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In the last couple of years, the use of weak signal propagation reporter (WSPR) has grown significantly in the radio amateur
community and beyond. This protocol allows to probe potential propagation paths between radio transceivers, operating at a lowpower level. The protocol decodes the received signals and translates them into appropriate signal-to-noise ratio levels, which
reveal the possible propagation paths between the transmitter and receiver using ionospheric reflections. In this article, specifically
the 160-m radio amateur band is addressed. This band used less intensity for WSPR communication, compared to the other radio
amateur bands (80 m and 40 m). Additionally, the 160-m band has specific features such as the link between propagation
performance and the Earth’s electron gyro-effect. The aim of this article is to address these features experimentally. First, two
identical 160-m band WSPR receiver stations are conditioned to compare the performance of different 160-m band antennas.
Each setup, separated by a limited distance, generates almost identical SNR reports, allowing the comparison between the two
antennas. Second, a more extended experimental investigation of the propagation path performance on the 160-m band reveals
information on the radio wave behaviour between the transmitter and receiver. The first experiment allowed the identification of
the most optimal antenna, specifically in the 160-m band. The second experiment shows that the SNR values can vary depending
on the polarization shift of the received signal. Possibly, this can be linked to the effect of the magnetic field of the Earth via the
electron gyro-frequency.

1. Introduction
The use of shortwave communication (below 30 MHz),
using reflection against the ionosphere, is common in a wide
variety of applications, that is, emergency, maritime, aeronautical, press, ionospheric sounding, and radio amateur
communications. The main advantage of using ionospheric
reflection is the ability to communicate beyond the line of
sight. The accompanying disadvantage is the variability of
the behaviour of the different ionospheric reflection layers.
Physical changes in the ionosphere, such as day-night dichotomy, solar activity, and the intensity of the magnetic
field of the Earth, all have an effect on the certainty of the

radio connection between the transmitter and the receiver.
Additionally, the used setup and performance of the receiving system also have an effect. Hence, a good knowledge
of the performance of the used antenna and of the ionospheric behaviour is mandatory in order to evaluate the
connection.
In the frame of shortwave communication, radio amateurs often use digital modulation techniques to transmit
and receive information. Weak signal propagation reporter
(WSPR) is one of the many digital modes available for
communication purposes used by radio amateurs around
the world. The protocol uses a narrow reference bandwidth
of only 2500 Hz in the LF, MF, and HF bands for radio
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amateurs. Other modes for digital communication are, for
example, FT8, FT4, JT4, JT9, JT65, and QRA64 [1].
WSPR has been used to analyse the behaviour of antennas [2–5], or to investigate the behaviour of the ionosphere and to analyse propagation prediction [6, 7]. For
example, the High-Frequency Active Auroral Research
Program (HAARP) used WSPR to model the ionosphere [8]
and to study the propagation eﬀects in the frequency range
of 3 Hz to 30 kHz by using diﬀerent uplink angles with
respect to the magnetic ﬁeld lines of the Earth [9]. The same
facility was used in the 40-m (7.0 to 7.2 MHz) and 80-m (3.5
to 3.8 MHz) radio amateur band for propagation research
[10]. Even in the very-high-frequency (VHF) band, WSPR
was used for propagation analysis [11]. Also recently, the
WSPR mode was used for evaluating radio propagation in
the Southern Hemisphere [12].
WSPR should be seen as a propagation prediction mode,
rather than a bi-directional communication principle. The
goal is to use low-power transmitters and investigate which
distance can be bridged using ionospheric reﬂections in the
shortwave range. Transmitted radio waves reaching the
ionosphere are bended back to Earth based on progressive
refraction. Throughout this path, the radio waves experience
multiple eﬀects, such as absorption, and temporal and spatial
ionospheric disturbances, each inﬂuencing the range of the
transmission [13]. Using the secant law, the single reﬂected
bridged distance d can be calculated in a simpliﬁed manner
[14]:
����������
(1)
d � 2.H sec2 θi  − 1,
where H is the height above the ground of the mirror and θi
is the incident angle of the radio wave related to the vertical.
To calculate this bridged distance, WSPR uses a dedicated
database system [15] in which all successful propagation
paths are listed together with their signal-to-noise ratio
(SNR) value. By uploading these reception reports into the
central database, an extended overview of diﬀerent propagation paths is created. Hence, an outline can be made for all
possible communication paths for a speciﬁc transmitter
station.
The purpose of this study is twofold. First, showing that
the existing WSPR transmitter infrastructure can be used to
investigate the performance of two distinct antenna systems
situated at (nearly) the same location, speciﬁcally in the 160m radio amateur band (1.8 up to 2 MHz). Also the lowfrequency range of this band falls within the Earth’s electron
gyro-frequency range (from roughly 0.7 MHz up to 1.6 MHz
[16, 17]). This can maybe be linked to the reﬂection eﬀectiveness of radio waves and to the behaviour of the ionosphere. By comparing an extensive dataset of measurements,
using two identical receiver setups, a performance characterization overview of the two antennas can be created.
Second, by using an antenna setup sensitive to polarization,
the obtained dataset may reveal information on the electromagnetic wave propagation behaviour in the 160-m band.
Indeed, when a radio wave is reﬂected by the ionosphere,
two modes of propagation (ordinary and extraordinary) are
formed due to the birefringent eﬀect.
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Similar studies on radio wave propagation analysis in
the ionosphere and antenna performance evaluation have
been carried out using a Near-Vertical-Incidence-Skywave
(NVIS) antenna setup [18–21]. These studies were applied
at several shortwave frequencies but not the 160-m band.
Moreover, they used a dedicated more complex transmitter-receiver link than the setup proposed in this article.
The advantage of this research is that it makes use of an
already existing transmitter infrastructure, that is, the radio
amateur WSPR stations. Currently, one disadvantage is
that the polarization state of the transmitted signals is
unknown.
The novelty of this study lies in (1) the use of the
existing WSPR transmitter infrastructure as an evaluation
tool for NVIS antenna performance analysis, speciﬁcally in
the 160-m band and (2) the use of the same WSPR mode for
ionospheric propagation analysis in the 160-m band. Based
on the recent review study of Hervás et al. [22], the use of
WSPR as an assessment tool for ionospheric propagation is
novel.

2. The WSPR Protocol
Originally, the protocol was named Manned Experimental
Propagation Tests, by Joe Taylor (MEPT_JT) [23]. Later,
the acronym was changed to WSPR. The protocol works in
a narrow reference bandwidth of 2500 Hz, in which only
50 bits are transmitted, occupying only 6 Hz bandwidth
for each transmission. The WSPR protocol uses the same
convolution code for his forward error correction (FEC)
as the JT4 mode. Hence, the constraint length K � 32 at a
rate of r � 0.5 results in 162 binary channel symbols at a
baud rate of 1.46 baud [23]. By using this long constraint
length, undetected errors are less common. The drawback
is the use of a less eﬃcient and simpler sequential algorithm instead of the more enhanced Viterbi algorithm
[23, 24].
The message itself contains three parts: (1) the call sign of
the transmitting radio amateur station, (2) the 4-digit locator
of the transmitting station, and (3) the power level of the
transmitter in dBm. The call sign occupies 28 bits, the grid
locator 15, and the power level 7, which makes in total 50
bits. Each transmission occupies 110.6 seconds and starts
one second into an even Universal Time Coordinated (UTC)
minute [25]. The total time the WSPR software “listens” is
two minutes, after which the software decodes the signals
and displays the received stations, the SNR levels, and the
distances between transmitter and receivers. The minimal
received detectable SNR value is −34 dB, using 2500 Hz
bandwidth as a reference.
WSPR uses frequency shift keying (FSK) as a modulation
method to transfer the information. The sent message
contains the call sign of the radio amateur, the grid locator
parameter, and the level of power used by the transmitting
station (in dBm). All this information is suppressed into a
50-bit wide message. The station setup consists of a computer running applicable software (i.e., WSJT [26]), which is
able to decode and generate the WSPR message.
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Figure 1: Double identical WSPR receiver setup using two RTL dongles, the ITA LWA II long wire antenna, and a power splitter for
calibration purposes.

3. Method of Analysis
In this section, the infrastructure, all peripherals, and the
used test method are described. The setup of this study
consists of two identical receiver stations, each composed of
an RTL dongle Software Deﬁned Radio (SDR), ﬁlters at the
antenna and receiver sides, a battery powered Z83-NUC
mini PC, WSJT software [26], and 160-m antennas. The
RTLs are both connected to the same Z83-NUC in order to
avoid discrepancies in the processing of the signals received.
The Z83-NUC runs on batteries and is connected to the
Internet via Wi-Fi in order to avoid any common mode or
interference of unwanted signals. The RTL dongles are directly plugged into the Z83-NUC, without using any additional cables. The coaxial and other cables for the two
stations are similar and have the same length. Hence, a
double, identical receiver station is created.
First, for calibration reasons, the two RTL dongles are
connected to the same antenna in order to compare the
performance of both receivers (Figure 1). The used antenna
is an ITA LWA II 20-meter-long wire antenna [27], containing a balun-choke combination at the input and connected using a splitter network of −6 dB. The latter is a
passive three-resistor network, in which each resistor is 16.7
Ohm. On each receiver line, an additional choke is used,
combined with a band-pass ﬁlter [28]. These ﬁlters allow to
only select the applicable band in which measurements are
taken (160-m band). The used ﬁlter is a selectable ﬁlter,
containing 10 separate pass-bands. Relays are used to activate one band-pass ﬁlter at a time, as selected by the control
connector pins. The relays are powered from a 5 V DC input,
while the selection is done by applying a 3.3 V (or 5 V DC)—
TTL “HIGH” to each metal-oxide-semiconductor ﬁeld-effect transistor’s (MOSFET) gate. Each band-pass ﬁlter uses
two variable shielded inductors and three capacitors. An
attenuation of 7 dB is attained due to the use of these passive
ﬁlters. Both band-pass ﬁlters are calibrated using a VNA
(vector network analyser) in order to assure the same bandpass behaviour in both receiver chains.
The common-mode chokes are made of 16-mm clampon mix31 ferrite and two twisted CAT5-pairs (Zo � 100
Ohm) in parallel, but wound in the opposite direction.
Hence, an overall impedance of 50 Ohm is retained while
creating a high choke impedance. These devices avoid
picking up high-frequency signals and allow the setup to

measure the performance of the antennas without the
transmission lines contributing to the reception of signals. In
detail, these chokes are 1 : 1 baluns, isolating the outer
surface of the shield of the coax from the feed point terminals. They also lower the re-radiation from commonmode current that distorts the antenna pattern. Additionally,
they prevent high-frequency noise picked-up by the coax
shield from entering the feedline [29]. The length of the
coaxial cables is 25 m each. The chokes and band-pass ﬁlters
are mounted inside a dedicated mechanical enclosure
(Figure 2). The performance of both receiver chains is investigated by comparing the SNR of real received signals. At
both receivers, the deviation performance factor of each RTL
dongle is found, which is additionally used to level out any
performance diﬀerence between the two receiver chains.
After averaging out this variance, in the ﬁrst experiment,
a speciﬁc (but diﬀerent) 160-m antenna is connected to each
RTL dongle, using the setup described in Figure 3. The ﬁrst
160-m antenna is a homebrew adapted shorted dipole [30].
The used antenna is adapted compared to the original
shorted dipole design: (1) the orientation is horizontal instead of vertical to increase near vertical radiation behaviour,
(2) the length-diameter ratio of the stainless steel dipoles is
raised in order to increase the bandwidth of the antenna, (3)
a common-mode choke is implemented on the coil to lower
transmission line radiation, and (4) the coil is mounted
under 45° to lower the inﬂuence of metal on the performance
of the antenna.
The second 160-m antenna is the commercial ITA LWA
II 20-meter-long wire antenna [27]. Both antennas are
mounted on top of a mast at a height of 15 m (Figure 4).
In the ﬁrst experiment, the double receiver station allows
to investigate the performance of two diﬀerent 160-m antennas at diﬀerent orientations, in order to characterize the
performance of the antennas.
Additionally, as a second experiment, the measurement
of the eﬀect of polarization change to which an electromagnetic wave is subject during the reﬂection against the
ionosphere is aimed at. First two diﬀerent and then two
identical 160-m band antennas are used in the setup described in Figure 3. Both antennas are physically shifted by
90° in the horizontal plane of the Earth. Hence, the eﬀect of
polarization should be detectable. Consequently, conclusions may be drawn on the propagation behaviour of the
received radio waves.

4

International Journal of Antennas and Propagation

Figure 2: The assembled chokes and band-pass ﬁlters for both receiver chains.

160 m
antennas
Choke

Choke + bandpass filter

Z83-NUC

Coaxial cables (25 m)

Figure 3: Double identical WSPR receiver setup using two RTL dongles connected to two diﬀerent 160-m antennas (adapted shorted dipole
and the ITA LWA II).

Figure 4: The adapted shorted dipole and the ITA LWA II 20-meter-long wire antenna (from top to lower right).

4. Results and Discussion
The performance of the two receiver chains was ﬁrst investigated in order to calibrate the double receiver setup.
Both receiver chains are connected to a single 160-m antenna as illustrated in Figure 1. The RTL dongles did not use
any hardware or audio AGC (automatic gain control). The
same settings were applied in the WSJT software for both

receiver chains. This setup ran for seven consecutive days in
order to have a valid dataset to do the calibration of both
receiver chains. Only those stations who were received more
than 50 times during these seven days were taken into account. Based on this dataset, an average diﬀerence of 1.2 dB
was noted between the two receiver chains. Later on, another
period of seven days measurements was performed to
conﬁrm this result. The same average deviation of 1.2 dB was
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Figure 5: The SNR values of both 160-m antennas for two received stations. The solid blue line is the ITA LWA II antenna, and the dotted
red line is the adapted shorted dipole. The diﬀerence between both SNR values is shown at the top of both charts as a solid black line. (a)
Received SNR values of station DL3AO. (b) Received SNR values of station DL9OBD.

measured between the two receiver chains and will be taken
into account in the result comparison in the next paragraphs.
4.1. Antenna Performance Comparison. Now that two reliable and calibrated receiver chains are build, the setup
described in Figure 3 is used to compare the performance of
two diﬀerent 160-m antennas. The two antenna conﬁgurations are located in the authors’ backyard, almost at the
same position (Figure 4). Consequently, nearly the same
signals are captured by both antennas.
The measurements were performed over a time period of
seven days. Hence, a dataset was obtained, covering hundreds of received signals from diﬀerent locations, spread

360° around the antennas. In a process to avoid all outliers
with excessive values, only those stations which are received
>10 times by both receiver chains are taken into account.
The SNR values received by both receiver chains for two
random stations are shown in Figures 5(a) and 5(b). The
solid blue line illustrates the reception performance of the
ITA LWA II antenna, while the dotted red line shows the
performance of the adapted shorted dipole. The diﬀerence
between both graphs is shown at the top of each ﬁgure as a
solid black line. On the horizontal axis, the number of times
the station is received is shown. The 1.2 dB correction factor
is applied to all the SNR values. The graphs clearly show the
performance diﬀerence between the two used 160-m
antennas.
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SNR station M7AEO
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Figure 6: The SNR values of antennas for station M7AEO. The solid blue line is the ITA LWA II antenna (two weeks in the same position),
and the dotted red line is the adapted shorted dipole (one week in parallel with the ITA LWA II antenna—up to measurement point 750, in
the second week shifted by 90° in the horizontal plane—after measurement point 750). The diﬀerence between both SNR values is shown as a
solid black line at the top of the chart.
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Figure 7: The SNR values of both 160-m antennas for the received station 2E0ILY. Between measurement points 0 and 110, both antennas
are in parallel. Between measurement points 110 and 255, the adapted shorted dipole antenna is shifted by 90° in the horizontal plane,
compared to the ITA LWA II antenna. The solid blue line is the ITA LWA II antenna, and the dotted red line is the adapted shorted dipole.
The diﬀerence between both SNR values is shown at the top of the chart (solid black line).

In Figure 5(a), the received SNR values of station
DL3AO are shown. A diﬀerence of around 5 dB (minimum
value � 3 dB, maximum value � 7 dB) is noticed between the
two antennas (solid black line at the top of the chart).
In Figure 5(b), the received SNR values of station
DL9OBD are shown. At certain measurement points, a
performance diﬀerence can be observed between both antennas. At measurement point 5, the dotted red line shows a
peak, while the solid blue line does not. At measurement
point 8, the situation is reversed. Hence, the diﬀerence

between both antennas varies from 6 dB up to 13 dB (solid
black line at the top of the chart in Figure 5(b)). This indicates a performance diﬀerence between both antennas.
It has to be noted that the directivity of both antennas is
not investigated in the previous experiment. To characterize
the directivity of the antennas using WSPR, the two antennas (adapted shorted dipole and the ITA LWA II antenna) were placed one week in a parallel horizontal plane,
and the next week the adapted shorted dipole was shifted by
90° in the same horizontal plane, in relation to the ITA LWA
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Figure 8: The two identical adapted shorted dipoles shifted by 90° in the horizontal plane.

II antenna. In Figure 6, the results are shown for the M7AEO
station. A clear diﬀerence can be seen after one week (at
measurement point 750 in Figure 6). A “step-up” (solid black
line in the top of Figure 6) in performance diﬀerence is
noticed when the adapted shorted dipole is shifted by 90°.
This behaviour is similarly seen for all received stations,
spread randomly around the receiver antennas, so not only
for those related to a speciﬁc direction (i.e., north-south or
east-west). The measured diﬀerence between week 1 and
week 2 varies for all stations in a range from 1 to 3 dB. Also,
for this particular station for which many points are
available, the eﬀect of day and night is clearly observable in
Figure 6 with a wide variation in signal strength of up to
22 dB.
A possible explanation of this “step-up” can be found in
the characteristics of the antenna, but may also be linked to
the reﬂection eﬀectiveness and behaviour of the diﬀerent
layers in the ionosphere (D-layer, E-layer, and so on). The
magnetic ﬁeld also modiﬁes the polarization of both ordinary and extraordinary waves and the index of refraction
[31]. This is investigated in the next section.
4.2. Propagation Assessment: Part 1. The refraction index of
the ionosphere depends on the magnetic ﬁeld of the Earth
via the gyro-frequency of the electrons in the E region and
on collisions at lower altitudes (D region). This is the wellknown Appleton equation (see, e.g., equation 3.8 in Davies
[32]). For the propagation of the radio wave at an oblique
angle with respect to the magnetic ﬁeld of the Earth, two
modes of propagation exist: the ordinary and extraordinary
waves, each with diﬀerent polarizations. As described by
Maso et al. [33], the polarization of received signals can
change due to the refraction of the electromagnetic wave in
the ionospheric layers with ordinary and extraordinary
reﬂected rays having distinct properties like a slight shift in
frequency, amplitude, phase, and arrival time at the receiver
antenna. Witvliet et al. [18] showed that a signal diﬀerence of
13 dB can occur between the ordinary and extraordinary
waves, using a high-power setup transmitter (800 W) at a
frequency of 5.39 MHz.

To investigate this eﬀect, we present in Figure 7 another
set of measurements, obtained using the setup of Figure 3
and the approach discussed in paragraph 4.1. Again, an odd
behaviour of the received signals on both antennas is noticed. On the left and right sides of the graph, a “swap” is
noticed between the SNR values of both antennas. The
performance of the adapted shorted dipole (dotted red line)
shows a better reception of station 2E0ILY from measurement point 0 up to 110, while after measurement point 110
(the adapted shorted dipole is now shifted by 90°), the situation is reversed. This phenomenon may be due to diﬀerent
propagation characteristics of the received signals, with a
possible change in the polarity of the signal received by both
antennas. Indeed, the sensitivity of both antennas to polarization of the incoming signal might be diﬀerent, which
would lead to the observed change in SNR.
4.3. Propagation Assessment: Part 2. As an attempt to distinguish between the atmospheric eﬀects and the performance diﬀerence of both antennas, an additional
experiment, using WSPR in the 160-m band, was necessary.
This was done by placing two identical adapted shorted
dipoles (instead of two diﬀerent types) at an angle of 90
degrees in the horizontal plane (see Figure 8) using the setup
described in Figure 3. Both antennas were tuned to the same
frequency. Hence, the two receiver chains were able to
compare the eﬀect of polarization using the received SNR
values. The only diﬀerence between the two receiver chains
was the orientation of the antenna.
During a measuring period of two weeks and receiving
random stations spread 360° around the antennas, again the
dataset only contains those stations that are received >10
times by both receiver chains. As an example, the received
SNR values for station 2E0ILY and M7AEO for both receiver
chains are shown in Figures 9(a) and 9(b). Comparing the
graph of the 2E0ILY station in Figure 7 with Figure 9(a)
shows again the eﬀect of signal increase if the antenna is
shifted by 90°. The same conclusion is valid for the SNR
values of station M7AEO. Comparing Figure 9(b) with
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Figure 9: The SNR values of both adapted shorted dipoles for reception of the 2E0ILY and M7AEO stations (a and b). In each ﬁgure, the
solid blue line represents the ﬁrst adapted shorted dipole positioned in the north-south direction, and the dotted red line the second adapted
shorted dipole positioned in the east-west direction. The diﬀerence between both SNR values is shown at the top of both charts as a solid
black line. (a) Received SNR values for both antennas of station 2E0ILY. (b) Received SNR values for both antennas of station M7AEO.

Table 1: Summary of the SNR diﬀerences obtained during the comparisons between antennas carried out during this study.
Adapted shorted dipole vs. ITA LWA II antenna
Antennas not shifted (dB)
Antennas shifted by 90° (dB)
M7AEO
−4 to +2
+1 to +6
2E0ILY
−5 to +2
−3 to +5
Average SNR diﬀerence (when shifted by 90°)
3
(dB)

Station

Figure 6 clearly shows the eﬀect of turning the antenna by
90°. In Figures 9(a) and 9(b), the comparison between the
two positions reveals an advantage of using the adapted

Two identical adapted shorted dipoles
Antennas shifted by 90° (dB)
−5 to −2
−5 to −2
3

shorted dipole in the east-west direction by around 3 dB.
This conclusion is also valid for other measured stations and
is not limited to one speciﬁc geographical location of a
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received station. For all randomly spread received stations,
an increase of around 3 dB was noticeable. A possible hypothesis is the reﬂection eﬀectiveness and characteristics of
the diﬀerent ionospheric layers. Again, the electron gyroeﬀect and the intensity of the magnetic ﬁeld of the Earth can
play a signiﬁcant role as discussed in paragraph 4.1
[16, 17, 31].

5. Conclusions
The discussed method consists in (1) setting up a calibrated
double receiver chain, in order to analyse the performance of
two antennas and (2) investigating the propagation eﬀects
on the received radio waves. These experiments were carried
out using the WSPR mode, speciﬁcally in the 160-m radio
amateur band.
Comparing the received signals over a suﬃciently long
time period, using one antenna and two receivers, has
allowed the authors to accurately calibrate the two receiver
chains. Additionally, the performance of two antennas can
be characterized up to a certain level. Indeed, the received
SNR values can vary (1) on the performance diﬀerence and
directivity of the antennas and (2) on the polarization shift of
the received signals as illustrated in the second experiment.
The latter eﬀect is due to ionospheric eﬀects. In order to
investigate this in more detail and being able to disentangle
between the two eﬀects, a better knowledge of the polarization of the transmitted signals is required and could
possibly be considered in the future.
From a practical point of view, the results clearly show
that an SNR improvement is possible by orienting the antenna in a speciﬁc direction, independent of the used antenna system. To illustrate this, the authors compared the
SNR diﬀerence caused by the eﬀect of 90° shifting of an
adapted shorted dipole and an ITA LWA II antenna on the
one hand and two identical adapted shorted dipoles on the
other hand. In Table 1, a summary of the comparisons of the
setups is provided in a tabular form.
For both conﬁgurations, the same SNR diﬀerence of
around 3 dB is seen if a 90° shift is imposed between the two
antennas. It therefore seems to indicate a link with the
ionospheric eﬀects although this needs further investigation.
Additional further research could consist in evaluating
other orientations between the two identical adapted shorted
dipoles (e.g., shift by 30°, 45°, and 60°) and measure the eﬀect
on the received SNR. The same can be done to investigate the
directivity of the antennas. Hence, a detailed antenna radiation diagram can be obtained. These experiments can be
the subject of a follow-up research.
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