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Abstract—On December 6, 2019, the second and third Hungar-
ian satellites, SMOG-P and ATL-1 (both having been developed
at the Budapest University of Technology and Economics) were
launched. They both had a radio frequency spectrum analyzer on
board, which was used to measure for the first time the strength
of radio frequency signals radiated into space by terrestrial
digital TV transmitters — that can be detected in orbit around the
Earth. In this paper, we present how two- and three-dimensional
radiosmog maps were created from raw data received from space.
The goal of this paper is to demonstrate the process of creating
these maps from the raw data collected; the analysis of the results
visible in these maps is beyond the scope of the present discussion.

Index Terms—DVB-T Electromagnetic Pollution Map, Edu-
cational Student Satellite, PocketQube, Radiofrequency Smog,
Spectrum Monitoring.

[. INTRODUCTION

MOG-P is a 1-PQ (PocketQube) class student satellite

(5x5x5cm), ATL-1 is 2-PQ (5x5x10cm). SMOG-P was
the first and smallest operational satellite in the world during
its lifetime. First, the hardware used for the measurements
is presented. Then a detailed description of the data pro-
cessing follows, emphasizing the solutions provided for the
unique challenges posed by the special circumstances of the
measurements. These include filtering out the more reliable
measurement data on a statistical basis and an inverse distance
weighted interpolation of the filtered data. Finally several
methods for visualizing the processed data are presented, in-
cluding two-dimensional cartographic projections and a three-
dimensional interactive web-application. https://gnd.bme.hu.

II. HARDWARE

The SMOG-P and ATL-1 PocketQube class satellites con-
tain the following sub-systems (SMOG-P is in Fig. 1. left
before the integration): EPS — electrical power system includ-
ing solar panels, maximal power point tracker circuits, battery
charger & controller, limiter switches, step-down converters;
OBC - on-board computer (micro-controller) with motion &
magnetic sensor, real-time-clock and calendar and on-board
memory; COM - communication and spectrum monitoring
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Fig. 1. The SMOG-P satellite before the integration in Glasgow (09-09-2019)
- left; communication and spectrum monitoring sub-system - right

sub-system - Fig. 1 right: two independent UHF (ultra high
frequency) transceiver and spectrum monitoring receiver based
on Silabs!' single-chip-radio type SI1060 and SI4464. The
spectrum analyzer sub-system is a conventional heterodyne
radio receiver with digital intermediate frequency: carrier 119-
960 MHz; bandwidth 1.5-800 kHz; RSSI (received signal
strength) range -10...-120 dBm.

ITII. DATA PROCESSING
A. Measurement data collected

A single spectrum measurement has the following data asso-
ciated with it: a UTC (Universal Time Coordinated) timestamp
with a resolution of one second (z, s); the latitude (¢, deg),
longitude (1, deg) and altitude (#, km) coordinates calculated
from the TLE (two-lines element) records and the timestamp;
the measurement frequency (f, Hz) and the result of the
measurement itself (RSSI, dBm). Thus the entire spectrum
measurement dataset can be formalized as an ordered set of
tuples:

S = {(l,’, RSSI,‘, ©is /l,', ]’l,’, f,‘)}, i=1...N, (1)

where N = 19115754 is the number of measurements
performed during the two missions, namely between the 6th
of December 2019 and 9th of October 2020.

B. Aggregation regions

As explained in the previous section, there is no available
orientation data for the spectrum measurements, so no single
measurement result can be treated as reliable in itself: it is
possible that at the time of any measurement, the antenna was

'https://silabs.com
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pointing away from the Earth. This means that we had to use
a statistical approach; if a sufficient number of measurements
are performed above a certain region, there must be at least a
few that were performed with a correct orientation, since it is
known from telemetry data that the satellites were constantly
rotating. If these measurements can be selected, then the real
intensity of the electromagnetic field in a certain frequency
band can be estimated with a reasonable confidence. It is
certain that the correct measurement at a given location is
that with the highest RSSI value, so it can be selected
in a straightforward way. However, determining reasonable
regions from which the local maxima can be selected is not
straightforward: this aggregation must be defined carefully.

As seen in Figure 2, the spatial distribution of the mea-
surements is highly inhomogeneous, due to the location of
the participating ground stations and the varying enthusiasm
of amateur radio operators uploading their received data. The
aggregation and interpolation methods were chosen in a way
that they mitigate the negative effects this distribution as much
as possible.
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Fig. 2. The spatial distribution of the spectrum measurements performed by
the satellites.

The spatial and frequency partitioning was performed by
separating the set of measurements into equivalence classes.
Two measurement points belong to the same spatial region if
their coordinates (¢;, 4;) and (¢j, 4;) fulfill

round(y;/@) = round(y; /@), and 2)
round(4;/1) = round(/lj//i), 3)

where @ and 1 are the latitudinal and longitudinal sizes of the
regions, and round is the usual rounding function.

Similarly, an analogous partition of the measurement set
regarding the frequency domain was performed. Since the goal
is to create maps of the radio frequency transmissions for sev-
eral frequency bands, simply selecting the largest measurement
value in a spatial region is not a valid approach in itself. The
frequency value of the measurement need to be taken into
account as well. Similarly to the above, the size of a frequency
region is f, and the corresponding equivalence relation is

round(f;/f) = round(f;/f). )

If later we would like to calculate the average RSSI value
in a frequency band larger than f, the corresponding measure-
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ments result have to be averaged in a meaningful way, e.g. by
calculating a root mean square value of the power ratios.

Equations (2)-(4) together define an equivalence relation
on the set of measurements, which unambiguously partitions
the measurements into distinct regions or classes. (It should
be noted that this method does not yield equal-sized regions
spatially due to the parametrization.) These regions will be
used in a subsequent step, but first the effects of the varying
altitude has to be taken into account.

C. Reduction to mean spherical surface

As seen in Figure 3, the altitude of measurements varies
in time due to the eccentricity of the orbits and the gradually
decreasing apogee. It would be of interest to create radiosmog
maps for different altitudes, however the measurements avail-
able were insufficient for this. Thus the RSSI values had to be
reduced to a mean middle surface; this is a perfect sphere with
a mean altitude of & = 347 km, indicated in Figure 3 with a
horizontal line.
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Fig. 3. The altitude and number of measurements performed by the two
satellites over time.

The reduced RSSI; values are calculated based on the
inverse square law of transmission power:

h?
RSSI = p(n (RSSI;) E—;) (5)
with

p(P) =10 -log,y P, m(RSSI) = 10RSSV/10 (6)

as the formulas for converting between RSSI and the corre-
sponding power ratio values. This gives the S’ set of measure-
ments reduced to the mean surface:

S = {@t,RSSL, ¢;, A;, fi)},  i=1..N. (7

D. Selecting the acceptable measurements

The relations (2)-(4) can be applied to S’ yielding the
reduced measurement values grouped into regions. From these
regions we select the intensity measurement RSSI; with the
highest value, which is regarded as a valid measurement. The
parameters A, ¢ and f are chosen in a way that we can be
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reasonably confident that statistically enough measurements
were performed in a region for it to contain a truly valid
measurement. This yields a set of measurements that is sig-
nificantly smaller in size than S, but the results contained are
more probable to be valid:

§= {(RSSIZ, wi Ais fi)}, 0= 1..N (8)

containing N = 5904 aggregated measurement points using
the parameters 1 = ¢ = Sdeg and f = 50 MHz. The spatial
distribution of the filtered measurement set is depicted in
Figure 4.

Fig. 4. The spatial distribution of the filtered measurement results on a
Mollweide projection.

E. Interpolation

Since we regard the measurements in S as valid, it is
meaningful to interpolate them to get a sense of the elec-
tromagnetic field around the whole globe. The interpolation
has to be performed over the mean spherical surface, so
it has to take into account the two main features of the
spherical geometry: its unboundedness (i.e. interpolation must
be performed over the date line) and its curvature (i.e. the
straight lines are the geodesics). To achieve this efficiently, we
used a Python interface [1] to the established STRIPACK [2]
and SSRFPACK [3] libraries used for performing calculations
over triangular meshes. The mesh used was an icosahedral
mesh (see Figure 5) of order 7 with the vertices and face
centers as interpolation points.

Fig. 5. The first two orders of refinement on the icosahedral mesh. The
mesh used for the interpolation was of order k = 7, which is too dense to be
illustrated on a global scale.
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There several methods used for interpolating RSSI measure-
ments, such as spline interpolation, distance weighting and
kriging [4] [5]. We used inverse distance weighting (IDW) of
the power ratio values for the interpolation based on several
reasons: this method performed well in a similar task [4];
the main drawback of the IDW method, i.e. the difficulty of
determining a proper exponent of the distance d to be used for
the weights w does not exist here, since the wave propagation
in space can be considered ideal, thus wocd 2, finally, of the
three methods the IDW is the most tolerant to data points with
measurement error, which can occur due to the nature of the
dataset.

Fig. 6. A diagram illustrating the horizon of the satellite performing the
measurements.

As illustrated in Figure 6, the points to be considered for
the interpolation around a given satellite position are those
that are above the areas on Earth visible from the satellite,
i.e. within its horizon. This is simply due to the fact that
radio transmitters below the horizon have no effect on the
measurements performed at the given location, excluding
atmospheric propagation effects. The two distances needed
for performing an IDW interpolation using this method is the
Euclidean distance to the horizon d* and the corresponding
geodesic distance d* on the mean spherical surface, which can
be calculated using elementary geometry:

d* = | (Re + 1)’ — R2, ©

d* = (R@ + ﬁ) arcsin ( ) (10)

R@+}_l

with Rg denoting the mean radius of Earth. The interpola-
tion function is thus:

3, 7 (RSSI;) w (Po, Pr)
2w (Po, Py)

RSSI(Py) = p( ) if d(Po,P;) < d*,

)
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with weights

w (Po, P;) = 12)

d (P, P)*

where d(P;, Pj) denotes the Euclidean and d(p;, P;) the
geodesic distance between the two points. The point Py can
be an arbitrary point on the mesh, while P; is a measurement
point.

IV. VISUALIZATION

With the filtered, reduced measurements in S and the
interpolation defined by (11)-(12), several approaches for visu-
alizing the resulting radiosmog maps were used. These include
2D map projections, and a 3D interactive web-application.
There is no single best visualization of the data, all have their
advantages and disadvantages. All of the results presented here
show the power-averaged results over the frequency band from
119 MHz to 960 MHz.

A. Map projections

Two-dimensional map projections are used traditionally for
geospatial datasets. The choice of the projection method is
always a trade-off; here the Robinson projection method was
used for easy interpretation of the results. All map projections
were created using the open-source Python library Cartopy
[6]. For these projections, a Plate Carree rectangular mesh
had to be used, which is an additional interpolation on the
icosahedral mesh points. The rectangular mesh was of order
6, which was chosen to be similar in resolution to that of
the icosahedral mesh. Since the resolution of these meshes
is sufficiently high, a linear interpolation on a local tangent
planar surface was used. The two meshes are illustrated in
Figure 7.

Fig. 7. A small section of the points in the two interpolation meshes (above
Hungary for scale): icosahedral mesh of order 7 (red) and Plate Carree
rectangular mesh of order 6 (blue).
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1) Voronoi-cell RSSI map: 1If we would like to visualize
the unaltered, but filtered measurement results (that is, S’), a
Voronoi-cell based visualization can be used. This shows the
spatial regions in which a measurement point is the nearest,
and gives a sense of the distribution of values. This map is
shown in Figure 8. It is clearly visible here that the intensity
of received signals is higher over the more densely populated
regions, as expected, but the distribution of the results is not
continous, which is not realistic.
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-80 dBm
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-95 dBm
-100 dBm

-105 dBm

Fig. 8. The Voronoi cell map of the measurement results without interpolation.

2) Interpolated, continuous distribution RSSI map: Using
the method described in subsection III-E, a continuously
interpolated RSSI map can be created, which is shown in
Figure 9. This interpolation takes into account the fact that
the real distribution of the electromagnetic field is continous.
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Fig. 9. The map created from IDW interpolated, filtered measurements results,
using the Robinson-projection.

There several visible artifacts in this map. Due to the
limiting nature of the horizon in the interpolating method,
some areas (indicated in white) have no RSSI value associated:
there is no valid measurement available within the horizon of
these areas. In some other areas (e.g. above India), the border
of the horizon-circles is sharply visible. Furthermore, in some
other points (e.g. above South America) some outlier low
values can be noticed. These indicate that the measurement
result at those points, though treated as valid, is probably
invalid: the IDW interpolation suggests that the nearby field is
much stronger based on the surrounding measurement results.

3) Gauss-smoothed RSSI map: If we would like to get a
qualitative sense of the entire global distribution, a smoothing
of the power ratio values using a Gaussian kernel can be
performed. This of course distorts the absolute value of the
measurement results, thus this can only be used to estimate the
overall shape and trends of the true spatial distribution of the
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radio frequency pollution from Earth reaching the satellites.
The smoothed, interpolated map is shown in Figure 10.
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Fig. 10. The map of interpolated results of the measurement results with
Gaussian smoothing.

B. Interactive 3D web-application

Further, the goal was to display the now filtered, interpolated
data in an effective, visually appealing way.

This was achieved using a web application based on
JavaScript technology. The webGL-based library THREE.js
was used for the display of the objects, because it is a
lightweight and user friendly implementation of the webGL
technology.

The application can display the processed data set in various
ways (discrete measurement points, continuous interpolated
distribution, contour lines, etc.). The page is interactive, so
the user can filter the results by frequency as well as is able
to influence certain properties of the displayed objects, such
as their movement or the used textures on them to achieve the
required user experience.

Fig. 11. A screenshot of the 3D visualization web application.

The completed web application can be viewed by anyone
at https://gnd.bme.hu/mb/site/ at the time of this publication.

V. SPECTRUM MEASUREMENT RESULTS

In the previous sections we mainly focused on the spatial
distribution and magnitude visualization of the measurement
data. However, the measurements also span a significant
frequency range, over which the measurement results highly
vary based on the measurement locations. A few examples of
these spectrum measurements are shown in this section. The
timestamp and the RBW (Resolution Bandwidth) parameter of
the spectrum measurements are also included in the figures.
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Based on the TLE (two-lines element set - Keplerian data)
and the timestamp of the measurement, the actual position of
the satellite can be visualized with GPredict>. These maps are
also presented for reference.

Due to their altitude (365 km LEO (Low Earth Orbit)),
the satellites can only receive radio signals within a ca. 4000
km diameter horizon (per Figure 6) - yellow circle in maps,
red line shows the trajectory of the satellite. The measured
spectrum is corrected with the antenna factor of the spectrum
measurement system (raw RSSI data downloaded from the
satellite).

A. Pacific Ocean

Over the Pacific Ocean, the noise power level of the
measurement system can be detected with 384 kHz resolution
bandwidth (RBW). Inside this area, there is no TV watcher,
this means: there is no DVB-T (Digital Video Broadcasting
— Terrestrial) transmitter, hence there is no RF (Radio fre-
quency) pollution: Fig. 12 - 13. In conclusion the spectrum
measurement system is working.

B ‘GPREDICT: SMOGATL

Satellites over Pacific Ocean.
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Fig. 13. Measured spectrum over Pacific Ocean on 2019. 12. 19. with 384
kHz RBW.

*http://gpredict.oz9aec.net/
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B. Europe

Over Europe, -60 ... -80 dBm signal level of DVB-T
transmitters and between 790 and 820 MHz with -70 dBm
power level 5G mobile system can be measured: Fig. 14 - 15.
The whole lower DVB-T sub-band is continuously filled with
signal of TV transmitters. The signal levels of 5G and DVB-T
can be measured with almost the same signal level.

o GPREDICT: SMOGATL

Fig. 14. Satellites over Europe.
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Fig. 15. Measured spectrum over Europe on 2020. 01. 06. with 384 kHz
RBW.

C. Europe-Asia

Between Europe and Asia, only DVB-T transmitters can be
measured: Fig. 16 - 17, there is no 5G signal.
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Fig. 16. Satellites over Eur-Asia.
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Fig. 17. Measured spectrum over Eur-Asia on 2020. 01. 21. with 384 kHz
RBW.

D. North-America

Over America, high-power-level of DVB-T band pollution
can be measured: Fig. 18 - 19, 480-610, 625-675, 725-775
MHz sub-bands are filled up with TV signals, GSM band
communication is visible over 850 MHz.

B GPREDICT: SMOGATL

Fig. 18. Satellites over North-America.
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Fig. 19. Measured spectrum over North-America on 2020. 01. 21. with 384
kHz RBW.

E. Central-America

Over Central-America, there is lower power level of DVB-T
band pollution detected, because of the longer range between
the satellite and the DVB-T transmitters and the low-elevation
radiation angle of the TV transmitters: Fig. 20 - 21 - the
TV transmitters radiate its RF signal to lower elevation angle
ranges toward to the TV watcher (on the Earth surface).

Fig. 20. Satellites over Central-America.
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Fig. 21. Measured spectrum over Central-America on 2019. 12. 24. with 384
kHz RBW.
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F. Arctic and European RF pollution comparison

Arctic and over Europe measured spectrum can be seen in
Fig. 22 with the same scale: blue - European region, grey -
Arctic. The differences between only the noise power and the
RF pollution level caused by TV transmitters is highly visible.

Signal level [dBm]

500 550 600 650 700 750 800 850
Frequency [MHz]

Fig. 22. Spectrum comparison between the Artic and Europe.

SMOG-P and ATL-1 mainly focused on the DVB-T band,
but measured not only DVB-T: radiated RF signal of 5G and
GSM band mobile phone system can be identified on the
spectrum figures.

VI. CONCLUSION

According to the presented measurement results and its
visualization, the level of electromagnetic pollution caused
by human beings on the digital video broadcasting terrestrial
(DVB-T) frequency band had been measured: there is a huge
amount of radiated power on low-Earth-orbit (LEO), that heats
the space and disturbs the communication system of LEO
satellites.
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