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Introduction
A few high level agreements were reached regarding robust physical channel transmission in NR in RAN1#86bis:
Agreements:
· DL and UL transmission techniques should be studied to provide robustness against imperfect CSI and mobility
· e.g.) The techniques using a subset of beams/precoders may include beam cycling, beam broadening, etc.
· e.g.) In case of DL and FDD, this technical scope may include semi-open-loop MIMO technique being discussed in LTE eFD-MIMO. 
Agreements:
· Support downlink transmission scheme(s) achieving diversity gain at least for some control information transmission
· Exact scheme is for further study.
· Specification support for such transmission schemes, i.e., the scheme(s) may or may not be implemented in spec-transparent manner
· Note: The data/control channel transmission is at least based on DM-RS for demodulation.

The use of transmit diversity schemes to provide robustness is a fundamental consideration in physical layer design.  It has evolved somewhat with the introduction of MIMO and 2D beamforming in LTE.  We discuss diversity schemes in this more recent context, considering how they might be applied to PDSCH in NR.
Open Loop Schemes for Diversity and Spatial Multiplexing
We discuss 4 transmission basic schemes 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 cases, the beamforming is determined by the gNB through reciprocity or long term PMI feedback, and TXRUs are virtualized down to, say, 2 DMRS ports.  Diversity transmission is then applied on top of these beamformed DMRS ports.
Diversity Schemes
Tx Diversity

SFBC transmission can be expressed as follows: 





Where  is a symbol to be transmitted at time instant i on antenna port p, and  is the symbol to be transmitted on layer l in symbol i.  In the context of semi-OL transmission, the symbols  correspond to virtualized antenna ports, where long term CSI feedback has been used to determine the precoding used to virtualize the ports.
SFBC is well known to be spectrally efficient, providing a diversity order of 2 without bandwidth expansion.  While such rate-one codes are beneficial when the physical channel they are used on has a high code rate, the conditions where both a high code rate and a high diversity order are needed do not necessarily coincide.  Conditions that benefit most from diversity tend to be at lower SINRs, and so are less bandwidth limited, and do not need high code rates as frequently.
Furthermore, SFBC inherently requires the creation of pairs of transmitted symbols on the two antenna ports.  Therefore, there must be an even number of transmitted symbols in each block of symbols that the UE receives.  It is common in LTE for a channel to be rate-matched around other signals or channels, and having an even number of symbols cannot be always ensured.  This well known ‘orphan’ problem with SFBC somewhat reduces its usefulness.
The requirement for two antenna ports also means a 3 dB reduction DMRS antenna port power as compared to rank 1 closed loop MIMO, as in the case of precoder cycling.

Another implication of SFBC is that UEs in neighbor cells experience rank 2 interference if they do not take into account the SFBC structure of the interference.  It is in theory possible to compensate for the SFBC structure to make it appear as rank 1 again, but this difficult when the SFBC mapping varies, e.g. to rate matching. Therefore, interference-suppression receivers cannot suppress these kinds of transmissions as effectively as rank 1 closed loop MIMO.
Precoder cycling
Precoder cycling is a straightforward way to randomize the effective channel to a UE, and can be expressed:


Where  is the transmitted signal on antenna port p for symbol index i,   is a precoding vector and  is a scalar symbol to be transmitted on (one layer of) all antenna elements.

This use of antenna diversity is simple in that each symbol can be received independently of other symbols.  However, a given symbol is only transmitted using one precoder, and so diversity gain relies on redundancy in , such as from an FEC.  If the code rate is sufficiently low, full diversity is obtained.
The precoders should be cycled as quickly as possible in order to provide the greatest amount of diversity, and so RE-level cycling is often used.  In this case, the number of reference signals must be at least the number of transmit antennas.  This means that at least 2 DMRSs are needed, in contrast to single layer closed loop MIMO transmission.  While two DMRS ports require the same number of REs as one DMRS port, the power of the DMRS ports is half that for RE-level precoder cycling as compared to single layer closed loop MIMO.
Also similar to SFBC, when UEs perform interference covariance estimation over adjacent cycled REs, UEs in neighbor cells will see SFBC transmissions as rank 2 interference.  As for SFBC, it could be possible in theory to group the interference according to the precoder cycling, but issues such as rate matching also tend to make this impractical.  Therefore, interference-suppression receivers again cannot suppress these kinds of transmissions as effectively as rank 1 closed loop MIMO.
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 SNR as compared to rank 1 closed loop MIMO
· Produce rank 2 interference to neighbor cells
Spatial Multiplexing Schemes
When two distinct codewords are transmitted on at least two different layers, and there is insufficient CSI for good link adaptation, it can be beneficial to introduce some diversity among the codewords.  This diversity gain can essentially average the SINR of the two layers, making multi-layer SU-MIMO more robust, and potentially allowing a single CQI feedback for both codewords.  Note that if single codeword transmission is used for multi-layer SU-MIMO in NR, then the these codeword diversity schemes are not applicable.
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Figure 1 Large-delay CDD scheme
Large-delay cyclic delay diversity (LD-CDD, e.g., in LTE TM3) with rank- precoding is summarized by the following equation (and illustrated in Figure 1).

Here  is a  DFT precoder,  is the  per-subcarrier CDD operation matrix, and  is a  per-RB random beamformer selected from the utilized -port codebook.  In the context of semi-OL eFD-MIMO, and  is not needed to be rapidly time varying, and will generally be used to beamform each of the polarizations.  Consequently, the LD-CDD operation will generally have the same number of antenna ports as layers.  
To understand LD-CDD operation with TM3, it is useful to consider the two-layer case, where it can be shown that: 
or  
Therefore, each symbol transmitted on an antenna port in LD-CDD is simply the sum or difference of two layers, and whether it is the sum or difference switches on every other symbol.  Thus, the resulting precoder rotates per subcarrier, making the TBs see similar channel conditions, leading to increased spatial diversity. 
Given that the sequence  is known, the effective channel can be determined from a DMRS that is beamformed without rotation, i.e.,

  Layer permutation.
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Figure 2 Layer-shifting scheme
Layer shifting provides a similar way to LD-CDD to achieve diversity, as shown in Figure 2 and can be summarized with the equation below:

Here  is the layer-permutation operation, which simply swaps symbols across layers. While the performance of this scheme is identical to that of LD-CDD for rank 2 operation, the implementation at eNB is less complex.  Symbols can be swapped among beams in layer shifting, whereas the transmit paths must cope with the sum and difference of symbols with LD-CDD.  Furthermore, the UE can use the DMRS directly for channel estimation, and does not synthesize the effective channel from DMRS using the  matrix.  However, the UE does need to know the shifting sequence.
Observations:
· For OL MIMO with 2D cross-pol arrays, it is sufficient to design for where the number of layers is equal to the number of antenna ports 
· Long term beamforming can be applied on all ports except the polarization ports
· Large delay CDD has the same performance as layer shifting, but is somewhat more complex:
· It requires eNB transmit paths to cope with the sum and difference of layers
· UE must synthesize the effective channel from DMRS
Diversity Transmission Performance and Interference Suppression
As discussed above, per-RE based transmit diversity schemes produce rank 2 interference to UEs in neighbor cells.  Consequently, there is a tradeoff between diversity gain and suppress interference. In order to better understand this tradeoff, we compare the performance of transmit diversity with an MMSE-IRC receiver to that of closed-loop transmission with MMSE-IRC.  We provide results from LTE simulations to illustrate the principles.
A high-mobility scenario with UEs traveling at 120 kmph was simulated for a 3D UMa scenario with the simulation parameters presented in Table 1. The baseline scheme designates the Rel-10 closed-loop PUSCH 3-1 transmission, whereas the other scheme is the semi-open loop with randomized PMI feedback for   where the UE is aware of which  is used in CQI calculations. Precoder cycling for the latter scheme is done on a per-resource block basis. Again, both schemes employ the IRC receiver, and the aim of the corresponding simulation is to compare the performance of the two, i.e., IRC without diversity vs. IRC with diversity.
Table 1 Summary of the simulations assumptions
	Parameter
	Value

	Scenarios
	3D UMa

	ISD
	500 m

	Carrier frequency
	2 GHz

	eNB antenna
	8x2 X-pol array, 1x2 virt., tilt 122°

	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, MMSE-IRC

	Precoder cycling base
	Per resource block



Simulation results are provided in Table 2, indicating the mean and cell-edge throughput values. As seen from the table, the performance of IRC with Tx diversity is worse than the baseline in terms of both mean and cell-edge throughput. The loss, furthermore, increases progressively with the system load. 
Table 2 Simulation results for the 3D UMa scenario
	Baseline RU
	Scheme
	Mean UPT gain
	Cell-edge UPT gainx

	20%
	IRC w/o TxD
	----
	----

	
	IRC w/ TxD
	0%
	-9%

	50%
	IRC w/o TxD
	----
	----

	
	IRC w/ TxD
	-11%
	-27%



Observation:
· TxD can significantly degrade the performance of the MMSE IRC receiver
· Performance with TxD can be worse than when TxD is not used due to the inability to suppress interference.
The benefit of transmit diversity is well known to vary with a number of parameters.  The gains of TxD are greatest when channel state information is inaccurate or stale, so that precoding and link adaption cannot function well.  Furthermore, the benefit of diversity depends on the fading characteristics of the channel: there is less need for diversity in line-of-sight channels, while there is greater gain when angle spread is high. 
Observation:
· TxD is not beneficial under all conditions
· Its benefit can vary, e.g., according to channel conditions and CSI accuracy
While it is not beneficial under all conditions, TxD is expected to be beneficial under some circumstances for PDSCH, such as broadcast operation, cases where there is little or no CSI in unicast operation, and/or ultra-reliable communications.  Note that the use cases for TxD are somewhat different from spatial multiplexing, where interference is automatically rank 2, and where there is no channel estimation penalty, since two DMRS ports are anyway needed for rank 2 transmission.
Proposal:
· If multi-codeword transmission is specified for NR SU-MIMO, support OL MIMO with layer shifting 
· If transmit diversity or open loop MIMO operation is specified for NR PDSCH
· 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
· Produce rank 2 interference to neighbor cells
· For OL MIMO with 2D cross-pol arrays, it is sufficient to design for where the number of layers is equal to the number of antenna ports 
· Large delay CDD has the same performance as layer shifting, but is somewhat more complex
· 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
· Its benefit can vary, e.g., according to channel conditions and CSI accuracy
Proposals:
· If multi-codeword transmission is specified for NR SU-MIMO, support OL MIMO with layer shifting 
· If transmit diversity or open loop MIMO operation is specified for NR PDSCH
· Specify mechanisms to quickly switch to closed loop MIMO or single antenna transmission
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