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Abstract— The paper is related to an adaptive satellite 
communication system for data transmission from small, low 
cost, low Earth orbit (LEO) satellites. The adaptation is provided 
in order to increase the total amount of data that can be 
downloaded during a single satellite pass over a ground station 
and consists in changing the modulation scheme and code rate 
during the transmission according to the temporary 
characteristics of the propagation channel. The benefits and 
problems resulting from the use of the adaptation mechanism for 
communicating with LEO satellites were investigated in a model 
set up using software-defined radio (SDR) modules and common 
personal computers (PC). The model included a transmitting part 
acting as a satellite, a receiving part acting as a ground station, 
and a satellite propagation channel simulator. 

Keywords—satellite, LEO, SDR, adaptive systems 

I. INTRODUCTION 
In an adaptive communication system, the modulation 

scheme and channel code are dynamically changed depending 
on the quality of the received signal. The quality is evaluated in 
the receiver and usually it is expressed either as signal to noise 
ratio (SNR) or bit error rate (BER). If SNR is high enough (and 
consequently BER is low), the transmission can be switched to 
a more efficient mode to increase the data rate. On the other 
hand, when SNR or BER becomes inacceptable, a more robust 
mode should be used to prevent the transmission from being 
completely interrupted. Such a solution requires a return 
channel to send the transmission mode change requests from 
the receiver to the transmitter, but in many modern 
communication systems such channels are available. Actually, 
adaptation is already exploited in a number of commercial 
systems, e.g. DVB-S2 [1], IEEE 802.11n [2], or WIMAX [3]. 
The use of adaptive communication systems was proposed also 
in space applications [4], [5]. 

An adaptive communication system can be implemented in 
easy way using the software-defined radio (SDR) concept. It 
consists in that a large part of signal processing is realized in 
the digital domain by an appropriate digital signal processing 

(DSP) device. A typical SDR-based transmitter or receiver is a 
combination of a hardware radio frequency (RF) front-end and 
a DSP part implemented in signal processors, field 
programmable gate arrays (FPGA), or general purpose 
processors [6]. Such transmitters and receivers are 
characterized by high functional flexibility. In particular, they 
allow simple modification of the whole system by updating the 
software code only, with no hardware modifications. In 
consequence, various modulation schemes, channel codes, and 
frame structures can be supported in the SDR-based system 
having relatively simple hardware part if only the DSP part is 
powerful enough to perform all required signal processing.  

In this paper, the performance of the adaptive 
communication system is presented. The system is intended for 
providing communication between a small, low cost, low Earth 
orbit (LEO) satellite and a ground station (GS) [7]. It is 
assumed that there is a relatively high-speed downlink channel 
for downloading data from a satellite, and a narrowband 
telecommand channel which can be used as a return channel for 
sending the transmission mode change requests. To verify the 
concept of the proposed system and to investigate its 
performance, its model was set up using a number of SDR 
modules and PC computers. The model includes the transmitter 
operating as a LEO satellite, the receiver representing a ground 
station, and the satellite channel simulator for simulating a 
single satellite pass over GS. 

II. THE ADAPTATION PRINCIPLE 
A satellite placed in LEO moves fast through the sky, and 

thus it is visible from GS only for short time (several to approx. 
15 minutes). This severely limits the total amount of data that 
can be downloaded from the satellite unless one has a network 
of GSs located at various points of the Earth. It is also known 
that when a satellite is near the zenith, it is 3 to 4 times closer to 
GS than when it is just above the horizon. This fact is exploited 
by the proposed adaptation mechanism which should result in 
increase of the total amount of data possible to download 
during a single satellite pass. 

The presented work was a part of the SACC (Satellite Adaptive 
Communication Channel) project funded by the Government of Poland 
through an European Space Agency contract under the PECS (Plan for 
European Cooperating States). 
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It was assumed that the set of available modulation schemes 
includes BPSK, QPSK, 8-PSK, and 16-APSK (schemes 
compatible with the DVB-S2 standard [8]), whereas the 
convolutional code rate can be selected from 1/2, 2/3, 3/4, 5/6, 
or 7/8 (values compatible with the DVB-S standard [9]). The 
receiver performs SNR estimation and selects the best 
transmission mode to be used [10]. The selection is performed 
by comparing the estimated SNR value with the predefined 
SNR threshold levels. If it is necessary, the transmission mode 
change request is sent to the satellite via the return channel. The 
request includes the desired modulation scheme and code rate 
indication. 

The SNR threshold levels were determined experimentally 
under the assumptions that SNR is quantized in 2 dB steps, 
a 2 dB-wide hysteresis is present for each mode to prevent the 
system from frequent switching between two neighboring 
modes, and the maximum acceptable BER is 10-6 at the output 
of the channel decoder. When a satellite emerges over the 
horizon line, a communication session is being established 
using the most robust mode. Also in case of prolonged 
transmission failure, both the transmitter and the receiver revert 
to the most robust mode. All the transmission modes with the 
corresponding SNR ranges and effective data rates Rb 
expressed in useful information bits per symbol are presented 
in Table I. 

The transmission is performed using frames containing a 
mode-independent number of symbols. Each frame includes, 
besides the payload, also the synchronization preamble, frame 
header, and CRC bits. The maximum frame duration is limited 
by the Doppler effect. The orbital velocity of a LEO satellite is 
very high, so the received signal is significantly shifted in the 
frequency domain. Moreover, this shift rapidly changes, 
especially when the satellite is close to the zenith. The lower is 
the orbit height, the faster is the frequency shift change. For 
300 km orbit, the change exceeds 1 kHz/s when the 
transmission in the S-band is considered. If the carrier recovery 
algorithm used returns a single frequency value for the whole 
frame, a frequency synchronization error occurs. The analysis 
performed has shown that in order to keep this error on an 
acceptable level, the frame should be shorter than 10 ms. For a 
given symbol rate, this limits the maximum number of symbols 
in a single frame. On the other hand, the number of symbols in 
the frame cannot be too small due to the large overhead 
introduced by the preamble and header. 

III. SDR MODEL OF THE ADAPTIVE SYSTEM 
The block diagram of the proposed adaptive system model 

is shown in Fig. 1. The model includes the transmitter, the 
receiver, and the satellite channel simulator. Each of these 
components includes at least one SDR module. In case of the 
transmitter it is Ettus Research USRP N210 with WBX radio 
interface [11]. The channel simulator employs two modules of 
the same kind (i.e. N210), whereas in the receiver National 
Instruments NI USRP 2920 module is used [12]. Because the 
internal frequency sources of the SDR modules are poor, two 
external reference frequency generators are provided to 
increase the stability of the modules’ local oscillators. Three 
standard PC computers provide DSP capabilities for the 
particular components. The connections between the SDR 

modules and corresponding PCs are provided by means of Gb 
Ethernet LAN. An auxiliary LAN connection between the 
receiver and the transmitter represents the return channel from 
the GS to the satellite. 

A. Transmitter application 
The transmitter application is responsible for preparing the 

digital baseband representation of the signal to be transmitted 
and for sending it to the SDR module. The application is 
implemented in C++ and operates as follows. The input bit 
stream is divided into frames and further processing is 
performed on a frame basis. First, CRC bits are calculated and 
attached at the end of the frame. Next, the convolutional coding 
is performed and the header with its own CRC bits is placed 
before the coded data. The frame is subjected to symbol 
mapping and the preamble is added. The resulting symbol 
stream is upsampled to 8 samples/symbol and filtered with the 
root raised cosine filter with a roll-off factor R = 0.9. Finally, 
the filtered signal is sent to the SDR module where it is 
converted into the analog form and upconverted into the 
operating RF band with the center frequency of 2 GHz. 

TABLE I.  TRANSMISSION MODES 

Mode 
No. 

Modulation 
/code rate 

SNR range 
[dB] 

Rb 
[bit/symbol] 

1 BPSK 1/2 6-10 0.5 

2 BPSK 2/3 8-12 0.67 

3 QPSK 1/2 10-14 1 

4 QPSK 2/3 12-16 1.33 

5 8-PSK 1/2 14-18 1.5 

6 16-APSK 1/2 16-20 2 

7 16-APSK 2/3 18-22 2.67 

8 16-APSK 3/4 20-24 3 

9 16-APSK 5/6 22-26 3.33 

10 16-APSK 7/8 24- 3.5 

 

 

Fig. 1. Block diagram of the proposed system model.. 
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B. Receiver application 
The receiver application is implemented in C and is divided 

into three threads: the data acquisition thread, the data 
processing thread, and the soft-decision decoding thread.  

The data acquisition thread provides a sample stream from 
the SDR module. The received signal is sampled at the rate of 4 
samples per symbol. 

In the data processing thread the following operations are 
performed. First, the coarse Doppler shift correction is carried 
out. Next, the signal is filtered with the root raised cosine filter, 
the same as used in the transmitter. After filtering, the fine 
frequency correction is performed. The signal is subjected to a 
modulation-dependent nonlinear operation in order to recover 
the carrier wave, then the Fourier transform is computed and 
the highest peak in the amplitude spectrum is used to accurately 
determine the carrier frequency. To obtain frame 
synchronization and symbol timing, the signal is interpolated in 
order to increase its time resolution, and then cross-correlated 
with the preamble. Channel estimation is carried out by 
comparing the transmitted preamble with the received one. The 
determined value of the channel impulse response (CIR) is then 
used in the channel equalizer to normalize incoming symbol 
values. 

The soft-decoding thread performs the most 
computationally demanding operations: soft-decision 
demapping, Viterbi decoding and SNR estimation. This thread 
is also responsible for issuing decisions whether and when to 
change the transmission mode. The decisions are based on the 
estimated SNR, averaged over 20 frames to mitigate problems 
resulting from the SNR estimation inaccuracy. 

C. Channel simulator 
The channel simulator models the changes of the 

propagation channel during a single satellite pass over the 
ground station. The input signal is shifted in the frequency 
domain and attenuated according to the Doppler shift and the 
distance from GS corresponding to the current orbit point. 
Before retransmission, additive white Gaussian noise is added 
to the signal. The noise power is set by the user before the 
simulation starts. 

IV. SYSTEM TESTS 
The performance of the proposed system was verified in a 

number of tests run in the set-up of Fig. 1. The tests were 
focused on a zenithal pass of a satellite placed 300 km above 
the Earth surface since such a case was recognized as very 
demanding due to rapidly changing Doppler shift, but some 
other scenarios were also taken into consideration.  

The maximum data rate in the developed system model is 
limited by hardware issues. It was determined that signal with 
sampling rate up to 10 MSa/s can be transferred between the 
SDR module and PC via the Ethernet connection without 
errors. Consequently, the symbol rate is limited to approx. 1 
MSymbol/s, for assumed transmission oversampling factor of 
8. Finally, for purposes of the tests, the rate of 0.25 MSymbol/s 
was assumed. 

A. Influence of frame duration 
Fig. 2 presents the estimated SNR as a function of time for 

a single satellite pass over GS for various frame durations and 
300 km orbit height. One can notice a significant decrease of 
SNR for the satellite approaching zenith and long frames. In 
this particular part of the orbit, the frequency shift change is 
high, although the frequency shift itself is close to zero. Since 
the carrier recovery algorithm used returns a single carrier 
frequency value for the whole frame, the frequency 
synchronization error is high. The receiver does not distinguish 
between noise and disturbance resulting from poor 
synchronization, it just detects an increased distance of the 
received symbols from the nominal constellation points. For 
this reason, the receiver prevents the transmitter from entering 
high transmission modes, as it is presented in Fig. 3. For the 5 
ms frames, the 7th mode was reached (Rb=2.67), whereas for the 
20 ms frames the 3rd mode (Rb=1) was selected for the most 
difficult part of the orbit. 

One can also observe some short periods of decreased SNR 
which causes switching to the lowest mode (“negative peaks” 
located at approx. 120 s for the 5 ms frame and 150 s for the 20 
ms frame). This effect is caused by carrier synchronization or 
symbol timing failure, and it occurred occasionally during the 
tests, forcing the adaptive system to switch to the lowest mode 
(BPSK 1/2). Despite the return to the lowest mode, the received 
frames can be incorrect. Nevertheless, after synchronization 
recovery the transmission is immediately switched to a higher 
mode.  

B. Influence of orbit height  
The higher is the orbit, the lower is the ratio of the longest 

and the shortest distance between the satellite and GS during a 
single satellite pass. This results in lower variations of SNR and 
in consequence lower benefit from using the adaptation 
mechanism. This effect is clearly visible in Fig. 4 presenting 
the data rates obtained for orbit heights of 300 km and 800 km. 
In the first case, the 7th mode was reached (Rb=2.67), whereas 
in the latter one the maximum recorded data rate equals 1.5, 
which means that the modes higher than the 5th one were never 
used.  

Despite the above mentioned problems, the proposed 
adaptation mechanism worked properly and brought benefits in 
terms of data rates in all investigated scenarios. Table II shows 
the ratio of the amount of data downloaded in the test cases and 
in the reference non-adaptive system operating always in the 
most robust mode BPSK ½. As it can be noticed, the ratio is in 
the range of 2 to 2.6, depending on the system parameters 
applied.  

TABLE II.  AMOUNT OF DATA DOWNLOADED IN THE ADAPTIVE AND 
NON-ADAPTIVE SYSTEM  

Frame duration [ms] Orbit height [km] Cadaptive/CBPSK 1/2 
5 

300 
2.6 

10 2.4 
20 2.2 

5 
300 2.6 
600 2.1 
800 2.0 
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Fig. 2. Estimated SNR as a function of time during a single satellite pass over 
GS for various frame durations and 300 km orbit height. 

 
Fig. 3. Data rate as a function of time during a single satellite pass over GS 
for various frame durations and 300 km orbit height. 

 
Fig. 4. Data rate as a function of time during a single satellite pass over GS 
for various orbit heights (frame duration: 5 ms). 

V. CONCLUSIONS 
In the paper, the performance of the adaptive 

communication system is investigated. The system can be used 
to send payload data from a small satellite placed in low Earth 
orbit to a ground station. The adaptation mechanism consists in 
changing the modulation scheme and convolutional code rate 
according to the current propagation channel conditions 
determined mostly by the distance between the satellite and the 
ground station. 

 The model of the proposed system was set up using 
software-defined radio modules and standard PC computers. 

The model was tested with the use of a satellite channel 
simulator. Multiple passes of satellites placed in different orbits 
over the ground station were simulated. The results showed that 
the proposed adaptation mechanism works correctly, switching 
the transmission mode when the distance between the satellite 
and the ground station changes. The use of adaptive 
communication results in about 2-2.5 times increase in system 
throughput comparing with a non-adaptive system operating 
always with the basic modulation scheme BPSK and code rate 
of 1/2. Rapidly changing Doppler shift, typical for LEO 
satellites, was identified as a serious technical problem that has 
to be taken into account at the system design stage.  
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