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I. INTRODUCTION

S engineering students, we often learn about
electromagnetic field theory from a theoretical
perspective, which may render it hard to understand
phenomena such as impedance and polarization.
The Polarization and Impedance Controlled Car
(PICC) provides a practical and engaging way to
learn these principles using a radio-controlled car, a
NanoVNA and on-body antennas. By manipulating
wave polarization and impedance in real-time, users
can see direct effects on the car’s movement. This
hands-on approach improves comprehension and

makes classroom demonstrations more effective.
The PICC, shown in Fig. 1, is comprised of a
pair of on-body antennas, a passive strip grid, a
NanoVNA, a Raspberry Pi and a radio controlled
car. In the following sections, we will detail how the

Fig. 1: The PICC

PICC functions, highlight its educational benefits,
and explain the underlying principles of polarization
and impedance which govern its operation. The
project aims to bridge the gap between theoretical
electromagnetics and its practical applications, pro-
viding a deeper insight into the physical phenomena
and engineering challenges involved.

II. BACKGROUND
Polarization indicates the orientation of the elec-
tric field — one common basis typically used in
antenna application is linear polarization such as

vertical and horizontal [1]. For the PICC a set
of linearly polarized patch antennas are used, also
commonly used by mobile phones and other elec-
tronics [2], together with a strip grid.

In an ideal scenario, when a wave impinges on
a grid of parallel metal strips, the relative angle
between the grid and the polarized wave dictates re-
flection intensity. Maximum reflection occurs when
the grid is parallel to the wave’s polarization, and
minimal when they are orthogonal. The grid’s ori-
entation selectively reflects certain polarizations.

For this project, the changing impedance caused
by bodies in the near field, such as the strip grid, is
crucial to control the car. Near-field effects appear
when working close to the antenna. Objects close by
will couple to the antenna changing its impedance,
particularly the other patch. To calculate the distance
at which the far field starts one can use the Fraun-
hofer distance dr [3], shown in (1). The parameter
D stands for the largest dimension of the antenna
which is the diagonal.
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The NanoVNA, is a compact and accessible form
of a vector network analyzer (VNA), which mea-
sures two scattering parameters; S1; and Ss;. They
depend on the reference, load, input and source
impedances Z,, Z;, Z;n and Zg respectively. Ac-
tual measurements are made by connecting to a
matched load, Z;, = Z,. The S;; parameter is known
as the reflection coefficient which measures the
portion of the signal sent from port 1 that is reflected
back to port 1. The Sy, parameter is the transmission
coefficient measuring the portion of the signal from
port 1 to port 2 [4].

In Fig. 2 it is shown how the S-parameters vary
without external disruptions, with perfectly fabri-
cated antennas and no connector losses depending
on the angle between antenna and strip grid. When
6 = 0° then the E-plane of the antenna is parallel
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to the strip grid and if § = 90° they are perpendic-
ular [5].

SH 821
1 1
0.5 0.5
0° 45° 90° ¢ 0° 45° 90° ¢

(a) S11 varying with 0
Fig. 2: S7; and Sy; varying ideally with the angle
0 between antenna and strip grid. The y—axis is
normalized and shows the reflected signal strength
to each antenna.

(b) So1 varying with 6

In reality, other nearby bodies will affect the
S-parameters by causing additional reflections and
absorptions, varying the effective impedance values.

Various factors come into play when designing
the antennas, such as the desired resonant frequency
f, the speed of light c, the relative permittivity ¢, of
the material and the height, h, of the dielectric ma-
terial. The width, effective permittivity and length
of the antenna can be calculated using (2), (3), and
(4) respectively [6].
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Due to fringing effects along the antenna edges —
given e.4, w and h — a small correction term AL is
introduced in (4).
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III. PHYSICAL DESIGN AND SPECIFICATIONS
The custom parts of the PICC consists of the
patch antennas and the strip grid.

A. Antenna design

The antennas were designed to operate around
3.0 GHz, a frequency that reduces overall design
size due to its shorter wavelength. This ensures the
antennas to be appropriately sized for on-body hand
placement.

The patch antenna shown in Fig. 3a, is designed
with two almost identical antennas propagating
waves perpendicularly out of the plane. The left
one sends out polarized waves oscillating in the y-
direction. Waves from the right antenna oscillate

(a) Patch antenna

(b) Strip grid

Fig. 3: (a) The patch antenna with two differently
polarized antennas. (b) Strip grid made of copper
and PLA plastic.

in the x-direction. The substrate material is FR4
which has an approximate relative permittivity, &,
of 4.5 [7] at 3 GHz. The thickness of the antenna
patch is 1.6 mm, where the thickness of the dielec-
tric material is 1.53 mm. Using (2), (3), and (4) the
antenna dimensions were calculated to be 42.6 mm
wide, 22.9 mm long. Finally, the length of the inset
feed was experimentally chosen to be 2.8 mm from
simulations to match the 50 {2 impedance from the
connected cables. The Fraunhofer distance from
(1) is calculated to be 184 mm indicating that the
measurements used are in the near field region.
Consequently near field effects will occur, which
will alter the impedance, thus influencing the S-
parameters.

B. Strip grid

The strip grid, seen in Fig. 3b consist of two dif-
ferent materials, a 3D printed plate made out of PLA
plastic with slots for 5 mm wide, 0.2 mm thick cop-
per strips. The strip grid is made to reflect as much
as possible of the chosen polarization and minimize
the amount reflected of the orthogonal polarization.
Strip grids of two different dimensions were tested,
200 mm x 200 mm and 100 mm x 100 mm.

C. Final product

The PICC is shown in Fig. 1. The patch antenna
and the strip grid are mounted on each hand. This
enables fine adjustments of angles and distances,
and is an engaging way to control the RC car. The
pair of antennas are connected to the two ports on
the NanoVNA. The NanoVNA is connected to the
Raspberry Pi via USB-C. Finally, the Raspberry Pi
sends control signals over bluetooth to the RC car.

All the components and materials including their
prices can be viewed in Table I.



Table I: Bill of the materials using convertion rates
1 SEK = 0.093 USD and 1 EUR = 1.08 USD as of
May 3rd 2024. The full list including links to all
items can be found in our replication manual.

Items Price  Source

RC car and controller $73 Amazon
LiteVNA 64 $184  Amazon
Raspberry Pi 5 $78 Kjell & Co
Raspberry Pi 5 Power Adapter  $17 Electrokit
USB-A to USB-C cable $17 Kjell & Co
2x 18650-batteries $12 Electrokit
Gloves $4 Biltema
Elbow sleeve $9 Biltema
Micro SD card 64 GB $30 Kjell & Co
Patch Antenna (PCB) $20 PCBWay

SMA Connectors $8 Amazon

Strip Grid Plate (3d-printed) $11 IKDC Lund University
Flat Copper Wire $13 Amazon
Hook-and-loop tape $10 Biltema

Total: $486

IV. VNA INTERACTION

A key aspect of the PICC design was to facilitate
interaction and data streaming from a NanoVNA to
a computer. Many NanoVNA programs and python
packages exist, however all are operated using a
graphical user interface which is not desired for
this project. Therefore as a part of this project, an
effort was made to create a general-purpose python
library called pynanovna [£8]. It makes it possible
to calibrate a NanoVNA, stream data continuously,
plot data, save data, and more while being easy
to incorporate into other projects. It is possible
to download the open source package using pip.
This is to our knowledge one of the first general-
purpose python libraries that can stream data from
a NanoVNA. pynanovna has been used for all
NanoVNA-communication throughout the develop-
ment of the PICC.

V. MEASUREMENT

To test the setup, the antenna was connected to
the NanoVNA, calibrated before each measurement,
and data was recorded using pynanovna. The S-
parameters were measured with the strip grid at
varying heights and angles. The strip grid was
attached to a plastic arm attached to a stand of
variable height, and the antenna was held in place
by a temporary mount. A paper with angles drawn
at 5° intervals between 0° to 90° were placed below
the stand to measure angles. The antenna was kept
still while the stand was moved to align with the
drawn angles. The distance from the antenna was

measured with a ruler from 20 mm to 100 mm with
a 10 mm spacing.

VI. SIMULATION

We conducted simulations of the antenna and
strip grid using FEKO 2023 to provide a reference
to compare to the measured results. A simplified
strip grid was modelled using rectangular thin con-
ductors. Only the smaller strip grid was modelled.
The antenna was modelled assuming a ¢, = 4.5
of the substrate and a dielectric loss tangent of
tan o = 0.03. All conductors were assumed perfect
and thin. In Fig. 4a the simulation model is shown.

Total Gain [dBi]

(b) Far field pattern for both

patches. Total gain in decibels
relative to isotropic.

(a) Simulation mesh

Fig. 4: FEKO Simulations

VII. ANTENNA PERFORMANCE

In Fig. 5, the difference between simulation and
reality is shown for the base case with nothing
in front of the antenna. In the simulation, the
minimum reflectance of the antenna is —55dB at
2.88 GHz while in reality, it is —45dB at 2.97 GHz.
The bandwidth using a VSWR of 2:1 — i.e. when
S11 < —9.54dB — is 156 MHz in the simulation
and 177 MHz in reality. The shift in frequency is
most likely due to the real-world permittivity of
the substrate not matching the simulated value of
e; = 4.5. The change in magnitude could be caused
by imperfections in fabrication, connector losses
and reflections caused by surrounding objects. The
3D far field patterns in Fig. 4b shows that the
antenna achieves a 6dB power increase in the
upwards direction compared to an isotropic antenna.

VIII. SIGNAL PROCESSING
The main part of the project was the processing
of the input S-parameters to the output signals used
for controlling speed and steering of the RC car.

A. Time-domain processing
To remove noise from signals reflected from
objects other than the strip grid, a time-gating
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Fig. 5: S11 magnitude in the base case with nothing
in front of the antenna. Meas. is the measurement
of the real antenna Sim. is the simulation.

approach was used to isolate the relevant time
response. Signals were zero-padded to a length of
n = 2 for up-sampling and transformed to the time
domain using the Inverse Fast Fourier Transform
(IFFT). A Hanning Window was applied to isolate
the highest peak, assumed to carry most of the
strip grid position information. The signal was then
transformed back to the frequency domain using
FFT for further processing.

B. Frequency-domain processing

First, a reference sweep with no objects in front
of the antenna is done, this reference sweep is
denoted S, and Sy, respectively. This reference
sweep is then subtracted from all future sweeps to
obtain a difference in S;; and Sy from the reference
position. At a specific height, the throttle should
ideally be constant regardless of the angle of the
strip grid. Using the theoretical behaviour, shown in
Fig. 2, with 51 (0) = <2+ and Sy, (9) = =<4
the value of the expression \/511(6’)2 + 3551(6)?
for the interval 0° < # < 45° is between 0.952
and 1.026. This expression served as a basis for the

throttle function as it varies little with angle. The
throttle function is computed as:

[ = \/|511 - Sll,r‘g + Sz — 521,7"27 Q)
where @ ~ 9 to compensate for the fact that Sy
signal is much weaker than S;;. The amount of
waves reflecting back to each antenna changes with
the angle. At angle zero all the reflection from
the strip grid is sent back to the same antenna,
leading to a bigger S;; average and an extremely
low Sy; average. The proportion between these two
parameters Sa;/S571, changes with the angle. It was

found that taking the square root of S;; before
calculating the proportion leads to a more stable
angle measurement, thus the angle is calculated as:

|91 — SQl,rl

\/ |S11 — Snﬂ

These values are in an uncontrolled range and need
to be restricted to the interval [0,1]. A clamping
function was used to clamp the values between their
measured maximum and minimum:

¢= (6)
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where T, and z,,.. are the measured minimum
and maximum values.

IX. SIGNAL PROCESSING PERFORMANCE

The signal processing was evaluated for both the
100 mm x 100 mm and 200 mm x 200 mm strip grid
and compared with a simulation of the smaller. The
graph in Fig. 6 shows the throttle computed from
measured data according to (5) for different heights
and angles. The differences in throttle between the
angles is small at longer distances, but the throttle
is substantially lower when the strip grid is at 30°
and 45° at smaller distances. For the simulated grid
the difference in throttle at different angles is very
small. The graph in Fig. 7 shows the steering angle
calculated from (6) at varying angles and a fixed
30mm distance.
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Fig. 6: Throttle for different distances and angles of
the strip grid. 200 mm x 200 mm strip grid is drawn
dashed, 100 mm x 100 mm solid, simulated data for
100 mm x 100 mm strip grid is dotted.
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Fig. 7: Steering for different strip grid angles com-
pared to simulation of 100 mm x 100 mm strip grid
at 30 mm distance.

X. CONCLUSION

The PICC offers a fun and intuitive way of

learning the concepts of impedance and polariza-
tion. This project has shown that it is possible to
generate speed and steering signals for an RC car
by measuring impedance change in the near field,
using a set of on-body antennas and a strip grid.
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