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1. Introduction
Rel-15 WI dealing with New Radio Access Technology [2] should specify the NR functionalities for enhanced mobile broadband (eMBB) and ultra-reliable low-latency-communication (URLLC) as defined in [3]. 
[bookmark: _Hlk489873697]This contribution relates to short PUCCH design for a scenario where UCI payload carried via PUCCH consists of just one or two bits. In the previous RAN1 meetings, the following agreements related to short PUCCH for UCI up to 2 bits, or PUCCH format 0, were made [4]-[6]:
Agreements [4]: For 1-symbol short-PUCCH for UCI of up to 2 bits,
· The sequence length of 12 REs with consecutive mapping within a PRB is at least supported.
· Further study 24 or 48 REs.
· Further study for multiplexing b/w sequence-based short-PUCCH and other sequences using CDM or FDM (DMRS for PUSCH/PUCCH, SRS, long-PUCCH).
· Including comb-structure
· For the sequence length of 12 REs,
· The supported number of base sequences is 30
· The number of cyclic shifts available for one base sequence is 12
Agreements [5]:
· For simultaneous transmission of 2-bit HARQ-ACK and SR, short PUCCH for UCI of up to 2 bits is used
· Aim to conclude one solution in the next meeting (e.g., # of sequences, potential resource selection, potential spatial bundling, etc.)
· Confirm the following working assumption:For short-PUCCH with UCI of up to 2 bits (with/without SR), option 4 is supported. Note: option 4 is sequence selection
Agreements [6]:
· In Rel-15, only length 12 sequences are supported for short PUCCH for up to 2 bits (PUCCH format 0) and long PUCCH for up to 2 bits
· For HARQ-ACK transmission using short PUCCH for up to 2 bits
· In case of 1-bit HARQ-ACK only: The distance between the two cyclic shifts within a PRB is 6
· In case of 2-bit HARQ-ACK only: The distance between any two adjacent cyclic shifts within a PRB is 3 
· In case of 1-bit HARQ-ACK & SR (positive or negative): FFS
· In case of 2-bit HARQ-ACK & SR (positive or negative): FFS
· In case of SR due at the same time with other UCI, the physical layer can only transmit one SR at any given time
· If multiple SR are triggered prioritization of which SR should be transmitted is decided by RAN2
· In addition to the already agreed short PUCCH resources in the last and second last symbols, additional short PUCCH resources can be configured in other symbols of a slot 
· FFS whether or not such a configuration is conditioned on non-slot based operation :
· The sequences on slide 4 in R1-1718949 are adopted as the set of length-12 base sequences for short PUCCH for up to 2 bits and DM-RS for long PUCCH for UCI of up to 2 bits
· For short PUCCH for up to 2 UCI bits, the base sequence can be hopped for transmission of PUCCH in different slots
· The base sequence hopping can be enabled or disabled by cell-specific RRC parameters via RMSI.
· Hopping pattern is at least based on a configurable ID
· FFS on details of the hopping pattern
· The ID has a bitwidth of [10] bits
· FFS on cyclic shift hopping
· No RRC signaling impact
We provide details on the short PUCCH design for UCI payloads more than 2 bits and on the design of 2-symbol short PUCCH in companion contributions [7], [8].
2. On short PUCCH structure
2.1. Multiplexing of PUCCH format 0 with other uplink channels
One of the remaining open aspects is the possibility to multiplex of PUCCH format 0 with other UL channels within a single PRB by CDM or FDM. We see the following multiplexing pairs to be relevant for this discussion: 
· CDM of PUCCH format 0 with PUCCH format 1. This means that some of the cyclic shifts would be used by PUCCH format 0, hence, reducing the available cyclic shifts and multiplexing capacity for PUCCH format 1. So multiplexing of PUCCH format 0 with PUCCH format 1 in one symbol would reduce the PUCCH format 1 multiplexing capacity in N-1 symbols (where N is the duration of PUCCH format 1). In worst case, the number of PRBs reserved for PUCCH format 1 could be increased. 
· CDM of PUCCH format 0 with PUSCH DMRS. In other words, PUCCH format 0 should have similar structure as PUSCH DMRS including a comb-like mapping. This would reduce the sequence length, making it harder to find a sufficient number of sequences with good PAPR and cross-correlation properties. The use of comb-like mapping would reduce the available number of cyclic shifts. Additionally, PUCCH format 0 and PUSCH DMRS would frequently be mapped to different symbols.  
· CDM of PUCCH format 0 with PUCCH format 2 DMRS. Again, this would mean that PUCCH format 0 should have similar structure as PUCCH format 2 DMRS. This would mean sparse comb structure leading to the drawbacks listed above.
· IFDM and/or CDM of PUCCH format 0 with SRS. This implies that PUCCH format 0 should have a comb-like mapping, hence, reducing the sequence length and leading to the drawbacks listed above. Finally CDM option would require same sequence design for both SRS and PUCCH format 0. 
Given the drawbacks and design complications pointed out above, we do not see any of the listed multiplexing options sensible or attractive. Hence we propose that multiplexing of PUCCH format 0 with other UL channels is not supported.
Proposal 1: Multiplexing of short PUCCH with up to 2 bits with other uplink channels or signals is not supported.
2.2. Short PUCCH location in a slot
In RAN1#90bis, it was agreed that short PUCCH may be configured also on other symbols than the already agreed locations of the last and second last symbols of a slot. It was left for further study whether such a configuration is conditioned on non-slot based operation.
We see that these additional short PUCCH locations are necessary for non-slot based operation. However, we do not see any need for the additional locations in the context of slot based operation. Hence we propose that the additional short PUCCH locations can be configured only for non-slot based operation.  
Proposal 2: Short PUCCH resources on the other symbols of a slot than the last and second last symbols can be configured only for non-slot based operation.
2.3. Inter-cell interference randomization
In RAN1#90bis, base sequence hopping between slots was agreed. Efficient inter-cell interference randomization is an important aspect of control channel design. LTE supports several randomization mechanisms that can also be used to randomize inter-cell interference. To ensure sufficient randomization even within a single short PUCCH transmission, we see that also cyclic shift hopping should be supported for PUCCH format 0. The cyclic shift hopping pattern should depend at least on a configurable ID, slot number and symbol number. Hence we repeat in here our proposal from our companion contribution [8]:     
Proposal 3: Cyclic shift hopping is supported for short PUCCH supporting UCI up to 2 bits.
For the purposes of multipoint reception, it makes sense that the configurable ID can be higher layer configured in a UE-specific manner. However, a default value needs to be defined, and for the sake of simplicity we see that the cell identity should be used as the default value.   
Proposal 4: Cell identity is used as the default value for the configurable ID used in the initialization of cyclic shift hopping and base sequence hopping patterns. 
3. SR multiplexing on short PUCCH for UCI up to 2 bits
3.1. SR only transmission
When UE reports only SR without any simultaneous HARQ-ACK signaling, single semi-statically configured PUCCH format 0 sequence per SR process is enough. If more than one PUCCH format 0 sequence is allocated for each SR process, PUCCH overhead due to SR increases considerably, especially if short SR periodicities are used. 
Proposal 5: Only one PUCCH format 0 sequence is semi-statically allocated per SR process.
3.2. SR multiplexing with HARQ-ACK
One of the open issues is how to convey scheduling request when SR occurs in the same symbol/slot with HARQ-ACK transmitted on the PUCCH format 0. Several solutions have been proposed for multiplexing of HARQ-ACK and SR:
· In slots with simultaneous SR opportunity, UE could be dynamically allocated with more PUCCH format 0 sequences than in slots without SR opportunity, for example, one set of sequences for signaling HARQ-ACK with negative SR, a second set of sequences for signaling HARQ-ACK with positive SR This scheme leads to unnecessary overhead – for 2-bit ACK, it requires 8 dynamically allocated sequences in addition to the semi-statically allocated SR resource
· Another alternative is to apply HARQ-ACK bundling to compress 2-bit HARQ-ACK to 1-bit HARQ feedback in the slots with SR opportunity. However, HARQ-ACK bundling is applied also in cases of negative SR, which is the case in majority of SR opportunities. As UE may be configured with frequent SR opportunities, HARQ-ACK bundling leads to unnecessary retransmissions on PDSCH and non-negligible throughput loss. 
We see that the drawbacks of unnecessary HARQ-ACK bundling or unnecessary PUCCH resources can be avoided with few simple rules reducing the number of signalled UCI states:
· NACK (or NACK/NACK) is not transmitted when HARQ feedback occurs simultaneously with SR opportunity.
· HARQ-ACK bundling is applied in the cases of positive SR. 
· If outcome of HARQ-ACK bundling is NACK, positive SR is transmitted with the PUCCH format 0 sequence semi-statically configured for SR-only transmissions
· If outcome of HARQ-ACK bundling is ACK, positive SR and ACK are transmitted with the PUCCH format 0 sequence normally allocated for NACK (or NACK/NACK).
Taking 2-bit HARQ-ACK as an example, the HARQ-ACK + SR signaling could follow channel selection as shown in Table 3. 
· Sequences #1, #2, #3 and #4 are allocated for HARQ-ACK and are used normally to signal 2-bit HARQ-ACK in slots where UE does not have SR opportunity. Sequence #5 is the PUCCH format 0 sequence semi-statically  configured for SR. 
· The states {ACK, ACK}, {ACK,NACK}, {NACK,ACK} are signalled normally in slots where UE has SR opportunity but negative SR occurs.  
· NACK, NACK is not transmitted in slots with SR opportunity. Instead, sequence #4 is used to signal ACK, ACK and positive SR
· In the case of positive SR, states {ACK, NACK} and {NACK, ACK} are bundled into NACK, and positive SR is transmitted with sequence #5 (as shown in Table 2).  
Table 2. Signalling states for 1-bit HARQ-ACK and single SR process. 
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Table 3. Signalling states for 2-bit HARQ-ACK and single SR process.  
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It is worth to discuss the effect of HARQ-ACK bundling a bit further:
· The impact of spatial ACK bundling for LTE was investigated in [10]. Simulation results showed 4.6% average throughput loss when link adaptation targeted 10% initial BLER and spatial bundling was used on 52% of transmissions. This may be seen to present the loss with correlation between the bundled ACKs. 
· As another approach, one can assume uncorrelated ACKs and 20% initial BLER target, one can calculate that 20% of TBs are re-transmitted (at least once) without bundling while bundling causes 36% of TBs to be retransmitted. By assuming 10% initial BLER target, 10% and 19% of TBs are re-transmitted without and with bundling, respectively.
The impact of bundling can be considered to be considerable if ACK bundling is applied whenever HARQ feedback occurs simultaneously with SR opportunity – especially if frequent SR opportunities are configured. However, the impact is reduced drastically if ACK bundling occurs only with positive SR. For example, assuming that positive SR occurs every 50 ms (20 times per second) on average and 30 kHz SCS, the bundling occurs only on 1% of HARQ-ACK transmissions. This means that ACK bundling in case of positive SR causes 20.16% of TBs to be re-transmitted (at least once) with 20% initial BLER target. We see that ACK bundling in case of positive SR has a negligible impact on DL throughput.
We summarize the different multiplexing solutions in Table 4. The couple of multiplexing rules discussed above provide robust mechanism for multiplexing HARQ-ACK with SR while keeping the PUCCH resource consumption as well as HARQ-ACK bundling at acceptable level. Based on the discussion given above, we propose following:
Observation: HARQ-ACK bundling in case of simultaneous positive SR has a negligible impact on DL throughput.
Proposal 6: Multiplexing of SR+HARQ-ACK is supported with following rules:
· NACK (or NACK/NACK) is not transmitted when HARQ feedback occurs simultaneously with SR opportunity.
· HARQ-ACK bundling is applied in the cases of positive SR: 
· If the outcome of HARQ-ACK bundling is NACK, positive SR is transmitted with PUCCH format 0 sequence semi-statically configured for SR-only transmissions
· If the outcome of HARQ-ACK bundling is ACK, positive SR and ACK are transmitted with the PUCCH format 0 sequence normally allocated for NACK (or NACK/NACK).

Table 4. Comparison of signalling mechanisms for simultaneous HARQ-ACK and SR.
	Mechanism
	PUCCH overhead
	HARQ-ACK bundling

	Allocation of extra resources: Resources for HARQ-ACK + positive SR are semi-statically configured with SR configuration 
	Excessive 
Additional set of HARQ-ACK resources is semi-statically configured
	No

	Allocation of extra resources: Resources for HARQ-ACK + positive SR are dynamically allocated for slots with simultaneous HARQ-ACK + SR 
	Significant
Additional set of HARQ-ACK resources is dynamically allocated
	No

	HARQ feedback compression: 2-bit HARQ-ACK is bundled in slots with SR opportunity
	1 semi-static SR resource per SR process
	Considerable
Always with SR opportunity for 2-bit HARQ-ACK. Considerable loss in DL throughput with frequent SR opportunities.

	HARQ feedback compression: HARQ-ACK bundling is applied for 2-bit HARQ-ACK only in the cases of positive SR. 
	1 semi-static SR resource per SR process
	Bundling occurs only in case of positive SR for 2-bit HARQ-ACK, leading to neglible loss in DL throughput 



4. Conclusions 
In this contribution we have investigated short PUCCH design for small UCI payload. Based on the discussion and simulation results, we make the following observations and proposals:
[bookmark: _GoBack]Observation: HARQ-ACK bundling in case of simultaneous positive SR has a negligible impact on DL throughput.
Proposal 1: Multiplexing of short PUCCH with up to 2 bits with other uplink channels or signals is not supported.
Proposal 2: Short PUCCH resources on the other symbols of a slot than the last and second last symbols can be configured only for non-slot based operation.
Proposal 3: Cyclic shift hopping is supported for short PUCCH supporting UCI up to 2 bits.
Proposal 4: Cell identity is used as the default value for the configurable ID used in the initialization of cyclic shift hopping and base sequence hopping patterns. 
Proposal 5: Only one PUCCH format 0 sequence is semi-statically allocated per SR process.
Proposal 6: Multiplexing of SR+HARQ-ACK is supported with following rules:
· NACK (or NACK/NACK) is not transmitted when HARQ feedback occurs simultaneously with SR opportunity.
· HARQ-ACK bundling is applied in the cases of positive SR: 
· If the outcome of HARQ-ACK bundling is NACK, positive SR is transmitted with PUCCH format 0 sequence semi-statically configured for SR-only transmissions
· If the outcome of HARQ-ACK bundling is ACK, positive SR and ACK are transmitted with the PUCCH format 0 sequence normally allocated for NACK (or NACK/NACK).
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