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Abstract— Space systems are an ubiquitous part of modern
society and the fast growth of the small satellite field is
turning them applicable even for ubiquitous communications
systems. Despite of their reduced size, the advances in
miniaturization of electronic components are bringing a new
level of capabilities and complexity to such machines. This
work proposes an improved modulator using a software
defined radio (SDR) architecture in the context of 5G
systems since SDRs allow for the fast deployment of various
transmission techniques such as Gaussian Minimum Shift
Keying (GMSK), phase shift keying (PSK) and orthogonal
frequency division multiplexing (OFDM). We validate our
proposed modulator by applying low cost open source tools.
Also, we propose a command and telemetry software design
for advanced small satellites.

Index Terms— Satellites, Phase modulation, Software de-
fined radios, GNU Radio.

I. INTRODUCTION

Space communications are vital to modern life and the
spacecraft generated signals are available all over the earth
as a continuous service. Once launched into space, the
communication system faces many challenges including
the Doppler effect due to its high speed, high attenuation
due to its enormous distances from hundreds to thousands
of miles, command and telemetry management due to the
high amount of exchanged information and other physical
aspects such as heat dissipation and energy consumption.

Recently in [1], an American satellite television broad-
cast company known as DISH Network L.L.C suggested
that the 5G standard should also include the usage of small
satellites. Therefore, the use of small satellites should
become a standard for 5G systems for the interoperability
of both terrestrial and satellite networks. Moreover, the
usage of satellites could allow for ubiquitous 5G con-
nectivity, reaching locations not well suited for current

standards such as lakes and mountainous regions. Even
though satellites provide wide coverage, they still face
latency and data rate issues [2].

Nanosatellites, i.e. satellites weighting up to 10 kg, have
been used successfully for education and in short-time
scientific missions, however, they do not offer enough
capabilities for a diverse commercial use. By increasing
its size to a few tens of kilograms, the small satellite
enters in the category called microsatellites. Associated
to this bigger size is the increased payload capacity. This
increased capacity, that can even support communication
for 5G networks, requires faster downlinks in the order
of tens of megabits per seconds, while previous small
satellite only required a few kilobits per second. Due to
its high speed relative to the surface of the earth, small
satellites require complex antennas and communication
algorithms for high data rate communications [3], however
their characteristic low earth orbits (LEO) mitigate the
latency issue.

In addition to small satellites, software defined radios
(SDRs) are likely to have a broad usage in 5G networks
according to [4]. Such via software reconfigurable radios
are very versatile since they can vary not only their
protocols, but also their waveform, their band and their
transmission frequency as detailed by [5]. SDRs can
also allow for a rapid transition between transmission
techniques and modulations. One of these techniques is
the Orthogonal frequency division multiplexing (OFDM),
which was proposed for satellite communication due to
its robustness against multipath and anti-jamming [6].

In this work, we consider the merging of the satellite
communications and SDRs by proposing an improved
implementation of signal modulation using SDR for small
satellite radio systems. The goal is to shift to a more
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adequate modulation scheme taking advantage of the an-
tenna gain with minimal hardware intervention. An envi-
ronment using the GNU Radio open software frameworks
is set and the new modulator functionality is verified for
high data rates, compatible with those for commercial
applications. Also, a command and telemetry software for
advanced small satellites is proposed. With the usage of
a graphical user interface comprising a few windows, the
software unites all the satellite operation functionalities in
a single tool. This platform can easily allow for future
enhancements such as the use of more advanced OFDM
communication capabilities.

In the remainder of this work, a software defined radio
approach to radio for spacecraft communication is shown
in Section II. Subsection II-A shows the implementation
of a quadradutre phase shift keying (QPSK) modulator.
Subsection II-B shows the advantages of using the offset
QPSK (OQPSK) modulation and the details about its
implementation using and SDR-based architecture. Sub-
section II-C validates the implemented modulators using
low cost and open source tools. A spacecraft command
and telemetry software is proposed in Section III. Finally,
the conclusions are drawn in Section IV.

II. IMPLEMENTATION OF MODULATION SCHEMES IN
SDR FOR SMALL SATELLITES

Telemetry data are usually a few kilobytes long, how-
ever, data generated by a satellite payload, as in case of
a camera, can be many megabytes long. This amount of
information requires a higher data rate, in the order of
hundreds of times, therefore, frequency bands in which
more bandwidth is available are typically used. A global
trend is the usage of the X-band. This section shows,
from a practical point of view, how modulators for X-
band space communications can be implemented.

The X-band is in the frequency range from 8 to 12 GHz.
Such high frequencies mean that more bandwidth per
channel is available in comparison with lower frequencies
while still having a low attenuation due to water in
comparison to higher frequencies such as those in the Ku
band. The attenuation levels for each frequency can be
found in Figure 2-25 from [7].

Even if the transmitted data is digital, the transmitted
electromagnetic waves are still analog. As depicted in
block diagram of Figure 1, both modulator and micro-
processor can be programmed into a field-programmable
gate array (FPGA) chip using a hardware description
language (HDL). This opens the possibility to change
the modulation scheme, e.g. Gaussian Minimum Shift
Keying (GMSK), phase shift keying (PSK) or OFDM,
with minimal or no hardware change.

The softprocessor, i.e. a microprocessor created via
software using a programming language such as HDL,
controls the modulator functions. A control software is ran
from the FPGA’s block memory by the softprocessor core.
As depicted in Figure 1, additional hardware is required to
perform the digital to analog conversion using a fast digital
to analog converter (DAC), to filter the transmitted signal

Fig. 1: Block diagram of an SDR

and to match the impedance in RF circuit, as depicted in
Figure 1. The oscillator frequency inside the RF circuit
is tunable via command sent by the softprocessor. This
implies that the operating frequency of the transmitter is
also controlled by software, as long as it is inside the
frequency range of the oscillators. Today, SDRs platforms
are obtained at low price and its frequency range can be
of several GHz.

In low SNR regimes like in satellite communications,
modulations that are more robust to the noise are com-
monly used. This is the case of the GMSK that transmits
one bit per symbol. However, when the SNR is higher,
as in the case when directional antennas are utilized, it
is possible to increase data rates by using modulations
schemes that transmit more than one bit per symbol.
In this case, the recommended modulations for the X-
band by the [8] are the offset quadrature phase shift
keying (OQPSK), which transmits 2 bits per symbol and
the trellis coded multidimensional 8-PSK (TCM8PSK).

The remainder of this section is divided into two sub-
sections. In Subsection II-A, software defined radio QPSK
modulator written to an FPGA is shown. In Subsection II-
B, the QPSK modulator is extended to a more adequate
OQPSK one for high data throughput links. Then, in
Subsection II-C, the modulator is validated using low cost
open source tools.

A. Standard Software Defined Radio Modulator Using
QPSK

The QPSK block diagram is depicted in Figure 2. First,
a non return to zero (NRZ) signal is parallelized from
serial to a 2-bit output bus. Then, the signal is filtered by
a squared root raised cosine (SRRC) filter at the in-phase
(I) branch. At the quadrature (Q) branch, the same process
occurs. Then, the signals from the I and Q branches
are multiplied by a sine and a cosine, respectively, both
with frequency f . Finally, the signals are summed up and
delivered to the radio frequency circuit.

The modulated output signal can be described by

s(t) = yi(t) sin(2πft+ φ) + yq(t) cos(2πft+ φ), (1)

where φ is the phase of the sine and cosine waves.
In Figure 3, the symbol transition diagram is shown.

Note that transitions between all symbols means that
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Fig. 2: Block diagram of a QPSK modulator

not only the symbols transit around the origin, but also
through the origin.

Fig. 3: QPSK symbol transitions
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Fig. 4: Normalized instant power of the QPSK signal

The transits through the origin result in a wide range of
power as shown in Figure 4. This high variation in power
cause linearity constraints to the power amplifier. This is
undesirable since linear power amplifiers tend to be less
efficient than non-linear ones.

B. Improved Software Defined Radio Modulator using
OQPSK

To compete with the power variation mentioned before,
in this section, we show a variation of the QPSK signal
containing a phase offset, the OQPSK. The block diagram
of an OQPSK modulator is depicted in Figure 5. Note that
the same process as the one shown in Figure 2 occurs,
except that an offset of half of a sample period Ts/2 is

Fig. 5: Block diagram of an OQPSK modulator

introduced. Therefore, the OQPSK transmitted signal is
given by

s(t) = yi(t) sin(2πft+φ) + yq(t−Ts/2) cos(2πft+φ).
(2)

This offset causes only one bit change per transition
resulting the symbol transitions seen in Figure 6. The

Fig. 6: OQPSK symbol transitions

result is that the transitions no longer cross the origin and
the power variations are less intense.
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Fig. 7: Normalized instant power of the OQPSK signal

The normalized power of an OQPSK signal is shown
in Figure 7, where one can see that the power has a
rough variation of 0.6, i.e. always above 0.4, while in
Figure 4, the power variation is 1 resulting a strong
linear restriction to the amplifier. This relaxes the amplifier
design so that linearity is only required withing this
region. Linear amplifiers are known to be inefficient and to
draw quiescent current. The usage of non-linear amplifiers
results in an overall improved efficiency of the OQPSK
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transmitter in comparison to the QPSK transmitter. For
details on power amplifiers, the reader is referred to [9].

Finally, a modulator is coded so that it produces 4
samples per symbol and the constellation is plotted in
Figure 8. The generated samples are shown as red dots.
The blue lines show the paths from one sample to the
other. Since the SRRC filter filters the original signal, the
signal is spread and samples are generated not only at the
edges of the constellation, but also at its transitions.

I

Q

Fig. 8: Constellation of an OQPSK signal

C. Decoding Signals Using the GNU Radio Framework
The GNU Radio framework is a free open source

software devoted to provide signal processing tools and
modules. It is capable of running realtime pure software or
part-software transmitters and receivers with compatible
hardware, though it is also capable of providing a simu-
lational environment. GNU Radio has been successfully
applied for a 15 kg microsatellites with relatively slow bit
rates of 19200 bps as shown by [10]. Bigger microsatel-
lites around 50 kg have more payload capability, thereby
generating more data. This data demands data rates in
oder of megabits and wider bandwidth. This work aims
the usage of GNU Radio as a receiver for developing high
speed radios.

A block diagram graphical user interface (GUI) called
GNU Radio Companion provides a manner to easily
visualize, manage and change the radio configuration. A
block diagram of the SDR receiver is depicted in Figure
9.

Based on Figure 9, the main decoding blocks are dis-
cussed. First the USRP Source block captures the samples
from the hardware and makes them available to the MPSK
receiver, which is an M-ary PSK receiver. The typical
sampling rate is 4 times that of the symbol rate. The raw
samples can be observed in Figure 10 where the power
spectrum is also shown. In Figure 10 we see that the
shape of the constellation is similar to that found in Figure
8, however, the constellation is rotated. Even though the
transmitter and receiver are tuned to the same frequency,
in practice, exact matching frequencies are hard to achieve
even if the receiver and transmitter oscillators are built by

Fig. 9: Simplified representation of a GNU Radio Com-
panion block diagram of an OQPSK demodulator

the same manufacturer. This causes a frequency offset in
the received signal that has the effect of giving an angular
spread to the observed constellation.

Fig. 10: Constellation of the sampled signal

The raw samples acquired by the USRP block are
then passed to the MPSK receiver. The MPSK receiver
comprises an SRRC filter, a phase-locked loop (PLL) and
a symbol synchronizer. During the synchronization, the
signal is downsampled so that 1 symbol per sample is
left. The output of the MPSK receiver is shown in Figure
11a.

In Figure 11a, note that the MPSK receiver outputs the
samples already in their corresponding quadrants. What is
left to the remaining few blocks is to decode and serialize
the data. The serialized data is shown in Figure 11b.

One may also verify that the OQSPK signal has 8
known ambiguities, as reported by [11]. There are 4
ambiguities related to the constellation rotation and 2
related to the sampling time. Using the header of the
transmitted packets, this ambiguities can be identified and
corrected. The Correlate Access Code blocks from GNU
Radio can correlate the 8 possible headers. Once they are
found, the headers are tagged. The tag 180:0 at the bottom
right part of Figure 11 shows that the constellation is
rotated in 180 degrees and the symbol oder is not reversed.
Therefore, it can be checked which types of ambiguities
occur.
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(a)

(b)

Fig. 11: (a) Constellation of the synchronized symbols and
(b) decoded binary signal

III. PROPOSED COMMAND AND TELEMETRY
SOFTWARE

Telemetry is the transmission of measured data by a
remote machine. This data can be either manually or
automatically sent. Also commands can be sent to a
satellite, or scheduled, in a graphical user interface (GUI).
Since the control station is not necessarily at the same
site as the ground station, the communication media of
preference is the internet via the traditional transmission
control protocol (TCP). At the ground station, a ma-
chine containing a terminal converter software acquires
and concentrate the data from the operation stations and
converts the data packets into data that is sent to the radio
equipment. When data is sent from the satellite to the
ground, the opposite flow is executed and the GUI displays
the decoded data.

Fig. 12: Block diagramm of command and telemetry
software

In Figure 12, the complete data flow is show. First a
command is generated by the satellite operator via GUI

and sent via TCP packet to a terminal converter at the
ground station - 1. Then, the terminal converter translates
the command to the radio hardware - 2. The satellite
receives the command and responds back telemetry data
to the ground station - 3. Finally, the telemetry is sent to
the operators GUI - 4.

The software described in this section comprises to the
GUI and TCP communications. The main components
of the created software are listed in Table I. The TCP
client is transparent to the satellite operator and consists
of a module, or class, that controls the communication
with the terminal converter software that holds the TCP
server. The rest of the software can be associated with
the three main windows. In Figure 13, the first window
is used to input commands, with a minimum of basic
information for the operator. The second window shows
detailed telemetry information, that can be graphically
represented in the third window. All three windows are
detailed in the remainder of this section.

TABLE I: Software components

Input Data Display TCP Client
command list, decoded data, communications with a

buttons, graphics terminal converter
basic data

Fig. 13: Section of the command and telemetry software
main window

In Figure 13, a command list from the first window,
which is loaded from a comma-separated values (CSV)
file, is shown. Commands that need parameter values,
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indicated in the CSV file, have a pop-up screen dis-
played after pressing the Send button. The pop-up screen
shows the parameters inputs that can be manually set.
A clear visualization of the current mode obtained from
the telemetry data is present in a friendly manner. The
mode is also played at the computer speakers when the
mode changes. A few software options as displaying
or hiding microcontroller information and FPGA data
windows, graphics window, enabling and disabling sounds
and choosing the number of points on the displayed graph-
ics are available. Other items including the connection
settings for the terminal converter servers and raw received
data text boxes are omitted from Figure 13.

Figure 14 shows a section of the second window
containing the last decoded telemetry packet. The status
flags and switch status are colored so that the operator
can easily identify components that are switched on or off.
The decoded data includes information on deorbit systems,
GPS receivers, various temperature sensors, current sen-
sors, voltage sensors, star trackers, sun sensors, gyroscope,
reaction wheels and radio transmitters and receivers.

Fig. 14: Section of the telemetry visualization window

On the options menu in the main window, the operator
can click on ’Graphics’ to open the graphics (second)
window as shown in Figures 15 and 16. In this window,
14 plots are made to show a variety of data captured from
the satellite. The data is time stamped and is shown in the
form of graphics so that the temporal behavior of the data
can be analyzed.

In Figure 15, a section of the third window containing
a temperature vs time graphic is shown. During a real
test, the measurements were taken while the satellite was
subject to +40◦C, 0◦C and +30◦C, respectively. The upper
graphic shows that the temperature vary accordingly.
Equipment in different parts of the satellite have different
absorption and dissipation of heat, thus the temperature
difference can be observed.

In Figure 16, a current vs time graphic, also from

Fig. 15: Section of the graphic visualization window
showing the temperature plot

Fig. 16: Section of the graphic visualization window
showing the current plot

the third window, is shown containing the main satellite
equipment currents. According to the gray line, the 2.5 V
regulator draws the greater current and the battery current
(IBAT) is very low. This happened since the satellite was
fed with external power during the test. Also, during the
tests, the operational mode of the satellite was changed
to a power saving operation mode and normal operation
mode. The power saving mode can be clearly identified
as the low plateau in the current graphics.

This demonstration shows how a software to send com-
mands and receive data can be accomplished. Within three
windows, all the vital data can be exchanged between the
control center and the spacecraft.

IV. CONCLUSION

Future 5G communication systems are expected to be
ubiquitous and support a fast deployment of new stan-
dards. In this context, small satellites and software defined
radios (SDRs) are key in providing over-globe connec-
tivity and fast deployment, respectively. In this work, a
high speed SDR-based communication system for small
satellites was developed. Also, the new modulator was
validated using an SDR open-source tool. To support satel-
lite operations, a command and telemetry software was
developed. The results show that SDRs can be successfully
used for high speed satellite communications and low cost
tools can be used and developed for system validation and
satellite operations. Finally, the combination of high speed
communications and low development costs can pave the
way for future communication networks.
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