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Abstract—This article describes an antenna characterization
measurement technique that can be achieved using low-cost
equipment on a sports field. It is an adaptation of a reflection
range measurement and results were compared to control mea-
surements done at an open-area-test-site as well as in an anechoic
chamber. This technique was capable of obtaining results with
accuracy to within 2 dB for boresight gain and within 2 dB for
the main beam of the antenna pattern. Its purpose is not to be
highly accurate, but rather to show that it is possible to cost-
sensitively introduce students to radio frequency equipment, as
well as have access to a pre-characterization test method for in-
house, student-built antennas at tertiary education institutions.

Index Terms—Antenna characterization, cost-sensitive, educa-
tion, measurements, UHF.
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I. INTRODUCTION

ITH the drive for the fourth industrial revolution there

has been an exponential increase in wireless devices,

from wallets to cars, everything appears to be going wireless.
These wireless systems all require well-built antennas allowing
for optimal connectivity [1]. Academics wanting to get into the
field of electromagnetics and antennas have a difficult time
gaining hands-on experience due to the expensive equipment
and dedicated testing facilities required. These facilities, such
as an open area test site (OATS), anechoic chamber or a
reflection range can be costly to build and maintain for
something as niche as antenna testing [2, 3]. The required
equipment cost is also too high for many universities [4]
and those that can afford the equipment often do not allow
unsupervised use of the equipment. This means that students
seldom become comfortable or experienced with these devices.
Some of the basic antenna characteristics that would be
beneficial for students to obtain measurement experience in,
are input impedance, gain and gain pattern measurements. This
can be done by using a vector network analyzer (VNA), a
few radio frequency (RF) cables and connectors along with a
rotatable tripod [1, 2, 5]. To achieve quality, repeatable results,
a well defined range that promotes a free-space response is
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ideal. This is achieved by ensuring a low level of background
interference and mitigating any reflections arriving at the
receive antenna [6].

The following section outlines the required equipment and
the proposed site to be used for cost-sensitive testing. Section
IIT shows the measurement design, and Section IV the results
along with a filtering method to smooth the data and remove
horizontally polarized reflections in Section V. The cost for
the required equipment is covered in Section VI with the paper
being concluded in Section VIIL.

II. ANTENNA TEST EQUIPMENT

This section introduces the cost-effective equipment that
was used in testing, as well as the specific antennas that were
tested.

A. Vector network analyzers

The VNA is considered in [7] to be the most complex and
versatile piece of test equipment that an RF engineer can use.
This high-precision device is used to measure the frequency
response of a device under test (DUT) across a configured
frequency range. It does this by transmitting a specific fre-
quency signal at one port, while monitoring for the same
frequency, reflected or transmitted, at both its ports [8]. This
transmit and receive signal is swept across a selected frequency
band and set number of points. A NanoVNA (x$300) [9]
was made available to the authors to test and compare to a
commercial VNA (x$80000), both pictured in Fig. 1. The
NanoVNA has a frequency range of 50 kHz to 4.4 GHz at a
system dynamic range of 90 dB (calibrated) [10]. This battery
powered device can be operated via its touchscreen with 201
points, or computer software (via USB) with 1024 points. It
has a sweep time of under 0.3 seconds. All these factors make
it an ideal device for class-room level measurements up to 4.4
GHz.

B. Antenna under test

Log periodic array antennas were first discussed in the
1950s by Duhamel and Isbel [11]. Isbel then explored the use
of dipoles in these arrays [12], forming today’s well known log
periodic dipole arrays (LPDA). Kibona [13] describes this type
of antenna as “a broadband, multi element, directional narrow-
beam antenna that has impedance and radiation characteristics
that are regularly repetitive as a logarithmic function of the
excitation frequency”. This makes the LPDA antenna suitable
for ultra high frequency (UHF) testing, as one antenna could
cover the entire UHF (300 MHz to 3 GHz) band.
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Fig. 1.
VNA) behind the NanoVNA (lower right box in red).

Size comparison between a Rohde & Schwarz ZVBS8 (commercial

The antenna used for testing was A-INFO’s DS-18300
which is a 22-element LPDA with a specified frequency range
of 180 MHz to 3 GHz [14].

C. Non-conducting tripods

One important aspect to consider with antenna testing, is
that parasitic coupling and detuning effects can occur when an
antenna is operated near metallic objects. It is, therefore, good
practice to ensure that there are no reflecting or conducting
materials near the antenna under test (AUT). For this reason, a
simple, rotatable, RF transparent, low-cost tripod was designed
in-house to hold the antennas. It was made from 3D-printed
parts and 50 mm PVC piping. It could reach a height of 3
meters and allowed for easy rotation with markers as seen in
Fig. 2. The total cost for both tripods was less than $80. All the
necessary equipment was then ready to conduct a two-antenna
method measurement.

Fig. 2. Tripod rotation mechanism showing 5° increment marks. The blue
parts were 3D-printed, whereas the white 50 mm PVC pipes and nylon bolts
and nuts were bought from a local hardware store. The black (3D-printed)
gear is used to rotate the mechanism more accurately.
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III. MEASUREMENT SYSTEM DESIGN

The two-antenna method [15] makes use of two identical
antennas. If students (or engineers) manufacture two identical
antennas of the same design, it allows for use of this simpler
two-antenna method as opposed to the three-antenna method.
The equation for the two-antenna method is derived from the
Friis free-space transmission equation in [16].

4R

Where P, is the receive power, P; is the transmit power, X is
the wavelength, R is the separation distance between transmit
and receive antenna, and GGy & G, is the gain of the transmit
and receive antennas respectively.

When using two identical antennas, G; = G, = G,
simplifying (1) and solving for G gives the following:
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parameter)t allowing (2) to be rewritten to decibel (dB) form
as:
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Equation (3) is used to calculate the gain in dB from the VNA
measured linear S5 parameters.

A. Antenna range

When researching how to make antenna measurements, an-
tenna ranges such as OATS, anechoic chambers and reflection
ranges are referred to as a basic requirement for standardized,
accurate results [2, 17, 18]. However, these ranges cost large
sums of money to build and maintain. Although an indoor
laboratory measurement could be used to give rough estimates,
the multitude of reflections and loading of the antenna make
these measurements unreliable and unrepeatable. If an institu-
tion does not have a facility available, students need to make
alternative plans to accurately test their antenna designs. This
usually consists of using third party test locations which could
have a daily rental rate, and likely require travel. Although this
is a requirement for commercial applications, pre-compliance
measurements and measurements at classroom level do not
require such a high level of accuracy.

This work therefore proposes using a sports field as a
modified reflection range to allow cost-sensitive measurements
at most tertiary education institutes. This allows students to get
a better understanding of electromagnetic fields and antenna
measurement techniques at their own institution.

The sports field that was used is situated at the Cape Penin-
sula University of Technology’s (CPUT’s) Bellville campus.
The field is recessed into the ground, creating a soil berm
around the field as can be seen in Fig. 3. This soil berm
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likely introduces attenuation effects by means of diffraction
and reflection [19].

To test the accuracy of the NanoVNA and get prelimi-
nary measurements in a more controlled environment, device
comparison tests were first done at the Houwteq-Spaceteq
commercial OATS of the Denel Group [20] near Grabouw
in the Western Cape of South Africa.

B. Measurement Device Comparison

To verify the accuracy of the proposed low-cost VNA,
measurements were made on the OATS (Fig. 4) to compare
to a commercial VNA. This site consists of a 30 x 25 meter
metallic ground plane which aids in measurement repeatability.
Measurements were made with both the NanoVNA and the
Rohde & Schwarz ZVBS8 instrument. Two identical LPDA
antennas were placed on tripods and boresighted at a height of
2 m and R = 3 and 5 meters. Although this separation distance
(R) does not meet the far-field criterion of ~15 m, the method
in [15] was used and accurate results were proven to be valid
for 3 m. Another factor that played a role was the length of
the available cables being only 5 m each. The result for the
NanoVNA and ZVB8’s Si; and S2; measurements are within
less than half a dB across the 180 MHz to 3 GHz range over
601 points as shown in Figs. 5 and 6.

The ZVBS reflection coefficient plot shows deeper resonant
points at certain frequencies, due to the high-quality calibration
kit and better dynamic range capabilities of this device. The
transmission (S51) plot shows indistinguishable results for the
R =3 and 5 meter separation distances.

Considering these factors, the results show that for this
type of measurement, at a fraction of the cost, a reflection
and transmission measurement can be made with sufficient
accuracy using a ~$300 device.

Having confirmed that the accuracy of the NanoVNA is
sufficient, the following section will discuss a baseline mea-
surement made in an anechoic chamber and the measurements
made on the sports field.

Fig. 3. Sports field testing with antennas in vertical polarization, height h =
2 m, separation distance R = 3 m. The setup was in the middle of the sports
field with the distance to the closest barrier (L) being 46 m.

Fig. 4. Houwteq open area test site and measurement setup showing the
antennas in H-Pol.
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Fig. 5. Measured S11 magnitude result comparison between the NanoVNA
and Rohde & Schwarz.

C. Anechoic chamber measurement setup

An opportunity to make comparative measurements in
Houwteq’s anechoic chamber [20], seen in Fig. 7 allowed
for a control measurement against which the sports field
result could be compared. This chamber is a fully-anechoic
room with radar absorbing material (RAM) under the wooden
floor. It should be noted that reflections off the wooden floor
were experienced with the antennas in horizontal polarization
(H-Pol). These reflections can be reduced by placing RAM
between the AUTs.

D. Sports field measurement setup

With the anechoic chamber control measurement results
available, the sports field measurement could be set up next.
Setup considerations included pointing the transmit antenna
away from any metallic surfaces, with the receive antenna
rotating in the direction of least possible reflections. Fig. 3
shows the measurement setup using the middle of the field to
ensure all large reflection planes (except the ground plane) was
over 45 m away. This implies that any reflected waves would
travel more than 90 m and be sufficiently attenuated compared
to the 3 m separation. Calibrating the NanoVNA with a short,
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Fig. 6. A-INFO LPDA’s S2; magnitude as measured by the ZVBS and
NanoVNA at both a 3 m and 5 m separation distance.

Fig. 7. Houwteq anechoic chamber facility and measurement setup showing
the antennas in H-Pol.

open, load, and through (transmission reflection calibration) to
the end of the cables allowed the reference plane to be right at
the antenna connector. Boresighting the antennas at a height
of 2 m, a measurement was taken. The receive antenna was
then rotated in 5 degree increments up to 180°. Due to the
near-symmetry design of the LPDA, these results were then
mirrored to create the 360° polar patterns.

Fig. 8 shows strong agreement between the OATS, sports
field and anechoic chamber transmission parameter magnitude
as measured in vertical polarization (V-Pol). Fig. 9 shows the
H-Pol transmission response for the different ground plane
reflections. It can be noted that they follow a similar trend,
however, due to less reflections off the wooden floor in the
anechoic chamber, it varies less than the sports field and OATS.
The values from these plots will be used to calculate the
realized gain of the antenna. This will be done only for the
V-Pol as the H-Pol has large variations due to the ground
reflection, making the reflected and direct wave arrive in- and
out-of-phase at the receive antenna. This causes up to a 6 dB
magnitude peak and trough when adding perfectly in/out of
phase. Due to the better reflection of the OATS, this variation
is more severe for that measurement than on the sports field
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Fig. 8. S21 comparison between measurements made at the OATS, sports
field and anechoic chamber (Vertical polarization).
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Fig. 9. S21 comparison between measurements made at the OATS, sports
field and anechoic chamber (H-Pol).

or in the anechoic chamber.

IV. RESULTS

Having made all the required comparative measurements,
the results will be discussed next.

A. Gain comparison

With the VNA measured S3; magnitude and knowing the
separation distance R, the boresight realized gain for the
antennas can be calculated using (3) and is plotted against
frequency as shown in Fig. 10. From the plot it can be
deduced that the typical realized gain for this antenna is 6 dB.
Balanis [17] discusses that as the element spacing decreases
at the higher frequencies, the variation in impedance and other
characteristics decreases due to the smoother transmission of
the active region (where elements ~ \/2) between the closer
elements [21]. This is visible with the increase in frequency
whereby the gain trace stabilizes between 1300 MHZ and 2300
MHz. The higher frequencies radiation impedance increases
due to the thick radius of those elements.
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Fig. 10. Gain comparison between sports field and anechoic chamber

measurement at 3 m.

B. Gain Pattern Comparison

By rotating the receive antenna by the 5 degree intervals up
to 180 degrees as explained in Section II-C, the polar pattern
can be plotted. This is shown for frequencies of 200 MHz,
1 GHz, and 2.5 GHz in Figs. 11 to 13. The gain patterns
shown demonstrate close correlation, less than 2 dB, in the
main lobe. The 200 MHz frequency plot, Fig. 11 has the
largest discrepancy where the anechoic chamber shows more
gain in the back lobe than the sports field. This is attributed
to a change in the cable coming off the antenna as well as the
lowest limit of the anechoic chambers RAM ability.

o°

90°

—&— Sports Field
--@-- Anechoic Chamber

180°

Fig. 11. Gain pattern comparison at 200 MHz between sports field and
anechoic chamber.

For the 1 GHz and 2.5 GHz frequency patterns, the simi-
larities are nearly indistinguishable besides certain nulls being
more prominent on the sports field. Specifically for the 2.5

0°

270° 90°

—&— Sports Field

--®- Anechoic Chamber
180°

Fig. 12. Gain pattern comparison at 1 GHz between sports field and anechoic
chamber.
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180°

Fig. 13. Gain pattern comparison at 2.5 GHz between sports field and
anechoic chamber.

GHz pattern plot, at ~ 155° there is a null of 7 dB less than
the anechoic chamber.

The results show that using the sports field in question,
results could be obtained to within 2 dB, with a worst-case
difference at a missed null of 7 dB compared to a state-
of-the-art facility for the UHF range. This shows that for
~$500, students and engineers are able to obtain a hands-
on experience with antenna-testing in-house at a fraction of
the cost to a commercial setup. The results shown here are
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raw results, filtering the data can further improve the accuracy

as shown in the following section.

V. DIGITAL FILTERING

Looking closely at the higher frequencies of the transmis-
sion (S21) plots, it can be noted that there is some noise
on the plot. In Fig. 10 the high frequency (1 GHz and up)
shows a ripple, likely caused by a reflection in the cables or
due to the VNA operating close to the limits of its dynamic
range. This ripple can be removed in post-processing using
a filter. This post-processing should not alter the underlying
trend, but rather smooth the results to enable a better visual
representation. An important aspect to note is that this filtering
can also remove the in- and out-of-phase addition caused by
the ground reflection. This removes the need to scan through
different heights of the send and receive antennas per fre-
quency as discussed in [3], significantly reducing the required
measurement time compared to a conventional reflection range

measurement.

The Savitzky-Golay filter [22] is a digital filter that allows
the required smoothing without distorting the tendency of the
underlying data. This is achieved by fitting successive sub-sets
of data with a low-degree polynomial. Applying this filter in
Python [23] with a 3rd-order polynomial and a window size of
21 gives the smoothed gain result shown in Fig. 14, as opposed
to the unfiltered data in Fig. 10. When applying the same order
polynomial along with a window size of 39, the sports field
unfiltered 3 meter H-Pol (Fig 9) shows similar trends to the
V-Pol unfiltered anechoic chamber measurement as shown in
Fig. 15. Considering a free-space equivalent, there should be
no difference due to polarization for an antenna. Achieving
in- and out-of-phase removal with a filter shows the improved

accuracy achievable with this filter.
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Fig. 15. The Savitzky-Golay filter can smooth the ground plane reflections
highlighting the underlying tendencies of the data. Shown here for the H-Pol
on the sports field filtered to be similar to the V-Pol taken in the anechoic
chamber. This was achieved using a 3rd-order polynomial with a window size
of 39.
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Fig. 16. Gain difference between anechoic chamber and sports field.

VI. CosT

Table I outlines the expenses involved in acquiring the cost-
effective antenna testing equipment.

TABLE 1
EQUIPMENT COST TO ACHIEVE SPORTS FIELD MEASUREMENTS.

75 Equipment Description Type ~Cost ($)
’ Coaxial Cable | N-Type male ca- | Cables 80
mE bles, 2 X 5 m
70 J‘ NanoVNA V2 Transmission VNA 300
reflection, 2-port,
651 A v"vA [ A , 50 kHz - 3.6 GHz
— t/\ \ 1 PVC Piping 50 mm PVC | Pipe 40
A 60 \/’L pipe, available at
.\é’ v V hardware store, 9
6 5.5 m/tripod
3D Prints Antenna  Mounts | Mounts 40
5.0 and connector
: blocks
45 —4— Sports Field . Connectors N-Type to SMA Connectors | 15
—o— Anechoic Chamber TOTAL 475
I I I
0 500 1000 1500 2000 2500 3000
Frequency (MHz) VII. CONCLUSION

Fig. 14. Gain comparison between sports field and anechoic chamber mea-
surement at 3 m. Filtered using Savitzky-Golay with a 3rd-order polynomial
and a window size of 21.

Fig. 16 shows the gain difference between the traces in Fig.
14. This shows that the boresight gain as measured on a sports
field yields results to within 2 dB of accuracy compared to
measurements in an anechoic chamber.

Due to the wide use of antennas and the ever-growing
interest in wireless control, the ability to experiment with
and characterize antennas at tertiary education institutions is
paramount. However, the cost to implement a dedicated test
facility is often prohibitive. For this reason, research was
conducted to highlight the ability of using a cost-effective
VNA, self-built tripods and available facilities such as a
sports field to make boresight gain measurements to within
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2 dB accuracy. Gain pattern plots were made to within 2
dB accuracy, with a worst-case missed null showing a 7
dB discrepancy. The ability to remove in- and out-of-phase
reflections from the H-Pol sports field results through post-
processing was also discussed aiding in reduced measurement
times.
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