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3.2 FULL AND HALF DUPLEX PROCEDURE 41 

Procedure: 
FOX: 
Energy transfer: 

downlink: \ \ \ 

uplink: 
HDX: 

Enerov transfer: 
downlink: - -\ \ -

uplink: - I I -
SEQ: 

Enerov transfer: ■ 
downlink: - - -~ 

\ I \ I \ 

uplink: - I - - I "111 -- - -
Figure 3.12 Representation of full duplex, half duplex and sequential systems over time. Data 
transfer from the reader to the transponder is termed downlink, while data transfer from the 
transponder to the reader is termed uplink 

operation ➔ pulsed system). Data transfer from the transponder to the reader occurs 
in the pauses between the power supply to the transponder. See Figure 3.12 for a 
representation of full duplex, half duplex and sequential systems. 

Unfortunately, the literature relating to RFID has not yet been able to agree a con-
sistent nomenclature for these system variants. Rather, there has been a confusing and 
inconsistent classification of individual systems into full and half duplex procedures. 
Thus pulsed systems are often termed half duplex systems - this is correct from the 
point of view of data transfer - and all unpulsed systems are falsely classified as 
full duplex systems. For this reason, in this book pulsed systems - for differentiation 
from other procedures, and unlike most RFID literature(!) - are termed sequential 
systems (SEQ). 

3.2. 1 Inductive coupling 

3.2. 1. 1 Power supply to passive transponders 

An inductively coupled transponder comprises an electronic data-carrying device, usu-
ally a single microchip, and a large area coil that functions as an antenna. 

Inductively coupled transponders are almost always operated passively. This means 
that all the energy needed for the operation of the microchip has to be provided by 
the reader (Figure 3.13). For this purpose, the reader's antenna coil generates a strong, 
high frequency electromagnetic field, which penetrates the cross-section of the coil 
area and the area around the coil. Because the wavelength of the frequency range used 
( < 135 kHz: 2400 m, 13 .56 MHz: 22.1 m) is several times greater than the distance 
between the reader's antenna and the transponder, the electromagnetic field may be 
treated as a simple magnetic alternating field with regard to the distance between 
transponder and antenna (see Section 4.2.1.1 for further details). 
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42 3 FUNDAMENTAL OPERATING PRINCIPLES 

Magnetic field H 

' ~ - ~ · • . ..... . . . .. . .. .. . . . . .. . .... .. . . . ._ : 

Transponder 

Reader 

Figure 3.13 Power upply to an inductively coupled transponder from the energy of the mag-
netic alternating field generated by the reader 

A small part of the emitted field peneu·ates the ant nna coil of the transponder, 
which is some distance away from the coil of the reader. A voltage Ui is generated in 
the t:ran pond r s antenna coil by inductance. Thi voltage i rectified and erve as the 
power supply for the data-carrying device (microchip). A capacitor Cr i conn cted in 
parallel with the reader antenna coil, th capacitance of thi capacitor being lected 

uch Lhal it works with the coil inductance of the antenna c.oil to form a parallel resonant 
circllil with a re onant frequency that corre ponds with the transmi sion frequency of 
the reader. Very high current are generated in the antenna coiJ of the reader by 
re onance tep-up in the paral lel re onant circuit, which can be u. ed to generate the 
required field trengths for the operation of the remote tran ponder. 

The antenna coil of the transponder and the capacitor C1 form a re onant circuit 
tuned to the transmission frequency of the reader. Th voltage U at th t:rao ponder 
coil reaches a maximum due to re onanc tep-up in the paraUel re onant circuit. 

The layout of the two coils can also be interpreted a ' a tran former (transformer 
coupling) in which case there i only a very weak coupling between the two wind-
ing (Figure 3.14). The efficiency f power tran fer between the antenna coil of the 
reader and the iran ponder i proportional to the operating frequency f, the number 
of windings n, the area A enclosed by the transponder co.il, the angle of the two coils 
relative to each other and the distance between the two coils. 

As frequency f increa es the required coil inductance of the transponder coil, 
and thus the number of winding n decrea e ( 135kHz: typical 100- 1000 winding, 
13 .56 MHz: typical 3-10 winding ). Because the voltage induced in the tran ponder 
is still proportional to frequency f ( ee Chapter 4) the reduc d numb r of windings 
barely affect the efficiency of power transfer at higher frequencies. Figure 3.15 shows 
a reader for an inductively coupled transponder. 

3.2. 1.2 Data transfer transponder ➔ reader 

Load modulation As described above, inductively coupled y terns are based up n 
a transformer-type coupling between the primary coil in the reader and the econdary 
coil in the tran ponder. This is true when the distance between the coil doe not exceed 
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J.2 FULL AND HALF DUPLEX PROCEDURE 43 

Figure 3.14 Different de ign of inductively coupled tran ponders. The photo shows half fin-
i bed lran ponder , i.e. tran ponders be.fore inj ction into a plastic housing (reprodu ed by 
permj · ion of AmaTech GmbH & o. KG D-Pfronten) 

Figure 3.15 Reader for inductively coupled transponder in the frequency range < 135 kHz with 
integral antenna (reproduced by permission of easy-key System, micron, Halbergmoos) 

0.16 A, so that the transponder is located in the near field of the transmitter antenna 
(for a more detailed definition of the near and far fields, please refer to Chapter 4). 

1f a re onant n·an ponder (i.e. a transponder with a self-resonant frequency corre-
sponding with the transmi sion frequency of the reader) is placed within the magnetic 
alternating field of the r ader' s antenna, the transponder draws energy from the mag-
netic field. The resulting feedback of1 the transponder on the reader's antenna can be 

, I 
I 
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44 3 FUNDAMENTAL OPERATING PRINCIPLES 

Table 3.6 Overview of the power consumption of various RFID-ASIC building blocks (Atmel, 
1994). The minimum supply voltage required for the operation of the microchip is 1.8 V, the 
maximum permissible voltage is 10 V 

Memory Write/read Power Frequency Application 
(Bytes) distance consumption 

ASIC#l 6 15cm lOµA 120kHz Animal ID 
ASIC#2 32 13cm 600µA 120kHz Goods flow, access check 
ASIC#3 256 2cm 6µA 128kHz Public transport 
ASIC#4 256 0.5cm <lmA 4 MHz* Goods flow, public transport 
ASIC#5 256 <2cm ~lmA 4113.56MHz Goods flow 
ASIC#6 256 100cm 500µA 125 kHz Access check 
ASIC#? 2048 0.3cm <l0mA 4.91 MHz* Contactless chip cards 
ASIC#8 1024 10cm ~lmA 13.56MHz Public transport 
ASIC#9 8 100cm <lmA 125kHz Goods flow 
ASIC#lO 128 100cm <lmA 125 kHz Access check 

' Close coupling system. 

represented as transformed impedance ZT in the antenna coil of the reader. Switching 
a load resistor on and off at the transponder's antenna therefore brings about a 
change in the impedance ZT, and thus voltage changes at the reader's antenna (see 
Section 4.1.10.3). This has the effect of an amplitude modulation of the voltage UL at 
the reader's antenna coil by the remote transponder. If the timing with which the load 
resistor is switched on and off is controlled by data, this data can be transferred from 
the transponder to the reader. This type of data transfer is called load modulation. 

To reclaim the data at the reader, the voltage tapped at the reader's antenna is recti-
fied. This represents the demodulation qf an amplitude modulated signal. An example 
circuit is shown in Section 11.3. 

Load modulation with subcarrier Due to the weak coupling between the reader 
antenna and the transponder antenna, the voltage fluctuations at the antenna of the 
reader that represent the useful signal are smaller by orders of magnitude than the 
output voltage of the reader. 

In practice for a 13.56 MHz system, given an antenna voltage of approximately 
100 V (voltage step-up by resonance) a useful signal of around 10 m V can be expected 
(=80 dB signal/noise ratio). Because detecting this slight voltage change requires highly 
complicated circuitry, the modulation sidebands created by the amplitude modulation 
of the antenna voltage are utilised (Figure 3 .16). 

If the additional load resistor in the I.ran ponder is switched on and off at a very high 
elementary frequency Ji., then two spectral lines are created at a distance of ±fs around 
the tran mission frequency of the read r !READER, and these can be ea iJy detected 
(however f must be less than !READER)- In the terminology of radio technology the 
new elementary frequency is called a subcarrier). Data transfer is by ASK, FSK or PSK 
modulation of the subcarrier in time with the data flow. This represents an amplitude 
modulation of the subcarrier. 

Load modulation with a subcarrier creates two modulation sidebands at the 
reader's antenna at the distance of the subcarrier frequency around the operating 
frequency !READER (Figure 3.17). These modulation sidebands can be separated from 
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3.2 FULL AND HALF DUPLEX PROCEDURE 45 

Reader 

H 

. . 
I• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

Transponder 
Binary code signal 

Figure 3.16 Generation of load modulation in the transponder by switching the drain-source 
resistance of an FET on the chip. The reader illustrated is designed for the detection of a 
subcarrier 

0dB 

-80 dB 

fr= 13.560 MHz 

-----Carrier signal of the reader, 
measured at the antenna coil 

Modulation product by 
load modulation with subcarrier 

ss- .....,._""'F"=-- --+--- -------"L.........j_.___., 
◄ ► 
f 8 = 212 kHz 

Figure 3.17 Load modulation creates two sidebands at a distance of the subcarrier frequency 
fs around the transmission frequency of the reader. The actual information is carried in the 
sidebands of the two subcarrier sidebands, which are themselves created by the modulation of 
the subcarrier 

the significantly stronger signal of the reader by bandpass (BP) filtering on one of the 
two frequencies !READER ± fs. Once it has been amplified, the subcarrier signal is now 
very simple to demodulate. 

Because of the large bandwidth required for the transmission of a subcarrier, this 
procedure can only be used in the ISM frequency ranges for which this is permitted, 
6.78MHz, 13.56MHz and 27.125MHz (see also Chapter 5). 

Example circuit-load modulation with subcarrier Figure 3.18 shows an example 
circuit for a transponder using load modulation with a subcarrier. The circuit is designed 
for an operating frequency of 13.56 MHz and generates a subcarrier of 212 kHz. 
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3 FUND AMENT Al OPERA TING PRINCIPLES 

2 C1 
2 

1 1 

IC1 14 
01 
Q2 
Q3 

1 CLK 0 4 

2 RES 
4024 

05 
06 
Q7 3 
7 

3 
IC3a 

7400 

DATA 

Figure 3.18 Example circuit for the generation of load modulation with subcarrier in an induc-
tively coupled transponder 

The voltage induced at the antenna coil L 1 by the magnetic alternating field of the 
reader i rectified using the bridge r tifier (D l-D4) and after additional smoothing 
(C J) i available to the circuit as supply voltage. The parallel regulator (ZD 5Y6 
prevents the upply voltage from being subject to an uncontrolled increase when the 
transponder approa he · the reader ante,nna. 

Part of the high frequency antenna voltage (13.56 MHz) travels to the frequency 
divider' timing input (CLK) via the protective re. i tor (Rl) and provides the tran pon-
der with the basis for the generation of an internal clocking , ignal. After division by 
26(= 64) a . ub arrier clocking ignal of 212 kHz i avai lable at output Q7. The ub-
carrier clocking ignal, controlled by a :erial data flow at the data input (DATA) is 
pass d to the witch (T l ). If there i a logical HIGH ignal at the data input (DATA), 
then the ubcmTier locking ignal is passed to the witch (Tl). The load re i tor (R2) 
is then switched on and off i □ time with the subcarrier frequency. 

Optionally in the depicted circuit the transponder resonant circuit can be brought into 
resonance with the capacitor Cl at 13 .56 MHz. The range of this 'minimal tran ponder' 
can be significantly increased in this manner. 

Subharmonic procedure The subharmonic of a sinusoidal voltage A with a defined 
frequency f A is a inu oidal voltage B, who e frequency fB is derived from an integer 
division of the frequency !A -The subharmonics of the frequency !A are therefore the 
frequencies fA/2, fA/3, !A/4 .... 

In the subharmonic transfer procedure a second frequency fB, which is usually 
lower by a factor of two, is derived by digital division by two of the reader's trans-
mission frequency fA• The output ignal fB of a binary divider can now be modulated 
with the data stream from the transponder. The modulated ignaJ i then :fed back into 
the transponder's antenna via an output driver. 

One popular operating frequency for subharmonic system i 128 kHz. Thi. give 
rise to a transponder response frequency of 64 kHz. 

The transponder's antenna consists of a coil with a central tap, whereby the power 
supply is taken from one end. The transponder's return signal is fed into the coil 
second connection (Figure 3.19). 
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2 

EEPROM Mod. 
2 

CHIP 

Figure 3.19 Basic circuit of a transponder with subharmonic back frequency. The received 
clocking signal is split into two, the data is modulated and fed into the transponder coil via a tap 

3.2.2 Electromagnetic backscatter coupling 

3.2.2. 1 Power supply to the transponder 

RFID systems in which the gap between reader and transponder is greater than 1 m 
are called long-range systems . These systems are operated at the UHF frequencies of 
868 MHz (Europe) and 915 MHz (USA), and at the microwave frequencies 2.5 GHz and 
5.8 GHz. The short wavelengths of these frequency ranges facilitate the construction 
of antennas with far smaller dimensions and greater efficiency than would be possible 
using frequency ranges below 30 MHz. 

In order to be able to assess the energy available for the operation of a transponder 
we first calculate the free space path loss ap in relation to the distance r between the 
transponder and the reader' s antenna, the gain GT and GR of the transponder's and 
reader's antenna, plus the transmission frequency f of the reader: 

ap = -147.6 + 20log(r) + 20log(f) - lOlog(GT) - lOlog(GR) (3.1) 

The free space path loss is a measure of the relationship between the HF power 
emitted by a reader into 'free space' and the HF power received by the transponder. 

Using current low power semiconductor technology, transponder chips can be pro-
duced with a power consumption of no more than 5 µ W (Friedrich and Annala, 2001). 
The efficiency of an integrated rectifier can be assumed to be 5-25% in the UHF and 
microwave range (Tanneberger, 1995). Given an efficiency of 10%, we thus require 
received power of Pe = 50 µWat the terminal of the transponder antenna for the oper-
ation of the transponder chip. This means that where the reader's transmission power 
is Ps = 0.5 W EIRP (effective isotropic radiated power) the free space path loss may 
not exceed 40 dB (P s /Pe = 10 000 / 1) if sufficiently high power is to be obtained at the 
transponder antenna for the operation of the transponder. A glance at Table 3.7 shows 
that at a transmission frequency of 868 MHz a range of a little over 3 m would be 
realisable; at 2.45 GHz a little over 1 m could be achieved. If the transponder's chip 
had a greater power consumption the achievable range would fall accordingly. 

In order to achieve long ranges of up to 15 m or to be able to operate transponder 
chips with a greater power consumption at an acceptable range, backscatter transpon-
ders often have a backup battery to supply power to the transponder chip (Figure 3.20). 
To prevent this battery from being loaded unnecessarily, the microchips generally have 
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4 
Physical Principles 
of Rf ID Systems 

The vast majority of RFID systems operate according to the principle of inductive cou-
pling. Therefore, understanding of the procedures of power and data transfer requires 
a thorough grounding in the physical principles of magnetic phenomena. This chapter 
therefore contains a particularly intensive study of the theory of magnetic fields from 
the point of view of RFID. 

Electromagnetic fields - radio waves in the classic sense - are used in RFID 
systems that operate at above 30 MHz. To aid understanding of these systems we 
will investigate the propagation of waves in the far field and the principles of radar 
technology. 

Electric fields play a secondary role al)d are ·. only exploited for capacitive data 
transmission in close coupling systems. Therefore, this type of field will not be dis-
cussed further. 

4. 1 Magnetic Field 

4. 1. 1 Magnetic field strength H 

Every moving charge ( electrons in wires or in a vacuum), i.e. flow of current, is 
associated with a magnetic field (Figure 4.1 ). The intensity of the magnetic field can 
be demonstrated experimentally by the forces acting on a magnetic needle (compass) 
or a second electric current. The magnitude of the magnetic field is described by the 
magnetic field strength H regardless of the material properties of the space. 

In the general form we can say that: 'the contour integral of magnetic field strength 
along a closed curve is equal to the sum of the current strengths of the currents within 
it' (Kuchling, 1985). 

(4.1) 

We can use this formula to calculate the field strength H for different . types of 
conductor. See Figure 4.2. 

RFID Handbook: Fundamentals and Applications in Contactless Smart Cards and Identification. Klaus Finkenzeller 
© 2003 John Wiley & Sons, Ltd ISBN: 0-470-84402-7 
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62 4 PHYSICAL PRINCIPLES OF RFID SYSTEMS 

+ 
' ' ' ' Magnetic flux 

lines 

Figure 4.1 Lines of magnetic flux are generated around every current-carrying conductor 

+ 

+ 

H 

Figure 4.2 Lines of magnetic flux around a current-carrying conductor and a current-carrying 
cylindrical coil 

Table 4.1 Constants used 

Constant Symbol Value and unit 

Electric field constant co 8.85 x 10-12 AsNm 
Magnetic field constant µo 1.257 x 10-6 Vs/Am 
Speed of light C 299792km/s 
Boltzmann constant k 1.380 662 x 10-23 11K 

In a straight conductor the field strength H along a circular flux line at a distance 
r is constant. The following is true (Kuchling, 1985): 

1 
H=-

2rrr 

4. 1. 1. 1 Path of field strength H(x) in conductor loops 

(4.2) 

So-caJled hort cylindrical coil ' or conductor loops are used as magnetic antenna to 
generate the magnetic alternating field in the write/read devices of inductively coupled 
RFID svstems (Figure 4.3). 
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.4.1 MAGNETIC FIELD 

Table 4.2 Units and abbreviations used 

Variable 

Magnetic field strength 
Magnetic flux (n = number 

of windings) 

Magnetic inductance 

Inductance 
Mutual inductance 
Electric field strength 
Electric current 
Electric voltage 
Capacitance 
Frequency 
Angular frequency 
Length 
Area 
Speed 
Impedance 
Wavelength 
Power 
Power density 

Symbol 

H 
<I> 

\Jf = n<I> 
B 

L 
M 
E 
I 
u 
C 
f 

w = 2rrf 
l 
A 
V 

z 
A 
p 
s 

Unit 

Ampere per meter 
Volt seconds 

Volt seconds per meter 
squared 

Henry 
Henry 
Volts per metre 
Ampere 
Volt 
Farad 
Hertz 
I/seconds 
Metre 
Metre squared 
Metres per second 
Ohm 
Metre 
Watt 
Watts per metre squared 

63 

Abbreviation 

Alm 
Vs 

Vs/m2 

H 
H 

Vim 
A 
V 
F 

Hz 
1/s 
m 
m2 
mis 
Q 
m 
w 

W/m2 

Figure 4.3 The path of the lines of magnetic flux around a short cylindrical coil, or conductor 
loop, similar to those employed in the transmitter antennas of inductively coupled RFID systems 

If the measuring point is moved away from the centre of the coil along the coil axis 
(x axis), then the strength of the field H will decrease as the distance x is increased. 
A more in-depth investigation sho"'s -that the field strength in relation to the radius 
( or area) of the coil remains constant up to a certain distance and then falls rapidly 
(see Figure 4.4). In free space, the decay of field strength is approximately 60 dB per 
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64 4 PHYSICAL PRINCIPLES OF RFID SYSTEMS 

100 ------- ',,, 
10 ·······································....,,~ .......... . 

', ········· .... 

E 0.1 
~ 
l: 0.01 
.c -Ol 
C 
~ 1 x10-3 -Cl) 

-0 

~ 1 x10-4 

.!:! 
<D 
§i 1 x10-5 
m 
~ 

1 x10-6 

1 x10-7 

-- R=55cm 
············ R = 7 .5 cm 
---- · R = 1 cm 

1 x10-8 L----- - -JL----- ---'-- - - - ---'-- --- ----" 
1 x10-3 0.01 0.1 

Distance x (m) 
1 10 

Figure 4.4 Path of magnetic field strength H in the near field of short cylinder coils, or 
conductor coils, as the distance in the x direction is increased 

decade in the near field of the coil, and flattens out to 20 dB per decade in the far field 
of the electromagnetic wave that is generated ( a more precise explanation of these 
effects can be found in Section 4.2.1). 

The following equation can be used to calculate the path of field strength along the 
x axis of a round coil ( = conductor loop) similar to those employed in the transmitter 
antennas of inductively coupled RFID systems (Paul, 1993): 

(4.3) 

where N is the number of windings, R is the circle radius r and x is the distance from 
the centre of the coil in the x direction. The following boundary condition appli to 
thi • equation: d « R and x < A/2rc (the transition into the electromagnetic far field 
begin at a distance >2n; ee Section 4.2.1). 

At distance O or in other word , al th centre of the antenna, the formula can be 
simplified to (Kuchling, 1985): 

l ·N 
H = - -

2R 
(4.4) 

We can calculate the field strength path of a rectangular conductor loop with edge 
length a x b at a distance of x using the following equation. This format is often used 
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4.1 MAGNETIC FIELD 65 

as a transmitter antenna. 

H= - ----;:::== = === 
N ·I· ab 

2 (b) 2 

4n (~) + 2 +x2 

1 1 
2 + 2 

(~) +x
2 

(~) +x2 

(4.5) 

Figure 4.4 shows the calculated field strength path H (x) for three different antennas 
at a distance 0-20 m. The number of windings and the antenna current are constant 
in each case; the antennas differ only in radius R. The calculation is based upon the 
following values: Hl: R = 55 cm, H2: R = 7.5 cm, H3: R = I cm. 

The calculation results confirm that the increase in field strength flattens out at short 
distances (x < R) from the antenna coil. Interestingly, the smallest antenna exhibits 
a significantly higher field strength at the centre of the antenna (distance= 0), but 
at greater distances (x > R) the largest antenna generates a significantly higher field 
strength. It is vital that this effect is taken into account in the design of antennas for 
inductively coupled RFID systems. 

4. 1. 1.2 Optimal antenna diameter 

If the radius R of the transmitter antenna is varied at a constant distance x from the 
transmitter antenna under the simplifying assumption of constant coil current / in the 
transmitter antenna, then field strength H is found to be at its highest at a certain ratio 
of distance x to antenna radius R. This means that for every read range of an R.FID 
system there is an optimal antenna radius R. This is quickly illustrated by a glance at 
Figure 4.4: if the selected antenna radius is too great, the field strength is too low even 
at a distance x = 0 from the transmission antenna. If, on the other hand, the selected 
antenna radius is too small, then we find ourselves within the range in which the field 
strength falls in proportion to x 3. 

Figure 4.5 shows the graph of field strength H as the coil radius R is varied. 
The optimal coil radius for different read ranges is always the maximum point of 
the graph H(R). To find the mathematical relationship between the maximum field 
strength H and the coil radius R we must first find the inflection point of the function 
H (R) (see equation 4.3) (Lee, 1999). To do this we find the first derivative H' (R) by 
differentiating H (R) with respect to R: 

d 2 · I · N · R 3 · I · N · R3 

H' (R) = -H (R) = --;:::=== - -----;==== 
dR ✓ (R2 + x2)3 (R2 + x2) . ✓ (R2 + x2)3 

(4.6) 

The inflection point, and thus the maximum value of the function H(R), is found 
from the following zero points of the derivative H'(R): 

(4.7) 

WAVELYNX EX. 1008, Pg. 18 
WaveLynx Technologies v. ASSA Abloy, IPR2023-00730



66 4 PHYSICAL PRINCIPLES OF RFID SYSTEMS 
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Figure 4.5 Field strength H of a transmission antenna given a constant distance x and variable 
radiu R, where I = 1 A and N = 1 

The optimal radiu of a tran mission antenna i thus twice the maximum de ired 
read range. The econd zero point i negative merely becau e the magnetic field Hof 
a cot1ductor loop propagates in both direction of the x axi ( ee also Figure 4.3). 

However an accurate as essment of a sy tern' maximum read range require 
knowledge of the interrogation field strength Hrrun of the transponder in que tion (see 
Section 4.1.9). If the selected antenna radiu is too great then there i the danger that 
the field strength H may be too low to supply the transponder with sufficient operating 
energy, even at a distance x = 0. 

4. 1 .2 Magnetic flux and magnetic flux density 

The magnetic field of a (cylindrical) coil will exert a force on a magnetic needle. 
If a soft iron core is inserted into a (cylindrical) coil - all other thing remaining 
equal - then th force acting on the magnetic needle will increa e. The quotient 
I x N (Section 4.J .1) remains con tant and therefore so doe field strength. However 
the flux den ity - the total number of flux lines - which i deci ive for the force 
generated (cf. Paul ·, 1993) ha increased. 

The total number of lines of magnetic flux that pa thrnugh the inside of a ylin-
drical coil, for example, is denoted by magnetic flux <I> . .Magnetic flux den ity B i 
a further variable related to area A (thi variable is often refened to a magnetic 
inductance B in the literature') (Reichel, 1980). Magnetic flux is expressed as: 

(4.8) 

..... 
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Area A 
Magnetic flux <I> 

Bline 

Figure 4.6 Relationship between magnetic flux <P and flux density B 

The material relationship between flux density B and field strength H (Figure 4.6) 
is expressed by the material equation: 

(4.9) 

The constant µ,0 is the magnetic field constant (µ,o = 4n x 10-6 Vs/Am) and 
describes the permeability ( = magnetic conductivity) of a vacuum. The variable µ,r 
is called relative permeability and indicates how much greater than or less than µ,o the 
permeability of a material is. 

4. 1.3 Inductance L 

A magnetic field, and thus a magnetic flux <P, will be generated around a conductor 
of any shape. This will be particularly intense if the conductor is in the form of a loop 
(coil). Normally, there is not one conduction loop, but N loops of the same area A, 
through which the same current / flows. Each of the conduction loops contributes the 
same proportion <P to the total flux VJ' (Paul, 1993). 

\J.I = L <PN = N. <P = N. µ,. H. A 
N 

(4.10) 

The ratio of the interlinked flux VJ' that arises in an area enclosed by current /, to 
the current in the conductor that encloses it ( conductor loop) is denoted by inductance 
L (Figure 4.7): 

L = \JI = _N_• _<P = _N_•_µ,_-_H_· _A 
I I I 

Enclosing / 
current 

A 

Figure 4.7 Definition of inductance L 

(4.11) 

WAVELYNX EX. 1008, Pg. 20 
WaveLynx Technologies v. ASSA Abloy, IPR2023-00730



68 4 PHYSICAL PRINCIPLES OF RFID SYSTEMS 

Inductance is one of the characteristic variables of conductor loops (coils). The 
inductance of a conductor loop (coil) depends totally upon the material propertie 
(permeability) of the space that the flux flows through and the geometry of the layout. 

4. 1.3. 1 Inductance of a conductor loop 

If we assume that the diameter d of the wire used is very small compared to the 
diameter D of the conductor coil (d/ D < 0.0001) a very simple approximation can 
be used: 

2 (2R) L = N µoR -ln d (4.12) 

where R is the radius of the conductor loop and d is the diameter of the wire used. 

4. 1.4 Mutual inductance M 

If a second conductor loop 2 (area A2 ) is located in the vicinity of conductor loop 1 
(area A 1 ), through which a curr nt i flowing, then tbi. wiU be ubject to a proportion of 
the total magnetic flux <l> flowing through A 1• The two circuits are connected together 
by thi partial flux or coupling flux. The magnitude of the coupling 'flux 1/121 depend 
upon the geometric dimen ion of both conductor loop , the position of the conductor 
loop in relation to one another and the magnetic propertie of the medium (e.g. 
permeability) in the layout. 

Similarly to the definition of the (self) inductance L of a conductor loop the mutual 
inductance M21 of conductor loop 2 in relation to conductor loop 1 i defined a the 
ratio of the partial flux 1/121 enclosed by conductor loop 2 to the cun-ent ft in conductor 
loop 1 (Paul, 1993): 

(4.13) 

Similarly, there is al o a mutual inductance M1 2- Here, current h flows through the 
conductor loop 2, thereby determining the coupling flux 1/112 in loop 1. The following 
relationship applies: 

(4.14) 

Mutual inductance describes the coupling of two circuits via the medium of a mag-
netic field (Figure 4.8). Mutual inductance is always present between two electric 
circuits. Its dimension and unit are the same a for inductance. 

The coupling of two electric circuit via the magnetic field is the physical prin-
ciple upon which inductively coupled RF.ID ystems are based. Figure 4.9 how a 
calculation of the mutual inductance between a tran ponder antenna and three dif-
ferent reader antennas, which differ only in diameter. The calculation i ba ed upon 
the following values: M1: R = 55 cm, M2 : R = 7 .5 cm, M3 : R = I cm tran ponder: 
R = 3.5 cm. N = 1 for all reader antenna . 

The graph of mutual inductance shows a strong similarity to the graph of magneti 
field strength H al.ong the x ax.i . A suming a homogeneous magnetic field, the mutual 
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Figure 4.8 The definition of mutual inductance M21 by the coupling of two coils via a partial 
magnetic flow 
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Figure 4.9 Graph of mutual inductance between reader and transponder antenna as the distance 
in the x direction increases 

inductance M12 between two coils can be calculated using equation (4.13). It is found 
to be: 

(4.15) 

We first replace H(/1) with the expression in equation (4.4), and substitute R2rr for 
A, thus obtaining: 

(4.16) 

WAVELYNX EX. 1008, Pg. 22 
WaveLynx Technologies v. ASSA Abloy, IPR2023-00730



70 4 PHYSICAL PRINCIPLES OF RFID SYSTEMS 

In order to guarantee the homogeneity of the magnetic field in the area A2 the 
condition A2 :S A1 should be fulfilled. Furthermore, thi equation only applies to the 
case where the x axes of the two coils lie on the same plane. Due to the relationship 
M = M 12 = M21 the mutual inductance can be calculated as follows for the case 
A2:::: A1: 

( 4.17) 

4. 1 .5 Coupling coefficient k 

Mutual inductance is a quantitative description of the flux coupling of two conductor 
loop . The coupling coefficient k i introduced so that we can make a qualitative 
prediction about the coupling of the conductor loop independent of their geometric 
c:timensions. The following applie : 

(4.18) 

The coupling coefficient always varies between the two extreme cases O :S k :S 1. 

• k = 0: Full decoupling due to great distance or magnetic shielding. 

• k = 1: Total coupling. Both coils are subject to the same magnetic flux <I>. The 
transformer is a technical application of total coupling, whereby two or more coil 
are wound onto a highly permeable iron core. 

An analytic calculation is only possible for very impJe antenna con.figurations. 
For two parallel conductor loop centred on a ingle x axi the oupling c efficient 
according to Roz and Fuentes (n.d.) can be approximated from the following equation. 
However, this only applie if the radii of the conductor lo p fulfi l the condition 
rTransp :S rReader• The distance between the conductor loops on the x axis is denoted 
by x. 

2 2 
r Transp · r Reader 

k(x) ~ ----------

✓rr,m,, · rRe,ulec · ( x2 + r~"'") 3 (4.19) 

Due to the fixed link between the coupling coefficient and mutual inductance M, 
and because of the relation. hip M = M 12 = M21, the formula i also applicable to 
tran mitter antennas tbat are mailer than the tran ponder antenna. Where rTran:p 2: 
rReader, We Write: 

2 2 
r Transp · r Reader 

k(x) ~ ----------

✓tTmn p · l"Rcader · ( ✓ X 2 + rfransp) 
3 

(4.20) 

The coupling coefficient k(x) = 1 (= 100%) is achieved where the di tance between 
the conductor loops is zero (x = 0) and the antenna radii are identical (rTransp = rReader) 
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Figure 4.10 Graph of the coupling coefficient for different sized conductor loops. Transponder 
antenna: rTransp = 2 cm, reader antenna: r1 = 10 sm, r2 ~ 7 .5 cm, r3 = 1 cm 

because in this case the conductor loops are in the same place and are exposed to exactly 
the same magnetic flux 1/f. 

In practice, however, inductively coupled transponder systems operate with coupling 
coefficients that may be as low as 0.01 (<I%) (Figure 4.10). 

4. 1.6 Faraday's law 

Any change to the magnetic flux <P generates an electric field strength Ei. This char-
acteristic of the magnetic field is described by Faraday's law. 

The effect of the electric field generated in this manner depends upon the material 
properties of the surrounding area. Figure 4.11 shows some of the possible effects 
(Paul, 1993): 

• Va~ in this case, the field strength E gives ri e to an electric rotation.a.L field . 
Pedodic changes in magnetic flux (high frequency current in an antenna coil) 
generate electromagnetic field that propagates itself into the distance. 

• Open conductor loop: an open ci:rcuit voltage builds up across the ends of an almost 
closed conductor loop, which is normally called induced voltage. This voltage 
corresponds with the line integral (path integral) of the field strength E that is 
generated along the path of the conductor loop in space. 
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----Flux change d<l>/dt 
~--+---1-1--1-1----~ 

Conductor (e.g. metal surface) 

__.:,,,r- --
!> ------ Open conductor loop 

q 
Nonconductor (vacuum), 
Induced field strength Ei 
=> Electromagnetic wave 

Figure 4.11 Induced electric field strength E in different materials. From top to bottom: metal 
surface, conductor loop and vacuum 

• Metal surface: an electric field strength E is also induced in the metal surface. This 
causes free charge carriers to flow in the direction of the electric field strength. 
Currents flowing in circles are created, so-called eddy currents. This works against 
the exciting magnetic flux (Lenz's law), which may significantly damp the mag-
netic flux in the vicinity of metal surfaces. However, this effect is undesirable in 
inductively coupled RFID systems (installation of a transponder or reader antenna 
on a metal surface) and must therefore be prevented by suitable countermeasures 
(see Section 4.1.12.3). 

In its general form Faraday's law is written as follows : 

(4.21) 

For a conductor loop configuration with N windings, we can also say that ui = N • 
d\11 / dt. (The value of the contour integral J Ei • ds can be increased N times if the 
closed integration path is carried out N times; Paul, 1993). 

To improve our understanding of inductively coupled RFID systems we will now 
consider the effect of inductance on magnetically coupled conduction loops. 

A time variant current i 1 (t) in conduction loop L 1 generates a time variant magnetic 
flux d <I> (i 1) / dt. In accordance with the inductance law, a voltage is induced in the 
conductor loops L 1 and L 2 through which some degree of magnetic flux is flowing. 
We can differentiate between two cases: 

• Self-inductance : the flux change generated by the current change di0 / dt induces a 
voltage u11 in the same conductor circuit. 

• Mutual inductance: the flux change generated by the current change di 11 / dt induces 
a voltage in the adjacent conductor circuit Lm. Both circuits are coupled by 
mutual inductance. 

Figure 4.12 shows the equivalent circuit diagram for coupled conductor loops. In an 
inductively coupled RFID system L I would be the transmitter antenna of the reader. 
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Figure 4.12 Left, magnetically coupled conductor loops; right, equivalent circuit diagram for 
magnetically coupled conductor loops 

L 2 represents the antenna of the transponder, where R2 is the coil resistance of the 
transponder antenna. The current consumption of the data memory is symbolised by 
the load resistor RL. 

A time varying flux in the conductor loop L 1 induces voltage u2i in the conductor 
loop L2 due to mutual inductance M. The flow of current creates an additional voltage 
drop across the coil resistance R2, meaning that the voltage u2 can be measured at the 
terminals. The current through the load resistor RL is calculated from the expression 
u2/ RL. The current through L2 also generates "an additional magnetic flux, which 
opposes the magnetic flux \111 Ci1). The abq,ve is summed up in the following equation: 

(4.22) 

Because, in practice, i 1 and i2 are sinusoidal (HF) alternating currents, we write 
equation (4.22) in the more appropriate complex notation (where w = 2nf): 

(4.23) 

If i2 is replaced by u2 / RL in equation (4.23), then we can solve the equation for u2 : 

jwM · ii 
u2= - -------,-----,--

jwUJ,+ R2 1+----
RL 

4. 1 .7 Resonance 

(4.24) 

The voltage u2 induced in the transponder coil is used to provide the power supply to 
the data memory (microchip) of a passive transponder (see Section 4.1.8.1). In order to 
significantly improve the efficiency of the equivalent circuit illustrated in Figure 4.12, 
an additional capacitor C2 is connected in parallel with the transponder coil L 2 to 
form a parallel resonant circuit with a resonant frequency that corresponds with the 
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operating frequency of the RFID ystem in question. 1 The resonant frequency of the 
parallel re onant circuit can be cal ulated using the Thomson equation: 

( 4.25) 

In practice, C2 is made up of a parallel capacitor C~ and a para itic capacitance 
Cp from the real circuit. C2 = (C~ + Cp). The required capacitance for the parallel 
capacitor ~~ i found using the Thom on equation, taking into account the para itic 
capacitance Cp: 

(4.26) 

Figure 4.13 shows the equivalent circuit diagram of a real tran pond r. R2 is the 
natural resistance of the transponder coil L 2 and the cmTent consumption of the data 
carrier (chip) is represented by the load re i tor Rt. 

If a voltage uQ2 = Ui is induced in the coil L2, the following voltage u2 can be 
measured at the data carrier load resistor RL in the equivalent circuit diagram shown 
in Figure 4.13: 

UQ2 
U2 = ------------ --

1 + (jwL2~+ R2) · ()L + jwC2) 
(4.27) 

We now replace the induced voltage uQ2 = ui by the factor responsible for its 
generation, uQ2 = ui = j wM • i 1 = w · k • ✓ L 1 · L2 • i 1, thus obtaining the relationship 

C2 =GP+ C2 
r -- - ------ -- 1 

l 
I 
I 
I 
I 

C'2 l RL I 
I 
I 

-- - - ----' 

Parallel C ('tuning C') 

Parasitic capacitor 

Figure 4.13 Equivalent circuit diagram for magnetically coupled conductor loops. Transponder 
coil L2 and parallel capacitor C2 fo1m a parallel resonant circuit to improve the efficiency of 
vohage transfer. The tran ponder' data carrier is represented by the grey box 

1 However, in 13.56 MHz system wilh anticolli ion pro edures, the re onant frequency elected for tbe 
transponder i often 1-5 MHz higher to mioimi e the effect of the interaction between Lransponder on 
overall performance. This is becau e lhe overall resonant frequen y of two tran ponders directly adja enl 
to one another i alway lower than the re onant frequency of a single Lran ponder. 

WAVELYNX EX. 1008, Pg. 27 
WaveLynx Technologies v. ASSA Abloy, IPR2023-00730



A.1 MAGNETIC FIELD 75 

between voltage u2 and the magnetic coupling of transmitter coil and transponder coil: 

jwM · i1 
u2 = - - - - - --- - - - - -

1 + (j wL2 + R2) · ( ;L + j wC2) 
(4.28) 

and: 
j W · k · ✓LI · L2 · i l 

u2 = - - --- - - - - - - - -
1 + (jwL2 + R2) · (;L +' jwC2) 

(4.29) 

or in the non-complex form (Jurisch, 1994): 

u2 = ----;::= ======== ==== = = = = (4.30) 

where C2 = C~ + Cp. 
Figure 4.14 shows the simulated graph of u2 with and without resonance over a large 

frequency range for a possible transponder system. The current i 1 in the transmitter 
antenna (and thus also <I>(ir)), inductance L 2 , mutual inductance M, R2 and RL are 
held constant over the entire frequency range. 

We see that the graph of voltage u2 for the circuit with the coil alone ( circuit from 
Figure 4.12) is almost identical to that of the parallel resonant circuit ( circuit from 
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Figure 4.14 Plot of voltage at a transponder coil in the frequency range 1 to 100 MHz, 
given a constant magnetic field strength H or constant cun-ent i 1• A transponder coil with 
a parallel capacitor shows a clear voltage step-up when excited at its resonant frequency 
URES = 13.56MHz) 
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Figure 4.13) at frequencies well below the resonant frequencie of both circuit , but 
that when the re onant frequency is reached, voltage u2 increa e by more than a 
power of ten in the parallel re onant circuit compared to the voltage u2 for the coil 
alone. Above the resonant frequency, however, voltage u2 falls rapidly in the parallel 
resonant circuit, even falling below the value for the coil alone. 

or tran ponders in the frequency range below 135 kHz, the transponder coil L2 is 
generally connected in parallel with a chip capacitor ( C~ == 20-220 pF) to achieve the 
desired resonant frequency. At the higher frequencies of 13 .56 MHz and 27 .125 MHz, 
the required capacitance C2 is usually so low that it is provided by the input capacitance 
of the data catTier together with the parasitic capacitance of the transponder coil. 

Let us now investigate the influence of the circuit elements R2 , RL and L2 on 
voltage u2 . To gain a better understanding of the interactions between the individual 
parameters we will now introduce the Q factor (the Q factor crops up again when we 
investigate the connection of transmitter antennas in Section 11.4.1.3). We will refrain 
from deriving formulas because the electric resonant circuit is dealt with in detail in 
the background reading. 

The Q factor is a measure of the voltage and current step-up in the resonant circuit 
at its resonant frequency. Its reciprocal 1/Q denotes the expressively named circuit 
damping d. The Q factor is very simple to calculate for the equivalent circuit in 
Figure 4.13. In this case cv is the angular frequency (cv = 2n f) of the transponder 
resonant circuit: 

(4.31) 

A glance at equation ( 4.31) shows that when R2 ➔ oo and RL ➔ 0 the Q factor 
also tends towards zero. On the other hand when the tran ponder coil ha a very low 
coil resistance R2 ➔ 0 and there is a high load resistor RL » 0 (corre p nding with 
very low transponder chip power con umption), very high Q factors can be achieved. 
The voltage u2 is now proportional to the quality of the resonant circuit, which mean 
that th dependency of voltage u2 upon R2 and RL is clearly defined. 

Voltage u2 thu tend toward zero where R2 ➔ oo and RL ➔ 0. At a very low 
tran ponder coil resi tance R2 ➔ 0 and a high value load re. i tor RL >> 0, on the other 
band a very high voltage u2 can be achieved (compare equation (4.30)). 

ft is interesting to note the path taken by the graph of voltage u2 when the inductance 
of the tran ponder coil L2 is changed thus maintaining the re onance condition (i.e. 
C2 = l/cv2 L2 for all value of L2). We ee that for certain values of L2, voltage u2 

reaches a clear peak (Figure 4.15). 
If we now con ider th graph of the Q factor as a function of L 2 (Figure 4.16) then 

we observe a maximum at the ame value of tran ponder inductance L2 . The maximum 
voltage u2 = J (L2) is therefore derived from the maximum Q factor , Q = f(L2), at 
this point. 

This indicates that for every pair of parameters (R2 RL) there is an inductance 
value L2 at which the Q factor, and tbu al o the upply voltage u2 to the data carrier, 
is at a maximum. This should alway be taken into con ideration when designing 
a transponder, because this effect can be xploited to optimise the energy range of 
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Figure 4.15 Plot of voltage u2 for different values of transponder inductance L2 . The resonant 
frequency of the transponder is equal to the transmission frequency of the reader for all values 
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Figure 4.16 Graph of the Q factor as a function of transponder inductance L2 , where the 
resonant frequency of the transponder is constant (f = 13.56 MHz, R2 = 1 Q) 
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·goal from the trnn ponder that arrives at the reader, then all other thing being equal, 
the tran mi ion power must be multiplied by sixteen! r ,1,.5 15 ~o-. cofl.u.cr . .z 
-rH1r.JK Ht. .Mi.4-Nt" l°l> SAV I t: Tff E' 'tl/Srr1N4. ,s 1Jt><Jt3<.i 'b '7" G'-r~ Sri-""~ 
R°'ft,f'-'Tt,~ poe,.,lrt- WL A)4:.i~ 71> H,x_ 71f't. r,l-lt-r)Srl-ctT por.v,;,z., 

4.2.5 Antennas 

The creation of electromagnetic waves has already been described in detail in the 
previous section (see also Sections 4.1.6 and 4.2.1). The laws of physics tell us that 
the radiation of electromagnetic waves can be observed in all conductors that carry 
voltage and/or current. In contrast to these effects, which tend to be parasitic, an 
antenna is a component in which the radiation or reception of electromagnetic waves 
has been to a large degree optimised for certain frequency ranges by the fine-tuning 
of design properties. In this connection, the behaviour of an antenna can be precisely 
predicted and is exactly defined mathematically. 

4.2.5. 1 Gain and directional effect 

Section 4,2.2 demonstrated how the power PEIRP emitted from an isotropic emitter at 
a distance r is distributed in a fully uniform manner over a spherical surface area. If 
we integrate the power density S of the electromagnetic wave over the entire surface 
area of the sphere the result we obtain is, once again, the power PEIRP emitted by the 
isotropic emitter. 

PEIRP = 1·· · s . dA 
A sphere 

(4.68) 

However, a real antenna, for example a dipole, does not radiate the supplied power 
uniformly in all directions. For example, no power at all is radiated by a dipole antenna 
in the axial direction in relation to the antenna. 

Equation ( 4.68) applies for all types of antennas. If the antenna emits the supplied 
power with varying intensity in different directions, then equation ( 4.68) can only be 
fulfilled if the radiation density S is greater in the preferred direction of the antenna 
than would be the case for an isotropic emitter. Figure 4.62 shows the radiation pattern 
of a dipole antenna in comparison to that of an isotropic emitter. The length of the 
vector G(8) indicates the relative radiation density in the direction of the vector. In 
the main radiation direction ( Gi) the radiation density can be calculated as follows: 

P1 · Gi S= - - -
4n • r2 

(4.69) 

P1 is the power supplied to the antenna. Gi is termed the gain of the antenna and 
indicates the factor by which the radiation density S is greater than that of an isotropic 
emitter at the same transmission power. 

An important radio technology term in this connection is the EIRP ( effective 
isotropic radiated power). 

(4.70) 

This figure can often be found in radio licensing regulations (e.g. Section 5.2.4) 
and indicates the transmission power at which an isotropic emitter (i.e. Gi = 1) would 
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Radiation pattern of an isotropic emitter ~ _ 

Radiation pattern of a dipole _,,.,- - - ........_ 
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Figure 4.62 Radiation pattern of a dipole antenna in comparison to the radiation pattern of an 
isotropic emitter 

have to be supplied in order to gene!ate a defined radiation power at distance r. An 
antenna with a gain Gi may therefore only be supplied with a transmission power P1 
that is lower by this factor so that the specified limit value is not exceeded: 

(4.71) 

4.2.5.2 EIRP and ERP 

In addition to power figure in EIRP we frequently come across the power figure ERP 
(equivalent radiated power) in radio regulation and technical literature. The ERP i 
also a reference power figure. However in contrast to the EIRP, ERP relate to a 
dipole antenna rather than a spherical emitter. An ERP power figure thu expre e the 
transmission power at which a dipole antenna mu t be upplied in order to generate 
a defined emitted power at a distance of r. Since the gain of the dipole antenna 

Table 4.7 In order to emit a constant EIRP in 
the main radiation direction less transmission 
power must be supplied to the antenna as the 
antenna gain G increases 

EIRP = 4W 

Isotropic emitter Gi = 1 
Dipole antenna 
Antenna Gi = 3 

Power P1 fed to 
the antenna 

4W 
2.44W 
1.33W 
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(6\ = 1.64) in relation to an isotropic emitter is known, it is easy to convert between 
tbe two figures: 

PEIRP = PERP · 1.64 (4.72) 

4.2.5.3 Input impedance 

A particularly important property of the antenna is the complex input impedance ZA. 
This is made up of a complex resistance XA, a loss resistance Rv and the so-called 
radiation resistance Rr: 

(4.73) 

The loss resistance Rv is an effective resistance and describes· all losses result-
ing from the ohmic resistance of all current-carrying line sections of the antenna 
(Figure 4.63). The power converted by this resistance is converted into heat. 

The radiation resistance Rr also takes the units of an ~ffective resistance but the 
power converted within it corresponds with the power emitted from the antenna into 
space in the form of electromagnetic waves. 

At the operating frequency (i.e. the resonant frequency of the antenna) the complex 
resistance XA of the antenna tends towards zero. For a loss-free antenna (i.e. Rv = 0): 

(4.74) 

The input impedance of an ideal antenna in the resonant case is thus a real resistance 
with the value of the radiation resistance Rr. For a A/2 dipole the radiation resistance 
Rr = 73 Q. 

4.2.5.4 Effective aperture and scatter aperture 

The maximum received power that can be drawn from an antenna, given optimal align-
ment and correct polarisation, is proportional to the power density S of an incoming 

Dipole 

Transponder Antenna 

Figure 4.63 Equivalent circuit of an antenna with a connected transponder 
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plane wave and a proportionality factor. The proportionality factor has the dimension 
of an area and is thu called the effective aperture Ae. The following applies: 

(4.75) 

We can envisage Ae as an area at right angles to the direction of propagation, through 
which at a given radiation den ity S, tbe power Pe pa es (Meink and Gundlach, 
1992). The power that pa se through the effective aperture is absorbed and transfetTed 
to the connected terminating impedance z,. (Figure 4.64). 

In addition to the effective aperture Ae, an antenna also possesses a scatter aperture 
a = A5 at which the electromagnetic wave are reflected. 

In order to improve our understanding of this, let u once again consider Figure 4.63. 
When an electromagnetic field with radiation density S i received a voltag U0 is 
induced in the antenna, which represents the cau e of a current I tlu·ough the antenna 
impedance ZA and the terminating impedance ZT, he current I is found from the quo-
tient f the induced voltage U0 and the series connection of the individual impedances 
(Kraus, 1988): 

Uo 
- ---;:============ 

j(Rr + Rv + RT)2 + (XA + X,.)2 
(4.76) 

Furthermore for the received power Pe transferred to ZT: 

(4.77) 

Let us now substitute / 2 in equation (4.77) for the expression in equation (4.76), 
obtaining: 

ug. RT 
Pe= ------------

(Rr + Rv + RT)2 + (XA + XT)2 (4.78) 

According to equation ( 4.75) the effective aperture Ae is the quotient of the received 
power Pe and the radiation density S. This finally yields: 

Pe U5 · RT Ae=-= --------------
S S · [(Rr + Rv + RT)2 + (XA + XT)2] 

(4.79) 

A.!2-Dipole 

s s 

Effective aperture A 

Figure 4.64 Relationship between the radiation density S and the received power P of 
an antenna 
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If the antenna is operated using power matching, i.e. RT= Rv and XT = -XA, then 
the following simplification can be used: 

ua2 A - --
e - 4SRr (4.80) 

As can be seen from Figure 4.63 the current I also flows through the radiation 
resistance Rr of the antenna. The converted power Ps is emitted from the antenna and it 
makes no difference whether the current I was caused by an incoming electromagnetic 
field or by supply from a transmitter. The power Ps emitted from the antenna, i.e. the 
reflected power in the received case, can be calculated from: 

(4.81) 

Like the derivation for equation (4.79), for the scatter aperture As we find: 

Ps / 2 · Rr a = As = - = ---
S S 

(4.82) 

If the antenna is again operated using power matching and is also loss-free, i.e. 
Rv = 0, RT= Rr and XT = -XA, then as a simplification: 

u2 
a= As= _ o_ 

'4SRr 
(4.83) 

Therefore, in the case of the power matched antenna a = As = Ae. This means that 
only half of the total power drawn from the electromagnetic field is supplied to the 
terminating resistor RT; the other half is reflected back into space by the antenna. 

The behaviour of the scatter aperture As at different values of the terminating 
impedance ZT is interesting. Of particular significance for RFID technology is the 
limit case ZT = 0. This represents a short-circuit at the terminals of the antennas. 
From equation ( 4.82) this is found to be: 

(4.84) 

The opposite limit case consists of the connection of an infinitely high-ohmic ter-
minating resistor to the antenna, i.e. ZT ➔ oo. From equation (4.82) it is easy to see 
that the scatter aperture As, just like the current /, tends towards zero. 

(Jmin = As-min = OlzT➔OO (4.85) 

The scatter aperture can thus take on any desired value in the range 0-4 Ae at var-
ious values of the terminating impedance ZT (Figure 4.65). This property of antennas 
is utilised for the data transmission from transponder to reader in backscatter RFID 
systems (see Section 4.2.6.6). 

Equation ( 4.82) shows only the relationship between the scatter aperture As and 
the individual resistors of the equivalent circuit from Figure 4.63. However, if we are 
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Figure 4.65 Graph of the relative effe tiv,e aperture Ac and the relative catter aperture a in 
relation to the ratio of the re i tances RA and Rr. Where RT/ RA = 1 the antenna i operated 
u ing power matching (RT = Rr)- The ca e RT / RA = 0 represents a hart-circuit at the terminal 
of the antenna 

to calculate the reflected power Ps of an antenna (see Section 4.2.4.1) we need the 
absolute value for As. The effective aperture Ae of an antenna is proportional to its 
gain G (Kraus, 1988; Meinke and Gundlach, 1992). Since the gain is known for most 
antenna designs, the effective aperture Ae, and thus also the catter aperture As, is 
simple to calculate for the case of matching (ZA = ZT). The following is true5: 

A.2 
a= Ae = _Q_ · G 4n 

From equation (4.75) it thus follows that: 

4.2.5.5 Effective length 

(4.86) 

(4.87) 

As we have seen, a voltage Uo is induced in the antenna by an electromagnetic field. 
The voltage U0 is proportional to the electric field trength E of the incoming wave. 

5 Tbe derivation of this relationship is not important for the understanding of RFID systems, but can be 
found in Kraus (1988, chapter 2-22) if required. 
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The proportionality factor has the dimension of a length and is therefore called the 
effective length lo (also effective height h) (Meinke and Gundlach, 1992). The following 
is true: 

Uo = lo · E = lo · ,fs:z:; (4.88) 

For the case of the matched antenna (i.e. Rr = RT) the effective length can be 
calculated from the effective aperture Ae (Kraus, 1988): 

(4.89) 

If we substitute the expression in equation (4.86) for Ae, then the effective length 
of a matched antenna can be calculated from the gain G, which is normally known ( or 
easy to find by measuring): 

(4.90) 

4.2.5.6 Dipole antennas 

In its simplest form the dipole antenna consists solely of a straight piece of line ( e.g. 
a copper wire) of a defined length (Figure 4.66). By suitable shaping the characteristic 
properties, in particular the radiation resistance and bandwidth, can be influenced. 

A simple, extended half-wave dipole (J.../2 dipole) consists of a piece of line of 
length l = J.../2, which is interrupted half way along. The dipole is supplied at this 
break-point (Figure 4.67). 

The parallel connection of two A./2 pieces of line a small distance apart (d < 0.05A) 
creates the 2-wire folded dipole. This has around four times the radiation resistance of 

Figure 4.66 915 MHz transponder with a simple, extended dipole antenna. The transponder 
can be seen half way along (reproduced by permission of Trolleyscan, South Africa) 
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I = M2 ---- t 

; __ __....._ ________ ,:-~=-:~ t :; 
Rs = 540 ... 2000 Q 

Figure 4.67 Different dipole antenna designs - from top to bottom: simple extended dipole, 
2-wire folded dipole, 3-wire folded dipole 

,, 
the single A/2 dipole (Rr = 240-280 Q). According to Rothammel (1981) the follow-
ing relationship applies: 

Rr = 73.2Q · 

2 

lg(~) di· d2 (4.91) 

A special variant of the loop dipole is the 3-wire folded dipole. The radiation 
resistance of the 3-wire folded dipole is greatly dependent upon the conductor diameter 
and the distance between the A/2 line sections. In practice the radiation resi tauce of 
the 3-wire folded dipole takes on values of 540- 2000 Q. According to Rothammel 
(1981) the following relationship applies: 

Rr = 73.2Q · 

lg(~) 

(4.92 

The bandwidth of a dipole can be influenced by the ratio of the diameter of the ;.../2 
line section to its length, increasing as the diameter increases. However, the dipole mu, t 
then be shortened somewhat in order to allow it to resonate at the desired frequency. 
In practice, the shortening factor is around 0.90-0.99. For a more precise calculation 
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Table 4.8 Electrical properties of the dipole and 2-wire folded dipole 

Parameter Gain G 

}../2 dipole 1.64 
}../2 2-wire folded dipole 1.64 

Effective aperture 

0.13.A.2 

0.13 A 2 

Effective length 

0.32.A 
0.64.A 

127 

Apex angle 

78° 
78° 

of this topic, the reader is referred to the antenna literature, e.g. Rothammel (1981), 
Kraus (1988). 

4.2.5.7 Yagi-Uda antenna 

The Yagi-Uda antenna, named after its inventors, could well be the most important 
variant of a directional antenna in radio technology. 

The antenna is an alignment array, made up of a driven emitter and a series of par-
asitic elements. A typical Yagi-Uda antenna is shown in Figure 4.68. Parasitic dipoles 
are arranged in front of the driven emitter (usually a dipole or 2-wire folded dipole) in 
the desired direction of maximum radiation. These parasitic dipoles function as direc-
tors, while a rod, usually a single rod, behind the exciter acts as a reflector. To create 
the directional transmission, the rods acting as directors must be shorter, and the rod 
acting as a reflector must be longer, than the exciter operating at resonance (Meinke and 
Gundlach, 1992). Compared to an isotropic emitter, gains of 9 dBi (based upon three 
elements) to 12 dB (based upon seven elements) can be achieved with a Yagi-Uda 
antenna. So-called 'long' Yagi antennas (10, 15 or more elements) can even achieve 
gains of up to 15 dBi in the main radiation direction. 

Due to their size, Yagi-Uda antennas are used exclusively as antennas for readers. 
Like a torch, the Yagi-Uda antenna transmits in only one direction of maximum 
radiation, at a precisely known apex angle. Interference from adjacent devices or readers 
to the side can thus be suppressed and tuned out. 

Figure 4.68 Typical design of a Yagi-Uda directional antenna (six elements), comprising a 
driven emitter (second transverse rod from left), a reflector (first transverse rod from left) and 
four directors (third to sixth transverse rods from left) (reproduced by permission of Trolleyscan, 
South Africa) 
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Due to the popularity of the Yagi-Uda antenna both as an antenna for radio and 
television reception and also in commercial radio technology, there is a huge amount 
of literature on the operation and construction of this antenna design. Therefore, we 
will not deal with this antenna in more detail at this point. 

4.2.5.8 Patch or microstrip antenna 

Patch antennas (also known as microstrip or planar antennas) can be found in many 
modern communication devices. For example, they are used in the latest generations 
of GPS receivers and mobile telephones, which are becoming smaller all the time. 
Thanks to their special construction format, patch antennas also offer some advantages 
for RFID systems. 

In its simplest form, a patch antenna comprises a printed circuit board (e.g. Teflon 
or PTFE for higher frequencies) coated (i.e. metallised) on both sides, the underside of 
which forms a continuous ground (Kraus, 2000). On the top there is a small rectangle, 
which is supplied via a microstrip feed on one ·ide, feeders through the base plate 
(see Figure 4.71) or capacitive coupling via an intermediate layer (aperture coupled 
patch antenna; ee Kos el (n.d.), F1ies and Kossel (n.d.)). Planar antennas can therefore 
be manufactured cheaply and with high levels of reproducibility using PCB etching 
technology (see Figures 4.69 and 4.70). 

The length Lp of the patch determines the resonant frequency of the antenna. Under 
the condition ho :s .11.: 

A 
Lp = - - ho 

2 

Normally the substrate thickness ho is 1-2% of the wavelength. 

(4.93) 

The width wp influences the resonant frequency of the antenna only slightly, but 
determines the radiation resistance Rr of the antenna (Krug, 1985). Where wp < .11./2: 

(4.94) 

a b 

Figure 4.69 Fundamental layout of a patch antenna. The ratio of Lp to ho is not shown to 
scale 
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Figure 4.70 Practical layout of a patch antenna for 915 MHz on a printed circuit board made 
of epoxy resin (reproduced by permission of Trolleyscan, South Africa) 

where wp > 3)../2: 

(4.95) 

If the patch antenna is operated at its resonant frequency the phase difference 
between the patch edges a and b is precisely 180°. Figure 4.69 shows the path of 
the electrical field lines. At the entry and exit edges of the patch the field lines run 
in phase. The patch edges a and b thus behave like two in-phase fed slot antennas. 
The polarisation of the antenna is linear and parallel to the longitudinal edge Lp. See 
Figure 4.71. 

Due to the type of power supply, patch antennas can also be used with circular 
polarisation. To generate circular polarisation, an emitter element must be supplied 
with signals with a phase angle of 90° at only two edges that are geometrically offset 
by 90°. 

It is a relatively simple matter to amalgamate patch antennas to form group anten-
nas (Figure 4.72). As a result, the gain increases in relation to that of an individual 
element. The layout shown in the figure comprises in-phase fed emitter elements. The 
approximately )../2 long patch elements are fed via almost non-radiative line sections 
of around )../2 in length connected in series, so that the transverse edges a-a or b-b 
of the patch element lie precisely wavelength ).. apart. Thus the in-phase feed to the 
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Emitter element 

Metallisation 

Substrate 

Power supply 

Figure 4.71 Supply of a )./2 emitter quad of a patch antenna via the supply line on the reverse 

X y 

, 

x = ).._/2- h0 
y = ).._/2 + ho 

Figure 4.72 The interconnection of patch elements to form a group increases the directional 
effect and gain of the antenna 

individual elements is guaranteed. The arrangement is polarised in the direction of the 
line sections. 

4.2.5. 9 Slot antennas 

If we cut a trip of length >../2 out of the centre of a large metal urface the lot can be 
used a an emitter (Rothammel, 1981). The width of the lot must be small in relation 
to its length. The base point of the emitter is located at the mid-point of its Longitudinal 
side (Figure 4.73). 
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Coaxial cable 

Metal surface 

Figure 4.73 Layout of a slot antenna for the UHF and microwave range 

4.2.6 Practical operation of microwave transponders 

Let us now turn our attention to practical operation when a transponder is located in 
the interrogation zone of a reader. Figure 4.74 shows the simplified model of such 
a backscatter system. The reader emits an electromagnetic wave with the effective 
radiated power P1 • G1 into the surrounding space. Of this, a transponder receives 
power P2 = Pe, proportional to the field strength E, at distance r. 

Power Ps is also reflected by the transponder's antenna, of which power P3 is again 
received by the reader at distance r. 

4.2.6. 1 Equivalent circuits ol the transponder 

In the previous sections we have quoted the simplified equation for the impedance of 
the transformer ZT = RT + j X T (simplified equivalent circuit). In practice, however, 
the input impedance of a transponder can be represented more clearly in the form of the 
parallel circuit consisting of a load resistor RL, an input capacitor C2, and possibly a 
modulation impedance Zmad (see also Section 4.2.6.6) (functional equivalent circuit). 
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5 
Frequency Ranges 
and Radio Licensing 
Regulations 

5. 1 Frequency Ranges Used 
Because RFID systems generate and radiate electromagnetic waves, they are legally 
classified as radio systems. The function of other radio services must under no circum-
stances be disrupted or impaired by the operation of RFID systems. It is particularly 
important to ensure that RFID systems do not interfere with nearby radio and televi-
sion, mobile radio services (police, security services, industry), marine and aeronautical 
radio services and mobile telephones. , 

The need to exercise care with regard to other radio services significantly restricts the 
range of suitable operating frequencies available to an RFID system (Figure 5.1). For 
this reason, it is usually only possible to use frequency ranges that have been reserved 
specifically for industrial, scientific or medical applications. These are the frequencies 
classified worldwide as ISM frequency ranges (Industrial-Scientific-Medical), and 
they can also be used for RFID applications. 

In addition to ISM frequencies, the entire frequency range below 135 kHz (in North 
and South America and Japan: < 400 kHz) is also suitable, because it is possible to 
work with high magnetic field strengths in this range, particularly when operating 
inductively coupled RFID systems. 

The most important frequency ranges for RFID systems are therefore 0-135 kHz, 
and the ISM frequencies around 6.78 (not yet available in Germany), 13.56MHz, 
27.125MHz, 40.68MHz, 433.92MHz, 869.0MHz, 915.0MHz (not in Europe), 
2.45 GHz, 5.8 GHz and 24.125 GHz. 

An overview of the estimated distribution of RFID transponders at the various 
frequencies is shown in Figure 5.2. 

5. 1. 1 Frequency range 9-135 kHz 
The range below 135 kHz is heavily used by other radio services because it has not 
been reserved as an ISM frequency range. The propagation conditions in this long wave 

RFJD Handbook: Fundamentals and Applications in Contactless Smart Cards and Identification. Klaus Finkenzeller 
© 2003 John Wiley & Sons, Ltd ISBN: 0-470-84402-7 
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5 FREQUENCY RANGES AND RADIO LICENSING REGULATIONS 

AVAILABLE & PRACTICAL RFID FREQUENCIES 
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Figure 5.1 The frequency ranges used for RFID systems range from the myriametric range 
below 135 kHz, through short wave and ultrashort wave to the microwave range, with the 
highest frequency being 24 GHz. In the frequency range above 135 kHz the ISM bands available 
worldwide are preferred 
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Figure 5.2 The estimated distribution of the global market for transponders over the various 
frequency ranges in million transponder units (Krebs, n.d.) 
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