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1 Introduction

In RAN1#88 [1], following agreements were achieved for PUCCH in short-duration. 
Agreements:

· For 2-symbol PUCCH, consider following options
· Option 1: RS and UCI are multiplexed by FDM manner in each symbol.

· Option 2: RS and UCI are multiplexed by TDM manner.

· Option 3: RS and UCI are multiplexed by FDM manner in one symbol and only UCI is carried on another symbol without RS
· Option 4: Sequence based design without RS only for small payload size case

· Option 5: Sequence based design with RS only for small payload size case

· Option 6: Pre-DFT multiplexing in one or both symbol(s)

· Combination of above options are not precluded

· RAN1 will definitely down select above options in the next meeting

Agreements:
· For 1-symbol PUCCH, consider following options
· Option 1: RS and UCI of one UE are multiplexed by FDM manner in each symbol.
· Already agreed.
· Option 4: Sequence based design without RS only for small (1~2) payload size case
· Information is delivered by which sequence/code is transmitted
· Sequence is mapped over contiguous or non-contiguous REs

· UCI sequence can be CDMed with DMRS sequence of other UEs
· Option 5: Sequence based design with RS only for small (1~2) payload size case
· Information is delivered by which/what sequence/code is transmitted
· RS and UCI are multiplexed by CDM manner
· Option 6: Pre-DFT multiplexing of RS and UCI

· Consider for both small and large UCI payload size cases

· Possibility 1: {CP + Pilot} + {CP + Data} to avoid MPI b/w pilot and data
· Possibility 2: CP + {Pilot + Data} as current DFT-s-OFDM
· Other possibilities are not precluded
· Combination of above options are not precluded
· RAN1 will definitely down select above options in the next meeting
In this contribution, some further considerations are discussed for sequence based design for PUCCH in short-duration. 
2 Discussion
Short duration PUCCH spanning one or two symbol duration has been accepted for NR. Short PUCCH would be mainly used for few bits of data transmission. It provides a lot of flexibility for the network to scale up and down the PUCCH resources as per the current requirements (number of users, nature of uplink control data etc). Another big benefit for short duration PUCCH is for latency reduction purpose.
The figure below shows two slots of a DL centric communication. The whitespace between DL and UL part shows basically the guard bands. This figure is strictly true for TDD scenarios where DL part would contain the control and the DL data, and UL part would convey the ACK/NAK from the UEs to the gNB. Despite the TDD figure, the discussion below for short PUCCH holds true both for TDD and FDD systems wherever latency improvement is required to fast transfer the ACK/NAK for the DL data. Of course, for FDD system, both DL and UL communications would take place on their respective allocated spectrums and no guard band would be required.
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Figure 1 DL centric slot with short PUCCH 

For latency critical communication, when users receive their DL data in the slot and they just have guard time to process the data to be able to send ACK/NAK in the uplink direction, processing complexity in such a short duration could be very high making UEs very expensive. The processing time can be increased if users can give more time to processing before sending ACK/NAK. This can be achieved if gNB can configure these UEs to transfer their ACK/NAK sequences over one or more short symbols created within one or two symbol short PUCCH and assigning these short symbols to users judiciously. For the scenarios where gNB has to accommodate short uplink ACK/NAK transfers for many UEs and many of these UEs are enjoying good channel conditions, gNB can configure these UEs to transfer their ACK/NAK sequences over one or more short symbols created within one or two symbol short PUCCH. This basically implies that PUCCH transmission is happening over larger SCS (short duration in time) than other ongoing UL/DL communications. In Figure 2, UE1 and UE2 are sending their PUCCH sequences in a short symbol (30KHz SCS) within 1 Symbol PUCCH (denoted as S(n) in the figure). If it’s a TDD system, the placeholders S(n-1) and S(n+1) in the figure represent the guard times though they don’t need to be necessarily equal to the symbol time. In case of FDD system, S(n-1) and S(n+1) are just the symbols before and after the short 1-symbol PUCCH which just make additional UL data or control resource. 
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Figure 2 Multiplexing of two UEs on one short symbol created within 1-symbol PUCCH
This allows the gNB the flexibility to create shorter symbols and multiplex more UEs. 
Observation 1: Flexibility to create short PUCCH symbols allows gNB to multiplex better the users in the time frequency PUCCH resource, following a combination of TDM, FDM and CDM strategies.
This is true that such design is not the best for coverage limited UEs but this allows gNB full flexibility to scale up/down the PUCCH resource suitable to individual user’s requirements. On top of that, more resource elements in the frequency domain can be allocated if more power needs to be received for a certain PUCCH. Thus gNB may allocate large sequence to UEs with compromised channel conditions and smaller sequences to UEs with good channel conditions.
Proposal 1: For short PUCCH design, gNB can configure UEs to send their PUCCH transmission over short symbols with increased SCS which can be larger than the SCS of DL/UL data.

This design has an additional advantage that UE gets more time for data processing. Compared to the case that UE1 and UE2 have to provide feedback in the beginning of the PUCCH symbol, PUCCH transmission in short symbol shown in Figure 2 provides an additional processing time “Δt” to these users. This could be very helpful for low latency communication. 
Observation 2: UEs can get additional time budget for DL data processing with PUCCH transmission possibility in shorter symbols.
In Figure 3 below, gNB has configured an eMBB UE to transmit short PUCCH following the RS based design. This UE transmits RS in the first short symbol and transmits ACK/NAK in the 2nd short symbol. The same time frequency resource has been used to configure for sequence based PUCCH feedback from 6 further UEs

· UEs with moderate channel quality (UE21 and UE22 in this figure) are sending PUCCH sequences on 30KHz short symbol in TDM manner.

· Good channel quality UEs (UE30, UE31, UE32 and UE33 in this figure) are sending PUCCH sequences on 60KHz short symbols.
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Figure 3 PUCCH Multiplexing of multiple sequence based and RS based PUCCH 
Proposal 2: For short PUCCH transmission, gNB can configure multiple UEs PUCCH transmission over the same time-frequency resources using different length short symbols. These UEs may further be configured to use RS or sequence based PUCCH transmission.

This figure also shows that if all UEs received the last part of their DL data in the same OFDM symbol, UE33 has the largest time for data processing. This observation allows further flexibility at gNB to configure short PUCCH in later short symbols for UEs who received their DL data very close to PUCCH and have time critical processing.

In the above figure, UE21 and UE22 are TDM so they can even use the same sequence. UE3x are TDM among each other but UE30/31 would interfere with UE21 sequence and UE32/33 would interfere with the sequence of UE22. This is a sequence design issue to keep such interferences low/moderate.

3 Conclusion
This document discusses the design of short PUCCH. It focuses on the design of short PUCCH using sequence based PUCCH transmission. The discussion here brings some observations and proposals which are especially helpful for low latency communication. Following are the observations made in this document:
Observation 1: Flexibility to create short PUCCH symbols allows gNB to multiplex better the users in the time frequency PUCCH resource, following a combination of TDM, FDM and CDM strategies.
Observation 2: UEs can get additional time budget for DL data processing with PUCCH transmission possibility in shorter symbols.
The discussion and the observations made here lead to the following proposals: 
Proposal 1: For short PUCCH design, gNB can configure UEs to send their PUCCH transmission over short symbols with increased SCS which can be larger than the SCS of DL/UL data.

Proposal 2: For short PUCCH transmission, gNB can configure multiple UEs PUCCH transmission over the same time-frequency resources using different length short symbols. These UEs may further be configured to use RS or sequence based PUCCH transmission.
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