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Introduction
In the January RAN1 adhoc, candidate techniques for (semi-)open loop transmission for PDSCH (‘transmission scheme 2’) were identified:
Agreements:
· For Transmission scheme 2, down selection(s) on DMRS based transmission schemes will be done in RAN1#88 at least for rank 1
· For rank 1,
· Precoder cycling with transparent DMRS
· Precoder cycling with non-transparent DMRS
· Small-delay CDD with transparent DMRS
· DMRS based SFBC
· For rank>1, 
· Precoder cycling with transparent DMRS
· Precoder cycling with non-transparent DMRS
· Layer shifting
· Precoder cycling with transparent DMRS and layer shifting
· Small-delay CDD with transparent DMRS
· Large-delay CDD with non-transparent DMRS
Since that time, it has been difficult to downselect among the candidate techniques.  One factor that may be complicating this downselection is a lack of scenarios where TxD is truly beneficial.  A second issue based on online discussion in RAN1#88 is that there still seems to be a lack of common understanding of the impact of different TxD schemes on interference rejecting receivers.  Therefore, this contribution considers scenarios for TxD operation and elaborates more on IRC receivers’ use with TxD.  Complexity and general performance aspects are also discussed.
Open Loop Schemes for Diversity and Spatial Multiplexing
We discuss 4 transmission basic schemes in two groups, for rank 1 and rank 2 transmission, respectively.  While not explicitly considered, the same principles apply to ‘semi-Open-Loop’ schemes where a large number of TXRUs beamform a physical channel over a small number of antenna ports.  In these (semi-)open loop cases, the beamforming is determined by the gNB e.g. through reciprocity, long term PMI feedback, or other DL RS measurements, and TXRUs are virtualized down to, say, 2 DMRS ports.  Diversity transmission is then applied on top of these beamformed DMRS ports.
Diversity Schemes
Rank 1 Tx diversity (TxD) schemes under consideration for NR can be broken down into two categories, represented by space-time/frequency codes such as SFBC, and precoder cycling.  These schemes are described in more detail in [5], and summarized here.

SFBC schemes use a unitary transformation of two antenna ports across two REs to provide full diversity order without bandwidth expansion.  Because a single layer is transmitted with two precoding combinations, two DMRS ports must be transmitted.  This doubling of the required number of DMRS ports reduces DMRS SINR, increasing the overhead of SFBC relative to single antenna or rank 1 closed loop transmission.  Furthermore, the SFBC transformation leads to a symbol pairing requirement, which can complicate rate matching with ‘orphan REs’.

Precoder cycling is a straightforward way to randomize the effective channel to a UE by varying the precoder in the frequency domain.  Rather than pairing resources, precoder cycling relies on the FEC to allow the same information to be transmitted with different precoding.  This reliance on FEC means that it can perform equivalently to SFBC only at sufficiently low code rate.  Other than this reliance on FEC, precoder cycling is quite similar to SFBC.  Because the precoder cycling should be as quick as possible to maximize diversity gain, precoder cycling should be varied per RE, which means that 2 DMRSs are needed.  A second reason to vary the precoding more quickly is to support low latency transmission, for example transmission in a mini-slot.  Since such transmissions are short in time, they should cycle as quickly as possible in frequency.

It is also possible to use cycle precoding while changing the precoder once per PRB or once per N PRBs.  While the performance benefits of such per-N-PRB cycling can be less than that of per-RE cycling for sufficiently narrowband transmissions, it can be done transparently to the UE.  Consequently, transparent per-N-PRB cycling can be an alternative to specifying TxD, in particular per-RE precoder cycling.  

Observations:
· Precoder cycling is simple, avoiding problems such as the ‘orphan RE’
· SFBC is somewhat more complex, but allows improved performance at higher code rates
· Both schemes
· Have reduced DMRS SINR as compared to rank 1 closed loop MIMO
· Transparent precoder cycling can be an alternative to specified TxD, at least to per-RE precoder cycling.
Impact of TxD on Interference Rejecting Receivers 
The two orthogonal precoding combinations of SFBC cannot be suppressed with a single degree of freedom in an MMSE-IRC receiver.  This means that SFBC is often considered ‘rank 2’ interference, and so can degrade the performance of MMSE-IRC receivers [1][2][5].  However, *if* an MMSE-IRC receiver knows which REs are associated with which precoder combination, it is possible for the receiver to use a set of combining weights for each precoder combination, and so the receiver can treat SFBC interference as a rank 1, applying one degree of freedom to suppress each of the SFBC precoder combinations.  It can be very difficult to know which set of precoding combinations are used on an interferer, since the ‘phase’ of the combinations can vary according to the interfering physical channel’s rate matching, which can be difficult to determine.  For example, in LTE, PDSCH is rate matched around CSI-RS, and the SFBC ‘phase’ can also vary according to the size of the allocation.  These problems were addressed in detail during LTE NAICS discussions, where it was understood that the SFBC structure could not be exploited to enhance its ability to be suppressed.  Schemes that have fixed precoder to RE relationships such as ‘partial slot’precoding [6] can potentially avoid these problems by enabling the UE to know which REs use the same precoders.   However, such fixed relationships can be applied to precoder cycling as well as SFBC schemes.  Furthermore, these relationships must be truly fixed, which may be challenging if single antenna, variable slot sizes, different numerology, etc, can be used on interferers.

Per-RE ‘fast’ cycling has similar behavior with IRC receivers.  When UEs can’t reliably determine the ‘phase’ of the precoder cycling of an interferer, they will likely perform interference covariance estimation over adjacent cycled REs, and therefore UEs in neighbor cells will see per-RE precoder cycled transmissions as rank 2 interference.  

It has also been argued [6] that non-colliding DMRS is needed in pre-RE precoder cycling schemes in order to properly estimate PDSCH interference for these schemes.  However, this does not seem a critical issue.  Nonlinear receivers such as RML or SIC explicitly estimate interference and are used in LTE for SU-MIMO, NAICS, and MUST operation.  Therefore, explicitly estimating an interfering channel using colliding DMRS is well established, and could be used for SFBC or per-RE interference suppression.  UE implementations can also use PDSCH REs for interference estimation, in which case whether DMRS collides or not is not an issue.

Observations:
· Both SFBC and precoder cycling generally produce rank 2 interference to neighbor cells
· Rank 1 is possible in theory, but e.g. rate matching, single antenna transmission, variable slot sizes, or different numerology may preclude this in NR
Spatial Multiplexing Schemes
Single codeword transmission is used in NR for up to rank 4 [7].  Therefore, NR codewords obtain diversity automatically by being mapped across different layers.  Note that spatially multiplexed transmission can also use transparent diversity such as per-PRG precoder cycling if desired.  Similarly, per-RE beam cycling could also be used on top of single codeword transmission.  However, even closed loop schemes have limited gains from frequency selective beams, and so open loop beam selection would have negligible gain. Therefore, specifying diversity schemes on top of single codeword transmission seems unnecessary, and long term beamforming can be applied on all ports except the 2 polarization ports.

Techniques such as large delay CDD and layer permutation could be used for ranks 5 to 8, but such diversity gains would likely be very modest, and such high ranks usually have very good channel conditions and link adaptation, such that diversity is not needed or could actually be harmful to performance.

Observations:
· The use of single codeword transmission for ranks 1-4 provides sufficient diversity for spatially multiplexed transmissions
· Techniques such as large delay CDD or layer permutation are not needed when 2 codewords are used for ranks 5-8
· For OL MIMO with 2D cross-pol arrays, at most rank 2 (using two port DMRS) is sufficient 
· Long term beamforming can be applied on all ports except across the polarization ports
Use Cases for (Semi-)Open Loop Transmission
Coherent multi-TXRU PDSCH to a UE transmission always outperforms diversity PDSCH transmission to that UE when accurate CSI is available at eNB.  Accurate CSI can be obtained when it is transmitted frequently enough to track fading among the diversity elements.  This is possible when the overhead of the CSI is low enough, the UE is moving slowly enough, and/or CSI feedback is fast enough.  When large packets are transmitted to the UE over multiple subframes, the CSI overhead and latency can be relatively low.  Note that CSI from even high velocity UEs can be tracked if reporting fast CSI in the same subframe reporting [3] is used in NR.  However, if PDSCH is very bursty, being infrequently transmitted in one slot or a mini-slot at a time, then it is difficult for CSI to track any changes in the channel.  Additionally, if PDSCH is to be broadcast or multicast to many UEs, then UE specific precoding is not beneficial, although diversity transmission may be beneficial.
Spatial diversity gains are a strong function of the required reliability and amount of frequency and time diversity already available.  Consequently, the most benefit from diversity is to be expected when highly reliable transmission, and/or low latency are required, or there is insufficient delay spread to provide good frequency diversity.  Therefore, diversity is a key mechanism for providing ultra-high reliability for URLLC [4].
Observations:
· TxD is not beneficial under all conditions
· It tends to perform worse than precoding / co-phasing for unicast transmission when good CSI is available
· Low latency, high reliability applications seems one of the most promising use cases for TxD

As discussed above, SFBC outperforms precoder cycling especially at higher code rates, and precoder cycling on a per-PRG basis is possible by eNB implementation.  Given the potential code rate variability of URLLC applications e.g. due to rate matching, SFBC seems to have greater potential than precoder cycling schemes.  However, as consensus could not be reached during the NR study on a TxD scheme, further simulations are needed, and these should focus on relevant use cases where TxD has potential benefit.
Given the behaviors observed above, two such scenarios seem useful for further evaluations: high speed rural and URLLC.  
1. High speed rural covers the cases where CSI is stale, and its wide cell spacing and high fraction of outdoor UEs is rather more relevant than urban macro scenarios with smaller cell spacings and high numbers of indoor UEs.  Given that interference suppression is a key concern for TxD operation, traffic models need to include realistic bursty interference, and non-full buffer models such as FTP model 1 are needed.  Another aspect is that BLER targets at high speed operation should often be higher than for lower UE velocities, since CQI and OLLA do not track as well in these scenarios.  We provide simulation results in the appendix showing that a BLER target of 25% provides substantially better average throughput than that of 10%.   Finally, the rural channel model is more up to date than the ITU model included in 38.802 [7] while the new model was being developed, including e.g. better models of vehicular penetration.  A rural scenario can therefore be:
· High speed rural scenario from 38.802 with the following refinements:
· FTP model 1 traffic with 0.1 or 0.5 Mbyte packet size
· BLER target of 25%, or another value shown to provide better average throughput
· RMa channel model from 38.900 [9]

2. URLLC covers the very low BLER cases that are very sensitive to fading, and where the packets are too short for link adaptation to converge.  A subset of the URLLC traffic models in 38.802 (those concentrating on the requirements in 38.913 [8]) is focused on in the NR WID, and so these should be used in the TxD evaluations.  Also, the use case where eMBB inter-cell interference to URLLC is transmitted in the same resources seems more appropriate.  Therefore, a URLLC scenario can be:
· URLLC from 38.802 with the following refinements
· One transfer of a packet has 10-5 BLER for 32 bytes with a user plane latency of 1ms, as in 38.913
· eMBB interferes with URLLC traffic 
Proposals:
· Further evaluations of TxD consider relevant use cases suitable for TxD, including rural macro and URLLC, as above
· Provide robust rank 2 spatially multiplexed PDSCH using single codeword transmission
· If transmit diversity or open loop MIMO operation is specified for NR PDSCH at this stage
· Use SFBC for TxD (rank 1)
· Specify mechanisms to quickly switch to closed loop MIMO or single antenna transmission
Conclusions
This contribution has considered potential designs of open loop transmission schemes, leading to the following observations and proposals:
Observations:
· Precoder cycling is simple, avoiding problems such as the ‘orphan RE’
· SFBC is somewhat more complex, but allows improved performance at higher code rates.
· Both precoder cycling and SFBC
· Have reduced DMRS SNR as compared to rank 1 closed loop MIMO
· Generally produce rank 2 interference to neighbor cells
· Rank 1 is possible in theory, but e.g. rate matching precludes this in LTE
· Transparent precoder cycling can be an alternative to specified TxD, at least to per-RE precoder cycling.
· The use of single codeword transmission for ranks 1-4 provides sufficient diversity for spatially multiplexed transmissions
· Techniques such as large delay CDD or layer permutation are not needed when 2 codewords are used for ranks 5-8
· For OL MIMO with 2D cross-pol arrays, at most rank 2 (using two port DMRS) is sufficient 
· TxD (both rank 1 precoder cycling and SFBC) can significantly degrades the performance of IRC
· Performance of TxD can be worse than when TxD is not used due to the inability to suppress interference.
· TxD is not beneficial under all conditions
· It tends to perform than worse precoding / co-phasing for unicast transmission when good CSI is available
· Low latency, high reliability applications and rural macro scenarios seem some of the most promising use cases for TxD
Proposals:
· Provide robust rank 2 spatially multiplexed PDSCH using single codeword transmission
· Further evaluations of TxD consider relevant use cases suitable for TxD, including rural macro and URLLC, as follows:
· URLLC from 38.802 with the following refinements
· One transfer of a packet has 10-5 BLER for 32 bytes with a user plane latency of 1ms, as in 38.913
· eMBB interferes with URLLC traffic
· High speed rural scenario from 38.802 with the following refinements:
· FTP model 1 traffic with 0.1 or 0.5 Mbyte packet size
· BLER target of 25%, or another value shown to provide better average throughput
· RMa channel model from 38.900
· If transmit diversity or open loop MIMO operation is specified for NR PDSCH at this stage
· Provide robust rank 2 spatially multiplexed PDSCH using single codeword transmission
· Spec transparent precoder cycling may also be used
· Use SFBC for TxD (rank 1)
· Specify mechanisms to quickly switch to closed loop MIMO or single antenna transmission
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Appendix: BLER Target for High Speed UEs
Since CSI is substantially less accurate at high UE speeds, the usual OLLA BLER target of 10% may not be suitable.  Simulation results are provided in Table 1 comparing the performance at a higher OLLA BLER target of 25% and 10%, and the simulation conditions are described below.  It can be see that 25% OLLA BLER is a much better operating point for the simulated conditions.  Gains from using the 25% BLER target are particularly large at medium load: in the range of ~20%-30%.
[bookmark: _Ref451689224]Table 1 Performance of 25% vs. 10% BLER Targets in RMa 
	
	
	Mean UPT
	Cell Edge UPT

	Load region
	Scheme
	25% BLER
	10% BLER
	Gain of 25% / 10% BLER
	25% BLER
	10% BLER
	Gain of 25% / 10% BLER

	Low load
	PUCCH 1-1
	3.5093
	3.4332
	2.2%
	0.9692
	0.8740
	8.2%

	
	PUSCH 3-1
	3.4280
	3.3376
	2.7%
	0.9409
	0.8696
	12.7%

	
	Per-SB 
OL 1-2
	3.500
	3.4055
	2.8%
	0.9397
	0.8339
	12.3%

	
	Per-SB OL transparent
	3.5093
	3.4219
	2.6%
	0.9692
	0.8633
	3.0%

	
	Per-RB 
OL 1-2
	3.5254
	3.4914
	1.0%
	0.9690
	0.9409
	6.6%

	
	Per-RB OL transparent
	3.5148
	3.4442
	2.0%
	0.9652
	0.9057
	16.6%

	Medium load
	PUCCH 1-1
	3.0622
	2.9394
	4.2%
	0.6704
	0.5750
	24.91%

	
	PUSCH 3-1
	2.9698
	2.8272
	5.0%
	0.6714
	0.5375
	18.8%

	
	Per-SB 
OL 1-2
	3.0764
	2.9450
	4.5%
	0.6998
	0.5891
	16.6%

	
	Per-SB OL transparent
	3.0622
	2.9394
	4.2%
	0.6704
	0.5750
	29.2%

	
	Per-RB 
OL 1-2
	3.0539
	2.9011
	5.2%
	0.6886
	0.5328
	14.0%

	
	Per-RB OL transparent
	3.0599
	2.9943
	2.2%
	0.7031
	0.6166
	29.8%




A high-mobility scenario with all UEs traveling at 120 kmph was simulated for a 3D RMa scenario with the simulation parameters presented in Table 2. Two semi-open-loop schemes have been tested to investigate the potential gains. Rel-10 closed-loop reporting modes PUSCH 3-1 and PUCCH 1-1 have been chosen as baselines for the comparison. As semi-open-loop schemes we have chosen the scheme with randomized PMI feedback for   (‘OL 1-2’) where the UE is aware of which  is used in CQI calculations, and a standard-transparent scheme (‘OL Transparent’) where the randomized co-phasing is performed at the eNB and the UE is unaware of the  used by eNB.   Precoder cycling on a per-subband and per-RB basis are simulated. The latter represents an idealized situation where the processing gain is assumed to not be corrupted by the demodulation issues related to reduced (to a single RB) PRG size.
[bookmark: _Ref477890385]Table 2 Summary of the simulations assumptions
	Parameter
	Value

	Scenarios
	3D RMa

	ISD
	1732 m

	Carrier frequency
	2 GHz

	eNB antenna
	8x2 X-pol array, no virt. 

	Traffic model
	FTP model 1, 100kB packets

	UE speed
	120 kmph

	UE distribution
	Random uniform, 100% UEs outdoor in vehicles

	Codebook
	32-port GOB-based; Config-2-type setup

	Receiver
	Imperfect channel estimation and modeling, LMMSE-IRC

	Precoder cycling base
	Per subband or RB

	Baseline
	PUSCH 3-1 and PUCCH 1-1






