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1 Introduction

Support for simultaneous PUSCH and PUCCH transmissions was introduced in LTE Rel-10. In RAN1#86, support for simultaneous PUSCH and PUCCH transmissions was also agreed for NR. 

Agreements:
· Physical uplink  control signaling should be able to carry at least hybrid-ARQ acknowledgements, CSI reports (possibly including beamforming information), and scheduling requests

· Support ‘UCI on PUSCH’, i.e. using some of the scheduled resources for UCI in case of simultaneous UCI and data

· Support ‘simultaneous PUSCH and PUCCH at least for the long PUCCH format’, i.e. transmit uplink control on PUCCH resources even in presence of data

· At least a low PAPR/CM design should be supported for the ‘long PUCCH’

· A combination of semi-static configuration and (at least for some types of UCI information) dynamic signaling is used to determine the PUCCH resource both for the ‘long and short PUCCH formats’

· It should be possible to dynamically indicate (at least in combination with RRC) the timing between data reception and hybrid-ARQ acknowledgement transmission as part of the DCI.

This contribution reviews potential benefits for simultaneous PUSCH and PUCCH transmissions and considers realistic deployment aspects. 
2 Aspects of Simultaneous PUSCH and PUCCH
The introduction of simultaneous PUSCH and PUCCH transmissions in LTE was motivated by optimization for PUCCH resource utilization. For example, for PUCCH format 1a/1b (with channel selection in TDD), one (in FDD) or more (in TDD) PUCCH resources are always reserved and transmission of HARQ-ACK in a PUSCH results to additional (small) overhead. For PUCCH format 3, even though ARI and dynamic resource selection are introduced, UCI transmission in the PUSCH can still result in overhead as 4-5 PUCCH Format 3 transmissions can be multiplexed in one PRB pair and there can be leftover resources when a PRB pair is used for PUCCH Format 3 transmission. For PUCCH format 4 or 5, UCI can be multiplexed in the PUSCH practically without any resource utilization penalty. 
Even though simultaneous PUCCH and PUSCH transmissions can offer some (marginal) overhead reduction, this is associated with typically small HARQ-ACK payloads (e.g. use of PUCCH format 1a/1b) where the additional overhead in a PUSCH, where transmission can also benefit from frequency selective scheduling, is small. For that reason, and also due to PAPR/MPR reasons associated with simultaneous PUCCH and PUSCH transmissions, there is no sufficient motivation to deploy this feature and it is not currently implemented in LTE networks (it is also tied to the deployment of clustered PUSCH transmissions). In NR, as explicit PUCCH resource indication is expected to always apply for PUCCH transmissions conveying HARQ-ACK (regardless of whether or not it is complemented by implicit resource indication for small HARQ-ACK payloads and PUCCH formats with high multiplexing capacity), potential overhead benefits from supporting simultaneous PUSCH and PUCCH transmissions will be further reduced compared to LTE. 
Observation 1: Simultaneous PUSCH and PUCCH transmissions offer minimal/no overhead reduction benefits while they increase PAPR/MPR. 

Although overhead reduction is not a particularly meaningful motivation for simultaneous PUSCH and PUCCH transmissions, there are deployments where this feature can be useful. One such deployment is CA among licensed and unlicensed cells where, due to the unpredictable availability and reliability of unlicensed spectrum, it can be beneficial for a UE to transmit HARQ-ACK on a PUCCH in a licensed PCell even when the UE has scheduled PUSCH transmissions in an unlicensed SCell (even when the UE is capable of transmitting the PUSCH). Another such deployment is CA between cells operating in different bands with low carrier frequency and high carrier frequency, such as a cellular band and an mmWave band, where it can be beneficial for a UE to transmit HARQ-ACK on a PUCCH in a PCell in a cellular band even when the UE has scheduled PUSCH transmissions in a SCell in a mmWave band. It is noted that such deployments involve CA (are not single cell ones).  

Observation 2: Simultaneous PUSCH and PUCCH transmissions can be beneficial in CA deployments when they occur in different cells. 

For single cell deployments, MPR is an issue for simultaneous PUSCH and PUCCH transmissions, particularly since PUCCH transmission is over a few RBs that may be located towards the BW edges and this leads to increased MPR when PUSCH is simultaneously transmitted. To reduce MPR (although it still depends on the relative PUCCH/PUSCH PSD difference), there have been proposals, e.g. [1], to place PUCCH RBs next to PUSCH RBs (the ‘top’ and ‘bottom’ RBs are assumed to be selected if the PUSCH transmission is over multiple clusters). However, there are several problems with such an approach. First, resource overhead reduction, that is the only (marginal) motivation for supporting simultaneous PUSCH and PUCCH transmission in a same cell, no longer exists. In fact, resource overhead increases if the PUCCH format used is one that can support UE multiplexing in a RB, because two or more RBs are required to transmit a PUCCH from a single UE. Placing PUCCH PRBs next to PUSCH RBs was also discussed in Rel-13 eCA (e.g. [2]) and such structure was not adopted as no benefit could be identified over UCI multiplexing in the PUSCH while resource overhead could increase, PAPR/MPR increases, and additional specification/implementation is required.   

Second, PUCCH and PUSCH have different power control loops and a difference in respective PSDs can be large. As the PUCCH transmission is in one RB (or a few RBs for large payloads), a PSD can be large (also, similar to LTE, the PUCCH transmission power in NR is likely to always have full path-loss compensation) while as the PUCCH transmission can be in many RBs, the PSD can be low. It is unlikely that a UE can support simultaneous transmissions on a same cell with large PSD differences, e.g. above 3 dB. The PSD differences also make potential placement of PUCCH RBs within PUSCH RBs even more problematic than the transmissions structures in [1, 2] where the PUCCH RBs are different than PUSCH RBs over all transmission symbols. 
Third, the PUCCH waveform can be different than the PUSCH waveform (the numerology can be assumed to be same but this also may not be possible to always guarantee). DFT-S-OFDM is supported for (long) PUCCH transmissions and, in order to avoid duplication of functionalities and testing at a UE transmitter and a gNB receiver, there is no apparent reason to also support long PUCCH with CP-OFDM waveform. However, CP-OFDM is the likely waveform for PUSCH transmissions particularly when multiple layers are used. It is unclear whether a single RF can support simultaneous transmissions of different waveforms having different requirements.     
Observation 3: Placing PUCCH PRBs next to or within PUSCH PRBs for simultaneous transmissions is inferior to multiplexing UCI in the PUSCH. 

Observation 4: Support for simultaneous PUCCH and PUSCH transmissions on a same cell needs to consider maximum supportable PSD difference. 

Simultaneous PUSCH and PUCCH transmissions from a same UE and on a same cell may also partially overlap in time. For example, a PUSCH transmission can start earlier or end later than a PUCCH transmission. For multi-slot PUSCH transmissions, a PUSCH transmission can start earlier than a PUCCH transmission. For PUSCH transmissions over a few symbols, a PUSCH transmission can start later than a PUCCH transmission. In general, when a UE has an ongoing transmission and needs to start another transmission, power limitation and MPR considerations apply and can lead to power variations across symbols of a same transmission. 
One approach is to ignore, from the specifications perspective, partial time-domain overlapping of PUCCH and PUSCH transmissions on a cell. It can be up to the scheduler to avoid such simultaneous transmissions and to handle associated power variations. 
Another approach is to specify that the UE drops one of the two transmissions, at least during the overlapped part. For example, a transmission configured by DCI can override a transmission configured by higher layers. When both transmissions are configured by DCI, the later transmission can override the earlier transmission. This can be problematic when OCC is used for the earlier transmission (e.g. long PUCCH format for 1-2 HARQ-ACK/SR bits) as interference to other UEs can be created since orthogonal UE multiplexing is compromised. However, this is under the control of the scheduler (except for latency-critical data that needs to be transmitted prior to the completion of the long PUCCH transmission).
In general, power control mechanisms when there is full overlapping and when there is no overlapping can be applicable when there is partial overlapping of PUSCH and PUCCH transmissions. If simultaneous PUSCH and PUCCH transmissions are not supported, the UE can drop or puncture one transmission by prioritizing DCI configuration over higher layer configuration or by prioritizing the later configuration by DCI over the earlier configuration by DCI (in either case, there is no apparent reason for the scheduler to configure a later transmission by DCI if the UE is to drop that transmission and therefore the later scheduler decisions can be prioritized – and there is also no reason for additional conditions/specifications against false CRC checks). Further, it is simpler to drop, rather than puncture, the deprioritized transmission as partial overlapping is not expected to frequently occur and as material benefits from puncturing (when applicable) are unlikely and may not justify additional implementation complexity.    
Observation 5: When a UE is configured to support simultaneous PUSCH and PUCCH transmissions on a same cell, power control mechanisms for no overlapping and for full overlapping can apply for partial overlapping in the time domain. 

Observation 6: When a UE is not configured to support simultaneous PUSCH and PUCCH transmissions on a same cell and such transmissions overlap in time, the UE can drop one transmission by prioritizing DCI configuration over higher layer configuration or by prioritizing the later configuration by DCI over the earlier configuration by DCI.
3 Conclusions

This contribution considered aspects related to simultaneous PUCCH and PUSCH transmissions. In particular, the following are observed. 
Observation 1: Simultaneous PUSCH and PUCCH transmissions offer minimal overhead reduction benefits while they increase PAPR/MPR. 

Observation 2: Simultaneous PUSCH and PUCCH transmissions can be beneficial in CA deployments. 

Observation 3: Placing PUCCH PRBs next to or within PUSCH PRBs for simultaneous transmissions is inferior to multiplexing UCI in the PUSCH. 

Observation 4: Support for simultaneous PUCCH and PUSCH transmissions on a same cell needs to consider maximum supportable PSD difference. 

Observation 5: When a UE is configured to support simultaneous PUSCH and PUCCH transmissions on a same cell, power control mechanisms for no overlapping and for full overlapping can apply for partial overlapping in the time domain. 

Observation 6: When a UE is not configured to support simultaneous PUSCH and PUCCH transmissions on a same cell and such transmissions overlap in time, the UE can drop/puncture one transmission by prioritizing DCI configuration over higher layer configuration or by prioritizing the later configuration by DCI over the earlier configuration by DCI.
References:

[1] R1-1705612, “Channel multiplexing for long PUCCH”, Qualcomm
[2] R1-152570, “UCI feedback on PUSCH for up to 32 CCs”, CATT
PAGE  
3

