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Introduction
It was agreed in RAN1_86bis [1] [2] that: 
· 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.
 
In this contribution, we propose waveform configuration for various UL channels and scenarios. 
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Figure 1. Dynamic waveform configuration for PUSCH
For PUSCH, it is desirable that the waveform can be configured between OFDM and DFT-s-OFDM [6] by the network in different scenarios. For example, when an UE is transmitting at the (close to) peak-power with (close to) zero power headroom, the DFT-s-OFDM waveform is preferable to improve the PA efficiency as well RF emission [3]. When the channel quality is good enough to support multi-layer MIMO transmission, the OFDM waveform has to be used to maximize the spectral efficiency. Therefore, PUSCH waveform selection can adopt to the following basic principle: 
· Link budget limited users transmitting at (or close to) peak power should use DFT-S-OFDM waveforms for better PA efficiency and RF emission.
· Users with enough power headroom, specifically those transmit multi-streams, should use CP-OFDM waveforms for more scheduling flexibility and better spectral efficiency.
Network can make waveform decision either semi-statically or dynamically based on multiple factors, such as rank of transmission, UE power headroom, etc.
Proposal 1. For long-burst PUSCH transmission, OFDM and DFT-s-OFDM waveform should dynamically be configured.
· Multiple parameters including MIMO mode and available power headroom can affect waveform configuration.
· DFT-s-OFDM waveform should be used when UE is transmitting at (or close to) peak power, to improve PA efficiency as well RF emission.
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[bookmark: _Ref465943042]Figure 2. DFT-s-OFDM waveform for PUCCH
Uplink control channels typically has the following characteristics: 
· They have limited payload size and modulated by low MCS. 
· They are typically optimized for reliability and coverage, not for high spectral efficiency. 
· They are transmitted with only rank-1 transmission. 
Therefore, to maximize PA efficiency and simplify design, it is preferable to have a unified DFT-s-OFDM waveform for PUCCH transmission, especially when a UE is transmitting only PUCCH. For design simplicity, this could be extended to cases where PUCCH is simultaneously transmitted with PUSCH.
Figure 2 shows an example of the channelization and resource allocation for PUCCH during the long UL burst [6]. For better frequency diversity, PUCCH can further consist of two parts, and hop across multiple frequencies, similar as the current LTE design.
When PUCCH and PUSCH are transmitted simultaneously by the UE, one option to simplify the overall system design is to still keep a unified single carrier PUCCH waveform, regardless of the selected PUSCH waveform. 
Figure 3 shows an example of the PUCCH and PUSCH multiplexing when OFDM waveform is used for PUSCH [6]. To maximize the frequency diversity, two clusters of contiguous subcarriers on both edges of the PUSCH are allocated for PUCCH. To reduce inter-mod impact, PUCCH is placed adjacent to PUSCH. For each cluster, only DFT-s-OFDM waveform is used for PUCCH. 



[bookmark: _Ref465951021]Figure 3. PUCCH and PUSCH multiplexing with PUSCH OFDM waveform



[bookmark: _Ref466017812][bookmark: _Ref466055127]Figure 4. Options for PUCCH and multiplexing with DFT-s-OFDM PUSCH
Figure 4 (a) shows an example when the DFT-s-OFDM waveform is selected for PUSCH [6]. Compared with Figure 3, only PUSCH waveform is replaced by DFT-s-OFDM and PUCCH is consistently chosen as DFT-s-OFDM.
The only drawback of such a unified PUCCH design is that, as in Figure 4 (a), the single carrier property is no longer preserved. A potential alternative is that, when DFT-S-OFDM is selected for PUSCH, we can piggyback PUCCH into PUSCH by multiplexing PUCCH with PUSCH before DFT spreading, as shown in Figure 4 (b). [6]. This option can preserve the desired low PAPR property of the DFT-s-OFDM waveform for the link budget limited users.
Proposal 2. For PUCCH transmission, a unified DFT-s-OFDM waveform should be considered to simplify the design.
· [bookmark: _Ref465950916]It may also be considered to piggyback PUCCH into PUSCH resource.

Waveform Configuration for UL short burst


[bookmark: _Ref466020713]Figure 5. Waveform Configuration for short UL burst

As discussed in [7]. The short uplink burst can be split into two short symbols where the first short symbol contains RS and the second symbol contains data and control information.
[bookmark: _GoBack]Similar as the long burst, we propose to simply use unified DFT-s-OFDM waveform for PUCCH for both short and long UL burst. Given the fact that link budget challenge is even more critical in the short UL burst due to the reduced transmission time, DFT-s-OFDM waveform should be considered as the default waveform for short UL burst PUCCH as well. 
Further waveform considerations for some specific channels
Although PUSCH waveforms should be configured by the network in general, there are a few special uplink channels that we may simplify to a unified waveform selection. For example, the uplink messages sent through the random access procedure before a UE is configured into the RRC connected states, such as message 3 in the legacy 4-step RACH procedure as shown in Figure 6 and the enhanced message 1 in the 2-step RACH proposal for NR as shown in Figure 7. These uplink messages share a lot of commonality as the uplink control channels:
· They are optimized for coverage and reliability
· They are only transmitted in Rank 1
· They have only limited payload size and uses low MCS
· They are not transmitted simultaneously with other channels.

Therefore, a unified DFT-s-OFDM waveform can be the default waveform for these RACH messages to simplify the overall system design. 
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[bookmark: _Ref466057075]Figure 6. 4-step random access procedure




               
[bookmark: _Ref462929796]Figure 7. 2-step RACH procedure

Proposal 3. Only DFT-s-OFDM waveform should be used for the following messages in the random access procedure:
· MSG3 (PUSCH) in 4 step random access procedure
· eMSG1 (ePRACH) in 2 step random access procedure
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In this contribution, we provide some thoughts on waveform for various UL channels and scenarios. It is obvious that for the power-limited cell edge users, DFT-s-OFDM waveform should be used to maximize PA efficiency and link budget. It is also desirable to use DFT-s-OFDM waveform as a baseline for the scenarios when UE does not have enough channel information to configure its waveform. Based on these thoughts, we propose the followings:
Proposal 1. For PUCCH transmission, only DFT-s-OFDM waveform should be used.
· It may also be considered to piggyback PUCCH into PUSCH resource.

Proposal 2. For long-burst PUSCH transmission, OFDM and DFT-s-OFDM waveform should dynamically be configured.
· Multiple parameters including MIMO mode and available power headroom can affect waveform configuration.
· DFT-s-OFDM waveform should be used when UE is transmitting at (or close to) peak power, to improve PA efficiency as well RF emission.

Proposal 3. Only DFT-s-OFDM waveform should be used for the following messages in the random access procedure:
· MSG3 (PUSCH) in 4 step random access procedure
· eMSG1 (ePRACH) in 2 step random access procedure
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