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Introduction
In the 3GPP NR ad hoc #1, it was agreed that transmit diversity is supported at least for the long PUCCH format: 
Agreements:
· For further discussion of PUCCH in short-duration, UCI payload of 1 – at least a few tens of bits (or SR) is assumed.
· For further discussion of PUCCH in long-duration, UCI payload of 1 – at least a few hundreds of bits (or SR) is assumed.
· For PUCCH in long-duration, DFT-s-OFDM waveform is supported.
· For PUCCH in long-duration, transmit antenna diversity is supported.
· FFS: PUCCH in short-duration
The candidate transmit diversity solutions were further discussed in 3GPP RAN1#88bis: 
Agreements:
· For DFTsOFDM in long-PUCCH, the following schemes are candidates for transmit diversity:
· Low PAPR Alamouti-based transmit diversity applied in frequency or time domain, transparent transmit diversity (e.g. short delay CDD), time domain beam/precoder cycling or SORTD
· FFS: for which PUCCH format and/or payload size 
· Other schemes with low PAPR are not precluded.
· Companies proposing a certain transmit diversity scheme are encouraged to jointly propose PUCCH structure and the transmit diversity scheme.
In RAN1#89, the following agreements on transmit diversity for PUSCH were reached [1]:
Agreements:
· For UL transmit diversity for CP-OFDM, down-select between the following alternatives
· Alt. 1: transmit diversity is not explicitly supported for PUSCH in Rel. 15
· Alt. 2 non-transparent UL transmit diversity for CP-OFDM (e.g., SFBC, Non-transparent precoder cycling)
· For UL transmit diversity for DFTsOFDM and CP-OFDM, companies are encouraged to provide evaluation results and implementation analysis for the next RAN1 meeting

In this contribution, we discuss our views on transmit diversity for NR PUCCH.
[bookmark: _Ref178064866]Discussion
Frequency hopping is supported for PUCCH formats with durations of at least two OFDM symbols. Given the large number of receive antennas at the gNB and minimum operation bandwidth of 5 MHz, PUCCH formats with frequency hopping are not expected to be diversity deficient. For eMBB applications, UEs are not expected to be equipped with multiple transmitter antennas. Supporting transmit diversity only for a selected subset of UEs does not bring clear benefits to the NR system. Furthermore, even when a UE is equipped with two transmitter chains, it may not be designed to transmit coherently across both antennas, which can be required even for some open loop diversity schemes. Therefore, it is essential that NR PUCCH formats are first and foremost optimized for single UE transmit antenna to ensure proper coverage and efficient system operations.

Observation 1 NR PUCCH formats with frequency hopping are not expected to be diversity deficient. Unless all UEs are equipped with dual transmit antennas, system coverage is limited by those with single transmitters.

Furthermore, NR has built-in procedures and signalling to enable superior and robust beam management, tracking and control. For high end UEs that are more likely to be equipped with multiple transmit antennas, it is expected that good and sufficient CSI is maintained between the UE and the gNB to enable at least multi-antenna transmission solutions that do not require precoder feedback. For instance, antenna/beam selection can achieve better performance than transmit diversity when the knowledge of which UE antenna/beam is experiencing higher gain is available. Note that, for UL/DL on the same frequency, such antenna/beam selection can be done via reciprocity. In short, for high end UEs equipped with multiple transmit antennas, it is unnecessary to resort to transmit diversity since more efficient and higher performing solutions are designed or being designed in NR. This is particularly clear in the high SINR cases when the long or short PUCCH formats are carrying large payloads. 

Proposal 1 Transmit diversity is not introduced for large-payload long/short PUCCH formats in Rel-15.

For URLLC applications, further study and discussion are needed to clarify the minimum hardware capabilities. If it is determined that multiple transmit antennas are to be required for all URLLC UEs, further study on transmit diversity can be considered for enhancing URLLC coverage and robustness. Additional discussion is presented in [2].

Proposal 2 Further study and clarify the minimum transmit antenna requirements for URLLC UEs.

In the following, we provide an analysis on potential transmit diversity schemes for such use cases if it is found justified. Various transmit diversity schemes had been discussed in LTE [3]-[5] as well as in NR [6]-[16]. There are four basic design paradigms:
· Cyclic delay diversity
· Precoder cycling
· Alamouti type
· Spatial orthogonal-resource transmit diversity (SORTD)
Discussion for LTE specifications had revealed that cyclic delay diversity is generally out-performed by the other types of transmit diversity [3]. The inferior performance is also verified in [6].
For PUCCH formats carrying up to 2 bits, the physical structures under discussion are mostly based on (1) selection or (2) modulation of specific orthogonal sequences contained in 12 REs. Furthermore, orthogonal cover codes are further deployed to provide UE multiplexing on the same radio resources. Consequently, precoder cycling cannot be mapped to these small-payload PUCCH formats.
Alamouti type transmit diversity requires two explicit DMRS ports to estimate channel parameters corresponding to the two transmit antenna ports. For the receiver, performance is critically dependent upon accurate cancellation of inter-stream interference. For the purpose of extending URLLC coverage, insufficient channel estimation quality at low SINR causes sub-optimal performance of this type of transmit diversity designs. Furthermore, for URLLC extended range/reliability use cases, DFT-S-OFDM waveform is to be adopted to increase UE power output. Additional work-around solutions are needed to introduce Alamouti type transmit diversity. 
· One low-CM frequency-domain Alamouti type transmit diversity approach is based on manipulation of two half sequences (conjugate and reverse ordering). As discussed in [7] and further shown in [6], this type of designs is sensitivity to channel coefficient variations across REs. As the channel dispersion increases, the performance becomes substantially worse.
· Another time-domain low-CM Alamouti type transmit diversity approach takes the full sequence and performs conjugate and reverse ordering across two DFT-S-OFDM symbols. Performance of this time-domain approach is sensitive to channel coefficient variation across time. As vehicular speed increases, performance of this approach degrades. Further, when the available number of DFT-S-OFDM symbols is not even, further work-around is required via split symbol operations. Such variable processing requirements negatively impact gNB pipelining architecture and add substantial implementation complexity and costs on the gNB without clear benefits to the system.

[bookmark: _Hlk485303693]Observation 2 Alamouti type transmit diversity schemes require accurate cancellation of inter-stream interference. For low SINR application cases, Alamouti type transmit diversity schemes achieve sub-optimal performance.
[bookmark: _Hlk485317346]Observation 3 Performance of low-CM frequency-domain Alamouti type transmit diversity schemes is degraded in dispersive channel. Performance of low-CM time-domain Alamouti type transmit diversity schemes is degraded when the vehicular speed is high. 
[bookmark: _Hlk485318560]Observation 4 Time-domain Alamouti type transmit diversity further requires even number of OFDM symbols or split-symbol operations dependent of the PUCCH durations. Such variable processing requirements negatively impact gNB pipelining architecture and add unnecessary implementation complexity and costs to the gNB.

Proposal 3 Alamouti type transmit diversity is not considered for NR PUCCH.

For long/short PUCCH formats carrying small payloads, the physical structures of the PUCCH signals are designed to allow multiplexing multiple UEs on the same radio resources. This is achieved by creating orthogonal sequences via cyclic shifts of specific sequences or via orthogonal cover codes. The SORTD approach is built directly on top of these orthogonal resources by allocating two such orthogonal resources for the two transmit antennas of a UE. It has been shown to be very effective [4] and was adopted for LTE format 1b with channel selection in Rel-11. Such transmit diversity further allows the gNB to implement parallel/pipelined processing to further reduce latency, which is beneficial for URLCC application cases. Therefore, based on high performance and the potential for low latency processing, SORTD is recommended for PUCCH transmit diversity if it is determined that transmit diversity is needed.

Proposal 4 Based on high performance and potential for low latency processing, SORTD is recommended for PUCCH transmit diversity carrying small payloads.

Conclusion
We discussed different approaches to enhance PUCCH link quality including multi-antenna operations that do not require precoder feedbacks as well as transmit diversity schemes. We made the following observations:
Observation 1 NR PUCCH formats with frequency hopping are not expected to be diversity deficient. Unless all UEs are equipped with dual transmit antennas, system coverage is limited by those with single transmitters.
Observation 2 Alamouti type transmit diversity schemes require accurate cancellation of inter-stream interference. For low SINR application cases, Alamouti type transmit diversity schemes achieve sub-optimal performance.
Observation 3 Performance of low-CM frequency-domain Alamouti type transmit diversity schemes is degraded in dispersive channel. Performance of low-CM time-domain Alamouti type transmit diversity schemes is degraded when the vehicular speed is high. 
Observation 4 Time-domain Alamouti type transmit diversity further requires even number of OFDM symbols or split-symbol operations dependent of the PUCCH durations. Such variable processing requirements negatively impact gNB pipelining architecture and add unnecessary implementation complexity and costs to the gNB.

Based on the analysis, we propose
Proposal 1 Transmit diversity is not introduced for large-payload long/short PUCCH formats in Rel-15.
Proposal 2 Further study and clarify the minimum transmit antenna requirements for URLLC UEs.
Proposal 3 Alamouti type transmit diversity is not considered for NR PUCCH.
Proposal 4 Based on high performance and potential for low latency processing, SORTD is recommended for PUCCH transmit diversity carrying small payloads.

[bookmark: _In-sequence_SDU_delivery]References
[bookmark: _Ref484605489][bookmark: _Ref481764671]Chairman’s Notes, 3GPP TSG RAN WG1 Meeting#89 
[bookmark: _Ref485315080]R1-1711497On PUCCH for Ultra-Reliable Transmission, Ericsson
[bookmark: _Ref485315714]R1-070698 Further Performance Evaluation of Transmit Diversity Schemes for Downlink Control Channel, Nortel
[bookmark: OLE_LINK2][bookmark: _Ref485319911][bookmark: _Ref485316080]R1-112407 Transmit Diversity for PUCCH Format 1b with Channel Selection, Alcatel-Lucent, Alcatel-Lucent Shanghai Bell
[bookmark: _Ref485315355]R1-1708008 Transmit Diversity for Long PUCCH, Samsung
[bookmark: _Ref485317432]R1-1707852 Analysis of transmission scheme 2, MediaTek
R1-1708473 Long-PUCCH for up to 2 bits, NTT DOCOMO, INC
R1-1708147 Transmit diversity scheme for short duration PUCCH, Huawei, HiSilicon
R1-1706956 Transmit diversity for long duration PUCCH, Huawei, HiSilicon
R1-1707804 Transmit diversity for DFTsOFDM-based PUCCH in long duration, Mitsubishi Electric RCE
R1-1707643 Discussion on diversity transmission for long NR-PUCCH, LG Electronics
R1-1707638 Design of 2-symbol NR-PUCCH structure, LG Electronics
R1-1708514 Long PUCCH formats for large payloads, Nokia, Alcatel-Lucent Shanghai Bell
R1-1708510 Short PUCCH format for UCI from a few bits to tens of bits, Nokia, Alcatel-Lucent Shanghai Bell
[bookmark: _Ref485315361]R1-1708351 On transmit diversity for Long PUCCH, InterDigital, Inc.
	4/4	
