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Introduction
According to NR MIMO WID RP-193133, the following is the scope of work in this AI.
	2. Enhancement on the support for multi-TRP deployment, targeting both FR1 and FR2:
a. Identify and specify features to improve reliability and robustness for channels other than PDSCH (that is, PDCCH, PUSCH, and PUCCH) using multi-TRP and/or multi-panel, with Rel.16 reliability features as the baseline 



In this contribution we provide our views on the features that should be considered to improve reliability for PDCCH, PUSCH and PUCCH channels using multi-TRP/multi-panel framework.
PDCCH
Observations from simulation results

We consider two different reception techniques at the UE:
· selection diversity – UE attempts to decode each PDCCH and DCI is successfully received if any repetition is received correctly
· soft-combining – UE performs chase combining across repetitions and attempts to decode DCI
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[bookmark: _Ref47706216]Figure 1: Selection diversity vs soft-combining
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[bookmark: _Ref47706273]Figure 2: 1 TRP vs 2 TRP (resource fair)
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[bookmark: _Ref47706414]Figure 3: comparison of 1 TRP vs 2 TRP (resource additional)
	[image: ]
[bookmark: _Ref47706420]Figure 4: comparison of SFN, selection-diversity and soft-combining schemes



	Parameter
	Value

	Carrier frequency for evaluation
	4 GHz

	Channel model
	TDL-C (delay spread: 300ns), 3 kmph

	Antenna configuration
	2Tx/2Rx

	Numerology
	40 MHz, 30 kHz SCS, 

	TRP power offset
	0 dB

	DCI
	40 bits

	Repetition scheme
	TDM

	Receiver assumption
	selection diversity or soft-combining

	Channel estimation
	MMSE



Observations-1:
· Soft combining gain over selection diversity is about 1.5 dB (Figure 1)
· Considering resource fair comparison (AL4+AL4 vs AL8) multi-TRP repetition performance is about the same as single-TRP performance if selection diversity is used at the UE, multi-TRP repetition performance is better than single-TRP if soft-combining is used at the UE.(Figure 2)
· Considering additional resource for multi-TRP transmission available from the other TRP, selection diversity or soft-combining provides significant gains. In FR1 SFN transmission provides approximately similar performance as soft-combining with multi-TRP repetition (Figure 3, Figure 4)
· Overall, motivation for PDCCH repetition is primarily in FR2 environments where SFN is not feasible in most UE orientations

Initial discussion topics 

PDCCH enhancement topic can be quite extensive and we think there is a need to prioritize certain issues in order to make progress. Here we propose some topics for initial discussions.
PDSCH transmission schemes

In terms of PDSCH transmission schemes to be supported by PDCCH repetitions, we believe that all currently available schemes are in scope. This include Rel-15 schemes optionally with slot aggregation, schemes 1a, 2a, 2b, 3 and 4 introduced in Rel-16. We do not envision new PDSCH transmission schemes to be considered as part of this work – for example multi-DCI based PDSCH repetition schemes.

Proposal-2: All PDSCH transmission schemes in Rel-15/16 are in scope. 

PDCCH reliability schemes (high-level categories)

Selection diversity scheme is the case where a UE may receive multiple copies of the same DCI. The NW essentially transmits the same DCI using Rel-15/16 principles multiple times and each repetition may have different ALs. There is no expectation that the UE should attempt soft-combination of the different repetitions and this is not accounted in BD limits. At the UE side, selection diversity may be implemented where each BD candidate is treated in an identical manner as in Rel-15.

Soft combining schemes are cases where a UE is expected to attempt soft-combination of 2 PDCCH candidates and the soft-combination attempts are accounted in BD limits. At the UE side, soft-combining may mean additional storage and combining of PDCCH candidates and additional decoding attempts.

Further, soft-combining schemes may be categorized into joint coding (similar to scheme 2a) or repetition (similar to scheme 2b, but chase combining). 

Proposal-3: Categorize PDCCH reliability schemes at high-level into – 1) selection diversity 2a) soft-combining with joint coding 2b) soft combining with repetition

BD/CCE provisioning for different repetition schemes (high-level)

As mentioned above 3 different PDCCH schemes can be considered – SFN, Selection diversity and Soft-combining. SFN is considered specification transparent, so BD/CCE provisioning is identical to Rel-15. Note that the NW may choose (dynamically) to transmit only from TRP-1, only from TRP-2 or from both TRP-1 and TRP-2.

For selection diversity or soft-combining schemes, from channel estimation perspective CCE provisioning can be considered to be generally additive between TRP-1 and TRP-2 since channel estimation cannot be re-used across TRPs. At the same time, we envision that channel estimation can be fully reused within the same TRP/CORESET across SS sets and ALs based on Rel-15 rules. 

In terms of BD provisioning, we may assume the same guiding principle that the NW may choose (dynamically) to transmit only from TRP-1, only from TRP-2 or from both TRP-1 and TRP-2. As an example, TRP-1 may choose to transmit AL16 PDCCH without repetition or AL8+AL8 (2 repetitions) from TRP-1+TRP-2 respectively in order to send a particular URLLC packet. Based on this principle, we can envision that BD provisioning for selection diversity scheme is generally additive between TRP-1 and TRP-2.
BD provisioning for soft-combining schemes can vary based on the exact scheme. In general, we think that the guiding principle of the NW being able to choose (dynamically) from 1-TRP or 2-TRP transmission should be followed and consequently BD provisioning can be formulated as BD (candidates from TRP-1) + BD (candidates from TRP-2) + BD (soft-combining candidates from TRP-1, 2)

Proposal-4: PDCCH repetition scheme should allow the NW to choose (dynamically) to transmit DCI from TRP-1 only or from TRP-2 only without repetition or from both TRP-1 and TRP-2 with repetition.
Proposal-5: BD/CCE provisioning principles to consider (for mTRP repetitions): 
· CCE provisioning → CCE (TRP-1) + CCE (TRP-2)
· BD provisioning for selection diversity → BD (candidates from TRP-1) + BD (candidates from TRP-2)
· BD provisioning for soft-combining → BD (candidates from TRP-1) + BD (candidates from TRP-2) + BD (soft-candidates from TRP-1, TRP-2)
Given that BD/CCE capacity is limited at the UE, some flexibility is desired in terms of partitioning BD/CCE across TRPs. As an example, BD/CCE partitioning could be 80-20 between TRP-1 and TRP-2 where TRP-1 assumes the role of a primary TRP for URLLC transmission. In other words, BD/CCE count should not be simply doubled but should be able to be flexibly adjusted according to different deployment needs.

Proposal-6: Flexible BD/CCE partitioning across TRPs (for repetitions) should be allowed where TRP-1 and TRP-2 may not consume equal BD/CCE capacity as BD/CCE capacity is quite limited at the UE.

Some discussion on the max reliability target is also helpful - AL16 type reliability is sufficient or more and whether repetitions may span both within and across slots.
PDCCH repetition framework

In this section we discuss two approaches for discussing PDCCH repetition framework (irrespective of selection diversity or soft-combining).
Inter-CORESET approach

[image: ]
Figure 5: Inter-CORESET approach for PDCCH repetition where different CORESETs are associated with different TCI States

At a high-level, in this approach each CORESET is associated with a different TRP (TCI-State). As an example, CORESET-1, SS set-1 and TCI-StateId-1 are from TRP-1 and CORESET-2, SS set-2 and TCI-StateId-2 are from TRP-2. For soft-combining, candidate m of SS-1/AL4 can be combined with candidate m of SS-2/AL4. This approach can naturally provide full flexibility of partitioning BD/CCE between TRP-1 and TRP-2 with the current signalling framework.

Intra-CORESET approach

[image: ]
Figure 6: Intra-CORESET approach for PDCCH repetition where different MOs are associated with different TCI states

Various flavours of intra-CORESET approach can be defined but essentially the same CORESET is associated with multiple TCI states. Its also possible to envision such a design for repetition from the same TRP. As an example each monitoring occasion (MO) can be associated with a different TRP (TCI-State) while both monitoring occasions may be associated with the same SS-set/CORESET. In this case the flexibility of distributing BD/CCE candidates across the two TPRs are naturally limited with the current signalling framework. However, this consumes less UE resources in terms of CORESETs and SS-sets.

Proposal-7: Consider the following framework for PDDCH repetition study
· Inter-CORESET approach where different CORESETs can be associated with different TRPs. This allows fully flexible partitioning of BD/CCE between TRP-1 and TRP-2 
· Intra-CORESET approach where the same CORESET can be associated with different TRPs. As an example TRP-1 associated with monitoring occasion-1 and TRP-2 associated with monitoring ocassion-2
PUSCH

Observations from simulation results

	[image: ]
Figure 7: 1-TRP vs 2-TRP reception in FR1 (0.1 QPSK, 2 repetitions)
	[image: ]
Figure 8: 1-TRP vs 2-TRP reception in FR2 (0.1 QPSK, 2 repetitions)



A snapshot of PUSCH repetition results are presented here.
	Parameters
	Potential values

	Numerology
	30 kHz SCS, 50 MHz BW (4 GHz), 120 kHz SCS, 200 MHz BW (30 GHz)

	Channel
	TDL-C (300ns) in FR1, TDL-A (30ns) in FR2, 3 kmph

	Baseline scheme
	Rel-15/-16 PUSCH repetition

	TBS
	136 bits (0.1 QPSK), 14 symbol PUSCH

	DMRS pattern
	DM-RS configuration type 1

	Antenna config
	1Tx, 2Rx

	Redundancy Version
	[0 2 3 1] cycled

	Schemes
	TDM

	Receiver assumption
	selection diversity, soft-combining

	Channel estimation
	MMSE



Observations-8: 
· PUSCH multi-TRP repetition gains are significant (selection diversity or soft-combining) and grow at lower BLERs due to diversity improvement.
· the gains in FR1 are more than in FR2 because in FR1 each repetition can be observed by both TRPs whereas in FR2 each repetition can be observed by a single TRP
· specification enhancement should primarily target FR2 because in FR1 most of the gains can be achieved in a specification transparent manner
PUSCH enhancements

[image: ]
Figure 9: Type A (Rel-15) and Type B (Rel-16) PUSCH repetition

Type A PUSCH repetition is at slot-level and limited to 1 layer (specified in Rel-15) which is further enhanced in Rel-16 to Type B back-to-back repetitions for the purposes of optimising latency. We believe multi-TRP repetitions should apply to both Type A and Type B repetitions and at least enable up to rank-2 transmissions.

Proposal-9: Multi-TRP PUSCH repetition should apply to both Type A and Type B mapping up to rank-2 transmissions

In PUSCH Type B mapping the nominal PUSCH allocations are segmented due to conflicts with slot boundary and semi-statically configured DL symbols. The association of repetition to TCI-State may be done before or after the segmentation step. Note that TBS determination is based on indicated L value before segmentation while encoding, rate-matching, RV assignment is performed after segmentation based on actual repetitions.
Mapping of TCI states to repetitions can be performed before segmentation as in Figure 10 or after segmentation as in Figure 11.

[image: ]
[bookmark: _Ref47710084]Figure 10: TCI State to PUSCH mapping before PUSCH segmentation (S: starting symbol, L: length of nominal repetition, K: number of nominal repetitions)
[image: ]
[bookmark: _Ref47710108]Figure 11: TCI State to PUSCH mapping after PUSCH segmentation (S: starting symbol, L: length of nominal repetition, K: number of nominal repetitions)

Proposal-10: For Type B mapping, consider whether TCI state to PUSCH mapping should be performed before or after PUSCH segmentation

Similar to downlink, we think it is beneficial to allow dynamic switching between 1-TRP repetition and 2-TRP repetition to allow for full flexibility at the NW side.
Proposal-11: Allow dynamic switching between 1-TRP repetition and 2-TRP repetitions for PUSCH

We also note that in FR2 operation, each PUSCH repetition is TDM-ed and is contributing interference to primarily a single target TRP (unlike FR1). In this case we propose to consider DMRS sequence to be cycled in consecutive repetitions in a TRP specific manner. This allows interference orthogonalization (MU-MIMO) with traffic scheduled in the same cell and interference randomization with traffic scheduled in the neighbor cells.
Proposal-12: Consider DMRS sequence to be cycled in consecutive repetitions in a TRP specific manner

In general, both CB based and NCB based PUSCH operation could be considered for mTRP repetition, although CB based repetition may be an easier candidate for such enhancement (initially). 
PUCCH

Observations from simulation results (PF3)
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Figure 12: 1-TRP vs 2-TRP reception in FR1 (format 3, 40 bits)
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Figure 13: 1-TRP vs 2-TRP reception in FR2 (format 3, 40 bits)



A snapshot of PUCCH repetition results are presented here.

	Parameters
	Potential values

	Numerology
	30 kHz SCS (4 GHz), 120 kHz SCS (30 GHz)

	Channel
	TDL-C (300ns) in FR1, TDL-A (30ns) in FR2, 3 kmph

	Antenna config
	1Tx, 2Rx

	# of RBs/symbols
	PUCCH Format 3: 4 symbols, 1 RB

	UCI payload 
	40 bits

	Schemes
	TDM

	Receiver assumption
	Selection diversity or soft-combining

	Channel estimation
	MMSE



Observations-13: 
· PUCCH multi-TRP repetition gains are significant (selection diversity or soft-combining) and grow at lower BLERs due to diversity improvement.
· the gains in FR1 are more than in FR2 because in FR1 each repetition can be observed by both TRPs whereas in FR2 each repetition can be observed by a single TRP
· specification enhancement should primarily target FR2 because in FR1 most of the gains can be achieved in a specification transparent manner
PUCCH enhancements

PUCCH repetition in Rel-15 can be configured by nrofSlots for PF1, PF3 and PF4. This is optimised in Rel-16 for latency by allowing more than one PUCCH transmission (for HARQ-ACK) within a slot, using sub-slot-based procedure as shown below.

[image: ]
Figure 14: Rel-15 PUCCH vs Rel-16 PUCCH based on sub-slot approach

In order to enable multi-TRP repetition, both slot-wise and sub-slot wise repetition can be considered as shown below.

	[image: ]
Figure 15: slot-wise multi-TCI repetition

	[image: ]
Figure 16: sub-slot wise multi-TCI repetition



Currently PUCCH repetition is configured via RRC. We believe some level of dynamic control of repetition factor and switching between 1-TRP repetition and 2-TRP repetitions is beneficial. Indeed, the NW can use early termination to reduce latency but unnecessary repetition causes interference and RRC reconfiguration overhead is quite high.

Proposal-14: Consider both slot-level and sub-slot level multi-TCI PUCCH repetitions
Proposal-15: Consider some level of dynamic control of PUCCH repetition factor and switching between 1-TRP and 2-TRP repetitions

We also note that in FR2 operation, each PUCCH repetition is TDM-ed and is contributing interference to primarily a single target TRP (unlike FR1). In this case we propose to consider DMRS sequence to be cycled in consecutive repetitions in a TRP specific manner. This allows interference orthogonalization with traffic scheduled in the same cell and interference randomization with traffic scheduled in neighbor cells.
Proposal-16: Consider PUCCH DMRS sequence to be cycled in consecutive repetitions in a TRP specific manner

Generally all formats can benefit in FR2 from repetition – however, initial focus can be on formats 1 & 3

Conclusions

	PDCCH
	Observations-1:
· Soft combining gain over selection diversity is about 1.5 dB (Figure 1)
· Considering resource fair comparison (AL4+AL4 vs AL8) multi-TRP repetition performance is about the same as single-TRP performance if selection diversity is used at the UE, multi-TRP repetition performance is better than single-TRP if soft-combining is used at the UE.(Figure 2)
· Considering additional resource for multi-TRP transmission available from the other TRP, selection diversity or soft-combining provides significant gains. In FR1 SFN transmission provides approximately similar performance as soft-combining with multi-TRP repetition (Figure 3, Figure 4)
· Overall, motivation for PDCCH repetition is primarily in FR2 environments where SFN is not feasible in most UE orientations
Proposal-2: All PDSCH transmission schemes in Rel-15/16 are in scope. 
Proposal-3: Categorize PDCCH reliability schemes at high-level into – 1) selection diversity 2a) soft-combining with joint coding 2b) soft combining with repetition
Proposal-4: PDCCH repetition scheme should allow the NW to choose (dynamically) to transmit DCI from TRP-1 only or from TRP-2 only without repetition or from both TRP-1 and TRP-2 with repetition.
Proposal-5: BD/CCE provisioning principles to consider (for mTRP repetitions): 
· CCE provisioning → CCE (TRP-1) + CCE (TRP-2)
· BD provisioning for selection diversity → BD (candidates from TRP-1) + BD (candidates from TRP-2)
· BD provisioning for soft-combining → BD (candidates from TRP-1) + BD (candidates from TRP-2) + BD (soft-candidates from TRP-1, TRP-2)
Proposal-6: Flexible BD/CCE partitioning across TRPs (for repetitions) should be allowed where TRP-1 and TRP-2 may not consume equal BD/CCE capacity as BD/CCE capacity is quite limited at the UE.
Proposal-7: Consider the following framework for PDDCH repetition study
· Inter-CORESET approach where different CORESETs can be associated with different TRPs. This allows fully flexible partitioning of BD/CCE between TRP-1 and TRP-2 
Intra-CORESET approach where the same CORESET can be associated with different TRPs. As an example TRP-1 associated with monitoring occasion-1 and TRP-2 associated with monitoring ocassion-2

	PUSCH
	Observations-8: 
· PUSCH multi-TRP repetition gains are significant (selection diversity or soft-combining) and grow at lower BLERs due to diversity improvement.
· the gains in FR1 are more than in FR2 because in FR1 each repetition can be observed by both TRPs whereas in FR2 each repetition can be observed by a single TRP
· specification enhancement should primarily target FR2 because in FR1 most of the gains can be achieved in a specification transparent manner
Proposal-9: Multi-TRP PUSCH repetition should apply to both Type A and Type B mapping up to rank-2 transmissions
Proposal-10: For Type B mapping, consider whether TCI state to PUSCH mapping should be performed before or after PUSCH segmentation
Proposal-11: Allow dynamic switching between 1-TRP repetition and 2-TRP repetitions for PUSCH
Proposal-12: Consider DMRS sequence to be cycled in consecutive repetitions in a TRP specific manner

	PUCCH
	Observations-13: 
· PUCCH multi-TRP repetition gains are significant (selection diversity or soft-combining) and grow at lower BLERs due to diversity improvement.
· the gains in FR1 are more than in FR2 because in FR1 each repetition can be observed by both TRPs whereas in FR2 each repetition can be observed by a single TRP
specification enhancement should primarily target FR2 because in FR1 most of the gains can be achieved in a specification transparent manner
Proposal-14: Consider both slot-level and sub-slot level multi-TCI PUCCH repetitions
Proposal-15: Consider some level of dynamic control of PUCCH repetition factor and switching between 1-TRP and 2-TRP repetitions
Proposal-16: Consider PUCCH DMRS sequence to be cycled in consecutive repetitions in a TRP specific manner
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