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Introduction
In RAN1 meeting # 86, it is agreed that [1] (based on R1-168442):
· At least up to 40 GHz for eMBB and URLLC services, 
· CP-OFDM without specified low-PAPR/CM technique(s) is recommended to be supported for uplink
· For data transmission, additional low-PAPR/CM technique(s) is only considered for uplink from RAN1 specification perspective
· Additional low-PAPR/CM technique(s) for special downlink signals such as sync signals is FFS
· [bookmark: _GoBack]Additional low-PAPR/CM technique(s) for other uplink signals/channels is FFS
· Additional low PAPR/CM technique(s), if specified, and CP-OFDM without specified low-PAPR/CM technique(s) for uplink are considered as complementary to each other 
Besides DFT-s-OFDM, there are a number of PAPR reduction techniques which can be also applied on top of CP-OFDM. In this contribution, a general overview of PAPR reduction methods for CP-OFDM is provided, along with a detailed design example of companding method. 
[bookmark: _Ref129681832]Discussion
Overview of PAPR reduction methods
Plenty of PAPR reduction techniques are developed to overcome the large power back-off problem of multicarrier signals. In general, PAPR reduction methods can be divided into three categories:
· Signal distortion techniques which mainly include the clipping and filtering, companding, peak windowing, and peak cancellation.
· Multiple signaling and probabilistic techniques which mainly include the selective mapping, partial transmit sequence, interleaved OFDM, tone injection, tone reservation, active constellation shaping, and constraint constellation shaping.
· Coding techniques with PAPR enhancement, e.g., Modified Turbo/LDPC coding which could generate/select codewords with low PAPR. Although having the benefit of no distortion, multiple signaling and probabilistic techniques and coding techniques may result in several practical problems such as high complexity, non-transparency between transmitter and receiver, and additional transmission bandwidth. 
Therefore, low complexity transparent signal distortion techniques are more preferable in practical system. Specifically, clipping and filtering, companding, and peak cancellation are elaborated in the following section.
Transparent PAPR reduction methods
Clipping and filtering (CAF)
Signal clipping can be given by:




where  is the OFDM time domain signal,  is the clipping threshold and  returns the angle of the input complex number.
Because the clipping results in spectral emission degradation, a post-filtering is required after clipping. However, the filtering often causes peak regrowth. Therefore, iterative clipping and filtering may be used in practice for better performance.
Companding
Compared with clipping, companding technique reduces the PAPR in a soft way. There are several companding functions proposed in literatures. In this contribution, a nonlinear piecewise companding function is provided as an example, which can be written as:





where the threshold . With  and , the companding function  is exemplified in Figure 1.
[image: ]
[bookmark: _Ref461980931]Figure 1 Piecewise companding function
The companded signal is given by:



The companding also leads to spectral emission degradation, although less severe than clipping. Therefore, iterative companding and filtering should be performed to fulfill out-of-band emission requirement.
Peak cancellation (PC)

For peak cancellation, a cancellation pulse is generated based on the signal frequency band. There are various methods to design cancellation pulse, here we take a sinc pulse as example. The sinc pulse can be written as:




where  is a constant to ensure , and



where  is the OFDM frequency domain signal before N-points IFFT.
Various peak detection algorithms can be used in practical systemA simple method to identify the peak can be expressed as:


where  is the time domain signal of OFDM symbols. That is, a peak point is a local maximum and larger than the threshold .


With the set of the peak point indexes denoted by , where  is the number of identified peak points, the cancellation signal can be written as:


Then, the peak cancelled signal is:


Similar to clipping and companding, iterative peak cancellation could be adopted to combat peak regrowth.
PAPR comparison 
As an example, a simple comparison among the three PAPR reduction methods is presented in this subsection. The parameters for the three PAPR reduction techniques are listed in Table I. All the three PAPR reduction methods are performed at a 4 times up-sampling rate. In this contribution, we use the ratio between instantaneous power and mean power as the metrics for PAPR. The CCDF curves are shown in Figure 2.
[bookmark: _Ref461983981]Table I Parameters for the PAPR reduction techniques
	
	Ath
	k1
	k2
	Iterations

	CAF
	1.7783
	-
	-
	4

	Companding
	1.7783
	1.1855
	0.5928
	2

	PC
	1.7783
	-
	-
	4



[image: ]
[bookmark: _Ref461983886]Figure 2 PAPR performance evaluation
As shown in Figure 2, three PAPR reduction methods can reduce the PAPR significantly, and have similar performance.
Observation: By applying transparent PAPR reduction techniques, the PAPR of OFDM data signal can be significantly reduced and comparable with DFT-s-OFDM.
Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, we discuss the PAPR reduction techniques and compare the PAPR performance of three widely used techniques: clipping and filtering, companding and peak cancellation.
Observation: By applying transparent PAPR reduction techniques, the PAPR of OFDM data signal can be significantly reduced and comparable with DFT-s-OFDM. 
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