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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 for PDSCH.  Factors complicating the downselection are a lack of scenarios where TxD is truly beneficial and a continued lack of common understanding of the impact of different TxD schemes on interference rejecting receivers.  Therefore, this contribution revisits use cases and scenarios for TxD operation as well as IRC receivers’ use with TxD.  
While progress has not been made on PDSCH diversity schemes, a related decision was reached for PDCCH and PBCH:  
Working assumption:
· For NR-PBCH transmission, NR supports a single antenna port based transmission scheme only. 
· FFS: Same or different antenna port(s) are defined for NR-PSS, NR-SSS and NR-PBCH within an SS block
· Companies are encouraged to further evaluate NR-PBCH performance

Working assumption:
· One-port transmit diversity scheme with REG bundling per CCE is used for NR-PDCCH
· FFS the bundling size
· FFS: REG bundling is also for localized mapping in time and/or frequency-domain
· Companies are encouraged to provide evaluation results for 10 MHz and 20 MHz for larger aggregation levels and 5 MHz and 10 MHz for smaller aggregation levels 
This decision as well as proposals for semi-open loop operation are used as context to develop a proposal with two alternative ways forward.
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 [10].  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].  However, as will be discussed more in the following section, a need for a specified TxD scheme has not yet been identified in RAN1 discussions.
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
· However, a need for a specified TxD scheme to meet the requirements for these applications has not been identified yet.

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 on the need for a TxD scheme for URLLC, future simulations could focus on relevant use cases where TxD has potential benefit.  More details on high speed rural and URLLC scenarios that seem useful for further evaluations can be found in [7].  
Developments in RAN1, Observations, and Way Forward
Developments in RAN1
We first observe that both PDCCH and PBCH use single port transmission, according to the working assumptions in RAN1#88bis.  Since PDSCH relies on PDCCH and PBCH to be received at all, and since they are not able to exploit link adaptation to the degree that PDSCH can, the use of transmit diversity for these channels is normally considered more important than for PDSCH.  Therefore, we see no motivation to use non-transparent Tx diversity for PDSCH in Rel-15.
Observations:
· PDCCH and PBCH support at most 1 antenna port in Rel-15 NR
· DL control channels typically benefit more from TxD than shared channels
· Therefore, non-transparent TxD does not appear motivated for PDSCH in Rel-15
Open loop and semi-open loop operation are to be supported in NR [9].  A simple way to accomplish this for open loop is to use non-PMI reporting CSI reporting. For semi-open loop, a similarly simple way is through wideband reporting and codebook subset restriction of W2, in which case the CSI reporting is aligned at eNB and UE.  Precoder cycling or delay diversity can be supported transparently through virtualization of DMRS and/or CSI-RS.  Admittedly, this is not optimal in terms of CSI overhead for semi-open loop, since W2 is still reported (because codebook subset restriction does not normally alter payload size).  On the other hand, scenarios where many UEs require semi-open loop operation in a cell are not clear, as discussed above, and so wideband CSI overhead from UEs configured for semi-open loop may not be a significant issue.
There are a wide variety of possible ways to implement OL/semi-OL, as can be seen in the joint proposal [8] copied below, where CRI, W11/W12, W1, or W1 and W2 are candidate parameters for both beam direction information and for cycling.
· Support following CSI calculation and reporting for TS2.
· CSI reporting parameters include RI, CQI, and beam direction related information.
· Reporting of beam direction related information can be configured by gNB
· No reporting of beam direction related information is supported for OL MIMO
· The following can be considered beam direction related information for semi-OL MIMO
· CRI, W11/W12, W1 or W1 and W2
· CSI is calculated, assuming beam cycling in a given pattern:
· Cycling the following parameters can be considered for beam cycling:
· CRI
· W12/W11 and W2
· W2
· Inter-panel phase
· FFS how to determine cycling pattern (e.g. gNB indication, or predefined pattern)
· FFS the resource granularity of beam cycling
Given the lack of motivation for TxD in Rel-15 observed above, if beam direction information is not reported and some assumption on the unreported CSI is needed, the assumption should be as simple as possible.  One candidate could be what is done in LTE Rel-14, where beam selection components for W2 are fixed by codebook subset selection, but cophasing is accounted for.  If SFBC is not used, then a single mechanism should be used to generate the cophasing assumption used in CSI feedback.  
Observations:
· There appear to be a wide variety of (possibly divergent) open/semi-open loop transmission proposals
· Complex mechanisms to support open-loop and semi-open loop CSI reporting are not justified 
SFBC and code rate
SFBC is well known to have similar link level performance to precoder cycling at lower code rates.   This can be illustrated in the following result [11], where PDCCH is simulated at various code rates.  At a 5/8 code rate, we see on the order of 1 dB improvement over precoder cycling at 10% BLER, while below that the gains diminish.  Therefore, it is hard to justify the use of SFBC instead of per PRB precoder cycling above a certain code rate.
[image: ]
Observation:
· SFBC is not justified over precoder cycling above a certain code rate. 
Proposal
Given the above discussions and in light of developments in RAN1#88bis, we have the following proposal.  We prefer the first, since a non-transparent Tx scheme 2 does not seem motivated.
· Support one of the following two alternatives:
· Alt.1 Single DMRS port in Rel.15
· PRG level cycling or other transparent diversity can be supported without spec. impact
· Alt.2 PRG level cycling + SFBC
· SFBC used e.g. above a certain code rate, or for a small number of PRBs, exact conditions FFS.
· When SFBC is not used, single DMRS port PRG level cycling can be used;
· FFS how cycling is taken into account for OL/semi-OL CSI feedback where W2 is not reported
· Provide robust spatially multiplexed PDSCH using single codeword 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, but so far implementation based TxD schemes seem sufficient.
· PDCCH and PBCH support at most 1 antenna port in Rel-15 NR
· DL control channels typically benefit more from TxD than shared channels
· Therefore, non-transparent Tx Scheme 2 does not appear motivated for PDSCH in Rel-15

Given the above discussions and in light of developments in RAN1#88bis, in particular the support for at most 1 antenna port on PBCH and PDCCH, we have the following proposals.  We prefer the first alternative, since non-transparent Tx Scheme 2 does not appear motivated for PDSCH in Rel-15.
Proposals:
· Support one of the following two alternatives:
· Alt.1 Single DMRS port in Rel.15
· PRG level cycling or other transparent diversity can be supported without specification impact
· Alt.2 PRG level cycling + SFBC
· SFBC used e.g. above a certain code rate, or for small number of PRBs, exact conditions FFS.
· When SFBC is not used, single DMRS port PRG level cycling can be used;
· FFS how cycling is taken into account for OL/semi-OL CSI feedback where W2 is not reported
· Provide robust spatially multiplexed PDSCH using single codeword transmission
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