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Abstract 
This Master’s thesis studies the possibilities of realising a reconfigurable near-field test coil for HF 

RFID measurement system. The object is to design a working prototype with three nested coils and 

a tunable matching circuit. During the project, many different approaches are investigated and the 

most promising implementations are chosen for the prototype. Since a product is to be made based 

on the results of this thesis, the costs, PCB size, manufacturability and component lead times are 

always taken into consideration when making decisions. 

In addition to the two near-field coils already in use, a new smaller coil is designed for measuring 

very small HF RFID tags. The matching circuit for the coils is realised with two different designs: 

electromechanical relays and PIN diode switches. The switches are used to control resistor and 

capacitor arrays. 5 V voltages are used for controlling the switches and a microprocessor board with 

ATmega2560 is used to control the voltages. The component values are based on simulation results. 

Neither of the two versions of the prototype fulfilled every requirement. The control and supply 

voltages are working and are easily integrated to the HF RFID measurement system. The inductances 

and magnetic field strength of the coils are in line with calculated results. However, the resonance 

frequency tuning range of the prototypes is too low, 8—13.5 MHz. The required tuning range would 

have been 10—17 MHz. Nonetheless, the Q-factor tuning is successful, and the frequency tuning 

steps are appropriate. As a result, proposal for designing a product is made based on the results of 

this project. 

Keywords HF RFID, Near-field coil, PIN diode, RF switch 
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Työn nimi Säädettävä lähikenttämittakäämi HF RFID mittaussysteemille 

Koulutusohjelma Nano- ja radiotieteiden maisteriohjelma 

Pääaine Radiotiede ja -tekniikka Pääaineen koodi ELEC3038 

Työn valvoja Prof. Ville Viikari 

Työn ohjaaja TkT Jesse Tuominen 

Päivämäärä 10.6.2019 Sivumäärä 54 Kieli Englanti 

Tiivistelmä 
Tässä diplomityössä tutkitaan erilaisia vaihtoehtoja toteuttaa sisäkkäisten lähikenttämittakäämien 

käyttö HF RFID mittaussysteemissä. Projektin toteutukseen tutkitaan ja verrataan useita 

toteutustapoja, joista prototyypin valmistukseen valitaan lupaavimmat. Projektin aikana erityistä 

huomiota kiinnitetään valmistettavuuteen, valmistuksen kustannuksiin, piirilevyn kokoon ja 

komponenttien saatavuuteen, sillä projektin löydösten perusteella on tarkoitus suunnitella tuote. 

Projektin aikana suunnitellaan uusi, kahta valmista lähikenttämittakäämiä pienempi käämi, hyvin 

pienten HF RFID tunnisteiden mittaukseen. Käämien sovituspiiri toteutetaan kahdella eri tavalla: 

sähkömekaanisilla releillä ja PIN diodeilla, jotka kytkevät pintaliitoskondensaattoreita ja -vastuksia. 

Ohjausjännitteeksi valitaan 5 V jännitteet ja ATmega2560 mikrokontrolleriin perustuva piiri. 

Simulointia käytetään komponenttien arvojen ja määrän arvioimiseksi. 

Kummallakaan menetelmällä toteutettu prototyyppi ei täytä kaikkia vaatimuksia. Ohjauslogiikka 

ja käyttöjännitteet ovat toimivia ja helposti yhdistettävissä olemassa olevaan HF RFID 

mittaussysteemiin. Käämien induktanssit ja magneettikenttien voimakkuudet vastaavat laskettuja 

tuloksia. Sen sijaan prototyypin resonanssitaajuuden säätöalue on liian alhainen, 8—13.5 MHz. 

Haluttu säätöalue on 10—17 MHz. Q-arvon säätö toimi odotetusti ja käytetyn sovituspiirin 

säätöaskelten koko on sopiva. Työn tuloksena saadaan ehdotelma tuotteen mahdollisista 

toteuttamistavoista. 

Avainsanat HF RFID, Lähikenttämittakäämi, PIN diodi, RF-kytkin 
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Symbols and abbreviations 
 

Symbols 

B bandwidth 

B magnetic flux density 

c speed of light in vacuum 

C capacitance 

d diameter 

E electric field 

f frequency 

H magnetic field strength 

I current 

j  imaginary unit, √−1 

L inductance 

N number of windings in coil 

P power 

q stored charge 

Q  quality factor 

r radius 

w width 

x distance 

X reactance 

𝑍0 characteristic impedance 

ε dielectric constant 

λ electrical wavelength 

σ resistivity 

τ charge carrier life time 

𝜇0 vacuum permeability 

𝜇𝑛 electron mobility 

𝜇ℎ hole mobility 

𝜇𝑟 relative permeability 

 

Operators 

∇ ∙ 𝑩 divergence of B 
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Abbreviations 

CMOS Complementary metal–oxide–semiconductor, a technology for constructing 

integrated circuits 

DCB DC block 

DPDT Double-pole-double-throw 

DTC Digitally tunable capacitor 

ELL Series-shunt configuration of components 

EM Electromechanical 

FET Field-effect transistor 

HF High frequency (3—30 MHz) 

I2C Inter-Integrated Circuit, a synchronous, multi-master, multi-slave, packet 

switched, single-ended, serial computer bus 

IL Insertion loss 

ISO International Standards Organization 

LF Low frequency (30—300 kHz) 

MIM Metal-insulator-metal, a type of nonlinear device 

NC Normally open 

NFC Near-field communications 

NC Normally closed 

PCB Printed circuit board 

PIN P-type, Intrinsic, N-type 

RAIN RFID Global alliance promoting the universal adoption of UHF RFID technology 

RF Radio frequency 

RFC RF choke 

RFID Radio frequency identification 

SPDT Single-pole-double-throw 

SPST Single-pole-single-throw 

TEE Series-shunt-series configuration of components 

UHF Ultra-high frequency (300—3 000 MHz) 
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1 Introduction 
 

Automatic identification procedures have been very popular for quite many years now because of 

the information reading accuracy, speed and reliability they provide over manual techniques. As 

an identification system, barcode labels have low data storage capacity, they are unprogrammable 

and require a line-of-sight for reading. Therefore, a technique for storing the data into 

programmable silicon chip with higher data storage capacity has been invented for use in addition 

to barcode labels. A contactless data transfer between a chip and its reader is a practical and 

flexible way of automatic identification procedure. To achieve the contactless communication, an 

antenna is required in addition to the silicon chip. Such contactless ID systems are called radio 

frequency identification (RFID) systems. 

At minimum, an RFID system is made up of two components: the transponder, which is 

usually called a tag, and the interrogator, which is usually called a reader. RFID tag consists of a 

silicon chip and an antenna, which are mounted on a substrate. The tag can be either active or 

passive, meaning it can get its power from either a battery, or by other means (such as the 

electromagnetic field generated by the reader or by energy harvesting). The reader is used to read 

and write data to the chip on the tag. 

RFID applications have grown rapidly in 2010s, and they’re expected to keep growing at 

even a higher rate in the near future. RFID applications can be broken down in three main 

frequency bands in which they operate: low frequency (LF), high frequency (HF), and ultra-high 

frequency (UHF) [1]. Distinct frequencies offer different advantages and disadvantages. For 

example, RAIN RFID applications operating at UHF offer the longest reading ranges and high 

data transfer speed, but they are the most sensitive to the surrounding environment and 

interference. On the other hand, HF applications have much smaller reading range, but are more 

robust to environmental changes. 

Near Field Communication (NFC) is a contactless communication technology, using the 

same frequency as HF RFID. In 2018, RFID market consisted of 16.4 billion manufactured RFID 

tags, of which approximately 4 billion were HF/NFC tags [2]. There are many different 

applications for HF RFID, such as contactless cards, smart tickets, animal identification, 

passports, and books. With such a tremendous amount of manufactured tags, measurements to 

ensure tag performance are a major part of the manufacturing processes. However, it’s not always 

possible to measure tags of different applications with the same measurement setup. 

HF RFID applications use inductive coupling via magnetic field for communications, and 

the antenna is a coil. Of course, distinct applications require different RFID tags and coils. For 

example, contactless credit cards have much larger tag coils than the coils used in access keys. 

Because of the different coil size, measuring the tags require flexibility from the measurement 

system. For example, it’s usually hard and sometimes even impossible to measure a large RFID 

tag with a small reader coil. This is because the magnetic field strength generated by the reader 

coil is too weak in the area enclosed by the tags coil. [1] 

To enable measurements of tags with different sizes, a reconfigurable inductive coil for the 

measurement system is a necessity. The magnetic field shape is determined by the coil geometry, 

which is very hard to alter automatically. Therefore, switches to select between multiple coils can 

be used to get the correct magnetic field shape. However, switching to different coil changes the 

inductance and the resonance frequency of the measurement system. To counter that, a 

reconfigurable matching circuit for capacitance tuning is needed for the re-tuning of the resonance 

frequency. 
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Automatic tuning circuits for HF RFID reader coils operating at 13.56 MHz have been 

designed and implemented by FEIG ELECTRONIC and Shenzhen RoyalRay Science and 

Technology co., Ltd., both of which work by using electromechanical (EM) relays as transmission 

line switches in capacitor arrays [3], [4]. Various automatic tuning techniques for NFC and HF 

RFID have been proposed. For example, a tuning transformer [5], a capacitor array [6], and 

digitally tunable capacitors [7] have been proposed. In [8] are collected many different suggested 

and implemented options for reconfigurable antenna techniques, of which some are feasible to 

implement in HF RFID measurement systems. 

The object of this thesis was to combine multiple near-field test coils to be used in an existing 

HF RFID measurement system. This involves nested coils for the RFID communication, and a 

tunable matching circuit to tune the quality factor and the resonance frequency of the system in 

HF region. This would allow the measurement system to use a reconfigurable coil instead of 

multiple coils with different sizes.  That reduces the time required from the measurement operator 

to change the coils, and also reduces the risk of user errors. For the control signals, 5 V logic was 

used, which would allow an easy integration to the existing measurement system. 

The project was divided into five phases: 

• Theory 

• Research background 

• Technology research 

• Prototype 

• Conclusion 

Each of the first four phases offered researched data to be used for decisions in the next phase. 

Fig. 1 shows more detailed information of each phase. 

 

Fig. 1. Project phases on a linear timeline. 

Phases 1 and 2 consisted of studying the RFID technology and the physical phenomena related to 

it. Also, research of previously done studies and already existing possible solutions was done. 

Chapter 2 consists of the results of these phases, starting from introduction to RFID technology, 

with the main focus in HF RFID measurement systems. After that, the reader coil of an HF RFID 

tag measurement system is introduced, its parts are explained, and the related theory is presented. 
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Lastly, the different building blocks required for the project are discussed. Even though the phases 

are given as a linear timeline, the first two phases were ongoing until the end of the project. 

Phase 3 contained the more detailed research for the different parts required to design the 

prototype. This is presented in Chapter 3. Because a product was planned to be implemented 

based on this project, attention was paid for the manufacturability and the integration to the 

existing system. The decisions for component selections were a crucial part: the prototype was to 

be designed so, that each component is readily available and easily substituted. Since the design 

was supposed to be implemented on as small space on PCB as possible, no large commercial 

modules like switches were used. Instead, the design was implemented by using components, and 

designing all of the necessary modules during the thesis. 

The prototype was designed and measured in the Phase 4 and the results are presented in 

Chapter 4. The prototype consisted of three nested near-field coils, switches for selecting between 

the coils, and a tunable matching circuit. Two different implementations for the reconfigurable 

matching circuit were designed on the same PCB: one based on EM relays and the other based on 

PIN diodes. The difference in performance was observed and reported. Finally, in Chapter 5, the 

final conclusions are made regarding how to build a product based on the results of this thesis. 
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2 Background 

In this chapter the fundamentals of RFID technology are presented, with the main focus on HF 

RFID systems, applications and testing. After that, the near-field coil topology used in HF RFID 

measurement system is introduced and the basics of inductive coupling and physics of near-field 

coils and matching circuits are presented. Lastly, couple of techniques for capacitance tuning in 

matching circuits, possibilities for Q-factor tuning, and three different transmission line switching 

techniques are introduced. 

2.1. RFID 

The development of RFID systems can be traced back to 1940’s, when similar technologies, such 

as radars and transponders were being rapidly developed. Eventually the RFID technology 

became enough cost-effective so it could be used, for example, in labeling and identification 

systems, instead of barcodes and contact field smart cards. RFID can provide more data storage 

capacity, enabling reprogramming and allowing automatic reading of the label from a distance 

(no line-of-sight needed). An RFID system is made up from two components at minimum: a tag 

(a transponder which has data stored) and a reader (a device used to read data from the tag). 

Usually, a third component is also part of the system: the network to transfer, store and analyse 

the data read from the tag and provide the data to be written on the tag, see Fig. 2. [1] 

 

Fig. 2. Example of an RFID system. 

The tag has at minimum an antenna and a silicon chip. The antenna receives the signal sent by 

the reader antenna, and it also creates a resonance circuit with the chip. The chip stores data and 

transmits the data requested by the reader. The tag can be classified as passive or active. Active 

tags have their own power supply (such as battery). They don’t require as much power from the 

reader antenna to activate and may have much longer reading range than a passive tag. However, 

the battery life time is limited, active tags are larger and more expensive than passive tags. Passive 

tag harvests the energy needed to operate, for example, from the energy transmitted by the reader 

antenna, and their operating life time can be decades. 

RFID is used in a wide variety of applications, for example, item level inventory tracking, 

race timing, material management, access control, contactless smart cards and passports. Distinct 

applications have different requirements for the RFID system, like the reading range. Other 

requirements can be, for example, the data transfer speed and adapting to the application 

environment (absorptions and reflections). With contactless smart cards, such as travelling tickets 

or credit cards, the reading range should be very short (from some centimeters up to 1.5 meters), 



 
 

5 

 

but for item tagging in inventory management or sales the range should be much longer (even 

more than 10 meters). The reading range of RFID system is set by the frequency in use [1]. 

There are many industry standards that are used to regulate RFID technology. For example, 

ISO 14443 (defines the requirements for proximity cards), ISO/IEC 15693 (defines the 

requirements for vicinity cards) and ISO/IEC 18000 (defines the parameters for air interface 

communications at 860 MHz to 960 MHz) are important standards for regulating RFID 

technology. Multitude of other standards are also defining the characteristics of RFID 

technologies. 

Different countries have allocated different parts of radio spectrum for RFID applications, 

and three main RF bands have been standardized worldwide: low frequency (LF), high frequency 

(HF) and ultra-high frequency (UHF), see Table 1 for more details. UHF band is in use for many 

other applications also, so no single UHF band has been allocated by April 2019. [9] 

Table 1. Standardized allocated RFID bands. [9] 

Frequency band Frequency 

band 

description 

Typical applications 

125—134 kHz LF Animal identification, access keys 

13.56 MHz HF Smart cards, access control 

865—868 MHz (Europe) 

902—928 MHz (North America) 

920—926 MHz (Australia) 

840.25—844.75 MHz and 

920.25—924.75 MHz (China) 

UHF Inventory management, container tracking, 

work progress tracking 

 

For the remaining of this thesis, only HF RFID is taken into consideration, because it’s the only 

RFID frequency band used in this thesis project. 

2.2. HF RFID 

HF RFID applications use 13.56 MHz for their operating carrier frequency, for which the 

corresponding wavelength (~22.1 m) can be calculated using equation: 

 𝜆 =
𝑐

𝑓
 (1) 

where c is the speed of light in vacuum and f is the frequency. With such a long wavelength, the 

phase of the signal does not vary in small PCBs and the transmission line theory can be neglected 

when designing a circuit. Instead, the principals of the simpler circuit theory can be used. 

HF RFID applications use inductive coupling for the communications. The reader coil 

creates a magnetic field and the tag amplitude modulates that field, creating sidebands or 

subcarriers for the 13.56 MHz carrier signal (see Fig. 3 for an illustration). [1] 
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Fig. 3. Example of carrier and subcarrier frequencies in HF RFID system. 

Some of the typical subcarrier frequencies are listed in Table 2, ranging from 𝑓𝑐 ± 70 kHz to 𝑓𝑐 ±

846 kHz. 

Table 2. HF Transponder Frequencies. [10] 

Tag 𝒇𝒄 [MHz] 𝒇𝒕𝒓𝒑 [kHz] 

ISO-14443, proximity 13.56 𝑓𝑐 ± 846 

ISO-15693, vicinity 13.56 𝑓𝑐 ± 423/484 

ISO-18000-3 13.56 multiple frequencies 

I-code (Philips) 13.56 𝑓𝑐 ± 423 

Tag-It (TIRIS) 13.56 𝑓𝑐 ± 423/484 

Microchip 13.56 𝑓𝑐 ± 70 

Gemplus 13.56 𝑓𝑐 ± 106/212 

Legic 13.56 𝑓𝑐 ± 212 

With many possible subcarrier frequencies and low subcarrier levels, the reader coil of an HF 

RFID measurement system needs to have a suitable bandwidth to be able to receive the data 

carried by the subcarriers. 

The reading range of HF RFID applications is less than 1.5 m [1]. In typical HF RFID 

applications, the tag is used in very close proximity to the reader coil. Such is the case when using 

credit cards, travelling tickets and access keys. HF RFID tags can be used on metal surfaces and 

HF RFID data transfer suffers far less from absorption than higher frequency band applications 

(like UHF RFID). 

2.3. Reader of an HF RFID tag measurement system 

The reader coil of an HF RFID tag measurement system is the part which communicates with the 

tag under test. The reader coil can be made reconfigurable for easier measurement of tags with 

different sizes. A reconfigurable coil can be thought to consist of three parts: the conductor loop 

which produces the magnetic field for communications, a matching circuit which sets the 

resonance frequency, and a Q-factor tuning circuit for bandwidth tuning. Usually, the resonance 

frequency is not set to 13.56 MHz, but instead at a bit higher frequency. This is done, because in 

the final application the tag causes the resonance frequency of the reader coil to drop [1]. A 

simplified circuit of the coil is shown in Fig. 4. 
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Fig. 4. Reconfigurable coil components. 

The conductor loop in the figure consists of two elements: the resistance of the loop conductor 

and the combined inductances caused by the loop and the loop conductor. When RF current flows 

through the loop, it induces magnetic field which is used to communicate with the tag under test. 

The Q-factor tuning of the system is achieved by a tunable series resistance. The higher the 

resistance, the lower the Q-factor, and subsequently the wider the bandwidth. Finally, the 

matching circuit is achieved by a simple series-shunt capacitor configuration, which sets the 

resonance frequency of the system. 

2.3.1. Magnetic field of a conductor loop 

The conductor loop is in other words a loop antenna. Regions around an antenna can be divided 

in three categories: reactive near-field, radiating near-field and far-field. In the region nearest to 

the antenna, the reactive near-field, the reactive fields dominate and the angular distribution of 

the fields is dependent on the distance from the antenna. Some energy is radiated into space, but 

most of the energy oscillates between electric and magnetic field and the fields are sensitive to 

absorption. That means the antenna reacts to disturbance in the near-field, which change the 

antennas impedance. [11] 

In the radiating near-field, the radiating fields dominate over the reactive fields, but the 

angular distribution of fields is still dependent on the distance from the antenna. However, the 

disturbances in the radiating near-field do not efficiently change the impedance of the antenna. In 

the far-field region, the fields exhibit local plane wave behaviour and the amplitudes of fields are 

inverse proportional to distance from the antenna (1
𝑥⁄ ). The typically accepted far-field 

conditions are: 

 
𝑥 >

2𝐷2

𝜆
, 

(2) 

 

 𝑥 ≫ 𝐷 (3) 

and 

 𝑥 >> 𝜆, (4) 

 



 
 

8 

 

where D is the maximum dimension of the antenna. These conditions are approximations, but 

they are usually sufficient enough. [11] 

The conductive loop (the antenna) of an HF RFID measurement system is an antenna which 

operates in the antennas reactive near-field, in contrast to antennas which operate in the antenna 

far-field (like mobile phone antennas or UHF RFID tags). The rest of this thesis focuses on the 

reactive near-field characteristics of a loop antenna. 

In HF RFID measurement systems, the magnetic field caused by the reader coil should be 

strong enough for the tag to get enough power to operate, but also homogenous in the area 

enclosed by the tag [1]. The magnetic field can be described as magnetic field lines, which always 

create closed loops. This is because magnetic monopoles do not exist, denoted by the Gauss’s law 

of magnetism: 

 ∇ ∙ 𝑩 = 0, (5) 

or 

 
∯ 𝑩

 

𝑺

∙ 𝑑𝑨 = 0, 
(6) 

where B is the magnetic flux density [12]. Gauss’s law of magnetism states that the divergence 

of a magnetic field is always zero. In other words: for any volume in space the magnetic field 

lines through the surface always cancel each other out. 

According to Maxwell-Ampère law, a magnetic field can be generated in two ways: by 

moving charged particles (electrons usually) or by a changing electric field. In the integral form, 

the induced magnetic field around a closed loop is proportional to the electric current and 

displacement current through the loop. It’s denoted as follows: 

 
∮ 𝑯 ∙ 𝑑𝒍 = ∬ (𝑱𝑓 +

𝜕𝑫

𝜕𝑡
)

 

𝑆

∙ 𝑑𝑺
 

𝑪

, 
(7) 

where H is the magnetic field strength, D is the displacement field and 𝑱𝑓 is the enclosed 

conduction current. The displacement current means that a changing electric flux through a 

surface induces a magnetic field that circulates around a boundary of that surface. From Eq. 7, 

the equations for magnetic fields caused by different types of conductors can be derived. Magnetic 

flux density B denotes the number of magnetic field lines crossing through a surface, and magnetic 

field strength H denotes the force experienced in space. They are related as follows: 

 𝑩 = 𝜇𝑟𝜇0𝑯, (8) 

where 𝜇0 = 4𝜋 × 10−7  H m⁄  is the vacuum permeability and 𝜇𝑟 is the relative permeability. 

Permeability is the measure of materials ability to support the formation of magnetic fields inside 

it. The relative permeability is a scaling factor for a specific medium compared to permeability 

of vacuum. So, in vacuum 𝜇𝑟 = 1, and 𝜇𝑟 < 1 means that the medium has the ability to partially 

expel external magnetic field (diamagnetism), whereas a medium with 𝜇𝑟 > 1 becomes 

magnetized in the same direction as the external magnetic field, thus strengthening it. [12] 

The direction of the magnetic field induced by a current in a conductor can be determined 

by the right-hand rule. The thumb of the right hand denotes the direction of current (from positive 

to negative, so not the direction of electron flow) and the other fingers the direction of the 

magnetic field, see Fig. 5. 
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Fig. 5. Right-hand rule for magnetic field induced by current. 

The Biot-Savart Law describes the magnetic flux density caused by a constant electric current I: 

 
𝑩(𝒙) =

𝜇0𝐼

4𝜋
∫

𝑑𝑙 × 𝑥′

|𝑥′|3

 

𝐶

, 
(9) 

where dl is a vector along the path C and 𝑥′ = 𝑥 − 𝑙 is the displacement vector from the wire 

element dl to the location where the field is being calculated. The magnetic flux density at a 

distance x from an infinitely long wire with a steady current I flowing is: 

 
𝑩 =

𝜇0𝐼

2𝜋𝑥
, 

(10) 

and the magnetic field strength at the same point is: 

 
𝑯 =

𝐼

2𝜋𝑥
. 

(11) 

The magnetic field of a conductor loop is caused by the current flow in the loop conductor. The 

magnetic field strength of a conductor loop along the path from the centre of the loop in the 

direction of the loop normal is: 

 
𝑯 =

𝐼 ∙ 𝑁 ∙ 𝑟2

2√(𝑟2 + 𝑥2)3
, 

(12) 

where N is the number of loops in the winding, r is the loop radius and x is the distance from the 

centre of the coil. Eq. 12 is only valid in the conductor loops near-field (approximately when 𝑥 <
𝜆

2𝜋
). Using Eq. 12, the magnetic field strength of coils with different size can be plotted (see Fig. 

6). [1], [12] 
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Fig. 6. Calculated magnetic field strength H in the near-field of coils with N=1, I=1 A and with three different radii. 

It’s obvious that the coil with the smallest radius has the strongest magnetic field strength very 

close to the coil, but as the distance grows, the largest coil has the strongest field along the path. 

From Eq. 12 follows directly that for each distance x from the loop centre is an optimal loop radius 

to create the strongest magnetic field strength. This is illustrated in Fig. 7. 

 

Fig. 7. Calculated magnetic field strength H at three fixed distances from coil centre, with N=1, I=1 A. 

Selecting a coil with an appropriate radius is important in any HF RFID measurement system. 

Selecting too small or too large coil can cause a problem. The magnetic field created by the coil 

needs to be strong enough to activate the tag under test, and have a uniform field strength in the 

area enclosed by the coil [1]. Measurements should be made accurately to ensure the tags are 

working properly, and this creates the need for reconfigurable coils in HF RFID measurement 

systems. 
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2.3.2. Impedance matching of a conductor loop 

A conductor loop is an inductive element in a circuit, which means it stores its energy in magnetic 

fields. The inductance of a conductor loop can be treated as inductance of an inductor, which 

makes the designing of a matching circuit easy. 

To maximise the power transfer to the coil, a matching circuit will be needed to match the 

source to the load. Since the coil has inductive impedance, a matching circuit with a capacitive 

impedance has to be implemented. That would cancel out the inductance and the load would 

appear as a resistive element. The impedances of inductor and capacitor can be calculated as: 

 𝑋𝐿 = 𝑗2𝜋𝑓𝐿 (13) 

and 

 
𝑋𝐶 =

1

𝑗2𝜋𝑓𝐶
, 

(14) 

where L and C are the values of inductance and capacitance respectively and f is the frequency. 

Because both are dependent on the frequency, in a simple matching circuit there will be one 

frequency for which the power transfer to the load is the most effective, the resonance frequency. 

A very simple implementation of a matching circuit is the L network. It consists of only two 

components in series-shunt configuration. In a coil impedance matching circuit, the components 

are capacitors. L network does not offer a wide bandwidth, but sufficient enough for HF RFID 

measurements. 

To be able to design a matching circuit for a coil, the inductance of the coil will have to be 

determined. For a single circular conductor loop with air core the inductance can be calculated as 

follows: 

 
𝐿 = 𝑁2𝜇0𝜇𝑟𝑟 [ln

8𝑟

𝑤
− 1.75], 

(15) 

where r is the loop radius and w is the conductor width (condition 𝑤 ≪ 𝑟) [11]. 

For a multiloop coil there are many approximations for inductance. The inductance is 

dependent on many parameters, such as loop radius, conductor width, core material and space 

between windings. For example, [1] provides equation: 

 
𝐿 = 𝑁2𝜇0𝑟 ln

2𝑟

𝑤
, 

(16) 

whereas [13] provides equation: 

 
𝐿 =

4.921𝑁2(𝑑1 + 𝑑2)2

15𝑑1 − 7𝑑2
, 

(17) 

where 𝑑1 is the outer diameter of the loop and 𝑑2 is the inner diameter of the loop. In [14] are 

presented the Grover, Schieber and Wheeler methods for calculating round planar spiral 

inductances. They are used in slightly different situations, for example, the Grover method is 

applicable if the inner and the outer radii of the coil are not too different, whereas Schieber method 

is applicable if the windings are used over the entire area. The Wheeler method is as follows: 
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𝐿 = 31.33𝜇0𝑁2

𝑎2

8𝑎 + 11𝑐
, 

(18) 

where a is the coil mean radius and c is the thickness of the winding. With so many different 

approximations available, one must choose carefully which approximation is the best for the 

design. 

2.3.3. Inductive coupling 

As the Maxwell-Ampère law states, a changing magnetic field generates a changing electric field. 

If a second conductor loop comes in vicinity of a conductor loop in which current is flowing, then 

the second loop will be subject to proportion of the magnetic field created by the coil. According 

to Faraday’s law, in this case an open-circuit voltage builds up over the second loop. The induced 

voltage corresponds to the line integral of electric field E, which is generated along the path over 

the loop. Faraday’s law can be written as follows: 

 
∮ 𝑬 ∙ 𝑑𝒍 = − ∫

d𝐁

d𝑡
∙ 𝑑𝑺

 

𝑆

 

C

, 
(19) 

where E is the induced electric field and ∫
d𝐁

d𝑡
∙ 𝑑𝑺

 

𝑆
 is the net magnetic flux through the loop surface 

[1]. This creates the basis enabling the communication used in HF RFID systems. 

Mutual inductance is a measure of how much the two circuits are coupling. The second 

conductor loop will affect the first coils inductance, because the two circuits are connected via 

partial magnetic flux (see Fig. 8 for an illustration). 

 
Fig. 8. Inductive coupling in HF RFID system. 

The induced current in the second loop will try to resist the changing magnetic flux through the 

loop, hence the source of the first coil must do additional work to overcome this effect. If the 

mutual inductance is too great, the magnetic field of the coil might collapse due to the load [1]. 

When HF RFID readers and tags are designed, the resonance frequency of individual readers 

and tags can be designed to be at a frequency higher than 13.56 MHz. That’s because in the final 

application the tag and reader are used in very close proximity (for example, credit cards and 

access cards) and the mutual inductance is strong. That will effectively cause the resonances to 
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drop near to 13.56 MHz [1]. This is one aspect that sets a requirement for HF RFID measurement 

system to be able to measure a range of frequencies around 13.56 MHz. 

If the reader of an HF RFID measurement system has multiple coils for the measurement, 

the coils will be subject to mutual inductance. That is of course undesired, and should be avoided 

by a suitable design. A possible solution to achieve this is to ensure that the current is flowing 

only through one coil at a time. A switch, acting as an open circuit in OFF-state, would accomplish 

this. Another way to prevent too strong coupling is to reduce the magnetic flux through the second 

loop. However, that kind of design would require additional mechanical design for the system. 

2.3.4. Quality factor 

Quality factor (Q-factor) describes how underdamped a circuit is. In other words, it tells how 

much energy is stored in fields compared to how much of the energy is dissipated in resistive 

elements of the circuit in one cycle. The classical definition for Q-factor in any device or circuit 

is: 

 
𝑄 =

𝐸𝑆𝑡𝑜𝑟𝑒𝑑

𝐸𝐷𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑
. 

(20) 

So, a high Q-factor indicates less resistive elements and therefore higher current [15]. Thus, the 

power transmission is improved. Bandwidth B of an RLC circuit is inversely proportional to Q-

factor: 

 𝐵 =
𝑓0

𝑄
, (21) 

which limits how high Q-factor an HF RFID reader coil can have. As shown before, the sidebands 

or subcarriers created by the tag are carrying the data, so a wide enough bandwidth is needed for 

them. An easy solution is to increase the resistance of the circuit, thus bringing down the Q-factor. 

This will lower the reading range, because the current through the coil decreases and therefore 

the magnetic field strength caused by the coil decreases. 

Increasing the resistance is not the only option to get a wider bandwidth. In [16] is introduced 

a technique, where the Q-factor of an HF RFID reader is kept high and at the same time the 

bandwidth is just wide enough for the sidebands of the system. This is achieved by overcoupling 

the system, which means that the coil is not perfectly matched. Instead, it’s matched so, that the 

resonance is damped a little and the system maintains a wide enough bandwidth for 

communications. This brings the benefit of increased reading range and read reliability for HF 

RFID communications. 

2.4. Capacitance tuning 

For capacitance tuning in a matching circuit, there are a few possibilities in HF. Varactor diodes 

(varicaps) are voltage tuned capacitors, designed to take advantage of the diodes reverse bias 

voltage dependent capacitance. Varactors have been used in automatic impedance matching, but 

they might be hard to use with high power RF signal [6]. 

Another possibility is to use Digitally tunable capacitors (DTCs), which offer an easy way 

for capacitance tuning via digital interface. In [7], DTCs were tested for automatic impedance 

matching circuit in NFC reader application. 
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Capacitor array is a simple way for capacitance tuning. With fixed value capacitors, it’s easy 

to design a suitable tuning range and tuning steps. However, using a capacitor array requires 

switches to select the capacitors, which introduces some challenges to the design. In [6] a 

capacitor array was an essential part of an automated tuning circuit for NFC application, and a 

working prototype was designed as a proof of concept. A tunable loop antenna matching circuit 

device based on capacitor array is commercially available from FEIG ELECTRONIC and 

Shenzhen RoyalRay Science and Technology co., Ltd. [3], [4]. Unfortunately, they were not 

possible to be integrated to the existing measurement system. 

2.4.1. Varactor diode 

Varactor diode is a P-N junction diode, designed to take an advantage of the diode reverse bias 

state capacitance. Varactor diodes can be used in tunable matching circuits, voltage controlled 

oscillators and RF filters, to name a few applications. A simple equivalent circuit of varactor 

diode reverse bias state is shown in Fig. 9 [17]. 

 

Fig. 9. Varactor diode equivalent circuit in reverse bias state. 

𝐶𝑃 and 𝐿𝑃 are the parasitic capacitance and inductance due to package parasitics, 𝐶𝐽(𝑉) and 𝑅𝑆(𝑉) 

are the variable PN junction capacitance and resistance, which are dependent on the applied bias 

voltage [17]. Since varactor diodes are operated in reverse bias state, the reverse breakdown 

voltage and reverse leakage current are key parameters for a varactor diode. Other key parameters 

are capacitance value, capacitance tuning rate and Q-factor. 

The reverse breakdown voltage is usually measured at 10 μA reverse leakage current. It’s 

typically not a measure of frequency or phase tuning behaviour of the varactor diode, but instead 

a measure of the quality of the varactor diode. A varactor with a poor quality has a soft nature 

reverse breakdown (see Fig. 10), meaning the reverse current will gradually increase instead of a 

sudden breakdown [17]. 
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Fig. 10. Varactor diode breakdown characteristics. 

The better the quality, the more abrupt reverse current in breakdown. The reverse leakage current 

is a direct indicator of diode quality: a good quality varactor diode has a reverse leakage current 

of less than some hundreds of nA, a larger current is usually a sign of excessive defects in the 

semiconductor [17]. 

The total capacitance of a varactor diode consists of absolute capacitance and voltage tuned 

capacitance variation. Both are dependent on the doping of the semiconductor material and a 

varactor diode with abrupt doping has a quite linear capacitance-voltage variation characteristics. 

However, if the varactor diode has a hyperabrupt doping, then the change is no longer linear and 

care must be taken when using them in a design, see Fig. 11 [17]. 

 
Fig. 11. Typical varactor diode capacitance-voltage dependency curve. Upper curve is for abrupt doped diode, the 

lower is for hyperabrupt doped diode. 

The capacitance is not only dependent on the applied voltage, but also on temperature. Higher 

temperature results in higher capacitance, and lower temperature to lower capacitance. The 

sensitivity to temperature change is directly proportional to voltage sensitivity. [17] 

The Q-factor of a varactor diode determines the frequency limit applicability for the diode. 

Q-factor of a varactor diode increases as the frequency increases and it’s also dependent on the 

applied voltage, as seen from the following equation: 

 𝑄(−𝑉) =
1

2𝜋𝑓𝑅(−𝑉)𝐶(−𝑉)
. (22) 
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Higher reverse bias voltage results in higher Q-factor, since the width of the depletion region 

grows and the junction capacitance reduces as well as the resistance of the undepleted epi. It’s 

noteworthy to realize that the Q-factor of a varactor diode is also dependent on temperature. 

Losses grow as the temperature rises, and this effectively reduces the Q-factor of the diode. [17] 

2.4.2. Digitally tunable capacitor 

DTCs offer convenient way for capacitance tuning by changing the capacitance value digitally. 

For example, via I2C bus or SPI. This would allow automatic capacitance tuning, for example, in 

a matching circuit, a very desirable quality in many applications. The digital interface controls 

CMOS FETs, which in turn control High-Q MIM capacitors. The capacitance is determined by 

the combination of ON-state and OFF-state MIM capacitor-FET switch paths. When every switch 

is in OFF-state, DTC has the lowest capacitance value. A simplified block diagram of DTC is 

shown in Fig. 12 and equivalent circuit in Fig. 13. [18] 

 

Fig. 12. DTC block diagram. 

 

Fig. 13. DTC equivalent circuit. 

The equivalent circuit consist of three components: the tuning core (𝑅𝑆 and 𝐶𝑆), the shunt parasitic 

networks (𝐶𝑃, 𝑅𝑃1 and 𝑅𝑃2) and the package and circuit parasitics inductance 𝐿𝑆. The equivalent 

circuit is an accurate model to describe the behaviour of DTC. When DTC is connected in series 

with RF path, the capacitance seen by the RF signal is simply 𝐶𝑆, since 𝐶𝑃 is connected to ground. 

If the DTC is connected in shunt configuration so, that RF+ is connected to RF path and RF- is 

connected to ground, 𝐿𝑆 on the RF- side shorts out the parasitic network on RF- side, effectively 

making  𝐶𝑆  and 𝐶𝑃 on the RF+ side parallel. The total capacitance is then 𝐶𝑆+𝐶𝑃. [18] 

Even though 𝐶𝑃 does not affect the total capacitance in series configuration, they cannot be 

neglected when using DTC in a design. 𝐶𝑃 represents a shunt admittance and DTC appears as an 
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impedance transformer between RF ports. Also, the inductance 𝐿𝑆 causes the apparent capacitance 

of DTC to increase with frequency, increasing the tuning ration at higher frequencies. [18] 

Typical capacitance tuning range of DTC is within range of 1—10 pF, but some 

manufacturers offer DTCs with much higher tuning ratio. For example, NCD2400 from IXYS 

offers series capacitance range of 1.7—194 pF and shunt capacitance range of 12.5—194 pF [19]. 

As every component, DTCs have their limitations. Especially frequency range, maximum 

RF input power limitation and maximum voltage peak 𝑉𝑃𝑘 can prevent the use of DTC in an 

application. DTCs may be used at lower frequencies than specified, but their power handling 

capabilities and capacitance tuning ratio deteriorates. For example, PE64904 has a specified 

operating frequency range of 100—3000 MHz and its maximum 𝑉𝑃𝑘 deteriorates from 30 𝑉𝑃𝑘 to 

7.5 𝑉𝑃𝑘 when frequency drops from 100 MHz to 1 MHz [20]. Also, the shunt capacitance and Q-

value decrease as the frequency decreases. The upper limit of the frequency range is set by the 

self resonance frequency [18]. At that frequency, the parasitic inductance 𝐿𝑆 cancels the parasitic 

capacitive reactance and the capacitance falls to zero. 

The drop in the power handling capabilities at lower frequencies is due to the internal 

structure of a DTC. DTC has stacked FET structure and at high frequency the RF voltage is 

divided equally among the FETs, but the parasitics of the FETs (𝐶𝑔𝑠 + 𝐶𝑔𝑑 and the bias circuit 

parasitics) create a high pass filter and at a low enough frequency the RF power is seen only by 

the first FET in the stack. Therefore, it’s the FETs power handling which limits the DTCs power 

handling capabilities at low frequencies. [21] 

Other issue at low frequencies is caused by internal charge pump oscillator, which usually 

operates between 1—10 MHz. It can cause spur and harmonics, although at very low level 

(around -120 dBm), they can deteriorate the sensitivity of the system. [21] 

Often applications have circuits where even low RF power might cause high peak voltages, 

like matching circuits. DTCs have ESD protection, which means there’s always some kind of path 

between ground and RF ports, even in series configuration [18]. Careful consideration must be 

used to use DTCs in high power or high peak voltage applications, exceeding the specifications 

might cause the DTC and consequently, the system, to fail. 

In [7], DTC from Peregrine Semiconductor was used to achieve a tunable matching circuit 

for NFC application. It’s said that the used DTC had a maximum peak voltage of 30 𝑉𝑃𝑘 and 

capacitance tuning of roughly 1—26 pF. However, such DTC is no longer available for purchase 

from Peregrine Semiconductor [22]. 

2.4.3. Capacitor array 

A capacitor array is a simple solution and it offers a versatile way for the capacitance tuning, since 

the designer can freely choose from any available capacitor suitable for system specifications. A 

capacitor array can be made from series capacitors, shunt capacitors or a combination of the two, 

see Fig. 14. 
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Fig. 14. Example of series and shunt configuration capacitor arrays. 

The required capacitance steps and the capacitance tuning range set the amount of needed 

capacitors and the required array topology. Capacitors are cheap components and they can be 

found in a wide variety of values and tolerances. When using a capacitor array, the capacitors are 

usually not the issue, but instead the switches required to operate the array. 

Switches take space on the PCB, exactly how much, depends on the used switch. If a wide 

tuning range with small steps is required, a capacitor array can quickly grow to need excessive 

area on the PCB. With high frequencies, the distances on the PCB might already be more than a 

fraction of a wavelength, which brings its own challenges for the design. 

ID ISC.DAT by FEIG Electronics GmbH is designed for automatic conductor loop tuning 

operating at 13.56 MHz. The automatic capacitance tuning is achieved with a capacitor array, in 

which EM relays are used as switching mechanisms. The device requires 7—12 V DC supply 

voltage to operate and it’s capable of tuning coils with inductance values of 0.7—2.5 μH with 

quality factor of 10—50 and maximum transmitting power of 10 W. It has a low current 

consumption, maximum of 150 mA. The quality factor cannot be adjusted automatically. Instead 

jumpers are used to connect resistors to the circuit to achieve the wanted Q-factor. [23] 

2.5. Switching techniques 

Automatically switching signal paths is a common requirement in many applications and there 

are a few techniques for that. Distinct techniques offer different advantages but also suffer from 

various disadvantages [24]. Based on power handling requirements, operating frequency range 

and available bias voltages of the system, three of the techniques were investigated further: EM 

relays and solid-state switches based on field-effect transistors (FET) and PIN diodes. 

2.5.1. Switch characteristics 

Signal switches have quite a few characteristics, which should be taken into account when 

choosing the right switch for an application. Most important ones are the frequency range, 

configuration, insertion loss, isolation, switching speed, power handling and compression, 

operating lifetime, power consumption, and the termination type of the switch [25]. 

The frequency range is usually the first switch parameter to consider, since the other 

parameters are not valid outside of the given frequency range. For example, a FET-based switch 

which works at a frequency range from DC to 10 MHz will most likely not work at 1 GHz, since 

the parasitic elements of the FET prevent that. PIN diode switches cannot be used at low 

frequencies, since the PIN diode starts to act like a conventional PN diode at too low frequencies 

(depends on the PIN diode, might go as low as 1 MHz). 
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Switch configuration represents the amount of signal paths the switch can switch between. 

Poles are the inputs and throws are the outputs. The throws define the number of different output 

connections each switch pole can connect to.  For example, single-pole-double-throw (SPST) 

switch is capable of switching one input between two outputs, whereas double-pole-double-throw 

(DPDT) switch can switch two inputs between two outputs (see Fig. 15). 

 
Fig. 15. Example of switch configurations. 

A suitable switch configuration should be chosen for the application. SPST switch can be used to 

prevent current flow through it, but SPDT would be a more practical choice to switch between 

two outputs than two SPST switches. 

SPST switch is said to be normally open (NO) if the initial position of the switch is open. 

Similarly, if the initial state is closed it’s said to be normally closed (NC). In SPDT configuration 

the pole is said to be common (COM) and the throws are NO and NC, see Fig. 16. [26] 

 
Fig. 16. SPDT switch individual terminals. 

SPDT switch has two possible ways for switching. Either the switch opens the connection before 

it closes the other connection (Form C) or the switch closes both connections before opening the 

original connection (Form D). 

The insertion loss (IL) represents the loss the switch causes to the signal path when the switch 

is in ON-state. IL can be calculated as follows: 

 𝐼𝐿 = 10 log10 (
𝑃𝑂𝑢𝑡

𝑃𝐼𝑛
), (23) 

where IL is the insertion loss in dB [15]. Insertion loss is typically not constant over the frequency 

range of a switch, but instead dependent on the frequency. In low frequency applications. the 

resistance value of a switch or a relay in ON-State is usually given instead of insertion loss. EM 

relays usually have a lower insertion loss than solid-state switches [27]. 

The isolation represents the amount of attenuated RF power flowing through the switch when 

it’s OFF-state compared to power flow in ON state. In other words, isolation is a measure of how 

well the switch is turned off and it can be calculated as follows: 

 𝐼𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛(𝑑𝐵) = (𝑃𝑂𝑢𝑡)𝑂𝑁 (𝑑𝐵𝑚) − (𝑃𝑂𝑢𝑡)𝑂𝐹𝐹 (𝑑𝐵𝑚), (24) 

and the higher the isolation is the less signal goes through in OFF-state. EM relays usually have 

higher isolation than their FET and PIN diode counterparts. [27] 
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In many applications the switching speed is an essential parameter of the switch. It is simply 

the time it takes for the switch to change from ON-state to OFF-state and vice versa. It is not 

necessarily the same in both cases, for example, PIN diodes usually have faster reverse-to-forward 

switching time than the forward-to-reverse time [27]. EM relays have a slower switching speed 

than solid-state switches [25]. 

Power handling capabilities of a switch are yet another important aspect to consider in a 

design. It’s obvious that too high power will break any switch, but that’s not the only thing to take 

into account. Insertion loss might not be constant over broad input power range. Instead, the 

switch might start to compress the output power at higher power levels. EM relays offer higher 

power handling capabilities than solid-state switches [24]. 

Because of the superior resistance to shock, vibration and mechanical wear, the operating 

lifetime of a switch is longer with solid-state switches than EM relays. However, EM relays are 

more resistant to ESD damage [25]. In applications where long lifetime is essential, solid state 

switches should be used. 

The power consumption differs quite much between different switches. PIN diode switches 

require bias current flowing through when ON-state and the power consumption can be quite 

high, while FET switches require only a little power to operate the switch. The power 

consumption of an EM relay depends on the switch type, non-latching switch requires constant 

current flow when kept on the ON-state, while a latching switch only requires a pulse of power 

when switching the state. 

The termination type of a switch describes how switch ports are terminated when the 

respective path is not active. There are two different termination types for a switch: absorptive 

and reflective. Absorptive termination does not reflect power, instead the power is lead to an 

appropriate load (usually 50 Ω or 75 Ω), whereas reflective termination is an open or short circuit 

and reflects the power back towards the source [25]. 

 

2.5.2. Electromechanical relays 

EM relays rely on mechanical switch contacts for the switching mechanism. They consist of coils, 

contacts and armature, see Fig. 17. When current I flows through the coil it creates a magnetic 

field and the armature moves to close or open the contact. 

 

Fig. 17. EM relay basic operation. 

EM relay can be non-latching, one-coil lathing or two-coil latching. A non-latching EM relay 

maintains position as long as current flows through the coil and will return to the initial state when 

the current flow stops. Non-latching relay is useful to be used in an application where it’s 
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important the switch returns to a known state in case of power failure. However, non-latching 

relays consume more power since the current has to flow through the coil as long as COM to NO 

connection needs to be established. 

Latching relays differ from non-latching relays so, that current only needs to flow through 

the coil when actuated and will remain in the last position when the current flow stops. In a one-

coil latching relay, the direction of the current flowing through the coil determines the state the 

relay switches to. In a two-coil latching relay, one coil is the set coil and the other is the reset coil. 

Appropriate relay should be chosen depending on the application, one-coil latching type requires 

both positive and negative control voltage, whereas a two-coil latching type only requires positive 

(or negative) control voltage, but two separate control nodes. 

EM relays offer a very low insertion loss and high isolation from DC to GHz frequencies 

[25]. They also have high power handling capabilities, and because they are linear, they create no 

distortions. EM relays require no additional biasing circuit, making them very easy to use in a 

design. However, EM relays have some shortcomings compared to other switching techniques, 

mostly due to the mechanical principle of operation. 

EM relays are much slower compared to their solid-state counterparts, typical switching 

speed is in the range of 5—15 ms  [26]. The mechanical switching simply can not be achieved 

faster and therefore EM relays can not be used in high speed applications. 

EM relays also have shorter operating lifetime than solid-state switches and they are 

vulnerable to vibration, shock and mechanical wear. The operating life of an EM relay is defined 

as the number of cycles the switch will complete while meeting all RF and repeatability 

specifications [25]. So, the operating lifetime refers to the electrical lifetime, not the mechanical 

lifetime. The operating lifetime is dependent on the contact material, contact resistance and the 

moving contact mechanism. In modern EM relays the armature makes a contact frictionless so 

there’s no friction between the contacts, and this kind of configuration produces relays capable of 

tens of millions of contacts. However, wear and tear will be increasing with every contact made, 

gradually making the contact worse and producing debris in between the contacts (see Fig. 18). 

 

Fig. 18. Debris being created and stuck between EM relay contacts. 

This effectively affects the insertion loss, making it worse and eventually making the relay fail its 

RF specifications. However, this is only true with inflexible armature and square shaped contacts. 

This effect can be mostly circumvented by an appropriate mechanical design. 

2.5.3. FET based solid state switches 

Field-effect transistors are three terminal devices: gate, source and drain (actually, substrate body 

can be counted as fourth terminal). A plethora of different kinds of FETs exist, differing by 
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manufacturing process and internal structure. Metal-oxide-semiconductor FET (MOSFET) is one 

of the most widely used FET type and it’s easy to manufacture in a small silicon chip. In Fig. 19, 

a psychical structure of N-type MOSFET is shown. 

 
Fig. 19. Psychical structure of the enchancement-type NMOS transistor. 

Let’s consider a case where the source and drain are grounded and bias voltage is applied to the 

gate. The source and drain regions are heavily N-type doped and the substrate is P-type doped. 

Therefore, when the gate is zero biased, two PN-diodes in back-to-back configuration are seen 

between source and drain. The PN-junction between source and body form one PN-diode and the 

PN-junction between drain and body form the other. These diodes prevent current flow from 

source to drain. [28] 

To allow current to flow from source to drain, a positive voltage is applied to the gate. Since 

the other terminals are grounded, the voltage between the source and the gate is denoted as 𝑢𝑔𝑠. 

The holes of the substrate body in the vicinity of the gate are repelled, creating the channel region, 

and a carrier-depletion region is formed beneath the channel (see Fig. 20). At the same time the 

electrons of the negatively doped source and drain are drawn to the channel region. When a 

sufficient amount of electrons are drawn to the channel, the source and the drain are connected 

via the newborn N-channel. If a voltage is then applied between the drain and the source, a current 

starts to flow between them. [28] 

 

Fig. 20. The enhancement-type NMOS operating principle. 

The gate and the channel region form a parallel plate capacitor, where the oxide layer in between 

acts as the dielectric material for the capacitor. The electric field of the formed capacitor is what 
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controls the channel conductivity. A FET can be used as a switch, but when used as an RF switch 

there’s quite many things to consider. [28] 

A FET is voltage controlled and it has a very small power consumption. However, like every 

component, FET also has parasitic elements. The parasitics have to be taken into account when 

designing circuits. In HF frequencies the FET parasitic capacitances are important to consider, 

since they affect directly the isolation. Three capacitance values are usually given in FET data 

sheet: 𝐶𝐼𝑆𝑆, 𝐶𝑅𝑆𝑆 and 𝐶𝑂𝑆𝑆. From these capacitances one can calculate parasitic capacitances as 

follows: 

 

{

𝐶𝐺𝐷 = 𝐶𝑅𝑆𝑆             
𝐶𝐺𝑆 = 𝐶𝐼𝑆𝑆 − 𝐶𝑅𝑆𝑆 
𝐶𝐷𝑆 = 𝐶𝑂𝑆𝑆 − 𝐶𝑅𝑆𝑆

, 
(25) 

where 𝐶𝐺𝐷, 𝐶𝐺𝑆 and 𝐶𝐷𝑆 are the parasitic capacitances between FET terminals (see Fig. 21) [29]. 

 
Fig. 21. MOSFET model with parasitic elements. 

In OFF-state, the diodes between source and drain act as a capacitor for RF signal. Small enough 

capacitance 𝐶𝐷𝑆 is needed for sufficient isolation between the ports, which is one of the most 

important aspects of an RF switch. Similarly, in ON-state a low resistance 𝑅𝑜𝑛 is required for low 

insertion loss. However, it’s very difficult to design a FET, which would have low 𝐶𝐷𝑆 and low 

𝑅𝑜𝑛. 𝑅𝑜𝑛 and 𝐶𝐷𝑆 are dependent on each other due to the internal structure of FET, making a 

single FET as a switch inferior to PIN diode switch in terms of isolation and insertion loss [30]. 

Based on this research, FET based switches were not further investigated, since other options 

seemed to offer better performance. Some FET switches, like TS63210K from Tagore 

Technology based on GaN, offers a good performance with ON-state resistance of just 1.2 Ω, 

OFF-state capacitance of 0.8 pF and RF power handling of +42 dBm [31]. However, such 

components are more expensive and have much longer lead times than EM relays and PIN diodes. 

2.5.4. PIN diode based solid state switches 

Like a conventional PN diode, PIN diode allows current to flow through it when forward biased 

and blocks the current flow to the other direction when reverse biased. However, PIN diode has 

an intrinsic layer in between the P- and N-junctions. When forward biased, PIN diode looks like 
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a resistor in series with an inductor, and when reverse biased, PIN diode looks like an inductor in 

series with paralleled capacitor and resistor, see Fig. 22 [27]. 

 

Fig. 22. Pin diode cross section and equivalent circuits in forward and reverse bias states. 

The I-layer makes PIN diode act as a current controlled variable resistor at RF and microwave 

frequencies. When PIN diode is forward biased it allows RF power to flow, and when it’s reverse 

biased it blocks the RF power. PIN diodes offer high power handling ability, very good linearity 

and they can be used in very high frequencies. However, the PIN diodes are usually designed to 

be used in applications with over 100 MHz frequency [24]. 

Some PIN diodes are designed to be used in frequencies as low as a few MHz. When the PIN 

diode is forward biased, charge carriers (electrons and holes) rush to the I-layer and recombine. 

It does not happen immediately. Instead, the charge carriers have a finite average life time τ before 

they are annihilated in the recombination process. The lowest frequency at which the PIN diode 

still works as PIN diode, instead of a rectifying PN diode, is the transit time frequency. It is set 

by the width of a I-layer: 

 𝑓 =
1300

𝑤2 , (26) 

where f is in MHz and w is the I-layer width in μm. In frequencies higher than the transit time 

frequency, the resistance of the PIN diode can be calculated as 

 𝑅𝑆 =
𝑤2

(𝜇ℎ+𝜇𝑝)𝑞
, (27) 

where w is the I-layer width,  𝐼𝐹 is the forward bias current, 𝜇𝑛 is the electron mobility, 𝜇𝑝 is hole 

mobility and 

 𝑞 = 𝐼𝐹𝜏 (28) 

is the stored charge and τ is the average charge carrier life time,. The stored charge q must be 

greater than the charge added or removed by the RF current with each cycle, so the following 

inequality must hold: 

 
𝑞 ≫

𝐼𝑅𝐹

2𝜋𝑓
, 

(29) 

where 𝐼𝑅𝐹 is the RF current and f is the frequency. It’s clear that if the RF current is too large or 

the frequency is too low, the RF power will be enough to change the PIN diodes state from 

forward bias to reverse bias and vice versa. So, if the RF current is low enough, the PIN diode 

can be zero biased to be in reverse state. The capacitance 𝐶𝑇 in reverse bias state is calculated as: 
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𝐶𝑇 =

𝜀𝐴

𝑤
, 

(30) 

where A is the area of the diode junction and ε  is the dielectric constant of silicon. The capacitance 

𝐶𝑇 can be very low if the width of the I-layer is wide, less than 1 pF, which makes PIN diode 

useful in quite low frequencies (some MHz). Eq. 30 is valid in frequencies over the dielectric 

relaxation frequency of the I-layer: 

 𝑓 >
1

2𝜋𝜎𝜀
, (31) 

where σ is the resistivity of the I-layer. In lower frequencies the PIN diode act like a varactor 

diode. [32] 

Like a conventional PN diode, PIN diodes have a limited reverse bias voltage value 𝑉𝑅 and 

PIN diode should not be reverse biased with a higher voltage. The avalanche breakdown voltage 

𝑉𝐵 is always higher than 𝑉𝑅 and it’s proportional to the width of the I-layer, see Fig. 23 [32]. 

 
Fig. 23. Typical PIN diode current-voltage curve. 

The RF voltage swing should not bring the PIN diode reverse voltage under 𝑉𝐵, or the PIN diode 

will suffer a breakdown (unsafe bias). Pin diode can be biased so, that the RF voltage swing does 

not make the reverse bias voltage too low to break the diode nor too high to change the diode state 

to forward biased (𝑉𝐷𝐶 + 𝑉𝑅𝐹 < 𝑉𝐵 and 𝑉𝐷𝐶 > 𝑉𝑅𝐹). If the PIN diode is conditionally biased, 

𝑉𝑅𝐹 > 𝑉𝐷𝐶 and the RF voltage swing makes the bias voltage high enough to switch the diode to 

forward bias state. In this case the charge added by the RF current must be less than the stored 

charge, see Eq. 28. [33] 

PIN diode based switches differ quite much from FET based switches. A PIN diode is a two 

terminal device and therefore the RF and bias paths are at the same physical point. This adds some 

complexity to the bias circuit, because the RF power flow must be blocked from reaching the bias 

supply and at the same time the DC power must be blocked from flowing to the RF path. Four 

simple SPST PIN diode switch configurations are presented in Fig. 24. Different configurations 

offer different switching function seen from the load (open or short circuit), which can be very 

important aspect in a design. [24] 
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Fig. 24. PIN diode switch topologies: a) series configuration, b) shunt configuration, c) series-shunt compound 

(ELL) and d) series-shunt-series compound (TEE). 

The series and shunt configurations are very simple forms of PIN diode switches. They require 

only a simple bias circuit (see Fig. 25). 

 
Fig. 25. Example of series (left) and shunt (right) configuration PIN diode switch bias circuits. 

DC blocking capacitors (DCB) and RF choking inductors (RFC) prevent RF and DC currents 

from entering undesired nodes. The impedance caused by DCB’s should be very low and the 

impedance caused by RFC’s should be very high. The impedances can be calculated using 

equations 13 and 14. 

 If the RF current is low enough, zero biasing can be enough for reverse state. However, if 

the RF current is large, then a negative bias voltage should be applied for the reverse state. Note 

that in the examples the switch nature is reflective, since the impedance in OFF-state is not 50 Ω. 

The insertion loss for series and shunt configuration can be calculated respectively as: 
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20 log10 (1 +

𝑅𝑆

2𝑍0
) 

(32) 

and 

 10 log10(1 + (𝜋𝑓𝐶𝑇𝑍0)2), (33) 

where 𝑅𝑆 is the resistance of the I-layer (dependent on the bias current), f is the frequency, 𝐶𝑇 is 

the PIN diode reverse bias capacitance and 𝑍0 is the characteristic impedance. The isolation can 

be calculated as: 

 10 log10(1 + (4𝜋𝑓𝐶𝑇𝑍0)−2) (34) 

and 

 20 log10 (1 +
𝑍0

2𝑅𝑆
), (35) 

for series and shunt configurations respectively. Shunt configuration offers better power handling 

capabilities (easier to heat sink the diode). [32] 

By creating a more complex switch circuit with multiple PIN diodes the performance can be 

enhanced. With more complex PIN diode switches, the isolation can be more than 40 dB, which 

could be hard to accomplish with a single PIN diode [32]. Also, the power handling and 

compression point can be improved. In Fig. 26 and Fig. 27 options are presented for ELL and 

TEE configuration bias circuitries. 

 
Fig. 26. Example of ELL configuration PIN diode switch bias circuit. 

 

Fig. 27. Example of TEE configuration PIN diode switch bias circuit. 



 
 

28 

 

The example bias circuitry can be controlled with one bias voltage source. When it’s negative, 

the series PIN diodes are in forward state and shunt PIN diodes are in reverse state, thus the switch 

is in ON-state. With positive bias voltage the opposite is true and the switch is in OFF-state. 

The insertion loss and isolation for ELL can be calculated as: 

 
10 log10 [(1 +

𝑅𝑆

2𝑍0
)

2

+ (
𝑍0 + 𝑅𝑆

2𝑋𝐶
)

2

] 
(36) 

 

and 

 
10 log10 [(1 +

𝑍0

2𝑅𝑆
)

2
+ (

𝑋𝐶

2𝑍0
)

2
(1 +

𝑍0

𝑅𝑆
)

2
], 

(37) 

where 𝑋𝐶 =
1

𝑗2𝜋𝑓𝐶𝑇
 is the reactance of the PIN diodes reverse bias capacitance. For TEE 

configuration the insertion loss and isolation can be calculated as: 

 
20 log10 (1 +

𝑅𝑆

𝑍0
) + 10 log10 [1 + (

𝑍0 + 𝑅𝑆

2𝑋𝐶
)

2

] 
(38) 

and 

 
10 log10 [1 + (

𝑋𝐶

𝑍0
)

2
] + 10 log10 [(1 +

𝑍0

2𝑅𝑆
)

2
+ (

𝑋𝐶

2𝑅𝑆
)

2
]. 

(39) 

All of the previously presented PIN diode switches were SPST switches, but of course PIN diode 

switches with multiple poles and throws can be designed. [32] 
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3 Research material and methods 

Based on the background study, switches are a vital part of the design. EM relays have been 

successfully used in similar applications and were expected to work. On the other hand, PIN diode 

switches were not found to have been used before, therefore further investigation of PIN diode 

switches was made. Also, PIN diode as a current controlled resistor was investigated for the Q-

factor tuning. Then, a near-field coil was designed, based on conductor loop inductance 

approximations. Lastly, control circuitry for EM switches and PIN diodes were designed. 

3.1. System requirements 

Combining two existing near-field coils and adding a third one was the core purpose of this thesis. 

The requirements for the design were:  

• Three nested near-field coils 

o Diameters of 145 mm, 60 mm and 30 mm 

o Switches with low insertion loss and high isolation for coil selection 

• RF power handling capability up to 30 dBm 

• Reconfigurable matching circuit 

o Q-factor tuning possibility 

o Resonance centre frequency tuning in range 10—17 MHz 

• Control logic 

o 3.3 V or 5 V logic 

• Supply voltages in range 0—5 V 

The requirements are not only set by the performance requirements of HF RFID system, but also 

the requirement of easy integration to the existing measurement system. 

3.2. PIN diode switches 

Since the operation frequency range of the system is in the range of 10—20 MHz, the PIN diodes 

had to be chosen accordingly. Most PIN diodes are designed to work in high frequencies (over 

100 MHz). According to the Eq. 26, the width of the I-layer should be more than 11.4 μm for 

frequencies over 10 MHz. For example, BAR64 series from Infineon Technologies offer PIN 

diodes with I-layer width up to 50 μm [34] and MA4P7493-134 from MACOM Technology 

Solutions has I-layer width of 19 μm [35], both of which are suitable for this application. 

The power handling requirement of the system sets another requirement for the chosen PIN 

diode. Since the stored charge is a function of the charge carrier life time τ (see Eq. 28), the longer 

the charge carrier life time is the higher RF currents the PIN diode is capable to handle in forward 

bias state. BAR64 series has charge carrier life time up to 1550 ns and MA4P7493 up to 80 μs. 

BAR64 series was chosen for further investigation in PIN diode switches in four different 

switch configurations: series, shunt, ELL and TEE. The starting point for the PIN diode switch 

was the series configuration, and the biasing circuit was chosen to be the same as presented in 

Fig. 25. The value for DCB’s was chosen to be 100 nF, which yields an impedance value of 

0.12 Ω and the value for RFC’s was chosen to be 10 μH, which yields an impedance value of 

851.6 Ω. The series configuration switch will be seen as an open circuit from the load. 
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Resistor was used to set the forward bias current to 50 mA to achieve low forward bias 

resistance, close to 1 Ω [34]. The dynamic range of the measurement system had a lower limit of 

-30 dBm. When measured up to 30 dBm input power, the insertion loss was 0.3 dB and it was 

compressed additional 0.2 dB at 30 dBm input power (see Fig. 28). In reverse bias state a bias 

voltage of -5 V was used. The isolation was quite good (over 40 dB) up to 15 dBm input power, 

but at over 15 dBm input power the isolation was not good as the PIN diode started to let the RF 

power flow through. 

 

Fig. 28. Series configuration PIN diode switch, measured output power as a function of input power. 

Both the insertion loss and isolation are nicely in line with theory, using Eq. 32 and Eq. 34 the 

insertion loss and isolation are 0.1 dB and >50 dB respectively. The behaviour in the reverse bias 

state is due to the -5 V reverse bias voltage, which puts the diode reverse biasing to the 

conditionally safe region. When the input power is high enough the RF current swing is enough 

to switch bias state of the PIN diode to forward biased. This kind of design offers quite good 

performance at lower input power levels, but it’s not suitable for high RF power switching 

applications. 

The next step was to design a PIN diode switch with shunt configuration. Not many changes 

were needed for the bias circuit, same values for DCBs, RFC and bias resistor were used. Again, 

50 mA forward bias current was used, as well as -5 V reverse bias voltage. In forward bias state, 

the insertion loss improved to mere 0.1 dB, but the isolation in reverse bias state degraded to 

30 dB (see Fig. 29). 
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Fig. 29. Shunt configuration PIN diode switch, measured output power as a function of input power. 

The results are in line with theory, using Eq. 33 and Eq. 35, the insertion loss and isolation are 

<0.1 dB and 28.3 dB respectively. The isolation of this design is not good enough and since the 

series configuration needs a larger reverse bias voltage than -5 V, neither design could be used 

for the reconfigurable near-field coil design. 

ELL configuration was the next step trying to improve the PIN diode switch performance. 

At first, a biasing circuit with a joint bias node was used. It performed worse than the shunt 

configuration, having an isolation of less than 25 dB and starting to compress the output power 

with 20 dBm input power. A slight modification to the bias circuit was made, so that the two PIN 

diodes have separate bias paths (see Fig. 30). 

 

Fig. 30. ELL PIN diode switch, bias circuit with separated bias paths. 
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A single 100 nF capacitor was used to separate the bias paths. Separating the bias paths improved 

the performance, the insertion loss was measured to be 0.5 dB and the isolation better than 60 dB, 

see Fig. 31. 

 

Fig. 31. ELL configuration PIN diode switch, measured output power as a function of input power. 

When compared to the theory, the insertion loss and isolation would be calculated using Eq. 36 

and Eq. 37 to be <0.1 dB and >80 dB respectively. The bias circuit is limiting the performance of 

the switche, but the measured results are quite close to theory. 

However, when switching from ON-state to OFF-state, the transition time was very long 

(couple of seconds) with 50 mA diode bias currents. To achieve faster transition, a pulse of higher 

bias current (>80 mA) through the shunt PIN diode was required. When the switch was turned to 

OFF-state, <50 mA bias current through the shunt PIN diode was enough to keep it in OFF-state. 

Nonetheless, requiring the pulse of higher bias current was an undesired feature in reconfigurable 

near-field coil design. 

The last PIN diode switch configuration to be tested was the TEE configuration. A similar 

approach to ELL configuration was used when designing the bias circuit, see Fig. 32. 

 

Fig. 32. TEE PIN diode switch, bias circuit with separated bias paths. 
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Each of the three PIN diodes had their own identical bias path, which were again separated using 

100 nF capacitors. The performance was quite close to that of the ELL configuration, the insertion 

loss and isolation were measured to be 0.6 dB and >60 dB respectively, see Fig. 33. 

 

Fig. 33. TEE configuration PIN diode switch, measured output power as a function of input power. 

Even though the performance regarding insertion loss and isolation did not change (0.1 dB 

difference in insertion loss, isolation out of measurement systems dynamic range), the transition 

time from ON-state to OFF-state was improved. No exact turn off time was measured for any of 

the switches, but the difference between ELL and TEE configurations was obvious. TEE 

configuration did not require any additional bias current pulse for faster transition. 

Out of the four designed PIN diode switches, TEE configuration seemed to be the most 

promising design to use in the reconfigurable near-field coil design. The isolation was sufficient, 

performance repeatable, size on PCB smaller than that of an EM relay, although the insertion loss 

was a bit high. Choosing the RFCs more carefully, or using other biasing circuit topology, the 

insertion loss should be able to be improved. 
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3.3. Q-factor tuning 

Since the most obvious way to tune the Q-factor is done by a resistor array, that was not researched 

further. Resistor array is a trivial solution and expected to work very well. Instead, a PIN diode 

attenuator as a current controlled resistor is tested. The high-Q, over-coupled tuning technique 

introduced in [16] to be used in HF RFID measurement system is mentioned. 

PIN diode attenuator would require much less PCB area than a resistor array, a highly desired 

feature. For the PIN diode attenuator, the same TEE configuration was used as designed in 

previous chapter. This time the diodes were biased with lower voltage, and subsequently with 

lower bias current. The used circuit is shown Fig. 34 and the measured insertion losses are shown 

in Fig. 35. 

 

Fig. 34. Circuit used in PIN diode attenuator measurements. 

 
Fig. 35. BAR64 series PIN diode attenuator results. 

The spikes seen in S11 measurements are caused by jumper wires used in the biasing circuit. The 

insertion loss was measured with +10 dBm input power. Starting with 0.4 V bias voltage, the 

attenuator has a constant attenuation in the range of 10—20 MHz. Tunable attenuation in the 
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range of 0.5—10 dB was achieved. However, with more input power the attenuators performance 

degrades, because the diode is unable to stay in ON-state at lower frequencies. 

BAR50 series offer higher resistance than BAR64 series, therefore an attenuator with BAR50 

PIN diodes has a higher insertion loss. Results for attenuator with BAR50 PIN diodes are shown 

in Fig. 36. 

 

Fig. 36. BAR50 series PIN diode attenuator results. 

Within the same frequency range as with BAR64 series, BAR50 attenuator has an insertion loss 

of 1—13 dB. With BAR50, higher insertion loss is achieved with higher bias current, which 

makes the attenuator more stable with higher input power. 

Unlike in HF RFID applications, in a HF RFID measurement system the Q-factor of the near-

field coil is not desired to be high. High Q-factor would make the measurement system unstable. 

For example, the mutual inductance between the near-field coil and the tag under test would be 

very high [1]. That’s why the overcoupling technique is not the best to be used in a measurement 

system. Nonetheless, in some applications the technique could improve the reading range 

drastically. 

3.4. Conductor loop inductance calculation 

Two near-field coils were already in use and therefore their inductances were fixed. The bigger 

loop has a diameter of 145 mm and two windings, whereas the smaller one has a diameter of 

60 mm and four windings. The measured inductances are 1.7 μH and 2.4 μH respectively. To 

design the even smaller near-field coil, different approximations were compared to see what fits 

best to the fixed inductances. The calculated approximations were then compared to the 

measured results, see Table 3 and Table 4. 

Table 3. Calculated inductances for conductive loop with a diameter of 145 mm. 

Loop 

count 
Eq. 16 Eq. 17 Eq. 18 

Measured 

inductance 

1 0.41 μH 0.35 μH 0.71 μH 0.56 μH 

2 1.64 μH 1.41 μH 2.83 μH 1.70 μH 
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Table 4. Calculated inductances for conductive loop with diameter of 60 mm. 

Loop 

count 
Eq. 16 Eq. 17 Eq. 18 

Measured 

inductance 

1 0.14 μH 0.15 μH 0.30 μH 0.26 μH 

2 0.57 μH 0.57 μH 1.15 μH 0.75 μH 

3 1.29 μH 1.28 μH 2.54 μH 1.48 μH 

4 2.30 μH 2.24 μH 4.42 μH 2.42 μH 

 

The equations 16 and 17 generated values which were quite close to the measured results, 

therefore they were chosen to approximate the inductance of the third near-field coil. Since the 

two inductances were fixed, the best solution to pick the third value would be in between the two 

fixed values. This would bring no additional requirements for the reconfigurable matching circuit. 

In Fig. 37, the best options for the number of loop windings for the smaller near-field coil are 

graphically presented. 

 

Fig. 37. Loop winding approximation for near-field coil with a diameter of 30 mm. 

The red lines represent the inductance values of the existing coils. 6 loops seemed to yield 

inductance value, which would be in between the two fixed values. A near-field coil with a 

diameter of 30 mm and 6 windings would have an inductance close to that of the 60 mm diameter 

coil, which would lead to very similar matching circuit component values. 

3.5. Simulations for component value approximations 

To determine the starting point for component values in the reconfigurable matching circuit, 

simulation was used. In the simulation, ideal components were used, and no transmission line 
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inductance was taken into account. It was estimated that the parasitic elements of the protoboard 

would have some effect, but that effect could be overcome by changing the component values. 

The simulation circuit is shown in Fig. 38. 

 

Fig. 38. Simulated circuit. 

The design has base series and shunt capacitor values, and parallel to them are tunable 

capacitances. The resistance has no base value. From the simulation were determined the required 

capacitor and resistor value ranges. To achieve a fine enough tuning resolution, 5 steps for the 

series capacitor, 4 steps for the parallel capacitor and 4 steps for the series resistor was to be used. 
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4 Results and analysis 

In this chapter the performance of PIN diode attenuator for Q-factor tuning is presented. After 

that, the design of the protoboard and the control code logic are explained. The performance of 

the EM relay and the PIN diode versions are compared. The resonance frequency tuning range, 

Q-factor tuning and magnetic field strengths of the designs are shown. Finally, the performance 

of the protoboard is tested in HF RFID measurement system and compared to the existing coils. 

Throughout this chapter, the analysis of the results is done. 

4.1. PIN diode as current controlled resistor 

The BAR50 version of the PIN diode attenuator was chosen for testing the Q-factor tuning of a 

near-field coil. The same circuit as was shown in Fig. 34 was used in the measurements, and again 

the spikes seen on the results (see Fig. 39) are caused by the jumper wires. 

 
Fig. 39. PIN diode attenuator Q-factor tuning measurement results. 

The Q-factor of the coil was successfully tuned, indicated by the growing of the loop in the smith 

chart. However, from the smith chart it’s not easy to see the whole picture, since the resonance 

frequency might be affected by the PIN diode attenuator. In Fig. 40 is plotted the S11 in 

rectangular chart. 
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Fig. 40. PIN diode attenuator effect on resonance frequency. 

The PIN diode attenuator had an effect on the resonance frequency also. This is something to 

keep in mind when using this kind of design with a resonance circuit. Additional components or 

component value changes would be required to overcome the effect of the resonance shifting. 

4.2. Protoboard design 

The board was designed with resistor and capacitor arrays, and the values were based on the 

simulations shown in Chapter 3.5, see Fig. 41 for details. The three coils are named C30, C60 and 

C145, the number representing the diameter of the coil. 

 

Fig. 41. System diagram of the protoboard. 

During the project it was decided that the protoboard would have the EM relays and PIN diodes 

for switching, so comparing the designs would be easy. On the other hand, the decision meant a 

large PCB area for the matching circuit, which would introduce more inductance to the circuit. 

That would lead to lower resonance frequency, and the effect was approximated by equation: 

 𝐿 = 0.2𝑙 (ln (
2𝑙

𝑤+𝑡
) +

0.223(𝑤+𝑡)

𝑙
+ 0.5), (40) 
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where l is the transmission line length and t is the thickness [13]. The inductance was 

approximated to be in range 0.5—0.8 μH. It was estimated to be small enough to overcome by 

changing capacitor values in the matching circuit. 

4.3. Switch control circuit and control code 

To control the EM relays and PIN diodes, 5 V control and supply voltages were used. Such 

voltages would be easily created by the existing measurement system. A microcontroller board 

based on ATmega2560 microcontroller was used for the control signals. Double coil latching EM 

relays were used. The control signals are used to control simple FET switches, which ground the 

coils of the EM relay, thus making it change its state. This kind of implementation requires two 

control voltages to operate the relay. 

 The TEE PIN diode switch configuration was used for the prototype. The control circuit is 

shown in Fig. 42. 

 

Fig. 42. TEE PIN diode switch control circuit. 

One control signal is enough to control the switch, since the inverter is used. The operation is 

similar to that of the EM relay switch control circuit, the control voltage is used to control the 

FETs. 
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The control code was made simple. The board was divided to six blocks: 

• Series capacitance, 5 switches 

• Shunt capacitance, 4 switches 

• Series resistance, 4 switches 

• 3 switches for coils 

Each block is controlled individually, and the commands are three decimal characters long. The 

converts the decimal string to byte, of which the three most significant bits (MSB) represent the 

block and the five least significant bits (LSB) the switches of that block. The used microcontroller 

board was compatible to Arduino Mega 2560, enabling easy programming with Arduino IDE 

programming environment. 5 V control voltages are common in many applications and the 

microcontroller board can be replaced easily. 

4.4. Protoboard manufacturability and cost 

One interesting aspect when comparing the two designs was the bill of materials (BOM). The 

manufacturability and cost of designs differ, affecting the proposal for the final design. The 

designed board assembled with EM relays is shown in Fig. 43.  

 

Fig. 43. Designed protoboard. 

The PCB area required by the EM relay and the designed PIN diode switch are roughly the same. 

Having components on two layers on the PCB would allow to decrease the area needed, but the 

size difference would still be negligible. In every case, component arrays require large amount of 

space on PCB. 

The design has 16 switches in both cases, and the costs for both the EM and the PIN diode 

switch are almost the same. However, the EM relay version has less components and its 

manufacturability is better. 
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4.5. EM relay switch board performance 

The first board was assembled with EM relays. The initial tuning range of the board was at too 

low frequencies, HF RFID tags could not be measured with it. Therefore, some slight 

modifications were made to the circuit to achieve a higher resonance frequency. The base parallel 

capacitor was removed, and additional series capacitor was added between the resistor array and 

coil switches. The measured tuning range and Q-factor tuning for C60 coil are shown in Fig. 43. 

 

Fig. 43. Tuning range and Q-factor tuning for the C60 coil. 

With the modifications, a tuning range of 2.5 MHz was achieved with tuning accuracy of few 

hundred kHz. The resonances at 2.5 MHz and 26 MHz are well out of HF RFID range, posing no 

threat for the system operation. Q-factor tuning was successful. 

Similar results were achieved for C30 and C145 near-field coils. S11 shows the resonance 

frequency and how much of the power is reflected back to the source, but it does not tell if the 

power actually reaches the near-field coils. The power could actually flow to the control circuitry, 

so additional measurements were needed. 

To be sure that the power goes through the near-field coil, magnetic field strength 

measurements were performed. In [36] is shown how to measure magnetic field strength of a 

near-field coil using an oscilloscope. Similar setup was made to measure the magnetic field 

strengths of the near-field coil. The used probes and the measurement setup are shown in Fig. 44. 
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Fig. 44. Measurement probes and setup used in magnetic field strength measurements. 

The small probe was used for measuring the magnetic field strength of C30 coil in distances less 

than 30 mm, since the other probe was too large. The magnetic field strength can be calculated 

with equation: 

 𝐻𝑅𝑀𝑆 = 𝑈𝑃𝑃
1

4𝜋𝑓𝜇𝑟𝜇0𝐴𝐶
, (41) 

where A is the area enclosed by the conductor and C is the crest-factor (√2 for sinusoidal signal) 

[36]. The coils were tuned to 13.56 MHz, +10 dBm input signal was used and the magnetic field 

strength of each coil was measured at the centre of the coil, see Fig. 45 for results. 

 

Fig. 45. Measured magnetic field strength of protoboard with EM relays. 

As expected, C30 had the strongest magnetic field strength at very close proximity and C145 had 

the strongest magnetic field strength at further distances. While this measurement was not 
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accurate enough to determine the exact magnetic field strength, it confirmed the current is flowing 

through the coils. 

4.6. PIN diode switch board performance 

Initially, the board with PIN diode switches could not be tuned logically. Instead, the resonance 

would jump around in inconsistent manner. It was suspected to be caused by the bias circuits of 

the switches, and a slight modification was made. Capacitors were soldered parallel to the RF 

choke inductors, creating band-stop filters. This improved the tuning consistency, which was still 

quite poor. To further improve that, the switch topologies for series and parallel capacitor arrays 

were changed to single series PIN diode. This removed some routes for RF signal to flow to, 

effectively improving the performance. The tuning range is shown in Fig. 46. 

 

Fig. 46. PIN diode board resonance tuning range. 

Tuning range of 8—14 MHz was achieved. Even though the resonances in S11 measurement 

looked better than with EM relay board, it did not mean the signal current flows in the conductor 

loop. On the contrary, the PIN diode board had resonances even when no coils were switched on. 

The resonances of each coil are very similar, because of the unwanted resonances. To determine 

if any amount of the signal reaches the coils, magnetic field strength measurements were 

performed in the same manner as for the EM relay board, see Fig. 47 for results. 
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Fig. 47. Measured magnetic field strength of protoboard with PIN diode switches. 

Each coil created magnetic fields, so at least some of the RF power was flowing through them. 

However, clearly weaker magnetic field strengths were measured than with the EM relay board. 

It was suspected that some of the signal escapes through the biasing circuits, which could create 

undesired magnetic fields around the tunable matching circuit. Hence, stray magnetic field 

strength measurements were performed for the tunable matching circuit part of the board, see Fig. 

48. 
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Fig. 48. Stray magnetic field strengths measured at 10 mm distance from the board. 

The results varied a bit depending on switch states and the worst case scenario for each part was 

shown in the figure. Compared to the fields created by the coils, the stray fields in the tunable 

matching circuit area have considerable strengths at some parts. A better layout design should 

reduce the strengths of the stray fields. With the EM relay board, only one coil switch area created 

a stray magnetic field with strength of more than 0.02 A/m. 

4.7. Measurements with HF RFID measurement system 

Of course, it was not enough to know that the near-field coils create magnetic fields, but their 

performance measuring HF RFID tags needed to be verified. For that the coils need to have a 

wide enough bandwidth and the modulated signal should remain undistorted for a successful 

communication. So, the coils were tuned to have a centre frequency of 13.56 MHz. The 

performances were compared to the coils previously used in the HF RFID measurement system. 

With an HF RFID measurement system, a threshold sweep was performed for each coil, using the 

same tag and distance from the coil. Threshold sweep measures the lowest power level needed to 

transmit to the near-field coil for successful communication with the tag, in frequency range of 

12—16 MHz in this case. In Fig. 49 are shown the result for C145 coils. 
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Fig. 49. Threshold sweep result for C145 mm coils. 

The EM relay proved to have a better performance, as already indicated by the magnetic field 

strength measurements. It actually performed quite similarly as the previous C145. Similar results 

were achieved with the smaller coils, see Fig. 50 and Fig. 51. 

 

Fig. 50. Threshold sweep result for C60 mm coils. 

 

Fig. 51. Threshold sweep result for C30 mm coils. 

With C60 and C30 measurements the tags effect on the coil resonance is clearly visible for EM 

relay version. In every case, PIN diode version performed worse. However, both designs proved 

to operate well enough to achieve successful measurements. 
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5 Conclusion 

The PIN diode attenuator for Q-factor tuning was successfully designed. However, at such a low 

frequency, there are not many PIN diodes available for the use. Especially, since the PIN diode 

should have quite high resistance at 1 mA bias current for easier control. Unfortunately, such a 

low bias current might cause problems with relatively large RF currents. Furthermore, the biasing 

circuit introduces undesired paths for the RF signal to flow to, requiring a careful design to be 

used in a resonance circuit. On the other hand, the power consumption of one PIN diode is not 

much and the PCB area required is much less than what’s required by a resistor array. To sum up, 

PIN diode attenuator is a plausible option to achieve Q-factor tuning for a near-field coil in an HF 

RFID measurement system. 

The designed board was too large, introducing excessive inductance and deteriorating the 

designs performance. However, if the EM relay and PIN diode versions had individual boards, 

the effect of the transmission line lengths are expected to be considerably smaller. Nonetheless, 

with small modifications the board was working at the right frequencies and the performance 

could be measured. 

The EM relay version proved to be superior to PIN diode version in almost every way. The 

PCB size and design cost for both designs are close to each other. The EM relay versions current 

consumption was neglectable, since the relays only require power when changing state and the 

microprocessor card would be replaced for the product use. PIN diode version required constant 

current flow to operate, in range of 240—860 mA, depending on the switch states. Additionally, 

the EM version could be tuned logically in range of 2.5 MHz, while the PIN diode version was 

hard to tune due to the parasitic elements created by the biasing circuits. Also, the PIN diode 

version created stray magnetic fields in the tunable matching circuit area, EM relay version did 

not. 

Thinking of the manufacturability and integration to the HF RFID measurement system, EM 

relay version offers more benefits. While the required PCB size and prize are roughly the same, 

EM relay version has less components to solder. Both versions use 5 V logic and 5 V supply 

voltages, allowing an easy integration to the system. 

One option to create an easily manufactured design would be by having three separate 

matching circuits, each with fixed component values, see Fig. 52. This kind of design would only 

require three DPDT EM relays for switching, requiring only a small area on the PCB. Even 

simpler design with two SPDT relays is shown in Fig. 53. 

 

Fig. 52. Reconfigurable near-field coil design with three DPDT EM relays. 
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Fig. 53. Reconfigurable near-field coil design with two SPDT EM relays. 

The advantage with the three DPDT relays is the isolation it offers. While these designs would 

not have the possibility to tune the resonance frequency or the Q-factor, it would still satisfy the 

need of having three different size near-field coils. And with so few needed switches, PIN diode 

implementation could also be a possibility, since not too many parasitic elements would be 

present. 

Even though the use of EM relays as switches proved to be plausible, in future there might 

be options to consider to be used instead. GaN based FETs have already been manufactured with 

a performance comparable to that of an EM relay, such as TS63210K designed by Tagore 

Technology and QPC1022 designed by Qorvo. 

Also, a possible solution to make the design simpler and smaller would be DTCs. 

Successfully used in a similar design in [7], DTCs might be a viable option to be used. Even with 

a small capacitance tuning range, DTC could be used for finetuning combined with coarse tuning 

achieved by other means. However, DTCs are usually designed for higher frequencies and their 

lead times might be long. 
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6 Summary 

In this thesis a reconfigurable near-field test coil for HF RFID measurement system was 

developed. Since a product was planned to be made based on the results of this thesis, the prices, 

component availability and design manufacturability were taken into consideration when making 

decisions for the design. Thus, newer and rarer technologies like GaN switches were researched 

but not tested for this project. 

Automatically tuned matching circuit designs for HF RFID near-field coils are readily 

available for purchase. However, none of the existing designs were suitable for integrating to the 

HF RFID measurement system. That’s why a completely new design was made. 

The designed protoboard includes three nested near-field coils, coil switches, tunable 

matching circuit made of component arrays, and the control logic for the switches. Two different 

variations of the design were manufactured and measured, one implemented with EM relays and 

the other with PIN diode switches. 5 V supply voltage and 5 V control voltages were used for 

easy integration to HF RFID measurement system. 

The designed board was the same for both implementations, so the performance comparison 

would be easy. However, the large size of the PCB introduced much excessive inductance to the 

circuit, which lead to lower resonance frequency than desired. With some minor modifications, 

the frequency tuning range was achieved at high enough frequencies to be used in HF RFID 

measurements. 

The board assembled with EM relays proved to be more reliable, mostly because the biasing 

circuits of the PIN diodes introduced too much parasitic elements. EM relay version was superior 

in almost every aspect: current consumption, manufacturability, frequency tuning, coil magnetic 

field strength and creating no stray magnetic fields in the tunable matching circuit. The PCB areas 

required by the different versions are roughly the same. Both versions were designed with 

inexpensive and easily substituted components. 

Despite the problems encountered in the measurements of the prototype, the results are in 

line with the theory and with slight modifications the problems are overcome. The EM relay 

version shows promising for designing a final product, and a few possible solutions were 

presented as a conclusion. 
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