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Introduction
In Rel-16 discussion, PDSCH enhancements for multi-TRP have been specified, while PDCCH, PUCCH and PUSCH are remained to be enhanced due to the lack of time. In RAN#86, the Rel-17 WID of further enhancements on MIMO for NR is approved [1]. In order to complete the MTRP enhancement for all channels, in the approved WID, a particular point is enhancement to improve reliability and robustness for channels other than PDSCH, targeting both FR1 and FR2. The detail is given as follows.
	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 


To fairly compare the performance among companies, the consensus was achieved for simulation assumptions in RAN1#102-e meeting. Meanwhile, some agreements were also made to categorize the potential enhancement solutions for PDCCH, PUSCH and PUCCH respectively.  
In this contribution, we provide our views and simulation results for some potential enhancements.
Discussion
 PDCCH enhancement
In RAN1#102-e meeting, the following agreements were made for PDCCH reliability enhancement. 
	Agreement#1
To enable a PDCCH transmission with two TCI states, study pros and cons of the following alternatives:
· Alt 1: One CORESET with two active TCI states
· Alt 2: One SS set associated with two different CORESETs
· Alt 3: Two SS sets associated with corresponding CORESETs
· At least the following aspects can be considered: multiplexing schemes (TDM / FDM/ SFN / combined schemes), BD/CCE limits, overbooking, CCE-REG mapping, PDCCH candidate CCEs (i.e. hashing function), CORESET / SS set configurations, and other procedural impacts.
 
Agreement#2
For non-SFN based mTRP PDCCH reliability enhancements, study the following options:
· Option 1 (no repetition): One encoding / rate matching for a PDCCH with two TCI states
· Option 2 (repetition): Encoding / rate matching is based on one repetition, and the same coded bits are repeated for the other repetition. Each repetition has the same number of CCEs and coded bits, and corresponds to the same DCI payload.
· Study both intra-slot repetition and inter-slot repetition
· Option 3 (multi-chance): Separate DCIs that schedule the same PDSCH /PUSCH /RS/TB/etc. or result in the same outcome.
· Study both cases of DCIs in the same slot and DCIs in different slots
Note 1: Companies are encouraged to evaluate the different options based on agreed LLS assumptions for possible down-selection in RAN1#103-e.
Note 2: The actual encoding / rate matching chain for PDCCH polar coding (i.e. 38.212 Sections 5.3.1 / 5.4.1 / 7.3.3 / 7.3.4) is not changed in the options above.

Agreement#3
For mTRP PDCCH reliability enhancements, study the following multiplexing schemes
· TDM : Two sets of symbols of the transmitted PDCCH / two non-overlapping (in time) transmitted PDCCH repetitions / non-overlapping (in time) multi-chance transmitted PDCCH are associated with different TCI states
· Aspects and specification impacts related to intra-slot vs inter-slot to be discussed
· FDM : Two sets of REG bundles / CCEs of the transmitted PDCCH / two non-overlapping (in frequency) transmitted PDCCH repetitions / non-overlapping (in frequency) multi-chance transmitted PDCCH are associated with different TCI states
· SFN : PDCCH DMRS is associated with two TCI states in all REGs/CCEs of the PDCCH 
· Note: There is dependency between this scheme and AI 2d (HST-SFN )
· Note: Combinations of the schemes are not precluded, and they can be discussed at a later stage.

Agreement#4
For Alt 1 (one CORESET with two active TCI states), study the following 
· Alt 1-1: One PDCCH candidate (in a given SS set) is associated with both TCI states of the CORESET.
· Alt 1-2: Two sets of PDCCH candidates (in a given SS set) are associated with the two TCI states of the CORESET, respectively 
· Alt 1-3: Two sets of PDCCH candidates are associated with two corresponding SS sets, where both SS sets are associated with the CORESET and each SS set is associated with only one TCI state of the CORESET 
· Note 1: A set of PDCCH candidates contain a single or multiple PDCCH candidates, and a PDCCH candidate in a set corresponds to a repetition or chance
· Note 2: How one or more PDCCH candidates are counted for monitoring (for BD limit) is FFS 
· The note is applicable also to other alternatives 
 
Agreement#5
For Alt 1-2/1-3/2/3, study the following
· Case 1: Two (or more) PDCCH candidates are explicitly linked together (UE knows the linking before decoding) 
· FFS: How the explicit linkage is derived/determined by the UE
· Case 2: Two (or more) PDCCH candidates are not explicitly linked together (UE does not know the linking before decoding) 
· FFS: How the UE knows the linkage after decoding 



Based on the above agreements, the potential combinations can be categorized into three schemes. 
Scheme 1: No repetition, one PDCCH candidate with two TCI
Scheme 1 is very simple from UE implementation perspective since the BD/CCE number is the same as Rel-16. It can be further split into three sub-schemes as follows
· Scheme 1-1 (Option1 + Alt1-1 + SFN) ,  i.e. SFN as shown in Figure 2.1-2.
· SFN scheme is most simple one from spec perspective. Since SFN is being supported for PDSCH in HST scenario, it will be naturally supported for PDCCH as well. 
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Figure 2.1-1 SFN scheme
· Scheme 1-2 ( Option1 + Alt1-1 + FDM), i.e. one PDCCH resource is split into two frequency parts which correspond to different TCI states as shown in Figure 2.1-2. 
· In FR2, UE has to support two receive beams. 
· It cannot be supported in the case when REG bundling size = 6 and AL (aggregation level) = 1. That’s because the precoding should be used within one REG. 
· If this scheme is supported, dynamic switching between single-TRP and multi-TRP cannot be supported.
· If precoderGranularity = allContiguousRBs, it may not be appropriate since wideband channel estimation cannot be used. 
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Figure 2.1-2 FDMed multiplexing in one PDCCH candidate, no repetition
· Scheme 1-3 ( Option1 + Alt1-1 + TDM), i.e. one PDCCH resource is split into two sets of OFDM symbols which correspond to different TCI states as shown in Figure 2.1-3
· This scheme can be supported for UE with only one receive beam in FR2. 
· It cannot be supported in the case when CORESET has only 1 OFDM symbol. 
· It may cause channel estimation issues within one REG bundling as REG is numbered in increasing order with time-first manner.
· If this scheme is supported, dynamic switching between single-TRP and multi-TRP cannot be achieved.
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Figure 2.1-3 TDMed multiplexing in one PDCCH candidate, no repetition
For all above three sub-schemes, two TCI states should be supported for one CORESET. Since all of these three sub-schemes have the similar functionality and UE complexity, supporting at most one of them is enough. 
Observation 1: The following sub-schemes for scheme 1 (No repetition) achieve similar functionality and UE complexity
· Scheme 1-1: SFN
· Scheme 1-2 ( Option1 + Alt1-1 + FDM), i.e. one PDCCH resource is split into two frequency parts which correspond to different TCI states
· Scheme 1-3 ( Option1 + Alt1-1 + TDM), i.e. one PDCCH resource is split into two sets of OFDM symbols which correspond to different TCI states

Scheme 2: repetition, with link, UE can do soft combining 
Scheme 2 requires the highest UE complexity and specification effort. It is suitable for UEs with soft combining capability. In such case, gNB should explicitly configure the linkage between two PDCCH candidates. Also, it can be split into several sub-schemes. 
· Scheme 2-1 ( Option2 + Alt1-2 + Case1) , i.e. two PDCCH candidates of one SS (search space) are explicitly linked together as shown Figure 2.1-4 
· This scheme can be supported for UE without two receive beams in FR2.  However, only TDMed PDCCH repetitions can be supported. FDMed PDCCH repetitions cannot be supported since two PDCCH candidates of one SS must be transmitted in different time instance.  
· If this scheme is supported, gNB should always transmit two repetitions, and dynamic switching between single-TRP and multi-TRP cannot be achieved.  
· One CORESET should be configured with two TCI states which correspond to two PDCCH candidates of one SS respectively.
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Figure 2.1-4 Repetition of two PDCCH candidates within one SS 

· Scheme 2-2 ( Option2 + Alt1-3 + Case1) , i.e. two PDCCH candidates of two SS within one CORESET are explicitly linked together. This scheme is similar with Scheme 2-1, but two PDCCH repetitions are from two SS of one CORESET.   
· Scheme 2-3 ( Option2 + Alt2 + Case1) , i.e. one SS is associated with two CORESETs, two PDCCH candidates of one SS from two CORESETs are explicitly linked.  
· Scheme 2-4 ( Option2 + Alt3 + Case1) , i.e. two SS associated with corresponding CORESETs, two PDCCH candidates of two SS from two CORESETs are explicitly linked. 
All above sub-schemes needs UE to support capability with soft combining, and the number of PDCCH resources is doubled compared with Rel-16. How to calculate the number of BD/CCEs for the two repetitions should be further discussed. For example, if UE always do soft combining between two linked PDCCH candidates, the number of BD of these two PDCCH candidates will be counted as one. However,  if UE first do separate decoding for the two linked PDCCH candidates, and then try to do soft combining, the number of BD of these two PDCCH candidates will be counted as three. 
Since all of these sub-schemes have the similar functionality and UE complexity, supporting at most one of them is enough for the UE with soft combining capability. 
Observation 2: For a UE with capability of soft combining, the following sub-schemes of scheme 2 (repetition, UE can do soft combining) achieve similar functionality and UE complexity
· Scheme 2-1 ( Option2 + Alt1-2 + Case1) , i.e. two PDCCH candidates of one SS are explicitly linked 
· Scheme 2-2 ( Option2 + Alt1-3 + Case1) , i.e. two PDCCH candidates of two SS within one CORESET are explicitly linked
· Scheme 2-3 ( Option2 + Alt2 + Case1) , i.e. one SS is associated with two CORESETs
· Scheme 2-4 ( Option2 + Alt3 + Case1) , i.e. two SS associated with corresponding CORESETs

Scheme 3: multi-chance PDCCH, without soft combining, without link
This scheme is suitable for UEs without soft combining capability. In such case, it is better to support dynamic switching between single TRP and multi-TRP in order to save PDCCH resource overhead. Compared with Scheme 2, Scheme 3 has lower UE complexity. 
From flexibility perspective, ( Option 3 +  Alt3 + Case 2) is the best, i.e. separate DCIs from two SS associated with corresponding CORESETs  can schedule the same PDSCH /PUSCH /RS/TB/etc, or result in the same outcome. In such case, two PDCCH candidates are not explicitly linked together, i.e., UE does not know the linking before decoding. Hence, the legacy CORESET/SS structure can be completely reused. If UE successfully detects both PDCCHs which schedule the same PDCCH/PUSCH/RS/CSI reporting, UE can just ignore one of the two PDCCHs.  Further, two PDCCHs can still schedule different PDCCH/PUSCH/RS/CSI reporting, which is the same as Rel-15/16. 
As shown in Figure 2.1-5, two DCIs with different TCI states can schedule the same SRS resource set for PDCCH reliability enhancement. For flexibility, two DCIs can also schedule independent SRS(or data or others) which is the same as Rel-16. 
· When both DCIs are in the same slot, after UE receives both DCIs successfully, UE firstly needs to decide whether two DCIs triggers the same SRS resource set(s) or not. If yes, UE can ignore one of the two DCIs. If not, the UE behavior is the same as Rel-16.  For this case, the spec impact is marginal, just some UE behavior needs to be clarified in the spec in the case when two DCIs result in the same outcome.
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Figure 2.1-5 Intra-slot multi-chance PDCCH transmissions 
· When the two DCIs are in different slots, since the slot offset k between PDCCH and a SRS resource set is configured by RRC signaling, DCI0 in slot n and DCI1 in slot n+1 will trigger the same SRS resource set in slot n+k and n+k+1 respectively as shown in Figure 2.1-6. This will cause the SRS resource waste since UE may transmit the same SRS resource set twice. 
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Figure 2.1-6 Inter-slot multi-chance PDCCH transmissions 
To solve this issue for inter-slot multi-chance PDCCH enhancement, an additional slot offset ∆ can be configured for DCI0 via SS basis. Then, the final slot offset between DCI0 and the SRS resource set can equal to k+∆ . As shown in Figure 2.1-6, ∆ = 1. Consequently, the both DCIs will trigger the SRS resource set in the same slot.  The spec impact is only one RRC signaling. 
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Figure 2.1-6 Inter-slot multi-chance PDCCH with additional slot offset for DCI 0
In short, 
· scheme 3 introduces most flexibility 
· the number of BD/CCE can be the same as Rel-15/16 
· dynamic switching between Rel-15/16 and multi-chance PDCCH can be supported 
· the PDCCH reliability is also increased in blockage scenario since two PDCCH chances can be with separate TCI states. 
Therefore, we propose to support multi-chance PDCCH transmission. 
Observation 3: Scheme 3, i.e. multi-chance PDCCH transmission has very good flexibility and backward compatibility with Rel-15/16
· Scheme 3: ( Option 3 +  Alt3 + Case 2), separate DCIs from two SS associated with corresponding CORESETs  can schedule the same PDSCH /PUSCH /RS/TB/etc. or result in the same outcome
· Support two DCIs in the same slot or different slots. An additional slot offset between one DCI and the correspondingly scheduling signaling is supported.  
· Two DCIs can also trigger independent signaling as Rel-16/15. 

Performance comparison 
To compare the performance among different schemes, we provide some simulation results in this section for scheme 1-1(SFN), scheme 1-2(FDM, no repetition) with power boosting , scheme 1-2 without power boosting, scheme 2 (repetition with soft combining) and scheme 3(multi-chance).   In the simulation, 0dB, 3dB or 6dB gap of the large scale SNR between two TRPs is assumed for both non-blockage and blockage scenarios. For blockage scenario, 10% blockage probability is assumed per each TRP. Once a TRP transmission is blocked, 20dB loss is assumed. More assumptions can be found in Table 1 of Appendix. 
It is noted that we do not provide performance results for scheme 1-3 since it is not preferred. That’s because it will cause many issues as we analyzed above, e.g. not support 1 symbol PDCCH, break channel estimation within one REG bundling etc.. In addition, from simulation perspective, there is no difference among sub-schemes of scheme 3. 
Simulation results for blockage and non-blockage scenarios are depicted in Fig. 2.1-7 and 2.1-8, respectively. In the figures, blue curves refer to scheme 1-1(SFN), red curves refer to scheme 1-1 with power boosting, yellow curves refer to scheme 1-1 without power boosting, pink curves refer to scheme 2, and green curves refer to scheme 3. 
Based on the results for blockage scenario, which is quite typical in FR2, we can observe the following.
Observation 4: For blockage scenario
· Scheme 1-2(FDM) without power boosting has the worst performance 
· Scheme 1-2(FDM) including with and without power boosting has worse performance than other schemes for AL 8.
· For schemes other than Scheme 1-2, there is no much difference especially on BLER 10e-3.  
Therefore, we propose to support scheme 1-1(SFN) and scheme 3(multi-chance) for UE with and without two receive beams capability respectively since these two schemes has the least specification impact and the most flexibility. 
Proposal 1: For blockage scenario, support scheme 1-1(SFN) and scheme 3(multi-chance) for UE with and without two receive beams capability respectively. 

Based on the results for the non-blockage scenario which is usually in FR1, the following can be observed. 
Observation 5: For non-blockage scenario, 
· Scheme 1-1(SFN), Scheme 1-2(FDM) with power boosting and Scheme 2 have the similar performance which are better than scheme 1-2 without power boosting and Scheme 3.  
Although scheme 1-2(FDM) with power boosting provides good performance, it requires more specification effort and may cause severe inter-cell interference because of power boosting. Scheme 2 also provides good performance, however, it leads to most UE complexity and lacks flexibility. Since scheme 1-1 needs the least specification effort and it is also suitable for blockage scenario, we propose to support scheme 1-1(SFN) in non-blockage scenario.  
Proposal 2: For non-blockage scenario, support scheme 1-1(SFN). 
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Figure 2.1-7 Simulation results of different schemes under blockage scenario
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Figure 2.1-8  Simulation results of different schemes under non-blockage scenario
 PUCCH enhancement
In RAN1#102-e meeting, the following agreements were made for PUCCH reliability enhancement.
	Agreement#1
To improve reliability and robustness for PUCCH using multi-TRP and/or multi-panel, consider all PUCCH formats.  
Agreement#2
To enable TDMed PUCCH transmission with different beams, support configuring/activating of multiple PUCCH Spatial Relation Info. RAN1 shall further study the exact schemes considering the following aspects, 
· Method of configuration/activation of multiple spatial relation info
· Use of the same PUCCH resource or different PUCCH resource for PUCCH transmission 
· Mapping between PUCCH repetition/symbol and spatial relation info among multiple PUCCH repetitions / multiple PUCCH symbols.
Agreement#3
For configuration/indication of the number of PUCCH repetitions, RAN1 shall further study the following,  
· Alt.1: Use Rel-15 like framework
· Alt.2: Dynamic indication of the number of PUCCH repetitions 
Agreement#4
For multi-TRP PUCCH transmission, further investigate required power control enhancement.  
Agreement#5
Further study M-TRP CG PUSCH reliability enhancements in Rel-17. 
Agreement#6
Support TDMed PUCCH scheme(s) to improve reliability and robustness for PUCCH using multi-TRP and/or multi-panel. Study the following alternatives,
· Alt.1: supporting both inter-slot repetition and intra-slot repetition / intra-slot beam hopping.
· Alt.2: supporting only inter-slot repetition
· Note1: It is not precluded to study the use of multiple PUCCH resources to repeat the same UCI in both inter-slot repetition and intra-slot repetition.  
· Note2: The alternatives are clarified as below,
· inter-slot repetition: One PUCCH resource carries UCI , another one or more PUCCH resources or the same PUCCH resource in another one or more slots carries a repetition of the UCI .
· intra-slot repetition: One PUCCH resource carries UCI , another one or more PUCCH resources or the same PUCCH resource in another one or more sub-slots carries a repetition of the UCI 
· intra-slot beam hopping: UCI is transmitted in one PUCCH resource in which different sets of symbols have different beams.


Based on the above agreements, four potential research directions can be identified.
Configuration of multiple PUCCH spatial relations 
One critical approach to enhance PUCCH reliability based on multi-TRP is to use different beams for these TRPs to enable higher diversity. This is especially beneficial under blockage scenario. 
To evaluate the validity of beam diversity, simulations are performed with results shown in Figure 2.2-1. In the simulations, beam blockage probability is 10%. Once beam blockage occurs, the receiving SNR will be reduced by 10 dB. Other simulation assumption are given in Table 2 of Appendix. 
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Figure 2.2-1 PUCCH repetition with beam blockage
As shown in Figure 2.2-1, 
· the green line indicates PUCCH transmission through a single beam, 
· the red line indicates 2 PUCCH repetition transmission with 2 beams, 
· the blue line indicates 4 PUCCH repetition transmission with 2 beams and 
· the black line indicates 8 PUCCH repetition transmission with 2 beams. 
We can observe the following. 
Observation 6: Under blockage scenario, PUCCH repetition with beam diversity shows significantly lower BLER than PUCCH with single beam. Doubling the number of repetitions achieves almost 3dB gain.
To enable PUCCH transmission with beam diversity, it is needed to support configuring/activating of multiple PUCCH spatial relations. The following options can be considered as described in the above Agreement#2. 
· Alt.1: Support activating two spatial relations for one PUCCH at the same time by MAC-CE.
· Alt.2: Support indicating two PUCCH resources at the same time by DCI.
For Alt.1, the implementation is simple. The restriction that only one spatial relation can be activated at a time needs to be modified. For Alt.2, PUCCH resources can be selected flexibly in accordance with the number of symbols available for uplink transmission, so the configuration is more flexible to support FDMed PUCCH repetitions. However, how to indicate multiple PUCCH resources by DCI at the same time needs further study. The spec effort is much more than Alt.1. In addition, if only TDMed PUCCH beam diversity is to be supported, the benefit of Alt.2 will vanish. Thus, we prefer Alt.1.
Proposal 3: To enable TDMed PUCCH transmission with different beams, support activating two spatial relations for one PUCCH resource at the same time by MAC-CE.

If the PUCCH resource is configured as Alt.1, one PUCCH resource is configured with multiple beams, and the configured multiple beams can be switched among PUCCH repetitions like we agreed for single-DCI based MTRP scheme 3 or 4 (TDMed repetition with beam switching). In the case when the number of PUCCH repetitions is 1 and intra-slot hopping is enabled, multiple beams can be considered to apply on different frequency hops.
Proposal 4: When multiple beams are configured or activated to one PUCCH resource, support beam switching among multiple PUCCH repetitions or multiple frequency hops of one PUCCH repetition. 

Power control enhancement
Considering PUCCH transmission based on multi-beam to two TRPs causes different propagation paths, resulting in different path losses, if a same TPC command is used, it is difficult to adjust the UL Tx power to the two TRPs. Therefore, power control parameters should be separate for the multiple beams/TRPs. For example, we can associate power control parameters with spatial relation of PUCCH. For the close loop power control, there is only one TPC command field in the current Rel-16 DCI format 1_1/1_2, more discussion is needed on whether one more TPC command field is needed, or how to map the indicated TPC values and two PUCCH beams. 
In general, there are following options for solving the close loop power control issue in the case two PUCCH beams are indicated.
· Option 1: A single TPC value is used for both PUCCH beams. This scheme has no much spec impact, but it may cause performance loss since the close loop power adjustment is always the same for both PUCCH beams.  
· Option 2: A single TPC value is used for one of two PUCCH beams. This scheme can also keep the DCI size as same as legacy one, separate close loop power adjustments are supported. However, one DCI can only indicate TPC adjustment for one PUCCH beam in one time. It should be clarified for which PUCCH beam the indicated TPC adjustment is used. 
· Option 3: Add one more TPC command field. So one DCI contains two TPC command fields corresponding to two PUCCH beams respectively. This scheme has most flexibility, but it causes larger DCI overhead. 
Based on the above analysis, we have the following proposal
Proposal 5: Support separate power control parameters for the multiple PUCCH beams. For close loop power control for PUCCH, one of the following three options is supported.
· Option.1: A single TPC value is used in one DCI for both PUCCH beams
· Option.2: A single TPC value is used in one DCI for one of two PUCCH beams
· Option 3: Add one more TPC command field in DCI.

Configuration of the number of PUCCH repetitions
According to Rel-15 specification, a UE can be configured with a number of slots, for repetitions of a PUCCH transmission by respective RRC parameter nrofSlots. Then the question in this Rel-17 enhancement is whether it is needed to dynamically indicate the number of repetitions, or semi-static configuration as in Rel-15 is sufficient. 
We conduct link-level simulations to evaluate the number of required repetitions under different SNRs. The simulation is based on PUCCH format 0 and PUCCH format 1, and the results are given in Figure 2.2-2. In the results, the Y-axis is the statistic of the actual number of PUCCH repetitions which makes PUCCH transmission successfully detected by gNB. The X-axis is the large scale SNR which varies between -30 ~ -12 dB with an interval of 2 dB, and the maximum repetition number is limited to 16. Each set of adjacent bars in each figure indicates the variable numbers of required PUCCH repetitions for a value of large scale SNR.
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Figure 2.2-2(b)
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Figure 2.2-2(c)
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Figure 2.2-2(d)


Figure 2.2-2 PUCCH repetition for PUCCH format 0 and format 1
As shown in above Figure 2.2-2, even large scale SNR is fixed, e.g. SNR = -30dB, the required number of PUCCH repetitions changes along with the variation of channel matrix. 
Observation 7: The required number of PUCCH repetitions varies even the large scale SNR is fixed. 
In this sense, RRC configured number of PUCCH repetitions is not sufficient for resource utilization. Due to the real-time change of transmission conditions such as channel fading and interference, the number of PUCCH repetition should be indicated dynamically, which is similar as the number of PUSCH or PDSCH repetitions. When the channel condition is good, a smaller number of PUCCH repetition or no repetition can be indicated to UE to reduce resource overhead. When the channel condition is poor, the transmission can be repeated several times, to improve the transmission reliability. To evaluate actual channel fluctuation, we provide per slot SINR CDF curves under different large-scale SNRs, as shown in Figure 2.2-3.The large-scale SNR is set to [-20,10] dB with a spacing of 10 dB.
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Figure 2.2-3 CDF of SNR fluctuation
As shown in Figure 2.2-3, the SNR fluctuation range can be up to 20 dB, which fully proves the rapid change of the actual transmission channel and the difference in the channel conditions of each slot. Therefore, it is difficult to adapt to PUCCH repetition times by semi-static indication, resulting in unnecessary resource waste or low transmission reliability.
Observation 8: The PUCCH SNR fluctuation range can be up to 20 dB, which fully proves the rapid change of the actual transmission channel and the difference in the channel conditions of each slot. 
Therefore, the number of PUCCH repetition should be dynamically indicated by DCI. One solution is to add a new DCI field to indicate the number of PUCCH repetitions. However, it causes more DCI overhead.  Another solution is to implicitly indicate the number of repetitions by the existing DCI field, e.g. ‘PUCCH resource indicator’, or ‘PDSCH-to-HARQ_feedback timing indicator’.  For instance, the number of repetitions can be configured per PUCCH resource by RRC signaling. Once a PUCCH resource is selected by DCI field ‘PUCCH resource indicator’, the actual number of PUCCH repetitions can be determined. For another instance, a number of repetitions can be configured for each candidate value of ‘PDSCH-to-HARQ_feedback timing indicator’ by RRC signaling.
Proposal 6: Support dynamical indication of the number of PUCCH repetitions, by reusing the existing DCI field, e.g. DCI field ‘PUCCH resource indicator’ or ‘PDSCH-to-HARQ_feedback timing indicator’. 

Inter-slot or intra-slot repetition
In Rel-15, inter-slot repetition of long PUCCH formats is already supported. Therefore, it is necessary to continue to support inter-slot repetition for PUCCH in the Rel-17. However, the reason for Rel-15 to support inter-slot repetition is due to the number of symbols for long PUCCH formats, it is difficult to repeatedly transmit the PUCCH in one slot. In  RAN1#102e, it has been agreed to enhance the reliability and robustness of all PUCCH formats. Therefore, the repetition of short PUCCH formats must be considered as well.
For the repetition of short PUCCH formats, one PUCCH transmission can occupy up to two OFDM symbols. If only inter-slot repetition transmission is supported, a number of slots is required for the TRPs to continuously receive PUCCH repetitions while each slot has only one or two symbols used. However, if the PUCCH can be repeated within one slot, the TRPs can receive all PUCCH repetitions within a shorter time than the inter-slot transmission, thus achieving a lower latency. It needs to be noted that for URLLC applications, latency is critical metric. Therefore, we support both inter-slot repetition and intra-slot repetition.
Proposal 7: Support both inter-slot repetition and intra-slot PUCCH repetition.

 PUSCH enhancement
In RAN1#102-e meeting, the following agreements were made for PUSCH reliability enhancement.
	Agreement#1 
For M-TRP PUSCH reliability enhancement, support single DCI based PUSCH transmission/repetition scheme(s). 
· Further study multi-DCI based PUSCH transmission/repetition scheme(s) to identify potential gains and required enhancements. 
· Note: This agreement does not reflect any prioritization of single DCI based PUSCH transmission/repetition over multi-DCI based PUSCH transmission/repetition. Ran1 can further discuss that in the next meeting.  

Agreement#2 
For single DCI based M-TRP PUSCH reliability enhancement, support TDMed PUSCH repetition scheme(s) based on Rel-16 PUSCH repetition Type A and Type B.
· Further study PUSCH transmission without repetition as a potential candidate M-TRP PUSCH scheme

Agreement#3
To support single DCI based M-TRP PUSCH repetition scheme(s), up to two beams are supported. RAN1 shall further study the details considering, 
1. Codebook based and non-codebook based PUSCH  
1. Enhancements on SRI/TPMI/power control parameters/any other 
Note1: Companies are encouraged to provide additional details on how above enhancements are applied to different PUSCH repetitions (e.g. mapping between PUSCH repetitions and beams)
Note2: Studying enhancements/aspects related to TA is not precluded.

Agreement#4
On the mapping between PUSCH repetitions and beams in single DCI based multi-TRP PUSCH repetition Type A and Type B, further study the following, 
· For both PUSCH repetition Type A and B, how the beams are mapped to different PUSCH repetitions (or slots/frequency hops),
· Alt.1: cyclical mapping pattern (the first and second beam are applied to the first and second PUSCH repetition, respectively, and the same beam mapping pattern continues to the remaining PUSCH repetitions). 
· Alt.2: sequential mapping pattern (the first beam is applied to the first and second PUSCH repetitions, and the second beam is applied to the third and fourth PUSCH repetitions, and the same beam mapping pattern continues to the remaining PUSCH repetitions). 
· Alt.3: Half-Half pattern (the first beam is applied to the first half of PUSCH repetitions, and the second beam is applied to the second half of PUSCH repetitions) 
· Alt.34: Other variants (e.g. configurable mapping patterns)
· Note1: For PUSCH repetition type B, the variants considering slot level beam mapping with the same mapping principals (replacing repetition with slot) in Alt.1/2/3 are also included. 
· Note2: For PUSCH repetition type A and B with frequency hopping, the variants considering frequency hop level beam mapping with the same mapping principals (replacing repetition with frequency hop) in Alt.1/2/3 can also be studied further. Final selection of such schemes also depends on the number of beams allowed per PUSCH repetition. 
· For PUSCH repetition Type B, which repetition type that the beams shall consider for the mapping,
· Alt.1: beams are mapped to the nominal repetitions
· Alt.2: beams are mapped to the actual repetitions
· Alt.3: beams are mapped to different slots (not in the granularity of actual/nominal repetition)
· Alt.4: Other variants
· Consider additional requirements on switching gap(s) between two PUSCH repetitions towards different TRPs considering beam switching latency aspects.
· Note: use of the above solutions to multi-DCI based PUSCH repetition and TDMed PUSCH transmission without repetition (when there are agreed to support) is not precluded.



To support TDMed PUSCH repetition in multi-TRP deployment scenario, both single-DCI based and multi-DCI based transmission schemes introduced in Rel-16 can be utilized. 
Single-DCI based PUSCH repetition with beam diversity 
Using multiple beams for multiple TRPs is a good solution to achieve better diversity for PUSCH transmission. As shown in Figure 2.3-1, single DCI can schedule multiple TDMed PUSCH transmissions with different beams. To support multiple beams, different enhancements are required potentially for codebook and non-codebook based transmission schemes. 
[image: ]
Figure 2.3-1 Single DCI based PUSCH repetition with beam diversity
For codebook based PUSCH transmission, to indicate multiple beams for PUSCH transmission, SRI field in DCI format 0_1 or 0_2 needs to be enhanced so that one SRI can indicate one or two SRS resources corresponding to different beams. In addition, as different beams and TRPs causes different channel matrices, multiple TPMIs for two beams are also needed. 
We conduct SLS to reveal the performance comparison of the same and different TPMIs for two beams. In this simulation, different path-loss gaps of two TRPs are considered to reflect the practical different TRP locations. The left figure assumes 3dB threshold of receive power gap between two TRPs, whereas the right figure assumes 6dB threshold. More detailed simulation parameters are described in Table 3 of Appendix. The simulation results are shown in the Figure 2.3-2.
[image: 3dB]   [image: 6dB]
Figure 2.3-2 Performance comparison between same and different TPMIs for PUSCH repetitions with different beams
As shown in the figures, the performance of independent TPMIs clearly outperforms the same TPMI, the simulation results are consistent with the actual transmission scenarios.  So we propose to add one more TPMI field in DCI format 0_1 or 0_2. The detailed design of the new TPMI field needs to be further investigated taking DCI overhead into account.
Since all PUSCH repetitions with same or different beams carry the same TB, if different ranks are used for the repetitions, it is difficult and complex for gNB and UE to maintain same TB size considering different amount of allocated resource is needed under a certain granularity. Hence a same rank can be used in order to reduce DCI overhead. 
Observation 9: 
· If only one TPMI is indicated for the PUSCH repetitions for two TRPs, large performance loss is observed.
· If different ranks are used for the repetitions, it is difficult and complex for gNB and UE to maintain same TB size.
As for the power control, it is similar as PUCCH shown in section 2.2.2. The need of enhance TPC command for PUSCH is similar as for PUCCH. There are also three options for close loop power control in the case of two PUSCH beams are indicated.
· Option.1: A single TPC value is used in one DCI for both PUSCH beams. 
· Option.2: A single TPC value is used in one DCI for one of two PUCCH beams. 
· Option 3: Add one more TPC command field in DCI.
For non-code book based transmission, an associated CSI-RS is configured for deriving precoders of SRS resources. In the case of PUSCH repetition for two TRPs, two CSI-RS resource sets is needed in FR1 transmitted from different TRPs, and another SRI field is also needed. This may cause high work load due to the need of large specification change. Considering limited time, we propose to first discuss the enhancement for codebook based transmission which is more popular in the real deployment. If the time is allowed, we can further discuss the potential enhancement for non-codebook based. In FR2, more issues should be carefully considered since the current spec supports multiple beams for SRS resources within one SRS resource set. However, from UE capability and implementation perspective, all SRS resources within the SRS resource set should be configured with the same beam. In such case, the current structure that one resource is mapped to one layer seems unnecessary. To simplify the non-codebook design, we prefer to unify the structure for both codebook and non-codebook. Specifically, one port of an SRS resource can correspond to one layer for non-codebook based PUSCH. More details can be found in our companion contribution [3].
In short, we have the following proposal for single-DCI based PUSCH enhancement
Proposal 8: For single DCI-based PUSCH, support enhancement on SRI, TPMI and TPC command field for codebook based transmission, 
· One SRI can indicate one or two SRS resources
· Add one more TPMI field 
· FFS for the relationship between two TPMI fields.
· The rank of all PUSCH repetition is the same 
· For close loop power control, down-select from the following options
· Option.1: A single TPC value is used in one DCI for both PUSCH beams. 
· Option.2: A single TPC value is used in one DCI for one of two PUCCH beams. 
· Option 3: Add one more TPC command field in DCI.

Multi-DCI based PUSCH repetition with beam diversity 
As shown in Figure 2.3-3, multi-DCI based PUSCH repetition can be achieved by using two independent DCI from two TRPs scheduling multiple repetitions of one TB. Even beam/TPMI are different for PUSCH repetitions from two TRPs, Rel-16 DCI size can be maintained, which is the benefit compared with single-DCI based PUSCH repetition. In this case, gNB should let UE know which two DCIs schedule the same TB. 
		[image: ]
Figure 2.3-3 Multi-DCI based PUSCH repetition

Proposal 9: Support Multi-DCI based PUSCH repetition
· gNB should let UE know which two DCIs schedule the same TB.

Conclusions
[bookmark: OLE_LINK11][bookmark: OLE_LINK10]In this contribution, we provide the following observations and proposals on the enhancement of PDCCH, PUCCH and PUSCH. 
For PDCCH
Observation 1: The following sub-schemes for scheme 1 (No repetition) achieve similar functionality and UE complexity
· Scheme 1-1: SFN
· Scheme 1-2 ( Option1 + Alt1-1 + FDM), i.e. one PDCCH resource is split into two frequency parts which correspond to different TCI states
· Scheme 1-3 ( Option1 + Alt1-1 + TDM), i.e. one PDCCH resource is split into two sets of OFDM symbols which correspond to different TCI states
Observation 2: For a UE with capability of soft combining, the following sub-schemes of scheme 2 (repetition, UE can do soft combining) achieve similar functionality and UE complexity
· Scheme 2-1 ( Option2 + Alt1-2 + Case1) , i.e. two PDCCH candidates of one SS are explicitly linked 
· Scheme 2-2 ( Option2 + Alt1-3 + Case1) , i.e. two PDCCH candidates of two SS within one CORESET are explicitly linked
· Scheme 2-3 ( Option2 + Alt2 + Case1) , i.e. one SS is associated with two CORESETs
· Scheme 2-4 ( Option2 + Alt3 + Case1) , i.e. two SS associated with corresponding CORESETs
Observation 3: Scheme 3, i.e. multi-chance PDCCH transmission has very good flexibility and backward compatibility with Rel-15/16
· Scheme 3: ( Option 3 +  Alt3 + Case 2), separate DCIs from two SS associated with corresponding CORESETs  can schedule the same PDSCH /PUSCH /RS/TB/etc. or result in the same outcome
· Support two DCIs in the same slot or different slots. An additional slot offset between one DCI and the correspondingly scheduling signaling is supported.  
· Two DCIs can also trigger independent signaling as Rel-16/15.
Observation 4: For blockage scenario
· Scheme 1-2(FDM) without power boosting has the worst performance 
· Scheme 1-2(FDM) including with and without power boosting has worse performance than other schemes for AL 8.
· For schemes other than Scheme 1-2, there is no much difference especially on BLER 10e-3.  
  Observation 5: For non-blockage scenario, 
· [bookmark: _GoBack]Scheme 1-1(SFN), Scheme 1-2(FDM) with power boosting and Scheme 2 have the similar performance which are better than scheme 1-2 without power boosting and Scheme 3. 
Proposal 1: For blockage scenario, support scheme 1-1(SFN) and scheme 3(multi-chance) for UE with and without two receive beams capability respectively. 
Proposal 2: For non-blockage scenario, support scheme 1-1(SFN). 

For PUCCH
Observation 6: Under blockage scenario, PUCCH repetition with beam diversity shows significantly lower BLER than PUCCH with single beam. Doubling the number of repetitions achieves almost 3dB gain.
Observation 7: The required number of PUCCH repetitions varies even the large scale SNR is fixed. 
Observation 8: The PUCCH SNR fluctuation range can be up to 20 dB, which fully proves the rapid change of the actual transmission channel and the difference in the channel conditions of each slot. 
Proposal 3: To enable TDMed PUCCH transmission with different beams, support activating two spatial relation for one PUCCH resource at the same time by MAC-CE.
Proposal 4: When multiple beams are configured or activated to one PUCCH resource, support beam switching among multiple PUCCH repetitions or multiple frequency hops of one PUCCH repetition. 
Proposal 5: Support separate power control parameters for the multiple PUCCH beams. For close loop power control for PUCCH, one of the following three options is supported.
· Option.1: A single TPC value is used in one DCI for both PUCCH beams
· Option.2: A single TPC value is used in one DCI for one of two PUCCH beams
· Option 3: Add one more TPC command field in DCI.
Proposal 6: Support dynamical indication of the number of PUCCH repetitions, by reusing the existing DCI field, e.g. DCI field ‘PUCCH resource indicator’ or ‘PDSCH-to-HARQ_feedback timing indicator’. 
Proposal 7: Support both inter-slot repetition and intra-slot PUCCH repetition.

For PUSCH
Observation 9: 
· If only one TPMI is indicated for the PUSCH repetitions for two TRPs, large performance loss is observed.
· If different ranks are used for the repetitions, it is difficult and complex for gNB and UE to maintain same TB size.
Proposal 8: For single DCI-based PUSCH, support enhancement on SRI, TPMI and TPC command field for codebook based transmission, 
· One SRI can indicate one or two SRS resources
· Add one more TPMI field 
· FFS for the relationship between two TPMI fields.
· The rank of all PUSCH repetition is the same 
· For close loop power control, down-select from the following options
· Option.1: A single TPC value is used in one DCI for both PUSCH beams. 
· Option.2: A single TPC value is used in one DCI for one of two PUCCH beams. 
· Option 3: Add one more TPC command field in DCI.
Proposal 9: Support Multi-DCI based PUSCH repetition
· gNB should let UE know which two DCIs schedule the same TB.
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Appendix
Table 1 LLS assumptions of PDCCH repetition
	Antenna number
	1Tx,4Rx

	Channel model
	TDL-D

	Coding scheme
	Polar

	subcarrier (KHz)
	30

	Symbol number per PDCCH
	2

	AL
	8,16

	REG bundling size
	6

	Number of repetitions
	1, 2

	CCE-to-REG mapping
	Interleaved (Interleaver row: 2)

	Code rate
	AL8:(40+24)/864≈0.074
AL16:(40+24)/1728≈0.037

	DCI payload
	40 bits



Table 2 LLS assumptions of PUCCH repetition
	Antenna number
	1Tx,2Rx

	Channel model
	TDL-C

	subcarrier (KHz)
	15

	PUCCH format
	0,1

	of RBs/symbols
	PUCCH Format 0: 2 symbols, 1 RB
PUCCH Format 1: 4 symbols, 1 RB

	UCI payload 
	PUCCH Format 0: 1 bit
PUCCH Format 1: 2bits

	Number of repetitions
	1,2,4,8

	Repetition schemes
	TDM



Table 3 SLS assumptions of PUSCH repetition
	Scenario
	Indoor hotspot
12BSs per 120m x 50m

	Inter-BS distance
	20m

	Carrier frequency
	30GHz

	Channel model
	5GCM office

	UE Tx power
	23 dBm

	BS antenna configurations
	(M, N, P, Mg, Ng) = (4, 8, 2, 1, 1)

	BS antenna height
	3m

	BS antenna element gain
	5dBi

	BS receiver noise figure
	7dB

	UE antenna configuration
	(M, N, P, Mg, Ng; Mp, Np) = (2, 4, 2, 1, 2; 1, 2)

	UE antenna height
	1.5m

	UE antenna gain
	5dBi

	Traffic model
	FTP 1

	UE distribution
	100% Indoor, 3km/h

	Criteria for selection for serving BS
	Maximizing RSRP with best analog beam pair

	Criteria for analog beam selection for serving BS
	Select the best beam pair among the set of DFT beams

	UL codebook
	NR 4Tx codebook

	Rank
	Rank 1

	Receiver
	MMSE-IRC

	Power control parameter
	P0=-61, alpha = 0.6
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