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1. Introduction & Background
PAPR reduction is of an essential aspect for CP-OFDM design in many areas, e.g., power amplifier efficiency, coverage extension and so on. RAN1 has many discussions on this issue. From the previous RAN1 conclusions: 

RAN1#86 (August 2016)
Agreement:
· At least up to 40 GHz for eMBB and URLLC services, NR supports CP-OFDM based waveform with Y greater than that of LTE (assuming Y=90% for LTE) for DL and UL, possibly with additional low PAPR/CM technique(s) (e.g., DFT-S-OFDM, etc.) 

· Y (%) = transmission bandwidth configuration / channel bandwidth * 100%

· RAN1 specification will support transmission bandwidth configuration corresponding to Y up to approximately100%

· Some evaluations in RAN1 show that Y for a NR carrier can be up to 98% of the evaluated channel bandwidths for both DL and UL without complexity and latency constraints [R1-166093]

Note: additional pre-processing techniques on top of CP-OFDM are not precluded, e.g., OTFS
Agreements:
· 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

· 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 

Agreement:
· NR uplink should target at least the same link budget (i.e. MCL) as LTE uplink, under the same usage scenarios and similar deployment configurations (e.g., same carrier frequency)

· Details FFS

· Techniques can be evaluated for the uplink scenarios

· E.g., low PAPR/CM techniques (including DFT-s-OFDM) 

RAN1#86bis (October 2016)
Agreement:
· NR Support DFT-S-OFDM based waveform complementary to CP-OFDM waveform, at least for eMBB uplink for up to 40GHz

· FFS additional low PAPR techniques 

· CP-OFDM waveform can be used for a single-stream and multi-stream (i.e. MIMO) transmissions, while DFT-S-OFDM based waveform is limited to a single stream transmissions (targeting for link budget limited cases)

· Network can decide and communicate to the UE which one of CP-OFDM and DFT-S-OFDM based waveforms to use

· Note: both CP-OFDM and DFT-S-OFDM based waveforms are mandatory for UEs

· RAN1 should target for a common framework in designing CP-OFDM and DFT-S-OFDM based waveforms (without compromising CP-OFDM performance/complexity), e.g., control channels, RS, etc.
This contribution discusses different approaches of PAPR reduction in CP-OFDM for NR and focuses on PTS (Partial Transmit Sequence) approach as a distortion-less approach.
2. Various Approaches for PAPR Reduction for OFDM
To avoid driving the PA into saturation, the average power of the signal may be reduced. Therefore, it is preferable to solve the problem of high PAPR by reducing the peak power of the signal. A broadly classified PAPR reduction technique can be classified into three categories [1] [2],

1. Signal distortion techniques, 
2. Multiple signaling and probabilistic techniques and 
3. Coding techniques.
Signal distortion techniques reduce the PAPR by distorting the transmitted OFDM signal before it passes through the power amplifier. Clipping / filtering and peak windowing are most often used approaches. Peak windowing scheme does not employ hard clipping and therefore gives better result as compared to clipping technique. But the distortion still cannot be avoided completely [2].
Multiple signaling and probabilistic techniques generate multiple permutation of the OFDM signal and transmit the one with minimum PAPR or modify the OFDM signal by introducing phase shifts, adding peak reduction carrier or changing constellation points.  Two main streams of this approach are as follows,

· Sequence permutation, e.g., selective mapping (SLM),  partial transmit sequence (PTS) and  interleaved OFDM
· Expanded constellation, e.g., tone injection/ reservation, active constellation extension.
Distorion-less appaorches such as SLM, PTS and interleaved OFDM outpreform signal distortion techniques in performance but require transmission of side information.

For coding techniques, a forward error correction (FEC) code is defined by (n, k), where n is the number of data bits and k represents the number of redundant bits. And the idea is to add redundant bits in a manner that overall PAPR value is minimized. NR adopts LDPC and polar code for data and control channel respectively (further agreement on coding scheme may be achieved for small control/data transmission), therefore LDPC and polar enabled PAPR techniques with reasonable complexity would be of interests. These works are still very active in academic research. 
Combing the aforementioned three techniques to reduce PAPR is not precluded in reality. For example, if residual PAPR is still high after PTS approach, signal distortion approaches, e.g., peak windowing, can be used additionally. But complexity should be kept in an acceptable level.
3. Distorion-less PAPR reduction appaorches
3.1. Basic ideas

As aformentioned, distorion-less appaorches outperform signal distortion techniques due to zero signal-to-noise ratio loss. This section focuses on distorion-less appaorches.
Without loss of generality, PTS (partial transmit sequence) is taken as an example for reducing PAPR for CP-OFDM. The basic idea of PTS is as follows (Figure 1),
(1) The N input modulated symbols X are first divided into V subblocks. The subblocks are non-overlapped to each other and equal sized with length N / V. Hence, 

[image: image1.wmf]å

=

=

V

v

v

X

X

1


Where Xv is the modulated symbols for each subblock, N and V are non-zero positive integers. Without loss of generality, it is assumed that N can be divided by V, otherwise, padding a few symbols could satisfy the condition.
(2) Each symbol in Xv is multiplied by a phase weighting factor bv, and bv is quantitized into K bit (i.e., W phase weights, where W = 2K). And the output signal is as follows,

[image: image2.wmf](

)

(

)

[

]

å

å

å

=

=

=

×

=

÷

÷

ø

ö

ç

ç

è

æ

=

÷

÷

ø

ö

ç

ç

è

æ

=

V

v

v

v

V

v

v

v

V

v

v

v

X

IFFT

b

b

X

IFFT

b

X

IFFT

x

1

1

1


Note that IFFT(∙) denotes the Inverse Fast Fourier Transform, x denotes the output signal. 
Searching optimal phase weighting factors

The phase factor bv is chosen for each subblock such that PAPR of candidate signal is minimized. Usually, the optimal bv can be determined by searching all combinations of W weighting factors. Considering V subblocks and W phase weights, a total number of 
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 bits are needed.
Side information
The optimal phase weighting factors need to be known at the receiver as side information. 
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Figure 1. Signal processing procedure for PTS approach
One advantage of PTS is that the computation complexity of FFT is not increased a lot. Due to the linear characteristic of IFFT operation, the IFFT(Xv) can be pre-calculated independently and parallelly before searching optimal bv. The total number of complex multiplication and addition operation for V subblock IFFT(Xv) would be no large than the total number of that for IFFT(X).
One of the most significant areas of distortion-less approaches is to reduce the computation complexity of choosing best candidate for large block sizes. To solve this complex problem, a lot of work has been done in this field [3]

 REF _Ref473666713 \r \h 
[4]

 REF _Ref473666714 \r \h 
[5]

 REF _Ref473666715 \r \h 
[6].
3.2. PAPR reduction with PTS
In order to know the side information at receiver side, it is worth putting out that an additional mechanism is needed to piggyback the side information. A simple PTS structure with side information piggybacked by UCI is illustrated in Figure 2. Without loss of generality, the UCI is assigned in upper and lower PRBs in order to provide frequency diversity gain. In addition, a simply way of choosing W phase weights is evenly distrbuting phase weights between [0 2π). (Figure 2)
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Figure 2. A simple PTS structure with side information piggybacked by UCI
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Table 1. Results of PAPR reduction of PTS 
Table 1 shows the results of PAPR reduction of PTS. It can be observed that,
Obsevation :

(1) V = 2 can provide sufficent gain over other values, i.e., 3dB.
(2) Increasing W from 2 to 4 does not provide sufficent gain, especially for high load case. Hence, W = 2 is chosen for practical use.

(3) W = V =2 results in 2-bit side information and 4 times choosing best candidate for large block size. This is a good tradeoff between performance gain and computational complexity. (About 3.5-4dB PAPR reduction)
3.3. Necessity of PAPR reduction for CP-OFDM
Uniform waveform for downlink and uplink gives network and UE the ability to implement interference avoidance/cancellation in frequency domain. In such CP-ODFM based scheme, PAPR reduction gives better power amplifier efficiency, hence power boosting of RS/control channel by utilizing redandunt power could be possible. 
3.4. Combined PTS with other PAPR techniques
Combing PTS approach together with other PAPR techniques, e.g. signal distortion techniques, is also possible. For example, by clipping / filtering or peak windowing of the CP-OFDM signals after ‘PTS approach’ signaling processing, PAPR can be further reduced. Investigation of the combination could be further studied.
3.5. Summary
Given the obvious usage scenarios of CP-OFDM in NR, and performance gain with low complexity of PAPR reduction scheme in CP-OFDM, especially, distortion-less approach, e.g., PTS scheme, it is proposed that,

Observation 1: PTS approach gives necessary PAPR reduction gain with relatively low computational complexity.
Observation 2: For one-OFDM symbol transmission, 2 subblocks and 2 phase weights (W = V =2) give 3.5-4dB PAPR reduction.
Proposal 1: NR shall support a distortion-less PAPR reduction approach for uplink CP-OFDM transmission.
Proposal 2: Further study of the distortion-less approaches is needed, e.g., PTS approach. And combined PTS with other PAPR reduction approach is not precluded.
4. Conclusion
Observation 1: PTS approach gives necessary PAPR reduction gain with relatively low computational complexity.
Observation 2: For one-OFDM symbol transmission, 2 subblocks and 2 phase weights (W = V =2) give 3.5-4dB PAPR reduction.
Proposal 1: NR shall support a distortion-less PAPR reduction approach for uplink CP-OFDM transmission.
Proposal 2: Further study of the distortion-less approaches is needed, e.g., PTS approach. And combined PTS with other PAPR reduction approach is not precluded.
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