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Introduction
In Rel-15, multi-slot PUCCH repetition is introduced for PUCCH formats 1, 3 and 4 (long PUCCH formats) and the demodulation performance for format 1 PUCCH multi-slot repetition has been defined (TS 38.104 – 8.3.7).  In Rel-17 URLLC/IIoT, sub-slot based PUCCH repetition is introduced for all PUCCH formats and the inter-subslot frequency hopping is supported. Some selected agreements are listed as follows [1]:Agreements

· Support sub-slot based PUCCH repetition for HARQ-ACK based on the Rel-16 PUCCH procedure for slot-based PUCCH applied to sub-slot based PUCCH
· Note: the intention is to take the Rel-16 slot-based PUCCH by replacing with “sub-slot” appropriately, without further optimization unless necessary

· Support PUCCH repetition for PUCCH formats 0 and 2 at least for sub-slot based PUCCH repetition. 

· For sub-slot based PUCCH repetition for HARQ-ACK, semi-static configured PUCCH repetition (i.e. using nrofSlots) and dynamic repetition factor based operation is supported. 
· Sub-slot based PUCCH repetition based on semi-static configuration (i.e. using nrofSlots) and based on dynamic indication is subject to separate UE capabilities

· Support slot-based PUCCH repetition for PUCCH Format 0 and Format 2 also for single TRP operation. 
· The support is subject to independent UE capability indication

· For PUCCH repetition enhancements:
· Support inter-slotFrequencyHopping for PUCCH repetition operation of PUCCH Format 0 and Format 2 for slot-based PUCCH configurations. 
· Support inter-subslot Frequency Hopping for PUCCH repetition operation of PUCCH Formats 0, 1, 2, 3 and 4 for 7OS slot-based PUCCH configurations. 
· The UE applies the inter-subslot FH operation from sub-slot to sub-slot, if configured with inter-slotFrequencyHopping in the respective PUCCH_config. 
· Support inter-subslot Frequency Hopping for PUCCH repetition operation of PUCCH Format 0 and Format 2 for 2OS slot-based PUCCH configurations. 
· The UE applies the inter-subslot FH operation from sub-slot to sub-slot, if configured with inter-slotFrequencyHopping in the respective PUCCH_config. 
· Note: As for Rel-15, the configuration / enabling of inter-slotFrequencyHopping and intraSlotFrequencyHopping is not supported. 

· In Rel-17, reuse the Rel-16 PUCCH repetition factors 2, 4, 8.  Do not support PUCCH repetition factor larger than 8 In Rel-17.


In  the WID of NR_IIOT_URLLC_enh [2],  it specifies the need to specify the demodulation performance for the necessary work item objectives:
	4.2	Objective of Performance part WI
NOTE:	Leave empty if the WI proposal does not contain a RAN performance part.
1) Specify the necessary RRM and demodulation performance requirements (if any) for the above objectives.


 
In this paper, we provide our view on the BS demodulation requirements for sub-slot based PUCCH repetition. 
We include some discussion of the typical use cases and resulting configuration scenarios, on which we base our requirement proposals.
Sub-slot based PUCCH repetition
General description of sub-slot based PUCCH repetition
Based on TS 38.331 and considering normal CP length,  there are two different sub-slot configurations within the 14 os slot: 7 sub-slots with 2 symbols in each sub-slot, 2 sub-slots with 7 symbols in each sub-slot. The related RRC configuration from PUCCH-Config is shown in below
    subslotLengthForPUCCH-r16               CHOICE {
            normalCP-r16                        ENUMERATED {n2,n7},
            extendedCP-r16                      ENUMERATED {n2,n6}
    }                                                                                                             OPTIONAL, -- Need R

Sub-slot based PUCCH repetition is basically confining each PUCCH resource within the sub-slot and the repetition is over multiple sub-slots. As mentioned from the agreements listed in the first section, the number of sub-slot based PUCCH repetitions is restricted to be 2, 4, 8 defined by nrofSlots in PUCCH-Config :
nrofSlots                               ENUMERATED {n2,n4,n8}                                                 OPTIONAL, -- Need S
Or the repetition is indicated by DCI, which are the same for slot-based PUCCH in Rel-16. 
Given different PUCCH formats and sub-slot lengths, there are three different configurations for the sub-slot based PUCCH repetitions and some of them have been explictely discussed in RAN1 [3]:
1. PUCCH format 0 or 2 (2 symbols) with sub-slot length of 2 symbols, an example is shown in figure 1.
2. PUCCH format 0 or 2 (2 symbols) with sub-slot length of 7 symbols, an example is shown in figure 2.
3. PUCCH format 1, 3 or 4 (4 - 7 symbols) with sub-slot length of 7 symbols, an example is shown in figure 3.
Given subslotLengthForPUCCH  is defined for sub-slot configuration, the starting symbol of each PUCCH repetition is calculated as mod(startingSymbolIndex, subslotLengthForPUCCH) [4] where startingSymbolIndex is defined at each PUCCH format configuration.

 
Figure 1 An example of 2-symbol PUCCH repetitions over 2-symbol-length sub-slots (normal CP), PUCCH starts at the 6th sub-slot

 
[bookmark: _Ref100172675]Figure 2 An example of 2-symbol PUCCH repetitions over 7-symbol-length sub-slots (normal CP), PUCCH starts at the 1st sub-slot


Figure 3 An example of 7-symbols PUCCH repetitions over 7-symbol-length sub-slots (normal CP), PUCCH starts at the 1st sub-slot
The inter-subslot frequency hopping is supported for sub-slot based PUCCH repetition (the full-slot FH flags are reused for sub-slot FH, i.e., “interslotFrequencyHopping” is to be configured).
Having more than one copy of the PUCCH in each slot is evidently impacting sample acquisition/buffering in the implementation, as well as, the repetition combining algorithm (especially, if data DM-RS is to be exploited), and processing timelines. Even the least impactful implementation of LLR combining will need to extend the legacy case to having multiple LLR values taken per slot, and also across slot boundaries.
Furthermore, the demodulation performance of sub-slot PUCCH repetition is superior in terms of delay with similar demodulation performance to slot-based repetition assuming the same TDD pattern (as there is the same number repetitions in less time).
Furthermore, the repetition of F0 and F2 was not previously possible, neither in slot nor sub-slot variants.
Hence, we propose to have minimum requirements for this feature.
RAN4 to define minimum demodulation performance requirements for sub-slot based PUCCH repetitions and slot based repetition of F0/F2.
Note: The performance of sub-slot repetition and full slot repeition with the same number of repetitions is expected to be similar and the same performance requirement could be potentially re-used.

Use cases for sub-slot based PUCCH repetition
One prominent use case for sub-slot based PUCCH repetition is latency reduction.
Figure 2 above makes it clear that a UE can save almost a full slot of delay in the case where the initial transmission failed to decode, but combination with a single repetition makes PUCCH demodulated possible.
In such a case it is recommended to use a short PUCCH format (e.g., 0 or 2) and to have at least 2 sub-slots per slot.
This is also aligned with focusing on HARQ-ACK payloads.
Repetitions are also most commonly used in coverage challenged scenarios.
Hence a sufficient number of repetitions should be chosen, e.g., 4 or 8 repetitions, to allow demodulation even for the worst UEs. Additionally, FH is commonly configured to avoid frequency dependent deep fading outages in the cell edges, so FH must be included in requirement configurations.

Proposal for simulation assumptions
Based on the general description of the sub-slot based PUCCH repetition in the preceding section and the use cases listed, we propose the following parameter settings in table 1 and table 2 for simulation and final requirements (unless the simulations show issues), which has the same pattern as figure 2 in above. 
The unmarked entries in table 1&2 are chosen from the simulation setting for multi-slot PUCCH performance requirement defined in TS 38.104-8.3.7, as they are not of consequence in multi-sub-slot requirements or use cases. 
The highlighted configuration are specialized for sub-slot PUCCH repetition. PUCCH format 0 with 2 symbols, and 4 PUCCH repetitions is selected considering the mian use case should be enhancing the reliability/coverage for  HARQ-ACK payloads. 7 symbols sub-slot length and 2 slots of OFDM symbols will be needed.  The PUCCH is located at the last two symbols of the sub-slot.  Note that once subslotLengthForPUCCH-r16 is configured, the intraSlotFrequencyHopping and interslotFrequencyHopping will become sub-slot opporation.
 
Table 1: Test Parameters for multi-subslot PUCCH format 0
	Parameter
	Test

	Number of information bits
	2

	Number of PRBs
	1

	Number of PUCCH symbols
	2

	Number of PUCCH repetitions
(nrofSlots)
	4

	Number of Sub-slot symbols
(subslotLengthForPUCCH-r16)
	7

	Number of slots
	2

	First symbol of sub-slot (startingSymbolIndex)
	5

	First PRB prior to frequency hopping
	0

	Intra-subslot frequency hopping
(intraSlotFrequencyHopping)
	disabled

	Inter-subslot frequency hopping
(interslotFrequencyHopping)
	enabled

	First PRB after frequency hopping
	The largest PRB index 
– (nrofPRBs – 1)

	Group and sequence hopping
	neither

	Hopping ID
	0

	Initial cyclic shift
	0



[bookmark: _Hlk97555469]Table 2: Minimum requirements for multi-subslot PUCCH format 0 with 30kHz SCS
	Number of TX
	Number of RX
	Cyclic Prefix
	Propagation conditions and correlation matrix
	Channel bandwidth  / SNR (dB)

	antennas
	antennas
	
	(Annex G)
	

	1
	2
	Normal
	TDLC-300-100 Low
	



Simulation configuration for multi-subslot PUCCH repetitions with format 0:
Reuse the test parameters in Table 8.3.7.2.1.1-1 in TS 38.104 and introduce the following parameters in addition:  
i) Number of PUCCH symbols: 2
ii) Number of sub-slot repetitions: 4
iii) Number of Sub-slot symbols: 7
iv) Number of slots: 2
v) First symbol of sub-slot: 5

Simulation configuration for multi-subslot PUCCH repetitions with format 2 should include payloads of 4 bits and 22 bits.

[bookmark: _Hlk31794208]Conclusion
The implementation of sub-slot based PUCCH repetition is important in some scenarios requiring lower latency and high reliability. From the discussion in this paper we have the following proposals:
1. RAN4 to define minimum demodulation performance requirements for sub-slot based PUCCH repetitions.
Simulation configuration for multi-subslot PUCCH repetitions with format 0:
Reuse the test parameters in Table 8.3.7.2.1.1-1 in TS 38.104 and introduce the following parameters in addition:  
vi) Number of PUCCH symbols: 2
vii) Number of sub-slot repetitions: 4
viii) Number of Sub-slot symbols: 7
ix) Number of slots: 2
x) First symbol of sub-slot: 5

Simulation configuration for multi-subslot PUCCH repetitions with format 2 should include payloads of 4 bits and 22 bits.
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