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1 Introduction
During RAN1#87 meeting, RAN1 made the following agreements for NR physical uplink control channel (PUCCH) in short duration [1]: 
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

· 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.
· In order to support TDM of short PUCCH from different UEs in the same slot, a mechanism to tell the UE in which symbol(s) in a slot to transmit the short PUCCH on is supported at least above 6 GHz (exact mechanism FFS)
· Support FDM of ‘short UCI’ and data, both within a UE and between UEs at least for the case where the PRBs for short UCI and data are non-overlapping
· FFS: PUSCH in the short UL duration can be scheduled independently
In this document, we discuss various aspects of short PUCCH design such as how to multiplex UL data with short PUCCH, channel structure and resource allocation, and how to provide time budget for UE/gNB processing time in low-latency (or self-contained) operation.
2 Multiplexing of UL data and short PUCCH
As discussed in [2], mixed low-latency and normal traffics of a UE and flexible timing relationship between DL data reception and corresponding acknowledgement (or between UL scheduling grant reception and corresponding UL data transmission) are expected to cause the UE to perform uncoordinated (e.g. different overlap in time, different waveforms) concurrent transmission of UCI and UL data within a slot. Figure 1 illustrates an example that long UL data and short PUCCH for the UE are scheduled in a slot of an FDD system. Depending on UE hardware capability and/or resource allocation, UE may transmit both short PUCCH and long UL data simultaneously, or may puncture UL data transmission in the short UL control region to transmit short PUCCH.
It should be noted that PUCCH or UL data in short-duration would still be useful for a slot having long UL-part in TDD or an FDD system, as short transmission time can  save UE power consumption. In Figure 1, UL data in long duration spans until the end of the slot. This allows efficient resource utilization with low DCI signaling overhead. Potential resource overlapping of short PUCCH with long UL data (in particular between UEs) can be avoided via flexible scheduling of short PUCCH. A gNB receiver that can handle the interference can support overlap of long UL data and short PUCCH. 
Proposal 1: It should be possible to support short PUCCH or UL data in short-duration in a slot having long UL-duration.
Proposal 2: UL data in long UL-duration can span until the end of the slot.
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Figure 1 Example that long UL data and short PUCCH are scheduled in a slot for paired spectrum  
3 Channel structure and resource allocation for short PUCCH

Considering potential simultaneous transmission of long UL data and short PUCCH by a given UE, it is desired that short PUCCH employs the same subcarrier spacing as long UL data. OFDM waveform and frequency division multiplexing (FDM) of UCI and DM RS are suitable for supporting short PUCCH of 1 symbol.
Short PUCCH resource can be determined based on a selected sub-band group and selected RBGs within the selected sub-band group. The sub-band group consists of one or more sub-bands evenly distributed over a system bandwidth (BW) or UE’s operating bandwidth. Each sub-band consists of one or more resource block groups (RBGs), and each RBG consists of one or more contiguous resource blocks (RBs), e.g. 3 RBs. RBG-level resource aggregation can be considered for improved channel and interference estimation and for reduced signalling overhead. gNB may semi-statically configure a UE with a UE-specific sub-band group, and may dynamically indicate allocated RBGs within the configured UE-specific sub-band group. Further scheduling flexibility can be achieved by dynamically signalling both the sub-band group and allocated RBGs within the sub-band group. This RA scheme can support both frequency-selective and frequency diversity scheduling, and can accommodate wideband short PUCCH transmission which is required for unlicensed band operation.   
Figure 2 illustrates an example of sub-band groups and frequency hopping of the sub-band groups over slots. For example, the system transmission bandwidth is 100 RB, and edge 2 RBs of each side of transmission band are reserved for long PUCCH or for UL data. Each sub-band consists of 2 RBGs, and each RBG consists of 3 RBs. 16 sub-bands exist in the system, and 4 sub-band groups, i.e. 4 sub-bands (or 8 RBGs) per sub-band group, can be defined. For dynamic signaling of short PUCCH resource allocation, 2 bits can be used for selection of sub-band group, and a bitmap of 8 bits can be used to indicate selected RBGs within the selected sub-band group. Figure 3 illustrates short PUCCH resource allocation with 2 RBG aggregation, and each bit in the bitmap indicates resource assignment of a corresponding RBG. Compared to LTE DL type 0 or type 1 resource allocation (RA), the proposed short PUCCH resource allocation scheme requires less number of bits, e.g. 25 bits for LTE DL type 0/1 RA vs. 10 bits for the proposed scheme in the case of 100 RB system bandwidth. Frequency-hopping of the sub-band groups over slots as shown in Figure 2 can provide frequency diversity and interference randomization for semi-statically configured short PUCCH (e.g. SR) resources.    

The resource allocation scheme described above can be used for resource allocation of short UL data in the short UL control region. 
Proposal 3: Consider RBG-level resource aggregation for short PUCCH or short UL data in the short UL control region.  
Observation 1: Sub-band group based RBG aggregation can support both frequency-selective and frequency diversity scheduling, and can accommodate wideband short PUCCH transmission for unlicensed band operation.  

[image: image2.emf]SG1 SG2 SG3 SG4 SG1 SG2 SG3 SG4

. . . 

SG1 SG2 SG3 SG4

. . . 

SG1 SG2

System bandwidth or operating bandwidth of UE

SG1 SG2 SG3 SG4 SG1 SG2 SG3 SG4

SG1 SG2 SG3 SG4 SG1 SG2 SG3 SG4

SG1 SG2 SG3 SG4 SG1 SG2 SG3 SG4

1 sub-band

SG3 SG4

. . . 

SG1 SG2 SG3 SG4

SG2 SG3 SG4

. . . 

SG1

Slot n

Slot n+1

Slot n+2

Slot n+3

SG1 Sub-band  group 1

SG2 Sub-band  group 2 SG3 Sub-band  group 3 SG4 Sub-band  group 4


Figure 2 Example for frequency hopping of short PUCCH sub-band groups over slots
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Figure 3 Example of resource allocation and signaling for short PUCCH

4 Processing time in low-latency operation
For low-latency re-transmission (i.e. re-transmission in an immediately following slot), both UE and gNB should be provided with enough processing time (e.g. for decoding and scheduling). In Figure 4, an example of timing relationship among gNB and UE transmission/reception (Tx/Rx) is shown. The timing gap To is created at the end of a slot via UE’s transmit timing advance, in order to provide gNB with processing time and Rx-to-Tx switching time. Gap duration of approximately equal to the symbol duration Ts is needed to accommodate round trip delay between UE and gNB (2Tp), UE Rx-to-Tx switching time, and gNB processing and Rx-to-Tx switching time. In order to provide at least a half-symbol UE processing time, gNB may transmit DL data on every other subcarrier for the last DL symbol, and UE may receive samples corresponding to a first half-symbol and start demodulation by employing FFT with reduced FFT size by a factor of 2. Since the UE receiving time for the last symbol of the data channel is reduced, the remaining time can be exploited for UE processing time (i.e. decoding DL data and preparation of HARQ-ACK feedback transmission).
The proposed method creates a time budget for UE processing from the DL region, without increasing UE Tx/Rx complexity. Note that mapping DL data on every other subcarrier is only applied to a DL data channel for a UE requiring immediate HARQ-ACK feedback. Therefore, there is no impact on a DL data channel which does not require immediate HARQ-ACK feedback. 

Observation 2: Transmitting DL data on every other subcarrier of allocated subcarriers for the last DL symbol can provide a time budget for UE processing, without increasing UE Tx/Rx complexity.
Proposal 4: Consider transmitting DL data on every other subcarrier of allocated subcarriers for the last DL symbol to provide at least a half symbol duration UE processing time, when the DL data requires immediate HARQ-ACK feedback.
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Figure 4 Example timing relationship for low-latency operation in a DL-centric slot
5 Summary

In summary, we propose the followings for design of NR short PUCCH based on the following observations:
· Proposal 1: It should be possible to support short PUCCH or UL data in short-duration in a slot having long UL-duration.
· Proposal 2: UL data in long UL-duration can span until the end of the slot.
· Proposal 3: Consider RBG-level resource aggregation for short PUCCH or short UL data in the short UL control region.  
· Observation 1: Sub-band group based RBG aggregation can support both frequency-selective and frequency diversity scheduling, and can accommodate wideband short PUCCH transmission for unlicensed band operation.  
· Observation 2: Transmitting DL data on every other subcarrier of allocated subcarriers for the last DL symbol can provide a time budget for UE processing, without increasing UE Tx/Rx complexity.
· Proposal 4: Consider transmitting DL data on every other subcarrier of allocated subcarriers for the last DL symbol to provide at least a half symbol duration UE processing time, when the DL data requires immediate HARQ-ACK feedback.
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