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Abstract. The performance of automatic identification in every RFID system is
strongly dependent on proper operation of the transponders that are used to mark
different kind of objects. The impedance matching between chip and connected
antenna is the most significant component determining the design quality of
transponder internal circuitry, and hence influencing overall system parameters
such as shape and dimensions of interrogation zone, level of identification
efficiency, etc. Taking into consideration the various types of RFID systems, the
problem has to be considered differently with respect to the operating frequency.
Moreover it has to be treated in a different way than it is known from the
classical theory of typical radio communication systems. The authors have
proposed and developed their own method for validating impedance parameters
of RFID transponder antennas operating in the regular HF and UHF bands. It is
based on a generalized model of the RFID transponders dedicated to different
standards. The developed test procedure consists of four steps involving antenna
designing, manufacturing, measuring and validating processes. The practical
usefulness of the proposed method is confirmed by experiments conducted with
using representative examples designed in research and development projects
realized with partners from the industry.

Keywords: RFID � HF � UHF � Transponder � Antenna � Impedance
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1 Introduction

Progress in the electronics, telecommunications, computer science, robotics and control
engineering as well as in many other areas of the technology has a significant impact on
changes in the human environment [1]. As a consequence of these alternations, the
growing number of intelligent technology implementations with ability to support an
advanced automatic identification of objects is observed [2, 3]. The radio frequency
identification (RFID) technology is commonly used in such systems [4–6].
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The RFID systems are placed in a group of radio equipment devices [7]. They use
bands (LF, HF, UHF, etc.) and operating frequencies that are commonly available for
industrial-scientific-medical (ISM) and many other purposes [8]. Therefore, the band
and operating frequency constitute basic factors influencing the differentiation between
types of RFID systems. They subsequently determine a different approach in terms of
considering the performance essence of the systems.

Irrespective of the mentioned frequency bands, a software and hardware parts may
be distinguished in any RFID system. The software serves for both direct control of
individual digital devices as well as for managing the whole system. The hardware part
is composed of a read/write device (RWD) with at least one antenna and a single or
many electronic transponders which are used to mark objects.

The RFID transponder consists of a chip with a connected antenna [7]. The
impedance matching of these two components is the basic requirement for the proper
operation of this electronic device. This problem has to be considered differently with
respect to constructions that are commonly used in RFID systems operating in HF [9–
11], UHF [12–18] or multi bands [19]. It should be emphasized that the efficiency of
automatic identification of electronically marked objects is determined by the proper
operation of the transponders – the design quality of transponder internal circuitry has
significant impact on parameters of RFID systems, such as shape and dimensions of
interrogation zone (IZ), satisfactory level of identification efficiency, etc. [20].

It should be also noted that phenomenon of impedance matching between the
transponder antenna and chip has to be considered in a different way than it is in the
classical theory of typical radio communication systems. First of all, the impedance of the
chip is represented by two parts: imagine and real, and it differs from the pure real value of
50 X or 75 X that is commonly considered in classical radio devices. Moreover, this
impedance varies with the amount of power that is transferred from the antenna to the
chip. Secondly, the complex impedance of the antenna is vulnerable to the environmental
conditions such as kind of material which the marked object is made of [11, 16–18],
fluctuations of ambient temperature [21] and many others. Thirdly, connectors (N, SMA,
UFL, etc.) are not applicable to the components of the transponder and, on the other hand,
the type of interconnection structure in the chip has significant impact on the impedance
of the antenna [22] and methods that are used to measure this parameter [23]. Finally, the
antenna design determines the selection of measuring equipment.

The method for validating impedance parameters of RFID transponder antennas
operating in the regular HF and UHF bands has been developed taking into consid-
eration the above mentioned conditions. It has been worked out on the basis of the
authors’ experience that had been growing and expanding for several years during
numerous projects related to industrial implementations of RFID devices. The proposed
method can be adapted to both scientific as well as industrial research and development
laboratories. Since it arises from the generalized model of the RFID transponder
(Sect. 2), the impedance parameters of the device can be validated on the basis of
algorithm yielded from the model synthesis (Sect. 3). The practical usefulness of the
developed method is confirmed on the basis of a few representative examples (Sect. 4),
which are the result of the research and development cooperation between the
Department of Electronic and Telecommunications Systems (DETS) in Rzeszow
University of Technology (RUT) and industry partners.
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2 Impedance Model of HF/UHF RFID Transponder

Internal constructions as well as operation principles of transponders are strongly
dependent on the considered frequency band and the carrier frequency (in the HF band f0
is equal 13.56 MHz, in the UHF band: f0 = 860–960 MHz depending on world regions).
Nevertheless, the generalized model is proposed for the desired measuring process that
could be used for validating required parameters in any RFID system (Fig. 1).

In the model, transponder blocks are respectively represented by impedance of the
antenna (ZTA) and the chip (ZTC). The impedance ZTA has an inductive nature and is
constant for a given operation frequency of a transponder. In the serial equivalent, it
can be written as:

ZTA ¼ RTA þ jXTA ¼ RTA þ jxLTA ð1Þ

where: RTA denotes the resistance of a transponder antenna, XTA – reactance which can
be expressed by the inductance LTA, x = 2pf0 describes pulsation.

On the other hand, the chip impedance has a capacitive character and it varies with
parameters of the electromagnetic field (EMF). In the serial equivalent, it can be
described by the following dependence:

ZTC ¼ RTC þ jXTC ¼ RTC þ 1
jxCTC

ð2Þ

where: RTC denotes the resistance of an active chip, XTC – reactance which can be
expressed by the chip capacitance CTC.

The HF RFID systems operate in the space XID that is characterized by an inho-
mogeneous magnetic field (expressed by the magnetic field strength H) and strong
coupling (expressed by the mutual inductance M) between RWD and transponder
antennas. The inhomogeneous magnetic field generated in the RWD antenna vicinity is
a medium for both energy transfer and wireless communications. The minimum

Fig. 1. Impedance model of HF/UHF RFID transponder in RFID system
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magnetic field strength Hmin at which the correct data transmission between the RWD
and transponder takes place is an EMF boundary condition that characterizes the
interrogation zone and read/write range in this inductively coupled RFID system [24].

These conditions are significantly different in the UHF band. A far-field region is
used in UHF RFID systems and the radiated wave can be considered locally as a plane
wave. In this region vectors of electric and magnetic field strength are perpendicular
both to each other and to the direction in which the wave disperses. Since, the radiated
electromagnetic wave of power density S is energy medium supplying transponders,
the minimum power density Smin describes an EMF boundary condition that charac-
terizes the IZ in UHF RFID system.

Despite the differences in the operation principles of HF and UHF RFID systems,
the voltage induced in the transponder antenna when it is in the EMF of RWD antenna
can be represented by the source URT in the generalized model. The electromagnetic
induction phenomenon determines energy transmission without any galvanic connec-
tions and is represented by the voltage UT that is induced at terminals of the connected
antenna as well as by the power PT received in the transponder. The electronic chip is
designed to be supplied by the minimal voltage UTmin (HF band) or the minimal power
PTmin (chip sensitivity in the UHF band) which are enough for activating internal
circuits of the transponder that is located at the IZ boundary. The UTmin and PTmin

parameters are used to determine characteristic values of the chip impedance (ZTC
boundary conditions: CTC for the f0 = 13.56 MHz [25], ZTC(PTmin) for the f0 = 860–
960 MHz [26]) that are the first criterion in the antenna designing process.

In the HF RFID systems, the transponder antenna is made in a form of a rectangle
[9], a square [10], a circle [11] or another polygon loop [19], which is small in relation
to the wavelength k (because k is about 22 m). The impedance matching is obtained for
the parallel resonance between the inductance LTA and the capacitance CTC of an active
chip. Besides LTA inductance and RTA resistance (for the carrier frequency
f0 = 13.56 MHz), the database of parameters designated to antenna of RFID
transponder operating in the HF band should be completed with quality factor QTA:

QTA ¼ xLTA
RTA

ð3Þ

In RFID systems of the UHF band, the transponder antennas are made in different
shapes and technologies [12–19] and their sizes are always matched to the wavelength.
Furthermore, the full impedance matching of antenna and chip is obtained when
ZTA = ZTC* at the chip sensitivity PTmin (where * indicates the complex conjugate). The
quality of this matching is defined on the basis of the power transfer coefficient s which
is defined as follows:

s ¼ 4Re ZTAð ÞRe ZTCð Þ
Re ZTA þ ZTCð Þ2 þ Im ZTA þ ZTCð Þ2 ð4Þ

The database of impedance parameters for the RFID transponder antennas oper-
ating in the UHF band consists of real and imaginary part of the ZTA impedance that is
determined for the frequency f0 = 860–960 MHz (depending on world regions).
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In both frequency bands, application conditions of RFID systems are the second
key determinant for designing antennas – there is no universal RFID transponder,
which could be used to mark any objects. Such a transponder should be designed for an
object, in view of many conditions of its performance in the RFID system.

3 Validation of Impedance Parameters

3.1 Algorithm

The algorithm (Fig. 2) that is dedicated to validate the impedance parameters of
transponder antenna operating in the HF or UHF band is elaborated on the basis of the
model presented in Sect. 2. It consists of four steps carried out successively: (1) an-
tenna designing, (2) its manufacturing, (3) measuring of the specified impedance
parameters and (4) the parameter experimental verification. The determinants described
in the model (ZTC boundary and application conditions of RFID system) are the input
data for the first and fourth stage of the algorithm.

Fig. 2. Alghoritm of proposed validation process
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It should be noted that the stages of the antenna design/fabrication and the
parameter verification have to be carried out by using advanced know-how, software
and technological processes that are available in a R&D laboratory. It involves
designers’ key abilities essential for method implementation such as the selection of
suitable apparatus, the calibration of the used equipment as well as the art of measuring
impedance parameters of RFID transponder antennas by using sophisticated devices.

3.2 Antenna Measurement

Model. Methods and procedures that are commonly used for 50/75 Ω antennas
operating in typical radio communications systems (such as: TV, GSM, UMTS, LTE,
WiFi and many others) cannot be used for measuring parameters of HF or UHF RFID
transponders. It is primarily due to the discussed phenomenon of untypical matching of
impedance ZTA and ZTC (at the ZTC boundary conditions), and also balanced HF [9–11]
and UHF [12–18] antenna designs. Therefore the suitable test procedure for the antenna
under test (AUT) consists in realization of indirect differential measurements of
impedance parameters by using two 50 Ω coaxial ports (P1, P2) of a vector network
analyzer (VNA) [27, 28] and a dedicated passive differential probe (PDP) with the S-S
(signal to signal) contact tips [23].

The measuring process can be described by the model (Fig. 3) in which a typical linear
2-port network is characterized by the impedance or scattering matrix (denoted as: Z,
S). The S-parameters measurements does not provide the impedance (1) reading
directly from the testing device. Hence it is necessary to determine the differential
impedance Zd and since the AUT current I0 = I1 = −I2, it can be calculated from the
following dependence:

Zd ¼ Ud

I0
¼ U1 � U2

I0
ð5Þ

where:

Fig. 3. Network model for AUT measurement
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U1 ¼ I0Z11 � I0Z12
U2 ¼ I0Z21 � I0Z22

�
ð6Þ

On the basis of (5) and (6), the Zd depends only on impedance parameters of the
modeled network:

Zd ¼ Z11 � Z12 � Z21 þ Z22 ð7Þ

The direct relation between Z and S matrix is given by [23].

Z ¼ Z0 1� Sð Þ�1 1þ Sð Þ ð8Þ

where: the system reference impedance Z0 is 50 Ω and 1 denotes the unit matrix.
On the basis of (7) and (8), the differential impedance Zd is finally given as follows:

Zd ¼ 2Z0 S12S21 � S11S22 � S12 � S21 þ 1ð Þ
1� S11ð Þ 1� S22ð Þ � S12S21

ð9Þ

Measurement Setup. In relation to the proposed network model, the two coaxial
50 Ω line (VNA/probe test cables, PDP) have to be used in the measurement
procedure (Fig. 4).

The AUT should be matched to the chip impedance ZTC. The typical value of chip
resistance Re(ZTC) equals from a few to tens of X for the chip sensitivity PTmin. The
value of chip reactance Im(ZTC) that is equal typically a few hundred ohms depends
mostly on an internal capacitance that accumulates energy necessary for supplying the
circuitry of transponder [26]. Therefore thin semi-rigid coaxial cables that extend tips
to at least several mm should be used in the impedance measurements of the balanced

Fig. 4. Block diagram of measurement setup
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antenna. Such a PDP construction constitutes an acceptable compromise which con-
cerns the probe casing impact on impedance measurements and also possibility of
reaching the VNA calibration in the reference plane [23, 29, 30].

Calibration Procedure. In most similar cases, the calibration procedure is performed
by using open/short port extension methods [15, 17, 29, 30]. It is used to shift the
calibration plane to the tips of the PDP. In the first step, standard calibration is con-
ducted at the end of the VNA/probe test cables. Next, the port extension technique
(typically open method) is used to shift the calibration plane to probe tips (reference
plane). It should be emphasized, that the discrepancies between measuring paths of the
PDP significantly influences the accuracy of S parameter measurements and hence the
value of the differential impedance Zd (9). Moreover, the port extension is a less
accurate correction of the VNA [31], because it does not remove mismatch effects
induced by adding the PDP.

Higher accuracy of conducted measurements can be achieved by attempting to
calibrate the both paths of the VNA by using specialized calibration standards that are
implemented in the PDP [17, 23]. In this case, the calibration process involves also the
PDP characterization as well as using the embed/de-embed features [32]. The problem
is, however, that the PDP has no output terminal of ground and also both coaxial lines
of this probe are permanently connected to each other. The calibration with the use of
prepared short-open-load (SOL) elements that are soldered at the ends of the P1 and P2
lines [17], is not very accurate and leads to destruction of PDPs. On the other hand, it is
possible to design a model of the probe in the specialized software [33] but it is time-
consuming and often unattainable (e.g. the probe parameters cannot be found in the
producers’ specifications, the experimental verification of the model is impossible).
Bearing in mind the mentioned problems, calibration substrates with short, open, load
and thru (SOLT) standards [34, 35] that are usually dedicated for S-parameter cali-
brations and time-domain reflectometry (TDR) impedance validations are used in the
procedure proposed by the authors of the paper. This method does not influence the
destruction of PDPs.

Fig. 5. Block diagram of proposed calibration procedure

108 P. Jankowski-Mihułowicz et al.



In the proposed method, the configuration SG (Signal-Ground) for the P1 calibration
and GS (Ground-Signal) for the P2 calibration is alternately created for the PDP (Fig. 5).
These configurations are realized by shorting one of the probe tips to the ground. This
converts the PDP into a 50 X probe. In the first step, the tip of the P2 probe is shorted and
then the SOL calibration for P1 is conducted. In the second step, the similar calibration is
performed for P2 at the shorted tip of P1 probe. In the third step, the thru calibration is
realized for SS (Signal-Signal) connection established between tips of the probes. In
effect, this procedure allows to perform calibration and to move the measurement ref-
erence point to the PDP tips. The proposed method of removing the PDP errors can be
supported by various calibration substrates and VNAs. The details of the method and an
example of calibration are presented in Sect. 4.2. After calibration, the S scattering
matrix is measured and results are used in the impedance calculations on the basis of (9)
and (1) equations. These parameters are necessary for designing efficient antennas.

4 Results

4.1 Measurement Setup

The practical usefulness of the developed method has been presented on the basis of
two representative examples, successively for the considered HF and UHF frequency
bands. The measurement process has been done by using the test stand prepared in the
RFID laboratory at the DETS RUT (Fig. 6).

The S-parameters of AUT were measured by using the VNA Keysight PNA-X
N5242A and commercially available probe (Micromanipulator 44-8000-D-NA) [36].
In the test stand, the probe is mounted on an economical manipulator (Micromanip-
ulator model 110) which is feature with 3-axis direct leadscrew-leadnut drives (reso-
lution 2.2 lm, 10 mm max travel each axis) [36]. The analyzer and probe are
connected by: the Keysight 85131F flexible cable set 3.5 mm (VNA test ports) to

Fig. 6. Test stand – example for HF band
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3.5 mm (PDP cables), and the manually prepared RG178 UMC (probe connectors) to
SMA (VNA flexible cable set).

4.2 Calibration

The test stand was calibrated at the probe tips by using the PacketMicro TCS50
substrate (Fig. 7). This calibration substrate is produced on the polished alumina (size:
17.3 � 9.4 � 0.6 mm). It contains open, short, thru, 50 X, and 100 X gold contacts
(accuracy: <0.5% for the 50 X) with GS/SG configuration and probe pitches from
0.2 mm to 1.5 mm [35]. The size of contacts and pitch of the selected probe and
calibration substrate is compatible with the typical lead spacing of RFID chips dedi-
cated to the HF as well as UHF bands and provided in various types of packages.

Fig. 7. PDP calibration

The calibration procedure on the laboratory stand is conducted in three steps
(Fig. 7) that are discussed in details in Sect. 3.2. In order to meet the requirements
assumed for the test stand, the calibration is made in the frequency band from 10 MHz
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to 4 GHz (Fig. 8). The configurations SG for P1 and GS for P2 are prepared with using
a thin silver plated wire. The shorting between selected signal and ground is realized by
wrapping the wire around one of the probe tips and then around the PDP body.

After this procedure, the P1–P2 thru configuration is represented only as a dot on
the Smith chart (Fig. 9). It means that the reference plane is moved to the probe tips.
Therefore the VNA calibration allows accurate and repetitive measurements of the
differential impedance (9) in the test stand.

Fig. 8. Full SOLT 2-port calibration results

Fig. 9. Smith chart with P1–P2 thru
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4.3 Example of HF Transponder Antenna

The stages: “3. Antenna measurement” and “4. Parameter verification” (Fig. 2) are
discussed on the basis of two practical examples. The numerical results are compared
with data obtained during measurements. The antennas have been designed and sim-
ulated by using Mentor Graphics HyperLynx 3D EM (HL3DEM) software.

The antenna of HF transponder designed for Talkin Things Company is analyzed as
the first example. It is in the shape of a square of size 19 � 19 mm and is presented in
Fig. 10. The impedance matching is provided for the chip NXP NT2H1001, NTAG
210 l in FFC bump package. This chip complies with the requirements of the fol-
lowing communication protocol: ISO/IEC 14443 Type A, NFC Forum Type 2
(CTC= 50 pF) [37]. The numerical model of the antenna has been elaborated in
HL3DEM software tool, in the RFID laboratory at the DETS RUT. The test samples of
inlays have been manufactured by selected supplier in China.

The model consists of two layers: the upper layer with RFID chip and windings of
antenna, and the bottom one with bypass trace of the inductive loop. Moreover, real
localization of vias, metal logotype of the company owner and contact pads to which
the chip is attached are implemented in the model in order to gain the accuracy of the
calculations. The PET film (thickness 38 µm, dielectric constant er= 3.4 and loss
tgd = 0.0026) is considered as a substrate for the modeled antennas.

Constant width of traces (0.25 mm) and trace to trace spacing (0.19 mm) are given
into the antenna loop design. The thicknesses of the upper and bottom conductive

Fig. 10. Talkin Things 19 � 19 mm HF transponder
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layers are assumed to be equal to 30 µm and 10 µm respectively. Due to the lack of
detailed information about the technological process defined as aluminum etching, the
typical conductivity value (r = 3.5�107 S/m) of such material is assumed in the
calculations.

The basic antenna impedance parameters for the given type of the RFID
transponders have been calculated with using the prepared numerical model. They have
been determined for the carrier frequency f0 = 13.56 MHz. Obtained results are
compared with the measurement data that are averaged for 11 gathered samples
(Table 1).

The measured average value of the inductance LTA is convergent with the calcu-
lations obtained on the basis of the numerical model. The reported inaccuracy of the
quality factor is caused by the different values established for the resistance RTA. It is
due to the lack of information about the real conductivity of the metal that is used in the
technological process of manufacturing the tested antennas. It is suggested that the
purity of aluminum alloy that is used to form metal layers in the measured samples is
slightly smaller than it is assumed in the model (than r < 3.5�107 S/m).

4.4 Example of UHF Transponder Antenna

The second example concerns an antenna design for a semi-passive RFID sensor
transponder operating in the UHF band (Fig. 11). The demonstrator of the circuit has
been elaborated in the research/development project under the title “The development
of zero-energy quantum system with active packets complex” (POIR.01.01.01-00-
0407/16) realized for an industry partner (Aluron) and financed by the government
(NCBR). The impedance matching in the design is provided for the chip AMS SL900A
in QFN16 package [38] for which the dependence ZTC(PTmin) at f0 = 860–960 MHz is
known [26]. The SL900A is an EPC global Class 3 transponder chip which is fully
EPC Class 1 compliant (standardized by the ISO/IEC 18000-63) with additional cus-
tom commands for extended functions (RFID sensor transponder).

As previously, the numerical model of the antenna has been elaborated in
HL3DEM software tool, in the RFID laboratory but the measuring samples of the
demonstrator have been manufactured in the laboratory of integrated electronic micro -
and nanotechnology HYBRID at the DETS RUT. The process of cutting out metal
layers has been realized by using PCB plotter LPKF ProtoMat S100. The modeled
elements of the transponder and its antenna are designed on selected epoxy laminate

Table 1. Calculated and measured parameters of HF transponder antenna

Parameter HL3DEM calculation results Measurement resultsa

LTA, µH 2.56 2.55 ± 0.01
RTA, X 4.32 5.11 ± 0.61
QTA, - 50.49 42.52 ± 5.09
aAverage of 11 samples and expanded uncertainty for a coverage
factor k = 2.28 and a level of confidence p ≅ 95%
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which is suitable for advanced RF applications (ISOLA FR408: substrate thickness
0.51 mm, copper thickness 35 lm, dielectric constant er= 4.19, loss tangent tgd =
0.0102 for f = 1 GHz) [39].

The basic antenna impedance parameters for the given type of the RFID
transponders have been calculated with using the prepared numerical model. They have
been determined in the frequency band 800–1000 MHz. Obtained results are compared
with the measurement data that are averaged for 5 gathered samples (Fig. 12).

Fig. 11. UHF transponder

Fig. 12. Calculated and measured parameters of UHF transponder antenna

114 P. Jankowski-Mihułowicz et al.



In this case, the obtained results of the impedance ZTA show a satisfactory con-
vergence (Pearson correlation coefficient is equal 0.938 for real part and 0.995 for
imaginary part of impedance ZTA) suitable for analyzing the impedance matching
between antenna and selected chip in the whole RFID UHF band (860–960 MHz).

5 Conclusion

At the beginning it should be emphasized that there is no universal RFID transponder
which could be used to mark any objects and to work in any standard of the radio
frequency identification. Every transponder should be specially designed for an object,
in view of many conditions of its performance in the RFID system. Moreover all steps
of creating new efficient RFID devices involve using advanced know-how, software
tools and technological processes that are available only in R&D laboratories. But
designers’ abilities (such as selection of suitable apparatus, the calibration of the used
equipment, the art of measuring parameters in the time and frequency domain) are the
most important for implementing successively research and development procedures in
the considered scope.

Since the test methods that are commonly used for 50/75 Ω antennas operating in
typical radio communications systems cannot be used for determining parameters of
HF or UHF RFID transponders, the authors have proposed algorithm consists in
realization of indirect differential measurements of impedance parameters by using two
50 Ω coaxial ports P1 and P2 of a VNA and dedicated PDP with the S-S contact tips.
In particular, the question of equipment calibration was taken into consideration in the
paper. Bearing in mind the known problems of common methods, the solution that
does not interfere in the PDP structure was revealed and the calibration substrates with
short, open, load and thru standards that are usually dedicated for S-parameter cali-
brations and TDR impedance validations were used. After calibration, the S scattering
matrix was measured and results were used in the calculations of the impedance that is
necessary for designing efficient antennas.

The details of the method were explained on the basis of two representative
examples, successively for the considered HF and UHF frequency bands. The mea-
surement process was done by using the test stand prepared in the RFID laboratory at
the DETS RUT and samples were prepared in cooperation with the authors’ partners
form the industry. The measurement results were compared with data obtained for
numerical models in the Mentor Graphics HyperLynx 3D EM. Generally, the measured
values were convergent with the calculations despite some discrepancies resulting from
restricted information about parameters that are not revealed by producers.

Acknowledgments. Results of Grants No. PBS1/A3/3/2012 from Polish National Centre for
Research and Development as well as Statutory Activity of Rzeszow University of Technology
were applied in this work.
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