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Introduction
Robust “open loop”[footnoteRef:2] multi-antenna transmission schemes are being considered for NR on the uplink as well as the downlink.   Because the characteristics of multi-antenna operation are vastly different in the UE from the gNB, the use of open loop schemes in the UE needs to be considered independently from the gNB.  This contribution considers the factors affecting open loop performance, the benefits of open loop operation schemes in the UE, and the need to specify such schemes. [2:  “Open loop” transmission here refers to the class of schemes that attempts to randomize the effective channel, e.g. by varying a precoder, using space-time/frequency coding, etc., and can apply to cases where e.g. gNB measurements of UL RSs is used for a portion of the CSI, UL beam selection on top of randomized transmissions, etc.] 

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.  Angle spread around UEs is much larger than at gNBs, leading to different behavior 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.
Performance factors 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 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.
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 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.
Some of the best performing space time coding schemes tend to be more difficult to use in UEs than gNBs. Schemes such as 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 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.
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 [1], 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.  

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).
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
· Space-time/frequency coding schemes can increase cubic metric, limiting their applicability in UEs.
· The gains of open loop diversity in UEs can be difficult to reliably achieve due to antenna gain imbalances.
· 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
· Single codeword operation provides diversity for UL SU-MIMO, and so additional diversity techniques are not needed in this case.
Proposal:
· Provide robust rank 2 spatially multiplexed PUSCH using single codeword transmission
· Single antenna transmission is a fall back mode for UL SU-MIMO

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.
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 [2][3].  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 would 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
Proposals:
· Multi-Tx antenna UEs can be configured for single antenna transmission 
Conclusions
This contribution has considered potential designs of open loop transmission schemes, leading to the following observations and proposals:

Observations:
· 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.
· 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 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.
· Implementation based long term antenna selection can improve both link performance and UE battery life.
· Single antenna operation
· 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 
· Single codeword operation provides diversity for UL SU-MIMO, and so additional diversity techniques are not needed in this case.

Proposals:
· Single antenna transmission is a fall back mode for UL SU-MIMO
· Multi-Tx antenna UEs can be configured for single antenna transmission 
· Provide robust rank 2 spatially multiplexed PUSCH using single codeword transmission
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