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ABSTRACT 

One of the applications for RFID technology is to monitor and position RFID-

tagged objects over large volumes. To achieve this, one possible option is to 

implement RFID reader antennas, which are relatively thin but with signifi-

cantly large areas, and place them beneath the RFID-tagged objects.  In order 

to realise RFID reader antennas with large-areas, circuit materials other than 

conventional rigid PCB materials should be investigated and utilized. There-

fore, this thesis addresses how non-conventional PCB materials can be used 

to achieve large-area RFID reader antenna structures.  

   Non-conventional PCB materials are firstly chosen, which comprises pat-

terned Al-polyimide foil, printed conductive Ag inks onto paper, polyeth-

ylene foam as antenna substrate. The physical and electrical properties of the 

materials are measured. These properties are later used in antenna simula-

tions. In addition, assembly methods, e.g. circuit lamination and VIA fabrica-

tion, for the chosen materials are developed.   

   Three novel surface mounting techniques are developed and characterized 

in this thesis. The techniques are developed for mounting SMD components 

onto tracks made by Al, a screen printed Ag flake ink, and an inkjet printed 

Ag nanoparticle ink. These techniques are characterized and evaluated by 

various methods, including contact resistance measurements, bonding 

strength tests, and microscopy studies. The characterizations show these tech-

niques have achieved low contact resistance and sufficient bonding strength.  

   Based on the previous efforts, two antenna systems, respectively operating 

on UHF (867 MHz) and HF (13.56 MHz) bands, are fabricated. The two an-

tenna systems are designed into SP4T switching networks, using standard an-

tenna elements as the loads of the network. The input RFID interrogation sig-

nals from commercial industrial RFID readers are directed into every antenna 

element periodically through the SP4T switching networks. Both antenna sys-

tems are characterized by means of various RF power attenuation measure-

ments and passive RFID tag interrogation tests. It is shown in the results that 

both antenna systems have low RF attenuations, potentials to perform passive 

RFID tag positioning, and possibilities to be expanded to larger areas. 

   In the end, based on the antenna system characterization results and design 

parameters, a great amount of calculation is performed in order to discuss 

how large the antenna system areas can be as well as how many antenna ele-

ments can be achieved in one antenna system.  
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SUMMARY IN SWEDISH 

En av applikationerna för RFID-teknologi är att övervaka och positionera 

RFID-taggade objekt över stora volymer. Ett möjligt alternativ för att åstad-

komma detta är att implementera läsarantenner för RFID som är relativt 

tunna men som har signifikant stora areor, och placera dessa under de RFID-

märkta objekten. För att realisera läsarantenner för RFID med stora areor bör 

andra kretsmaterial än konventionella styva PCB-material undersökas och 

användas. Därför behandlar den här avhandlingen hur icke-konventionella 

PCB-material kan användas för att uppnå antennstrukturer med stora ytor för 

RFID-läsare. 

   Först väljs icke-konventionella PCB-material, vilket innefattar mönstrad Al-

polyimidfolie, tryckta ledande Ag-bläck på papper och polyetenskum som 

antennsubstrat. Materialens fysiska och elektriska egenskaper mäts. Dessa 

egenskaper används senare i antennsimuleringar. Därutöver har monterings-

metoder, t.ex. kretslaminering och VIA-tillverkning, för de valda materialen 

utvecklats.   

   Tre nya ytmonteringstekniker har utvecklats och karaktäriseras i denna av-

handling. Teknikerna är utvecklade för att montera SMD-komponenter på le-

dare av Al, ett screentryckt Ag-bläck och ett inkjet-tryckt Ag-nanopartikel-

bläck. Dessa tekniker karakteriseras och utvärderas med olika metoder, inklu-

sive mätningar av kontaktresistans, test av bondningsstyrka och mikroskopi-

studier. Karaktäriseringarna visar att dessa tekniker har uppnått låg kon-

taktresistans och tillräcklig bondningsstyrka. 

   Baserat på de tidigare resultaten utvecklas två antennsystem, som arbetar 

på UHF (867 MHz)- respektive HF (13.56 MHz)-bandet. De två antenn-syste-

men är designade för SP4T-switchade nätverk, med vanliga antennelement 

som belastningar för nätet. Signaler från kommersiella industriella RFID-lä-

sare styrs periodiskt in till varje antennelement via det SP4T-switchade nät-

verket. Båda antennsystemen karakteriseras med hjälp av olika mätningar för 

dämpning av RF-signaler samt läsbarhetstester för passiv RFID. Det visas i 

resultaten att båda antennsystemen har låga RF-dämpningar, potential att ut-

föra positionering av passiva RFID-taggar och möjligheter att expandera sy-

stemen till större areor. 

   I slutändan, baserat på resultaten från karakteriseringarna av antennsyste-

men, utförs en stor mängd beräkningar för att diskutera hur stora antennsy-

stemens areor kan vara samt hur många antennelement som kan uppnås i ett 

antennsystem. 
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Introduction 

Radio Frequency Identification (RFID) is a wireless communication technol-

ogy, which can be used to automatically track or identify objects attached with 

RFID tags. There are several frequency bands, from 125 kHz up to 2.45 GHz, 

available for RFID. A typical RFID hardware system, shown in Figure 1.1, 

commonly comprises: a reader device that gather ID information from RFID 

tags, a reader antenna that converts electrical currents into electromagnetic 

fields, and RFID tags that contains ID information. 

   One of the issues that is commonly addressed in the literature regarding 

RFID systems is the ability not only to determine the presence and ID-number 

of RFID tags, but also to monitor and position RFID tags over a large area or 

volume. In this case, both ID number and location information of an object 

can be obtained.  

 
Figure 1.1 A typical RFID hardware system. 

   There are commonly two approaches for monitoring and positioning dis-

tributed RFID tags: The first approach is to deploy several RFID reader anten-

nas at geometrically known positions. These reader antennas measure prop-

erties from RFID tags such as Angle of Arrival, Time Difference of Arrival, 

Received Signal Strength, and Time of Arrival etc., [2-5].  The positions of the 

RFID tags are known by performing algorithms, such as trilateration, on the 

measured properties. One drawback of this approach is that it is mainly suit-

able for ultra-high frequency (UHF, 860–960 MHz and 2.45 GHz) RFID sys-

tems that based on electromagnetic wave propagation. It is, however, not suit-

able for high frequency (HF, 13.56 MHz) RFID systems that operate based on 

inductive coupling. Another drawback is that these measured properties are 

usually inaccurate when objects, such as metal shelfs and high relative per-

mittivity materials, which block or affect electromagnetic waves exist in the 

surroundings. 

RFID reader
(Interrogator)

RFID reader 
antenna

RFID tag
(Transponder)

Server / PC
TX line

RFID tag
(Transponder)

RFID tag
(Transponder)
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   The second approach, used as a guide for this thesis, is to integrate a certain 

number of RFID reader antennas, which positions are known, into a surface 

where the RFID tags are placed above, with examples shown in [6-10]. In this 

approach, the position of a RFID tag is treated as the same with the reader 

antenna that can detect the tag. This approach can be used for both HF [6] and 

UHF [7-10] RFID systems. Although the positioning accuracy is not as good 

as the first approach, this approach can perform RFID positioning without the 

previously addressed algorithms.  

Considering the high costs of commercial industrial RFID readers, the 

most straightforward solution for the second approach would be having an 

antenna matrix that consists many standard RFID reader antennas. The an-

tenna matrix is then connected to one antenna port of a RFID reader through 

standard transmission lines such as 50 Ω coaxial cables. Thus, the antenna 

matrix, together with its necessary control circuities, can be considered as an 

RFID reader antenna system. In order to cover a large area, the reader antenna 

systems should be sufficiently large as well. 

However, when reviewing the RFID reader antenna systems presented in 

[6-10], it can be seen that the antenna systems have only covered very limited 

areas (maximum 30 cm × 40 cm presented in [9]). One reason for this is the 

materials used in the antenna systems. 

RFID reader antennas and associated transmission line networks are com-

monly implemented on rigid printed circuit boards (PCBs) with copper (Cu) 

conductors and low-loss tangent laminates as substrates. However, when 

rigid PCBs are used for large-area antenna systems, with circuit areas meas-

uring in square meters, they have disadvantages in terms of high material 

costs and limited maximum manufacturing areas. The material costs are es-

pecially high if low-loss tangent laminates, made for RF/microwave circuits, 

are used.  

In addition, the maximum manufacturing dimension for a double-layer 

PCB, obtained from several major European PCB manufacturers, is around 

0.25 m2 (0.5 m × 0.5 m). The implementation of a large-area reader antenna 

system would require many rigid PCBs connected by board-to-board connect-

ors (rigid or flexible). For microwave transmission lines, SMA connectors and 

coaxial cables are needed in order to reduce the insertion losses between PCBs, 

which results in both unnecessary transmission line transitions and bulky 

structures. Typical examples of such bulky structures can be seen in [6], [8], 

[9].To construct large-area RFID reader antenna systems for monitoring and 

positioning RFID tags over large areas, the conventional PCB materials should 
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be replaced by non-conventional materials commonly found in literatures re-

lated to flexible and printed electronic systems. Especially, the materials, both 

conductor and substrate, with direct costs lower than traditional PCBs.   

1.1 Problem formulation 
Throughout the literatures, non-conventional PCB materials have not been 

used in fabricating circuits with very large areas, e.g. in a scale of square me-

ters. In addition, it is not yet been studied about the maximum circuit areas 

that can be achieved. Thus, it prevents the implementations of large-area RFID 

reader antenna systems to perform monitoring and positioning RFID-tagged 

objects over a large volume.  

   It can be seen that the materials used for flexible and printed electronic sys-

tems commonly possess the advantages of fast and large volume manufactur-

ing. Some of the materials even have the advantages of ultra-low-cost, e.g. 

paper and PET. Thus, such materials should also be beneficial to create RFID 

reader antenna systems with areas in scale of square meters.  

   When non-conventional PCB materials are used to fabricate large-area RFID 

reader antenna systems and study their limitations in term of areas, the fol-

lowing research problems and challenges should be addressed: 

   What material combinations can be used for creating large-area RFID an-

tenna systems? The materials should have advantages over traditional PCB 

materials in terms of low material cost and high manufacturing speed. Since 

the materials are used in antenna system designs, they should not introduce 

significant losses, e.g. conductor loss and dielectric loss, on RF signals. In ad-

dition, the circuit assembling methods and procedures for traditional PCBs, 

such as etching and electroplating etc., might not be suitable for the non-con-

ventional materials.   

   The uses of SMD components, such as radio frequency integrated circuits 

(RFICs), can help the antenna systems to realize complicated functionalities. 

If non-conventional PCB conductors are used, the component mounting tech-

niques used for Cu conductors on FR-4 laminates, e.g. reflow, might not be 

applicable. They are especially not applicable when heat-sensitive materials 

are used. Thus, novel surface mounting techniques should be developed, 

which provide low contact resistance and sufficient bonding strength. The 

low contact resistance will in turn reflect on lower RF or DC signal losses. The 

bonding strength is used to resist circuit deformations.  

   With the materials and surface mounting techniques, the antenna systems 

can be subsequently fabricated. The antenna systems should comprise a set of 

standard antenna elements and transmission lines, which are located on the 



 

4 

same surface. For large area objectives, an antenna system topology should be 

implemented which enables easy system expansions, i.e. both in number of 

antenna elements and areas, that no board-to-board connections are needed. 

In addition, when antenna systems uses non-bulk metal materials as conduc-

tors, such as conductive inks, a decrease in antenna performance is expected 

due to the resistivity of the inks. However, special measures needs to be im-

plemented to make sure the reduced performance is still acceptable.   

   RF signal attenuations due to losses in circuits, conductors, substrates, and 

component contact resistance will decide the maximum length of the trans-

mission line networks, which together with losses provided by contact re-

sistances, impedance mismatches, and antenna efficiencies will decide the 

maximum possible area over which a system can be constructed. 

1.2 Main contributions 

The main contributions of this thesis are to present how non-conventional 

flexible materials and flexible circuits are used in implementing large-area an-

tenna systems for industrial RFID readers, and to study antenna system limi-

tations in terms of maximum possible areas. 

   The specific contributions, in accordance with the problem formulations, are 

listed as below: 

 Characterize the non-conventional materials in terms of physical 

and electrical properties. Circuit assembly methods for the non-

conventional materials (PAPER I). 

 Developing and characterizing novel SMD component mounting 

techniques for the non-conventional materials (PAPER I, PAPER 

II, PAPER IV).  

 Fabrications and characterizations of two RFID reader antenna 

systems, using the non-conventional PCB materials and the novel 

surface mounting methods: 

o A large-area UHF reader antenna system that operates at 

867 MHz (PAPER I, PAPER V) 

o An HF reader antenna system that operates at 13.56 MHz 

(PAPER III)   

 Mathematical analysis of the antenna system limitations in terms 

of antenna system areas and numbers of antenna elements (PA-

PER I).  

The relationships of the above contributions are visualised in Figure 1.2. 
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Figure 1.2 Main contributions of this thesis. The relationships and connections between the con-

tributions are visualised with the contributing paper indicated. 

1.3 Thesis outline   

The remainder of this thesis is divided into six chapters, with main contents 

listed as follows:  

 Chapter 2 provides some necessary background related to flexible cir-

cuits, non-convention PCB materials for RFID reader antennas, sur-

face mounting technologies for non-Cu conductors, and antenna sys-

tem circuit topologies. 

 Chapter 3 starts by presenting the electrical and physical properties 

of the flexible materials used in this thesis. This is followed by a de-

scription of the circuit assembly methods. 

 Chapter 4 presents and characterises several novel methods of 

mounting SMD components onto several non-conventional conduc-

tors.  
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 Chapter 5 presents the design and characterisation of a large-area 

UHF RFID reader antenna system. 

 Chapter 6 shows the design and characterisation of an HF RFID 

reader antenna system.  

 Based on the results obtained from Chapters 5 and 6, a discussion is 

made in Chapter 7 by calculating the theoretical maximum areas, as 

well as the maximum numbers of antenna elements, that both an-

tenna systems can achieve. Also, several design considerations, in-

cluding which materials are suitable for realising large-area RFID 

reader antenna structures, are provided in this chapter. 

 Chapter 8 summarises and concludes this thesis and presents the con-

tributions of the authors in the appended papers. 
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2 Background 

This chapter addresses some background information related to: 1) flexible 

circuits; 2) how non-conventional PCB materials are used for antenna systems; 

3) surface mounting techniques of non-conventional conductor materials; 4) 

antenna system circuit topologies.  

2.1 A brief introduction of flexible circuits 
The term ‘non-conventional PCB materials’ is compared to traditional mate-

rials for PCBs, i.e. bulk Cu conductors laminated on glass-reinforced rigid 

substrates. The traditional PCBs have been widely used nowadays in both re-

searches and commercial products of electronics. With the advancement of 

modern material engineering, flexible materials other than traditional PCB 

materials started to emerge and to be implemented in circuits. The circuits 

made from flexible materials, with a certain degree of flexibility, are known 

as flexible circuits.  

   In the beginning years, flexible circuits are used for interconnections be-

tween rigid PCBs, together known as flex-rigid PCBs. On flex-rigid PCBs, the 

major circuit functionalities are implemented on the rigid PCBs, while the 

flexible circuits are mainly in charge of data transmissions. Nowadays, flexi-

ble circuits can be used to achieve much more complicated functionalities 

than merely data transmission. More importantly, flexible circuits enables us-

ages of the materials that are not popular in rigid PCBs. 

Such non-conventional materials comprises conductors made other than 

Cu and flexible base materials1 that carries the conductors. In flexible circuits, 

the conductor materials can be aluminium (Al), silver (Ag), conductive inks 

containing metal particles, and conductive inks containing carbon particles, 

etc., [11]. Common based materials found in literatures are, but not limited to, 

polyimide (PI), polyethylene terephthalate (PET), polyethylene naphthalate 

(PEN), and paper.  

   Having the advantages of high-speed manufacturing, flexible circuits are fa-

vourable for implementing large-area electronics such as large-area displays 

[12], sensors [13], lighting [14], photovoltaics [15], etc.  

 

1 It is also known as substrate. Because of the substrate used for antenna later in the thesis, here it is 

referred as base material.  
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2.2 Non-conventional PCB materials for RFID reader an-

tennas and transmission lines  

2.2.1 Conductor materials 

Bulk metal conductors are preferred for antennas and microwave designs be-

cause their conductivities are higher than conductive inks. Low conductivity 

in RF circuits can reduce antenna efficiency and increase transmission line at-

tenuation [16-17]. The reduction of antenna efficiency eant can be explained by 

Equation 2.1 and 2.2: 

𝑒ant =
𝑃radiated

𝑃radiated + 𝑃loss

 (2.1) 

   where Pradiated is the radiated power; Ploss is the sum of losses caused by sur-

rounding dielectric materials, conductor electrical resistivity, and impedance 

mismatch. The loss due to the conductor electrical resistivity 𝑃𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟
𝑎𝑛𝑡  can 

be calculated by: 

𝑃𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟
𝑎𝑛𝑡 =  𝐴√

𝜋𝑓𝑟𝜇

𝜎
 (2.2) 

   where A is a parameter that can be calculated from the dimensions of a spe-

cific antenna [18]; fr is the antenna resonant frequency; µ is the permeability; 

and σ is the electrical conductivity of the antenna conductor material, i.e. the 

reciprocal of resistivity. 

   For a transmission line, a low conductivity leads to a high conductor loss, 

which is one part of attenuation constant. Another part is dielectric loss. The 

conductor loss 𝛼𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟
𝑇𝑋  of a transmission line can be estimated by:  

𝛼𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟
𝑇𝑋 =  

1

2𝑍0𝜎𝑆
∝

1

√𝜎
 (2.3) 

   where Z0 is the characteristic impedance of the transmission line; S is the 

effective electrical current cross section area, which is caused by the skin 

depth of high-frequency currents. Considering the calculation of skin depth 

[19], the transmission line conductor loss is inversely proportional to the 

square root of the conductivity √𝜎.  

   Flexible antennas based on metal conductors are commonly manufactured 

by subtractive etching on metal foils that is already laminated on flexible base 

materials, and examples of metal-based flexible RFID reader antennas can be 

seen in [20-23]. It can be seen that these works target at achieving compact 

antenna sizes.   
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   However, conductive inks are not ruled out for antenna designs despite they 

results in a lower performance. On the contrary, conductive inks are also pop-

ular choices because they enable the use of low-cost base materials such as 

paper. In addition, because conductive inks are applied on the base materials 

by means of additive methods such as inkjet and screen-printing, conductor 

waste is reduced. Conductive ink based RFID reader antennas can be seen in 

[24-28].  

2.2.2 Substrate materials 

The antenna structures presented in [20-28] are exclusively single-layer flexi-

ble circuits. Using single-layer flexible circuits to construct large-area RFID 

reader antenna systems limits the options for microwave transmission lines 

and antennas. Transmission lines such as microstrip and grounded coplanar 

waveguides and antennas such as microstrip patch antennas are not possible 

with only one conductor layer. Thus, a ground layer should be applied to the 

back of the patterned flexible circuits. The two circuit layers, the flexible cir-

cuit layer and the ground layer, require a dielectric substrate layer between 

the two circuit layers.  

   Because of the imperfect electrical isolation of the dielectric substrate layer, 

this layer also contributes losses to the RF signals propagating on both anten-

nas and transmission lines. The imperfect electrical isolation is expressed as 

the imaginary part of a complex permittivity (ε’+jε’’). The ratio between the 

imaginary part and real part of the complex permittivity (ε’’/ε’) is known as 

loss tangent (tanδ).  

   The loss tangent in the substrate material leads to reducing antenna effi-

ciency, which is accomplished by adding another factor in the sum of losses 

Ploss in Equation 2.1. For an antenna that replies on substrate to operate, e.g. a 

patch antenna, the RF power loss in the substrate 𝑃𝑙𝑜𝑠𝑠,𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
𝑎𝑛𝑡  can be ex-

pressed as: 

𝑃𝑙𝑜𝑠𝑠,𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
𝑎𝑛𝑡 = 2𝜋𝑓𝑟 ⋅ 𝑡𝑎𝑛𝛿 ∙ 𝑊𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒  (2.4) 

   where Wreactive is the amount of reactive energy stored inside of the substrate. 

It is mainly electrical energy and depends on the thickness and permittivity 

of the substrate [19].  

   The loss tangent also introduce losses on the transmission line by increase 

the dielectric loss of the propagation constant. The dielectric loss 𝛼𝑙𝑜𝑠𝑠,𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
𝑇𝑋  

can be estimated by:  

𝛼𝑙𝑜𝑠𝑠,𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
𝑇𝑋 =

𝜋 ∙ 𝑓𝑟 ∙ √𝜖𝑟 ∙ 𝑡𝑎𝑛𝛿

𝑐
 (2.5) 
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   where c is the speed of light.  

   Polymer materials such as foams [29-33], fleece fabric [34], and PDMS poly-

mers [35] have been proposed as substrate materials for patch antennas. Com-

pared to rigid PCB laminates, these substrate materials have the advantages 

of being available in large volumes with relatively low costs. Furthermore, 

these materials have acceptably low loss tangents. 

2.3 Surface mounting techniques for non-conventional 

conductors 

Because the usages of non-conventional PCB materials, the surface mounting 

techniques developed for SMD components that used for conventional PCBs, 

such as reflow and hot iron soldering, might not be applicable.  

   For bulk metal conductors other than Cu, the soldering pastes developed for 

conventional PCBs could contain inappropriate soldering fluxes. For instance, 

the soldering flux used for Cu conductor is not aggressive enough to remove 

the dense oxide layer formed on Al surfaces. It in turn causes that there is no 

electrical connections between SMD components terminals and soldering 

pads. 

   In addition, the soldering temperatures, required by soldering pastes devel-

oped for conventional PCBs, might be too high for heat-sensitive base materi-

als. When exposed to excessive temperatures, deformations will occur on 

based materials such as PET. Even though some based materials, such as pa-

per, do not deform when heated, the temperatures would cause a delamina-

tion of the laminated conductors. 

 Mounting SMD components onto printed Ag ink tracks with flexible sub-

strates has previously been presented, for example [36-39]. In [36-38], it is 

shown how to assemble SMD components onto screen-printed Ag tracks with 

paper as the substrate, where a solderable inter-layer is made by mixing an 

isotropic conductive adhesive and a lead-free Sn-Cu-Ni molten solder paste. 

In [39], SMD components are mounted onto ink-jet printed tracks on paper 

substrate using a combination of Ag epoxies and conductive tapes.  

2.4 Circuit topology for large-area RFID reader antenna 

systems 

In order to achieve a large number of antenna elements and increase the total 

antenna system area, several examples have been presented in [6-10]. The cir-

cuit topologies of these experiments can be summarised into two categories: 
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 Cascading [8]  

 Multiplexing [6,7,9,10] 

2.4.1 Cascading 

An example of cascading topology used in a multi-antenna system is shown 

in Figure 2.1. The cascading topology is used to connect one instrument to one 

of many devices or test points with minimal impedance discontinuity [40].   

The advantages of the cascading topology are simplicities in both configu-

rations and terminations. 

 
Figure 2.1 An illustration of a cascaded antenna system. 

The disadvantages of the cascading topology are shown in [8], where each 

cascaded antenna element contributes a certain RF power loss to the antenna 

system, which results in the input power of every antenna element being dif-

ferent. Assuming the antenna elements in Figure 2.1 have the same amount of 

attenuation αant and that the transmission lines also have the same attenuation 

αTXline, the antenna element N receives an input power Pin, ANTN = Pin – (N-1)αant 

– NαTXline. The difference in input power leads to the situation where the RFID 

tag read ranges of every antenna element are not unified. In addition, because 

of the power loss of each antenna element, the total number of antenna ele-

ments is limited. 

2.4.2 Multiplexing   

Compared to the cascading topology, a multiplexing topology shows ad-

vantages in terms of antenna element handing capabilities. The basic operat-

ing principle is to direct an RFID interrogation signal, which is the output of 

an RFID reader, to every antenna element periodically and in sequence. This 

means that only one antenna element performs an RFID tag interrogation at a 

time. Figure 2.2 shows an example of a single-pole-four-through (SP4T) RFID 

reader antenna system that is arranged into two tiers.  

The advantage of the multiplexing topology is that it only requires one 

input port. The total number of antenna elements 𝑁𝑎𝑛𝑡
𝑡𝑜𝑡𝑎𝑙 of a multiplexing to-

pology can be calculated from:  

𝑁𝑎𝑛𝑡,𝑡𝑜𝑡𝑎𝑙 = 𝑁𝑀𝑈𝑋,𝑐ℎ𝑎𝑛𝑛𝑒𝑙
𝑁𝑡𝑖𝑒𝑟   (2.6) 
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where NMUX,channel is the number of multiplexer output channels, e.g. 4 in 

Figure 2.2, and Ntier is the total tier number of multiplexers, e.g. 2 in Figure 2.2.  

Another advantage is that all channels have similar characteristics, mean-

ing that all antenna elements have the same amount of input power, and the 

input power of every antenna element in Figure 2.2 is Pin, ANT = Pin – 2αTXline – 

2αMUX. If the antenna elements are of the same type and same geometry, their 

RFID tag read ranges and interrogation zones are theoretically the same. 

If the topology shown in Figure 2.2 is extended to possess more tiers of 

multiplexers, the input power of every antenna element can be calculated by: 

𝑃𝑖𝑛,𝐴𝑁𝑇 = 𝑃𝑖𝑛 − 𝑁𝑡𝑖𝑒𝑟𝛼𝑇𝑋𝑙𝑖𝑛𝑒 − 𝑁𝑡𝑖𝑒𝑟𝛼𝑀𝑈𝑋 (2.7) 

In electronics, the functionality of a multiplexer is commonly achieved by 

utilising RF or analogue switches, with examples presented in [41-44]. There 

are three important parameters associated with a multiplexer: return loss, in-

sertion loss, and between-channel isolation.  

 

 
Figure 2.2 An illustration of a two-tier SP4T multiplexing reader antenna system.  
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3 Material Characterisation and Circuit 

Assembly Methods 

In this chapter, the materials used to fabricate the antenna systems are first 

introduced, where the physical and electrical properties of the selected mate-

rials are then measured. Then, at the end of this chapter, the methods to as-

semble the circuits of the reader antenna systems are described.  

Figure 3.1 shows a three-dimensional (3D) sketch of the arrangement of 

the materials. There are three layers in Figure 3.1, from top to bottom: a flexi-

ble circuit layer, a substrate, and a bottom (ground) layer. The flexible circuit 

layer consists of patterned conductors and base materials. If the system is op-

erating in the UHF band, a dielectric substrate and a metal ground layers 

might be needed to enable patch antennas and planar transmission lines. 

However, these two layers are marked as optional because they are not nec-

essary if the system is operating at the HF band, which is based on inductive 

coupling.  

 
Figure 3.1 A 3D sketch illustrating the overall arrangement of materials. The patterns on the flexible 

circuit layer are the landing pads of 1206-, 0805-, and 0603-sized resistors.  

3.1 Flexible circuit layer 

The flexible circuit layer consists of component footprints, the transmission 

lines, and patch antennas, which can be seen in Figure 3.1. Two combinations 

of conductors and base materials were used in this thesis work: 

 Al as the conductor and polyimide as the base material 

 Printed Ag particle ink tracks as the conductor and paper as the base 

material   

3.1.1 Conductor materials 

Al was used as the choice of metal conductor in this thesis. As one of the pop-

ular conductors for electronics, Al has advantages over other metals, such as 

Cu and Ag, in terms of material cost and weight density. However, Al in elec-

tronics is not as popular as Cu because it lacks of surface mounting techniques. 

The most popular usage of Al is probably placed at the back of circuits to act 
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as a heat sink. Another usage of Al is in manufacturing low-cost RFID tag 

antennas where RFID tag ICs are mounted on the inputs of tag antennas using 

anisotropic conductive glues.  

Other than metal conductor, two kinds of Ag-based conductive inks were 

used: an Ag particle ink, Loctite EDAG 725A (Henkel), and a nanoparticle Ag 

ink, Advanced Nano Products (Korea) DGP-40LT-15C. The former was ap-

plied by means of screen printing, and the latter was applied by means of 

inkjet printing.  

3.1.2 Base materials 

The base material for the Al conductors is chosen to be polyimide (PI), also 

known as Kapton. Because of its large range of temperature stability, PI ena-

bles a larger variety of surface mounting techniques compared to low-cost 

base materials used for metal foils such as polyethylene terephthalate (PET) 

and polyethylene naphthalate (PEN).  

In this thesis, an Al-PI foil is used, with electrical and physical properties 

provided in Table 3.1. The measurements of properties are described in Paper 

I, Subsection 2.1. The Al-PI foil is laminated by the manufacturer Skultun-

aInduflex AB and patterned by means of photochemical etching.  

Table 3.1 Al-PI foil electrical and physical properties. 

Parameter Value 

PI thickness 53 µm 

Al thickness 20 µm 

Al conductivity1 3.49 × 107 S/m 
1 Provided by the manufacturer. 

Two kinds of paper-based materials were used in this thesis, a cardboard 

paper (CP), Iggesund Paperboard AB (Sweden) Invercote GP, with a thickness 

of 400 µm and a grammage of 300 g/m2, and a photo paper, HP Q8698A, with 

a thickness of 260 µm and grammage of 250 g/m2.  

3.1.3 Substrate and bottom layer 

Table 3.2 Substrate physical and electrical properties. 

 Parameter Value 

Physical property 
Thickness 3.0 mm 

Density 30.0 kg/m3 

Electrical property 
Relative permittivity  1.05 (at 867 MHz) 

Loss tangent 0.03 (at 867 MHz) 

A polyethylene foam material is used as the substrate layer as shown in Figure 

3.1. Measurements of its relative permittivity and loss tangent are carried out 
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by using an open microstrip quarter wavelength stub resonator method as 

described in [45], with results presented in Table 3.2. These values are later 

used in modelling the microstrip antenna elements. An Al foil without any 

base materials is applied as the bottom layer, which has a measured thickness 

of 100 µm. 

3.2 Circuit assembly methods 

3.2.1 Lamination 

A lamination process is needed when assembling the circuit structure shown 

in Figure 3.1. A spray adhesive, Biltema article #36965, is manually applied on 

the two sides of the substrate (marked in Figure 3.1). In order to avoid signif-

icant changes in the relative permittivity of the foam substrate, the glue is ap-

plied as evenly as possible. 

3.2.2 Vertical interconnection access 

Vertical interconnection accesses (VIAs) are made after the lamination pro-

cess. The soft foam material used as the substrate unfortunately prevents the 

use of standard VIA rivets because the stamping process squeezes the foam 

and changes its thickness. It was also found very difficult to fabricate reliable 

VIAs by filling drilled VIA holes with conductive silver inks because their 

curing process requires high temperature that damages the foam.    

The VIAs are therefore implemented by inserting a 0.6 mm diameter 

straight metal connector through the three layers, and the two-part conduc-

tive glue used in [39] is applied on both the circuit and ground layers to form 

electrical connections as illustrated in Figure 3.2. 

 
Figure 3.2 A cross-sectional view of a VIA. 

The VIAs connect the RF ground signal on the flexible circuit layer to the 

bottom ground layer, which provides a low-resistance RF ground connection 

with a measured resistance of 0.25 Ω.  
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4 Mounting SMD Components onto Al 

and Screen-printed and Inkjet-printed 

Ag Ink Tracks 

The use of non-conventional conductors requires novel methods to mount 

SMD components. Through the literature reviewed in Chapter 1, we have 

identified three surface mounting techniques that had not been presented 

when the included papers were submitted: 

 Mounting SMD components onto Al tracks 

 Soldering SMD components directly onto screen-printed Ag ink 

tracks 

 Soldering SMD components directly onto inkjet-printed Ag ink 

tracks 

4.1 Mounting SMD components onto Al tracks 

4.1.1 Method 

In this work, two mounting methods are used, including gluing using a two-

part conductive silver epoxy and soldering using a combination of an Al sol-

dering flux and a soldering alloy, as listed in Table 4.1. 

The specified component mounting procedures are given in Paper I, Sub-

section 2.3.  

In order to determine the qualities of the mounting methods, the following 

evaluations are carried out, with evaluation specifications also stated in Paper 

I, Subsection 2.3: 

 Mounting joint contact resistance 

 Component bonding strength 

 Optical microscopy  

4.1.2 Results 

4.1.2.1 Contact resistance 

The measured contact resistance is presented in Table 4.2. It can be summa-

rised that both methods achieved low contact resistance, where the soldering 

method provides a slightly better result.  
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Table 4.1 Surface mounting methods for Al tracks. 

Methods Material 
Manufac-

turer 

Article 

number 

Effective ingre-

dient 

Gluing 

Two-part con-

ductive silver 

epoxy glue 

(resistivity ≤ 

0.001 Ω-m) 

Chemtronics CW2460 

Conductor: Ag 

particles, 60–

90% 

Adhesive: 

Epoxy resin, 

10–25% 

Soldering 

Al soldering 

flux 
AlumSolder Alu Flux 

Ammonium 

tetrafluorobo-

rate, 10% 

Soldering al-

loy 
Multicore C400 

Sn, 63% + Pb, 

37% 

 
Table 4.2 Measured contact resistance obtained from mounted SOIC8 packaged components. 

Mounting method Contact resistance (Ω) 

Gluing 0.19 ± 0.09 

Soldering 0.11 ± 0.10 

4.1.2.2 Component bonding strength 

Table 4.3 Component bonding strength obtained from mounted imperial 0805-sized components. 

Mounting method Vertical pulling force (N) 
Horizontal shearing 

force (N) 

Gluing 5.5 ± 1.3 18.2 ± 5.4 

Soldering 10.9 ± 1.5 27.8 ± 6.3 

It can be noted from Table 4.3 that the soldering method provides a better 

bonding between the component terminals and the Al footprints compared to 

the gluing method. In addition, the gluing method requires a relatively long 

curing time (24 hours at room temperature, 23°C) compared to the soldering 

method. Thus, based on the analysis above, the soldering method is chosen 

for assembling the antenna system. 

Failure modes are observed during the bonding strength test and are com-

pared to the failure modes stated in [48]. It is observed that all of the soldering 

failures belong to Mode 5 where the lamination between the PI and the Al 

conductors is broken. This means that the soldering joints are all stronger than 



 

19 

the Al-PI lamination. However, the failures for gluing are of Mode 4 where 

the glue to the Al conductor joints are broken. 

Several reference samples are made on regular FR-4–based Cu-wired PCBs, 

with bonding strengths presented in Table 4.3. The soldered components on 

the Al conductor have a bonding strength of ~0.5 that of the bonding strength 

of the components soldered on the regular PCB boards, and the glued com-

ponents have a bonding strength of ~0.3 that of the bonding strength of the 

components soldered on the regular PCB boards.  

4.1.2.3 Optical microscopy 

            
    (a)                                                                                (b) 

Figure 4.1 Microscope pictures of (a) a soldered 0805-sized capacitor, and (b) two pins from a soldered 

SOIC14 packaged component. 

             
                                   (a)                                                                                (b) 

Figure 4.2 Microscope pictures of (a) a glued 0805-sized capacitor, and (b) two pins from a glued 

SOIC14 packaged component. 

Figure 4.1 and Figure 4.2 show examples of the soldered and glued compo-

nents inspected with an optical microscope at 20× magnification. 

4.2 Mounting SMD components onto screen-printed Ag ink 

tracks  

This subsection presents soldering SMD components directly onto screen-

printed Ag ink tracks using a Sn42/Bi57.6/Ag0.4 low-temperature soldering 

paste. Two industrial soldering techniques are evaluated: hot air soldering 

and reflow oven soldering.  
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4.2.1 Method 

 
Figure 4.3 Solder test structure patterns with scale: a) two-terminal leadless SMD components and b) 

SOIC16 gull-wing lead SMD components. 

Table 4.4 Combinations of soldering techniques, base materials, and Ag ink layers. 

Soldering technique Base material Ag ink layer 

Hot air (HA) 

CP 
1 

2 

PI 
1 

2 

Reflow oven (RO) 

CP 
1 

2 

PI 
1 

2 

The Ag particle ink introduced in Chapter 2 (Loctite EDAG 725A (Henkel)) is 

manually screen printed using a 120 mesh screen and cured in a conventional 

oven at 110°C for 20 min. Solder test patterns, as shown in Figure 4.3, are 

printed with one and two ink layers onto both the Invercote GP CP and PI. 

The soldering techniques and based material combinations are shown in Ta-

ble 4.4. 

Two types of packages are were used – two-terminal leadless SMD com-

ponents and gull-wing lead SMD components. The solder test pattern for the 

former package is shown in Figure 4.3 (a) while the latter is shown in Figure 

4.3 (b). The SMD components used are listed in Table 4.5.  

The low-temperature soldering paste is deposited manually using a stencil 

made according to the guidelines stated in [46] in order to achieve an even 

deposition for each contact point. The details of the stencils are presented in 

Paper II, Subsection 2.1. After the solder paste deposition, component place-

ment and soldering techniques are performed, which are also described in 

Paper II, Subsection 2.1. 

In order to find a suitable soldering temperature to achieve a good compo-

nent bonding strength, soldering temperature sweeps are performed based 
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on different combinations of soldering technique and base material. The tem-

perature sweeps for both soldering techniques are performed from 150°C to 

190°C with specific steps shown in Paper II, Subsection 2.1, Tables 2–4. 
Table 4.5 List of SMD components. 

Component Manufacturer  Package Test pattern 

0 Ω resistor Walsin  1206 (Imperial) Figure 4.3 (a) 

0 Ω resistor Walsin  0805 (Imperial) Figure 4.3 (a) 

10 Ω parallel re-

sistors 
Bourns  SOIC16 Figure 4.3 (b) 

The soldering quality is then evaluated by means of: 

 Contact resistance measurement 

 Component bonding test 

 Comparing the bonding test result to a PCB reference sample 

 Optical microscopy 

 Scanning electron microscopy (SEM) 

 Circuit bending test  

 An Near-field communication (NFC) humidity sensing tag as a de-

monstrator  

4.2.2 Result for PI-based material 

It was found that soldering on the Ag ink on the PI base material did not pro-

duce any stable contacts using the reflow oven or hot air soldering methods. 

The component bond strength was found to be so low that the components 

were detached by very slight bending of the substrate. The conclusion is that 

soldering is not a viable option using a combination of PI-base material to-

gether with the tested Ag ink and low-temperature solder paste.  

4.2.3 Result for CB-based material 

4.2.3.1 Contact resistance 

The contact resistance of the solder joints was measured using the two-wire 

method by an HP 2410 multimeter. The resistance was measured from the 

screen-printed Ag just outside of the solder paste to the component metal con-

tact. The detailed contact resistance measurement is explained in Paper II, 

Subsection 2.1, with results presented in Paper II, Subsection 3.1, Table 5A and 

5B. 

The contact resistance of the solder joints is consistently low across the 

samples, and is as high as 240 mΩ. By comparing Table 5A and 5B in Paper II, 

it can also be concluded that the two-layer Ag track provides a lower contact 

resistance than the one-layer Ag track. This is due to the fact that the contact 
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resistance measurement includes a small amount of Ag track and that the in-

creased Ag ink thickness reduces its resistance. 

4.2.3.2 Component bonding test 

 
Figure 4.4 Shear force for 1206 SMD packages. 

 
Figure 4.5 Shear force for 0805 SMD packages. 

 
Figure 4.6 45° pull force of SOIC16 packages. 

Component bonding strength tests are performed according to the guidance 

in [47] and the international standards in [48] and [49]. A shear force is applied 

for two-terminal leadless SMD components, such as 1206 and 0805-sized re-

sistors, while a 45° pull force is used for gull-wing lead SMD components such 

as the SOIC16 packaged resistors. A Lutron FG-6020SD dynamometer is used 

to measure the forces necessary to break the soldering joints. The specified 

dynamometer setups and configurations are thoroughly presented in Paper 

II, Subsection 2.2.1.  
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The shear force joint strength and solder joint resistance for the two-termi-

nal packages are shown in Figure 4.4 and Figure 4.5 for temperatures from 

150°C to 190°C. The result shows that for both soldering methods the 1206 

packages had a higher joint strength compared to the 0805 packages, as is ex-

pected due to the larger pad size for the 1206 packages. It should be noted that 

the hot air soldering resulted in better bonding strength with an average shear 

force in the range on 10 N for the 1206 packages and 7 N for the 0805 packages. 

In comparison, the reflow oven-soldered components had a bonding strength 

of less than 7 N and down to 3 N for the 1206 packages and even less for the 

0805 packages.  

Although the standard deviation of the bond strength is quite high, it 

seemed to be a trend that higher temperatures did not give higher bond 

strengths. Above 180°C, the bond strength started to decrease for both the hot 

air and oven-soldered samples, and the CB substrate started to become visibly 

yellow. Below 160°C there also seemed to be a decrease in bond strength. This 

led to the conclusion that a soldering temperature of 170°C can be recom-

mended. The bond strength difference between one and two layers of screen-

printed Ag is insignificant. 

The result for the SOIC16 package is shown in Figure 4.6 for hot air solder-

ing on one and two layers of Ag ink. It was also found that it was not possible 

to obtain any reliable solder joints using the reflow oven.  

Different failure modes are observed during the bonding strength test, as 

stated in the standards [48] [49]. The discussions of the failure modes are pre-

sented in Paper II, Subsection 3.1. 

4.2.3.3 Comparing the bonding test result to a PCB reference sample 

Several reference samples were made on FR4-based Cu-wired PCBs. The com-

ponents listed in Table 4.5 are soldered using the reflow solder oven and the 

same low-temperature soldering paste, together with the recommended tem-

perature stages stated in [51].  

The reference samples have a bond strength ~10 times higher than on pa-

per, see Table 4.6. The ratio of the bond strength between the package sizes 

are very similar for PCB and paper, with 0805 having ~0.65 and SOIC having 

~0.3 the bond strength of the 1206 packages. When comparing the contact re-

sistances, the samples soldered on CBs is comparable with the ones soldered 

on PCBs. 
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Table 4.6 Reference samples soldered onto copper PCB 

Component 

package 

Bonding 

strength on 

PCB (N) 

Bonding 

strength on 

CB (N) 

Contact re-

sistance on 

PCB (Ω) 

Contact re-

sistance on 

CB (Ω) 

1206 80.3 ± 7.6 10.4 ± 1.7 0.07 ± 0.03 0.06 ± 0.03 

0805 57.5 ± 9.8 6.5 ± 2.1 0.07 ± 0.05 0.07 ± 0.02 

SOIC16 27.5 ± 3.1 2.7 ± 0.8 0.04 ± 0.02 0.08 ± 0.02 

4.2.3.4 Optical microscopy                                                                      

                           (a)                                                                                                   (b) 

Figure 4.7 Microscope pictures of (a) hot air and (b) reflow oven-soldered 1206 packages at 50× 

magnification. 

The soldered samples were examined under an optical microscope at 50× 

magnification, as shown in Figure 4.7. It should be noted that for all samples 

the wetting of the solder to the Ag print surface is poor. Instead of forming a 

continuous film, the solder mostly forms discrete blobs that are unconnected. 

It can be seen that the samples soldered by hot air have more and larger con-

nections between the contact pads and Ag than the reflow oven-soldered sam-

ples. It is suspected that the poor wetting is caused by the binding material 

(10–20% C8H14O4) in the Ag ink, and it is likely that it prevents the melted 

solder from coming into direct contact with the Ag particles. 

4.2.3.5 SEM  

An SEM (MAIA3 GMU model 2016), is used to investigate the cross sectional 

interfaces between the solder joints and the Ag ink tracks. The samples from 

both soldering methods are first embedded in a transparent plastic resin in a 

vacuum environment. The embedded samples are polished until the cross sec-

tions of the solder joints are revealed. Then the cross sections are observed 

under both secondary electron (SE) and backscatter electron (BSE) detectors.  

It can be concluded that the space between the component and Ag track is 

mostly filled by continuous solder. The hot air soldered components are po-

sitioned more parallel and closer to the Ag ink tracks than the reflow oven-
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soldered components. This could be the reason that the hot air-soldered com-

ponents had a higher bonding strength than the reflow oven-soldered com-

ponents. 

  
                                          (a)                                                                               (b) 

Figure 4.8 SEM micrographs showing (a) Cross sectional overview of a hot air-soldered 1206 resis-

tor, metal contact, solder joint, and CB substrate, where the SE mode is used. (b) Cross sectional over-

view of a reflow oven soldered 1206 resistor, metal contact, solder joint and CB substrate, where the 

SE mode is used. 

Figure 4.9 shows a magnified solder joint observed under the backscatter 

mode, where the component connect pad, solder, Ag ink track, and paper sub-

strate are visible. It can be seen that partial solder directly contacts the Ag 

particles, which is responsible for the low contact resistance. It is also clear 

that because a certain amount of binding material exists between the Ag par-

ticles and the solder, the solder does not come in to contact with all the Ag 

particles, leading to a decrease in the electrical connections and bonding 

strength. Such a joint can be observed from both soldering methods. 

4.2.3.6 Circuit bending test 

Bending tests are performed to determine the flexibility of the assembled cir-

cuit boards by taping assembled circuits onto cylinders of different diameters. 

The experimental details and setups of the bending tests are introduced in 

Paper II, Subsection 2.2.3.  

For the hot air soldering, the assembled circuits could withstand a bending 

diameter down to 4.0 cm. The soldered joints between the component termi-

nals and footprints started to break at a 3.0 cm diameter. For the reflow oven 

soldering, the circuit could withstand 27.0 cm bending, and soldering joints 

start to break at 26.0 cm. This verifies the results of both the bonding strength 
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test and the SEM microscopies, which show that the bond strength for reflow 

oven soldering is not as good as that for hot air soldering.  

 
Figure 4.9 SEM micrographs showing a magnified cross sectional view of a solder joint from the 

hot air reflow oven method obtained using the BSE mode. 

As long as the soldering joints are not damaged, the measured contact re-

sistances during bending show no obvious difference to those before bending. 

The screen-printed ink track could withstand bending down to 1.0 cm without 

any visible damage or obvious decrease in conductance. 

4.2.3.7 NFC humidity sensing tag as a demonstrator 

As a demonstration, an NFC tag with relative humidity (RH) sensing func-

tionality was fabricated, as shown in Figure 4.10 (a), by using the previously 

described paper substrate, ink conductor, and hot air soldering technique. The 

NFC tag circuit details and configurations are shown in Paper II, Subsection 

3.6. Figure 4.10 (b) shows a cell phone screen shot of a measured RH value 

(20%). 

    
                                     (a)                                                                                   (b) 

Figure 4.10 (a) An assembled NFC tag circuit board with an RH-sensing functionality. (b) A Sony 

Xperia cell phone screen shot of the measured RH value. 
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4.3 Mounting SMD components onto inkjet-printed Ag ink 

tracks  
Soldering SMD components directly onto inkjet-printed Ag ink tracks is re-

ported in Paper IV. The soldering paste that used is an Edsyn CR11 Sn42/Bi58 

low-temperature soldering paste. The paste was mechanically deposited by a 

partner company to ensure even depositions. The nanoparticle Ag ink, Ad-

vanced Nano Products (Korea) DGP-40LT-15C, is printed onto Canon PT-101 

photo paper using a Dimatix 2831 inkjet printer (Fujifilm USA). The printing, 

sintering, and curing processes are described in Paper IV, Section II. The SMD 

components used are 0 Ω resistors with two-terminal leadless packages from 

1206 to 0201. The soldering process are carried out in a Rehm VX Nitro 3150 

reflow soldering oven. Three samples are made with different temperature 

profiles and with details shown in Paper IV, Section II. 

The following characterisations are performed in order to determine the 

printing and soldering quality: 

 Contact resistance measurement 

 Circuit bending test 

 NFC tags as demonstrators 

The results of this soldering technique are presented in Paper IV, Section 

III.  

Compared to the techniques introduced in Subchapter 3.1 and 3.2, the con-

tact resistance is significantly higher and unstable, i.e. ranging from 1.4 Ω to 

25.3 Ω. In addition, several samples did not form solid electrical connections.  

The bending test shows that there are no breaks occurring at the soldering 

joints. However, the coating of the photo paper show obvious cracks perpen-

dicular to the bending direction. Because the inkjet-printed Ag ink tracks are 

very thin, ~ 1 µm, they almost immediately crack together with the paper coat-

ing. A discussion regarding two possible reasons for the cracks is given in 

Paper IV, Section IV. 

Two NFC tags are assembled using the same soldering technique, and 

these are presented in Paper IV, Section III. The components used for the two 

NFC tags covered two-terminal leadless components, SOIC, thin quad flat 

package (TQFP), and quad flat no-lead (QFN). Although cracks occur around 

the SOIC and TQFP components, the two tags are able to communicate with 

NFC-equipped cell phones. 
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4.4 Discussion of the surface mounting techniques 

4.4.1 Contact resistance 

It can be concluded that the mounting methods performed on Al conductors 

and screen-printed Ag tracks achieved low contact resistance, i.e. from 110 

mΩ to 240 mΩ. The measured contact resistances were all stable and compa-

rable to the contact resistances obtained from the reference sample made on 

conventional PCB. 

On the other hand, soldering components onto inkjet-printed Ag tracks 

showed a much higher contact resistance compared to the two techniques be-

fore, i.e. a difference between ohms level and milli-ohms level. In addition, 

the measured contact resistance varied significantly, from 3.3 Ω to 25.3 Ω, 

where some of the packages did not even achieve any electrical connections 

on the component pads. 

A high contact resistance means that there are both DC and RF signal 

losses when a current is going through the mounting joint. For a DC signal, 

this loss is shown in a form of Joule heat (P = I2R). When conducting high 

currents, it may cause excessive temperatures at the mounting joint that leads 

to damaging the base materials. For RF signals, this loss can directly increase 

the insertion loss of an RFIC, which has a negative influence on the power 

radiated by the antennas. It can be explain by (2.7), where an increased contact 

resistance results in a higher multiplexer insertion loss, which in turn reduces 

the input power of the antenna elements. 

In addition, considering the contact resistance varies significantly, it is dif-

ficult to accurately estimate the losses.  

Therefore, soldering techniques performed on inkjet-printed Ag conduc-

tors are not recommended for in fabricating RFID reader antenna systems.  

4.4.2 Mechanical strength 

The components soldered on Al conductors had the best mechanical strength 

among all of the surface mounting techniques. The mechanical strength was 

only ~0.5 times the mechanical strength compared to the PCB samples, which 

was due to the lamination between the Al foil and the base materials.  

The components soldered on screen-printed Ag tracks had the mechanical 

strength ~ 0.1 times on the PCB samples. Also, the hot air method provided 

better mechanical strength over the reflow oven method. However, poor wet-

ting of the solder paste was observed, which might lead to difficulties when 

soldering components with ball grid array packages. 
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Although no bonding tests were performed on components soldered on 

inkjet-printed Ag tracks, the inkjet Ag tracks were vulnerable to cracks during 

bending.  

Based on the results presented in this chapter, it is fair to conclude that the 

environmental durability of the circuits made from non-conventional materi-

als is lower compared to conventional PCB materials.  

4.4.3 Effect of base material 

It can be summarised from Chapter 3 that the base materials mainly determine 

the maximum temperature of the component mounting techniques.  

Because PI has a larger range of temperature endurance, flexible circuit 

layers based on PI material allow for more surface mounting techniques. Us-

ing PI is an advantage when soldering SMD components onto Al conductors 

where the Al soldering flux requires a temperature of at least 220°C to be ac-

tivated. On the other hand, paper-based flexible circuit layers can only use 

low-temperature mounting techniques with low-temperature soldering 

pastes and conductive epoxies.   

Other than the component mounting techniques, using paper as a base ma-

terial has the benefits of being environmentally friendly, recyclable, renewa-

ble, and inexpensive. Using paper is advantageous in terms of environmental 

emissions at all the stages of its life cycle. 
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5 A Large-Area UHF RFID Reader An-

tenna System 

This chapter presents the design, implementation, and characterisation of a 

large-area UHF RFID reader antenna system, which is designed to evaluate 

the chosen materialistic approach on a system level. The system is designed 

as a three-tier SP4T switching network using the multiplexing topology pre-

sented in the previous chapter and microstrip antennas as loads.  

5.1 Antenna system configuration 

5.1.1 Materials 

The materials used for the UHF reader antenna system can be seen in Figure 

5.1. The materials were previously characterised with results presented in 

Chapter 2.  

 
Figure 5.1 A three-dimensional sketch of a sub-system with four microstrip antenna elements and 

one multiplexer.  

5.1.2 Circuit design and configuration 

5.1.2.1 Antenna system configuration  

As shown in Figure 5.2, the use of an SP4T switching network meant that the 

antenna system only required one RF input port. An Alien 9900+ UHF RFID 

reader is used to feed 15–27 dBm adjustable power into the antenna system. 

The I2C-addressed SP4T multiplexers are connected to an exterior Arduino 

Mega 2560 board through a 4-line bus that comprises a 5 V DC power supply, 

a ground, and an I2C bus. The Arduino Mega 2560 board acts as both the DC 

power source and I2C master. Both the Arduino and the Alien RFID reader 

are connected to a personal computer (PC) through an RS-232 serial cable. 

The RF input signal is directed into every microstrip antenna element suc-

cessively and periodically by controlling the multiplexers using the flow chart 

presented in Paper I, Section 3. When the RF input signal is directed to one 
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antenna element, the other antenna elements are connected to ground though 

50 Ω resistors that are located internally in the multiplexers. 

 
Figure 5.2 Overall configuration of the large-area UHF reader antenna system.  

 
 Figure 5.3 A fabricated UHF reader antenna system.  

5.1.2.2 Antenna element and transmission line 

The antenna elements used are inset-fed linearly-polarised microstrip anten-

nas. For simplicity of antenna element feeding, the transmission lines are 50 

Ω microstrip lines. The parameters of the antenna elements and the microstrip 

lines are calculated using the formulas stated in [19,52,53] and modelled in 

Ansys HFSS. The antenna elements and microstrip lines are arranged as the 

subcircuit shown in Figure 5.4, with parameters presented in Table 5.1. 

The construction process of the antenna system follows a “smart subcircuit” 

method, which is introduced in Paper I, Subsection 3.2. 

The following measurements are performed on an Agilent E5070B net-

work analyser and compared to the results obtained from HFSS: 
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 Antenna element input return loss 

 Adjacent antenna element coupling 

 Microstrip line return loss (1.0 m long) 

 Microstrip line insertion loss (1.0 m long) 

 Adjacent microstrip lines crosstalk (both 1.0 m long) 

 These measurements werecarried out in strict accordance with the guide-

lines provided in [54]. 

 
Figure 5.4 The designed subcircuit has four basic modules: 1. Four microstrip antenna elements, 2. 

Two multiplexers, 3. Microstrip lines, and 4. 4-line bus.  

Table 5.1 Subcircuit design parameters. 

Name Value (mm) 

Subcircuit width Wsub 600.0 

Subcircuit length Lsub 600.0 

Antenna width Want 177.7 

Antenna length Lant 170.7 

Inset feed width Wf  29.0 

Transmission line width Wt 14.3 

Slot width Ws 36.3 

Slot length Ls 13.2 

5.1.2.3 The SP4T multiplexer 

The multiplexer is used to help direct the RFID interrogation signals to and 

from different antenna elements, whose central part is an SP4T RF switch, 

HMC182S14 from Analog Device. The RF switch is non-reflective, meaning 
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that unused channels are connected to ground with a 50 Ω load. A floating 

ground technique, shown in Figure 5.5, is implemented in order to operate 

the RF switch in positive TTL logics instead of its original negative TTL logics. 

An ATMEL ATtiny 25 MCU is programmed with a unique I2C address and 

integrated with the RF switch to make the multiplexer unit controllable 

through the 4-line bus. The values of the passive components used in the mul-

tiplexer are specified in Table 5.1. The circuit shown in Figure 5.5 is simulated 

in Ansys Circuit Designer using the S-parameter files of the RF switch pro-

vided on the Analog Device website. The following parameters are measured 

and compared to the results obtained from the simulation: 

 Return loss (all four channels) 

 Insertion loss (all four channels) 

 Between-channel isolation (six combinations) 

 
Figure 5.5 Multiplexer circuit diagram.  

5.1.2.4 Lumped module analysis of the reader antenna system 

The RF signal path for the constructed antenna system can be expressed as 

lumped modules as shown in Figure 5.6, which can be treated as two major 

sections. The first section is the total RF signal attenuation in the SP4T switch-

ing network αnet, and the second section is the microstrip antenna element ef-

ficiency ƐMSA.  
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Figure 5.6 RF signal path for the fabricated antenna system using lumped modules.  

 

Table 5.1 Multiplexer component values. 

Name Value 
Component pack-

age (Imperial) 
Description 

C1–C5 330 pF 0805 DC block capacitors 

C6, C7 10 nF 0805 C6-9 is a combination of 

capacitors used to pro-

vide an RF return current 

path from the floating 

ground to RF ground. 

C8, C9 100 pF 0805 

C10–C12 10 µF 0805 RF bypass capacitors. 

L1 270 nH 0805 RF block inductor. 
 

The first section can be calculated by: 

𝛼net = 𝐿TX ∙ 𝛼TX + 𝑁MUX ∙ 𝛼MUX   (5.1) 

where LTX (m) is the total microstrip line length, αTX (dB/m) is the microstrip 

transmission line insertion loss, NMUX is the number of multiplexer tier levels, 

and αMUX (dB/multiplexer) is the multiplexer insertion loss. In this setup, the 

total transmission line length LTX is 1.2 m and the number of multiplexer tier 

levels NMUX is 3. αTX and αMUX are obtained later from the measurement results. 

The second section can be calculated by:  

휀MSA = 𝛼MSA + 𝜂MSA   (5.2) 

where αMSA (dB) and ηMSA (dB) are the impedance mismatch loss and radi-

ation efficiency, respectively, of the microstrip antenna element. 

5.2 Methods of characterisation 
In order to evaluate the far-field RF performance of the constructed antenna 

system, the setup shown in Figure 5.3 is placed in an open space where elec-

tromagnetic wave reflections caused by metallic structures are minimised.  
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5.2.1 RF power attenuation 

 
                               (a)                                                                                     (b) 

Figure 5.7 (a) Attenuation measurement when the RF signal goes through the SP4T switching net-

work. (b) Attenuation measurement when the RF signal goes directly into one antenna element with-

out the SP4T switching network.  

The measurement setups are shown in Figure 5.7. A dipole antenna, Com-

pleTech CA860O, which has a 2 dBi gain and a -15 dB return loss over the EU 

UHF RFID band, is used as a reference antenna. In order to ensure a maximum 

power reception, it is placed at the microstrip antenna elements peak gain di-

rection, i.e. perpendicularly above the antenna element center, and parallel to 

the antenna element polarization, i.e. the x-axis direction in Figure 5.7. The 

measurement has three purposes: 

 Verify the calculated SP4T switching network αnet from the previ-

ous subchapter. 

 Predict how much power a passive RFID tag can receive at differ-

ent ranges. 

 Theoretically calculate the radiation efficiency of the microstrip 

antenna ηMSA. 

With the aid of the Friis transmission formula, the measurement principles 

can be explained from equation (5.3) to (5.5): 

𝛼1 = 𝑃r1,dipole − 𝑃in1

= 𝛼net + 𝛼MSA + 𝜂MSA + 𝐷MSA + 𝐺dipole + 20𝑙𝑔(
𝜆

4𝜋𝑅
) 

(5.3) 

𝛼2 = 𝑃r2,dipole − 𝑃in2 = 𝛼MSA + 𝜂MSA + 𝐷MSA + 𝐺dipole + 20𝑙𝑔(
𝜆

4𝜋𝑅
) (5.4) 

𝛼net
measured =  𝛼1 − 𝛼2 (5.5) 

where α1 and α2 are the attenuations obtained from the measurements as 

shown in Figure 5.7 (a) and (b), respectively; αMSA, ηMSA, and DMSA are the im-

pedance mismatch loss, radiation efficiency, and directivity of the microstrip 
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antenna element, respectively; and the sum of ηMSA and DMSA denotes the an-

tenna element gain GMSA. Gdipole is the gain of the receiving dipole antenna, and 

λ is the wavelength.  

The measured attenuation in the SP4T network 𝛼net
measured  in (5.5) is ob-

tained by subtracting the result obtained from (5.4) from the result obtained 

from (5.3). Attenuations α1 and α2 are measured at various vertical ranges R, 

from 1.0 m to 5.0 m. After the subtraction, a comparison is made between the 

measured attenuations (5.5) and the calculated attenuations (5.1). 

The microstrip antenna element impedance mismatch loss αMSA is obtained 

directly from the input return loss (S11) on Port 1 in Figure 5.7 (b). The antenna 

radiation efficiency ηMSA can be calculated from (5.4) when αMSA, αnet, and DMSA 

are known. αMSA and αnet are obtained directly from previous measurements, 

while the directivity of the microstrip antenna DMSA is obtained from HFSS 

simulations. 

5.2.2 RFID tag read range and interrogation zone 

For these measurements, RFID tags are placed in the antenna element peak 

gain direction and are arranged to have the same orientation as the polarisa-

tion of the microstrip antenna elements, i.e. the x-axis direction in Figure 5.8. 

Commercial passive RFID tags, Alien ALN-9640, are used for the measure-

ments. The tag antennas had a 2.0 dBi gain, and the tag IC has a sensitivity of 

−20.0 dBm, i.e. the same parameter with the reference dipole antenna is the 

RF power attenuation measurement. 

The read ranges are evaluated for input power Pin = 15.0, 21.0, and 27.0 

dBm, where 15.0 dBm is the minimum available power from the RFID reader 

and 27 dBm is the maximum rated input power of the RF switch. The meas-

urements are made on four microstrip antenna elements that are connected to 

one 3rd tier multiplexer. After that, the average read ranges and corresponding 

standard deviations are calculated. 

The interrogation zones are measured on the planes parallel to the antenna 

system with vertical ranges from 0.1 m to 5.0 m. The principle of this meas-

urement is explained in Paper I, Subsection 3.3.2, and illustrated in Figure 5.8.  
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Figure 5.8 Interrogation zone measurement 3D illustration that shows the relative positions be-

tween the measurement points and the microstrip antenna element.  

5.3 Results 

5.3.1 Antenna element and transmission line 

 
(a) 

 

(b) 

Figure 5.9 Measured and simulated (a) return loss and (b) insertion loss of a 1.0 m long microstrip 

line. 

The microstrip antenna element has a simulated return loss −27.2 dB at 867 

MHz. Compared to the simulation, the antenna element has a measured −20.0 

dB return loss, which corresponds to an antenna impedance mismatch loss 

αMSA = −0.04 dB. This means that the microstrip antenna element is well 

matched to 50 Ω. 
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Figure 5.10 Measured and simulated adjacent microstrip line crosstalk. 

 
Figure 5.11 Measured and simulated mutual coupling between adjacent microstrip antenna ele-

ments. 

Figure 5.9 shows simulated and measured return loss and insertion loss 

for a 1.0 m long microstrip line. It can be seen that the simulated and measured 

return loss have different characteristic impedances, which might be due to 

the fact that the effective permittivity of the substrate is changed when apply-

ing the spray glue during the lamination process. The glue layers are however 

not modelled in the simulation. At 867 MHz, the designed microstrip line has 

a measured loss αTX of -0.64 dB/m.  

Figure 5.10 shows the measured and simulated microstrip line crosstalk. It 

can be seen that the measured values mostly agree with the simulated value. 

The crosstalk between the adjacent microstrip lines is very low, e.g. maximum 

-30 dB.  

Figure 5.11 shows the measured and simulated mutual couplings of the 

microstrip antenna elements. With the example provided in [40], two types of 

mutual couplings are investigated: the mutual coupling between adjacent an-

tenna elements located in the x-directions (the E-plane) and the mutual cou-

pling between adjacent antenna elements located in the y-directions (the H-

plane). The x- and y-axes are shown in Figure 5.8. 

Figure 5.11 shows that the E-plane mutual coupling is stronger than that 

of the H-plane. This is due to a stronger fringing field generated from the two 

edges vertical to the x-direction. In general, it can be seen that the antenna 
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mutual coupling is low, e.g. less than −25 dB. In addition, the antenna ele-

ments that are not operating are grounded by 50 Ω loads inside of the RF 

switch, which ensured that only one antenna at a time is reading RFID tags.  

5.3.2 SP4T multiplexer 

Table 5.2 Measured and simulated multiplexer parameters (@ 867 MHz). 

Parameter Simulated (dB) Measured (dB) 

Return loss −24.9 ± 1.1 −27.4 ± 7.2 

Insertion loss −0.61 ± 0.04 −0.82 ± 0.07 

Between-channel isolation −46.0 ± 3.9 −30.8 ± 8.5 

The simulated and measured multiplexer’s return loss, insertion loss, and be-

tween-channel isolation are shown in Table 5.2. The average RF power loss 

αMUX is −0.82 dB for an 867 MHz interrogation signal. The measured multi-

plexer insertion loss αMUX comprised the RF switch insertion loss (−0.5 dB) and 

the impedance mismatch where the microstrip lines narrowed to adapt the 

0805-sized DC block capacitors and the narrow pin pitch of the subsequent 

RF switch package (1.27 mm). This transition also causes the difference be-

tween the simulated and measured values. 

In addition, the designed multiplexer shows low reflections at every chan-

nel, and the isolations between multiplexer channels were all low (less than 

−20 dB (< 1 %)) at 867 MHz. However, the measured values were higher com-

pared to the isolations stated in [55] (lowest −42 dB at 867 MHz). The reason 

for this is that there is a coupling between the microstrip lines where they are 

narrowed to adapt to the RF switch.   

5.3.3 RF power attenuation 

Table 5.3 The measured RF signal attenuation at different heights R from the microstrip antenna 

when the signal passed a 3-tier SP4T switching network (α1) and for a signal fed directly to the mi-

crostrip antenna (α2). 

R (m) α1 (dB) α2 (dB) 

1.0 −21.9 −19.5 

2.0 −28.9 −25.3 

3.0 −32.1 −28.8 

4.0 −34.7 −30.9 

5.0 −35.9 −32.8 

Table 5.3 summarises the measured attenuations, where α1 is the attenuation 

with the 3-tier SP4T switching network and α2 is the attenuation without that 

network, as described and illustrated in (5.3) and (5.4), respectively. 

According to (5.5), the measured attenuation of the SP4T network 

𝛼𝑛𝑒𝑡
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  is obtained by subtracting α2 from α1 in Table 5.3, which is in strong 

agreement with the corresponding calculated values (5.1) in Figure 5.12. 
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Figure 5.12 Attenuation in the SP4T switching network, obtained from power levels measured at 

different heights from an antenna element and compared to corresponding calculated values.  

Table 5.4 Measured vertical RFID tag read range. 

Pin  (dBm) Read range (m) 

15.0 2.3 ± 0.1 

21.0 3.2 ± 0.4 

27.0 4.3 ± 1.0 

5.3.4 RFID tag read range and interrogation zone 

The maximum vertical RFID tag read ranges under different input power Pin 

are presented in Table 5.4. It can be seen that the tag’s maximum vertical read 

ranges do not fit the attenuation measurement results. For example, because 

the tag has a sensitivity of −20 dBm and the total attenuation for the 5.0 m 

range is −35.6 dB, the antenna system with input power Pin = 27 dBm should 

have had a read range longer than 5.0 m while the average measured read 

range is 4.3 m. This phenomenon might be due to the principle that, in a pas-

sive UHF RFID system, readers receive data from tags through the backscat-

tered power. The backscattered power from a properly powered RFID tag 

might be lower than the sensitivity of a reader. In addition, imperfect conju-

gate impedance matching between the tag antenna and tag chip IC could also 

cause drops in the power delivered to the tag chip. Also, the polarisation loss 

between the microstrip antenna element and RFID tags can cause even less 

power being delivered to the tag chip.      

Figure 5.13 shows the measured interrogation zones for tags placed at ver-

tical ranges from 0.1 m to 4.0 m with different input powers. For an input 

power of Pin = 15.0 dBm, the antenna system was not able to read tags placed 

3.0 m above the antenna system, which is why Figure 5.13 (a) only shows in-

terrogation zones from vertical range 0.1 m to 2.0 m. For the same reason, Fig-

ure 5.13 (b) only shows interrogation zones from 0.1 m to 4.0 m for an input 

power of Pin = 27.0 dBm. Figure 5.13 (a) and (b) together show that, regardless 
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of the input power, no RFID interrogation dead zones existed above the an-

tenna system surface up to 2.0 m. This is because the distance between adja-

cent antenna element centres is 0.3 m, which is less than the minimum inter-

rogation zone radius of around 0.4 m at a vertical range of 0.1 m and Pin = 15.0 

dBm. 

 
(a) 

 
(b) 

Figure 5.13 Measured microstrip antenna element interrogation zones at vertical ranges R = 0.1, 

1.0, 2.0, 3.0, and 4.0 m with input power (a) Pin = 15.0 dBm and (b) Pin = 27.0 dBm.  

5.4 Antenna system duplication 
The previously evaluated system is constructed with three tier levels, where 

the first-tier multiplexer used only one output port, the second-tier used two 

output ports, and the two multiplexers at the third-tier level are fully utilised 

with four antennas for both multiplexers, creating a system with a total of 

eight antenna elements. If the system is to be fully duplicated so that all ports 

at all tier levels are utilised, the antenna system would have 43 = 64 antenna 

elements and cover an area of 4(3-1)·0.36 = 5.8 m2, i.e. 2.4 m × 2.4 m. Due to the 

symmetrical geometry, the vertical read range and interrogation zones are not 

affected by this expansion. 
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6 An HF RFID Reader Antenna System 

In this chapter, a screen-printed HF RFID reader antenna system, operating at 

13.56 MHz, is presented. The antenna system comprises four loop antenna 

elements, matched to 50 Ω, and one I2C-addressed SP4T multiplexer circuitry 

controlled through an exterior embedded system. Because it is working in the 

HF band that is based on inductive coupling, the substrate layer and ground 

plane in Figure 5.1 are not needed. 

 
Figure 6.1 A 3D sketch of the material arrangement of the HF reader antenna system.  

6.1 Materials and printing process 

The antenna system uses the previously described Loctite EDAG 725A (Hen-

kel) Ag particle ink as the conductor and HP Q8698A photo paper as the sub-

strate. The photo paper has a thickness of 260 µm and grammage of 250 g/m2. 

6.1.1 Printing process 

The circuit patterns are screen printed manually onto the paper substrate us-

ing a 120-34 meshed screen (120 threads per cm, 34 µm thick) with an extra 20 

µm thick patterned capillary film placed beneath the screen. The printing and 

curing processes are described in Paper III, Subsection II.A. The printing pro-

cess results in an Ag track thickness of 42 ± 2 µm over the antenna element 

area. The cured tracks had a measured sheet resistance of 15 mΩ/□. At this 

sheet resistance, the Ag ink track skin depth is calculated to be 83.7 µm for 

13.56 MHz. Compared to the printed Ag ink track thickness, the skin effect 

could be neglected. 

6.1.2 Surface mounting techniques 

Two methods are used to mount the SMD components onto the cured Ag ink 

tracks. The first method is the hot air soldering technique presented in Paper 

II. The second method used a conductive silver epoxy glue, as described in 

Subchapter 3.1.1.  
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Depending on the component package, one or both methods are used, the 

details of which are presented in Paper III, Subsection II.B.  

6.2 Antenna system configuration  

6.2.1 Overall antenna system configuration 

The overall configuration of the antenna system is shown in Figure 6.2 (a), and 

Figure 6.2 (b) and Table 6.1 present the antenna system geometry information. 

A fabricated HF RFID reader antenna system is shown in Figure 6.2 (c). 

Table 6.1 Antenna system geometry. 

Parameter Value (mm) 

Distance between adjacent antenna element centres, d1 78.0 

Distance between adjacent antenna elements outermost 

loops, d2  
28.4 

Antenna element Ag ink track width, W1 2.5 

Antenna element innermost loop side length, 𝑙loop
inner 27.5 

Distance between loops, dloop 3.8 

6.2.2 Loop antenna element impedance matching 

The printed HF antenna elements are square-shaped 4-turn loop antennas 

with a measured inductance Lant = 1.01 µH and a DC resistance Rant = 3.8 Ω. The 

inductance are measured with the Agilent E5070B network analyser at 13.56 

MHz. The antenna elements are matched to 50 Ω using an unbalanced capac-

itive matching technique described in [56]. The detailed schematic of the im-

pedance matching network as well as component values are presented in Fig-

ure 6.3. 

A sweep of the damping resistor R1 was performed, which suggests that 

the maximum antenna element Q-factor is achieved when R1 is greater than 

20 kΩ. This sweep was explained in Paper III, Subsection III.A. R1 is realised 

by connecting two 44 kΩ resistors with a 30 dBm (1 W) power rating in paral-

lel, resulting in a total power handing capability of 33 dBm (2 W).  

The input impedance (Zin) of the antenna element together with the im-

pedance matching network can be calculated by: 

𝑍in =
1

𝑗2𝜋𝑓r𝐶2

+  
1

𝑗2𝜋𝑓r𝐶1 +
1

𝑅1
+

1
𝑗2𝜋𝑓r𝐿ant + 𝑅ant

 
  (6.1) 

where fr denotes the resonant frequency 13.56 MHz. 
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(a) 

 
(b) 

 
(c) 

Figure 6.2 (a) Overall antenna system configuration. (b) Antenna system geometry and layout, 

with values presented in Table 6.1. (c) A fabricated RFID reader antenna system.  
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Figure 6.3 Loop antenna element equivalent circuit and impedance matching network.  

The following measurements are performed on the loop antenna element: 

 Input return loss 

 Relative H-field intensity (with a Langer EMV-Technik LF-R 400 

H-field probe) 

 Adjacent loop antenna elements coulpling  

The measurement setups and principle are thoroughly explained in Paper 

III, Subsection III-A.  

6.2.3 An SP4T multiplexer for the HF reader 

Figure 6.4 shows the schematic of the SP4T multiplexer. The central compo-

nent of the multiplexer is a dual 4:1 bi-directional analog switch, MAX14778 

from Maxim Integrated [57]. The specified circuit connections are introduced 

in Paper III, Subsection III. B. The multiplexer output channels, A0 to A3, are 

correspondingly connected to the loop antenna elements, ANT1 to ANT4, as 

shown in Figure 6.2 (a). 

The multiplexer characteriations are were carried out by measuring: 

 Input return loss (all four channels) 

 Insertion loss (all four channels) 

 Between-channel isolations (six combinations)  

 

 
Figure 6.4 SP4T multiplexer schematic.  
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6.3 Methods of characterisation 

6.3.1 RFID tag read ranges and interrogation zones 

Commercial passive HF RFID tags with a diameter of 21.9 mm (RF-HDT-

DVBE-N2 from Texas Instruments) are chosen for both measurements,. The 

RFID tag read range is first measured with several RF input power levels, Pin 

= 15, 21, 27, and 33 dBm. In this measurement, the tags are placed above the 

centre of the antenna element and parallel to the x-y plane in Figure 6.2 (c). 

The interrogation zones for the highest and lowest input power levels (Pin 

= 15 and 33 dBm) are also measured. The interrogation zones are measured at 

several heights with the zone measurement setup presented and explained in 

Paper III, Subsection III-C. 

6.4 Results 

6.4.1 Loop antenna element measurement 

Table 6.2 presents the measured loop antenna element parameters, and dis-

cussions regarding the loop antenna element are given in Paper III, Subchap-

ter IV-A. It can be concluded that the antenna element is well matched to 50 

Ω at 13.56 MHz with a reasonable Q factor. 

The mutual coupling measurement show that the coupling between the 

antenna elements’ x- and y-directions are −22.1 dB and −22.5 dB, respectively. 

This means that the antenna elements generate symmetrical H-fields and that 

the coupling coefficient was low. 

𝑄 =  
𝑓r

3 𝑑𝐵 bandwidth
=

𝑊stored

𝑊dispatched

 
  (6.2) 

where fr = 13.56 MHz and Wstored and Wdispatched are the stored reactive energy 

and dispatched energy, respectively.  
Table 6.2 Measured loop antenna element parameters for an antenna element with inductance 

Lant = 1.01 µH and DC resistance Rant = 3.8 Ω. The H-field probe is placed at a height of 3.0 cm, parallel 

to the antenna element centre. 

Parameter Value 

Resonant frequency 13.563 MHz 

Return loss –57 dB 

Reflection coefficient <0.001 

Bandwidth 2.26 MHz 

Q-factor1 6.0  
1 Calculated from (6.2). 
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6.4.2 SP4T multiplexer  

The measured multiplexer input return loss, insertion loss, and between-

channel isolations are presented in Table 6.3. In general, the designed SP4T 

multiplexer has low reflections, low insertion losses, high isolations, and sta-

ble behaviours for all channels. The discussion of the results are presented in 

Paper III, Subsection III-B.    

Table 6.3 SP4T multiplexer measurements at 13.56 MHz. 

Parameter Value (dB) 

Return loss −18.0 ± 0.2 

Insertion loss −0.33 ± 0.01 

Between-channel isolation            −31.3 ± 0.4 

6.4.3 Antenna system read ranges and interrogation zones 

The measured RFID tag read ranges are presented in Table 6.4. The antenna 

elements have read ranges from 6.0 cm to 11.1 cm for the chosen system input 

power levels. When the input power increases by 6 dB (4 times), the input 

current increases by a ratio of 3 dB (2 times) because of the following equation: 

𝑃in = 𝑖in
2 ∙ 𝑍in   (6.3) 

where iin is the input current and Zin is the input impedance obtained from 

(6.1).  

According to [61], the z-component of the H-field from the loop antenna 

element can be estimated by:  

𝐻𝑧 =
𝑖ant

𝜋
∑

2𝑙loop
2(𝑁)

[𝑙loop
2(𝑁) + 𝐷2]√2𝑙loop

2(𝑁) + 𝐷2

4

𝑁=1

 
  (6.4) 

where iant is the current in the antenna element, as shown in Figure 6.3, D 

represents the vertical distance to the antenna element centre, and lloop(N) is 

the loop side length that is calculated from the turn number, N: 

𝑙loop(𝑁) = 𝑙loop
inner + (𝑁 − 1)𝑑loop   (6.5) 

Table 6.4 RFID tag read ranges with different input power. 

Input power (dBm) Read range (cm) 

15 6.0 

21 8.4 

27 10.1 

33 11.1 

Together with (6.4), the increased input current means that the same 

amount of H-field intensity can be obtained at a range around 1.26 times 

higher. This theoretically results in a read range that is also 1.26 times higher. 
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When examining the results presented in Table 6.4, the average ratio between 

the adjacent read ranges, with an input power ratio of 6 dB, is 1.23, which is 

close to the theoretically calculated ratio of 1.26. 

Figure 6.5 shows the measured interrogation zones with an input power 

of 15 dBm and 33 dBm, respectively. For an input power of 15 dBm, shown in 

Figure 6.5 (a), a reasonable interrogation zone is achieved at height D = 0 cm, 

i.e. when the tags are placed directly on the antenna system surface. The in-

terrogation zone covers the spaces between the antenna elements in the x- and 

y-directions and the middle point to the antenna element in the diagonal di-

rection. Together with the other three antenna elements, this ensured that the 

antenna system has no RFID interrogation dead zones at this input power and 

height. However, dead zones can occur at other heights, i.e.  D = 2.0 cm, 4.0 

cm, and 6.0 cm, where the corresponding interrogation zones are so confined 

that the spaces between antenna elements cannot be covered. Similarly, for 

input power 33 dBm, the antenna system has no dead zones up to a height D 

= 6.0 cm. For the space above 6.0 cm, dead zones are likely to occur due to the 

confined antenna element interrogation zones. 

6.5 Effect of loop antenna DC resistance 
Antenna elements with identical geometries but different DC resistances are 

fabricated and matched to 13.56 MHz, with procedures and specifications pre-

sented in Paper III, Subsection III-D. Comparisons are made in terms of reflec-

tion coefficients, Q-factors, bandwidths, and relative H-field intensities, with 

results shown in Table 6.5. 

All of the loop antenna elements are well matched to 50 Ω at 13.56 MHz 

with low reflection coefficients. The measured bandwidth increases, from 0.30 

MHz to 9.02 MHz together with the DC resistance of the antenna element. 

This subsequently leads to a significant decrease of the Q-factor from 44.7 to 

1.5. Because the Q-factor determines how much reactive energy is stored in 

the antenna elements, the decreasing Q-factor results in the magnetic flux 

picked up by the H-field probe decreasing at the same rate as the Q-factor. 

This phenomenon can be explained from (6.1) and (6.4) where an increasing 

DC resistance brings a decreasing antenna current iant, which in turn decreases 

the H-field generated from the loop antenna elements.  
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(a) 

 

(b) 

Figure 6.5 Measured antenna element interrogation zones with input power (a) 15 dBm and 

(b) 33 dBm. 

Compared to the Cu-made antenna element, the screen-printed antenna 

elements have a much lower performance in terms of relative H-field intensi-

ties and Q-factors. For instance, the antenna element used in the antenna sys-

tem, i.e. Rant = 3.8 Ω, generate only 12.5% (−9.0 dB) of the H-field intensity gen-

erated from the Cu-made antenna. The antenna with a DC resistance of 25.4 

Ω generates only 23.9% (−6.2 dB) of the H-field intensity compared to the an-

tenna with a DC resistance of 3.8 Ω. A high antenna DC resistance could also 
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cause high Joule heating (𝑃Joule ∝ 𝑖ant
2 ∙ 𝑅ant ) when an RF current is going 

through the loops 

Table 6.5 RFID tag read ranges with different input powers. 
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Cu made 0.34 0.96 0.018 0.30 44.7 −23.7 

6-layer Ag 

ink1 
3.8 1.01 0.001 2.26 6.0 −32.7 

3-layer Ag 

ink 
10.5 0.97 0.017 4.97 2.7 −36.4 

2-layer Ag 

ink 
18.6 0.96 0.008 8.49 1.6 −38.3 

1-layer Ag 

ink 
25.4 0.95 0.006 9.02 1.5 −38.9 

1 The type of loop antenna element used in the complete antenna system. 
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7 Discussion 

Based on the RFID reader antenna systems presented in Chapters 5 and 6, the 

following discussions are given in this chapter: 

 Antenna system limitations, in terms of maximum antenna system 

areas and number of antenna elements 

 The feasibility of the antenna systems for RFID tag positioning 

 Ethical and social considerations 

7.1 Antenna system limitations 

7.1.1 Maximum SP4T switching network attenuations 

A discussion is given in Paper I, Subsection 5.1 and 5.2 showing that the SP4T 

network attenuation, i.e. αnet in (5.1), is vital to the antenna system. The limit 

of the antenna system is reached when αnet is so great that passive RFID tags 

receive a power Pr,tag less than their stated IC sensitivity, which in principle 

can be formulated as: 

𝑃𝑟,𝑡𝑎𝑔 = 𝑃𝑖𝑛 + 𝛼2 + 𝛼𝑛𝑒𝑡  (7.1) 

𝑃𝑟,𝑡𝑎𝑔 ≥ 𝑃𝑡𝑎𝑔
𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦

= −20 𝑑𝐵𝑚 (7.2) 

where Pin is the antenna system input power and α2 is the attenuation pre-

sented in Table 5.3. The conditions for the ALN-9640 tags to be functional are 

shown in (7.2). The maximum SP4T network attenuations for RFID tags 

placed at different ranges are shown in Figure 7.1. 

 
Figure 7.1 Calculated maximum SP4T network attenuations for different ranges of RFID tags with 

input power Pin  = 27 dBm. 

 The maximum SP4T network attenuation can be achieved by increasing 

the antenna system areas when altering: 

 The subcircuit area Asub, i.e. the subcircuit presented in Figure 5.4 

 The total antenna system tier number, i.e. NMUX in (5.1) 
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Changes to the above parameters also result in changes to the total mi-

crostrip line length, i.e. LTX in (5.1), the mathematical relations of which are 

shown in Paper I, Subsection 5.1, Equation (7). More importantly, these pa-

rameters directly determine the total area of the antenna system Atot by: 

𝐴𝑡𝑜𝑡 = 4(𝑁𝑀𝑈𝑋−1) ∙ 𝐴𝑠𝑢𝑏 (7.3) 

The total number of antenna elements Nant is related to the total multi-

plexer tier number NMUX as: 

𝑁ant =  4𝑁MUX  (7.4) 

7.1.2 Maximum antenna system area and number of antenna elements 

The discussions regarding the maximum antenna system area and the maxi-

mum number of antenna elements are separated due to the trade-off that 

achieving one goal does not necessarily mean that the other is also simultane-

ously achieved. The reason for this is explained in Paper I, Subsection 5.3.2, 

Table 13. A great number of calculations have been performed, together with 

the results obtained from Chapter 5, to assist the discussions. 

7.1.2.1 Maximum number of antenna elements 
Table 7.1 Calculated antenna system parameters due to the variation of the RFID tag vertical 

range R with the objective of maximising the number of antenna elements. (System input power 𝑃𝑖𝑛= 

27.0 dBm). 

Vertical 

range  

R (m) 

Maximum num-

ber of antenna el-

ements Nant,max 

Total antenna 

system area 

Atot (m2) 

Number of 

multiplexer 

tier levels 

NMUX 

Subcircuit 

area Asub (m2) 

0.1 78 = 65,536 5,734 8 0.35 

1.0 47 = 16,384 1,883 7 0.46 

2.0 46 = 4,096 972 6 0.95 

3.0 46 = 4,096 655 6 0.64 

4.0 46 = 4,096 487 6 0.48 

In order to determine the maximum number of antenna elements, the number 

of multiplexer tier level NMUX first needs to be maximised. Then the subcircuit 

area is altered to reach the maximum attenuations as presented in Figure 7.1. 

In the scenario presented in Table 7.1, the maximum multiplexer tier level is 

6 from range 2.0 m to 4.0 m, which means the antenna systems can have 46 = 

4,096 antenna elements. The subcircuit area is then altered from 0.95 m2 down 

to 0.48 m2, which causes the area to decrease from 972 m2 to 487 m2.  

   It can be seen from Table 7.1 that the maximum number of antenna elements 

is dependent on the range requirements. For example, the antenna system for 

powering RFID tags at 1.0 m can have 47 = 16,384 antenna elements with 7 
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tiers of multiplexers, which is more than that for 2.0 m to 4.0 m ranges (4,096 

antenna elements). Furthermore, the antenna system can have 78 = 65,536 an-

tenna elements with a total area of 5,734 m2 and when powering RFID tags 

from a vertical range of 0.1 m, i.e. almost on the surface of the antenna element. 

7.1.2.2 Maximum antenna system areas 

Table 7.2 shows several calculated maximum antenna system areas. Com-

pared to the values presented in Table 7.1, the system areas for powering RFID 

tags at vertical ranges of 2.0 m, 3.0 m, and 4.0 m correspondingly increased by 

2 m2, 23 m2, and 89 m2. However, because of the decreased multiplexer tier 

levels, the number of antenna elements decreased to 44 = 256 (for 2.0 and 3.0 

m) and 43 = 64 (for 4.0 m). The maximum areas for powering tags at 0.1 m and 

1.0 m remained the same because the maximum area and maximum number 

of antenna elements were both achieved according to the calculations. 
Table 7.2 Calculated antenna system parameters due to the variation of RFID tag vertical range R 

with the objective of maximising the antenna system area. (System input power 𝑃𝑖𝑛= 27.0 dBm). 

Vertical 

range  

R (m) 

Maximum an-

tenna system area 

Amax (m2) 

Number of 

antenna ele-

ments Nant 

Number of 

multiplexer 

tier levels 

NMUX 

Subcircuit 

area Asub (m2) 

0.1 5,734 78 = 65,536 8 0.35 

1.0 1,883 47 = 16,384 7 0.46 

2.0 974 44 = 256 4 14.4 

3.0 678 44 = 256 4 10.6 

4.0 576 43 = 64 3 39.2 

7.2 Feasibility for performing large-area RFID monitoring 

and positioning 

This subchapter gives a discussion regarding to the feasibilities of the two 

reader antenna systems for passive RFID tag positioning based on the Cell of 

Origin principle introduced in [62]. The essence of the positioning is that the 

position of an RFID tag is estimated as the position of the loop antenna ele-

ment that can read the tag. 

7.2.1 RFID tag monitoring  

Because the antenna element used in the UHF reader antenna system enabled 

electromagnetic wave radiations, the UHF antenna system was capable of 

reading RFID tags up to 4 m away. Therefore, it is an advantage to use such 

types of antenna elements and frequency bands when monitoring RFID tags 
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over a large volume, such as in a storage room. Based on the discussions given 

in the previous Subsection, the fabricated UHF antenna system shown in Fig-

ure 5.3 has the potential to be further expanded to cover an area over 1,000 m2 

or to monitor over 10,000 antenna elements with only one RF input port de-

pending on the range requirements. 

However, for the HF reader antenna system, due to its inductive coupling 

operating principle, its read range was limited to 11.1 cm. Considering the fact 

that the read range is measured only for one tier of multiplexers, i.e. only in-

sertion loss for one multiplexer, the antenna system read range would be fur-

ther reduced if more than one multiplexer tier level were to be applied. There-

fore, the HF antenna system can be used for monitoring RFID tags on a 2D 

surface within a few centimetres above the surface of the antenna system.  

7.2.2 RFID tag positioning 

Based on the Cell of Origin principle, RFID tag positioning is dependent on 

the measured RFID tag interrogation zones. From the results presented in 

Subchapter 5.3.4, it can be seen that the interrogation zones for the UHF reader 

antenna system were relatively large compared to the distance between the 

antenna elements. This causes to the interrogation zones formed by adjacent 

antenna elements to mostly overlap with each other, which leads to low posi-

tioning accuracy when a tag can be read by multiple antenna elements instead 

of only one. One solution to this issue is to increase the distance between the 

antenna element, i.e. to increase the subcircuit area. However, this means that 

the total number of antenna elements, i.e. the total identification points, de-

creases. For example, it can be seen by comparing Table 7.1 and Table 7.2 that 

the total number of antenna element decreased from 4,096 to 576 for interro-

gating RFID tags at a range of 4.0 m when increasing the distance between the 

antenna elements. 

Compared to the measured interrogation zones of the UHF antenna sys-

tem, the measured interrogation zones for the HF antenna system were much 

more confined. Reasonable interrogation zones could be formed in the HF an-

tenna system by adjusting the input power and the tag’s heights, for example, 

to D = 4.0 cm and 6.0 cm at an input power of 33 dBm (Figure 6.5 (b)). These 

interrogation zones eliminated RFID interrogation dead zones and did not 

cause large overlap areas. Despite the disadvantages such as the HF antenna 

system being unable to monitor tags at long ranges and the fact that it might 

suffer from conductor loss because of its screen-printed Ag conductors, the 

HF antenna system did have an advantage in RFID tag positioning accuracy.   
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7.3 Ethical and social considerations 

Other than engineering details and scientific values of the thesis, there are 

several important ethical and social aspects to consider. 

7.3.1 Environmental impact 

There are some designs in this thesis that use non-environmental friendly and 

hazardous materials. Such materials include but not limited to: the soldering 

flux used for mounting components onto Al tracks, the screen printed Ag 

flake ink, the inkjet-printed Ag nanoparticle ink, solvents such as Acetone and 

Methyl Ethyl Ketone, and any hazardous materials that used during the ma-

terial fabrication processes, etc.  

   In order to protect the environment, such materials must be used in labora-

tories that provide good ventilations and professional equipments. The re-

maining of the materials and react residues must be disposed properly.  

7.3.2 Ethics in RFID 

The designs of RFID reader antenna systems needs to adapt both global and 

local RFID standards and regulations. The fabricated antenna systems should 

not violate the data privacy of other users, e.g. reading and copying other us-

ers ID. The antenna systems cannot have effective radiated power greater than 

what states in the RFID standards. In addition, electro-magnetic interferences 

to other electronic devices should be strictly limited.     

7.3.3 Social benefit 

This thesis has provided a solution towards square-meter-level large-area 

electronic devices. By using these non-conventional PCB materials, the system 

costs and time consumptions will significantly decrease.  

Such a solution can be applied on more than just large-area RFID reader 

antennas. It could also be applied in smart systems such as large-area sensors 

and large-area wireless power transfer, etc. 
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8 Thesis Summary 

8.1 Conclusion 
This thesis has presented how non-conventional flexible circuits and materials 

can be used to construct large-area RFID reader antenna systems. This thesis, 

in general, has provided one solution towards large-area RFID reader anten-

nas as well as large-area electronic devices. Furthermore, compared to con-

ventional rigid PCB materials, the non-conventional materials used in this 

thesis possess lower material costs, available in large areas, and some of them 

are even environmental friendly. The large-area RFID reader antenna systems 

can be used to perform RFID positioning without implementing complicated 

algorithms. 

The materials used to construct the RFID reader antenna systems were first 

selected and characterised, with results presented. The circuit assembling 

methods for the non-conventional materials are also presented. 

Several novel surface mounting techniques for SMD components were de-

veloped for the chosen non-conventional conductors and base materials. 

These techniques include mounting SMD components onto Al conductors, 

screen-printed Ag ink tracks, and inkjet-printed Ag ink tracks. Various char-

acterisation methods were applied to evaluate the qualities of the surface 

mounting techniques, which show that the methods used in fabricating the 

two antenna systems have low contact resistance and sufficient component 

bonding strength.  

A large-area UHF reader antenna system was implemented. The antenna 

system was fabricated from conductor made from Al, PI as the base material, 

a polyethylene foam substrate, and Al foil as the ground plane. It was ar-

ranged as a three-tier SP4T switching network with eight microstrip antennas 

as loads. Several measurements of the antenna system were performed, such 

as RF power attenuations, RFID tag read ranges, and interrogation zones. The 

results from interrogation zone measurements show that the system can per-

form both near-field and far-field passive RFID tag interrogations above its 

surface without any obvious dead zones.  

An RFID reader antenna system for the HF band was also implemented 

and presented in Chapter 5. The antenna system used screen-printed Ag ink 

tracks as the conductor and photo paper as the base material. It was arranged 

into a one-tier SP4T multiplexer and comprised four loop antenna elements. 

The antenna system was characterised similarly to the UHF reader antenna 
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system, which showed that the antenna system had more confined and accu-

rate RFID interrogation zones than the UHF antenna system. A parametrical 

study was carried out to study the effect of loop antenna DC resistance. The 

study suggested that the performance of screen-printed antenna elements is 

significantly lower than bulk metal made antenna elements due to the DC re-

sistance. 

Based on the RF power attenuation measurements presented in Chapters 

5 and 6, a large number of calculations were made to predict the maximum 

areas and maximum numbers of antenna elements for the UHF reader an-

tenna system. The calculations show that the proposed methodology provides 

a potential to further expand the demonstrated configuration to cover areas 

over 1,000 m2 or up to 64 antenna elements in a confined area. Based on the 

RFID tag read range and interrogation zone measurements presented in 

Chapters 5 and 6, a discussion has been presented regarding the feasibilities 

for both antenna systems to perform large-area RFID tag monitoring and po-

sitioning.  

8.2 Future work 

This thesis has been only focused on how to use non-conventional flexible 

PCB materials to fabricate RFID reader antennas. In future work, the follow-

ing investigations, including but not limited to, should be conducted if similar 

materials are to be widely used: 

The VIAs are implemented manually in this thesis, which results in more 

human power that in turn leads to a higher overall cost. Therefore, an auto-

matic/industrial method to implement VIAs should be investigated. 

Improvements of the presented surface mounting techniques so that it is 

possible to mounting no-lead components such as BGA. The surface mount-

ing techniques presented in this thesis has some limitations for leadless SMD 

components, which prevent the use of powerful ICs. 

As it was shown in Chapter 6, ink-based conductors have reduced perfor-

mances because of high DC resistance, which prevents it to be used in high 

current systems. It further prevents conductive inks to replace Cu. Therefore, 

for ink-based conductors, methods to reduce DC resistance should be investi-

gated.  

 

 

 



 

61 

8.3 Authors contributions  
Table 8.1 Authors contributions 

Paper XL1 JS2 HA3 TS4 VS5 LG6 Contribution 

I M C C -a - - 

XL: main author, design, 

modelling, implementa-

tion, experiments 

JS: co-author, supervision, 

revision, and idea 

HA: co-author, supervi-

sion, and revision  

II M C C C - - 

XL: main author, experi-

ments, analysis, and idea 

HA: co-author, supervi-

sion, revision, and idea 

JS: co-author, supervision, 

and revision 

TS: co-author, technical 

support, manufacturing  

III M C C C - - 

XL: main author, experi-

ments, analysis, and idea 

JS: co-author, supervision, 

revision, and idea 

HA: co-author, supervi-

sion, and revision 

TS: co-author, technical 

support, manufacturing 

IV C C M - C C 

HA: Main author, experi-

ments and results 

JS: Writing and results 

VS: NFC tags design and 

software 

XL: NFC tags design 

LG: Experiments and re-

sults 

V M C C - - - 

XL: main author, idea, and 

experiments 

JS: co-author, supervision, 

revision, and idea 



 

62 

HA: co-author, and super-

vision 
1 Xiaotian Li 
2 Johan Sidén 
3 Henrik Andersson 

4 Thomas Schön 
5 Vincent Skerved 
6 Linnea Gyllner 

- = Not an author of the paper 



 

63 

REFERENCES 

[1] Finkenzeller, K. (2010). RFID handbook: fundamentals and applications 

in contactless smart cards, radio frequency identification and near-field 

communication. John Wiley & Sons 

[2] Hightower, J., Want, R., & Borriello, G. (2000). SpotON: An indoor 3D lo-

cation sensing technology based on RF signal strength. 

[3] Ting, S. L., Kwok, S. K., Tsang, A. H., & Ho, G. T. (2011). The study on 

using passive RFID tags for indoor positioning. International journal of en-

gineering business management, 3, 8. 

[4] Zhou, J., Zhang, H., & Mo, L. (2011, May). Two-dimension localization of 

passive RFID tags using AOA estimation. In Instrumentation and Measure-

ment Technology Conference (I2MTC), 2011 IEEE (pp. 1-5). IEEE. 

[5] Hekimian-Williams, C., Grant, B., Liu, X., Zhang, Z., & Kumar, P. (2010, 

April). Accurate localization of RFID tags using phase difference. In RFID, 

2010 IEEE International Conference on (pp. 89-96). IEEE. 

[6] Floerkemeier, C., & Mattern, F. (2006, May). Smart playing cards–enhanc-

ing the gaming experience with RFID. In Proceedings of the third interna-

tional workshop on pervasive gaming applications-PerGames (pp. 27-36). 

[7] Wu, C. Y., Du, J., Ren, A. K., & Li, J. Y. (2012). Large-area RFID reader 

antenna for smart shelf at UHF. Electronics letters, 48(15), 899-900. 

[8] Yuan, Y., & Yu, D. (2012). UHF RFID shelf solution with cascaded reader 

antenna and positioning capability. In RFID (RFID), 2012 IEEE Interna-

tional Conference on (pp. 149-156). IEEE. 

[9] Noda, A., & Shinoda, H. (2012, June). Passive UHF RFID tag localization 

on 2D waveguide sheet using single reader and phased array coupler. 

In Networked Sensing Systems (INSS), 2012 Ninth International Conference 

on (pp. 1-4). IEEE. 

[10] Nakatsuma, K., Noda, A., & Shinoda, H. (2011, September). Passive RFID 

tag positioning using 1D stripline-shaped antenna. In SICE Annual Con-

ference (SICE), 2011 Proceedings of (pp. 827-830). IEEE. 

[11] Macleod, P. (2002). A review of flexible circuit technology and its applications. 

PRIME Faraday Partnership. 

[12] Rogers, J. A., Bao, Z., Baldwin, K., Dodabalapur, A., Crone, B., Raju, V. R., 

... & Drzaic, P. (2001). like electronic displays: Large-area rubber-stamped 

plastic sheets of electronics and microencapsulated electrophoretic 

inks. Proceedings of the National Academy of Sciences, 98(9), 4835-4840. 



 

64 

[13] Ahmad, J., Andersson, H., & Sidén, J. (2017, October). Sitting posture 

recognition using screen printed large area pressure sensors. In SEN-

SORS, 2017 IEEE (pp. 1-3). IEEE. 

[14] Brütting, W., Berleb, S., & Mückl, A. G. (2001). Device physics of organic 

light-emitting diodes based on molecular materials. Organic electron-

ics, 2(1), 1-36. 

[15] Krebs, F. C. (2009). Fabrication and processing of polymer solar cells: a 

review of printing and coating techniques. Solar energy materials and solar 

cells, 93(4), 394-412. 

[16] Denlinger, E. J. (1980). Losses of microstrip lines. IEEE Transactions on Mi-

crowave Theory and Techniques, 28(6), 513-522. 

[17] Koptioug, A., Jonsson, P., Olsson, T., Sidén, J., & Gulliksson, M. (2003). On 

the behaviour of printed RFID tag antennas, using conductive paint. Pro-

ceedings of Antenn, 3. 

[18] Stutzman, W. L., & Thiele, G. A. (2013). Antenna theory and design. John 

Wiley & Sons. 

[19] Garg, R. (2001). Microstrip antenna design handbook. Artech house. 

[20] Chiu, C. W., Ou, C. A., & Wang, H. C. (2015). Compact printed quadrifilar 

helix antenna for universal RFID hand-held reader. Journal of Electromag-

netic Waves and Applications, 29(7), 891-904. 

[21] PRESSE, A., FLOC’H, J. M., & TARROT, A. C. Flexible UHF/VHF Vivaldi 

Antenna for Broadband and Gas Balloon Applications. 

[22] El Atrash, M., Bassem, K., & Abdalla, M. A. (2017, July). A compact dual-

band flexible CPW-fed antenna for wearable applications. In Antennas and 

Propagation & USNC/URSI National Radio Science Meeting, 2017 IEEE Inter-

national Symposium on (pp. 2463-2464). IEEE. 

[23] Nikitin, P. V., & Rao, K. S. (2010, July). Compact Yagi antenna for 

handheld UHF RFID reader. In Antennas and Propagation Society Interna-

tional Symposium (APSURSI), 2010 IEEE (pp. 1-4). IEEE. 

[24] Rida, A., Yang, L., Vyas, R., & Tentzeris, M. M. (2009). Conductive inkjet-

printed antennas on flexible low-cost paper-based substrates for RFID 

and WSN applications. IEEE Antennas and Propagation Magazine, 51(3). 

[25] Elmobarak, H. A., Rahim, S. A., Himdi, M., Castel, X., & Rahman, T. A. 

(2017, March). Low cost instantly printed silver nano ink flexible dual-

band antenna onto paper substrate. In Antennas and Propagation (EUCAP), 

2017 11th European Conference on (pp. 3061-3063). IEEE. 

[26] Xiao, G., Aflaki, P., Lang, S., Zhang, Z., Tao, Y., Py, C., ... & Change, S. 

(2018). Printed UHF RFID Reader Antennas for Potential Retail Applica-

tions. IEEE Journal of Radio Frequency Identification, 2(1), 31-37. 



 

65 

[27] A. Cai, X. Qing, Z. N. Chen, and B. K. Lok, “Performance assessment of 

printed RFID reader antenna”, In Antennas and Propagation Society In-

ternational Symposium, 2007 IEEE, 2007, pp. 301-304. 

[28] Yang, L., Staiculescu, D., Zhang, R., Wong, C. P., & Tentzeris, M. M. (2009, 

June). A novel “green” fully-integrated ultrasensitive RFID-enabled gas 

sensor utilizing inkjet-printed antennas and carbon nanotubes. In Anten-

nas and Propagation Society International Symposium, 2009. APSURSI'09. 

IEEE (pp. 1-4). IEEE. 

[29] Janeczek, K., Młożniak, A., Kozioł, G., Araźna, A., Jakubowska, M., & Ba-

jurko, P. (2010, September). Screen printed UHF antennas on flexible sub-

strates. In Photonics Applications in Astronomy, Communications, Industry, 

and High-Energy Physics Experiments 2010 (Vol. 7745, p. 77451B). Interna-

tional Society for Optics and Photonics. 

[30] Kulkarni, S. D., Boisse, R. M., & Makarov, S. N. (2006). A Linearly-Polar-

ized Compact UHF PIFA with Foam Support. Department of Electrical En-

gineering, Worcester Polytechnic Institute. 

[31] Kaufmann, T., Ranasinghe, D. C., Zhou, M., & Fumeaux, C. (2013). Wear-

able quarter-wave folded microstrip antenna for passive UHF RFID ap-

plications. International Journal of Antennas and Propagation, 2013. 

[32] Cibin, C., Leuchtmann, P., Gimersky, M., Vahldieck, R., & Moscibroda, S. 

(2004, June). A flexible wearable antenna. In Antennas and Propagation So-

ciety International Symposium, 2004. IEEE (Vol. 4, pp. 3589-3592). IEEE. 

[33] Simorangkir, R. B., Yang, Y., Esselle, K. P., & Zeb, B. A. (2018). A Method 

to Realize Robust Flexible Electronically Tunable Antennas Using Poly-

mer-Embedded Conductive Fabric. IEEE Transactions on Antennas and 

Propagation, 66(1), 50-58. 

[34] Tronquo, A., Rogier, H., Hertleer, C., & Van Langenhove, L. (2006). Ro-

bust planar textile antenna for wireless body LANs operating in 2.45 GHz 

ISM band. Electronics letters, 42(3), 142-143. 

[35] Koski, K., Lohan, E. S., Sydänheimo, L., Ukkonen, L., & Rahmat-Samii, Y. 

(2014, September). Electro-textile UHF RFID patch antennas for position-

ing and localization applications. In RFID Technology and Applications Con-

ference (RFID-TA), 2014 IEEE (pp. 246-250). IEEE. 

[36] Wang, Y., Lai, W., Jiang, Z., & Yang, C. (2017). All-printed paper based 

surface mountable supercapacitors. IEEE Transactions on Dielectrics and 

Electrical Insulation, 24(2), 676-681. 



 

66 

[37] Sakai, Y., Sasaki, K., Futakuchi, T., Honda, K. I., Hirose, K., & Inoda, A. 

(2013, November). Preparation of solder plated patterns on paper and ap-

plying to RFID tags. In CPMT Symposium Japan (ICSJ), 2013 IEEE 3rd (pp. 

1-4). IEEE. 

[38] Sakai, Y., Honda, K. I., Shinohara, O., Kizawa, H., & Hirose, K. (2016, No-

vember). Printing and application of flexible and sodlerable electrodes for 

LED sheets. In CPMT Symposium Japan (ICSJ), 2016 IEEE (pp. 185-188). 

IEEE. 

[39] Tentzeris, M. M., Rida, A., Traille, A., Lee, H., Lakafosis, V., & Vyas, R. 

(2011, August). Inkjet-printed paper/polymer-based RFID and Wireless 

Sensor Nodes: The final step to bridge cognitive intelligence, nanotech-

nology and RF?. In General Assembly and Scientific Symposium, 2011 XXXth 

URSI (pp. 1-4). IEEE. 

[40] Pozar, D. (1982). Input impedance and mutual coupling of rectangular 

microstrip antennas. IEEE Transactions on Antennas and Propagation, 30(6), 

1191-1196. 

[41] Lee H L, Park D H and Lee M Q 2016 A Reconfigurable Directional Cou-

pler Using a Variable Impedance Mismatch Reflector for High Isola-

tion Jour. of electromagnetic engineering and science 16 4206-209 

[42] Lee W W and Yoon C 2015 A reconfigurable antenna using tuning ele-

ment for LTE applications Microwave and Optical Technol. Lett. 57 3556-559 

[43] Zhang X Y, Zhong X, Wang C & Liu Z 2016 A Tunable Multiband LTE 

Antenna for Metal-Rimmed Smartphone Applications Prog. In Electro-

magnetics Research Lett. 60 89-94 

[44] Nagaraju S, Gudino L J, Kadam B V, Ookalkar R and Udeshi S 2016 RSSI 

based indoor localization with interference avoidance for Wireless Sensor 

Networks using anchor node with sector antennas Wireless Communica-

tions, Signal Processing and Networking (WiSPNET) Int. Conf. on IEEE 2233-

2237 

[45] Chou, Y. H., Jeng, M. J., Lee, Y. H., & Jan, Y. G. (2008). Measurement of RF 

PCB dielectric properties and losses. Progress In Electromagnetics Re-

search, 4, 139-148. 

[46] IPC-7525 2000 Stencil Design Guideline IPC Association Connecting Elec-

tronics 

[47] IEC 62137-3 2011 Surface assembly technology – Selection guidance for 

environmental and endurance test methods for solder joints International 

Electrotechnical Commission 



 

67 

[48] IEC 62137-1-2 2007 Surface mounting technology – Environmental and 

endurance test methods for surface mount solder joint – Part 1-2: Shear 

strength test International Electrotechnical Commission 

[49] IEC 62137-1-1 2007 Surface mounting technology – Environmental and 

endurance test methods for surface mount solder joint – Part 1-1: Pull 

strength test International Electrotechnical Commission 

[50] Instruments, Keithley. (2008). Switching Handbook. A Guide to Signal 

Switching in Automated Test Systems. 

[51] Solder Paste No-Clean Sn42/Bi57.6/Ag0.4 [Datasheet] available at: 

www.chipquik.com/datasheets/SMDTLFP.pdf  

[52] Matin M A and Sayeed A I 2010 A design rule for inset-fed rectangular 

microstrip patch antenna WSEAS Trans. on Comm. 9 63-72 

[53] Khan A and Nema R 2012 Analysis of five different dielectric substrates 

on microstrip patch antenna Int. J. of Computer App. 55 14 

[54] Network Analyzer Basics. (2004). Agilent technologies. [Online]. Availa-

ble at: http://cpliterature. product. agilent. com/litweb/pdf/5965-7917e. 

pdf. 

[55] Analog, HMC182S14 SP4T RF switch, datasheet [online], available at: 

http://www.analog.com/media/en/technical-documentation/data-

sheets/hmc182.pdf 

[56] Goulbourne, A. (2003). HF antenna design notes, technical application re-

port. Texas Instruments, Radio Frequency Identification Systems. 

[57] MAX14778 Analog Multiplexer Datasheet, Maxim integrated. [Online]. 

Available at: datasheets.maximintegrated.com/en/ds/MAX14778.pdf  

[58] ATtiny 24 8-bit Microcontroller Datasheet, Microchip Technology Inc. 

[Online]. Available at: http://www.atmel.com/images/doc8006.pdf 

[59] Network Analyzer Basics. (2004). Agilent technologies. [Online]. Availa-

ble at: http://cpliterature. product. agilent. com/litweb/pdf/5965-7917e. 

pdf. 

[60] Soodmand, S. (2015). Optimised Inductively Coupled Reader Antennas for 

Smart HF RFID Systems (Doctoral dissertation, University of Surrey 

(United Kingdom)). 

[61] Misakian, M. (2000). Equations for the magnetic field produced by one or 

more rectangular loops of wire in the same plane. Journal of research of the 

National Institute of Standards and Technology, 105(4), 557. 

[62] Fu, Q., & Retscher, G. (2009). Active RFID trilateration and location fin-

gerprinting based on RSSI for pedestrian navigation. The Journal of Navi-

gation, 62(2), 323-340. 

 

http://www.analog.com/media/en/technical-documentation/data-sheets/hmc182.pdf
http://www.analog.com/media/en/technical-documentation/data-sheets/hmc182.pdf
http://www.atmel.com/images/doc8006.pdf



