delivered to the tag IC [A.4]. These are the three fundamental tag performance indicators on 

which the tag designer needs to focus on. 

Once there is sufficient voltage across the antenna terminals to activate the semiconductor devices in the on-chip 

rectifier, it starts to supply power to wake up the rest of the circuit. With the tag IC fully activated, the on-chip radio 

listens in for commands from the reader, but the tag never responds to the reader spontaneously. The reader may also 

request new data to be recorded in the on-chip memory, but in the most common operation cycle, the reader polls for the 

identification code of the tag stored in the memory. The tag responds by modulating the requested information in the 

scattering from the tag antenna using the on-chip impedance switching scheme. Once the response is detected by the 

reader, the identification data is distributed over to the data management system. [A.5] 

Due to the abundance of the wireless systems, the radio spectrum has been divided into sub-bands with regulated 

emission limits to keep the inter-system interference at a tolerable level. In practice, the emission limit is imposed as the 

equivalent isotropically radiated power (EIRP), defined as the product of the power accepted by the transmit antenna and 

its maximum gain over all the spatial angles within the regulated frequency band. This enforces the same maximum 

radiated power density for any transmitting antenna. In addition to the performance of the tag antenna and the EIRP 

regulation, the readable of an RFID tag depends on the tag IC wake-up power (Pic0). Thus, it is important to always refer 

the achieved read range to a specific EIRP value and Pic0 in order to establish a judicious performance comparison 

between different tag antenna designs. 

 

 
 

Fig. A.1.  The core components and operation principle of passive UHF RFID systems. 
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Communication protocols for RFID are also being standardized. Currently, there is ISO 18000-6 standard [A.6] 

defining the air interface protocol for RFID. In addition, the most widely used tags follow EPCglobal UHF Class 1 

Generation 2 standard [A.7], which defines the physical and logical requirements for the tags. Currently, UHF RFID 

systems are operated within the regionally regulated sub-bands of the global frequency range of 840–960 MHz. For 

instance, the frequency range of 865.6–867.6 MHz is used in Europe, 902–928 MHz in Canada and U.S. while in some 

countries, e.g. in China, Japan and Korea, there are multiple bands available with different power transmission regulations 

while new bands around the world are opening all the time [A.7]. 
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