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Abstract—With the increased use of wireless communication
devices for applications of the Internet of Things, adequate
characterization of the antenna, which is the main interface
with the environment, becomes necessary. To achieve the sys-
tem requirements and ensure efficiency, accurate measurement
methods, characterization, and simulation steps are required.
Electromagnetic simulation is an important tool that allows for
faster and cheaper tests, but good input parameters are needed.
In this work, the operating conditions of a PCB fractal geometry
antenna have been analyzed. This antenna showed different re-
sults between simulation and measurement, and the discrepancies
are discussed here. Two possible errors are evaluated. First,
the difference between the substrate parameters used in the
simulation and the fabricated prototype is considered. Thus, two
parameters were analyzed and experimentally determined: the
loss tangent and the relative dielectric constant. Secondly, trans-
mission lines and connectors are included in the measurements.
Finally, the antenna was re-designed and measured. Measurement
results showed good agreement with the simulation after the loss
tangent calibration. However, a different resonance frequency
was still observed. This work aims to calibrate the measurement
process and define a reliable antenna design flow.

Index Terms—measurement calibration, antenna, EM simula-
tion, high frequency

I. INTRODUCTION

The widespread use of radio frequency identification (RFID)
systems and the success of the recently developed concept
of the Internet of Things wouldn’t be possible without the
development of high-performance antennas. This component
enables the connection between electronic systems through the
wireless media access [1]. In the development of antennas,
electromagnetic simulation tools prove useful to accelerate the
design process and anticipate results when using the correct
input parameters.

Several parameters can impact the performance of fabricated
antennas. The model development depends on the correct
characterization of the printed circuit board substrate, and the
correct measurement setup, among others possibles issues.

As a consequence of these implementation challenges, an
antenna prototype was designed, fabricated, and measured,
but the simulated and measured results did not match. The
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designed antenna is a miniaturized 50-Ω 902-MHz planar
inverted F antenna (PIFA) using fractal geometries to reduce
area [2]. The total size of the antenna is 45.5 mm x 21 mm. It
was fabricated using a 1-mm thick FR-4 substrate and 0.5-Oz
thick copper layer with a UFL SMD connector and simulated
using Ansys HFSS [3]. The antenna layout is shown in Figure
1, and the simulated and measured return loss are presented
in Figure 2.

Fig. 1. Analyzed antenna.

Fig. 2. Comparison of the results of the analyzed antenna.

The PIFA antenna was designed to match exactly the
impedance of 50Ω without additional components to reduce
cost. Nevertheless, it was necessary to use impedance match-
ing via discrete components (capacitors and inductors) to
enable antenna operation. This procedure caused additional
rework and added costs.



Various errors can be associated with antenna character-
ization. In this work, we explore the differences between
the simulated substrate parameters and the printed circuit
board (PCB) used in the prototyping. Additionally, the added
transmission lines and connectors impact on the measurement
results is briefly discussed. Electromagnetic simulations were
performed using Ansys HFSS which uses 3-D finite element
method [3]. Section II of this paper introduces a theory
basis. The adopted methodology is presented in Section III.
Simulated and measurement data are presented in Section IV,
and conclusions are presented in the last section.

II. SUBSTRATE AND ANTENNA CHARACTERIZATION

Characterization of substrate and antenna is tradition-
ally based on the comparison of Scattering parameters
(S-parameters) obtained in simulation against measurement
results. The scattering matrix represents an N-port high-
frequency linear circuit, hence taking into account not only
voltages and currents, but also power and phase of a traveling
wave. This way, it is the standard model to measure incident,
reflected and transmitted signal waves. (1) represents the S-
parameters matrix of a two port linear circuit. Normally, this
analysis is done in a wide range of frequencies [4].[
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Where Sij = V −
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j where V +
k = 0 for k ̸= j. S11

and S22 correspond to the power reflected at ports 1 and 2,
respectively. S21 measures the transmitted power from the port
1 to port 2, and S12 from port 2 to port 1. The V + is the
incident voltage and the V − is the reflected voltage in the
port.

For the visualization of the parameters are used graphs.
One is the Return Loss graph that relates frequency to S11

in dB. Another graph is the Smith chart, a useful tool for
impedance matching and transmission line analysis. It is a
unitary polar graph of the reflection coefficient overlaid with
circles of complex impedance modified through a conformal
transformation. It relates in a simple way the impedance and
the coefficient of reflection when the frequency or the length
of the DUT or both are changed. The reference of the chart
is a normalized impedance (in this project 50 Ω), the best
impedance matching is found in the center of the chart.

A. Relative permittivity(εr) and loss tangent(tanδ)

The relative permittivity and loss tangent are two parameters
related to the complex permittivity of a medium (ε), the
insulator substrate used in the printed circuit board (PCB)
process in this case. The permittivity of a medium is given
by (2) [4]

ε = ε′ − jε′′ (2)

Where real and imaginary parts of ε are related to εr =
ε′/ε0 and the loss tangent tan(δ) = (ωε′′ + σ)/ω/ε′. ε0 is

the vacuum permittivity, and ω is the angular frequency of
operation.

Relative permittivity is related to the amount and size of
the electrical dipoles which internally compose the dielectric
material. The influence of εr can be seen in the formation of
the capacitance observed when the substrate is exposed to a
differential voltage. The higher the εr, the higher the observed
capacitance. εr can also vary over frequency. FR-4 is a typical
PCB substrate and its εr varies according to the manufacturing
process to which it was submitted [5].

Loss tangent represents the signal power dissipation related
to the difficulty to change the spatial orientation of the
electrical dipoles as the electric field is travelling along the
substrate. This difficulty also increases with signal frequency
[5].

An accurate representation of both parameters is required
in the simulation environment to correctly model the substrate
for the electromagnetic simulations.

B. De-embedding

De-embedding consists of moving the reference plane in the
RF measurement to remove the unwanted accessories which
are not part of the circuit, hence measuring only the DUT
(Device under test) [6]. The VNA (vector network analyzer)
used to measure the S-parameters, can practically eliminate
measurement errors up to the termination of the probes with
specific calibration kits. However, many circuits have addi-
tional transmission lines, cables, and connector lengths that
need a different treatment. VNA’s also measure these distances
and losses to some extent by using compensation methods
[7]. In figure 3, it is possible to see a representation of the
de-embedding application, where the reference measurement
plane is moved to the DUT. All the unwanted behaviors are
included in the fixture compensations.

FIXTURE A FIXTURE BDUT

Normal Reference plane 

With De-embedding

VNA

Fig. 3. De-embedding concept.

A typical method used in these cases is the TRL method
(thru-line-reflect) which can be implemented using PCBs and
two VNA ports. It is based on the use of different test
structures: short/open connections, through connection (which
is a straight connection between two PCB connectors), and
transmission lines with different lengths [8]. By calculation,
it is possible to separate the S-parameter of the DUT and the
fixture. The fixture obtained data effect can be removed from
the next simulations and measurements.



III. METHODOLOGY

In the characterization process of the antenna and its
substrate, the following steps were taken. Initially, simulated
and measurement results presented in [2] were compared.
Following, a method was specified to: adjust the loss tangent
and the relative permittivity of the substrate, and to include the
S-parameters of the fixtures used in the measurement setup.

Based on the response curve of the initial antenna prototype
(prototype 1), the simulation can be adjusted to match the
measured results. Through an iterative process, it was observed
that when the loss tangent is increased in simulation, the S11

results on the Smith chart move from the green-color simulated
plot towards the blue-color measured result, as shown in
Figure 4. In contrast, the resonance frequency identified by
a red dot moves when the relative permittivity is changed in
simulation.

Fig. 4. Analysis of the εr and tanδ variation in prototype 1.

To approximate the loss tangent, the simulated curve was
compared with the measurement presented in Figure 4. From
the difference between the two, an approximation of the real
value could be achieved.

The relative permeability was calculated based on the
phase difference between two coplanar-waveguide-with-
ground (CPWG) transmission lines are shown in Figure 5.

Fig. 5. Calibration transmission lines.

These lines were designed for a characteristic impedance
of 50 Ω on a PCB from the same manufacturer as the
antenna prototype. Through the lengths of the CPWG lines, the
effective permittivity is achieved using (3) and (4) according
to [9].

TD∆L =
Θu(S21,long)−Θu(S21,short)
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Θu is the unwrapped phase of the signal S21, meaning
the reconstruction of the signal phase without discontinuity,
TD∆L is the time delay difference between both analyzed
lines, εeff is an effective value that takes into account the εr
of all the elements in the analyzed region and also considers
the geometry of substrates and conductors. εeff is usually
obtained by simulation or by mathematical approximation for
transmission lines.

As we are using well-defined transmission lines, it was
possible to obtain the εr through the εeff with the help of the
transmission line calculation tool available in the QucsStudio
software [10].

Based on the updated values of εr and tanδ, the antenna
layout was modified so that it would match 50 Ω at the
designed frequency. De-embedding was applied through the
compensation function of the VNA.

IV. SIMULATION AND MEASUREMENT RESULTS

The first step was the modification of the loss tangent
which was initially simulated with a default value of 0.02,
and then increased to 0.12, reaching a curve similar to what
was measured. The relative permittivity was changed from
4.4, to 4.3 after applying the proposed method. In Figure 6,
we can verify the simulation of the antenna with the updated
parameters, between the measured values with and without the
VNA compensation.

Fig. 6. Correction of relative permittivity and loss tangent.

Using the new values, the antenna layout was adjusted to
achieve the center frequency of 902 MHz without changing its
total area. For the reassignment, the total length of the antenna
was changed and also the distance between the short and the
feed. The new layout is presented in Figure 7.

The new antenna prototype was fabricated using the same
PCB characterized substrate. Figures 8 and 9 present Smith



Fig. 7. Optimization of the layout of antenna.

chart and return loss in dB for simulated and measured
results. Traces in blue color present simulation results with
updated PCB parameters, where an impedance very close to
50 Ω at 902 MHz is expected. Traces in green show the
original antenna prototype results, presented for reference.
Finally, traces in red show the measurements for the new
antenna. Table I presents a comparison between simulated and
measured parameters of the new antenna.

Fig. 8. New simulation and new measurement.

Fig. 9. Return loss of the optimized antenna.

TABLE I
COMPARISON OF SIMULATED AND MEASURED RESULTS

Parameter Simulated Original Prototype Improved Prototype
Phase difference 0◦ 25◦ 10◦

Frequency 902 MHz 860 MHz 855 MHz
Bandwidth 22 MHz - 30 MHz
Return Loss -27 dB -5.4 dB -35 dB

V. CONCLUSION

In this work, a fractal planar inverted F antenna was
fabricated and measured. Calibration of relative permittivity
and loss tangent parameters of the substrate was performed
using measurement and simulation procedures. After cali-
bration of the loss tangent, it was possible to significantly
approximate the simulation and measurement of the antenna.
Return loss has been improved by 29 dB when compared to
the antenna designed before the calibration step. Additional
work is required to match resonance frequency at simulation,
since 47-MHz shift was observed after measurement. This
difference can be related to the adopted de-embedding process
that may require refinements. A standard VNA de-embed was
implemented here.

With the correct characterization of the antenna and its
substrate, it is possible to accelerate the development process
and avoid the use of passive components for matching the
antenna impedance, reducing costs and manufacturing time.
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