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Abstract— This paper presents the design and
implementation of a low-cost, automated antenna radiation
pattern measurement system based on a hybrid Arduino-
Raspberry Pi architecture. The Arduino Uno provides real-
time stepper motor control and RF signal acquisition, while
the Raspberry Pi handles serial communication, data
processing, and storage. To validate the proposed system, a
circular microstrip patch antenna operating at 1.47 GHz
was designed, fabricated, and experimentally characterized.
The measured radiation pattern was compared to ADS
simulation results, demonstrating that the proposed
platform is a practical, reproducible, and affordable
solution for antenna radiation pattern characterization in
small research environments, with RF detector calibration
over a 40 dB dynamic range confirming a mean
measurement precision of £0.71% across three independent
runs.
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I.  INTRODUCTION

Measuring the radiation pattern of an antenna is a
fundamental step in its design, performance evaluation, and
electromagnetic compatibility testing. Characterizing the
directional properties of an antenna requires precise angular
scanning, calibrated RF detection, and accurate data
acquisition—tasks traditionally performed in anechoic chambers
equipped with professional antenna positioners and vector
network analyzers [5], [14]. However, these facilities remain
financially inaccessible to most university laboratories and small
research centers, hence the significant need for cost-effective and
reproducible alternatives.

Several measurement approaches have been described in the
literature. High-end systems rely on calibrated RF sources,
absorbing chambers, and motorized positioners, offering high
accuracy but at a prohibitive cost [9]. Software-defined radio
(SDR) platforms have also been explored: Perotoni et al. [6]
proposed a near-field SDR system, which, however, requires
complex post-processing for far-field transformation. Schottky
diode RF detectors have been validated for microwave power
measurement [1], [7], offering a simpler and less expensive
detection alternative. On the acquisition side, Arduino platforms
have demonstrated their ability to acquire real-time signals in the
laboratory [3] and have been combined with MATLAB for signal
processing for educational purposes [4].
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Despite these contributions, many existing systems cover only
part of the measurement chain (acquisition, positioning, or
visualization) without integrating all functions into a single,
comprehensive, and reproducible platform. Furthermore,
quantitative performance indicators, such as angular resolution,
measurement repeatability, and the discrepancy between
simulated and measured waveforms, are often insufficiently
documented.

This article presents a fully integrated, cost-effective,
automated antenna radiation pattern measurement system based
on a hybrid Arduino-Raspberry Pi architecture. This system
combines stepper motor angular positioning, Schottky diode RF
detection [1], [7], and Python-based polar visualization [3], [4].
The system is experimentally validated using a circular
microstrip patch antenna operating at 1.47 GHz [14], [15]. The
main contributions are: (i) the design and experimental validation
of a complete, reproducible and cost-effective measurement
device; (ii) a quantitative comparison between measured and
simulated radiation patterns, including an analysis of the finite
ground plane; and (iii) a discussion of the accuracy of angular
positioning, detector calibration and measurement repeatability.

1. SYSTEM ARCHITECTURE
A. OVERALL ARCHITECTURE

The proposed measurement bench is based on a hybrid
architecture combining an Arduino Uno board and a Raspberry
Pi. The Arduino controls the stepper motor and performs analog
acquisition of the RF detector's output signal. The Raspberry Pi
handles serial communication, data logging, digital processing,
and graphical visualization of the measured radiation pattern via
a Python interface. This division of tasks increases the system's
flexibility while maintaining a low implementation cost:

01 * TX Antenna

02 * RX Antenna

03 e Platform ¢

04 *  Stepper Motor RF DETECTOR
05 *  Microstepping Motor Driver

06 *  Arduino <«

07 *  Raspberry Pi

08 * Display

Fig. 1. Diagram Of The Radiation Pattern Measurement Setup.
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B. HARDWARE COMPONENTS

¢ Arduino Uno Microcontroller: The Arduino Uno is the central
control unit of the system. It handles the acquisition of analog
signals from the RF circuit and drives the stepper motor. The
stepper motor is controlled by precise pulse sequences, ensuring
accurate and consistent positioning of the mechanical structure.
The output signal from the RF detector is simultaneously
sampled by the integrated analog-to-digital converter (ADC),
which transforms it into digital data for further processing.

* Raspberry Pi: The Raspberry Pi is the primary device for data
collection and analysis. It executes Python functions for real-
time analysis, visualization, and system control after receiving
measurement data from the Arduino via a serial port. Thanks to
its processing capabilities, it is ideally suited for coordinating
multiple components within a compact measurement platform,
enabling efficient handling of large volumes of data and signal
processing tasks.

 External Microstepping Motor Driver: By dividing each full
step into many microsteps, the external microstepping controller
provides precise control of the stepper motor. Compared to full-
step operation, this method produces smoother motion, better
angular resolution, and reduced mechanical vibration. The
Arduino sends STEP and DIR signals to the controller, enabling
the precise motor movements necessary for accurate antenna
positioning.[2] A 1/16 microstepping mode (3200 steps per
rotation) was achieved by setting switches SW1, SW2, and SW3
to OFF, OFF, and ON, respectively. For antenna radiation pattern
measurements, this configuration offers a good compromise
between rotational smoothness and angular resolution. A rated
current of approximately 1.5 A was achieved by adjusting the
switches SW4, SW5, and SW6 (OFF, ON, OFF). [13]

* Stepper Motor: The SM24240 stepper motor was chosen due to
its high torque and precise positioning, which are essential for
measurement applications. Even at low rotational speeds, its
torque capabilities enables it to carry relatively large loads, like
an antenna mounted on a spinning structure, without losing steps.

* RF detector: The received RF signal is converted to a DC
voltage using a diode-based RF detector, illustrated in Figures 3
and 4. This detector consists of two BAT68 Schottky diodes and
a 100 nF filter capacitor. Schottky diodes are used because of
their low forward voltage and low junction capacitance, making
them particularly suitable for detecting RF signals. The detector's
output voltage is applied to the Arduino's analog input. Although
absolute power calibration is not required for relative radiation
pattern measurements, a calibration procedure was performed to
characterize the detector response and quantify its measurement
repeatability, as described below.

Schottky diode

Capacitor
(104)

Fig. 2. Diode-Based RF Detector Used for Power Measurement

Fig. 3. Schematic Diagram Of The Dual Schottky Diode RF detector

RF detector calibration : To characterize the response of the
BATG68 Schottky diode RF detector, a calibration procedure was
performed by applying known RF power levels at the operating
frequency of 1.47 GHz using a calibrated signal generator. The
DC output voltage was recorded for input power levels ranging
from —30 dBm to +10 dBm in 1 dBm increments. The resulting
calibration curve, shown in Figure 4, exhibits a monotonically
increasing response over the entire 40 dB dynamic range. In the
low-power range (—30 to —8 dBm), the detector operates in
quadratic mode, where the output voltage is approximately
proportional to the incident RF power. Beyond —8 dBm, the
slope of the response increases, indicating a transition to the
linear detection regime, consistent with the behavior observed
for similar Schottky detectors [7], [9].

Since the proposed system is designed for relative
measurement of the radiation pattern, the detected voltage is
normalized with respect to its maximum value before the polar
diagram is reconstructed. This normalization eliminates the
absolute gain offset and preserves the angular dependence of the
radiation pattern regardless of the detector's operating region, as
expressed in section IV by V_out(6) « |E(0)* , where the
exponent n depends on the operating region and is determined
experimentally from the calibration curve. [9].
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Fig. 4. Calibration Curve Of The RF Detector At 1.47 Ghz

To evaluate the repeatability of the detector response,
three independent measurement runs were performed under
identical conditions. The measurement precision, defined
as the standard deviation normalized to the mean reading at
each power level, is shown in Fig. 5. The mean precision
across the entire dynamic range was +0.71% of the reading,
with a maximum of +4.04% observed around —1 dBm, in
the transition zone between the square-law and linear
detection regimes. Over the operating range of interest for
antenna pattern measurement (—20 to —8 dBm), the
precision remained below +42.7%, confirming the



consistency and suitability of the RF detection chain for .

TBE600

relative radiation pattern characterization.
N Hoom ol 38
S — g B ol
_ === Mean = 0.71% g e Lzﬁjg; AW? »
NI e s Max = 404% ] g \ @ EER T e
5 — moo il
r § SM24240 e " i + =
] 12
E=| DC: 9nd2V RE_DETECTOR
Ot ik
Z [ "
B 3F ] orosz/puno 5|2
"o #= GPI0L3/PWNL I3t
= |  — 1 5021/6700 £
= A0 GpI015/UARTRXD 10_5¢_12¢0/6P1001 P& USB CONNECTION
2, Horosossm g2z sonzc/002 (52
Zr T Hoorm e
= o osrouowr arctasenoosps  — Respberry P TO HDMI DISPLAY
[a r 40 6p1021/5Pi1 SCLK/PCH_IOUT GpCLK2/6PI008
43 apiozz/5010 1k TEL spi0/Geio07 P
1 I b b st et -
22 GPi025/5DI0_DATL wosLspio/GPiote [1S
------------------------------ 31 hioas,spi0 0wz . sclicsmo/criot B
i I I " E" I ] Hommom:
NI Allin .. . 1
-3 —95 — ~15 _ -5 5 . L.
0 » 2 B 10 N 0 ° 10 Fig. 6. Electrical Setup Of The Antenna Radiation Pattern Measurement
Input power (dBm) System
Fig. 5. Measurement Precision Of The RF Detector D. SOFTWARE ARCHITECTURE:
* Mechanical Rotating Platform: To provide mechanical stability Start
and consistent angular alignment during measurements, the Setup:
antenna under test (AUT) is mounted on a rotating platform. _ Initialize Pins and serial
- Move to start Position (zero)

* Receiving Antenna Support: To reduce electromagnetic

interference during the measurement procedure, the receiving measurement

antenna is fixed on a non-conductive mechanical arm.The

distance between the two antennas is selected according to the [ ]
.. . . . Stepper Motor rotate by 1° ste

far-field condition discussed in Section II-E. PP Y P

[ Read DC Value measure RF Voltage ]

C. Power Supply and Electrical Connections:

Element Supply Voltage [ Send Angle , Voltage (Transmit Over ]
Serial
Microstep Driver 0942V )
Arduino 5V ( Angle <360°? | ——
Raspberry Pi 5V NO ,l STOP l YES
TABLEL: Power Supply Voltages Of The System Components. l END ]
Microstep Driver Arduino . .
Fig. 7. Arduino Firmware Flowchart.
PUL+ (STEP+) Pin 8
PUL~ GND | Start ]
DIR+ Pin 3
Read Serial Data : Open Serial Port- Parse
DIR- GND Angle and Voltage -Store Data ]
ENA+ Pin 5
ENA — GND [ Timeout / End Signal ? | YES
RF detector Arduino
Save Data to CSV:
V_out A0 - Angle and Voltage Value
GND GND NO
[ Display Value in terminal window ]
TABLE 2 : Electrical Connections Between Arduino, Microstepping Driver,
and RF detector.
The practical wiring of the measurement bench is shown in [ Plot Radiation Pattern ]
Fig. 5. The Arduino generates the STEP, DIR, and ENABLE

control signals for the microstepping driver, while the RF END |

detector output is connected to analog input AQ. The Arduino and

. . . . Fig. 8. Python Software Flowchart
Raspberry Pi communicate through a USB serial connection. & Y



The measured angle and voltage values sent by the Arduino
are read in real-time using a Python program. The data are stored
in a CSV file for easy analysis and traceability. Python libraries
are then used to organize the measurements and generate a polar
plot, allowing a clear and intuitive visualization of the antenna
radiation pattern. [3], [4].

E. SPATIAL ARRANGEMENT:

In order to ensure that the radiation pattern was measured
under far-field conditions, the distance between the transmitting
antenna and the antenna under test was selected such that :

2D?
R = - 1)

Where D is the maximum antenna dimension and A is the
wavelength at the operating frequency. During the experiments,
the separation distance was chosen to satisfy this criterion while
remaining compatible with the laboratory constraints. [5], [14]

In addition to the far-field condition, classical antenna
measurement relations such as the Friis transmission equation
(2), free-space path loss (3), and angular resolution formulas
were used to justify the experimental setup and measurement
accuracy.

Friis Transmission Equation:
B =P+ G + G — Ly )

* Pt = transmitted power
* Pr=received power

* Gt,Gr = antenna gains
* Lfs = free-space loss

Free-Space Path Loss (FSPL):
R
Lys(dB) = 20 logyo(55) @)

III.  ANTENNA DESIGN AND ADS SIMULATION

patch
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Fig. 9. Antenna Under Test (AUT)

A. Substrate and Material Selection
The antenna is designed on a FR-4 substrate due to its low

cost and widespread availability in PCB technology. The
substrate parameters are as follows: [15], [10]

e Relative permittivity: €,=4.32
copper conductivity : ¢ =59.6 . 10° S/m
Relative permeability: pur=1
Substrate thickness: h=1.5 mm
Copper thickness: t=35 um
Conductor material: Copper
Substrate material in ADS: FR_4 Core

B. Patch Antenna Design

For a circular microstrip patch antenna operating in the
dominant TM;; mode, the resonant frequency can be
approximated by:

X1 c
fr = mave @
Where a is the patch radius, c is the speed of light, €,is the
relative permittivity of the substrate, and X;; =1.8412 is the first
root associated with the dominant TM;; mode. [14] Therefore,
the initial patch radius is obtained from:

a=-1° ©)
27 frVer
After calculation based on equation (4) and tuning in ADS, the
optimized patch radius is: a =28.899 mm

C. Quarter-Wave transformer
A narrow microstrip line is connected directly to the circular
patch :

e  Width: W1=1.023 mm

e Length: L1=29.427 mm (M4 at 1.47 GHz)

D. Feedline

The 50 Q microstrip line connects the A/4 matching section to
the measurement port:

e  Width: W2 =2.874 mm

e Length: L2 =10 mm
This section provides a standard 50 Q connection for the test
equipment. All dimensions are calculated using ADS LineCalc
[15], where we input:

e  Desired characteristic impedance Z0 = 50 Q

e  Effective electrical length 6 = 90° (A /4)

e  Substrate parameters (mentioned before)
ADS automatically computes the line width and length to
satisfy the impedance transformation.
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Fig. 10. Simulated Radiation Pattern of the Circular Patch Antenna at 1.47 GHz



IV. EXPERIMENTAL RESULTS

The proposed antenna radiation pattern measurement setup
was validated through experimental measurements after the
mechanical design and system assembly were finalized. With the
transmitting antenna positioned at a distance meeting the far-
field criterion, the antenna under test was mounted on the
rotating platform. A stepper motor rotated the antenna in discrete
angular increments during the measurement.

The RF signal captured by the RF detector was applied to an
analog input of the Arduino, which transmitted the measured data
to a computer via a serial interface. At each assembly stage, basic
functional tests were performed to verify the proper operation of
the motor, sensors, and serial communication before launching
the automated measurement sequences.

Fig. 11. Experimental setup for antenna radiation pattern measurement

1-  TX Antenna 5-  Microstepping

2-  RX Antenna Motor Driver
6- Arduino

3-  RF detector 7. Raspberry Pi

4-  Stepper Motor 8- Display

In the far-field region, the power received by an antenna is
proportional to the square of the incident electric field magnitude
(5], [9]:

Prr(8)  |E(8)]? ©)
e PRF(0) is the received RF power
e  E(0) is the electric field strength at angle
For the diode RF detector, the output voltage is :

Vout X PgF @]

eV outis the detected DC voltage
e 1 is a coefficient depending on the operating region of
the diode.
Then, by combining the two previous formulas, we can
define the expression that preserves the angular dependence :

Vout (0) < [E(O)| ™ ®

This nonlinearity affects the absolute amplitude but preserves
the angular dependence of the received signal, which is sufficient
for characterizing the radiation pattern [5], [14]. By normalizing

the detected voltage to its maximum value and expressing it in
decibels, the antenna's radiation pattern can be accurately
reconstructed as a function of angular position.

The measured data were transmitted via the serial interface to
a processing unit, where they were stored and visualized using a
Python data acquisition and visualization script. The resulting
polar radiation pattern clearly reveals the antenna's directional
characteristics, including the main lobe orientation, beamwidth,
and relative levels of the sidelobes. The smooth angular variation
of the measured signal confirms the mechanical stability of the
rotating platform and the effectiveness of the microstepping
motor control.

V. RESULTS ANALYSIS

190° gpe 170°

Fig. 12. Measured Radiation Pattern of the Circular Patch Antenna at 1.47 GHz.

To evaluate the quantitative performance of the proposed
measurement system, several parameters were considered,
including angular resolution, measurement step size,
repeatability, and the difference between simulated and
measured radiation patterns. The external microstepping driver
was configured in 1/16 microstepping mode, corresponding to
3200 microsteps per complete revolution. The theoretical
angular resolution of the rotating platform is therefore given by:

A8 =22 = 0.1125° )
3200

Although the motor can provide a theoretical resolution of
0.1125°, the experimental radiation pattern was acquired with an
angular step of 1°. This value was chosen as a compromise
between measurement time, data size, and angular accuracy.
Thus, 360 measurement points were recorded over one complete
rotation.

The RF detector used in this work is based on Schottky
diodes. Although this solution is simple and economical, the
detector output voltage is not perfectly linear with the incident
RF power. In the square-law region, the detected voltage is
approximately proportional to the received RF power, whereas
nonlinear effects outside this region may introduce amplitude
deviations, particularly in sidelobe measurements.

The calibration results presented in Section II-B confirm that
the detector operates within the square-law region for the
received power levels encountered during antenna pattern
measurement, validating the normalization approach adopted in



this work. Therefore, the measured voltages were normalized to
their maximum value to reconstruct the relative radiation pattern:

Vout ()
Vrorm(6) = e ® (a0

For absolute power measurements, a calibration procedure is
required. This can be performed by applying known RF power
levels at the operating frequency of 1.47 GHz using a calibrated
RF source or signal generator. For each input power level, the
corresponding DC output voltage of the detector is recorded. In
this work, the objective is to characterize the relative radiation
pattern; therefore, normalization was deemed sufficient to
identify the main radiation behavior of the antenna.

The measurements were performed in a non-anechoic
laboratory environment. Consequently, the measured radiation
pattern can be affected by reflections from surrounding objects,
walls, cables, the support structure, and the measurement table.
These multipath effects can produce constructive and destructive
interference, resulting in local amplitude variations and sidelobes
in the measured pattern. In addition, mechanical tolerances of the
rotating platform, slight antenna misalignment, finite ground
plane effects, and RF detector nonlinearity may contribute to the
observed differences between simulated and measured results.

Parameter Method /Expression Value
Microstepping mode Driver configuration 1/16
Mlcrostep's per Motor driver setting 3200
revolution
Theoretical 'angular 360° / 3200 0.1125°
resolution
Experlme;ltlet;l angular Software-defined rotation step 1°
Number of angular 360°/ 1° 360
samples
Main-lobe direction 10_meas — 6_sim| 90
error - -
Repeatability error Standard deviation over 3 £0.7°
repeated scans

TABLE 3 : Quantitative Performance Metrics of the Proposed Measurement
System

A significant difference is observed between the simulated
and measured radiation patterns. The ADS simulation assumes
idealized boundary conditions, while the fabricated antenna
operates with a finite-dimensional ground plane and in a real
measurement environment. Consequently, edge diffraction and
surface current reflections at substrate interfaces can generate
additional radiation components that are not fully accounted for
by the ideal simulation. Despite these differences, the measured
pattern retains the expected behavior of the main lobe of the
patch antenna.

VI. CONCLUSION

This paper presents the design and implementation of a low-
cost, automated antenna radiation pattern measurement system
based on a hybrid Arduino-Raspberry Pi architecture. The
proposed device combines motorized angular positioning, RF
detector acquisition, and data visualization via Python, all on a
compact and affordable platform suitable for educational
applications and small laboratories.

The system was experimentally validated using a circular
microstrip patch antenna operating at 1.47 GHz, and the
measured radiation pattern was compared to ADS simulation

results. This comparison demonstrated that the proposed test
bench is capable of reproducing the main characteristics of the
antenna radiation pattern, while also revealing the influence of
practical factors such as detector nonlinearity, the finite size of
the ground plane, and environmental reflections.

Future work will focus on improving detector calibration,
extending quantitative assessment, reducing environmental
effects, and upgrading the platform to measure two-dimensional
or three-dimensional radiation patterns.
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