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ABSTRACT 

Study of Miniaturization Techniques for a UHF RFID Tag on Package 

Zulma Yolima Lopez Reyes 

 

With the increasing demand of compact and lightweight wireless devices, there is 

a significant need to miniaturize the antennas, which are one of the largest 

radiofrequency components. The radiation performance of antennas degrades as 

their physical size becomes smaller in terms of operating wavelength [1]. The key 

challenge in antenna design, therefore, lies in the compromise between size and 

radiation performance. This challenge becomes critical for low frequency antennas 

such as for the RFID band. The Antenna-in-Package (AiP) concept, where the 

antenna is realized as part of the package along with the driving electronics, 

provides some console in terms of size as the antenna does not need any 

additional space. In this approach, the package becomes a functional module 

along with its primary job of protecting the components from the environment. 

This work aims to investigate various miniaturization techniques for a UHF RFID 

tag on package. Firstly, a dipole is given a 3D shape by carefully folding it over a 

package, in a manner that the currents on different segments add constructively. 

Secondly, the package material (which acts as the substrate for the antenna) is 

chosen to have a dielectric constant of 5.3 which further helps in size reduction. 

Finally, loading of slow-wave structures, comprising of inductors and capacitors, is 

used to achieve further miniaturization. The Artificial Transmission Line approach 
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is utilized to determine the required values of the lumped components, and its 

location is optimized by analyzing the current distribution of the antenna to 

maintain a good efficiency. 

The RFID chip with a large capacitive impedance is conjugately matched to the 

antenna without an external matching network. This is done by carefully selecting 

the values of the lumped components as well as by adjusting the trace width of the 

antenna. The package has been realized through a low-loss filament (𝑡𝑎𝑛(𝛿) =

0.004) with the Raise3D Pro2 printer, and the conductor has been realized by 

copper tape using laser patterning technology with the laser platform PLS6MW. At 

an operational frequency of 866 MHz, a 𝑘𝑎 of 0.26, a read-range of 2.7 𝑚, and a 

radiation efficiency of approximately 32% is achieved. 
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1. Introduction 

Radio-frequency identification (RFID) is a wireless radio communication system 

capable of transmitting data (ID) from a tag to a reader. It is a technology of 

paramount importance since it allows instantaneous communication in a number 

of applications such as industrial manufacturing, inventory management and 

patients control at hospitals. The Ultra High Frequency (UHF) band (860 - 960 

MHZ) has attracted significant attention in RFID because its data rate is higher 

than for Low and High Frequency bands (120–150 kHz and 13.56 MHz 

respectively). Moreover, at UHF the tags are typically passive i.e. battery-less, and 

of moderate size, which makes the implementation inexpensive. 

Advancement in the field of wireless communications and integrated systems has 

converted the world into a global village. Millions of devices are wirelessly 

connected and transfer information that is useful for numerous applications. With 

the ever-increasing applications of the internet of things (IoT), RFID technology 

has become ubiquitous and it is being utilized not only for tracking or identification 

purposes, but also for wireless sensing via embedded sensors [2]. Antennas are 

an integral part of the RFID system and their performance is important for a decent 

communication range. With the growing requirement of compact and lightweight 

RF devices, there is a need to miniaturize the antennas, which are one of the 

largest RF components, particularly at lower frequencies, such as the UHF band. 

Achieving an adequate read range is one of the bottlenecks for miniaturized 

antennas, since it has been found in literature [1] that the radiation performance of 



14 
 

antennas degrades as their size becomes small. Antenna in package (AiP) 

concept is highly beneficial for this application in terms of size and performance 

because the antenna is realized on the package of the transmitting or receiving 

circuits and thus does not need additional space or substrate. However, still further 

reduction in antenna size is desirable to cope with the modern application 

requirements. 

An antenna is classified as an electrical small antenna (ESA) if 𝑘𝑎 < 1, where 𝑘 is 

the wavenumber, and 𝑎 is the radius of a sphere that encloses the antenna [3]. In 

[4], it is theoretically shown that ESAs can exhibit high gain,  provided a source 

distribution with high-order modes is arranged, however, this is not feasible in 

practice because the wave impedances of high-order modes are very large. 

Hence, ESAs are disadvantaged by their low gain and low efficiency. Additionally, 

the trade-off between gain and bandwidth is explained, which for RFID applications 

is not a problem as a narrow bandwidth is sufficient, however, a decent antenna 

gain is desirable to improve the read range. 

To obtain ESAs with good performance, researchers have developed several 

techniques: to modify the geometry and shape of the conductor, use of lumped 

components, material loading, use of metamaterials, and formal optimization [5]. 

However, most reported ESAs are planar antennas (not taking advantage of the 

3D AiP concept), and the few 3D antennas present in the literature have 𝑘𝑎 >

 0.45. 
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This work is aimed at studying different techniques for AiP miniaturization, 

particularly for lower frequencies. The effect on the antenna performance is studied 

for every miniaturization technique. A 3D AiP is miniaturized to operate in the UHF 

RFID band by combining three techniques: folding the antenna on the RFID chip 

package, realizing the antenna on a low-loss and relatively high dielectric constant 

material, and loading the antenna with slow-wave structures comprising of lumped 

inductors and capacitors. The antenna has been conjugately matched with the 

RFID chip without an external matching network through the values of the lumped 

components as well as the trace width of the conductor. 

1.1 Objectives  

The main objective of this work is to study various miniaturization techniques for a 

UHF RFID AiP assess its radiation performance for every technique. Following are 

the specific goals of this thesis. 

 To realize an electrically small antenna in package with good performance 

operating in the UHF band for an RFID application 

 To implement smart volumetric folding in the design of the AiP to avoid 

current cancellation and, therefore, enhance radiation efficiency. 

 To utilize the slow-wave structures theory to design the loading of the AiP 

to achieve a high miniaturization level without compromising much on the 

performance. 

 To conjugately match the AiP with the RFID chip to guarantee maximum 

power transfer. 
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 To realize the miniaturized AiP and characterize it to verify the tradeoff 

between small size and radiation performance (read range). 

1.2 Challenges 

The following challenges have been tackled in this thesis. 

 Achieving a high level of miniaturization for an AiP while maintaining a 

decent radiation efficiency, despite applying three different miniaturization 

techniques.  

 Design of slow wave structures and estimation of their best locations on the 

antenna surface is challenging.  

 Achieving a good matching between the antenna and the IC chip since the 

reduction of antenna size results in a very small input resistance and a large 

input reactance. 

 Printing a 3D structure with the appropriate features to guarantee the 

required dielectric properties of the substrate. 

 Metallizing and soldering of the 3D substrate as the dielectric is a polymer 

that cannot handle high temperatures. 

 Measuring the radiation properties and input impedance of a differential 

antenna through a single-ended test setup. 

1.3 Contributions 

By addressing the challenges mentioned above, this work makes the following 

contributions in the field of UHF RFID antenna design. 
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 Various miniaturization techniques have been studied for a 3D AiP and 

procedures for miniaturization have been established. 

 Transmission line theory has been used to design the slow wave structures 

and a complete analysis has been done to determine the location of these 

structures on AiP to accomplish high level of miniaturization with decent 

efficiency. 

 A UHF RFID tag has been realized in a package, operating at 866 MHz, 

with 𝑘𝑎 = 0.26, efficiency of 31.4%, and read range of 2.7 𝑚. 

 A conference paper and journal paper have been written (under 

submission) as follows.  

o Conference paper titled “Design of a Small Antenna in Package for 

UHF RFID Application” under submission to IEEE International 

Symposium on Antennas and Propagation and USNC-URSI Radio 

Science Meeting (IEEE APS/URSI 2021). 

o Journal paper titled “Miniaturized UHF RFID Tag on Package 

through Volumetric Folding and Slow-Wave Structures” under 

preparation. 

1.4 Thesis organization 

This thesis is organized into the following four chapters: 

 Chapter 2 introduces RFID technology, literature review on the 

fundamentals of small antenna, its limitations, and miniaturization 

techniques, as well as the state of the art developments. 
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 Chapter 3 describes the miniaturization techniques implemented in this 

thesis, both theoretically and with full wave simulations. First, the folding 

technique and its working principle is investigated and the relationship 

between efficiency and the current distribution under different fold 

configurations is analyzed. Then, the SWS theory is examined using two 

approaches: loading with medium-high permittivity material and loading with 

lumped components. Finally, the chapter also presents a study of the 

current distribution on the antenna loaded at various locations.  

 Chapter 4 describes the fabrication process of the functional antenna, the 

measurement setup, and the comparison between simulation and 

measurement results. 

 Chapter 5 presents the conclusion of this thesis and future work. 
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2. Literature Review 

2.1 Introduction  

Radio-frequency identification (RFID) is the most widely used system for wireless 

management and identification of objects. Since the 1950s, researchers in the 

industry, academia, and government have been working on RFID because of its 

tremendous potential in data collection, detection, and analysis [6].  

As the world becomes more digitally interconnected, RFID has become an 

essential technology in many real-life applications such as manufacturing, 

inventory management, and people and animal monitoring. RFID can enable 

contactless entry of personnel into official and commercial buildings which can be 

extremely helpful for vulnerable patients in a hospital and prison inmates. 

Moreover, RFID can be used in control and monitoring of items in the supply chain, 

stock in warehouses and vehicles as well. Further applications include toll 

collection, securing assets in any market, labeling original part manufacturing and 

enabling wireless communication of devices for the IoT [6]. 

There are six frequency bands allocated for RFID applications: 120–150 kHz (Low 

Frequency or LF), 13.56 MHz (High Frequency or HF), 433 MHz and 865–960 

MHz (Ultra High Frequency or UHF), 2450–5800 MHz, and 3.1–10 GHz 

(Microwave) [7]. The frequency is chosen according to the application 

requirements such as read range, material, and dimensions of the object to be 

detected, as well as the environment of the system, data transfer rate, memory, 

and anti-collision capability, among others.  
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In general, an RFID system is composed of a reader and a tag. The system can 

be categorized by the nature of the source of its components. As the focus of this 

thesis is the UHF band, only the active-reader passive-tag system is discussed. 

Figure 2-1 shows a representation of such a system [8]. The reader, also known 

as the transceiver, has an antenna that periodically radiates a carrier wave. The 

tag, also known as the receiver, is activated by this interrogating signal and 

backscatters an encoded signal carrying a unique identification of the tag [7]. The 

reader picks up this signal and is thus able to locate the concerned tag or tagged 

object. The reader might be linked to a computer network that processes the data, 

and the tags are usually attached to the items to be identified.  

  

Figure 2-1. RFID System 

The tag comprises an Integrated Circuit (IC) chip, and an antenna. The IC chip 

modulates the signals, encodes the data, and stores the ID of the tag. The antenna 

receives and transmits the signal from the reader to the tag and vice-versa. It is 

the main component of the tag because it determines the operation frequency and 

feeds the interrogating signal to the IC. The antenna substrate houses the tag and 
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should be lightweight and robust to protect the circuitry [9].  

Lately, there has been a growing interest in integrating sensors into RFID systems, 

especially for applications that require real-time environmental measurements 

(temperature, humidity, gas, tilt, etc.) [10]. For these cases, a 3D substrate that 

holds together the sensors and the RFID tag is needed. In addition, the rapid 

proliferation of IoT enables the communication between an incremental number of 

devices, and as the technology drops in price, smaller articles are able to be 

interconnected [2]. Therefore, compact and lightweight devices are frequently 

required. One of the main constraints in developing this application is antenna 

miniaturization. The antenna is one of the largest RF components, particularly at 

lower frequencies, such as the UHF band (𝜆 ≈ 30 𝑐𝑚). The UHF band is relevant 

because at this range, the RFID tags are passive and its data rate is higher than 

for HF and LF bands. As described later in this chapter, researchers have 

implemented several miniaturization methods, but antenna’s performance degrade 

as their size decreases. Small antennas suffer from low efficiency, high quality 

factor, low input resistance and high reactance. This performance affects the read 

range of the RFID tag and complicates the impedance matching to the chip. 

Designing efficient small antennas may imply a remarkable improvement in terms 

of read range for the RFID operation and diverse systems that use it. 

2.2 Antenna in Package  

To contribute to the miniaturization and lower cost of a RF system, the package 

can also be used as the substrate of the antenna, thus  realizing an Antenna in 
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package (AiP) which does not require a separated printed circuit board (PCB) [11]. 

Figure 2-2 shows two possible configurations of AiP: horizontal and vertical. The 

configuration in a) is composed of two cavities, one contains most of the 

electronics, and the other contains the antenna over an air-filled space to enhance 

the antenna performance. The configuration in b) is a structure that holds the 

electronics and the antenna in a multilayer fashion. 

 

                               a) Horizontal                                     b) Vertical 

Figure 2-2. AiP configurations [12] 

© 2009, IEEE 

This work proposes an RFID tag designed on a cuboidal package allowing to place 

electronics inside.  Antenna in package concept is highly beneficial for this 

application in terms of size and performance because the antenna is realized on 

the package of the transmitting or receiving circuits and thus does not need 

additional space or substrate. 

2.3 Fundamentals of Electrically Small Antennas 

An antenna is considered as electrically small if it can be enclosed inside a 

radiansphere [1]. The radiansphere defines the space in which the reactive power 

density exceeds the radiation power density [13]. Its radius is equal to 𝜆 2𝜋⁄ , where 
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λ is the operating wavelength. In other words, an electrically small antenna (ESA) 

must meet the following condition: 

 𝑘𝑎 ≤ 1 (2-1) 

 Where 𝑘 = 2𝜋/𝜆  is the wavenumber, and 𝑎 is the radius of a sphere that encloses 

the antenna [1].  

 𝑟𝑎𝑑𝑖𝑎𝑛𝑠𝑝ℎ𝑒𝑟𝑒 = 𝑉𝑠 =
4𝜋

3
(

𝜆

2𝜋
)

3

 (2-2) 

In [14], Steven Best defines the limit as 𝑘𝑎 ≤ 0.5, because the impedance 

properties of ESA are similar around this limit.  

 

Figure 2-3. Graphical representation of ESA 

2.3.1 Gain and Quality Factor 

To describe the radiation characteristics of ominidirectional antennas, Chu 

analyzed a vertical dipole antenna surrounded by a sphere [4]. He obtained the 

lowest possible quality factor (Q) and the highest obtainable gain. For this purpose, 

he defined the radiation field as a sum of the spherical modes. By focusing on the 

plane of maximum gain (𝜃 = 𝜋/2), Chu smartly reduced the field problem to an 

equivalent circuit problem to draw an analogy between conduction loss and 
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radiation loss, as well as between the energy stored in an RLC circuit and the 

energy stored associated with the local fields. 

Two conclusions from Chu’s analysis are relevant for the present work: 

1. ESAs suffer from narrow bandwidth. The quality factor is inversely 

proportional to the bandwidth. As 𝑘𝑎 decreases, all modes are evanescent 

and contribute in minor real power, then the quality factor increases, and it 

is considerably high for a 𝑘𝑎 ≤ 1. The minimum Q, also known as the Chu 

limit, is given by (2-3). 

 𝑄 =
1

𝑘3𝑎3
+

1

𝑘𝑎
 (2-3) 

2. A high gain can be obtained for an antenna independently of its size, as 

long as high-order modes are excited in the source. However, this is not 

feasible in practice because the wave impedances of high-order modes are 

very large.  

In [3], Wheeler defined the limitations for bandwidth in terms of the volume of the 

sphere that is occupied by the antenna (2-4). It was found out that antennas that 

fill the available volume efficiently exhibit lower Q. Therefore, antennas with 

spherical, helical, or conical shapes exhibit higher bandwidth [1], [15], [16], [17]. 

 𝑄 =
1

𝑅𝑃𝐹
=

9

2

𝑉𝑠

𝑉′
   (2-4) 

where 𝑅𝑃𝐹 is the Radiation Power Factor, 𝑉𝑠 is the volume of the radiansphere, 

and 𝑉’ accounts for the shape factor of the antenna. 
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The RPF quantifies the radiation of real power from a small antenna, when the 

antenna’s reactive power is much larger than the real power. It is defined as the 

ratio of the radiation resistance to the antenna's reactance, and is quite low for 

ESAs [1]. 

Figure 2-4 shows the single mode Q as a function of electrical size for several 

efficiency values. Hansen demonstrated that there is a compromise between 

efficiency and bandwidth: to obtain an antenna with high bandwidth, either the 

antenna should be large, or the efficiency should be sacrificed [18]. 

  
Figure 2-4.  Q versus antenna size for a single-mode antenna of different 

efficiencies.  

Adapted from [18]. © 1975, IEEE 

In [19], Harrington made a similar formulation to Chu’s to derive the maximum 

obtainable gain of an antenna inside a sphere of radius 𝑎 . This equation is used 

as a reference in several works on antenna miniaturization, though this is only valid 
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for antennas with 𝑘𝑎 > 1. 

 𝐺 = 𝑘𝑎2 + 2𝑘𝑎 (2-5) 

2.3.2 Efficiency 

Antenna efficiency (𝜂) is defined as the ratio of the power radiated by the antenna 

to the power supplied to the antenna. The power radiated is modeled by the 

radiation resistance 𝑅𝑟, and the power supplied is modeled by the sum of the 

radiation resistance and the loss resistance 𝑅𝐿 [17]. 

 𝜂 =
𝑅𝑟

𝑅𝑟 + 𝑅𝐿
   (2-6) 

As indicated earlier, the real power contribution of higher order modes are minor 

for small antennas. This can be translated as low radiation resistance, and 

consequently, low radiation efficiency.  

The maximum efficiency of ellipsoidal, cylindrical, and planar structures of finite 

thickness is derived in [20]. Wave propagation in a lossy media is studied to find 

the current 𝐽 inside a volume. Then, by considering that 𝑘𝑎 ≪ 1, and applying some 

vector identities, the expressions for the dissipated and maximum radiated power 

are approximated. Equation (2-7) gives the maximum radiation efficiency when the 

skin depth (𝛿) is much smaller than the thickness of the conductor, where 𝑆 is the 

conductor surface area [20]. 

 𝜂 = [1 +
3𝜋

2

𝛿

𝑘𝑆
]

−1

   (2-7) 

[21] Establishes the fundamental limits on the radiation efficiency in terms of 

antenna size and metal conductivity while considering a lossless substrate. Pfeiffer 
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analyzes the equivalent circuits that model the radiation of small metallic shell 

antennas and concludes that a helix antenna that resonantly couples the TM10 

mode to the TE10 mode has a maximum radiation efficiency twice that of a resonant 

dipole or loop antenna. He also defines the critical size 𝑘𝑎𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 as the limit to 

obtain almost 100% efficiency, and below this size, the radiation efficiency has 

rapid deterioration.  

In [22], Best shows that the efficiency of ESAs can be high, even at small values 

of 𝑘𝑎. He states that small antenna efficiency is a function of its physical properties, 

particularly of conductor diameter. For instance, a straight-wire dipole with 𝑘𝑎 =

0.052, and conductor diameter 𝑑 = 5 𝑚𝑚 exhibits efficiency 𝜂 > 80%. In contrast, 

when 𝑑 = 0.5 𝑚𝑚, the efficiency is much less, 𝜂 ≈ 30 %. The practical challenge 

is to achieve high realized gain by matching the antenna’s impedance to the source 

impedance.  

Researchers have reported several small antenna designs with high efficiency  

[21], [22], [23], [14]. However, most of these designs are either theoretical 

approaches that do not consider practical aspects like the losses of materials used 

and impedance matching, or the designs are not pragmatic for real world 

applications which include 3D curved structures on air. Fabricating such structures 

is complex and involves dealing with mechanical stability and durability issues. 

2.4 Antenna Miniaturization Techniques 

The challenge of antenna miniaturization is to reduce the overall size of the 

antenna while maintaining good impedance matching and radiation properties [24]. 
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Typically, two or more techniques are combined for designing an antenna for 

practical use. In [5], [25], and [26], extensive studies on this matter have been 

conducted; this section is primarily based on these three references but follows the 

classification of [26], which has classified the miniaturization techniques into two 

categories: topology- and material-based methods. 

2.4.1 Topology-Based Miniaturization Techniques  

a) Shaping  

The working principle of these techniques is to force the current to flow along a 

curved and longer path so that the resonant frequency shifts down [5]. To this end, 

the geometry of the antenna is manipulated to achieve appropriate current 

distribution and radiation performance. For instance, for a standard rectangular 

patch antenna, the current flows from one boundary to the other. When slots are 

cut in the metal patch the current is blocked, requiring a longer path to reach the 

other boundary, hence, the electrical size of the antenna increases [27], [28]. 

Similarly, the antenna’s geometry can be arranged to lengthen the current path 

within a limited area or volume. A good example is the Meander Line Antenna 

(MLA). The contiguous horizontal segments of this antenna have opposite current 

phase leading to current cancellation, and a decrease in the radiated power. This 

effect can be compensated by studying different configurations, as studied in [29]. 

MLAs are widely used as RFID tags because of their compact size and low 

production cost [30], [31], [32].  

Another miniaturization technique is the use of fractal antennas, which are a form 

of space-filling antennas. Due to their efficient space usage, they can provide a 
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radiation pattern and input impedance similar to larger antennas [26]. However, 

the conductor losses increase as more iterations are inserted, and as a result, the 

efficiency decreases [33].  

Similarly, other antenna types like dipoles and monopoles can also be miniaturized 

using meandering and folding. Section 3.1 investigates the radiation properties of 

a dipole antenna folded over a 3D rectangular box. The current distribution and its 

effects on the efficiency and radiation pattern are analyzed while the dipole is 

gradually folded over each side of the box. 

b) Lumped component loading (Slow-Wave Structures) 

This technique intends to slow down the wave propagation in the antenna by 

introducing reactive loading. The physical dimensions of the antenna can be 

reduced, while the induced phase delay from the integrated loadings maintains the 

resonance condition. Conversely, the physical dimensions can remain the same, 

while the frequency shift down because of the induced phase delay. An advantage 

of this technique is that a good prediction of the resonance, input impedance and 

bandwidth can be obtained by modeling the antenna with an equivalent circuit 

composed of lumped components and transmission lines [34].  

The 𝑘 − 𝛽 diagram illustrates this concept in a better way (Figure 2-5). The 

wavenumber 𝑘 has already been defined, 𝛽 is the phase constant, and 𝜆𝑔 is the 

guided wavelength. 
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Figure 2-5. 𝑘 − 𝛽 diagram 

Adapted from [35]. © 2007, IEEE 

The phase velocity normalized to the speed of light can be written in terms of the 

wave number and the phase constant as [17]: 

 

𝑣𝑝

𝑐
=

𝑘

𝛽
 (2-8) 

The dashed line represents the case when 𝑘 = 𝛽, and 𝑣𝑝 = 𝑐. It separates the two 

regions of the diagram: fast-wave when 𝑣𝑝 > 𝑐, and slow-wave when 𝑣𝑝 < 𝑐. When 

an antenna is loaded with reactive components, the phase constant increases, and 

its 𝑘 − 𝛽 curve bends down, entering into the slow-wave region [35]. 

In [34], a 3D loop antenna mounted on a ground plane is miniaturized by adding 

two inductors parallel to the ground. The inductors are located at points of high 

current density to generate a large phase delay. The operating frequency can be 

shifted from 2.07 GHz to 1.2 GHz, depending on the values of the inductors. 

Similarly, the input resistance can be adjusted to match the source and maximize 

power transfer. 



31 
 

In [35], a slot-loop antenna periodically loaded with capacitors is proposed. The 

frequency is shifted from 3.57 GHz (unloaded case) to 0.57 GHz (loaded case). 

The equivalent transmission line circuit is simulated and verified to match the full-

wave simulation.  

This technique is further reviewed in section 3.3. The Artificial Transmission Line 

(ATL) concept is applied to determine the values of the required lumped 

components to achieve certain miniaturization. Furthermore, a study of the current 

distribution versus efficiency locations is presented when the antenna is loaded at 

various locations. 

2.4.2 Material-based miniaturization techniques 

Similar to lumped loading, material-based miniaturization approach slows down 

the wave propagation to decrease the guided wavelength. As a result, the antenna 

becomes electrically larger without any increase in its physical size, and the 

frequency shifts down.  

a) Material loading 

Antenna performance is greatly affected by the electrical properties of the material 

that surrounds the radiating structure. Specifically, the size is inversely proportional 

to the refractive index 𝑛 = √휀𝑟𝜇𝑟, where 휀𝑟, 𝜇𝑟 are the relative permittivity and 

permeability of the surrounding material. A higher dielectric or magnetic constant 

results in a slower wave propagation inside the antenna [26]. However, the 

introduction of a high dielectric substrate also causes reduction in the radiation 

efficiency because of the excitation of surface waves, the energy storage as an 
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electric field, and the dielectric losses associated to the material [5]. In addition, 

researchers have developed magneto-dielectric materials [36], although they have 

the drawback of being either bulky or requiring a complex fabrication process.  

In [37], the size of an ultra-wideband monocone antenna has been decreased to 

one-third of its original size by introducing a dielectric layer of 휀𝑟 = 9 below the 

ground plane and a hemisphere around the antenna. The geometry of the antenna 

is slightly modified to compensate for the impedance bandwidth degradation. 

In [38], a stacked patch antenna has been miniaturized by a factor of 4 through the 

use of high permittivity materials. The antenna, designed to cover all three GPS 

bands, employs two high permittivity substrates where the bottom substrate (휀𝑟 =

30) confines the electric fields of the lower resonant frequency, and the upper 

substrate (휀𝑟 = 16) confines the fields of the higher band. The gain is above 2 dBi 

for all bands, and the substrates thickness are optimized to improve the bandwidth 

and cover the three GPS bands. 

b) Metamaterial loading 

Metamaterials have negative permittivity and permeability. They usually consist of 

arrays of metallic elements with certain reactive features [39] . Such structures can 

be arranged so that negative delay is added to the waves traveling inside the 

material. Also, they can be arranged to realize high values of permittivity or 

permeability [40]. Both cases cause the wave to slow down, and are therefore, 

helpful in antenna miniaturization. A drawback of using metamaterials, is that they 



33 
 

rely on strong resonances, and therefore they typically suffer from narrow 

bandwidth [41].  

2.5 State of the Art Developments 

From the previous section, one can get an insight into the multiple studies that 

have been conducted on antenna miniaturization. This section describes some 

designs that have achieved the highest levels of miniaturization with the relevant 

features tabulated in Table 2-1. Only fabricated and tested antennas with decent 

performance are included in the table. 

In [42], a “Vivaldi-like” aperture antenna loaded with a meander line is designed 

using an FR4 substrate as illustrated in Figure 2-6. The radiation occurs mainly in 

the vertical arms since the current on the horizontal arms flows in opposite 

directions. It is fed with a slot line coupled electromagnetically to a microstrip line, 

and the impedance is adjusted via two effective lengths of the structure.  

 

Figure 2-6. “Vivaldi-like” aperture antenna [42] 

© 2012, IEEE 
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In [43], a split-ring resonator (SRR) antenna is presented that replaces the inner 

ring with a meander line to make the surface current stronger along the outer ring. 

The antenna is fed in series by an RFID chip, and the feed position is optimized to 

achieve impedance matching. The designed antenna is shown in Figure 2-7. 

 

Figure 2-7. Split-ring resonator antenna 

Reproduced from [43] with permission. (See Appendix A for documentation of 

permission to republish this material) 

In [44], a wire-loop antenna composed of three miniaturized resonant-folded dipole 

antennas is presented as shown in Figure 2-8. The circumferential currents are all 

in the same direction and almost uniformly distributed around the circle to produce 

omnidirectional radiation. The three elements are fed in series with an isolated 

balanced to unbalanced transformer. 

 

Figure 2-8. Wire-loop antenna  [44] 

© 2015, IEEE 
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In [45], a printed folded dipole antenna is designed. The input impedance is 

controlled with reactive loading and geometrical asymmetries, so that the antenna 

can be matched to complex sources like RFID chips. The asymmetrical loading as 

shown in Figure 2-9, causes a current imbalance between the arms of the antenna, 

thus the radiation efficiency is enhanced. 

 

Figure 2-9. Printed folded dipole antenna with reactive loading [45] 

Most of the miniaturization techniques reported in literature center on 2D antennas. 

However, numerous modern-day applications require antennas to be fabricated 

along 3D structures. In [46], a multi-arm meandered antenna is printed onto a 3D 

semi-spherical glass using conductive ink. The design follows the previously 

mentioned principle that antennas filling a spherical volume exhibit a higher 

bandwidth. The efficiency is measured with a Wheeler cap [47], but the experiment 

is performed over a copper ground plane of radius 30 cm, which may enhance the 

antenna performance, and therefore it should be considered in the 𝑘𝑎 calculation. 

The fabricated prototype of the antenna is shown in Figure 2-10.  



36 
 

 

Figure 2-10. Conformal printed ESA [46] 

Reproduced from [46] with permission. (See Appendix A for documentation of 

permission to republish this material) 

In [48], a dipole meander line is folded over three sides of a cubic structure as 

illustrated in Figure 2-11. A parasitic meander line is printed over the other three 

sides to create a near isotropic radiation pattern. The antenna is a good 

implementation for system-in-package technology and an ideal solution for 

Wireless Sensor Nodes (WSN) which need to be deployed in 3D structures. 

 

Figure 2-11. 3-D cubic antenna for RFID application [48] 

© 2009, IEEE 

In [49], the design and characterization of four-arm and six-arm antennas is 

investigated. Each antenna is composed of spherical resonators (shown in Figure 
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2-12) that exhibit similar electromagnetic properties to a negative permittivity 

sphere; specifically showing a strong coupling strength with the free-space 

radiation mode, which contributes to a wider bandwidth [50]. The resonators are 

coupled to a Coplanar Strips (CPS) transmission line, which is then connected to 

a chip balun for measurement purposes. 

 

Figure 2-12. Four-arm and six-arm antenna [49]  

© 2007, IEEE 

Most of the designs in Table 2-1 involve topology-based miniaturization 

techniques, mainly meandering and folding, because in terms of fabrication it is 

the easiest and cheapest way of increasing the electrical length of the antenna.  

In addition, it is evident that ESAs suffer from low gain. Only one design is above 

0 dB, but its 𝑘𝑎 is the second largest in the table. The high size reduction of the 

first design is due to the significant meandering introduced to the antenna. 

Accordingly, it exhibits low efficiency and gain. 
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Table 2-1. Comparison of small antenna designs in literature 

Reference 𝑘𝑎 
Frequency 

(MHz) 
Electrical length 𝜂 

Gain 

(dB) 
Antenna type Miniaturization technique 

[42] 0.14 915 λo/31 x λo/31 31%** -3.75 
“Vivaldi-like” aperture 

antenna 
Loaded with a meander line 

[43] 0.25 928 λo/18 x λo/18 51%** -0.95** 
Split-ring resonator 

antenna 
Meander line technique 

[44] 0.35 434 Diameter: λo/9 67% 0 Wire-loop antenna 

Folded antenna composed 

of three resonant-folded 

dipoles  

[45] 0.39 908 λo/8 x λo/80 30.9%** -5.11 Printed dipole antenna 

Folded dipole with LC 

loading to control the input 

impedance 

[46] 0.46* 1730 Diameter: λo/6.28 71% NR 
3D semi-spherical 

antenna 

Multi-arm meandered 

antenna 

[48] 0.49 915 λo/11 x λo/11 x λo/11 72% 0.5 3D cubic antenna Dipole meander line 

[49] 0.56 1830 Diameter: λo/5.85 94 % NR Four-arm antenna Use of spherical resonators 

* Measured over a ground plane 
** Simulation 
NR: non-reported 
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2.6 Summary 

In this chapter, a quick overview of RFID technology and its importance on 

nowadays communication networks is presented. The description of RFID system 

is reviewed, as well as the link between RFID and small antenna design. 

Antenna miniaturization implies low radiation resistance, high reactance, high Q, 

and considerable low gain and low efficiency. To compensate for these 

disadvantages, the antenna has to be conjugately matched to the source, so the 

power transfer is maximum. The next chapter proposes a solution to increase the 

real part of the impedance, and therefore facilitate the matching to the source. 

When the antenna is loaded with a dielectric, the high Q can be compensated 

optimizing the thickness of the substrate, but as there is a compromise between 

efficiency and bandwidth, the efficiency decreases. On the other hand, the 

improvement of gain and efficiency are a matter of engineering the current 

distribution along the antenna by means of smart folding, use of resonators, 

modification of geometry, among other methods. 
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3. Antenna Miniaturization 

This chapter discusses the working principles behind the miniaturization 

techniques implemented in this thesis. Section 3.1 analyzes the current distribution 

and its effect on the efficiency and radiation pattern of the dipole while it is gradually 

folded over a 3D rectangular box. Next, the off-center fed lambda dipole is explored 

because the currents on its surface add constructively and its input resistance is 

high. Section 3.2 studies the effect of parametric variation of dielectric constant 

and dielectric thickness on antenna performance. Section 3.3 introduces the 

concept of Artificial Transmission Line (ATL), and applies this theory to calculate 

the values of the slow wave structure (SWS) composed of lumped components for 

antenna miniaturization; moreover, the location of the SWS and its effect on 

antenna efficiency is investigated. 

3.1 Volumetric Folding 

For a very thin center-fed dipole along the z axis, the current distribution can be 

written as [17]: 

 𝐼(𝑧) = {
�̂�𝑧 𝐼𝑜 sin [𝑘 (

𝑙

2
− 𝑧)] ,          0 ≤ 𝑧 ≤ 𝑙 2⁄  

�̂�𝑧 𝐼𝑜 sin [𝑘 (
𝑙

2
+ 𝑧)] ,         − 𝑙 2⁄ ≤ 𝑧 ≤ 0

 (3-1) 

The current distribution for 𝑙 = 𝜆/2 and 𝜆/2 < 𝑙 < 𝜆 is shown in Figure 3-1. 
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                      a) 𝑙 = 𝜆/2                                           b) 𝜆/2 < 𝑙 < 𝜆 

Figure 3-1. Current distribution of the dipole antenna   

Adapted from [17] with permission (See Appendix A for documentation of permission 

to republish this material) 

The radiation fields, power radiated and radiation resistance have been derived in 

[17]. Figure 3-2 plots the input resistance, radiation resistance and directivity as a 

function of 𝜆. It can be seen that when the electrical size of the dipole is below 𝜆/2, 

the radiation resistance decreases significantly. Therefore, small antennas suffer 

from low radiation resistance, as mentioned in chapter 2.   

 

Figure 3-2. Radiation resistance, input resistance and directivity of a thin dipole 

with sinusoidal current distribution 

Adapted from [17] with permission. (See Appendix A for documentation of permission 

to republish this material) 



42 
 

3.1.1 Folding of the dipole 

In order to understand how the antenna’s geometry affects the efficiency and 

radiation pattern of the antenna a dipole is gradually folded over a 3D rectangular 

air-box. The dipole is folded in seven steps, and several fold positions are studied 

in each case. The structure obtained at the end is the smallest possible structure 

under the parameters chosen.  

The starting point is a half-wave dipole designed to operate within the European 

RFID band (865 – 868 MHz). The length is calculated as 𝑙 = 0.48 ∗ 𝜆/2 = 165 𝑚𝑚, 

the width is set as 𝑤 = 2 𝑚𝑚  for convenience, so the plot fields can be appreciated 

in the figures, and the conductor is copper with thickness 𝑐𝑡ℎ = 35 𝜇𝑚. When the 

dipole is folded, its dimensions are not changed. It is center-fed with a 50 Ω lumped 

port and simulated using the electromagnetic solver HFSS (High Frequency 

Structure Simulator) [51] . The dipole is gradually folded and the current distribution 

and radiation pattern are displayed for each case at the frequency where the return 

loss is the lowest. 

Figure 3-3 shows the current distribution of the conventional unfolded dipole at 867 

MHz. As expected, the maximum current is near the feeding point, and there is no 

change in the phase cycle along the dipole.  
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Figure 3-3. Current distribution of the unfolded dipole 

In the first step, the two arms of the dipole are folded at 90°, along the YZ-plane. 

Figure 3-4 (a-e) shows the current distribution and radiation patterns of the dipole 

at this step, while Table 3-1 shows other parameters of the folded design. As 

shown in Figure 3-4, each arm is folded at five positions, one point at a time: ±𝑧 =

𝐴 ∗ 𝑙 2⁄  , where 𝐴 = 0.1, 0.3, 0.5, 0.7, 0.9.  

The efficiency is good in all the cases. However, the directivity changes because 

the vertical sections of the dipole radiate in the XY-plane, and the horizontal 

sections radiate in the XZ-plane, then some power is distributed in other directions.  

When 𝐴 is close to one, the antenna is almost a straight unfolded dipole and its 

radiation pattern resembles that of the conventional dipole. As 𝐴 gets closer to 0.1, 

the antenna resembles a horizontal unfolded dipole and its radiation pattern 
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appears to be rotated by 90 degrees as compared to the case when A ≈ 1. Hence, 

the radiation patterns are almost reversed with maximums replacing the nulls and 

vice versa.  

Table 3-1. Antenna performance under different fold positions (First fold) 

Model Size (mm) 
Frequency 

(MHz) 
Impedance 𝜂 

Gain 
(dB) 

𝑘𝑎 

𝐴 = 0.1 146 x 17 924 59.44 - j 1.18 96.1% 2.33 1.42 

𝐴 = 0.3 113 x 50 946 39.26 + j 2.09 96.1% 2.46 1.22 

𝐴 = 0.5 80 x 83 932 40.46 + j 2.02 96.1% 2.59 1.13 

𝐴 = 0.7 47 x 116 914 51.16 - j 0.06 95.7% 2.74 1.20 

𝐴 = 0.9 14.5 x 149 900 61.36 + j 0.03 95.5% 2.73 1.41 

Straight  165 867 65.41 – j 0.93 99.0% 2.67 1.50 

  

 
    

 

 

 

 

 

a) A = 0.1 
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b) A =0.3 

 

 

    

                                
c) A = 0.5 
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          d) A = 0.7 

          

e) A= 0.9 

Figure 3-4. Current distribution and radiation pattern of a bent dipole at different 
points (First fold) 
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The second fold is done over the case 𝐴 = 0.1, as the goal is to fold the dipole over 

a small box.  In this step, the dipole is folded at 90° parallel to the XZ-plane. As 

shown in Figure 3-5, with each arm is folded at four positions, one fold at a time: 

±𝑦 = 𝐵 ∗ 𝑙𝐵 2⁄ , where 𝐵 = 0.1, 0.3, 0.5, 0.7, 𝑙𝐵 = 𝑙(1 − 2𝐴)  

In this case, it can be clearly seen that as 𝑘𝑎 gets smaller, the performance of the 

antenna deteriorates. As seen from Figure 3-5 and Table 3-2, when 𝐵 decreases, 

the arms of the dipole along the X-axis are closer to each other, and current 

cancellation happens due to the currents flowing in opposite directions.  Therefore, 

the real part of the impedance, the efficiency and the gain decrease. Moreover, 

when 𝐵 is small, the bending creates a discontinuity closer to the peak current 

point which also contributes to the reduction in gain. 

Table 3-2. Antenna performance under different fold positions (Second fold) 

Model Size (mm) 
Frequency 

(MHz) 
Impedance 𝜂 

Gain 
(dB) 

𝑘𝑎 

𝐵 = 0.1 66 x 12 x 17 980 4.36 + j 16.19 90.3% 0.59 0.71 

𝐵 = 0.3 52 x 42 x 17 980 17.25 + 5.43 94.9% 1.39 0.71 

𝐵 = 0.5 59 x 79 x 17 980 35.33 + j 5.58 95.8% 1.97 1.03 

𝐵 = 0.7 22 x 101 x 17 960 49.2 – j 1.83 96.1% 2.27 1.05 
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a) B = 0.1 

  

b) B = 0.3 

  

c) B = 0.5 
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d) B = 0.7 

Figure 3-5. Current distribution and radiation pattern of a bent dipole (Second 

fold) 

Similarly, the third fold is done over the smallest value of the preceding case, 𝐵 =

0.1. An additional 90° fold is introduced parallel to the XZ-plane and each arm is 

folded at four positions, one fold at a time: ±𝑥 = 𝐶 ∗ 𝑙𝐶 2⁄ , where 𝐶 =

0.1, 0.3, 0.5, 0.7.  𝑙𝐶 = 𝑙𝐶(1 − 2𝐶). The simulated current distribution and radiation 

patterns of all cases are shown in Figure 3-6, while Table 3-3 shows the values of 

additional parameters like gain, impedance and frequency. 

When 𝐶 = 0.7, the efficiency decreases because the currents on the sections 

along the X-axis mostly cancel each other. When 𝐶 decreases, these sections are 

shortened, thereby increasing the efficiency. On the bent sections along the Z-

axis, the currents flow in opposite direction to the center section and can be 

expected to introduce a cancelling effect. However, since these currents are low, 

there is not a significant impact on the efficiency.  
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In addition, as 𝐶 decreases the maximums of the radiation pattern move close to 

the XY-plane, since most of the radiation is coming from the conductors along the 

Z-axis. 

Table 3-3. Antenna performance under different fold positions (Third fold) 

Model Size (mm) 
Frequency 

(MHz) 
Impedance 𝜂 Gain (dB) 𝑘𝑎 

𝐶 = 0.1 12 x 103 x 6.7 1085 28.86 + j 7.92 96.0% 2.13 1.18 

𝐶 = 0.3 12 x 76 x 20 1025 7.77 + j 7.39 93.2% 2.43 0.85 

𝐶 = 0.5 12 x 49 x 33 975 2.90 + j 0.85 87.5% 1.95 0.62 

𝐶 = 0.7 12 x 23 x 46 975 2.98 + j 5.99 87.4% 1.13 0.54 

 

         

a) C = 0.1 
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b) C = 0.3 

     

c) C = 0.5 



52 
 

       

d) C = 0.7 

Figure 3-6 Current distribution and radiation pattern of a bent dipole (Third fold) 

From the three fold cases mentioned above, it is seen that as the antenna design 

becomes more compact, the gain and input impedance decreases, especially 

when 𝑘𝑎 is below one.  

Subsequently, the dipole is folded as shown in Figure 3-7  (a-c), four more folds of 

the antenna are simulated until it is completely wrapped around a rectangular box. 

Table 3-4. Antenna performance under different fold positions 

Model Size (mm) 
Frequency 

(MHz) 
Impedance 𝜂 

Gain 
(dB) 

𝑘𝑎 

𝐶 = 0.1 12 x 103 x 6.7 1085 28.86 + j 7.92 96.0% 2.13 1.18 

4th  71 x 18 x 6.7 1100 4.95 + j 15.95 92.0% 2.01 0.85 

5th - 6th  12 x 35 x 10 1010 0.28 + j 5.97 16.2% -5.71 0.41 

7th  18.5 x 14.3 x 10 980 0.68 + j 0.26 12.4% -6.14 0.26 
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a) Fourth fold 

   
b) Fifth and sixth fold 
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c) Seventh fold 

Figure 3-7 Current distribution and radiation pattern of a bent dipole (fourth to 

seventh fold) 

In Table 3-4  the case 𝐶 = 0.1 is added to more easily compare the transition. In 

the fourth step, the frequency shifts up because this fold introduces a discontinuity, 

and therefore reduces the length of the dipole segment where the current is high 

in magnitude. From the orientation of the radiation pattern (Figure 3-7 a)), it can 

be assumed that the horizontal sections generate most of the radiation. 

In the fifth-sixth step, the 𝑘𝑎 decreases by more than half compared to the fourth 

case while the efficiency and gain fall drastically. The new fold contributes to 

current cancellation, further degrading gain. Figure 3-7 b) shows the antenna with 

the fifth-sixth folds added. It can be seen that in the section highlighted by a dotted 
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line the current flows in opposite direction to the section highlighted in a continuous 

line. The same can be observed at the bottom of the antenna. 

In the seventh step, the results of the performance and analysis are similar to step 

five-six. The size of this antenna is 18.5 x 14.3 x 10 mm3. 

3.1.2 Folded Dipole Offset-Center Fed 

The previous steps are helpful to get an insight into the importance of the current 

distributions and the antenna size. In order to investigate the effect of shifting the 

feed point in the following stages, some changes are implemented.  

 To enhance the antenna performance, the dimensions of the air-box are 

progressively increased until obtaining a positive gain. The resulting 

antenna size is 20 x 18 x 10 mm3.  

     

Figure 3-8. Antenna structure on air, isometric and back view  

 The antenna is fed with a lumped port with a reference impedance of  12.4 −

j 121.5 Ω, which is the input impedance of the Monza® R6 UHF RFID tag 

chip. 
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 One of the arms of the dipole is extended as shown in the figures of Table 

3-5, to obtain an additional segment of parallel conductors to introduce the 

lumped components loading. Then the dipole becomes off-center-fed. 

Figure 3-9 shows the current distribution of a lambda dipole. There is a maximum 

at the center of each arm, and there is a null at the feeding point, which indicates 

minimum and infinite impedance respectively. Therefore, by moving the feed point, 

the impedance value can be adjusted. 

 
Figure 3-9. Current distribution along the length of a lambda dipole 

The off-center dipole introduces an extra resonance at a high frequency with much 

better performance than the first resonance. Table 3-5 shows the comparison 

between the performance metrics of a center fed and several cases of off-center 

fed dipoles. The length of the additional segment (𝑙𝑎𝑑𝑑) is varied from 7 to 24 mm, 

All the cases are simulated over an air-box and the conductor is copper.  

The center fed dipole (𝑙𝑎𝑑𝑑 = 0) has only one resonance with a very low input 

resistance. In contrast, the off-center fed dipoles (𝑙𝑎𝑑𝑑 ≥ 14) have an additional 
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resonance at approximately 0.98 𝜆, and their impedance’s real part increase, which 

facilitates matching with the chip.  

Table 3-5. Performance of the dipole with different 𝑙𝑎𝑑𝑑 

Model 𝑙𝑎𝑑𝑑(mm) 
Frequency 

(MHz) 
Impedance 𝜂 

Gain 
(dB) 

𝑘𝑎 

 

0 
1260 1.07 + j 122.56 62.9% 0.84 0.38 

-     

 

7 
1220 1.05 + j 122.71 58.6% 0.47 0.37 

-     

 

14 
1160 0.91 + j 123.69 53.2% -0.37 0.35 

1630 87.03 + j 122.15 99.1% 2.28 0.41 

 

19 
1140 0.85 + j 122.71 55.3% -0.80 0.34 

1628 65.45 + j 117.18 99.7% 1.89 0.49 

 

24 
1110 0.86 + j 123.32 49.0% -0.79 0.33 

1610 35.87 + j 122.81 99.5% 2.16 0.48 

 

In Figure 3-10, the reactance of the impedance is plotted where the dashed black 

line indicates the conjugate reactance of the chip. It can be observed that at the 

lower end of the spectrum, the frequency shifts down as the dipole length 

increases. At the high frequency range, the center fed dipole always has a positive 

slope, and for  𝑙𝑎𝑑𝑑 = 7 𝑚𝑚, the reactance does not coincide with the value of 

121.1 Ω. For the rest of the cases, approximately 500 MHz above the first 

resonance an anti-resonance occurs, followed by the new resonance. 

The case of 𝑙𝑎𝑑𝑑 = 24 𝑚𝑚 is chosen to continue with the next stages of 

miniaturization, because it exhibits the lowest resistance among the studied 
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scenarios. The challenges now are the miniaturization to the frequency range of 

interest, further decreasing of the resistance and achieving conjugate matching. 

  

     

Figure 3-10. Reactance of a folded dipole off-center fed for various lengths of the 

added segment (lengths are in mm) 

Similar to the seventh fold step discussed in the previous section, at 1110 MHz the 

currents add destructively in areas of higher intensity, resulting in a weak net 

radiation. In contrast, at 1.61 GHz (Figure 3-11), the currents add constructively 

along the antenna, except in the first case shown in the figure, but the cancellation 
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does not greatly impact the efficiency since the current is low near the feeding 

point. 

 

Figure 3-11. Current distribution of the dipole off-center fed at 1610 MHz  

(𝑙𝑎𝑑𝑑 = 24 𝑚𝑚) 

3.2 Dielectric Loading 

In the previous sections, different folding and feeding configurations of the antenna 

were explored and their effect on gain, frequency and efficiency was analyzed. In 

the simulations, however, the 3D box structure was assumed to be a hollow box 

meaning that the antenna was simulated in free space. As discussed in Section 

2.4, miniaturization can also be achieved by loading the antenna using a substrate 

material which can slow down wave propagation and thereby make the antenna 

electrically larger. In this section, a parametric study of the permittivity and 

thickness of the substrate is performed. The permittivity values are selected as per 

availability of 3D printable materials and vary from 3 to 15. The thickness varies 

from 0.25 to 1 mm while the tangent loss for all the cases is 0.004. 
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The 𝑘𝑎, resistance and efficiency at the resonant frequency for each case are 

plotted in Figure 3-12. As stated in chapter 2, a high permittivity substrate results 

in a slower wave propagation. Hence, the higher the 휀𝑟, the lower the resonant 

frequency. However, this also leads to a reduction in efficiency because the 

increase of the permittivity or thickness increases the substrate’s capability of 

exciting surface wave modes. In addition, the resistance decreases in direct 

relation to 𝑘𝑎. 

 

 

Figure 3-12. Antenna performance for different values of permittivity vs dielectric 

thickness 

Table 3-6 summarizes three cases where the permittivity and thickness are 

different, but the performance is basically the same, implying that different 
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combinations of permittivity and thickness can lead to the same miniaturization 

level.  

Table 3-6. Performance of the antenna for some cases of 휀𝑟, 𝑑𝑡ℎ 

휀𝑟 
𝑑𝑡ℎ 

(mm) 
Resonance  

(MHz) 
Impedance 𝜂 

Gain 
(dB) 

𝑘𝑎 

3 0.5 1384 26.59 + j 119.51 78.9% 1.20 0.42 

5.3 0.25 1376 25.32 + j 121.45 80.1% 1.21 0.41 

5.3 0.5 1260 21.83 + j 118.73 68.3% 0.63 0.38 

10 0.25 1262 21.97 + j 124.71 70.2% 0.69 0.38 

10 0.75 966 14.89 + j 119.73 37.4% -2.36 0.29 

15 0.5 964 15.76 + j 124.46 38.3% -2.28 0.29 

 

Choosing a thickness of 0.5 mm for the substrate offers the best package in terms 

of weight and robustness. To continue with the next stage, the case 휀𝑟 = 5.3, 𝑑𝑡ℎ =

0.5 𝑚𝑚 is chosen because the contribution of miniaturization is good while the gain 

is still above zero, in contrast the cases 휀𝑟 = 10 or 15, 𝑑𝑡ℎ = 0.5 𝑚𝑚 exhibit 

negative gain.  

3.3 Slow-Wave Structures (SWS) 

3.3.1 Artificial Transmission Line Theory 

Considering a structure made of two parallel wires connected to a voltage source 

at one end and the other end extends indefinitely, if the distance between the two 

conductors is much smaller than the wavelength, it can be modeled as a 

transmission line [5]. Therefore, an antenna with parallel close conductors can also 

be analyzed using the transmission line theory.  
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A physically short transmission line can exhibit a large electrical length by 

increasing the equivalent inductance or/and capacitance per unit length. 

Therefore, it is possible to reduce the phase velocity of the electromagnetic fields 

propagating along the structure by modifying the transmission line parameters. For 

this purpose the transmission line can be loaded with lumped components, 

dielectric loading, slots, meandering segments, textured materials, among others 

[5]. 

 

Figure 3-13. ATL setup loaded periodically with series inductors and shunt 

capacitors [52] 

© 2007, IEEE 

This concept is known as Artificial Transmission Line (ATL) and it is illustrated in 

Figure 3-13. Using this transmission line model, the propagation of 

electromagnetic waves along two loaded parallel conductors is studied. The 

transmission line is composed of several unit cells in series, each contains [52]: 

 A conventional transmission line segment of length 𝑙, characteristic 

impedance 𝑍𝑜 and propagation constant 𝛽𝑜. 
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 𝑍𝑜 ≡ √
𝐿𝑜

𝐶𝑜
                  𝜃𝑜 ≡ 𝛽𝑜𝑙𝑜 (3-2) 

 An ATL segment of length 𝑙′ including a series inductance and a shunt 

capacitance (𝐿′ and 𝐶′). It can be represented by an equivalent T-network 

described by Equation (3-3). Such a T-network fulfil the role of an SWS. 

 
𝑍1 =  𝑍2 ≡

𝑗𝜔𝐿′

2
 ,              𝑍3 ≡

1

𝑗𝜔𝐶′
 

(3-3) 

In order to determine the values of the lumped components the subsequent 

analysis is done. Let us start with the analysis of a transmission length 𝑙 as shown 

in Figure 3-14. The goal is to find 𝑍1 = 𝑍2, and 𝑍3 such that a loaded transmission 

line with length 𝑙1 = 𝑀 ∗ 𝑙 presents the same behavior as a transmission line with 

length 𝑙, where 𝑀 is the miniaturization factor.  

Equations (3-4) and (3-5) define the ABCD parameters of a lossless transmission 

line, and a T-network connected to a lossless transmission line respectively [53]. 

 [
𝐴 𝐵
𝐶 𝐷

] = [
cos  𝜃𝑜 𝑗 𝑍𝑜 sin  𝜃𝑜

 𝑗 𝑌𝑜 sin  𝜃𝑜 cos  𝜃𝑜
] (3-4) 

 
[
𝐴′ 𝐵′

𝐶′ 𝐷′]

= [
1 + 𝑍1 𝑍3⁄ 𝑍1 + 𝑍2 + 𝑍1𝑍2 𝑍3⁄

1 𝑍3⁄ 1 + 𝑍2 𝑍3⁄
] [

cos(𝑀 ∙ 𝜃𝑜) 𝑗 𝑍𝑜 sin(𝑀 ∙ 𝜃𝑜)
 𝑗 𝑌𝑜 sin(𝑀 ∙ 𝜃𝑜) cos(𝑀 ∙ 𝜃𝑜)

] 
(3-5) 

Using Matlab, the equation set is coded and the desired results can be obtained. 

The input parameters are: frequency 𝑓, miniaturization factor 𝑀, length 𝑙, and the 
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values of the distributed parameters (𝐿𝑜 , 𝐶𝑜). The output parameters include the 

values of the lumped components (𝐿′, 𝐶′) required to reduce the phase velocity.  

 

Figure 3-14. Representation of the miniaturization of a transmission line 

The miniaturization of a transmission line of certain length operating at a frequency 

𝑓 is explained to test the model. 

1. The distributed parameters of the transmission line are determined by using 

either some mathematical model or by simulation.  

2. The MATLAB script calculates the values for 𝐿′ and 𝐶′.  

3. The configuration is simulated in Advance Design System (ADS) [54] and 

HFSS. Parameters such as the S21 magnitude and phase are compared for the 

transmission line and the ATL. The S21 phase is the phase delay across the 

line. 

The unloaded coplanar transmission line shown in Figure 3-15 is simulated in CST 

[55]. The TL Parameters Post-Processing tool of CST is used to find 𝐿𝑜 and 𝐶𝑜 . 

𝐿𝑜 =  804.41 nH      𝐶𝑜 = 15.16 pF    𝑍𝑜 =  230.35 Ω 
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Figure 3-15. Coplanar transmission line (dimenssions in mm) 

The input parameters are: 𝑙 = 100 𝑚𝑚, 𝑀 = 0.5, 𝑓 = 900 𝑀𝐻𝑧,  𝐿𝑜 =

 804.41 𝑛𝐻,  𝐶𝑜 = 15.16 𝑝𝐹. From the Matlab script it is found that the required 

lumped components are 𝐿′ = 20.72 𝑛𝐻 and 𝐶′ = 0.62 𝑝𝐹. This scenario is 

simulated in ADS as displayed in Figure 3-16, where 𝐸 = 𝜃𝑜 is the electrical length. 

Figure 3-17 Figure 3-17displays the result of the ADS simulation and shows that 

the loaded case matches with the unloaded case at 900 MHz and neighboring 

frequencies.  

 

a) Unloaded transmission line 

 

b) Loaded transmission line 

Figure 3-16. Transmission line and its miniaturized version with one unit cell 
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a) S21 Magnitude                                             b) S21 Phase 

Figure 3-17. S21 parameter. Red: unloaded, blue: loaded case 

In the previous example, the transmission line is miniaturized using one cell. To 

divide the loaded transmission line into 𝑁 cells, the same simulation model is used, 

but the length of a unit cell is set as 𝑙/𝑁, and then 𝑁 unit cells are placed in parallel.  

An unloaded transmission line and four cases of miniaturization are simulated in 

HFSS. Figure 3-18 shows the simulation model. 

 

a) 

 

b) 

Figure 3-18. HFSS models: a) unloaded transmission line, b) ATL, 𝑁=4 

The results are displayed in Figure 3-19, as well as the values of the lumped 

components for each case. The performance of the ATL is more similar to the 



67 
 

original transmission line when 𝑁 increases. However, in practice, the performance 

may be degraded because each lumped component introduces a loss resistance 

to the configuration, Moreover, greater number of components increases 

fabrication complexity as well as cost.  

 

Figure 3-19. Simulated phase delay across the ATL 

Figure 3-20 shows the curves of the number of cells versus 𝐿′ and C′ for different 

miniaturization factors (𝑙 = 100 𝑚𝑚, 𝑓 = 900 𝑀𝐻𝑧). It is seen that the smaller the 

miniaturization factor, the higher the value of the required lumped components. 

Conversely, it can be seen from Figure 3-19, that the greater the number of cells, 

the lower is the value of the required lumped components. 

N=1: 0.622 pF, 20.72 nH 
N=2: 0.349 pF, 9.76 nH 
N=3: 0.237 pF, 6.44 nH 
N=4: 0.179 pF, 4.81 nH 
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  a) Inductance L’                                    b) Capacitance C’ 

Figure 3-20. Number of cells versus loading for different miniaturization factors 

3.3.2 Insertion of SWS into the Antenna 

The proposed antenna structure does not allow introducing periodical loading 

because of its folded shape. The theory described in section 3.3.1 can be applied 

for specific sections of the antenna only. In section 3.1.2 a segment of length 𝑙𝑎𝑑𝑑 

was added to hold the SWS. However, as shown below, the miniaturization is not 

significant by loading the antenna at that location. It is therefore convenient to 

conduct a study of the influence of the SWS location on the miniaturization and 

antenna performance.  

As shown in the figures of Table 3-7, four positions are studied (P1, P2, P3, P4). For 

P1, P2, P3 𝑁 = 1 and 𝑁 = 2 are considered, and for the P4 only 𝑁 = 1 is considered 

because of space availability. Additionally, for P2 and P3 the loading is moved along 

the section of conductor marked in red; and for P3 and P4 a symmetrical loading is 

introduced to achieve further miniaturization. 
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For each position Pn, the process described in section 3.3.1 is performed to shift 

down the frequency to 866 MHz. The distributed parameters of the corresponding 

transmission line are derived using CST, including the substrate in the simulation 

model.  

Table 3-7. Values of the SWS required to miniaturize the antenna 

  𝑁 

P1 

 

P2 

 

P3 

 

P4 

 

Calculations 

L’ (nH) 
1 2.48 2.94 3.05 4.26 

2 1.72 2.04 2.31 - 

C’ (fF) 
1 133.3 148.84 76.71 77.75 

2 92.79 103.66 58.19 - 

Practical 
values 

L’ (nH) 
1 2.7 2.7 3.3 4.3 

2 1.8 2 2.2 - 

C’ (pF) 
1 0.1 0.2 0.1 0.1 

2 0.1 0.1 0.1 - 

 

Table 3-7 sums up the required lumped components calculated using Matlab, and 

the closest practical value of each. Full-wave simulations are performed for all the 

scenarios (Table 3-8), and for some of them the current distributions pre and post 

loading the antenna are plotted and analyzed (Figure 3-21 to Figure 3-24). 

From Table 3-8, it is seen that the performance is almost the same for one or two 

cells loaded at the same position. The greatest difference is observed between 

SWS #6 and #7, in the case with 𝑁 = 2 the frequency shifts down 30 MHz more 

than the case with 𝑁 = 1. 
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Table 3-8. Antenna performance for several locations of the SWS. 

SWS 
# 

Model 
C’ 

(pF) 
L’ 

(nH) 
Resonance 

(MHz) 
Impedance 𝜂 

Gain 
(dB) 

𝑘𝑎 

- 

Only 
Dielectric 
loading 

- - 1260 21.83 + j118.73 68.3% 0.63 0.38 

1 
 

N=1 

2.7 0.1 1166 9.56 + j 119.18 58.8% -0.14 0.35 

2 
 

N=2 

1.8 0.1 1150 9.27 + j117.23 57.3% -0.05 0.35 

3 
 

 N=1 

2.7 0.2 1140 7.00 + j121.37 54.8% -0.53 0.34 

4 

 
N=2 

2 0.1 1136 7.36 + j120.73 54.9% -0.53 0.34 

5 
 

N=2 

2 0.1 1129 7.19 + j120.94 55.2% -0.50 0.34 

6 
 

N=1 

3.3 0.1 1098 11.37 + j120.34 55.5% -0.44 0.33 

7 
 

N=2 

2.2 0.1 1063 10.75 + j122.99 54.5% -0.55 0.32 

8 
 

N=2 

2.2 0.1 998 8.16 + j121.29 49.6% -1.17 0.30 

9 
 

N=1 

4.3 0.1 1107 10.28 + j122.76 58.9% -0.07 0.33 

10 
 

N=1 

4.3 0.1 1042 14.34 + j118.93 56.5% -0.39 0.31 
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                  a) Unloaded: 1260 MHz            b) SWS #2: 1150 MHz 

Figure 3-21. Current distribution: unloaded antenna and SWS #2 

 
a) Unloaded: 1260 MHz 

 
b) SWS #4: 1136 MHz  c) SWS #5: 1129 MHz       

Figure 3-22. Current distribution: unloaded antenna, SWS #4 and SWS #5 

In Figure 3-21, for the unloaded case, the current on each arm is not flowing 

uniformly and it is low on the section highlighted. For the loaded case, the results 
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do not change significantly, except that the current density on the inductors 

increases a little. 

In Figure 3-22 a), the current on both arms is flowing in the same direction. In the 

lower arm, the current is higher on the section 2, and when the loading is done 

over that section, the miniaturization is slightly better. For both locations of loading, 

the current distribution is similar and therefore the performance does not differ 

significantly. 

 
a) Unloaded: 1260 MHz 

  
b) SWS #7: 1063 MHz         c) SWS #8: 998 MHz 

Figure 3-23. Current distribution: unloaded antenna, SWS #9 and SWS #10 

In Figure 3-23 a), the currents in the two segments flow in opposite directions and 

a phase change is observed close to the edge of the upper arm; also, there is a 

substantial difference between the magnitudes. When the loading is introduced, 
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the change of phase happens over the lumped components (Figure 3-23 b)), then 

the currents of both arms add constructively and a slightly better tradeoff between 

efficiency and 𝑘𝑎 is obtained.  

An advantage of loading the antenna on this location is that another T-network can 

be added symmetrically as shown in the Figure 3-23 c), resulting in further 

miniaturization. 

   
a) Unloaded: 1260 MHz 

       
b) SWS #9: 1107 MHz    c) SWS #10: 1042 MHz 

Figure 3-24. Current distribution: unloaded, SWS #9 and SWS #10 
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Similarly to P3, in this case the currents flow in opposite directions, and there is a 

significant difference between the magnitudes of the arms (Figure 3-24 a)). The 

introduction of the SWS makes the current more intense, so locating the lumped 

components at positions where the current is high, the radiation is enhanced and 

the efficiency improves. A symmetrical SWS is also loaded (Figure 3-24 c)), which 

induces a phase change such that the currents on both arms flow in the same 

direction.  

From this analysis, it is inferred that loading the antenna at locations where the 

difference in current intensity between the two arms is high, and the currents flow 

in different directions, contributes to lower resonance and better efficiency.   

According to Table 3-8, SWS #6,  #7 #8 and #10 are all good options to continue 

with the miniaturization, but #10 presents a better efficiency, and lower resonance 

than the others, because this loading alters the current distribution on the 

conductors so they add constructively. 

Even though, SWS #10 gives a good compromise between efficiency and 𝑘𝑎, it 

does not achieve the desired frequency range. The reason is that the model used 

to calculate L’ and C’ is not completely accurate since in this case a substrate has 

been introduced, and the conductor is wrapped. Hence, the values of Table 3-7 

are just a starting point, and further miniaturization is achieved by optimizing these 

values. 

Figure 3-25 shows the effect of the loading when either the inductance or the 

capacitance varies. The asterisk indicates the resonant frequency for each case. 
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The loading causes the frequency to shift down, and therefore the efficiency 

decreases. It is also important to mention that antenna resistance is proportional 

to L’, and inversely proportional to C’. 

 The optimization is performed in HFSS. Figure 3-26 shows the reflection 

coefficient of some 𝐿’, 𝐶’ combinations. The combination that provides the closest 

input impedance to the complex conjugate of the IC chip within the range of interest 

is  𝐿’ = 10.2 𝑛𝐻 , 𝐶’ = 0.5 𝑝𝐹.  

  

                         a) C’ = 0.5 pF                                          b) L’ = 8.6 nH  

Figure 3-25. Efficiency under variation of inductance or capacitance at a time 
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Figure 3-26. Return loss under different loading combinations 

In practice, the addition of lumped components introduces losses to the antenna. 

The equivalent series resistances that represent the losses of the inductors and 

capacitors are now included in the simulation model as  𝑅𝑙  = 0.13 Ω and 𝑅𝑐 =

0.2 Ω (Chip inductors and Series Ultra-low ESR High Q Microwave Capacitors 

[56]). Table 3-9 shows the comparison of the case with and without the 

resistances. As expected, the antenna performance deteriorates. Implementation 

of equivalent printed inductors and capacitors may help improve this. 

Table 3-9. Antenna performance including the losses of the lumped components 

Model 
C’ 

(pF) 
L’ 

(nH) 
Resonance 

(MHz) 
Impedance 𝜂 

Gain 
(dB) 

𝑘𝑎 

Without 
Losses 

0.5 10.2 866 15.49 + j119.62 44.4% -1.92 0.26 

With 
losses 

0.5 10.2 856 21.41 + j121.19 28.0% -4.09 0.26 

 

Finally, to adjust the resonant frequency and the input impedance the values of C’ 

and L’ are varied. However, with the available components it is not possible to tune 



77 
 

the frequency. Thus, the effect of the antenna’s width is explored, but only on the 

bottom face (w), where the current intensity is low, so the overall performance of 

the antenna does not change substantially.  

Table 3-10 presents the performance of the final design. The radiation pattern is 

plotted in Figure 3-27, while Figure 3-28 displays all antenna dimensions.  

In the next chapter the read range of this tag is calculated and measured, and its 

impedance is estimated. 

Table 3-10. Antenna performance – final design 

w (mm) 
C’ 

(pF) 
L’ 

(nH) 
Resonance 

(MHz) 
Impedance Efficiency Gain 𝑘𝑎 

1.1 0.4 11.2 866 14.96 + j 121.20 31.4% -3.49 0.26 

   

 

Figure 3-27. Radiation pattern of the final design 

It has been shown that within 830 and 1040 MHz, the proposed design exhibits an 

acceptable performance and can be easily modified to obtain impedance matching 

to a complex source. The frequency range can be further extended if the 

parameters are properly chosen.  The deciding  parameters are C’, L’ and the width 

of the antenna’s bottom face. 
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3.4 Summary 

Three miniaturization techniques have been investigated for the miniaturization of 

a UHF RFID AiP, namely, by volumetric folding, by realizing the antenna on a 

relatively high dielectric constant material, and by loading the antenna with slow-

wave structures. Table 3-11 presents the antenna performance at each stage of 

miniaturization. 

The starting point is a straight center-fed dipole. Volumetric folding is studied by 

analyzing the current distribution while the dipole is being folded over an air box. 

Moreover, at this stage, one arm of the dipole is lengthened, so a new resonance 

is introduced at a higher frequency. It is observed that the performance of the 

antenna is better at such frequency because the currents add constructively. 

Moreover, the real part of the impedance is high in spite of the small size, which 

facilitates the matching with the RFID chip.  

Next, the effect of a relatively high permittivity substrate material is explored. As 

expected, a higher dielectric constant causes a higher miniaturization level at the 

expense of a lower efficiency. In addition, it is found out that different combinations 

of permittivity and thickness may lead to the same resonant frequency and antenna 

performance. Therefore, these parameters could be selected based on material 

availability and the required weight or robustness of the structure. 

Finally, the antenna is loaded with SWS. The methodology to find the values of the 

SWS is reviewed. Regarding the location of the SWS and its effect on antenna 

efficiency, it is observed that two facts contribute to better efficiency versus 𝑘𝑎 
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trade-off. First, loading the antenna at positions where the difference of current 

intensity is significant between the conductors that hold the lumped components. 

Second, having currents flowing in different directions. It is also shown that the 

performance of the antenna can be substantially improved by using lumped 

components with higher quality factors. 

Table 3-11. Antenna performance at each miniaturization stage 

Model Frequency 
(MHz) 

Impedance 𝜂 
Gain 
(dB) 

𝑘𝑎 

Straight center-fed 

dipole 
867 65.41 – j 0.93 99.0% 2.67 1.50 

Off-center fed folded 

dipole on an air-box 
1610 35.87 + j 122.81 99.5% 2.16 0.48 

Introduction of dielectric 

loading 
1260 21.83 + j 118.73 68.3% 0.63 0.38 

Introduction of SWS 866 14.96 + j 121.20 31.4% -3.49 0.26 
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Figure 3-28. Geometry of the proposed antenna 

w1= 2 mm, w=1.1 mm 
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4. Functional RFID Tag: Fabrication and Measurements 

This chapter describes the fabrication process and measurement results of the 

RFID tag presented in the previous chapter. These measurements provide the 

read range as well as the input impedance of the antenna. To determine the 

operation read range of the tag, testing has been performed with a commercial 

RFID reader. The impedance of the antenna has been calculated by measuring 

the S-parameters and converting them to Z-parameters using the method 

described in [57].  

The measurements required the fabrication of two antenna samples: one for the 

read range measurement, and another one for the input impedance 

characterization. For the complete tag testing, the RFID chip is attached to the 

input terminals of the tag, so that the RFID reader can identify it (Figure 4-1 d)). 

For characterizing the impedance, the input terminals of the tag are extended to 

the edge of the package, in such a way that it can be easily connected to a 

differential probe (Figure 4-8).  

4.1 Fabrication 

The following steps describe the fabrication process of the RFID tag. Majorly, the 

fabrication involves 3D printing of the cuboidal substrate, the realization of the 

metallic folded antenna on the package, and finally the attachment of the RFID 

chip as well as the SWS on the antenna. 
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Step 1: The cuboidal shape of the package is composed of the 3D ABS550 

filament [58], and it was printed using the Raise3D Pro2 printer [59]. The printer 

settings such as infill density, speed and platform type were optimized to obtain 

the correct thickness and a smooth surface. As shown in Figure 4-1 a), two cavities 

were printed and then glued together to form the complete package.  

Step 2: The antenna is fabricated on the package surface using a copper tape. 

The tape was cut using laser patterning technology with the laser platform 

PLS6MW (Figure 4-1 b)) and its parameters such as height, power and speed were 

optimized to obtain good quality edges and accurate width. It is worth mentioning 

here that the antenna can also be realized through metallic printing, however, the 

conductivity of printed traces is relatively low, therefore copper tape has been 

employed. 

Step 3: Next, the copper tape patterns are attached to the substrate, as shown in 

Figure 4-1 c). 

Step 4: To attach the lumped components to the antenna, initially some samples 

were fabricated using conductive epoxy, but the result lacked robustness and 

reliability. Therefore, the lumped components were carefully soldered to the 

conductor using a conventional soldering iron, and a low-temperature solder wire 

so as to not melt the substrate (Figure 4-1 d)). The RFID chip was attached with 

conductive epoxy and a small amount of super glue. 
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a) 3D printed substrate 

    

b) Copper tape patterns 

     

c) Conductor stick on substrate 

     

d) Soldered lumped components and chip 

Figure 4-1. Antenna fabrication process 

RFID chip 
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4.2   Read Range 

4.2.1 Theoretical Read Range 

As explained in section 2.1, in RFID communication, the RFID reader sends a 

query, and as long as the reader is within the read range of the tag, the tag is 

activated by the interrogating signal and sends back a unique identification code.  

Theoretically, the read range is derived from the Friis transmission equation, and 

it is given by the following formula [17]. 

 𝑑 =
𝜆

4𝜋
√

𝜒𝑝𝑜𝑙 ∙ 𝐺𝑟,𝑡𝑎𝑔 ∙ 𝐸𝐼𝑅𝑃

𝑃𝑖𝑐
 (4-1) 

Where: 

𝜆: Wavelength corresponding to the operating frequency. 

𝜒𝑝𝑜𝑙: Polarization mismatch factor (0.5) 

𝐺𝑟,𝑡𝑎𝑔: Realized gain of the antenna, 𝐺𝑟,𝑡𝑎𝑔 = 𝜏 ∙ 𝜂𝑡𝑎𝑔 ∙ 𝐷𝑡𝑎𝑔 

𝜂𝑡𝑎𝑔: Radiation efficiency of the tag 

𝜏: Power transfer efficiency 

𝐷𝑡𝑎𝑔: Directivity of the tag 

𝐸𝐼𝑅𝑃: Regulated equivalent isotropically radiated power of the reader 

antenna (30 dBm) 

𝑃𝑖𝑐: Chip read sensitivity (-20 dBm) 



85 
 

Figure 4-2 shows the evaluation of equation (4-1) using the simulation results and 

datasheet of the Monza® R6 UHF RFID tag chip. The maximum theoretical read 

range as marked in the plot comes out to be slightly higher than 4 m. 

 

Figure 4-2. Theoretical read range 

4.2.2 Practical Read Range 

The read range measurement was performed with the RFID handheld reader 

CS101 EPC Class 1 Gen 2 manufactured by Convergence System Limited [60]. 

The power level was set to 30 dBm; and the frequency was varied between a set 

of given values: 865.7 MHz, 866.3 MHz, 866.9 MHz and 867.5 MHz. 

The experimental setup is shown in Figure 4-3, where the RFID tag was placed at 

a fixed position over a polystyrene cylinder whose base is marked with the angles 

in degrees. With the aim of obtaining a complete 3D read range, the antenna was 

rotated on the planes 𝜙 = 90° and 𝜃 = 90°. The RFID reader was mounted on a 

tripod that was gradually moved towards the antenna and the distance was 

measured once the reader was able to identify the tag.  
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As shown in Figure 4-4, the measurements indicate that the radiation pattern of 

the antenna is omnidirectional in the plane 𝜙 = 90°, and doughnut-shaped on the 

plane 𝜃 = 90°. The shapes decently match with the simulated radiation pattern of 

Figure 3-27. The variations in the radiation pattern are due to manual 

placement/movement of the reader and also because of the environment (as the 

measurements have not been done in an anechoic chamber). The maximum read 

range is 2.7 m at 867.5 MHz, which is below the expected 4.1 m obtained from 

theoretical calculations (Figure 4-2). The reason may be that the frequency is 

shifted or that the antenna has a lower gain than the simulated model.  

 

Figure 4-3. Measuring setup for the read range testing 
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a) 𝜙 = 90°                               b) 𝜃 = 90° 

Figure 4-4. Read-range measurement 

4.3 Impedance Characterization 

4.3.1 Methodology  

The feeding configuration of the proposed antenna is balanced because of its 

differential nature, which makes it challenging to accurately characterize it because 

most of the measurement instruments are terminated with unbalanced ports 

(single-ended).  

In [57], an experimental methodology for the characterization of the impedance of 

balanced antennas is proposed, which models the antenna as a two-port network. 

As shown in Figure 4-5, a voltage source is connected to the input terminals of the 

antenna, and the driven voltage is split as 𝑉1 and 𝑉2 with a virtual ground plane 

(dotted line). Hence, each terminal and the ground plane represent a port, and the 
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impedance of the antenna can be characterized by measuring the S-parameters 

of the two-port network. 

 

Figure 4-5. Network representation of the balanced antenna [57] 

After some algebraic substitutions of the Z-parameters and the differential voltage 

𝑉𝑑, the impedance of an asymmetrical antenna is obtained as [57]: 

 𝑍𝑑 =
2𝑍𝑜(1 − 𝑆11𝑆22 + 𝑆12𝑆21 − 𝑆12 − 𝑆21)

(1 − 𝑆11)(1 − 𝑆22) − 𝑆21𝑆12
 (4-2) 

This equation is used in the next section to estimate the antenna’s impedance after 

measuring their S-parameters.  

4.3.2 Measurement 

The configuration of the impedance measurement setup is shown in Figure 4-6. 

The measurements were performed with the Power Network Analyzer Microwave 

E8363C. The tag was placed over a polystyrene box, and it was connected to the 

PNA through a test fixture. The fixture is a differential probe built by soldering 

together the outer conductors of two semi-rigid coaxial cables (Figure 3-8Figure 

4-7).   
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a) Schematic configuration [57] 

 

 

b) Experimental setup 

Figure 4-6. Measurement setup for impedance characterization 
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Figure 4-7. Differential probe 

For this test, the feeding point of the antenna was extended to the edges of the 

substrate with two parallel conductor strips, so it was easier to connect it to the 

differential probe as shown in Figure 4-8. The new sample structure was simulated 

and fabricated following the process described in section 4.1, and its simulated 

impedance was compared to the measured results. This measurement allows 

partial verification of the simulation model. 

 

Figure 4-8. Antenna sample for impedance characterization. 

In order to obtain the S-parameters of the antenna only, the PNA was calibrated 

and the effect of the test fixture was de-embedded using the port extension tool of 

the PNA. Port extension is a real-time feature to remove the test fixture 

characteristics from the measured results. The port extension feature 

To PNA 

probes 

To antenna 

terminals 



91 
 

mathematically extends the measurement plane towards the antenna, assuming 

that the fixture is a perfect transmission line of a constant impedance [61].  

The typical input parameters of the port extension are the delay in either distance 

or time, the losses at certain frequencies, the velocity factor and the type of 

transmission line. The delay and losses are calculated with the Auto Port Extension 

option of the PNA; the type of transmission line is coaxial, and the velocity factor 

is 1 √휀𝑟⁄ = 1 √2.1⁄ = 0.69 [62]. All the parameters are shown in Figure 4-9. 

 

Figure 4-9. Port extension settings 

Once the effect of the differential probe was removed, the S-parameters were 

exported and post-processed with a script in MATLAB according to equation (4-2). 

Figure 4-10 shows the comparison between simulation and measurement of the 

antenna impedance. The results are in fair agreement, except that the measured 

impedance is shifted up in frequency, which can be due to discrepancies in the 

fabricated sample dimensions, alteration of substrate properties, and imprecision 
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of the lumped components values. This frequency shift may also be the cause of 

the lower read range. 

  
                         a) Real part                                              b) Imaginary art 

   

                         a) Real part zoomed in                   b) Imaginary part zoomed in 

Figure 4-10. Measured and simulated impedance of RFID tag 

4.4 Summary 

The process to fabricate an AiP has been described, including the 3D printing of 

the substrate, the metallization over the package and the attachment of the lumped 

components and the RFID chip. 
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Next, the read range test and impedance characterization have been performed. 

The fabricated sample provides a read range lower than the calculated one, and 

from the impedance measurement it is seen that the frequency is shifted up, so 

the tag may be operating at a higher frequency. Therefore, the read range can be 

improved if the actual resonant frequency of the tag is found out and adjusted by 

modifying the loading accordingly.  

Table 4-1 provides a comparison of this work with the current state of the art 

designs. The antenna presented in [42] was not tested with the integrated RFID 

chip, and therefore the read range was not measured. In [43], the setup is not 

realistic since they are not measuring the read range with an RFID reader, but they 

are estimating it through a power measurements. Besides, the resonant frequency 

is shifted by 20 MHz, which in a real scenario would imply a low read range 

because of the narrow bandwidth of the RFID reader. 

Although the design proposed in this work provides a read range lower than the 

rest of the cases, it could be improved if the frequency is properly tuned. Moreover, 

it is the only 3D tag in the top 5 of the list, and can therefore work as AiP and be 

integrated with sensors for IoT or WSN applications that require such a small size.  

 

 



94 
 

Table 4-1. Comparison of small antenna designs in literature 

Reference 𝑘𝑎 
Frequency 

(MHz) 
Electrical length 𝜂 

Read 
Range 

(m) 

Antenna type Miniaturization technique 

[42] 0.14 915 λo/31 x λo/31 31%** NR 
“Vivaldi-like” aperture 

antenna 
Loaded with a meander line 

[43] 0.25 928 λo/18 x λo/18 51%** 4.02 *** 
Split-ring resonator 

antenna 
Meander line technique 

This work 0.26 866 λo/17 x λo/18 x λo/33 31.4%** 2.7 3D Antenna in Package 
Folded dipole with slow-

wave structures loading 

[44] 0.35 434 Diameter: λo/9 67% NR Wire-loop antenna 

Folded antenna composed 

of three resonant-folded 

dipoles  

[45] 0.39 908 λo/8 x λo/80 30.9%** 4.8 *** Printed dipole antenna 

Folded dipole with LC 

loading to control the input 

impedance 

[46]* 0.46* 1730 Diameter: λo/6.28 71% 
No 

RFID 

3D semi-spherical 

antenna 

Multi-arm meandered 

antenna 

[48] 0.49 915 λo/11 x λo/11 x λo/11 72% NR 3D cubic antenna Dipole meander line 

[49] 0.56 1830 Diameter: λo/5.85 94 % 
No 

RFID 
Four-arm antenna Use of spherical resonators 

* Measured over a ground plane 
** Simulation 
*** Read range scaled to -20 dBm wake-up chip power, and EIRP=1 
NR: non-reported 
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5. Conclusion and Future Work 
 

This study is important for 3D antennas that are currently adapted for IoT or 

applications that require electronics embedded inside, especially at the UHF band 

because the wavelength is around 30 cm, meaning that conventional antennas are 

large, and hence miniaturization is essential.  

Three antenna miniaturization techniques, namely, volumetric folding, dielectric 

loading and slow-wave structures theory, have been explored to design a 3D RFID 

tag on package with good performance. Volumetric folding of the antenna 

lengthens the current path within a limited volume without compromising on the 

physical size while dielectric loading and introduction of slow-wave structures slow 

down the wave propagation to decrease the guided wavelength. A combined effect 

of these three techniques has been utilized to achieve a good level of antenna 

miniaturization with acceptable theoretical performance. 

A UHF RFID tag in package operating at 866 MHz has been designed, fabricated 

and characterized. Smart folding of an off-enter fed dipole over a cuboidal box was 

implemented causing constructive addition of currents, and high input resistance, 

resulting in high efficiency and a more versatile design in terms of impedance 

matching. Using a 3D printed substrate, dielectric loading was used to shift down 

the frequency and provide a hollow but robust package. Finally, slow-wave 

structures in the form of lumped components were added to optimized locations 
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on the antenna allowing not only further miniaturization, but also tuning of the 

antenna’s operation frequency and impedance matching.   

The following approaches could be implemented to improve the design and 

characterization. 

 To determine the resonant frequency of the fabricated sample. 

 To explore the design of printed inductors and capacitors instead of lumped 

components. This replacement may reduce the impact of the losses of the 

lumped components.  

 To place the radiating structure inside the substrate to protect the conductor 

and components from the environment. 

 To design and fabricate a complete wireless system including the tag and 

connected sensors and circuitry in order to test its performance in IoT 

applications.  
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6. APPENDIX A: PERMISSION LETTERS 
 

Permission letter of: Figure 2.11.  Split-ring resonator antenna 
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Permission letter of: Figure 2 14. Conformal printed ESA 
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Permission letter of:  

Figure 3 1. Current distribution of the dipole antenna   

Figure 3 2. Radiation resistance, input resistance and directivity of a thin 

dipole with sinusoidal current distribution 
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