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Abstract—Satellite to ground links are extremely vulnerable to
any type of terrestrial interference due to the relatively weak
satellite signal at the ground stations. This can cause connection
failures or degradation in performance at the ground station,
which could in some cases be significant or even catastrophic. The
great flexibility of software defined radio (SDR) systems facilitates
the implementation of cognitive relays as a complementary entity
that can help reduce the effects of interference. In this paper, we
describe a cognitive SDR testbed that has been developed based on
the Universal Software Radio Peripheral (USRP) and the GNU
radio software platform. One of our testbed’s aims is to evaluate
error performance improvements of satellite signal relays in the
presence of interference. We report on performance evaluation in
terms of bit error ratio (BER) as a function of carrier-to-noise
ratio (CNR) and in the presence of interference, for our detect and
relay algorithms in an example frequency band, using an emulated
desired (satellite-relay-ground station) signal. Our testbed
contains four separate segments: satellite (emulated), relay,
interferer, and ground receiver. At each segment, we transmit
and/or receive signals via SDRs or standard communication
laboratory equipment. We consider two relaying protocols in our
work, amplify-and-forward (AF), and decode-and-forward (DF).
Initial experiments were indoors, although outdoor testing with
small unmanned aircraft systems is planned for future work. Our
experiments explore the effects of different relaying techniques,
and provide some quantitative results on performance
improvements via our software defined radio approach.

terrestrial devices. Since satellite signal power at the terrestrial
receiver front end low noise amplifier (LNA) is very weak, a
small amount of interference can degrade performance and
potentially deny service to the terrestrial terminal [2].
Preferred solutions to this problem do not include modifications
or reconfigurations to the ground station or satellite. Therefore,
new entities such as unmanned aerial vehicles (UAVs) or drones
can be used to assist in such corrupted links. As depicted in Fig.
1, this relaying entity should be located away from the terrestrial
interference source, and its job is to forward the received
satellite signals to the ground station receiver. The aim of this
paper is to investigate example performance improvements of
such proposed solution with SDRs in a real experiment.
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I.

INTRODUCTION AND MOTIVATION

This paper discusses performance improvements of satellite
links that suffer from terrestrial interference, where the
improvements come from the ability to use a cognitive flying
unit as a relay for the satellite-to-ground signal, to combat
interference. The great majority of interference with satellite
communications is unintentional, due to factors such as poorly
trained operators, or adjacent frequency band congestion.
However, intentional interference can be transmitted with a very
inexpensive jammer, readily available commercially [1]. In the
case of downlinks, the attacker would not actually be interfering
with the satellite but with the reception of satellite signals by

Fig. 1. Illustration of prototype experiment scenario.

The main contributions of this paper are as follows: 1) design of
most parts of a real transmitter-relay-receiver combination
through GNU Radio flow graphs and SDRs and achievement of
performance close to theoretical; 2) demonstration of significant
suppression of interference and improved ground station
satellite signal quality; 3) example measured data for two
relaying methods, which provides useful information for design
decisions in cognitive relays.

II.

PROPOSED SYSTEM

Our proposed hardware contains three SDRs, working as
transmitter, relay, and receiver. As Fig. 2 shows, for our initial
experiments we connected these units with cables and used the
flexibility of the SDRs to simulate all links with appropriately
scaled values of signal power.

this yields 𝑃𝑅 = -125.5 dBW = -95.57 dBm. The receiver noise
power for our USRP B210, with noise figure 6 dB, is found via
𝑘𝑇𝐵𝑁𝐹 , where k is Boltzmann’s constant, T is receiver
temperature, B is bandwidth and 𝑁𝐹 is noise figure [4]. This
yields
𝑃𝑁 = −104.98 𝑑𝐵𝑚 .
Therefore, for our reference (clear sky) CNR we obtain:
𝐶𝑁𝑅 = 𝑃𝑅 − 𝑃𝑁 = −95.57 − (−104.98)
= 9.41 𝑑𝐵

(4)

In satellite communication systems, the ground station antenna
connects to a LNA, usually followed by a Low Noise (frequency
down-) Converter (LNC), the combination referred to as an
LNB. A typical LNA may supply a power gain of 20 dB.
Considering these numbers, we emulate signal powers in our
testbed to approach a real case study while allowing a margin
for LNA amplification.

Fig. 2. Overall laboratory system layout.

In order to obtain realistic satellite link parameters we chose an
example satellite for link budget calculations: the Intelsat 9
satellite at 317°E orbiting in perigee at 35,783.2 km and at
apogee at 35,805.2 km. This satellite works on both C and Ku
bands with 24 transponders of bandwidth 36 MHz (services
include 160 voice, video, data, and internet channels to the
Americas, Caribbean and Europe). We chose a frequency close
to C-band, specifically 4.5 GHz, and modulation scheme of
DQPSK.
A signal traveling between a satellite and earth station must pass
through the earth’s atmosphere, and this introduces certain
impairments including atmospheric losses, ionospheric effects,
rain attenuation, etc. In this paper we assumed a stable (“clear
sky”) condition with no impairments, and no antenna
misalignment or feeder losses. We use the Friis formula for free
space path loss to estimate received power (𝑃𝑅 ) [3]:
𝑃𝑅 = 𝐸𝐼𝑅𝑃 + 𝐺𝑅 − 𝐿𝑂𝑆𝑆𝐸𝑆

(1)

𝐿𝑂𝑆𝑆𝐸𝑆 = 𝐹𝑆𝐿 + 𝑅𝐹𝐿 + 𝐴𝑀𝐿 + 𝐴𝐴 + 𝑃𝐿

(2)

Software Defined Radios
Flexible modern radios that are reprogrammable or
reconfigurable are known as Software Defined Radios (SDR).
The Universal Software Radio Peripheral (USRP) is one of the
well-known SDRs in the market. The model we used in this
experiment is the National Instruments B210. Although the
USRP is a flexible SDR, it has a throughput limitation. This
device should have a maximum instantaneous real-time
bandwidth of 56 MHz, but our measurements and some user
reports indicate approximately 7 MHz of I/Q data with USB2.0,
and slightly more with USB3.0. This might limit us in standards
such as 802.11b (with 20 MHz channels) [5], but in this
experiment we show performance with lower sampling rates
simply to illustrate concepts. Due to space limitations we
cannot provide descriptions of the GNU Radio software, packet
formatting, and physical and data link layer processing.
Interested readers may contact the authors for additional
information.
An example signal spectrum at the output of the first SDR,
working as an emulated satellite transmitter, is shown in Fig. 3.
This pertains to differentially-encoded QPSK modulation with a
root-raised cosine filter with roll off factor of 0.35 [6]. The
symbol rate is 125 ksps. The signal constellations are shown in
Fig. 4.

where EIRP is effective isotropically radiated power from the
satellite in dBW, GR is the receiver antenna gain in dB, 𝑃𝑅 is
received power in dBW, 𝐹𝑆𝐿 is free-space spreading loss in dB,
𝑅𝐹𝐿 is receiver feeder loss in dB, 𝐴𝑀𝐿 is antenna misalignment
loss in dB, and 𝑃𝐿 is polarization mismatch loss in dB. Based on
[3] and our assumptions, we have:
4𝜋𝑟 2
𝑃𝑅 = 𝐸𝐼𝑅𝑃 + 𝐺𝑅 − 10 log (
)
𝜆

(3)

with r equal to link distance and  wavelength. From the Intelsat
9 satellite footprint, we obtain C-band EIRP of 36 dBW, and we
assume a ground station antenna with typical 35 dB gain, and

Fig. 3. Signal spectrum at satellite transmitter.

weaker signal coming directly from the satellite, and third, is the
sinusoidal jamming signal which appears as a spectral line in the
frequency domain.

Fig. 4. Signal constellations for transmitter and receiver.

Receiver Design
In the receiver we use a designed flow graph for timing and
phase recovery algorithms, distortion correction, and
demodulation [7]. A post processing step extracts the packets
using a predefined preamble for detection and BER
measurements.

Fig. 6. Receiver spectrum after jamming.

Relay Design
The DF relay can demodulate the received signal, decode, reencode and re-modulate it, and then transmit to the destination.
The advantage of DF is that by decoding, the relay can
essentially eliminate the noise of the re-transmitted signal. In
contrast, AF relays amplify the received signal and retransmit
it to the destination without any further processing (no
demodulation or decoding). For this reason, AF has less
complexity than DF relays. In the relay segment, we designed
two flow graphs for both AF and DF techniques and
implemented them in our SDR. See Fig. 5 for design flow
details.
Interference
In this paper, we employed a narrowband (pure sinusoidal)
interferer from a jammer that is located close to the ground
satellite antenna. Since satellite antennas are directional, we
simulate a low power interference received through the ground
station antenna sidelobes. Fig. 6 depicts the received spectrum
including the desired signal plus the interference.
As Fig. 7 shows, the received spectrum at the receiver consists
of three signals: first, the signal coming from the relay which is
the “clean” and re-transmitted satellite signal; second is the

Fig. 7. Receiver spectrum after relaying.

Experimental Results
As is well known, digital link performance depends upon the
ratio of carrier power to noise power at the receiver input,

Fig. 5. Overview of aggregate relay flow graph.

conventionally denoted as C/N (or CNR). Our link-budget
calculations are used to determine this ratio.
From the USRPB210 datasheet [8], our maximum output
power in transmitting mode is 20 dBm. We gradually increase
signal power and measure BER and packet success rate. Fig. 8
shows a BER versus CNR plot for the direct link only. As we
can see, the performance follows the theoretical curve with less
than 1 dB of implementation loss at higher CNRs down to
BERs of 10-6.
Figures 9 and 10 show results in the presence of interference,
with the two different relaying modes. The carrier to
interference ratio is 6.62 dB. As can be seen from Fig. 9, the
use of a relay can substantially improve performance,
especially for the DF technique. As Fig. 10 shows, the AF
technique is advantageous at very low CNRs although many
receivers will not operate at this low CNR.
As noted, the calculated CNR for our assumed configuration
was approximately 9.41dB. From both Figures 9 and 10 this
would imply a preference for DF over AF. Yet in different
applications, since CNR can change significantly, the relay
could decide on the method based on CNR, packet delivery
rate, delay and hardware processing capability.

Fig. 10. Packet success rate vs. CNR for AF and DF relaying methods.

III.

CONCLUSION

In this paper, we have presented results from a customized
testbed using USRP devices and implementing the GNU Radio
software platform for a simulated satellite link in the presence
of interference. We imposed a tone interference signal on the
emulated satellite link and quantified the BER performance
degradation. Then via a satellite relay link we illustrated
significant performance improvements in the presence of the
interference. The AF relaying method performs worse than the
DF relaying, as expected, since the AF approach amplifies
noise in an already weak signal. Another interesting
performance measure is packet loss, and we found that for the
lowest range of CNRs, AF outperformed DF. For future work,
we plan to vary the range of signal to interference ratios, use
different encoding and decoding methods and employ
broadband interferers of various types, and eventually
configure small UAVs to conduct proof-of-concept
experiments for our satellite signal relaying schemes.
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