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Introduction
The following agreements are reached in RAN1#86 with respect to waveform selection:
· 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 
· 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) 

In this contribution we addresses issues related to waveform selection for eMBB and URLLC. For frequency bands below 40 GHz, there is a need to design a waveform with low PAPR so that coverage performance is maximized. 
Uplink: At cell edge, the user SNR is typically below 0 dB. For this operational scenario, the user is expected to use low order modulation such as BPSK with low rate code.  In this contribution, we show that it is possible to design a signal with nearly constant envelope that allows the PA to operate near saturation. Compared to OFDM which requires approximately 12 dB back-off, the constant envelope signal provides approximately 12 dB power gain over OFDM at the cell edge. When the user is close to the base station, the user switches to use higher order modulation without sacrificing rate. 
Downlink: For mmwave links, for frequency bands below 40 GHz, it is important to design synchronization channel that offers maximum coverage. We propose that a waveform with low PAPR (for e.g. a constant envelope waveform) be used for both synchronization and broadcast channels. Whether low PAPR waveform is required for shared channel transmission to cell edge users is for further study.
LTE uses a low PAPR SC-FDMA waveform in the uplink for coverage reason. It has been suggested that SC-FDMA poses some restrictions for uplink scheduling due to the requirement posed by contiguous band allocation.  It is important to note that multi-user scheduling operation in mmwave systems is different from the case of existing LTE systems. Mmwave systems rely on beam steering for maximizing coverage. In this type of system, where user scheduling uses beam selection/steering, the contiguous frequency allocation requirement of SC-FDMA is not a significant concern. It is more important to choose a waveform that offers maximum PA efficiency and highest possible coverage. Furthermore, introduction of a constant envelope waveform for frequency bands below 6 GHz is also a useful feature that increases coverage.
Based on the above arguments, and as per the agreements reached in RAN1#86, we show that there is a clear need for a low PAPR waveform for NR uplink and also for certain downlink channels (synch etc). In this contribution, we present a constant envelope waveform design that satisfies agreements reached in RAN1#86.

Low PAPR Waveform Design
In R1-163160, we introduced a Generalized Precoded OFDM (GPO) waveform that offers low PAPR.  This technique can be viewed as a generalization of DFT-recoded-OFDM (aka SC-FDMA) with frequency domain pulse shaping. Reduction in PAPR is achieved by using a combination of pi/2-BPSK modulation and a frequency domain pulse shaping filter (FDPSF) that is obtained using a linearized Gaussian pulse. The FDPSF causes both inter-symbol-interference (ISI) and inter-user-interference (IUI). A widely linear (WL) equalizer that filters the signal and its complex-conjugate is used to suppress the ISI. The proposed GPO waveform has two operational modes. 
a) GPO with excess BW: The first mode employs a FDPSF that occupies certain excess bandwidth (BW). However, users are multiplexed with say M-subcarrier spacing (M-being the number of occupies subcarriers for each user) so that excess BW does not cause a loss in bandwidth efficiency.  Excess BW causes mutual interference between users that are frequency multiplexed in adjacent resources. The amount of IUI caused by the FDPSF is low enough not to cause significant reduction in bit error rate (BER).  Linearized GMSK pulse that is oversampled with an oversampling factor “os” provides a FDPSF an excess BW of “os times M” that is “os” times the number of occupied subcarriers. Using BT=infinity, and os=3, we obtain an MSK-like signal with near constant envelope and smooth phase trajectories. The PAPR for this case is less than 0.2 dB. Using BT=0.3 and os=2, the PAPR is typically less than 0.9 dB. 
b) 
GPO without excess BW:  With os=1, the FDPSF does not use excess BW. Therefore, this mode leads to frequency orthogonal user multiplexing. In this case, we obtain a waveform whose PAPR is less than 2.1 dB. Note that the FDPSF that is obtained using an oversampling rate of os=1 (symbol rate sampling of linearized GMSK pulse) causes ISI that is mitigated using a WL equalizer. Specifically, The following preocder/filter polynomials  can be used to reduce the PAPR:


 for BT=infinity

 for BT=0.3

Truncating the second precoder and scaling the power to unity, we get: .  


BPSK data
BPSK data 
Pi/2 Constellation rotation
DFT spreading
 IFFT
CP/Windowing
Frequency domain filter








GPO: Frequency domain filtering



[bookmark: _Toc429557878]In this contribution, we evaluate the waveform for single numerology case with 15 KHz subcarrier spacing.  With address the following aspects:
a. We compare the performance of GPO and OFDM when the signals are passed through a power amplier that is modeled as a signal limiter.  We obtain the power spectral density (psd) of proposed waveforms with and without windowing
b. The BER performance of GPO is simulated using Veh-A channel model for single transmit and single receiver antenna (SISO) configuration. We compare the BER performance of GPO with pi/2 BPSK SC-FDMA (DFT-precoded-OFDM) scheme.


PSD Results 

In Figures 1-4, we show the psd results with PA model for GPO and OFDM cases. The backoff (in dB) applied for each case is indicated in the legends. The psd is measured over 1000 OFDM symbol realizations for M=48 subcarriers with 15 KHz subcarrier spacing. The sprectum measured at PA output is normalzied to to have unit power in all cases. We remark here that that the psd shows significant out of band distortion when the backoff is less than the amount shown in the legend. It can be seen that os=3 requires 0.2 dB backoff, os=2 requires 0.9 dB backoff and os=1 needs 2.1 dB backoff. For the case of OFDM, a backoff of 12 dB is required to obtain psd without significant distortion. 

BER Results 


In Fig 5, the BER results are given for SISO case for Veh-A channel model. We assume uplink with 5 users each employing M=48 subcarriers (users are frequency multiplexed in the given band). The considered scenario includes the effects of ISI and IUI introduced by the FDPSF. The WL equalizer is able to mitigate the ISI. Compared to conventional SC-FDMA with pi/2 BPSK modulation, the loss caused by the ISI and IUI due to FDPSF is less than 0.25 dB for GPO with os=1 and 0.2 dB for GPO with os=2.

The results show that GPO class of waveforms can be used for cell edge users for uplink transmission to increase coverage. Users located close to the BS may use conventional SC-FDMA with QPSK or QAM modulation. The switching between GPO operation and conventional SC-FDMA requires enabling a FDPSF. 

Observations and Recommendations

Recommendation-1: DFT precoded OFDM with frequency domain shaping may be used for NR operation for frequency bands below 40 GHz for uplink
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Figure 1: PSD, M=48, No windowing 



Figure 2: PSD, M=48, Windowing overhead=12.5% 
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Figure 3: PSD, M=48, Windowing overhead=6.2% 
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Figure 4: PSD, M=48, Windowing overhead=3.12% 
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Figure 5: BER in Veh-A channel, SISO
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