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1. Introduction

In RAN1#86-bis meeting, the following conclusions were reached on waveforms for NR uplink transmission. 
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.

· Discuss further offline for possible refined evaluation assumptions/methodology for waveform evaluations.
From the agreement, it is clear that UE needs to support both waveforms (WF) in NR UL, i.e., CP-OFDM and DFT-S-FDMA. That implies that at least for PUSCH, both of these WF needs to be supported and network (NW) would decide which one to use. It is not clear though for other channels and signals such as PUCCH and SRS, whether these two WF all need to be supported and how to select these WF, whether follows the selection of PUSCH or has their separate selection criteria. To simplify the design, it is desirable to strive for a common network in the design of UL WF including that for PUCCH and SRS.  In this contribution, the selection of WF for UL control channels are discussed and our views on relevant aspects are presented
2. WF selection between CP-OFDM and DFT-S-FDMA
Both of these WF, namely, CP-OFDM and DFT-S-FDMA were adopted in LTE, where CP-OFDM is used for DL while DFT-S-FDMA is used in UL. Each of these WF has its own pros and cons, which could be summarized in brief as follows

· OFDM WF

· Pros

· Flexible resource allocation in frequency, high frequency selective gain and high frequency efficiency.
· Easy to support MIMO schemes
· Simple frequency equalizers and MIMO decoder at the receiver
· Cons

· Larger PAPR

· DFT-S-FDMA 

· Pros 

· Single carrier waveform with lower PAPR

· Cons 

· Require continuous resource allocation to maintain low PAPR, low frequency selective gain and moderate frequency efficiency
· More complicated advanced MIMO receivers

The pros and cons of each WF could lead to different system and UE peak throughput, and different complexity especially at receivers, as well as transmit power limitation etc. Those are the main reasons for LTE to adopt CP-OFDM in its DL transmission as it could bring higher system and UE peak throughput via flexible resource allocations and MIMO implementation with moderate receiver complexity at the UE, while on the contrary, adopt DFTS-S-FDMA for its UL transmission mainly due to its lower PAPR merits which converts into UE power saving or larger coverage in UL. 
In NR system, many different kinds of applications needs to be supported such as eMBB, URLLC, mMTC etc, where some require to boost the system throughput to a new order of magnitude, while other may require extra reliability and low latency communications.  Coverage and power consumption at UE side may still be considered as an issue, but may not be seen as that critical.  With such views in mind, it is not surprise that CP-OFDM WF is introduced and adopted for NR UL due to its capability of bringing higher throughput. However, quite a large number of companies still feel DFT-S-FDMA WF is needed in UL for good cell coverage to maintain the robustness of NR UL. This is especially true when considering at higher frequency that NR system may operate on, the coverage will be compromised as the consequence of  larger path loss of shorter wavelength. 
With two WF both being adopted in NR UL, the NW needs to decide when to use each WF and inform the UE such decision. In general, the switching decision between these two WF could be based on UL channel quality such as SINR etc. When the UL SINR is low, which implies UE is at cell edge, the NW could decide to switch to DFT-S-FDMA, while if the UL SINR is higher, which implies UE at cell center, the NW could decide to switch to CP-OFDM. The SINR measurement could be based on UL SRS or other signals such as RACH related signals etc.  The switching between these two WF could be signaled to the UE by high level signals such as RRC, but could also be adjusted by some low-level signaling such as physical downlink control information (DCI). 
3. WF selection for UL control channel
UCI (uplink control information) includes A/N, CSI and SR. In LTE, the UCI could be either transmitted in PUCCH or PUSCH channels.  The PUCCH channel has multiple formats as defined in LTE and LTE-A
· PUCCH format 1/1a/1b:  transmit A/N and SR (0-2 bits A/N)
· PUCCH format 2/2a/2b:  transmit A/N and CSI  (0-2 bits A/N)
· PUCCH format 3/4/5:  transmit A/N and/or CSI and SR(if any)
PUCCH channels are transmitted in dedicated resource blocks located at the band edges. When there is a scheduled PUSCH in the same slot as UCI, UCI may be transmitted in PUSCH to avoid the increase of PAPR. In later release of LTE (Rel-10), PUCCH and PUSCH can be transmitted in the same slot for certain type of UEs. In addition to A/N, channel state information (CSI) including RI, PMI and CQI are part of UCI and need to be feedback to the NW. CSI feedback reports could be periodic and aperiodic, where periodic CSI report is conveyed on PUCCH channel, while aperiodic CSI report is carried on PUSCH channel (either shared with data, or sent alone).  With the introduction of carrier aggregation (CA) and more advanced MIMO features, the payload for UCI (either A/N and/or  CSI) become larger and requires more resources to carry. 
In NR, it is expected that the payload of UCI could increase even more providing more advanced MIMO features (high order MIMO, more sophisticated channel characteristics feedback such as channel covariance matrix feedback, analog feedback etc.) and CA (large number of carriers). In addition, some applications in NR such as URLLC demand more quick A/N feedback and more dynamic timing relation between DL PDSCH transmission and its A/N, thus lead to more dynamic payload size change for UCI. All these design aspects suggest that more attentions and considerations are needed in UCI transmission design, and the selection of proper WF is certainly one important factor. 
As mentioned before, two adopted WF, namely, CP-OFDM and DFT-S-FDMA both have its own strength and weakness. CP-OFDM WF can provide in general higher throughput and therefore could carry more payload. On the other side, DFT-S-FDMA could be more strict on resource allocation and frequency mapping in order to maintain lower PAPR, however such restriction turns into advantage for larger cell coverage. As the focus of this contribution is on UL control channel design, not the data channel design, the question of interest that needs to be answered would be how to select WF for UL control channels assuming WF is already determined for the UL data channel. 
To solve this issue, some principles could be explored
· Select WF for UL control channel following that of PUSCH

· Select WF for UL control channel based on functionality such as UCI payload, UL SINR, and features configured such as MIMO and CA etc. 

3.1. WF selection for UL control channel following that of PUSCH

Following this principle, when PUSCH uses CP-OFDM for example, PUCCH would use CP-OFDM as well. That in general makes sense considering that when PUSCH is configured to use CP-OFDM, it means its UL channel is in good condition with relatively higher SINR. That could enable the launch of  many advanced features such as high order MIMO with more sophisticated CSI feedback and maybe CA, which requires more UCI feedback.  On the other side, if DFT-S-FDMA is configured for PUSCH,  meaning the UE could be at cell edge with worse UL channel condition and lower SINR. For such scenario, UE could be configured with single layer, non-MIMO and CA transmission and therefore its UCI payload could also be low. If PUCCH also follows PUSCH to use WF of DFT-S-FDMA,it may be good enough to carry such low payload of UCI.  
Such fixed association would make selection of PUCCH WF more simple and easy to indicate. However, some drawbacks may exist. First, the bundling of WF between PUSCH and PUCCH may limit the flexibility of resource sharing between CP-OFDM based PUCCH and DFT-S-FDMA based PUCCH. Second, exceptions could exist. For example, when a UE is configured with CP-OFDM for its PUSCH, it could benefit from flexible resource allocation, but may not have very rich spatial Eigen-channels due to LOS condition, or it may not have much data to transmit in PUSCH. In that sense, the use of CP-OFDM based control channel may waste some resources to transmit low payload UCI. On the other hand, if PUSCH is configured with DFT-S-FDMA due to relatively worse channel condition at cell edge, simple transmission would be scheduled with lower UCI payload, and the use of DFT-S-FDMA WF shall  be enough for carrying them.  
From the above analysis,  our recommendations on WF selection for PUCCH based on this principle could be summarized  as follows

Proposal

· Study the following principle for WF selection for UCI transmission
· If CP-OFDM is used for PUSCH, select either CP-OFDM and DFT-S-FDMA for UCI transmission
· FFS how to select 
· If DFT-S-FDMA is used for PUSCH, select DFT-S-FDMA as WF for UCI transmission
· FFS how to send the indication
3.2. WF selection for UL control channel based on functionality 
Following this principle, the selection of PUCCH WF could be based on aspects other than the WF for PUSCH. Such aspects could include the UCI payload size, UL SINR and maybe advanced features that are configured. Some examples are as follows, if UCI in a slot including large amount of A/N and CSI feedback, then it is better to use CP-OFDM WF for its transmission due to more efficient multiplexing capability of this WF, while if a UCI in a slot only have few A/N needs to be feedback, it may be more beneficial to use DFT-S-FDMA as WF to carry them. 
To summarize, our recommendations on WF selection for PUCCH based on this principle could be stated as follows
Proposal

· Study the following principle for WF selection for UCI transmission
· If UCI payload size is larger than a threshold A, select CP-OFDM as WF for UCI transmission
· If UCI payload size is smaller than a threshold B, select DFT-S-FDMA as WF for UCI transmission
· FFS values of  A and B
· FFS how to send the indication
The abovementioned two principles actually do not really contradict with each other, but rather share many commonalities.  For example, the following relations hold for most of the time 

· higher SINR -> CP-OFDM for PUSCH -> more advanced features (MIMO and CA) -> larger UCI payload  -> CP-OFDM for UCI
· lower SINR -> DFT-S-FDMA for PUSCH -> simple feature (no MIMO and CA) -> smaller UCI payload  -> DFT-S-FDMA for UCI
It is believed that the 2nd principle is more complete to cover not only the most common cases as coved by the 1st principle but also some exceptions. 
In RAN1 86-bis meeting, the discussion on UL control channel structure was kicked off with some preliminary agreements, one of them is as follows

Agreements:
· At least two ways of transmissions are supported for NR UL control channel

· UL control channel can be transmitted in short duration

· around the last transmitted UL symbol(s) of a slot
· FFS: How to define and treat the potential gap at the end of the slot
· FFS: in the other positions, e.g., the first UL symbol(s) of a slot

· TDMed and/or FDMed with UL data channel within a slot

· UL control channel can be transmitted in long duration

· over multiple UL symbols to improve coverage

· FDMed with UL data channel within a slot

· FFS how to multiplex with SRS

· The frequency resource and hopping, if hopping is used, may not spread over the carrier bandwidth

The agreement states that both short duration (format) and long duration (format) of NR UL control channel are supported, where short format uses one or a few OFDM symbols around the end of a slot to transmit UCI, while long format uses more OFDM symbols in a slot to transmit UCI. The motivations for introducing these two formats are
· Using short format for quick feedback of UCI such as A/N to reduce the turn around time of DL transmission and its A/N feedback. That could be more beneficial for such scenarios like self-contained slot, where DL transmission and its A/N feedback are all in the same slot. 

· Using long format to improve the coverage of UCI. The UCI such as A/N could be repeated or using longer sequences to carry, thus to improve the signal strength and improve its coverage performance. 
From the description of this agreement, it seems that the short format of UCI could use DFT-S-FDMA as WF for two reasons
· It only occupies one or a few OFDM symbols, therefore, it has relative smaller capacity (maybe good for A/N) and may target certain scenarios such as self-contained slot (for low latency). Both cell center and edge UE needs to be dealt with and thus DFT-S-FDMA WF may be more suitable.

·  It does not occupy the whole slot and is therefore hard to schedule it as a slot and enjoy the benefit of CP-OFDM. 
For long format control channel,  even though one of the motivation to introduce it is to improve the coverage, it can also be used for large payload of UCI such as A/N and CSI feedback, as both of these two requirements  require more resources.  For coverage improvement, more repetitions of UCI such as A/N could be implemented, which can be transmitted  in the long format, or maybe in an extended short format (using more than one OFDM symbols in short format). For the case that larger payload of UCI needs to be transmitted, for example, large number of A/N and CSI feedback, the whole slot of resource could be needed. As discussed earlier, for such situation, CP-OFDM WF could be more beneficial for UCI transmission.
Based on above considerations, some clarifications may be needed on the usage of long format: whether it is used for coverage improvement or for carrying large UCI payload. Depending on the usage, different WF could be applied for UCI transmission as stated below
Proposal

· Using DFT-S-FDMA in short format for low payload of UCI
· Using DFT-S-FDMA in extended short format  or in long format for low/medium UCI payload with coverage issue,
· Using CP-OFDM in Long format for large UCI payload
4. Conclusions
In this contribution, some aspects regarding WF selection for NR UL control channel are discussed and our views are presented. 
5. References

[1] Chairman's Notes RAN1-86  bis - final

