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Introduction
In this contribution we provide our views on the multi-TRP/multi-panel transmission topic focusing on the FFS points raised in RAN1#AH1901.
PDSCH scheduling restriction/indication (multi-DCI)
The following agreement was made in RAN1#AH1901

Agreement
For a UE supporting multiple-PDCCH based multi-TRP/panel transmission and each PDCCH schedules one PDSCH, at least for eMBB with non-ideal backhaul, down-select one alternative from following in RAN1 96 

· Alt 1: the UE may be scheduled with full/partially/non-overlapped PDSCHs at time and frequency domain by multiple PDCCHs

· Alt 2:  the UE can be only scheduled with full/non-overlapped PDSCHs at time and frequency domain by multiple PDCCHs

· Alt 3: the UE may be scheduled with full/partially/non-overlapped PDSCHs at time and frequency domain by multiple PDCCHs with following restrictions:

· Same DMRS configuration with respect to actual number of front loaded DMRS symbol(s), the actual number of additional DMRS, the DMRS symbol location and DMRS configuration type shall be assumed by the UE for full/partially overlapping PDSCHs. 

· The UE is not expected to have more than one TCI state with DMRS ports within the same CDM group for full/partially overlapping PDSCHs 

· Full scheduling information for receiving a PDSCH is indicated and carried only by the corresponding PDCCH.  

Other restrictions are not excluded, for example BWP switching.

PDSCH overlap in time:
An important aspect to consider for multi-DCI based NC-JT PDSCH transmission is the extent of flexibility that is allowed in NC-JT PDSCH resource allocation. In this section we consider different time-domain overlap options for NC-JT PDSCH.

· Full overlap of PDSCH: from a UE perspective, full-overlap (in time) of PDSCH resources allows a UE behavior very similar to Rel-15 in terms of PDSCH-DMRS processing, interference estimation and demodulation. This, however, from a NW point of view would introduce certain inefficiency due to requirement of coordination/restriction in terms of scheduling PDSCH starting positions and durations. 
· No overlap of PDSCH: there is no NC-JT in this case and this implies some form of semi-static resource partitioning between the 2 TRPs at the NW

· Partial overlap of PDSCH: this provides scheduling flexibility but it also presents challenges in terms of demodulation at the UE. For example in Figure 1, on the left hand-side, a single front loaded DMRS is configured for the two TRPs. In this case, the interference estimation post DMRS channel estimation may not reflect the interference on both the overlapped and the non-overlapped portions of the first PDSCH. In the right hand side of Figure 1, when an additional DMRS is configured for TRP 1, it provides a more robust option at the UE for interference estimation for demodulation purposes. However, since interference on the first and the second DMRS symbols can be different, selecting an appropriate channel estimation filter for DMRS may need optimization.
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Figure 1: Overlap of two PDSCHs transmitted from two TRPs partially in time
Note that although Alt 3 from the RAN1#AH01 agreement is in the right direction but it is still unclear whether the actual DMRS symbol locations for the overlapping PDSCHs is the same. For example with 1 additional DMRS position, the second DMRS symbol can occur in symbol 7 or 9 or 11/12 if LTE co-existance is desired. 
DMRS port multiplexing:

In case of multi-DCI transmission, DMRS port multiplexing is an important aspect which should be addressed in order to minimize impact to Rel-15 UE implementations as well as to provide scheduling flexibility. To this end the following principles may be considered:

•
It is not desirable to assign PDSCH and DMRS on the same RE (both FR1 and FR2)
•
It is desirable to assign orthogonal DMRS ports to a UE (although non-orthogonal ports may occur in orthogonal physical resources). 

•
DMRS ports from the same TRP should occupy the same CDM group. In addition, DMRS ports from the same CDM group should come from the same TRP. 
Based on the above principles we believe some semi-static coordination is required between the 2 TRPs. In addition, it is much easier to avoid DMRS and PDSCH collision with NC-JT between PDSCH Type A + Type A.
Proposal 1: PDSCH Type A+ Type A may be considered at first for NC-JT. Alt 3 can be supported with the following clarification: Same DMRS configuration with respect to actual number of front loaded DMRS symbol(s), the actual number of additional DMRS, the actual DMRS symbol location and DMRS configuration type shall be assumed by the UE for full/partially overlapping PDSCHs.
HARQ – ACK feedback (multi-DCI)
The following was agreed in RAN1#AH1901:

Agreement

For multiple-PDCCH based multi-TRP/panel downlink transmission for eMBB, 

· Separate ACK/NACK payload/feedback for received PDSCHs is supported

· FFS: Details on PUCCH carrying separate ACK/NACK payload/feedback

· FFS: Whether to additionally support joint ACK/NACK payload/feedback for received PDSCHs

In this section we provide our view on the details of separate ACK/NACK payload feedback. In order to implement separate HARQ-ACK payload/feedback, a simple choice is to consider two separate HARQ-ACK codebooks – one for each TRP. This is valid for both semi-static and dynamic HARQ-ACK codebook. Naturally a method of TRP differentiation is required that will allow a UE to from a group of PDSCHs within the HARQ-ACK window in order to be associated with a codebook. In terms of TRP differentiation our preference is a semi-static mechanism like CORESET or Search-space set if more flexibility is required. Once a TRP differentiation mechanism is in place, the codebook construction naturally follows the (slot-based) mechanism established in Rel-15 for both dynamic and semi-static.

Further, in eURLLC SID, it has been agreed that multiple PUCCH transmission with HARQ-ACK feedback within a slot will be supported in Rel-16. Therefore we can consider the option of providing HARQ-ACK feedback to both TRP-1 and TRP-2 within the same slot.

One aspect to further consider is the possibility of overlap with the PUCCH resources for TRP-1 and TRP-2. If there is overlap a simple solution is drop one of the PUCCH. Some criteria can be used for such purpose.

Proposal 2: For multi-DCI multi-TRP HARQ-ACK feedback with separate ACK/NACK payload/feedback:
· Consider two HARQ-ACK codebooks
· Consider CORESET/search-space as TRP differentiation 
· Consider dropping rules if PUCCH for TRP-1 and TRP-2 overlap in time
RS and QCL enhancements (single DCI)
The following agreement was made RAN1#AH1901:
Agreement

TCI indication framework shall be enhanced in Rel-16 at least for eMBB: 

· Each TCI code point in a DCI can correspond to 1 or 2 TCI states 

· When 2 TCI states are activated within a TCI code point, each TCI state corresponds to one CDM group, at least for DMRS type 1 

· FFS design for DMRS type 2

· FFS: TCI field in DCI, and associated MAC-CE signaling impact

For DMRS type 1, one remaining issue is the association of TCI states and CDM groups. In this case a natural association may be sufficient for example the TCI State with the lower TCI State Id is associated with the CDM group 0 of the indicated antenna ports DCI field.
For DMRS type 2, if the indicated antenna ports DCI field comprises of 2 CDM groups then the same solution can be applied. Specifically the TCI State with the lower TCI State Id is associated with CDM group 0 of the indicated antenna ports DCI field.

For DMRS type 2, if the indicated antenna ports DCI field comprises of 3 CDM groups then a natural ordering can be applied. Specifically the TCI State with the lower TCI State Id is associated with CDM group 0 and CDM group 1 of the indicated antenna ports DCI field. The other TCI State is associated with CDM group 2.

Proposal 3: For DMRS type 2, if the number of CDM groups assigned to a UE is 2, apply the same solution as DMRS type 1. If the number of CDM groups assigned to a UE is 3 apply a fixed rule of associating a TCI state with CDM groups 0 and 1. 

For multi-TRP operation, a UE may receive downlink signal from multiple TRPs simultaneously. Those signals may be received from the same antenna panel or different antenna panels. For example, for FR1, a UE may only have a single panel, which could be omni-directional; for FR2, a UE may have multiple panels, which can target to different directions and downlink signals from different TRPs can be received from different panels. 

For multi-TRP operation, the phase noise from different TRPs could be different, as different TRPs may not share the same oscillator. Further the frequency offset between UE to different TRPs could be different. Hence a single port PT-RS may not be enough to track the phase shift from different links. More than 1 PT-RS ports should be supported for multi-TRP operation.

When more than 1 PT-RS ports is used, the association between a PT-RS port to a DMRS antenna port(s) group should be known by UE. Otherwise, UE may use an incorrect antenna port(s) group to receive the PT-RS so that it may not be able to track the phase shift for correct BPL.

Further, for multi-DCI case, each DCI can be used to schedule PDSCH from each TRP. To support phase tracking performance, the PT-RS from different TRP should be orthogonal, which is the same as DMRS ports from different TRP. Then one possible way is to schedule a 2 port PT-RS, include one ZP-PTRS port and one NZP-PTRS port.

Proposal 4: In order to track phase shifts from different links, for multi-TRP/panel operation, more than 1 PT-RS ports should be supported.
PDSCH enhancements for reliability

The following agreement was made in RAN1#AH1901

Agreement

For multi-TRP specification support for URLLC, support at least one of following schemes for transmitting the same transport block from multiple TRPs. Study following schemes for further down-selection for one or more schemes in next meetings

· Scheme 1 (SDM):  n (n<=Ns) TCI states within the single slot, with overlapped time and frequency resource allocation

· Scheme 2 (FDM): n (n<=Nf) TCI states within the single slot, with non-overlapped frequency resource allocation

· Scheme 3 (TDM): n (n<=Nt1) TCI states within the single slot, with non-overlapped time resource allocation

· Scheme 4 (TDM): n (n<=Nt2) TCI states with K different slots. 

· For further study:

· Details on restriction related to MCS, modulation order for PDSCHs from different TRPs w.r.t. schemes 1 to 4.

· Whether to support mini-slot PDSCH repetitions 

· Signalling mechanism 

· Companies to consider how the schemes apply for FR1 and FR2

· Whether the number of repetitions can be larger than the number of TCI states (n)

· Further clarification for each scheme can be elaborated in RAN1 96 

· Baseline scheme in addition to Rel-15 single-TRP scheme for evaluations

· SFN transmission based on Rel-15 from multi-TRP with single TCI state

· Companies to provide details on assumption on time/frequency synchronization and TRS transmission across TRPs

· Note that supporting multiple schemes in Rel-16 is not excluded.  

· Note that control signalling mechanism for PDSCH reliability/robustness enhancement schemes can be discussed separately.

In the following we simulate two variations of scheme 2 (FDM):

· (a) a single RV is used – in order words RV0 is constructed and mapped to QPSK symbols. Then half of the QPSK symbols are transmitted from TRP-1 and the rest of the QPSK symbols are transmitted from TRP-2 in non-overlapping PRBs

· (b) RV0 and RV2 are used – RV0 is constructed, QPSK modulated and transmitted from TRP1 and RV2 is constructed, QPSK modulated and transmitted from TRP2. Then RV0 and RV1 are soft-combined at the receiver.  
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Figure 3: Two variations of FDM scheme (scheme 2), the figure on the right shows the case of a single RV used from 2 TRPs, the figure on the left shows the case of RV0 and RV2 from TRP-1 and TRP-2
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Figure 4: Scheme 2 (FDM) with no blockage model – (a) single RV is used with half bits transmitted from each TRP (b) RV0 is transmitted from TRP 1 and RV2 is transmitted from TRP2
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Figure 5: Scheme 2 (FDM) with blockage modeled – (a) single RV is used with half bits transmitted from each TRP (b) RV0 is transmitted from TRP 1 and RV2 is transmitted from TRP2


We observe from Figure 4 and Figure 5 that there is little difference when using a single RV scheme verses a 2 RV scheme at the code-rates of interest in URLLC.

In the following we compare Scheme 1 (SDM) with a Rel-15 baseline SFN scheme.
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Figure 6: Scheme 1 (SDM) compared to Rel-15 SFN baseline with no blockage model for 2 TRPs
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Figure 7: Scheme 1 (SDM) compared to Rel-15 SFN baseline with blockage model for 2 TRPs


From Figure 6 and Figure 7 we do not observe performance benefit from Scheme 1 when compared to Rel-15 SFN baseline multi-TRP scheme. 

Note that we did not simulate TDM schemes 3 and 4. However, it is natural that TDM schemes will be worse in terms of performance compared to SFN, FDM schemes given the same time-frequency resources due to the lack of power-boosting ability. Note that there could be certain scenarios where this comparison is not applicable for example in FR2 with single antenna panel UE, in which case some TDM options for repetition may be applicable (FDM and SFN options are not applicable here). However, we need to also consider beam/panel switching times for such schemes and the consequent improvement of URLLC latency budget.

	Parameters
	Values

	Carrier Frequency
	4 GHz

	Subcarrier Spacing for data
	15 kHz

	Data allocation/MCS
	QPSK 1/10, QPSK 1/2, 8/16 PRB allocation

	Channel Model
	TDL-C model

-
delay spread =300ns

-
UE speed=3km/h

	Blocking
	Probability that any of the 2 links is blocked is 5%

Blocking is modelled by a 10 dB power loss 

	BS antenna configurations
	2Tx each TRP

	UE antenna configurations
	4Rx

	Transmission scheme
	Precoder cycling

	MIMO mode
	1 port Tx

	UE receiver type
	MRC, practical channel estimation


Observation 5: For multi-TRP specification support for URLLC (PDSCH related)

· It is beneficial to support single DCI based transmission compared to multi-DCI (from reliability perspective)

· We observe no benefit of SDM scheme for reliability purposes
· The use cases of TDM schemes is single panel FR2 UE where beam/panel switching time has to be considered for evaluation of URLLC latency. 
PDCCH enhancements for reliability

As in the case of PDSCH, several mechanisms have been proposed earlier in RAN1 in order to improve PDCCH link performance.
· SFN (single frequency network): TRP 1 and TRP 2 are transmitting the same PDCCH that is combined over the air and received on the same DMRS port at the UE – this scheme is supported by NR Rel-15 specifications.

· FDM w/ soft-combining (frequency division multiplexing): The UE is configured to receive the same PDCCH from both TRPs (on orthogonal resources) and performs soft-combining for PDCCH detection.  

In all the cases above, the total time-frequency resources used for PDCCH transmission is the same. In one case we also model blockage by introducing a 10 dB loss with a probability of 5% for each link.
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Figure 8: 0 dB power offset between TRPs, no blockage modelled
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Figure 9: 0 dB power offset between TRPs, blockage with 5% probability
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Figure 10: 6 dB power offset between TRPs, blockage with 5% probability
Observation 6: we do not observe performance benefit from multi-TRP FDM with soft-combining schemes of PDCCH transmission compared to SFN method that can be supported with Rel-15.
	Parameters
	Values

	Carrier Frequency
	4 GHz

	Subcarrier Spacing for data
	15 kHz

	TRPs
	2 TRPs, 0 dB power offset

	Data allocation/MCS
	QPSK 1/6, QPSK 1/2, 16 QAM 3/4, 8 PRB allocation

	Aggregation Level
	8

	Size of the REG bundle
	6

	PDCCH duration
	1 OFDM symbol

	PDCCH resource type
	Distributed 

	PDCCH transmission scheme
	Random precoder cycling over REG bundle, 2Tx codebook

	DMRS density
	1/4

	Channel Model
	TDL-C, DS = 300ns,  UE speed 3 km/h

	Link failure 
	No link failure or Random with 5% probability and 10dB power loss

	gNB antenna configuration
	2Tx

	UE antenna configuration
	4Rx

	Channel Estimation
	MMSE per REG bundle


Single CW vs Multi CW (single DCI)

In this section we present SLS evaluation results comparing SCW and MCW schemes for multi-TRP transmission. In Table 1, we show throughput results for different combinations of offered loads and backhaul latencies for both multi-TRP and single-TRP transmissions in InH scenario. The simulation assumptions are presented in Table 3. Note that InH scenario is the primary environment where significant NC-JT gains can be harvested as shown in Table 2 and also observed in 36.741. Based on this we provide the following observation:

Observation 7: Comparing SCW and MCW transmission mechanisms in InH scenario, in most cases of 5%-tile and mean UPT across different (load, backhaul latency) MCW provides very little or no throughput benefits. 

Note that MCW transmission mechanism simulated here is in conjunction with multi-CQI feedback allowing some benefits due to large differences in per-layer SINRs. However, as is well known, SCW CQI is much more robust to channel and interference fluctuation for SCW that provides significantly better link adaptation performance.
Table 1: Multi-TRP SCW vs MCW SLS performance in InH scenario

	Scenario
	5% UPT
	Avg UPT
	5% UPT
	Avg UPT
	5% UPT
	Avg UPT
	5% UPT 
	Avg UPT

	FTP traffic load
	RU ~5%
	RU ~15%
	RU~25%
	RU~40%

	0-BH delay, MCW
	33.63
(100%)
	77.57
(100%)
	20.75 
(100%)
	63.92
(100%)
	12.14
(100%)
	49.87
(100%)
	6.65
(100%)
	36.15
(100%)

	0-BH delay, SCW
	34.44
(102%)
	77.47
(100%)
	21.7
(105%)
	64.34
(101%)
	13.98
(115%)
	51.43
(103%)
	8.38
(126%)
	39.33
(109%)

	2ms BH delay, MCW
	31.93
(100%)
	76.99
(100%)
	19.47
(100%)
	62.81
(100%)
	11.38
(100%)
	48.28
(100%)
	6.17
(100%)
	34.14
(100%)

	2ms BH delay, SCW
	32.67
(102%)
	76.86
(100%)
	20.41
(105%)
	63.16
(101%)
	12.98
(114%)
	49.93
(103%)
	7.83
(127%)
	37.66
(110%)

	5ms-BH delay, MCW
	30.29
(100%)
	76.21
(100%)
	18.33
(100%)
	61.32
(100%)
	10.67
(100%)
	46.44
(100%)
	5.61
(100%)
	32.04
(100%)

	5ms-BH delay, SCW
	30.31
(100%)
	76.12
(100%)
	19.1
(104%)
	61.92
(101%)
	12.16
(114%)
	48.18
(104%)
	7.38
(132%)
	35.87
(112%)

	single point, MCW
	28.47

(100%)
	52.83

(100%)
	19.53

(100%)
	46.82

(100%)
	11.97

(100%)
	39.15

(100%)
	6.27

(100%)
	30.65

(100%)

	single point, SCW
	28.38

(100%)
	51.28

(97%)
	20.16

(103%)
	46.11

(98%)
	13.48

(113%)
	39.65

(101%)
	8.11

(129%)
	32.74

(107%)


Table 2: Multi-TRP gain over Single-TRP in InH scenario (SCW)

	Scenario
	5% UPT
	Avg UPT
	5% UPT
	Avg UPT
	5% UPT
	Avg UPT
	5% UPT
	Avg UPT

	FTP traffic load
	RU ~6%
	RU ~15%
	RU~25%
	RU~40%

	Single TRP
	28.38
(100%)
	51.28
(100%)
	20.16
(100%)
	46.11
(100%)
	13.48
(100%)
	39.65
(100%)
	8.11
(100%)
	32.74
(100%)

	Multi-TRP, 0-BH delay, SCW
	34.44
(121%)
	77.47
(151%)
	21.7
(108%)
	64.34
(140%)
	13.98
(104%)
	51.43
(130%)
	8.38
(103%)
	39.33
(120%)

	Multi-TRP, 2ms-BH delay, SCW
	32.67
(115%)
	76.86
(150%)
	20.41
(101%)
	63.16
(137%)
	12.98

(96%)
	49.93
(126%)
	7.83

(97%)
	37.66
(115%)

	Multi-TRP, 5ms-BH delay, SCW
	30.31
(107%)
	76.12
(148%)
	19.1

(95%)
	61.92
(134%)
	12.16

(90%)
	48.18
(122%)
	7.38

(91%)
	35.87
(110%)


Table 3: SLS assumptions

	Parameters
	Values

	Scenario
	Indoor hotspot

	Carrier frequency
	4 GHz

	Channel model
	TR38.901/36.873

	TP antenna configuration
	2 ports: (M, N, P, Mg, Ng) = (1,1,2,1,1)
for 4GHz

	UE antenna configuration
	4Rx Port: (Baseline)

(M,N,P,Mg,Ng,Mp,Np) = =(1,2,2,1,1,1,2), (dH,dV) = (0.5, 0.5)λ for 4GHz

	Coordination assumptions
	Centralized scheduler (SU-MIMO, Proportional Fair)

	Backhaul
	o
Ideal backhaul: 0ms

o
Non-ideal backhaul: 2ms, 5ms 

	Receiver
	MMSE IRC, Practical channel estimation and feedback model

	Traffic
	FTP traffic model 1 with packet size 0.5Mbytes

	Bandwidth/SCS
	10MHz BW and 15kHz SCS, FR1

	CQI
	Wideband, up to 2 TRPs in UE’s measurement set

	CSI feedback periodicity
	5 ms


Conclusions

Proposal 1: PDSCH Type A+ Type A may be considered at first for NC-JT. Alt 3 can be supported with the following clarification: Same DMRS configuration with respect to actual number of front loaded DMRS symbol(s), the actual number of additional DMRS, the actual DMRS symbol location and DMRS configuration type shall be assumed by the UE for full/partially overlapping PDSCHs.
Proposal 2: For multi-DCI multi-TRP HARQ-ACK feedback with separate ACK/NACK payload/feedback:
· Consider two HARQ-ACK codebooks
· Consider CORESET/search-space as TRP differentiation 
· Consider dropping rules if PUCCH for TRP-1 and TRP-2 overlap in time
Proposal 3: For DMRS type 2, if the number of CDM groups assigned to a UE is 2, apply the same solution as DMRS type 1. If the number of CDM groups assigned to a UE is 3 apply a fixed rule of associating a TCI state with CDM groups 0 and 1. 

Proposal 4: In order to track phase shifts from different links, for multi-TRP/panel operation, more than 1 PT-RS ports should be supported.
Observation 5: For multi-TRP specification support for URLLC (PDSCH related)

· It is beneficial to support single DCI based transmission compared to multi-DCI (from reliability perspective)

· We observe no benefit of SDM scheme for reliability purposes
· The use cases of TDM schemes is single panel FR2 UE where beam/panel switching time has to be considered for evaluation of URLLC latency. 
Observation 6: we do not observe performance benefit from multi-TRP FDM with soft-combining schemes of PDCCH transmission compared to SFN method that can be supported with Rel-15.
Observation 7: Comparing SCW and MCW transmission mechanisms in InH scenario, in most cases of 5%-tile and mean UPT across different (load, backhaul latency) MCW provides very little or no throughput benefits. 
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Multi- TRP Throughput CDFs
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Figure 11:UE Throughout CDFs at ~5% RU
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Figure 12: UE Throughout CDFs at ~15% RU
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Figure 13: UE Throughout CDFs at RU ~25%
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Figure 14: UE Throughout CDFs at RU ~40%


Note: Delay-case-0: 0 ms backhaul latency, Delay-case-1: 2 ms backhaul latency, Delay-case-2: 5 ms backhaul latency
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