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PAPR (peak-to-average power ratio) is a very important metric when it comes to operate as efficiently as possible a transmission equipment. When the signal PAPR is high, in order to limit signal distortions and prevent spectral growth, the satellite transmit power amplifier must be operated in its linear region (i.e. with a large input back-off), where the power conversion is inefficient. There is a technical trade-off between the output signal quality / out-of-band radiation and the payload power efficiency. 
This contribution aims to illustrate the PAPR challenges/requirements to be overcome in satellite payload designs in particular when CP-OFDM signals are considered.


1 Satellite payload design
Satellite using active antenna

On one hand, the satellite industry has significantly turned towards active antenna usage especially for massive LEO constellations.
Traditionally, Dielectric Resonator Antennas (DRA) composed of several tens of radiant elements are considered. With these types of antenna design, tens of beams can be generated simultaneously by the satellite. Each radiant element is responsible for the amplification of the sum of the uncorrelated signals to be sent in each beam. An example of architecture is illustrated on Figure 1.
In these conditions, the input signal PAPR before amplification will be high regardless the waveform characteristics (e.g. OFDM or TDMA). This is simply explained by the summing of the numerous uncorrelated signals sharing the same frequency band. As a consequence, the PAPR challenges/requirements that need to be overcome for future satellite payload designs using active antenna are not waveform-specific. However, “transparent” PAPR reduction methods (e.g. clipping and filtering, companding, …) may be used.
The PAPR challenges/requirements to be overcome for satellite payload designs based on active antenna are not waveform-specific.
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[bookmark: _Ref30000938]Figure 1 : Active antenna architecture with beamforming capabilities
Very High Throughput Satellite

On the other hand, the satellite industry has also shifted towards very capacitive GEO satellite. 
VHTS payloads are composed of several tens of Traveling-Wave Tube Amplifier (TWTA). A TWTA amplifies several gigahertzes of band (typically 2.9 GHz in Ka-Band but it can be less). Typically, the satellite operator will plan several TDM carriers on this frequency band that will be redirected on several satellite beams (e.g. 4 beams). Each carrier will occupy its own sub-band. An illustration of such configuration is given on Figure 2.
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[bookmark: _Ref30001740]Figure 2 : Example of VHTS amplification architecture
If we make the reasonable assumption that 200 MBds DVB-S2X carriers are used, then it means that at least 5 to 10 carriers will be simultaneously amplified by the same equipment. As a consequence, the input signal PAPR will increase significantly w.r.t to the case where a single DVB-S2X carrier is considered as it is illustrated on Figure 3 and Figure 5.
In VHTS payload, it is common to have several carriers amplified simultaneously by the same amplifier.


2 PAPR comparisons

In this section, the PAPR CCDF have been evaluated by considering all the I/Q samples composing the input signal.
[bookmark: _Ref31291739]PAPR requirement for DVB waveforms
The following figure shows the CCDF of the required PAPR for single DVB-S2X carrier signals assuming various modulation schemes. 
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[bookmark: _Ref30000981]Figure 3 : PAPR required for 1 (A)PSK carrier
The following figure shows the CCDF of the required PAPR for signals composed of 10 DVB-S2X carriers assuming various modulation schemes.
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Figure 4: PAPR required for 5 (A)PSK carriers
The PAPR increases drastically compared to mono-carrier scenario :
· PAPR < 5.5-6.5 dB for 99.9% of the time for the single carrier scenario depending on the modulation order 
· PAPR < 7.5-8 dB for 99.9% of the time with 5 carriers. 
Moreover, we can notice that in the 5-carriers scenario the modulation order has a marginal impact on the PAPR level.
The following figure shows the CCDF of the required PAPR for signals composed of 10 DVB-S2X carriers assuming various modulation schemes.
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[bookmark: _Ref30000992]Figure 5 : PAPR required for 10 (A)PSK carriers
The PAPR increases very slightly w.r.t the 5-carriers scenario. The modulation order has almost no impact on PAPR.
PAPR requirement for CP-OFDM

The following figure extracted from [1] shows the CCDF of the required PAPR for CP-OFDM waveform. 

It also shows that PAPR reduction method based on clipping and filtering (CAF) [2] can be used with aggressive clipping threshold to reduce drastically the PAPR requirement below 4 dB. In this condition, the PAPR requirements are even more relaxed than in the single carrier scenario.
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[bookmark: _Ref31119774]Figure 6 : PAPR statistics of the IQ samples generated for a 1 PRB QPSK modulated signal. [1]
We can see that classic CP-OFDM is largely above DVB waveform in terms of PAPR requirement when a single carrier per amplifier is considered. However, for the scenarios where multiple carriers are amplified by the same equipment then the PAPR requirements are almost the same  : 
· PAPR < 5.5-6.5 dB for 99.9% of the time assuming a single DVB carrier 
· PAPR < 8-8.5 dB for 99.9% of the time assuming 5 or 10 DVB carriers 
· PAPR < 8 dB  for 99.9% of the case of classical CP-OFDM.

The PAPR requirements of OFDM signals are comparable to the PAPR requirements met with signals composed of several DVB-S2X carriers.

However, it is noticeable that the transparent PAPR reduction/compression methods (e.g. CAF) can significantly reduce the PAPR requirement of OFDM signals and make it comparable to PAPR requirement of signals composed of single DVB-S2X carrier: Of course, such PAPR reduction techniques can be implemented at the cost of performance reductions [1].  The performance degradation in terms of BLER may become significant [1] as illustrated on Figure 7. There is a clear dependency between the coding rate and sensitivity towards clipping. The modulation order has also a strong impact on sensitivity towards clipping even though not represented here.
[image: ]
[bookmark: _Ref31119978]Figure 7 : Impact on 1 PRB BLER performance from clipping [1]
PAPR reduction methods as clipping and filtering can drastically reduce the PAPR requirements of OFDM data signals and make it comparable to the PAPR requirements met with signals composed of single DVB-S2X carrier. However, the resulting performance degradation may become significant depending on the code rate and modulation order.

Distortion techniques and probabilistic techniques for compressing PAPR have also been evaluated in [3], including clipping and filtering (CAF) [2], companding [4] and partial transmit sequences (PTS) usage [5].  The performance cost of each technique has been evaluated and compared for specific configuration.
Furthermore, it is worth noting that the PAPR CCDF displayed in [3] are based on an evaluation method different than the one used in this paper. Indeed, the PAPR CCDF is no more evaluated by taking into account all the IQ samples of the input signal ; It is evaluated by only considering the samples characterized by the max instantaneous power peak in each OFDM symbol of the input signal. This definition is quite standard when studying OFDM. However, the CCDF obtained using this method cannot be directly compared to the ones presented in Section 2.1
The evaluation method of PAPR CCDF can diverge depending on the nature of the signals of interest.

Finally, the techniques used for achieving the transmitter requirements in terms of unwanted emissions and optimizing power efficiency are not specified or mandated in NR specifications. In particular, the linearization schemes are not specified. However, there is no doubt that proprietary techniques shall be used to support an efficient handling of the NR PAPR requirements.
The techniques used for achieving the transmitter requirements in terms of unwanted emissions and optimizing the system power efficiency are not specified or mandated in NR specifications.


Conclusion

In this paper, the following observations have been made:
1. The PAPR challenges/requirements to be overcome for satellite payload designs based on active antenna are not waveform-specific.
In VHTS payload, it is very common to have several uncorrelated carriers amplified by the same amplifier.
The PAPR requirements of OFDM signals are comparable to the PAPR requirements met with signals composed of several DVB-S2X carriers.
PAPR reduction methods as clipping and filtering can drastically reduce the PAPR requirements of OFDM data signals and make it comparable to the PAPR requirements met with signals composed of single DVB-S2X carrier. However, the resulting performance degradation may become significant depending on the code rate and modulation order.
The evaluation method of PAPR CCDF can diverge depending on the nature of the signals of interest.
The techniques used for achieving the transmitter requirements in terms of unwanted emissions and optimizing the system power efficiency are not specified or mandated in NR specifications.
As a conclusion, 
1) the OFDM/NR PAPR requirement on DL transmission matches the PAPR requirements already met in state-of-the-art satellite payloads (Observation 1, 2 and 3). 
2) PAPR compression techniques shall be used to overcome these challenges. However, their definition are outside 3GPP specification scope. (Observation 4 and 6)
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