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Introduction
In the January NR RAN1 adhoc, it was agreed that diversity-based transmission schemes will be supported in NR, although it is for further study if these need to be specified.  It was also left for further study if single port transmission is supported for UEs capable of two antenna transmission.  More recently, in RAN1#89, alternatives for the support of transmit diversity were further identified for CP-OFDM, and next steps were identified:
Agreements:
· For UL transmit diversity for CP-OFDM, down-select between the following alternatives
· Alt. 1: transmit diversity is not explicitly supported for PUSCH in Rel. 15
· Alt. 2 non-transparent UL transmit diversity for CP-OFDM (e.g., SFBC, Non-transparent precoder cycling)
· For UL transmit diversity for DFTsOFDM and CP-OFDM, companies are encouraged to provide evaluation results and implementation analysis for the next RAN1 meeting

This contribution addresses the need for non-transparent TxD schemes, and the use of single antenna port transmission in multi-Tx UEs.  In light of the above encouragement to provide implementation analysis, we also consider both gNB and UE complexity aspects.  The discussion takes into account the vastly different characteristics of multi-antenna operation in the UE from the gNB, including factors affecting open loop performance, and the benefits of open loop operation schemes to the UE.  The implications of recent developments on downlink TxD are addressed, the status of PUSCH TxD evaluations are considered, and recommendations are made on a single antenna port transmission mode for multi-antenna UEs.
Performance and benefits of open loop transmission in UEs
[bookmark: _GoBack]The use cases for multi-antenna transmission in the UE and gNB are fundamentally different due to the different roles that they have in the network.  On a given carrier, UEs have a single radio link toward a serving gNB, while gNBs are designed to serve multiple UEs on multiple radio links.  UEs are typically battery powered mobile devices, and so size and battery life are critical design factors.  gNBs are typically fixed devices with access to power mains, and size is far less of a concern.  Angular spread around UEs is much larger than at gNBs, leading to different behaviors of antenna arrays in gNBs and UEs. These different design goals and device characteristics lead to different motivations for multiple antenna systems in UEs and gNBs.
Use cases for open loop transmission in UEs
Open loop multi-antenna transmission schemes increase the diversity order, thereby reducing the power required for a transmission in a fading channel.  However, gNBs often have many receive antennas, and so the gains from increased diversity order in UEs will be quite limited in these cases.  Similarly, the benefit of increased diversity order decreases as the target BLER increases, and so open loop diversity is more naturally suited to physical channels requiring high reliability.
Open loop transmission always performs worse than coherent (“closed loop”) transmission for a given set of antenna ports when good CSI feedback is available.  This is in part due to array gain from coherent transmission.  As has been discussed at length for downlink transmission scheme 2, non-transparent TxD schemes also tend to appear as rank 2 transmission, which limits the ability to suppress them using a linear receiver.  Furthermore, non-linear receivers performing joint estimation of interference and desired signals need to be aware of the structure of the interference.  Since this is in general impractical for interferers not controlled by the serving cell, non-transparent TxD schemes can preclude gains from gNB non-linear receivers.  Consequently, open loop transmission has performance benefits only in certain scenarios where CSI is stale or not available at all, and where IRC losses are sufficiently small.
This is due to array gain from coherent transmission, as well as the ability of an IRC receiver to better suppress the rank 1 interference produced by coherent transmission as opposed to the rank 2 interference produced by most non-transparent open loop schemes.  Consequently, open loop transmission has performance benefits only in certain scenarios where CSI is stale or not available at all, and where IRC losses are sufficiently small.
Open loop can be considered for both DFT-S-OFDM and for CP OFDM.  The use case for DFT-S-OFDM is more clear, since its design targets power efficient and rank 1 transmission, where diversity is most needed.  CP OFDM will likely be used in better channel conditions, where higher rank or MU-MIMO transmission is beneficial, and TxD is not likely to be used.
Observations:
· Uplink open loop diversity schemes target relatively narrow use cases where
· Accurate CSI is not available
· There are a relative small number of gNB Rx antennas
· Tx diversity gains outweigh gNB IRC losses
· Rank 2 transmission reduces the ability to suppress interference in linear receivers
· Non-transparent TxD schemes can preclude gains from gNB non-linear receivers
· CP OFDM does not seem a good use case for TxD
· CP OFDM will likely be used in channel conditions where TxD is not essential
Non-transparent vs. transparent TxD 
Open loop diversity can be achieved in a transparent or non-transparent way.  Transparent approaches randomize the channel, allowing different bits of a code block to be received at different SINR, which improves diversity gains if the FEC code rates are sufficiently low.  Because the channel randomization can be unknown to the receiver, it is transparent.  Non-transparent approaches use multiple antenna ports and specified precoding on the ports to provide better performance at higher code rates than transparent approaches.  On the other hand, transparent approaches can be indistinguishable from single antenna operation, and allow considerable UE implementation flexibility.
Transparent approaches to TxD are possible in LTE, and compatible with other sources of diversity.  One simple scheme exploits PUSCH per-slot frequency hopping, transmitting using a different precoder or antenna as the UE hops frequency over each slot.  The change of precoding is transparent to the eNB, since it is indistinguishable from changes in the channel due to frequency selective fading.  
Non-transparent approaches (including fast precoder cycling) require multiple DMRS ports, and so are not as compatible with frequency hopping.  All DMRS ports must be transmitted for each hop, and so the DMRS overhead is higher than transparent TxD.  This overhead is particularly high when DMRS occupy entire OFDM symbols, such as in LTE.
Diversity in spatial multiplexing transmission can come from mapping a codeword to multiple layers.  When codeword to layer mapping is designed such that the number of codewords is less than the number of layers, this ‘layer-diversity’ comes automatically.  On the other hand, when an SU-MIMO codeword is transmitted on only one layer, additional mechanisms may be needed to ‘mix’ the MIMO layers that the codeword is transmitted on in order to make the transmission more robust, e.g. when there is insufficient CSI for good link adaptation.   This ‘layer mixing’ can essentially average the SINR of the two layers, making multi-layer SU-MIMO more robust.  However, assuming the eNB determines CQI from SRS measurements as in LTE, the CSI overhead reduction benefits from ‘layer mixing’ such as single CQI feedback for both codewords are not applicable to UL MIMO.

There are two well known ways for robust multi-codeword spatial SU-MIMO transmission: large delay CDD, and layer permutation (also known as layer shifting).  As described in more detail in [3], large delay CDD and layer shifting have the same performance but different implementation impacts.  Because large delay forms a sum and difference of layers, this increases the cubic metric, which is undesirable in UEs.  Moreover, since single codeword transmission is used in NR for up to rank 4 [6], there seems no need for additional diversity techniques for UL spatial multiplexing.

Observations:
· Transparent TxD is more compatible with other diversity sources, such as frequency hopping
· One DMRS can be used for both frequency hopping and for precoder / antenna cycling
· Non-transparent diversity requires multiple DMRS per hop
· The gains of open loop diversity in UEs can be difficult to reliably achieve due to antenna gain imbalances.
· Single codeword operation provides diversity for UL SU-MIMO, and so additional diversity techniques are not needed in this case.
Proposals:
· Transparent and non-transparent UL TxD designs take into account other diversity sources such as frequency hopping
· Provide robust spatially multiplexed PUSCH using single codeword transmission
Implementation Aspects of Non-Transparent TxD
Some of the best performing space time coding schemes tend to be more difficult to use in UEs than gNBs. We consider the implementation aspects of some of these schemes in the following.
SFBC can increase the cubic metric of a transmitted signal, tending to make them unsuitable for UEs using DFT-S-OFDM transmission.  STBC can avoid CM increase, but increases latency due to splitting the transmission over symbols.  STBC also requires even numbers of time domain symbols, which can be difficult to guarantee with a limited number of symbols as can be found in DFT-S-OFDM.  
In general, all Alamouti based schemes (SFBC, STBC, and the PAPR preserving Alamouti variants) can also complicate an MMSE receiver, requiring joint equalization of UE MIMO layers as well as SFBC/STBC RE pairs to mitigate inter-UE antenna interference [7]. This joint equalization leads to doubling the size of matrices used in MMSE, and so the matrix inversions can be significantly more complex (on the order of 8 times).  The self interference from SFBC/STBC can also degrade performance [8].
Schemes that preserve the cubic metric have also been proposed [1][2], but these use RE-level transformations that are more complex than basic Alamouti-style schemes.  For example, the SC-SFBC scheme of [2] introduces an RE mapping on the second antenna with a symbol reversal and periodic sign reversal.  This means that the gNB receiver must adapt its RE demapping differently per UE transmit antenna, and vary this as a function of the UE allocation.  A second aspect of this is that the SFBC RE pairs are more spread out in frequency.  For example, in Figure 1 we see that RE 0 is paired with RE 5.  This leads to increase sensitivity to frequency selective fading over classical SFBC schemes.  SS-STBC [1] also has impacts on complexity, and may additionally require introduce of a cyclic prefix or postfix and additional DFTs [2]. 
[image: ]
[bookmark: _Ref485328259]Figure 1: Mapping of Alamouti pairs to subcarriers for PAPR preserving SFBC in DFTsOFDM [2]

Observations:
· All space/frequency or space/time block codes can complicate MMSE receivers
· Classical SFBC schemes can impact UE PAPR
· Classical STBC schemes increase latency and can have ‘orphan symbol’ problems.
· Cubic metric preserving schemes such as SC-SFBC and SS-STBC further complicate receivers
· Depending on the scheme, RE mappings can vary, additional DFTs or cyclic prefixes may be needed.

Potential benefits of TxD / open loop transmission in UEs
Reductions in required power from open loop multi-antenna transmission may lead to various benefits to the UE and the network:
1. Increased uplink range and capacity
Given the often strict form factor and battery life limitations of a UE as contrasted with those of a gNB, it is much easier to add complexity at gNB to provide uplink capacity.  Therefore, there is a strong disincentive to mandate multiple Tx antennas in UEs.  Since all UEs must support open loop operation for there to be a range benefit, uplink diversity can’t improve range unless it is mandated in all UEs.
Reduced transmit power requirements can decrease interference to non-serving gNBs, thereby increasing capacity.  However, this requires that enough UEs a) support UL open loop and b) are in conditions where open loop has better performance than other techniques such as coherent transmission.
2. Reduced UE battery consumption
Reducing the transmitted power with techniques such as open loop diversity could also benefit UE battery life.  However, because PAs are less efficient at lower transmit power levels, it is not obvious that the diversity gain can overcome the losses from less efficient PA operation when comparing 2 to 1 Tx paths.  The UE battery savings for 2 Tx transmission compared to single antenna transmission were studied for HSPA [4][5].  These studies showed that 2 Tx transmission tends to have battery savings only in specific, relatively high power ranges, that these gains vary widely according to PA implementation, and that the 2 Tx transmission at lower power levels loses power relative to single antenna transmission.  Therefore, if UE battery consumption is to motivate UL open loop in NR, further study is needed with appropriate PA assumptions and models.
3. Better use of PA power when the UE has multiple PAs
Power from multiple Tx paths in open loop transmission combines, which can allow the power amplifiers on the paths to have a lower maximum transmit power.  Therefore, it could appear that open loop may be helpful as a standardized means of PA power combining.  However, open loop can be implemented in a standards-transparent way in a single antenna mode using antenna virtualization techniques such as precoder cycling or delay diversity.  
Furthermore, if a single antenna mode is specified, some means of providing full transmit power with two transmit chains is required. This could be through antenna virtualization, or simply by having a full power PA on one of the antennas.  
Observations: 
· UL open loop  
· Can’t improve range, since not all UEs will support it.
· Has potential capacity benefit in a limited set of scenarios where it performs better than open loop, including open loop’s impact on IRC receivers
· Requires further study on UE power saving, due to losses in efficiency with >1 Tx chains and UE PA architecture dependencies.
· Single antenna operation 
· Can be used to combine Tx paths’ power in a standards transparent way, e.g. with precoder cycling or delay diversity
Single antenna transmission
UEs can have large amounts of antenna gain imbalance, e.g. when the user covers an antenna.  This substantially reduces open loop diversity gain.  However, long term antenna selection is possible where the UE turns off a Tx chain when it is heavily shadowed.  This form of antenna selection can save quite a bit of power, and is possible in UE implementation, e.g. based on DL measurements or internal measurements of Tx path efficiency (e.g. VSWR).
As discussed above, non-transparent TxD schemes can reduce interference suppression gains.  Furthermore, it is desirable in the UE to have a minimum number of Tx chains active to save power.  Consequently, it can be desirable to switch to a single antenna transmission mode from both a UE power and eNB interference standpoint.
Finally, some networks may not choose to implement multiple UE transmission.  Multi-Tx antenna capable UEs operating in such networks will need a single antenna operating mode.  
Observations:
· Implementation based long term antenna selection can improve both link performance and UE battery life.
· Single antenna operation is compatible with both long term UE antenna selection and transparent open loop diversity
· Multi-Tx capable UEs need a single antenna operating mode for networks that don’t support multi-Tx 
Proposals:
· Single antenna transmission is a fall back mode for UL SU-MIMO
· UEs with Multi-Tx antenna capability can be configured for single antenna port transmission 
Status & Recent developments
Performance Studies in 3GPP
As reflected in the decision of RAN1#89 above to encourage further evaluation, there are only limited evaluations so far on uplink transmit diversity for PUSCH.  In RAN1#89, there were 3 contributions with link level results, all with fixed MCS.  While such results provide good insight into the behavior of TxD schemes, they do not show the system benefit.  In particular, frequency selective scheduling and multi-user diversity also affect the net benefits of diversity schemes, and can really only be observed at the system level.  Transmit diversity introduces additional interfering layers as compared to single antenna or rank 1 precoding, and so these effects should also be studied.  Furthermore, distributions of UE speeds and UE traffic models affect the relative benefit of TxD and closed loop schemes, and so these need to be accounted for.
Studies so far have also not considered beam management and/or open loop (e.g. reciprocity based) antenna selection.  Since antenna selection (with accurate CSI) always outperforms open loop diversity, such schemes should also be taken into account when considering the relative merits of open loop TxD.
Observations:
· Available evaluations of PUSCH TxD are limited and only link level simulations have been provided.
· The system level gain of PUSCH TxD is not known, as system level effects are not taken into account, including
· Frequency selective and multi-user scheduling gain
· Additional interference from diversity layers, as compared to rank 1 transmission without TxD
· UE speed distribution and traffic models
· Benefits of UE antenna selection from beam management or open loop selection
Related Downlink TxD Decisions
It was decided in RAN1#89 that transmit diversity is not specified for unicast PDSCH, PBCH, and PDCCH:
Agreements:
· For NR in Rel-15, DL transmission scheme 2 is not explicitly supported for unicast PDSCH in specification 
· Note: CSI feedback assuming open-loop/semi-open-loop and/or closed-loop transmissions is to be discussed separately

Agreements:
· For NR-PBCH transmission, NR supports a single antenna port based transmission scheme only. 
· Same antenna port is defined for NR-PSS, NR-SSS and NR-PBCH within an SS block
· Single antenna port based transmission scheme for NR-PBCH is transparent to UEs
· Note that frequency domain PC is precluded

Agreements:
· Confirm working assumption:
· One-port transmit diversity scheme with REG bundling per CCE is used for NR-PDCCH

If transmit diversity is specified, it is normally specified for the downlink first.  Then since TxD is not used for downlink control channels nor unicast downlink shared channels, we do not see the need for TxD on PUSCH in Rel-15.
Observations:
· TxD is not specified for (at least unicast) PDSCH, PDCCH, and PBCH in Rel-15 NR
· Control channels typically benefit more from TxD than shared channels
· If TxD is supported, it is normally first specified for the downlink
· Therefore, non-transparent TxD does not appear motivated for PDSCH in Rel-15 NR
Conclusions
This contribution has considered potential designs of open loop transmission schemes, leading to the following observations:

Observations:
· The use case for diversity is strongest for DFT-S-OFDM (rather than CP OFDM)
· The performance benefit of non-transparent open loop operation for multi-Tx UEs is not clear
· Use cases are limited to relatively small # of gNB antennas, poor CSI, and where UL IRC losses from TxD are small, and where gNBs do not use non-linear receivers to suppress interference from non-transparent TxD.
· Schemes are restricted by UE implementation issues such as cubic metric and antenna gain imbalance
· Transparent diversity techniques such as precoder cycling or delay diversity can be used
· UE and network benefits of non-transparent open loop are also not clear
· Can’t improve cell range, since not all UEs will support it.
· Has potential capacity benefit only in a limited set of scenarios where it performs better than open loop, including open loop’s impact on IRC receivers
· Requires further study on UE power saving, due to losses in efficiency with >1 Tx chains and UE PA architecture dependencies.
· Non-transparent TxD (such space time or frequency block codes) can significantly complicate gNB receivers
· Implementation based long term antenna selection can improve both link performance and UE battery life.
· Multi-Tx capable UEs need a single antenna operating mode for networks that don’t support multi-Tx
· Single antenna operation with transparent TxD
· Can be used to combine Tx paths’ power in a standards transparent way, e.g. with precoder cycling or delay diversity.
· Is compatible with both long term UE antenna selection and transparent open loop diversity 
· Can save power in the UE by allowing the UE to turn off transmit antennas when unneeded
· Single codeword operation provides diversity for UL SU-MIMO, and so additional diversity techniques are not needed in this case.

Moreover, given that TxD is not used for downlink control channels nor unicast downlink shared channels in Rel-15, and furthermore that there are no evaluations allowing determination of the net benefit of PUSCH TxD, it is difficult to motivate uplink transmit diversity for either PUCCH or PUSCH at present.  Therefore, we propose:

Proposals:
· Transparent TxD using 1 antenna port for PUSCH is supported in NR 
· UEs with Multi-Tx antenna capability can be configured for single antenna port transmission
· Single antenna transmission is a fall back mode for UL SU-MIMO
· Provide robust spatially multiplexed PUSCH using single codeword transmission
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