
Digital Predistortion of Power Amplifier Non-
Linearity Applied to CCSDS/DVB-S2 Satellite Telemetry

Item Type text; Proceedings

Authors Guérin, Alexandre; Lesthievent, Guy; Millerioux, Jean-Pierre;
Sombrin, Jacques; Giraud, Xavier; Bellocq, Philippe; Midan,
Emmanuel; Oster, Jacques

Publisher International Foundation for Telemetering

Journal International Telemetering Conference Proceedings

Rights Copyright © held by the author; distribution rights International
Foundation for Telemetering

Download date 24/05/2023 21:11:25

Link to Item http://hdl.handle.net/10150/579579

http://hdl.handle.net/10150/579579


 1 

DIGITAL PREDISTORTION OF POWER AMPLIFIER  

NON-LINEARITY APPLIED TO CCSDS/DVB-S2 SATELLITE 

TELEMETRY 
 

 

A. Guérin (1), G. Lesthievent (1), J.-P Millerioux (1), J. Sombrin (2), 

X. Giraud (3), P. Bellocq (4), E. Midan (4), J. Oster (4) 
(1) Centre National d’Etudes Spatiales (CNES),  

18 Avenue E. Belin, 31401, Toulouse cedex 9, France 

Email: alexandre.guerin@cnes.fr 

(2) NOLIPLA,  

Bâtiment AUNIS, 104 Avenue de Lespinet, 31400 TOULOUSE, France 

Email: jacques.sombrin@free.fr 

(3) Cabinet NOVACOM,  

6 bis, Boulevard de Glatigny, 78000, Versailles, France 

Email: giraud.novacom@wanadoo.fr 

(4) Thales Alenia Space (TAS) 

26 Avenue J.F. Champollion, BP 1187, 31037 Toulouse cedex, France 

Email: jacques.oster@thalesaleniaspace.com 

 

 

 

 

ABSTRACT 

 

The CNES (French Space Agency) has studied memoryless predistortion techniques for power 

amplifier nonlinearity of satellite payload telemetry. These techniques are applied to high order 

modulations taken from the DVB-S2 standard and the associated CCSDS blue book. An easy-to-

implement calibration method was also developed. The predistortion was implemented at two 

times the symbol rate after Square Root Raised Cosine shaping on a breadboard model of a 

16APSK modulator associated to a Solid State Power Amplifier. It allows to reduce the amplifier 

back-off and thus to increase the power added efficiency for an equivalent signal quality.  
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INTRODUCTION 

 

The Payload Telemetry systems of Earth Exploration satellites have mainly been developed in X-

Band (8025-8400 MHz). Lots of upcoming satellites missions still intend to take advantage their 

current existing ground stations, to minimize development and integration costs. They however 
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ask for transmitting more data at higher data rates. To increase the data rates in the limited 375 

MHz of the EESS X-band, more spectrally efficient modulations are needed.  

 

The transmission of high order modulations associated to Square Root Raised Cosine (SRRC) 

shaping (to reduce the emitted signal spectrum) is unfortunately sensitive to the impairments of 

the transmitting chain, and particularly to the distortion of the amplifier. Such transmission 

requires a quasi linear amplification, which is generally obtained at the expense of the power-

added efficiency of the amplifier. Another way consists in the implementation of a linearization 

device in the transmission chain. 

 

The French Space Agency (CNES) has consequently performed R&D studies to define 

memoryless predistortion techniques for satellite payload telemetry with high order modulations. 

The considered modulations are taken from the DVB-S2 standard [1] and the associated CCSDS 

blue book [2]. An easy-to-implement calibration method has been developed with Cabinet 

NOVACOM: it is only based on spectral measurements for deducing AM/AM and AM/PM 

transfer curves. The predistortion method is implemented at two times the symbol rate (Rs) after 

SRRC shaping. These calibration and predistortion methods have first been evaluated by 

simulations. They have then been implemented by Thales Alenia Space on a breadboard model of 

a 16APSK modulator associated to a Solid State Power Amplifier (SSPA). Tests have finally 

been realized in order to validate the performance of these calibration and predistortion methods.  

 

This paper presents the developed predistortion technique. The implementation of the test bench 

is also described. The main test results that have been obtained on the breadboard are finally 

presented. The efficiency of a predistortion at 2Rs after SRRC shaping is also compared with a 

simple predistortion at Rs at the constellation level. 

 

 

1. PREDISTORTION WITH SPECTRAL CALIBRATION 

 

The non-linearity of a memoryless radiofrequency (RF) amplifier is described by its amplitude 

and phase conversion curves, which are represented in Figure 1 for a typical TWTA case. The 

AM/AM conversion curve gives on the one hand the output signal amplitude as a function of the 

input amplitude. On the other hand the phase conversion is given by the AM/PM curve that 

represents the phase output as a function of the input amplitude. An amplifier that would not 

distort the amplified signal would have the following ideal conversion curves: a linear AM/AM 

curve and a constant AM/PM curve, as depicted in Figure 1. The linearization of an amplifier 

aims thus at compensating the non-linear behavior of this amplifier.  
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a.

 

b.

 

Figure 1: Amplitude (a.) and phase (b.) conversion curves of linear and typical amplifiers. 

 

A predistortion linearizer is placed upstream of a non-linear RF power amplifier, which can be a 

traveling wave tube amplifier (TWTA) or a solid state power amplifier (SSPA) as represented in 

Figure 2. It modifies the incoming RF signal by applying a predistortion that is then compensated 

by the power amplifier distortion in order to make the system as linear as possible. The AM/AM 

conversion curve of the predistortion linearizer shall be the inverse of the amplifier’s one, as a 

mathematical function. Its AM/PM conversion curve with regards to its output power shall be the 

opposite of the amplifier AM/PM curve. It shall be noticed that the amplifier linearization cannot 

go beyond the amplifier saturation, because the inverse of its AM/AM conversion curve does not 

exist after this point (at least for TWTA). The linearizer must therefore be completed by a peak 

limiter or a power limiter. 

 

 
Figure 2: Predistortion linearizer. 

 

The use of a predistortion linearizer requires the knowledge of the amplifier’s characteristics (i.e. 

AM/AM and AM/PM curves) that have to be compensated. The linearizer setting requires thus to 

measure the amplifier characteristics. The measurement of the AM/AM curve is not a problem, 

but the AM/PM curve evaluation is more complex. The phase characterization for predistortion 

linearizers is usually performed by measuring directly the phase difference between the input and 

output signals. It is achieved either by using a laboratory device (network analyzer). 

 

Predistortion linearizers are generally adjusted for a dedicated amplifier. It may however be 

adjusted periodically to take into account equipment’s performance drifts due to change of 

environment or ageing. But there is currently no predistortion calibration in orbit. The phase 

measurement remains in fact the main difficulty that excludes the setting of a predistortion 

linearizer on a satellite in orbit. 
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Memoryless predistortion linearizers have been studied by the French Space Agency (CNES) and 

Cabinet NOVACOM to define an easy-to-implement calibration method. This R&D study has led 

to the development of a new predistortion setting method that is only based on power 

measurements [3]. This CNES patented calibration avoids thus any digitization or phase 

synchronization even for the phase characterization. This calibration process does not measure 

directly the signal phase and does therefore not need neither phase nor time references. It only 

requires a spectrum analyzer (and a computer) and is therefore easy to implement.  

 

This CNES patented method involves the injection of specific signals into the power amplifier to 

determine its characteristics from the level of the observed spectral lines at its output. The input 

spectrum must contain a pure line for the measurement of the AM/AM curve and two spectral 

lines for measuring the AM/PM curve as shown in Figure 3.  

 

The signal  is placed at the amplifier input. The parameter m that 

commands the relative level between the two carriers is chosen sufficiently low (typically -20 

dB). The AM/AM and AM/PM conversion curves are obtained after processing by varying the 

value of the parameter p. It is noticeable that these test signals can be produced by the digital 

signal generator of the transmitter. 
 

 
Figure 3: Calibration signal. 

 

By this way it is then possible to invert these AM/AM and AM/PM conversion curves and to 

compensate for these defaults in a predistortion linearizer. It allows the use of a digital pre-

compensation linearizer, which is more flexible than an analog one.  

 

In order to obtain an embedded system with a limited complexity, the predistortion device can be 

calibrated "on-ground" during the AIT phase (Assembly Integration and Test). That calibration 

process is reduced to the generation of tables of coefficients thanks to a calibration loop. These 

tables allow periodical adjustments of the predistortion to take into account equipment’s 

performance drifts due to change of environment or ageing. They can be selected according to the 

value of some observables (Temperature, output level…). Note that as no phase measurement is 

performed, the global calibration can also be performed on a satellite in orbit. Figure 4 illustrates 

a schematic diagram of such a calibration loop performed on a modulating signal.  

 



 5 

 
Figure 4: Calibration loop. 

 

This new identification method has first been evaluated by simulations [3]. The promising results 

have authorized the realization of a test bench so as to validate the global performance on a real 

transmission chain. 

 

 

2. PREDISTORTION TEST BENCH IMPLEMENTATION 

 

Thales Alenia Space has developed for the CNES a transmission test bench that includes a 

breadboard model of a telemetry transmitter offering high order modulations schemes with SRRC 

shaping in EESS X-Band (8025-8400 MHz). This test bench implements also the predistortion 

linearizer and calibration loop developed by CNES and presented previously and a Solid State 

Power Amplifier (SSPA). The considered modulations are taken from the DVB-S2 standard [1] 

and the associated CCSDS blue book [2]. DVB-S2 encoding has however not been implemented 

to ease the development of the breadboard and to focus on the performance of the linearizer.  

 

The global performance of this predistorted DVB-S2 transmission chain are evaluated through 

Error Vector Magnitude (EVM) measurements thanks to a demodulator included in a vector 

signal analyzer. Due to reuse constraints (for cost aspects), very high clock have not been 

achieved and the linearizer could not be implemented at more than two times the symbol rate 

(Rs). The digital predistortion linearizer and all the digital functions of the transmitter have 

indeed been implemented on an existing FPGA that has been reprogrammed for this study.  

 

The main characteristics of the transmission chain that has been developed in this context to test 

the predistortion linearizer performance on high order modulations schemes are the following: 

 

 Modulation = QPSK, 8PSK and 16APSK according to DVB-S2 definition but without 

encoding 

 Symbol rate (Rs) = 84 MBauds (Msymbol/s) 

 Sampling frequency of the digital board = 2 x Rs  
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 SRRC shaping with the folowing adjustable roll-off = 0.25, 0.35 or 0.5 

 Generation of Pseudo Noise (PN) sequences inside the FPGA 

 Modulator input = 2 analog baseband paths in-phase and in quadrature after anti-aliasing 

filtering 

 Linear modulator with high carrier rejection (about 30 dB)  

 SSPA power amplifier of 6 W at saturation for a use between 4 and 6 W 

 

The global architecture of the test bench is similar to the one presented in Figure 4 and is 

illustrated Figure 5. It is constituted by: 

 

 An X-Band transmission chain offering high order modulations schemes:  

o A digital board developped by TAS  

o A linear X-Band MMIC modulator 

o A X-Band SSPA  

 A Computer that is used to control the emitted constellation plots and the injection of the 

predistortion tables in the FPGA 

 A vector signal analyzer : FSW26 from Rhode&Schwartz 

 A frequency synthetizer : Rhode&Schwartz signal generator SMR20 

 Laboratory power supply for powering the RF chain, the MMIC modulator digital board 

 A hot / cold base plate to ensure the temperature control of the RF chain and especially 

the SSPA. 

 

 
Figure 5: Predistortion test bench. 

 

Tests have finally been realized with this test bench in order to characterize the performance of 

the CNES patented calibration and predistortion methods.  
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3. TEST RESULTS 

 

The developed method of predistortion calibration has first been evaluated by characterizing the 

amplifier non-linearity through spectral measurements. The resulting AM/AM and AM/PM 

conversion curves have been compared to the ones obtained classically with a network analyzer. 

Figure 6 gives these results as a function of the SSPA Input Back-Off (IBO) and shows that the 

evaluated conversion curves are well correlated with the real amplifier characteristics. The 

remaining error in phase is less than 1°. This error is due to the spectral measurements method 

and particularly to the power measurements errors that shall be about 0.1 dB to 0.5 dB max. It 

can be noticed that for an SSPA the saturation is more difficult to define than for a TWTA, 

because the saturation is not sharp and the output power does not decrease after the saturation. 

For that reason the saturation has been defined as the 2dB compression point, which is defined as 

the power when the amplifier gain is 2 dB smaller than the linear small signal gain. 

 

  
Figure 6: Amplitude (a.) and phase (b.) conversion curves of the tested amplifier. 

 

The SSPA non-linearity has thus been characterized thanks to a simple spectrum analyzer with 

the CNES patented method. Predistortion tables have then been computed with these data and 

implemented in the transmission chain’s FPGA. Figure 7 presents the output power of the 

linearized transmitter breadboard and compares it to the original one. 

 

 
Figure 7: Impact of the predistortion on the transmitted output power. 
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These measures show that the AM/AM curve is well linearized with the implemented 

predistortion. Error vector magnitude (EVM) performances have finally been measures with the 

signal vector analyzer R&S FSW26 after demodulation. These results are plotted in Figure 8 for a 

DVB-S2 16APSK modulation. 

 

 
Figure 8: EVM performance of the predistortion in 16 APSK. 

 

These tests prove that the implemented predistortion offers an output power increase for a given 

EVM. About 1.4 dB of power is gain with this linearized SSPA for an EVM of 10% with a 

16APSK modulated signal. These EVM results are however not as good as expected for a 

16APSK. This limitation is essentially due to the frequency selective response of the SSPA under 

tests. As the demodulator of the R&S FSW26 offer the possibility to use an equalizer before the 

demodulation of the received tests have also been performed with this configuration. Figure 8 

shows the improvement achieved by this equalizer in terms of EVM. With this equalizer in the 

receiving side EVM of about 3 to 5 % are achieved. A slight improvement in output power is 

obtained too (about 0.2 dB). This equalizer compensates in fact the frequency selectivity of the 

amplifier. 

 

Another method of pre-compensation performed at the symbol rate has also been put in place 

during testing. The constellation plots are replaced before passage through the non-linearity, by 

adjusting the coefficients of the digital board, such that they are properly positioned after 

distortion by the amplifier. This predistortion is illustrated in Figure 9: 

 

 Without predistortion (on the left side), the received constellation is distorted, in phase 

and in amplitude. The EVM is about 16% in this example. 

 With constellation adjustment in the digital board (on the right side), the received 

constellation plots are still well positioned. The EVM is about 12% in the same 

conditions. 
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a. without predistortion 

 

b. with plots replacement 

 

Figure 9: Constellation plots without predistortion (a.) or with plots replacement (b.). 

 

The performance that have been obtained using the predistortion with pre-compensation tables 

computed by a CNES patented method (first presented method) are comparable to those obtained 

with direct replacement of the constellation plots by adequate adjustment of the plots coordinates 

in the digital board (second method). An increase of 1.4 dB in output power was found in both 

cases for an EVM of 10%. 

 

This second method of predistortion could also be combined to the first one. But implementing 

only the constellation adjustment simplifies considerably the design of the transmitter’s digital 

board. 

 

 

CONCLUSION 

 

On-board compensation of the non-linearity is an excellent way of ensuring a good quality of the 

transmitted signal while operating with a limited amplifier Input Back-Off (IBO) to keep high 

power efficiency.  

 

A new calibration method has been developed by CNES that lead to efficient and easy-to-

implement non-linearity predistortion. This predistortion linearizer has been integrated in a 

breadboard of satellite payload telemetry transmitter with high order modulations taken from the 

DVB-S2 standard. Measurements have been realized to assess the overall performance of the 

transmitting chain including the linearizer. The efficiency of a predistortion at 2Rs after SRRC 

shaping has also been compared with a simple predistortion at Rs at the constellation level. 

 

The tested predistortion methods allow to reduce the amplifier back-off and thus to increase the 

power added efficiency for an equivalent signal quality characterized by its Error Vector 

Magnitude. All the developed methods to characterize and compensate the transmission chain 

non-linearity work properly in practice. The non-linearity has been properly identified, even by a 

single spectrum analyzer. About 1.4 dB of output power increase has been achieved for the 

16APSK transmission chain under test by implementing the developed predistortion methods.  
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