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1 Introduction

At the RAN1 NR-Adhoc meeting, the following agreements were made regarding short UL control channel [1]. 

 For PUCCH in short-duration,

· At least following is supported for PUCCH in 1-symbol duration:

· UCI and RS are multiplexed in the given OFDM symbol in FDM manner if RS is multiplexed.

· Same SCS between DL/UL data and PUCCH in short-duration in the same slot.

· At least a PUCCH in short-duration spanning 2-symbol duration of a slot is supported.

· FFS actual structure and waveform.

· Same SCS between DL/UL data and PUCCH in short-duration in the same slot.

· At least semi-static configuration for the following is supported.

· A PUCCH resource of a given UE within a slot.

· i.e., short-PUCCHs of different UEs can be TDM’ed within the given duration in a slot.

· The PUCCH resource includes time, frequency and, when applicable, code domains.

· FFS details e.g., if the time in the PUCCH resource includes both slot and symbol, or only symbol in a slot

· PUCCH in short-duration can span until the end of a slot from UE perspective

· No explicit gap symbol is necessary after the PUCCH in short-duration.

· For a slot having short UL-part (i.e., DL-centric slot):

· ‘Short UCI’ and data can be FDMed by one UE if a data is scheduled on the short UL-part.

· For a slot having long UL-part (i.e., UL-centric slot or UL-only slot), following are FFS:

· Whether/how a UL data in the long UL-part can be extended until the end of the slots.

· Whether/how a UL data can be scheduled on the short-duration.

Furthermore, the following agreements were made on resource allocation for short UL control channel [1]:  

· 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’

· The PUCCH resource includes time, frequency and, when applicable, code domains.

· FFS details e.g., if the time in the PUCCH resource includes both slot and symbol, or only symbol in a slot

In this contribution, we present our view on UL control channel design with short duration for NR.  
2 Short UL control channel design: small payload 
When UL control channel spans one symbol within one slot, NR PUCCH resource for multiple UEs can be multiplexed in a FDM or CDM fashion or a combination of these two options. Note that allowing CDM based multiplexing for UL control channel transmission for multiple UEs would increase capacity for uplink control channel, especially when relatively small amount of payloads is carried by UL control channel. 

To carry 1 or 2 bit HARQ ACK/NACK feedback in UL control channel in short duration, DM-RS based structure can be considered, where DM-RS is inserted and embedded in the UL control channel to allow gNB to perform coherent detection. Further, orthogonal sequences can be considered as spreading code on modulated symbols to multiplex multiple UEs in the same frequency resources. 
As agreed in the RAN1 NR Adhoc meeting [1], NR should support at least FDM based multiplexing of DM-RS and UCI symbols within one symbol duration. In our companion contribution [2], link level performance comparison for TDM and FDM based multiplexing of DM-RS and UCI symbols is provided. According to the evaluation results and considering the limitations from TDM based multiplexing of DM-RS and UCI symbols, in our view, FDM based multiplexing of DM-RS and UCI symbols should be supported in NR as a mandatory feature. It is FFS the support of TDM based multiplexing of DM-RS and UCI symbols with doubled subcarrier spacing in case that clear benefit is identified in RAN1.
Note that as presented in our companion contribution [3], cubic metric (CM) gap between TDM and FDM based multiplexing can be reduced substantially by carefully selecting cyclic shift pairs for DM-RS and spreading sequence for UCI symbols. 

Proposal 1:

· For short UL control channel carrying small payload, FFS the support of TDM based multiplexing of DM-RS and UCI symbols with doubled subcarrier spacing in case that clear benefit is identified in RAN1.

Further, to carry 1 or 2 bit UCI information, sequence based design can also be considered for short UL control channel, where independent resources can be allocated for HARQ ACK and NACK feedback or information bit “1” and “0”, respectively. In particular, different frequency resources or cyclic shift values may be assigned for ACK or NACK transmission. Note that in case of 2 bit HARQ ACK/NACK feedback on UL control channel, 4 independent resources in either frequency or code domain need to be assigned. For this sequence based option, DM-RS is not needed and gNB may perform simple energy detection to differentiate ACK or NACK in corresponding resources. As discussed in [4], coherent detection based structure with DM-RS should be preferred over sequence based structure for short UL control channel carrying 1 or 2 bit information. 
Proposal 2
· Coherent detection based structure with DM-RS should be preferred over sequence based structure for short UL control channel carrying 1 or 2 bit information.
Note that in frequency-domain, a PRB (or multiple PRBs) is the minimum resource unit size for short UL control channel. When UL control channel carries small payload sizes, e.g., 1 or 2 bit HARQ ACK/NACK feedback or SR, UL control channel may span one PRB for localized transmission, while for distributed transmission, multiple PRBs may be allocated for UL control channel, which may help realize the benefit of frequency diversity.

Figure 1 illustrates localized and distributed transmission for short UL control channel. For distributed transmission, gap between multiple frequency resources may be configured in a cell specific or UE specific manner. In the former case, fixed gap or a mirror pattern may be defined for distributed transmission, while for the latter case, performance gain may be achieved due to interference randomization. It should be noted that distributed transmission would introduce inter-modulation distortion (IMD), which may degrade the performance for UL control channel in short duration. Hence, careful study including the number of frequency resources and frequency gap between multiple frequency resources is needed for UL control channel in short duration with distributed transmission taking into account IMD impact and potential frequency diversity gain.   
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Figure 1. Localized and distributed transmission for short UL control channel
3 Short UL control channel design: relatively large payload 

When UL control channel in short duration carries relatively large payload, e.g., joint CSI report and grouped HARQ-ACK feedback, multiple PRBs may be allocated for UL control channel transmission. Figure 2 illustrates general transmission scheme for UL control channel in short duration carrying relatively large payload. In the generation procedure, after channel coding and modulation, the modulated symbols are spread using orthogonal sequences to allow multiple UEs to transmit the UL control channel in a same physical resource, which can be used to increase the capacity for UL control channel. Note that depending on exact payload size, spreading operation may not be needed as the modulated symbols may fully occupy allocated resources. 
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Figure 2. Transmission scheme for UL control channel

In our companion contribution [2], link level simulation results for UL control channel carrying relatively large payload size with different DM-RS overheads are provided. According to the simulation results, for short UL control channel carrying relatively large payload, it is not desirable to consider TDM based multiplexing of DM-RS and UCI symbols due to inferior link level performance. Further, DM-RS with 1/3 or 1/4 overhead can be considered as baseline for short UL control channel carrying relatively large payload.
For UEs equipped with multiple transmit antennas or subarrays, multi-antenna transmission scheme can be employed to further improve link budget and coverage for UL control channel. In particular, for UL control channel carrying relatively large payload, Space Frequency Block Code (SFBC) can be utilized. For frequency band above 6GHz, when UE is equipped with multiple subarrays, UE may transmit the UL control channel to one or multiple TRPs using multiple subarrays simultaneously or dynamic beam switching to improve the link budget. As illustrated in Figure 3, closed loop or open loop transmission scheme can be adopted to achieve Tx or beam diversity. 
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Figure 3. Dual beam transmission for UL control channel
Proposal 3:

· For short UL control channel carrying relatively large payload, e.g., > 2 bits payload,

· TDM based multiplexing of DM-RS and UCI symbols is not employed due to inferior link level performance. 

· For FDM based multiplexing, DM-RS with 1/3 or 1/4 overhead can be considered as baseline. 

· For multi-antenna transmission scheme, SFBC is applied to improve link budget.
4 Short UL control channel with 2 symbol duration

As agreed in the RAN1 NR Adhoc meeting [1], NR supports short UL control channel with 2 symbol duration within a slot, which can help improve the link budget for short UL control channel. Given that FDM based multiplexing of DM-RS and UCI symbols is supported for short UL control channel with 1 symbol duration, one straightforward approach is to employ repeated DM-RS structure for short UL control channel with 2 symbol duration, as illustrated in Figure 4. With this repeated DM-RS structure, specification and implementation effort can be reduced. In addition, sequence hopping for DM-RS generation or spreading sequence for UCI symbols in case of relatively small UCI payload can be employed to randomize the inter-cell interference. Further, UCI symbols can be directly mapped into allocated resource in two symbols. 
Note that repeated DM-RS structure can also help improve channel estimation performance and robustness of short UL control channel, especially in the presence of residual time and frequency offset. In this case, residual frequency offset can be estimated and compensated using a simple phase differentiation algorithm at gNB receiver. 
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Figure 4. Repeated DM-RS structure for short UL control channel with 2 symbol duration
To exploit the benefit of frequency diversity, short UL control channel may be transmitted in distinct frequency resources in two symbols. This mechanism, however, may have issues due to transient period for UE to switch from one frequency resource to another. Note that 20us transient period was specified in LTE for frequency hopping or power change between two symbols. Unless NR specifies a smaller value for transient period, the frequency diversity gain may be diminished for short UL control channel with 2 symbol durations. In case when a larger subcarrier spacing is employed, frequency hopping may not be feasible as UE needs to take one symbol duration as transient period. Based on the discussions above, further study is needed for frequency hopping for short UL control channel spanning two symbol duration. 
Note that some other variants of UL control channel with 2 symbol duration can be considered for NR. As shown in Figure 5 a), different UCI types can be transmitted in different symbols within a slot. For instance, CSI report and HARQ-ACK feedback can be transmitted in the second to last and last symbol within a slot, respectively. With this option, UE processing time for DL data demodulation and decoding can be relaxed by one more symbol duration, which is beneficial for low latency application. 
Alternatively, as shown in Figure 5 b), DM-RS and UCI symbols can be transmitted in two symbols, respectively. This option can be considered as an extension of TDM based multiplexing using doubled subcarrier spacing within one symbol duration. With TDM of DM-RS and UCI in two symbol duration, CP length can be maintained and the impact due to synchronization and timing offset tracking error can be reduced, while meanwhile benefit of relaxing UE processing time for low latency application can be exploited. 
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Figure 5. Variants of UL control channel with 2 symbol duration
Proposal 4:

· For UL control channel spanning 2 symbol duration, repeated DM-RS structure is employed with FDM based multiplexing of DM-RS and UCI in each symbol. Further, UCI symbols are directly mapped into allocated resources in 2 symbols. 
· FFS: frequency hopping.
5 Conclusions

In this contribution, we shared our view on UL control channel design with short duration for NR. Based on the discussion, we summarize our views through the following proposals:
Proposal 1:

· For short UL control channel carrying small payload, FFS the support of TDM based multiplexing of DM-RS and UCI symbols with doubled subcarrier spacing in case that clear benefit is identified in RAN1.

Proposal 2
· Coherent detection based structure with DM-RS should be preferred over sequence based structure for short UL control channel carrying 1 or 2 bit information.

Proposal 3:

· For short UL control channel carrying relatively large payload, e.g., > 2 bits payload,

· TDM based multiplexing of DM-RS and UCI symbols is not employed due to inferior link level performance. 

· For FDM based multiplexing, DM-RS with 1/3 or 1/4 overhead can be considered as baseline. 

· For multi-antenna transmission scheme, SFBC is applied to improve link budget.
Proposal 4:

· For a PUCCH in short-duration spanning 2-symbol duration of a slot, repeated structure is employed with FDM based multiplexing of DM-RS and UCI in each symbol.

· FFS: frequency hopping.
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