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Introduction
After RAN1 #96, an email discussion [96-NR-09] was kicked off for discussion of reliability transmission schemes, and the following conclusions were consolidated:
To facilitate further down-selection for one or more schemes in RAN1#96bis, schemes for multi-TRP based URLLC, scheduled by single DCI at least, are clarified as following: 
· Scheme 1 (SDM):  n (n<=Ns) TCI states within the single slot, with overlapped time and frequency resource allocation 
·  Scheme 1a:  
·         Each transmission occasion is a layer or a set of layers of the same TB, with each layer or layer set is associated with one TCI and one set of DMRS port(s). 
·         Single codeword with one RV is used across all spatial layers or layer sets. From the UE perspective, different coded bits are mapped to different layers or layer sets with the same mapping rule as in Rel-15. 
· §  Scheme 1b: 
·         Each transmission occasion is a layer or a set of layers of the same TB, with each layer or layer set is associated with one TCI and one set of DMRS port(s).
·         Single codeword with one RV is used for each spatial layer or layer set. The RVs corresponding to each spatial layer or layer set can be the same or different.
·         FFS: codeword-to-layer mapping when total number of layers <= 4
· Scheme 1c: 
·         One transmission occasion is one layer of the same TB with one DMRS port associated with multiple TCI state indices, or one layer of the same TB with multiple DMRS ports associated with multiple TCI state indices one by one.
· Applying different MCS/modulation orders for different layers or layer sets can be discussed.
· Scheme 2 (FDM): n (n<=Nf) TCI states within the single slot, with non-overlapped frequency resource allocation  
· Each non-overlapped frequency resource allocation is associated with one TCI state.
· Same single/multiple DMRS port(s) are associated with all non-overlapped frequency resource allocations.
· Scheme 2a: 
·         Single codeword with one RV is used across full resource allocation. From UE perspective, the common RB mapping (codeword to layer mapping as in Rel-15) is applied across full resource allocation. 
· Scheme 2b: 
·         Single codeword with one RV is used for each non-overlapped frequency resource allocation. The RVs corresponding to each non-overlapped frequency resource allocation can be the same or different.
· Applying different MCS/modulation orders for different non-overlapped frequency resource allocations can be discussed.
· Details of frequency resource allocation mechanism for FDM 2a/2b with regarding to allocation granularity, time domain allocation can be discussed. 
· Scheme 3 (TDM): n (n<=Nt1) TCI states within the single slot, with non-overlapped time resource allocation 
· Each transmission occasion of the TB has one TCI and one RV with the time granularity of mini-slot. 
· All transmission occasion (s) within the slot use a common MCS with same single or multiple DMRS port(s).  
· RV/TCI state can be same or different among transmission occasions. 
· FFS channel estimation interpolation across mini-slots with the same TCI index
· Scheme 4 (TDM): n (n<=Nt2) TCI states with K (n<=K) different slots. 
· Each transmission occasion of the TB has one TCI and one RV.  
· All transmission occasion (s) across K slots use a common MCS with same single or multiple DMRS port(s) 
· RV/TCI state can be same or different among transmission occasions. 
· FFS channel estimation interpolation across slots with the same TCI index
Note that M-TRP/panel based URLLC schemes shall be compared in terms of improved reliability, efficiency, and specification impact.
Note: Support of number of layers per TRP may be discussed
In this contribution, we provide simulation results for URLLC multi-TRP of different companies.

System level simulation results for PDSCH repetition
Huawei R1-1905273/R1-1905523
System level simulations were performed to evaluate the gains of different schemes described above compared to a baseline scheme described below. Detailed simulation parameters can be found in Table-I in the Appendix.
Scheme 1b (SDM) and 2b (FDM) are evaluated in different scenarios. 
In all the simulations, UEs observing similar RSRP levels to two TRPs can be selected as multi-TRP UEs. Once the UEs are chosen as multi-TRP UEs, they will always operate in multi-TRP mode for URLLC data transmission. The RSRP difference threshold is set as 5dB, which allows around 40% UEs observed served as multi-TRP UEs, whereas the rest UEs are considered as single-TRP UEs and they will be constantly served by single TRP without PDSCH repetition. 
For the baseline scheme, time domain repetition scheme supported in Rel-15 is used as reference. All UEs in the network will receive two repetitions from one TRP in time domain. Single layer transmission is applied according to the restriction described in [2].
The data processing procedure of different schemes are described in [3] and [4]. 
For scheme 1b, the UE receives copies of the same TB from different TRPs within the single slot, and the resource allocations from different TRPs are fully overlapped in time and frequency domain. Two different RVs are used for two spatial layers respectively. Therefore soft combining gain can be obtained for multi-TRP UEs. 
For scheme 2b, non-overlapped frequency resource allocations are used for transmission from two TRPs within a single slot. In order to achieve the non-overlapped frequency resource allocation, RBGs of two TRPs are pre-combined in order to allocate all possibilities of RBG combinations (i.e. RBG combination {RBG0, RBG1}, {RBG0, RBG2} … {RBG x, RBG y} ... {RBG n-1, RBG n}, where x belongs to [0, n-1], y belongs to [1, n], and n means the number of RBG). The illustration is shown in Figure 1 below. The scheduler selects the optimal RBG combination, so that the performance is the upper bound from the resource allocation method perspective. Secondly, for a selected RBG combination, half part of the RBG combination is used for data transmission by TRP1 while TRP2 is muting in this part, vice versa. Take one RBG combination as an example. As is shown in Figure 1 below, RBG x and y (which can be contiguous or disjoint) are pre-combined from TRP1 and TRP2. TRP1 can only use part of the RBGs (e.g. x or y) for data transmission while TRP2 is muting at this part. Meanwhile, TRP2 will use the rest half for data transmission while TRP1 is muted. Since each TRP is muted in half of the scheduled RBG, a power boosting with 3dB is applied. In addition, two different RVs are used for each non-overlapped frequency resource allocation.  
In our simulation, MCS should keep the same for both TRPs during the data transmission. In addition, MCS is selected according to UE’s feedback, and further refined according to actual resource allocation, and then it would be decreased according to the buffer size. It was found that with package size 32 bytes, for most cases actual MCS is even lower than the MCS determined by CSI feedback. Thus, our simulation results are not sensitive to CSI error. 
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 Figure 2 Reliability gain of different schemes over Rel-15 baseline
The SLS results of scheme 1b (SDM scheme) and scheme 2b (FDM scheme) are shown in Figure 2. The performance metric is defined as the UE ratios satisfying X BLER within certain time limit, which is set to 1ms for our simulation. Figure 2(a) shows the performance of SDM and FDM schemes in a relatively low traffic scenario with a packet arriving rate of 500p/s. Figure 2(b) shows the performance in a higher traffic scenario with packet arriving rate 1000p/s. It can be observed that for both low and high traffic scenarios, SDM scheme can achieve a significant gain over the baseline scheme. The ratio of UEs satisfying 99.999% reliability within 1ms is improved with about 18% gain for low traffic scenario. And for high traffic scenario, SDM scheme can obtain 24% ratio gain over baseline and 21% ratio gain over FDM scheme.
For relatively low traffic, all UEs can meet 10^-2 to 10^-1 BLER requirements. Compared with SDM scheme, FDM scheme can obtain about 7% gain for the ratio of UEs satisfying 10^-5 BLER due to the limited inter-layer interference. As for the power boosting, it cannot bring any performance gain from the system perspective. Though power boosting can enhance the BLER performance due to the higher SNR, which can be directly reflected in LLS results, in SLS, the benefits would not be as much as expected under typical URLLC simulation setup. Several UEs are observed to benefit from applying 3 dB power boost with FDM scheme. However, only very few UEs can actually meet reliability requirement, i.e. 10^-5. It’s because for these UEs, even some packets are correctly transmitted, the remaining wrongly transmitted packets still lead to total ratio higher than URLLC reliability requirement. Thus, the power boosting method will make minor performance enhancement in the ratio of UEs meeting URLLC requirements.
For high traffic, SDM scheme outperforms FDM scheme at all BLER requirement region. For the UE ratio satisfying 10^-5 BLER within 1ms, SDM scheme can obtain about 21% gain compared with FDM scheme. The main reason is that for FDM scheme, the network need to allocate much more resources for Multi-TRP UEs. Therefore under high traffic load, the resource allocation competition could be very intensive and it will severely impact the opportunity of other UEs to satisfy the requirements of URLLC. The single-TRP UEs which are affected by Multi-TRP UEs are forced to be allocated with less preferred resources so that their reliability of transmission will be decreased. Therefore FDM scheme can result in a significant performance degradation in high traffic scenario.

Observation 1: Compared to time domain repetitions of TB from the single TRP as Rel-15, scheme 1b can significantly increase the ratio of UEs satisfying latency and reliability requirements of URLLC in the network. 

Observation 2: Compared with scheme 1b, scheme 2b can result in the performance degradation for the ratio of UEs satisfying latency and reliability requirements of URLLC under higher traffic scenario. 
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	(a) FDM scheme
	                           (b) SDM scheme


Figure 3 Reliability gain of specific scheme with different traffic loads
The comparison among SDM and FDM schemes over the baseline, with different traffic loads are shown in Figure 3. Figure 3(a) shows the performance of 2b in three different traffic scenarios, where packet arriving rates are 500p/s, 1000p/s and 2000p/s respectively. It can be observed that with the increasing traffic loads, the ratio of UEs satisfying 99.999% reliability decreases and under the relatively high traffic scenario (2000p/s), the performance of FDM scheme degrades significantly not only in 10^-5 BLER requirement region, but also in modest BLER requirement region (10^-3 BLER) and tail BLER requirement region (10^-2 to 10^-1 BLER). It means that the resource allocation of multi-TRP UEs severely affects the resource allocation/selection of other UEs, and the competition is so intensive that other UEs cannot even satisfy the basic latency and reliability requirements of URLLC. 
Figure 3(b) shows the performance of scheme 1b in four different traffic scenarios, where packet arriving rates are 500p/s, 1000p/s, 2000p/s and 4000p/s respectively. It can be observed from the figure that with the given packet arriving rate, the UE ratio satisfying 10^-5 BLER varies slightly. The reason is that for SDM scheme, the resource utilization rate is relatively low with small packet size compared to FDM scheme, which means that there still remains a lot of available resources. Therefore when traffic load is increasing, UEs can still choose relatively good resource so that the system can maintain the performance. However, it should be noted that there still exists an arriving rate limit where SDM scheme can also encounter the performance degradation. According to Figure 3(b), when the rate reaches 4000p/s the performance of SDM scheme is also degraded. 
However, comparing Figure 3(a) with 3(b), the performance degradation limit of SDM scheme is more relaxed than the limit of FDM scheme. Therefore, Figure 3 indicates that SDM scheme has better tolerance against increasing traffic compared to FDM scheme. 
Observation 3: The performance of scheme 1b has better tolerance against increasing traffic load compared to scheme 2b.
Table-I system simulation assumptions for PDSCH reliability/robustness enhancement
	Parameters
	Value

	Layout
	Single layer - Macro layer: Hex. Grid

	Inter-BS distance
	500 m

	Carrier frequency
	4 GHz

	Simulation bandwidth
	40 MHz

	SCS 
	30 kHz

	Channel model 
	UMa in TR 38.901

	Transmit power per TRP
	49 dBm 

	BS antenna configuration
	4 ports: (M, N, P) = (2,1,2)
(dH, dV) = (0.5, 0.8)λ 

	BS antenna height
	25 m

	BS antenna element gain + connector loss
	8 dBi

	BS receiver noise figure
	5 dB

	UE antenna configurations 
	2ports 
(dH,dV) = (0.5, 0.5)λ 

	UE antenna height
	1.5 m

	UE antenna gain
	0 dBi

	UE receiver noise figure
	9 dB

	UE distribution
	80% Indoor, 3km/h;20% Outdoor, 30km/h

	Number of UEs per cell
	10

	HARQ/repetition
	Adaptive HARQ retransmission

	Channel estimation
	Realistic

	BS receiver
	MMSE-IRC

	Traffic model
	FTP3

	Packet size
	32bytes

	Arrival rate
	500 packets/s  1000packets/s  2000packet/s  4000packet/s

	Backhaul delay
	0ms




In Figure 20, it is observed that the scheme 2b has very similar performance with and without power boosting for both traffic cases at the latency requirement of 10-5 in system-level simulation. It’s observed that, at network side, MCS is already scaled down according to the actual resource allocation and buffer size when packet size is small in URLLC case (i.e. 32 bytes in our SLS). Whether to apply power boosting has negligible influence on MCS selection as well as the scheduling results. At UE side, the decoding SINR is increased by the power boosting and the power boosting can enhance the BLER performance. This can be directly reflected in LLS results, but in SLS, the benefits would not be as much as expected under typical URLLC simulation setup. Several UEs are observed to benefit from applying 3 dB power boost with FDM scheme. However, only very few UEs can actually meet reliability requirement, i.e. 10^-5. It’s because for these UEs, even some packets are correctly transmitted, the remaining wrongly transmitted packets still lead to total ratio higher than URLLC reliability requirement. Thus, the power boosting method will make minor performance enhancement in the ratio of UEs meeting URLLC requirements.
For example, as shown in Figure 20, 15 UEs which have the best chance to meet the requirement are extract from all power-boosting-benefitting UEs, but only 2 UEs(UE3 and UE10) can satisfy the latency requirement of 10-5 within 1ms with 3dB power boosting (red -> blue). There are 210 UEs in total scheduled in our simulations. In conclude, power boosting resulting a ratio of 1% (2/210) UEs beneficial. Therefore, the power boosting of FDM scheme has minimal impact on the reliability enhancement under the URLLC metric.
Observation 2: The power boosting in FDM scheme has minimal impact on the reliability enhancement meeting URLLC metric, whereas the ratio of UEs satisfying latency/ BLER requirements increases by a negligible amount. 
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Nokia R1-1905064
First, we evaluate several schemes with factory automation URLLC use case to see potential benefits of each of the scheme. We consider a different number of UEs from 5 to 20 (results are shown respectively in Figure 2(a) – Figure 2(d)) and evaluate packet delay distribution with the system level simulation parameters agreed in URLLC SI for the factory automation.  
The baselines assumed here are single TRP transmission (BS) and dynamic point selection (DPS). The SDM scheme in the simulation is scheme 1b, where each transmission occasion is a codeword of the same TB and the same MCS and RV is used for two codewords. The FDM scheme in the simulation is scheme 2b, where each transmission occasion is a codeword of the same TB with non-overlapping frequency resource allocation. Both codewords have the same RV and MCS, and allocated resources for each transmission are the same. However, the resource allocation of each TRP is based on CQI feedback of supported UEs such that interference is avoided. This result non-contiguous allocation in the frequency domain of a TRP associated in FDM. TDM scheme in the simulation is scheme 3, where each transmission occasion of the TB has one TCI and one RV with the time granularity of mini-slot (4 symbols). The same RV and MCS is used across repetitions. Based on the results are shown in Figure 2, and we observe that FDM scheme 2b has overall good performance compared to other schemes when achieving the reliability with much lower latency especially when the number of URLLC UEs are lower. With the increase of the URLLC traffic in the network, all the schemes tend to have lower reliability, but TDM scheme at least provides the reliability with lower latency than the rest of the schemes. It should be noted that scheme 1b, 2b, and 3 could use different RVs and MCSs for repetitions and possible improvements can be expected.
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Figure 2: Packet delay distribution for URLLC schemes with factory automation use case.
Observation 1: For the factory automation use case in URLLC, multi-TRP schemes of FDM and TDM schemes seems to have good performance. A combined approach may be beneficial when the number of UEs in the network is higher.  
Scheme 1b: This may have higher code rate transmission per single codeword but using different RVs it is possible to have the same coding gains as Scheme 1a. However, this scheme requires changes in codeword-layer mapping to support two codewords when the total number of is less than 5. Assuming single DCI and changes in the codeword-layer mapping, it is possible to use different RVs (Rel-15 also has RV patterns for retransmissions) and different MCSs (with a change in DCI content or interpretation of the MCS field). No changes are expected in Rel-15 changes required in TBS determination, rate matching and other physical layer procedures. Still, this scheme may also create layer-to-layer interference and also to other UEs, thus, we have not seen benefits (in Figure 2) of the scheme. 
Scheme 2b: This scheme may have a higher code rate transmission per each codeword if the same RV is used by two codewords. However, the use of different RVs can make sure that incremental redundancy (IR) HARQ gain (effective code rate becomes lower) is obtained. More importantly, from TRP perspective, independent data transmissions can be assumed without interleaving. From a UE perspective, UE treats the different codewords as retransmissions on non-overlapping frequency resource allocation. The use of different MCS is feasible as it is only related to the interpretation of the DCI fields, and does not require changes on physical layer procedures in TBS determination, rate matching and any other. We have seen gains of this scheme in Figure 1. 
Scheme 3: This scheme can be supported with minimal spec changes. It is possible to use different RVs at different TRPs, as Rel-15 they have to be predefined. The use of different MCS is feasible as it is only related to the interpretation of the DCI fields, and does not require changes on physical layer procedures in TBS determination, rate matching and any other.

Scheme 4: This is similar to Scheme 3, but latency is in the higher side as TB repetitions happen across slots.
Based on the summary and performance evaluations, we see that it is worth supporting FDM and TDM schemes, and also see the possibility of improving them by using hybrid schemes of TDM/FDM.	
Proposal 24: For single DCI based multi-TRP schemes for URLLC, down select Scheme 2 and Scheme 3/4. 
1. Further study hybrid scheme for TDM and FDM 
2. Further discuss the possible down selection on sub-schemes of Scheme 2. 
3. All the schemes should reuse Rel-15 TBS determination, rate matching, other physical layer procedures. 
Simulation assumption for factory automation use case
	Parameters
	Value

	Inter-BS distance
	20m

	Carrier frequency
	4 GHz

	UE Tx power
	23dBm

	BS antenna element gain + connector loss
	5 dBi

	BS receiver noise figure
	5dB

	BS antenna configurations
	4 Tx/4 Rx antenna ports and 8 Tx/8 Rx antenna ports 
(M, N, P, Mg, Ng; Mp, Np) = (1, 2, 2, 1, 1; 1, 2) for 4 Tx/4 Rx antenna ports;
(M, N, P, Mg, Ng; Mp, Np) = (2, 2, 2, 1, 1; 2, 2) for 8 Tx/8 Rx antenna ports;
dH = dV = 0.5 λ 

	BS antenna height
	10 m

	UE antenna configuration
	2 Tx/4 Rx antenna ports 
Panel model 1: Mg = 1, Ng = 1, P = 2, dH = 0.5
(M, N, P, Mg, Ng; Mp, Np) = (1, 2, 2, 1, 1; 1, 2) for 4 Rx;
(M, N, P, Mg, Ng; Mp, Np) = (1, 1, 2, 1, 1; 1, 1) for 2 Tx;

	UE antenna height
	Follow the modelling of TR 38.901 (e.g. 1.5m)

	UE antenna gain
	0dBi as starting point

	BS Tx power
	24 dBm per 20 MHz 

	BS receiver
	MMSE-IRC as the baseline receiver

	UE receiver noise figure
	9 dB

	SCS 
	30 kHz

	Simulation bandwidth 
	40 MHz

	Layout
	Single layer as defined in 38.802
Indoor floor:12 BSs per 120 m x 50 m

	Channel model 
	ITU InH for 4 GHz
Companies report the modification of the channel model 

	Number of UEs per cell
	Up to 40

	UE distribution
	100% of users are indoor: 3 km/h and/or 30 km/h UE-speed

	UE power control
	Companies report the PC mechanisms used for URLLC. 

	HARQ/repetition
	Companies report (including HARQ mechanisms).

	Channel estimation
	Realistic



Link level simulation results for PDSCH repetition
Huawei R1-1905272 
Based on the analysis, as for scheme 1 (SDM), the multi-RV based rate matching method has a better performance than single-RV based method, when coding rate is lower enough and the channels from TRPs to the UE are quite different. 
The MSC & coding rate of two rate matching methods are set to 0.1, QPSK for scheme 1a and 0.2, QPSK for scheme 1b. A path loss delta between two TRPs are set to [0dB, -3dB, -6dB]. The rest simulation assumptions can be referred to Table-I in appendix. The performance comparison of scheme 1a and 1b in terms of BLER of two rate matching methods are given in Figure 1. It is observed that, two rate matching methods perform almost the same when there is no pathloss delta between TRPs even at the region of BLER 10-5. By applying PL delta of -3dB and -6dB, the multi-RV based method outperforms than single-RV method at BLER 10-5 with about 0.4dB and 1dB respectively. 
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Figure 1 Performance comparison of scheme 1a and 1b at different path loss delta
Observation 1: The scheme 1b outperforms than the scheme 1a at low coding rate region, when path loss delta exists between TRPs, due to better self-decodable capability of multi-RV based rate matching method.
Further evaluation results are provided in Figure 2, where larger PL deltas of 10 dB and 20 dB are applied to one of the TRP with probability of 10% and 5% respectively. Such channel condition could be possible especially in FR2. It is observed that, the BLER of scheme 1a is greatly affected as an error floor lasts about 1dB and 3 dB under two deep fading cases respectively. In the contrast, the scheme 1b is almost not affected for the case of 10% PL delta of 10dB, and slight affected for the case of 5% of PL delta 20dB. At the BLER of 10-5, the scheme 1b shows about 1.8dB and 2.5dB gain than the scheme 1a under two deep fading cases respectively. 
Observation 2: The scheme 1b has much better performance when random deep fading, i.e. 10-20dB, is added to one of the TRP due to the strong self-decodable capability of multi-RV based rate matching method in low coding rate region.
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Figure 2 Performance comparison of scheme 1a and 1b when one of the TRP falls into deep fading with a certain probability
It is expected that a 3-6dB PL delta may be regular for the M-TRP cooperation scenario. In addition, typical URLLC application may also focus on low coding rate region for reliability consideration. In FR2, some challenge channel conditions like blockage can be expected. The scheme 1b has superior reliability performance in above scenarios. On the other hand, under the cases with high coding rate or without PL delta, the single-RV and multi-RV based methods should have very close performance. 
Observation 3: The multi-RV based rate matching method shows a great potential in reliability enhancement under typical URLLC services where URLLC coding rate is relatively low with typical 3-6dB PL difference among M-TRP. Moreover, it has much stronger resilience for the channel blockage in FR2 due to strong self-decodable capability.
Table-I Link level simulation assumptions for PDSCH reliability/robustness enhancement
	Parameters
	Value

	Num TRPs
	2

	Num UE
	1

	Layer Number
	1 Layer/TRP

	Channel
	CDL-B delay spread 100

	PL Delta
	Figure 1: {0, 3, 6}dB
Figure 2: {10dB @10% , 20dB @5%}

	Carrier frequency
	4 GHz

	SCS
	30 kHz

	System bandwidth
	6 RB

	Velocity
	3km/h

	gNB Antenna
	4 Tx, cross polarized, 0.5λelement spacing

	UE Antenna 
	2 Rx, cross polarized, 0.5λ element spacing

	MCS
	Coding rate [0.1, 0.2] @QPSK for single/Multi-RV based method respectively

	Channel Estimation
	RCE

	Receiver
	MMSE-IRC



ZTE R1-1904013 R1-1904020
FDM
For FDM, two TCI states correspond to two non-overlapping frequency resource parts within single slot. Since there is no any inter-TRP interference based on FDM repetition, the performance can be significantly increased. For scheme 2a, low code rate is achieved. For scheme 2b, UE can get combining gain at the receiver side. In order to verify the performance of these two schemes, we provide our LLS results in Figure 2.3-1 for QPSK with code rate = 1/5 for scheme 2b and 1/10 for scheme 2a. For scheme 2a, single RV=0 is used. For scheme 2b, two RVs = 0 and 2 are used. In the blockage case, the transmission of second TRP is completely blocked. For each TRP, four PRBs are allocated.
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(a) QPSK                                  (b) 16QAM
Figure 2.1-3 BLER comparison of Scheme 2a and Scheme 2b (no blockage)
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(a) QPSK                                    (b) 16QAM
Figure 2.1-4 BLER comparison of Scheme 2a and Scheme 2b (blockage)
From the results, the similar performance is observed for the two schemes. Since scheme 3 also supports the same or different RVs for multiple repetitions within one slot, we didn’t see any difference between scheme 2b and scheme 3. There is no motivation to use different schemes for TDM and FDM cases. Then scheme 2b is more preferred in order to make solutions unified. Furthermore, scheme 2b can lead to simpler gNB implementation because two TRPs (maybe two gNBs) can independently process CRC, channel coding and scrambling for the same TB. Then the modulated symbols from the two gNBs are independent mapped on two RB sets. From one gNB side, the procedure is the same as Rel-15.
Observation 1: Similar performance is observed for scheme 2a and 2b.
Proposal 1: Support FDM scheme 2b.
· The maximum number of indicated TCI states is 2.
· The same number of RB or RBG can be predefined for two TRPs.
SDM
For SDM, scheme 1a is the same as single PDCCH design for eMBB withlow code rate. In scheme 1b, two complete TBs with same or different RVs are transmitted by two TRPs. In this case, UE can get combining gain at the receiver side. Both scheme 1a and 1b are based on orthogonal DMRS ports from multi-TRP with at least two TCI states. In order to verify the performance of these two schemes, we provide our LLS results in Figure 2.3-2 for QPSK with code rate = 1/5 for scheme 1b and 1/10 for scheme 1a. For scheme 1a, single RV=0 is used. For scheme 1b, two RVs = 0 and 2 are used. In the blockage case, the transmission of second TRP is completely blocked. More results can be found in our companion contribution [4].
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without blockage                               with blockage
Figure 2.3-2 BLER comparison of SDM-1a and SDM-1b, one layer per TRP
From the results, similar performance is observed for the two schemes. Therefore, we propose to support 1b as the same reason for FDM. Since the scheme 1b is based on single PDCCH design, we propose to follow the TCI structure of single PDCCH design for URLLC. Then we propose the maximum number of indicated TCI states should be 2. 
Observation 2: Similar performance is observed for scheme 1a and 1b.
Proposal 2: Support SDM scheme 1b.
· The maximum number of indicated TCI states is 2.
If there is no much interference between two TRPs e.g. with narrow beam cases, the benefit of scheme 1b is obvious since more layers are introduced by NCJT compared with SFN transmission. However, if the interference between TRPs is severe, it is better to support SFN transmission which have two options:




For scheme 1c, two TRS, i.e. TRS1 and TRS 2 are indicated by two TCI states. It is up to UE to get a proper frequency offset based on the two TRS for the DMRS compensation. For instance, UE calculate the final frequency offset [image: ] based on , where [image: ] and are the estimated frequency offsets from TRS 1 and TRS 2.  and  are the scaling factors. At UE side, the scaling factor can be larger if the received power of the TRS is larger.
For scheme 1d, although it is standard transparent, it causes more TRS overhead since a combined TRS is introduced. 


In order to compare the performance between scheme 1c and 1d, we provide our simulation results in Figure 2.3-3. In the simulation,  and  for scheme 1c, where p1 and p2 are the received power for TRS1 and TRS2. More simulation details can be found in our companion contribution [4].
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(a) TRS BW = 50 PRBs                  (b) TRS BW = 4PRBs
Figure 2.3-3 frequency offset for TRP1 = 100Hz, frequency offset for TRP2 = 500Hz
From the results, we can see option 1c has better performance since more accurate frequency offset is estimated.
Proposal 3: Support SDM scheme 1c, i.e. one transmission occasion is one layer of the same TB with one DMRS port associated with two TCI states.
Single layer vs. Multiple layer per TRP
In Rel-15, only rank 1 PDSCH transmission is allowed for multi-slot scheduling because only small packet sizes of URLLC traffic was considered. However, many kinds of scenarios are considered in Rel-16, such as Factory automation, AR/VR, Transport Industry. The maximum packet size is over thousands of bytes. To make transmission more efficient, the rank restriction should be released. Furthermore, cross polarization is the most typical antenna structure in the real deployment, more than rank 1 transmission is more suitable.
Here we provide the some simulation results to justify the benefit of more rank transmission. In the simulation, we compare rank 1 per TRP transmission with rank 2 per TRP transmission for SDM scheme 1a. As we can see, rank 2 per TRP can obviously introduce higher reliability because of lower code rate.
[image: ]  [image: ]
(a)QPSK, cr=0.2 and 0.1 respectively             (b)16QAM, cr=0.2 and 0.1 respectively
Figure 2.3-4 BLER comparison of one layer per TRP and two layers per TRP
Observation 3: Rank 2 transmission in each SDM repetition for each TRP outperforms rank 1 transmission.
Proposal 4: Support more than rank 1 transmission in each FDM/TDM/SDM repetition for each TRP.
Table 3-1 LLS assumptions for URLLC multi-TRP performance evaluation
	Parameters
	

	Carrier frequency for evaluation
	4GHz

	Channel model
	CDL-C (delay spread: 300ns)  as in 38.901

	UE speed
	3 km/h for power distribution and Rel-15 enabled use case;

	BS antenna configuration
	2 Tx antenna ports: (M, N, P, Mg, Ng; Mp, Np) = (8, 1, 2, 1, 1; 1, 2)

	UE antenna configuration
	4 Rx antenna ports

	System bandwidth
	40 MHz

	Sub-carrier spacing
	30 kHz

	Channel estimation
	Practical

	Receiver type
	MMSE

	Coordination assumptions
	0 dB SNR difference between two coordinated TRP 

	Modulation
	QPSK, 16 QAM with code rate = 0.1, 0.2



Vivo R1-1904096
We conducted link-level simulations for SDM-based schemes: scheme 1a, scheme 1b with identical RVs [0, 0] and scheme 1b with different RVs [0, 2]. The simulation assumptions are given Table 1 in Appendix and simulation results are depicted in Figure 2 and Figure 3.
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 (a) CDL-C, NLOS             			            (b) CDL-D, LOS
Figure 2：One layer for each transmission occasion
[image: ][image: ]

 (a) CDL-C, NLOS     		                     (b) CDL-D, LOS
Figure 3：Two layers for each transmission occasion
From the above results, it can be seen that scheme 1a and scheme 1b with different RVs have similar performance.
Observation 1: Scheme 1a and scheme 1b with different RVs have similar performance.
From the specification impact point of view, scheme 1a has no impact on DCI signaling if single MCS is used. However, specification impact occurs for other schemes involving rate matching changes, CW-layer mapping changes, and potential TBS determination changes. For scheme 1b new codeword mapping rule should be defined since the layers belong to different TRPs. If different MCSs for the two codewords are used, the mechanism to guarantee the same TB size should be studied. What’s more, UE has to differentiate scheme 1b with the TB repetition from traditional multi-TRP multiplexing because the two schemes would have different detection behaviors. For scheme 2, there should be two indications of frequency-domain resource allocation (FDRA) in the corresponding DCI.
For ideal backhaul scenarios, both single-PDCCH based approach and multi-PDCCH based approach could be used. For typical multi-TRP scenarios, MCS and RA from different TRPs should be different, which would leverage the most from macro diversity provided by multiple-TRP. However, further refining single-PDCCH based schemes towards such direction would involve too much new design for DCI signaling and may not be expertise for MIMO. The specification impact would be much less by enabling scheduling different PDSCH from different TRPs through different PDCCHs.
[bookmark: _Ref1055739]Proposal 20: Scheme 3 and scheme 4 are supported with further enhancement on mini-slot repetitions.
[bookmark: _Ref1055740]Proposal 21: Support Scheme 1a with no further specification impact.
Table 1:  LLS assumptions for PDSCH repetition

	Parameter
	Assumption

	Carrier frequency
	4 GHz

	Subcarrier spacing
	15 KHz,

	Data allocation
	Frequency domain: 20PRB
Time domain: 4symbol, first 1#OS for DMRS(type1)

	Modulation order/TBsize
	QPSK.
TBsize=704 for every scheme evaluated.

	Modulation order
	QPSK

	Chanel model
	CDL-C(NLOS) and CDL-D(LOS) 
delay spread =100ns
UE speed=3km/h.  
The angles of AOD, ZOD, AOA, ZOA are generated by a fixed random seed in one frame(10ms) to keep channel continuity, but the seed is changed one frame by one frame to keep angles uniformly distributed:
AoD with [-60, 60] degrees;
ZoD with [90, 135] degrees;
AoA with [-120, 120] degrees;
ZoA with [45, 90] degrees.
via applying uniform-distribution desired mean angle in Section 7.7.5.1 in TR 38.900 accordingly.

	BS antenna configurations
	(M,N,P,Mg,Ng) = (1,8,2,1,1). (dV,dH) = (0.5, 0.5)λ
antenna element radiation pattern: Table A.2.1-8 in TR 38.802

	UE antenna configurations
	(M,N,P,Mg,Ng) = (1,2,2,1,1). (dV,dH) = (0.5, 0.5)λ
antenna element radiation pattern: Omnidirectional

	TXRU mapping weights
	one antenna element mapping to one port.
No analog beam

	Channel estimation
	MMSE filter

	UE receiver type
	MMSE-IRC

	CSI-RS configurations
	16ports, non-overlapping in time domain for both TRPs

	Link adaptation
	Independent PMI reporting to each TRP, based on pre-configured rank1 or rank2

	Other ideal hypothesis
	[bookmark: OLE_LINK2]Frequency offset: 0ppm for both TRPs
Timing offset : 0Ts for both TRPs
Power offset: 0dB between both TRPs



Samsung R1-1904449 R1-1904453
Multi- vs. single-TRP based diversity scheme
[bookmark: _Ref528831525]In this section, BLER performance is provided for multi- and single-TRP based diversity schemes. For the multi-TRP based scheme, we consider two TRPs with path loss gap of 0 dB. For the single-TRP based scheme, PDSCH slot aggregation in Rel-15 NR is considered with two repetitions. RVs of 0 and 2 are applied on the first and second repetitions, respectively, for the both schemes. QPSK modulation with code rate ≈ 0.445 is used. The BLER is evaluated for 2PRB and 10PRB allocation scenarios.
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(a) 2 PRBs					     (b) 10 PRBs
Figure 1. BLER comparison for multi- and single-TRP based diversity scheme
Figure 1 shows that the multi-TRP based diversity scheme can achieve substantial BLER performance gain over the single-TRP based diversity scheme. When the target BLER is set to 10-3, which is one of the reliability requirements for Rel-16 eURLLC use case [1], the SNR gain of the multi-TRP based diversity scheme over the single-TRP based one is 3.4 dB and 2.6 dB for 2 PRBs and 10 PRBs allocations, respectively. As evident from Figure 1, when the target BLER decreases to 10-4, such SNR gain increases to 4.4 dB and 2.8 dB for 2 PRBs and 10 PRBs allocations, respectively. It indicates that the multi-TRP diversity scheme becomes more effective as the BLER requirement gets tighter.
Observation 1: Multi-TRP based diversity scheme provides substantial SNR gain over single-TRP based repetition scheme, especially for tight BLER requirement.
Same vs. different RV for each TRP
In this section, BLER performance is provided for the multi-TRP based diversity scheme with different RV patterns. We consider two TRPs with path loss gap of 0 dB. Let RV1 and RV2 denote the RVs applied to the first and second TRPs, respectively. Two RV patterns are considered: {RV1, RV2} = {0, 0} and {RV1, RV2} = {0, 2}. QPSK modulation with code rate ≈ 0.445 is used. The BLER is evaluated for 2PRB and 10PRB allocation scenarios.
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(a) 2 PRBs					     (b) 10 PRBs
Figure 2. BLER comparison for different RV patterns
Figure 2 shows that BLER performance gain is achieved by using different RV for each TRP, compared to the case of the same RV for each TRP. Such gain comes from the fact that combining different parts of coded bits at the receiver is advantageous over the case of combining the same parts. As evident from Figure 2, the gain by using different RV for each TRP is similar, say 0.7 – 0.8 dB, for different number of allocated PRBs and the number of Tx-Rx antennas.
Observation 2: Using different RV for each TRP can achieve <1 dB SNR gain than using the same RV.

Same vs. different MCS for each TRP
In this section, throughput performance is provided for the multi-TRP based diversity scheme with two TRPs. MCS of each TRP and the transmit block (TB) size are determined adaptively as follows. First, the MCS of each TRP is determined based on one of the following rules:
· Same MCS for all TRPs: among the two TRPs, one TRP is selected and the MCSs of the two TRPs are determined based on the CQI report for the selected TRP only.
· Different MCS per TRP: MCSs of the two TRPs are determined independently based on their respective CQI reports.
Then, the candidate TB size according to the MCS and the number of allocated PRBs is determined. If two TRPs have different MCSs, say (MCS1, MCS2), there will be two different TB size candidates corresponding to the respective MCSs, say (TBS1, TBS2). As diversity transmission is considered, the TBs transmitted by the two TRPs need to be the same so that the TB size of the TRPs is fixed to one value among (TBS1, TBS2). It is assumed that the UE knows which TB size is selected among (TBS1, TBS2) and performs the corresponding decoding procedure.
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(a) path loss gap = 0 dB			        (b) path loss gap = 6 dB
Figure 3. Throughput comparison for the same/different MCS per TRP
Figure 3 shows the throughput performance for the same/different MCS setting per TRP with different target BLER, 10-1 and 10-6, and different path loss gap between the two TRPs. The number of PRBs is set to 10 and RVs of 0 and 2 are used for the first and the second TRPs, respectively. As evident from Figure 3, the throughput performance gain by enabling different MCS per TRP is marginal, even for large path loss gap of 6 dB between TRPs. Especially, for target BLER of 10-6, such gain becomes negligible.
In our view, the objective of enabling different MCS per TRP seems not clear because of the following reasons:
· In throughput perspective, the gain in multi-TRP based URLLC is marginal because the TB size transmitted from each TRP should be the same regardless of the MCS gap between TRPs, as explained above.
· In reliability perspective, different MCS per TRP can be effective for the case that the channel gains from TRPs have large gaps. However, such case would be the corner case for multi-TRP based URLLC in which similar level of average channel gains is desired for TRPs to reap the maximum diversity gain. Moreover, as shown in Figure 3, the same/different MCS setting achieves the same target BLER of 10-6 with negligible throughput difference even with large path loss gap of 6 dB between the TRPs.
Observation 3: Potential throughput gain and reliability gain by enabling different MCS per TRP are not clear in multi-TRP based URLLC.
[bookmark: _Ref528831614]Table 1. Evaluation assumptions for the evaluation results
	Parameters
	Values

	Carrier frequency / SCS
	4GHz / 15kHz

	Bandwidth
	10MHz

	Channel model
	TDL-C with DS = 100ns

	UE speed
	3km/h

	gNB / UE antenna configuration
	2 Tx ports / 4 Rx ports

	DMRS symbols
	1 symbol, no FDM with data

	DMRS channel estimation
	Ideal

	CSI measurement
	Ideal

	CSI reporting
	PMI and CQI reporting with 4 slot periodicity

	MCS table
	MCS table 3


LG Electronics R1- 1904215
Figure 1 and Table 1 show simulation results and simulation assumption for SDM based URLLC schemes. 
[image: ]
Figure 1. Simulation results for SDM based URLLC schemes

	Parameter
	Value

	Carrier frequency
	4GHz

	Simulation bandwidth
	20MHz

	Subcarrier spacing
	30kHz

	Channel model
	TDL-C, 300ns

	Number of TX antennas at each TRP
	4Tx

	Number of UE RX antennas
	4Rx

	DMRS configuration
	Type 1, 1 symbol

	Resource allocation
	16 PRBs, 4 OFDM symbols

	Packet size
	256 bits


Table 1. Simulation assumption

We can’t observe the performance benefit from scheme 1a/1b when compared to SFN transmission based on Rel-15. This is because more received RS power can be obtained when SFN transmission is considered. 
Observation 1: SFN transmission based on Rel-15 shows lower BLER compared to scheme 1a/1b. 
In conventional SFN transmission, multiple TRPs transmit the same TB with the same single layer and UE derives QCL properties (e.g., Doppler shift, Doppler spread, average delay, delay spread) from QCL RS that multiple TRPs transmit at the same time and uses them to estimate channel from single DMRS port. However, it may not provide proper QCL properties for accurate channel estimation since each TRP’s different QCL properties are averaged when UE derives them from single QCL RS. For example, UE experiences Doppler frequency +fd and -fd from TRP 1 and TRP 2, respectively, but what UE derives from QCL RS is zero Doppler shift, resulting in suboptimal channel estimation filter. Another pain-point of SFN transmission based on current NR framework is that it requires additional SFNed CSI-RS resources dedicated for SFN transmission. In case of three TRPs, four additional CSI-RS resources need to be transmitted for SFN transmission (i.e. one for TRP A+B, one for TRP B+C, one for TRP A+C, one for TRP A+B+C) on top of three CSI-RS resources for TRP-specific transmission, i.e., one for each TRP. If we consider SFN transmission across multiple beams/panels of a single TRP in addition to SFN across multiple TRPs, the required number of CSI-RS resources will be exponentially increased.
Observation 2: SFN transmission based on Rel-15 requires additional SFNed CSI-RS resources, one for each possible combination of TRPs/panels/beams to be involved in the SFN transmission.
Ericsson R1-1904750 R1-1905179 R1-1905165
The resource allocations are shown in Figure 3, where 8RB by 4 OFDM symbols are allocated for PDSCH transmission. A single symbol DMRS of type 1 was configured without data multiplexing, thus the available REs for PDSCH are the same for all schemes except for the TDM scheme, which for a fair comparison was also allocated with 4 OFDM symbols in total.  Fixed TB sizes of 256bits and 128bits were simulated with fixed QPSK modulation. A single layer from each TRP was used.  For TBS=256bits, the corresponding coding rate is about 0.44 for single TRP, SFN, FDM single RV, and SDM multi-RV, and about 0.22 for SDM single RV, and 0.88 for FDM multi-RV. The coding rate for TDM would be 1.33, which is not feasible and thus was not simulated. For TBS=128bits, the corresponding coding rate is about 0.22 for single TRP, SFN, FDM single RV and SDM multi-RV, and about 0.11 for SDM single RV, 0.44 for FDM multi-RV, and 0.67 for TDM.  
In case of SDM schemes 1a and 1b, joint PMI feedback by taking inter-TRP interference into account and MMSE-IRC receiver were used. For other schemes, per TRP PMI feedback and MMSE receiver were used. Other simulation assumptions can be found in the Appendix.


[bookmark: _Ref4429996]Figure 5: Resource allocation.
SDM vs. FDM
The simulation results are shown in Figure 6, where two pathloss (PL) offsets (0, -6) dB were simulated. In case of PL = -6dB, there is 6dB higher pathloss from the second TRP. For single TRP transmission, it is always transmitted from the 1st TRP. For multi-RV schemes, only RV combination of (0,2) is shown. Results with other RV combinations can be found in a companion paper [14]. The code rate in the figures is for single TRP transmission.
(a) pathloss offset = 0dB, TBS size = 256bits.

(b) pathloss offset = 0dB, TBS size = 128bits.


(c) pathloss offset = 6dB, TBS size = 256bits.

(d) pathloss offset = 6dB, TBS size = 128bits.


[bookmark: _Ref4576768]Figure 6: Comparison of different schemes
From the results we have the following observations:
1. [bookmark: _Toc4505649]SDM single RV performs very similar as SDM multi-RV (Scheme 1b) in all cases.  
1. FDM single RV performs (scheme 2a) slightly better than FDM multi-RV (Scheme 2b) with 0dB PL offset and code rate =0.44.  The two are very similar in other scenarios. 
1. [bookmark: _Toc4505648]The performance of SDM is slightly better than FDM when PL offset = -6dB and code rate =0.44. FDM is slightly better than SDM at code rate =0.22.
1. [bookmark: _Toc4505650]For the same amount of resources, TDM with mini-slot repetition (Scheme 3) performs poorly due to higher DMRS overhead.
1. SDM and FDM generally outperform SFN with CDD.
1. All multi-TRP schemes outperform single TRP.
Results for 4Tx antennas per TRP and 4Rx antennas at the UE are provided in a companion paper [16] with similar observations.  Given the above observations, we have the following proposal:
[bookmark: _Toc4748974]Both SDM single RV (Scheme 1a) and FDM single RV (Scheme 2a) are supported. 
Although SDM and FDM outperform TDM with mini-slot repetition given the same amount of resources, they do not work at FR2 if the UE is only capable of receiving data from one TRP at a time, thus TDM with mini-slot repetition is needed for FR2 to meet very low latency requirements. 
[bookmark: _Toc4748975]TDM with mini-slot repetition (Scheme 3) is supported for FR2.
Different RV
The evaluation results for FDM and SDM are shown in Figure 2 and Figure 3, respectively. It can be seen that RV combination (RV1, RV2) = (0,0) doesn’t work well for both FDM and SDM at all the simulated scenarios. For FDM, the performance with (RV1, RV2) = (0,2) and (0,3) are very close.  For SDM, the performance with (RV1, RV2) = (0,2) is slightly better than that with the performance with (RV1, RV2) = (0,3), but within 0.5dB at 10-4 BLER.   

[bookmark: _Ref4445554]Figure 2: FDM scheme with different RV combinations.

[bookmark: _Ref4447100]Figure 3: SDM scheme with different RV combinations.
[bookmark: _Toc4614850]For both FDM and SDM schemes with multiple RVs, the RV combination of (0,2) gives a slightly better performance than other combinations for the simulated conditions.

Table- Link Level Simulation Assumptions for Reliable PDSCH Transmission over Multi-TRP
	Parameters
	Value

	Carrier frequency
	4GHz 

	BW
	10MHz

	Subcarrier spacing
	15kHz

	Channel model
	CDL-A with 300ns delay spread

	UE mobility
	3km/h

	Number of TRPs
	2

	Pathloss offset of the 2nd TRP
	0dB, -6dB

	Number of Tx antenna ports per TRP 
	2 

	Number of UE Rx antennas
	2

	Number of layers per TRP
	1

	DMRS configuration
	One symbol, type 1, no data and DMRS multiplexing

	Number RBs
	8

	Number of OFDM symbols
	4

	TBS size
	128bits, 256bits

	Modulation
	QPSK

	Channel estimation
	Practical

	PRG size
	2 RBs

	Receiver
	MMSE-IRC 

	Precoding
	Wideband, based on PMI feedback. For SDM schemes 1a and 1b, joint CSI feedback is used. 



InterDigital Inc. R1-1904860
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	Figure 2: BLER in AWGN channels, NR-NR repetition vs 2-D modulation, Scheme 2



Figure 2 compares BLER performance of a 2 TRP system with and without 2D modulation. The baseline constellation is 16QAM, where for NR-NR case the Rel-15 NR constellation is used for both transmissions. However, for the case labelled NR-2D, the first transmission uses Rel-15 NR constellation definition, but the second transmission is based on the modified constellation as shown in Figure 1. As demonstrated in Figure 2, for a target BLER=10-5, multi-TRP transmission using 2D modulation results in a clear and significant performance gain of more than 1 dB compared to the NR-NR case. The achieved performance gain using multi-dimensional modulation over using the same modulation by both TRPs. 

Observation 1: Multi-dimensional modulation achieves significant gain over basic repetition. 

Note that as mentioned previously, with 2-dimensional modulation used in the simulation, TRP1 still uses Rel-15 16QAM given by NR specifications. The only modification required at the transmitter is for TRP2 to use a different bits-to-constellation mapping to achieve this performance gain.

[bookmark: _Hlk4751735]Observation 2: Multi-dimensional modulation can be implemented in multi-TRP transmission with very limited specification impact. 
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	Figure 3: BLER in TDL-C channels with 30 km/h (111 Hz Doppler), NR-NR repetition vs 2-D modulation, Schemes 2, 3, and 4
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	Figure 4: BLER in TDL-C channels with 3 km/h (11 Hz Doppler), NR-NR repetition vs 2-D modulation, Schemes 2, 3, and 4



Figures 3 and 4 compare BLER performance in TLD-C fading channels considering two different Doppler assumptions. Both figures indicate that significant performance gains can be achieved by using multi-dimensional modulation compared to using the same modulation scheme by both TRPs. At target BLER of 10-5, this gain is in the rage of 0.8-0.9 dB. 
A very important observation is that multi-dimensional gain is present regardless of whether Scheme 2, 3, or 4 is used. Also, the presented results indicate that all three studied schemes achieve a similar performance when both TRPs uses the same transmission parameters (NR-NR). 

Observation 3: A significant gain can be achieved by using multi-dimensional modulation for multi-TRP transmission.
NTT DOCOMO, INC R1-1904966
Number of TRPs for multi-TRP enhancement for URLLC
Assuming that the number of repetitions of a transport block in time-domain is up to 8, in theory, up to 8 TRPs can be used for one PDSCH or PUSCH with using single TRP at one time. On other hand, using 8 TRPs for scheme 3 and/or scheme 4 implies that a PDSCH is received with 8 TCI-states or a PUSCH is transmitted with 8 spatial relation information. Considering the tradeoff between UE complexity increase and performance benefit, our suggestion is to support at least 4 TRPs for one PDSCH/PUSCH.
In order to confirm the performance benefit of more than 2 TRPs, we conducted link-level simulations. 4GHz and 30GHz with blockage are evaluated. It can be seen from Fig. 3-2 that using 4 TRPs offer non-negligible improvement in 4GHz, and significant improvement in 30GHz. Note that for a given carrier frequency, same time/frequency resource allocation for one PDSCH or PUSCH is assumed. 
[image: ][image: ]
(a) PDSCH repetitions over 1, 2, and 4 TRPs (left: 4GHz, right: 30GHz).
Fig. 3-2	Average BLER performances with different number of TRPs.
Table 3-3: Simulation assumptions for PDSCH BLER evaluation
	Parameter
	Value

	Carrier frequency
	4GHz
	30GHz

	Subcarrier-spacing
	30kHz
	120kHz

	TBS
	32 Bytes

	MCS
(MCS table 3 is used)
	For 1 TRP: MCS0
For 2 TRPs: MCS 3
For 4 TRPs: MCS 7

	Number of RBs
	For 1 TRP: 51 RBs 
For 2 TRPs: 49 RBs
For 4 TRPs: 47 RBs

	Number of symbols
	For 1 TRP: 8 symbols x 1 repetition
For 2 TRPs: 4 symbols x 2 repetitions
For 4 TRPs: 2 symbols x 4 repetitions

	DMRS
	DMRS configuration Type 1
For 1 TRP: one additional DMRS is inserted

	PDSCH mapping Type
	PDSCH mapping Type B

	Channel estimation
	MMSE

	No. of BS antennas
	4
	2

	No. of UE antennas
	4
	2

	Channel model
	TDL-C (DS=100ns)
	TDL-A (DS=20ns) with blockage model A

	UE speed
	3km/h


Proposal 3-5:
· Support at least up to 4 TRPs for multi-TRP for URLLC.

Qualcomm Incorporated R1-1905026 R1-1905030
SDM vs. FDM
Simulation assumptions are summarized in Table 2 and are selected based on the agreed simulation methodology for factory automation scenario in eURLLC agenda item. The evaluations are done for the following four cases:
· PL delta between two TRPs = {0,3} dB
· RB allocation for the UE = {contiguous, disjoint}. For disjoint RBs, RBs 0-3 and 30-33 are allocated.

[image: ]
Figure 6. Contiguous RBs; PL Delta between TRP=0,3dB. 

[image: ]
Figure 7. Disjoint RBs; PL Delta between TRP=0,3dB. 
[bookmark: _Hlk528942643]From signalling perspective for the FDM schemes with single-DCI, we can have one frequency domain resource assignment field corresponding to the union of both sets of RBs / PRGs, and in addition, another field (possibly from the existing fields) can be used to indicate a simple splitting rule of RBs / PRGs between TRP 1 and TRP 2 from a limited set of choices (e.g. localized vs distributed split).
Different RV
In Figures 9-10, simulation results comparing one rate matching vs. separate rate matching can be seen for the FDM scheme (scheme 2a vs scheme 2b) for the case of combined coding rate R=0.19 and R=0.44, respectively. Obviously, for the case of separate rate matching, the coding rate of each repetitions is twice of the combined coding rate. Furthermore, for fair comparison, TB size and resource size is the same for all the curves (8 RBs, 4 symbols). For each case, PL delta of 0dB and 6dB are considered. Other simulation assumptions are similar to Table 1.

[image: ]
Figure 9. Scheme 2a vs 2b for R=0.19; PL Delta between TRP=0,6 dB. 

[image: ]  
Figure 10. Scheme 2a vs 2b for R=0.44; PL Delta between TRP=0,6 dB. 
As it can be seen above, scheme 2a performs better than or similar to scheme 2b in most cases. For scheme 2b, RV pair [0,2] is better than other RV pairs due to larger coding gain. 
Multi-beam
With multiple TRPs, different beams from different TRPs on PDSCH transmission can improve robustness to both fading and blockage effects. For example, in Figure 11, we compare the BLER performance between using a single beam from a single TRP and 2 beams from two TRPs to transmit 2 aggregated slots.  The simulation setup is provided in the Appendix in Table 3. The results show an approximate 2 dB gain at a targeting BLER of 10^-2 when using 2 beams. In Figure 11, we assume no blockage effects for simplicity. Therefore, the gain of using multiple TRPs solely comes from a lack of beam diversity in a single beamformed channel. A larger performance gain, however, is expected in the presence of blockages; as multiple TRPs can provide additional diversity in the angular domain.
[image: ]
[bookmark: _Ref525819738]Figure 11: Comparison of BLER performance between single beam and multi-TRP PDSCH

Table 2: Link-level simulation parameters and assumptions for PDSCH on FR1 (Figures 6-7).
	Parameter
	Value

	Num TRPs 
	2

	PL Delta
	{0, 3} dB

	Channel
	TDL-C; 100ns RMS Delay Spread

	Doppler
	111 Hz (corresponding to UE speed of 30km/h in 4GHz)

	Relative delay of second TRP
	60 ns

	Num Tx_Ant at each TRP
	4

	Num UE Rx_Ant 
	4

	Num Layers per TRP
	2

	Num DMRS symbols
	1; Config Type 1 (no FDM with data)

	Channel estimation
	RMMSE

	MCS
	8 (MCS index table 1 in 38.214)
For scheme 1a, MCS 4 is used to keep TBS the same 

	Num RBs
	8 over 4-symbols mini-slot

	PRG size
	2

	Receiver
	MMSE-IRC

	Power constraint
	Per-Antenna and Per-TRP

	Precoding
	Per TRP and per PRG; Based on estimated SRS 




Table 3: Link-level simulation parameters and assumptions for PDSCH on FR2 (Figures 11).
	Parameters
	Values

	Carrier Frequency
	30 GHz

	Subcarrier Spacing for data
	For 30 GHz: 120kHz

	Data allocation
	Bandwidth 65 RB
PDSCH Idx: Symbol 4-14 
DMRS idx: Symbol 3

	Channel Model
	CDL-B model 
-                delay spread =30,100ns 
-                UE speed=3km/h.
-                The angles of BS, i.e., AoD, ZoD, are uniformly distributed within [-60, 60] degrees in azimuth domain and [90, 135] degrees in zenith domain, and those of UE, i.e., AoA, ZoA, are uniformly distributed within [-180, 180] degrees in azimuth domain and [45, 90] in zenith domain, via applying uniform-distribution desired mean angle in subclause 7.7.5.1 in TR 38.901 accordingly.
Companies to report phase noise modelling and PTRS considerations if used.

	Criteria for beam selection
	Best CPO beam pointing towards the average strongest cluster

	BS antenna configurations
	 (M, N, P, Mg, Ng; Mp, Np) = (4, 8, 2, 2, 2; 1 , 1). ((dV, dH) = (0.5, 0.5) λ. (dg,V, dg,H) = (2.0, 4.0) λ 

	BS antenna element radiation pattern
	For 30 GHz: According to TR38.802

	UE antenna configurations
	(M, N, P, Mg, Ng; Mp, Np) = (2, 4, 2, 1, 2; 1, 1); baseline for UL panel-specific beam selection
(dV, dH) = (0.5, 0.5)λ. (dg,V, dg,H) = (0, 0)λ.
(M, N, P, Mg, Ng; Mp, Np) = (2, 4, 2, 1, 1; 1, 1);  also can be used except for evaluating UL panel-specific beam selection
* Θmg,ng=90°; Ω0,1=Ω0,0+180°;

	BS array orientation
	azimuth 0 degree; mechanic downtilt: 0 degree

	UE array orientation
	ΩUT,a uniformly distributed on [0, 360] degree

	UE antenna element radiation pattern
	See Table A.2.1-8 in TR 38.802

	UE mobility feature
	Blockage model added as Blockage A model in 3GPP 38.901

	Transmission scheme
	Single TCI beam, single transmission; Single TCI beam, two transmissions (soft combine); 2 TCI beams, 2 transmissions (soft-combine)

	MIMO mode
	SU-MIMO

	UE receiver type
	MMSE-IRC as baseline



SFN vs. other M-TRP scheme
In the simulations, for the closed-loop precoding, the network uses the SRS symbols to derive through reciprocity a channel estimate of the downlink channel and use SVD-based precoding vectors across RB bundles of 2 PRBs (PRG size=2 RBs). Realistic channel estimation is performed at the network using SRS symbols.
As an upper bound, we also consider a multi-TRP coherent joint transmission (CJT) scheme in which a joint SVD is used across all the antennas belonging to both TRPs (8 total Tx antennas; 4 Tx antennas per TRP). It is important to note that this scheme is only provided for comparison, and in practice, it may not be achievable since it requires not only exact time / frequency synchronization, but also very precise phase coherence between the two TRPs.
We assume 4 transmit antennas at each TRP, and 4 received antenna at the UE. Realistic DMRS and SRS channel estimation are performed. For fair comparison between different schemes, TB size and resource size is the same for all the schemes. 4 OFDM symbols are used for PDSCH. For the simulation results in Figure 2, 8 RBs and 2 layers per TRP are used. PL delta of 0dB and 3dB are considered. Detailed simulation assumptions are summarized in Table 1. 
As illustrate in the simulation results in Figure 2, the closets scheme to the CJT scheme (upper bound) is the FDM scheme followed by the SDM scheme (the details of the SDM / FDM schemes are explained in [2]). SFN schemes are not performing as well as the non-spec-transparent schemes (FDM / SDM) especially at the tail. This is due to over the air combining of two separate closed-loop precoded signals as they can be combined destructively at the receiver. When cycling across TRPs is used, the performance becomes slightly better due to the diversity through different effective channels in different PRGs.
[image: ]
Figure 2. Performance comparison of different schemes; PL Delta between TRPs=0,3 dB. 

Observation 1: Over the air combining (SFN) of two signals that are separately precoded based on channel information (i.e. closed-loop precoding) can lead to performance degradation specially at the tail. 
Next, we also consider a third SFN scheme in which closed-loop precoding is not used at all. Instead, precoding cycling across all 8 Tx antennas (from both TRPs) are used. In order to complete one cycle, 8 PRGs are required. Hence, for simulation results in Figure 3, 16 RBs are used (PRG size is 2 RBs). This scheme (shown in the figure as “mTRP-SFN (cycling across antennas)”) does not have the issue discussed above (over the air combining of two separate closed-loop precoded signals). However, the gains of closed-loop precoding cannot be realized in this scheme. On the other hand, the non-spec-transparent schemes can benefit from closed-loop precoding for the antennas within a TRP. 
As it can be seen from Figure 3, the FDM scheme is the closets scheme to the CJT scheme (upper bound). Furthermore, the SFN scheme with cycling across antennas has a better slop compared to the other SFN schemes. Also, two single-TRP schemes (one with SVD-type of precoding and another with cycling across antennas) are shown for comparison. Simulation assumptions for Figure 3 are the same as those of Figure 2 (summarized in Table 1) except that 16 RBs and rank 1 transmission are considered.


[image: ]
Figure 3. Performance comparison of different schemes; PL Delta between TRPs=0,3 dB. 

Observation 2: SFN scheme based on precoding cycling across all antennas cannot benefit from closed-loop precoding within antennas of a TRP while non-spec-transparent multi-TRP schemes (such as FDM) achieve better performance than SFN schemes.
Table 1: Link-level simulation parameters and assumptions.
	Parameter
	Value

	Num TRPs 
	2

	PL Delta
	{0, 3} dB

	Frequency range
	FR1 (4GHz)

	SCS
	30KHz

	Channel
	TDL-C; 100ns RMS Delay Spread

	Doppler
	111 Hz (corresponding to UE speed of 30km/h in 4GHz)

	Relative delay of second TRP
	60 ns

	Num Tx_Ant at each TRP
	4

	Num UE Rx_Ant 
	4

	Num Layers per TRP
	2 (for Figure 2) and 1 (for Figure 3)

	Num DMRS symbols
	1; Config Type 1 (no FDM with data)

	Channel estimation
	RMMSE

	MCS
	8 (MCS index table 1 in 38.214)
For SDM scheme, MCS 4 is used to keep TBS the same

	Num RBs
	8 (for Figure 2) and 16 (for Figure 3).

	PRG size
	2

	Receiver
	MMSE-IRC

	Power constraint
	Per-Antenna and Per-TRP

	Precoding
	Per PRG; Based on estimated SRS (for closed-loop precoding)
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As a basis of fair comparison, we assume the same time-frequency resource for all schemes. The simulations assumptions are provided in Table 1 and Table 2.

[bookmark: _Ref4734826]Table 1: Scheme specific LLS assumptions
	
	Scheme 1a
	Scheme 1b
	Scheme 2a
	Scheme 2b 
	Scheme 3
	Scheme 4

	Multiplexing
	SDM
	SDM
	FDM
	FDM
	TDM
	TDM

	# CW
	1
	2
	1
	2
	2
	1

	RV
	RV0
	RV0, RV2
	RV0
	RV0, RV2
	RV0, RV2
	RV0

	TBS
	S
	S
	S
	S
	S
	S

	Code-rate
	R/2
	R
	R
	2R
	2R
	R

	
	
	
	
	
	
	



[bookmark: _Ref4734828]Table 2: LLS assumptions for all schemes
	Parameters
	Values

	Carrier Frequency
	4 GHz

	Subcarrier Spacing for data
	15 kHz

	TBS (S)
	256 (R ~ 1/10), 2088 (R ~ 1/2), 4000 (R ~ 2/3) 

	Modulation
	QPSK

	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
	2 TRP equal power, 2Tx each TRP

	UE antenna configurations
	4Rx

	Transmission scheme
	Precoder cycling

	MIMO mode
	1 port transmission

	UE receiver type
	MRC/LMMSE, practical channel estimation


Comparison of schemes 2a and 2b
	[image: ]
Figure 11: No blockage model, scheme 2a vs 2b (R is defined in Table 1)
	[image: ]
[bookmark: _Ref4735895]Figure 12: With blockage model, scheme 2a vs 2b (R is defined in Table 1)



Observations: The performance of schemes 2a and 2b are very close. Scheme 2a generally performs slightly better due to a lower code-rate when blockage does not apply. In the case when one of the links is likely blocked and the code-rate is not too low, scheme 2b is slightly better. This is an expected benefit of repetition with RV0 and RV2 and can be observed from Figure 12, R=1/2 results. However, scheme 2b requires more processing at the UE in terms of soft-combining within a slot and also more specification effort.
Comparison of schemes 1a, 1b and 2a

[image: ]
Figure 13: Schemes 1a, 1b and 2a (R is defined in Table 1)

Observations: We observe that scheme 1a (supported by Rel-15 specifications) is almost the same or slightly better than scheme 1b. Further, we note that additional inter-layer interference is present in schemes 1a, 1b which is not present in scheme 2a. PDSCH/DMRS is transmitted with a 3 dB power-boost in scheme 2a compared to schemes 1a, 1b. However, the code-rate in scheme 1a is about half of that of scheme 2a. Considering these trade-offs the results show that the performance of scheme 2a is better than schemes 1a, 1b by ~ 1dB. 
Comparison of schemes 3 and 2a
[image: ]
Figure 14: Scheme 3 and 2a (R is defined in Table 1)

Observations: We observe that scheme 2a is about 3 dB better than scheme 3. This can be explained by a 3dB power boost that can be applied to scheme 2a but not to scheme 3.

(FR2) Comparison of schemes 3 and 4
Here we assume that a UE cannot receive transmission from multi-TRP on the same OFDM symbol. This applies to single-panel UEs in FR2. Schemes 3 and 4 (TDM) described in the email discussion are applicable in this case.
We note that in FR2, the minimum beam switching time counted by the number of symbols between the last PDCCH symbol and the first PDSCH symbol is 7 for 60 kHz SCS and 14 for 120 kHz in Rel-15. Therefore the NW has to budget at least 2 slots for successful multi-TRP PDSCH reception in this case. Therefore in order to compare schemes 3 and 4, we consider a 2-slot allocation as shown in Figure 15 and Figure 16. Note that scheme 3 according to Figure 16 assumes a 6 OS beam-switch delay that provides an upper bound on performance.

	

[bookmark: _Ref4740806]Figure 15: Scheme 4, 2-slot allocation
	

[bookmark: _Ref4740807]Figure 16: Scheme 3, 2-slot allocation
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[bookmark: _Ref4741026]Figure 17: Schemes 3 and 4 using 2-slot allocation as shown in Figure 15 and Figure 16 (R is defined in Table 1)

Observations: We can observe from Figure 17 that the performance of scheme 4 is about 1 dB better than scheme 3 considering a 2-slot allocation. This can be attributed to some loss in coding gain due to smaller allocations in scheme 3 and also some channel estimation performance loss due to only 1 front-loaded symbol in scheme 3.

Observations (summary)-9: Considering both FR1 and FR2 cases, scheme 2a and scheme 4 provides a reasonable balance of performance and UE complexity/specification effort
· Scheme 1b does not provide significant benefit over scheme 1a which is already supported by Rel-15
· Scheme 2b does not provide significant benefit over scheme 2a which is already supported by Rel-15
· Scheme 4 (and also scheme 2a when applicable) provides better performance than scheme 3
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