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Introduction
In RAN1#94bis, some potential solutions enabling full power transmission for PUSCH were identified:
Agreement
Consider the following potential solutions and other solutions (such as combination of the solutions below) for UL full power transmission. Decision will be made in RAN1#95:
Option 1: Refinement/adjustment of UL codebook is supported
· 1-1: Support a new codebookSubset for non-coherent and partial-coherent transmission capable UEs
· 1-2: Introduce additional scaling factor for uplink codebook
Option 2: UE transparently applies a small cyclic or linear delay
Option 3: Power control mechanism to be modified to support UL full power transmission without precluding the use of full rated PA(s)
· Note: Full rated PA refers to a PA having power not lower than that of the power class
Option 4: Up to UE implementation (no specification impact)
[bookmark: _Toc517265033]UE implementations supported by capabilities for full power were updated in the January RAN1 adhoc, such that capabilities will support UEs with full power PAs on all, a subset, or none of their Tx chains:

Agreement
Full TX power UL transmission with multiple power amplifier is supported at least for codebook based UL transmission for non-coherent and partial/non-coherent capable UEs. The support of this feature is indicated by the UE as part of UE capability signalling. For power class 3:
· UE capability 1: for the UE to support full Tx power in UL transmission, full rated PAs on each Tx chain is supported with a new UE capability 
· FFS: detailed power scaling description 
· Note: Full Tx power means UE delivers total power of 23dBm for PC3
· UE capability 2: for the UE to support full Tx power in UL transmission, no Tx chain is assumed to deliver full power with the new UE capability 
· FFS: detailed design
· UE capability 3: for the UE to support full Tx power in UL transmission, subset of Tx chains with full rated PAs is supported with a new UE capability
FFS: Whether all three capabilities will be specified or a subset will be specified
FFS: UE capability signalling/reporting details
Note: Two or more of the above capabilities could be merged depending on the further details
Send LS to RAN4 to provide their view on PC 2 applicability of the new UE capability
It is important to note that, as stated in the LS [2], how to reflect the assumed PA power per Tx chain in UE capability is to be further discussed, and so the UE capabilities above are not strictly ‘capabilities’ and may not directly indicate maximum PA power on each of the UE’s Tx chains.
In RAN1#96bis, it was agreed to maintain the Rel-15 principle of equal power split among ports and to use at least option 3 for capability 1.  The schemes were further refined to three possibilities: codebook subset based (Alt 1), multiple SRS resource based (Alt 3-1), or a combination of the two (Alt 3-2).  A new scheme was also introduced, where antenna ports are mapped to different PUSCH PRBs.
Agreement
For the the 2TX and 4TX case, the linear value of power after power scaling, is divided equally among the non-zero PUSCH ports
· The above applies for the cases including when UE transmitting at P_c_max

Agreement
Supported UE capabilities and supported scheme for UE capability 1
· Option 3
· FFS: Whether to additionally support Option 1-2

Agreement
RAN1 will select one of the alternative solutions below to support UE capability 2. Further clarification or details are needed for Alt1, Alt3-1, Alt3-2, and Alt5. Email discussion by 17th of April for companies to provide clarification on Alt1, Alt3-1, Alt3-2, and Alt5. To be coordinated by Rakesh (vivo).
· Alt1: Option1-1 (Support a new codebookSubset for non-coherent and partial-coherent transmission capable UEs, e.g. for 2Tx the new codeboookSubset is all non-antenna selection TPMIs or with only TPMI [1 1] for rank 1)
· Alt3-1: Option3+Option2 (Multiple SRS resources with different number of SRS port(s) in each resource)
· FFS: Whether to additionally support Option 1-2
· Alt3-2: Option3+Option2+ Option1-1 (Multiple SRS resources with different number of SRS port(s) in each resource)
· Alt5: FDM multi-port simultaneous transmission

In this contribution, we analyse the UE implementation options / ‘capabilities’ as well as consider the relative merits of the approaches currently under discussion after RAN1#96bis to specify codebook based UL MIMO full power transmission.  System level performance results are given for 2 Tx and 4 Tx operation using both omni and directional UE antennas, and for where gNB has 32 and 4 transceiver chains.  
Full power options
In this section we address the proposals resulting from RAN1#96bis.  Options 1-2, 3, 4 and 5 are considered in more detail in the Appendix.  
We first discuss antenna virtualization, since it is needed in any solution supporting UEs whose PAs have less than full power capability (e.g. ‘Capability 2’ UEs).  Support for ‘Capability 2’ and ‘Capability 3’ UEs is a primary consideration at present since the design for ‘Capability 1’ UEs is more clear given the agreement in RAN1#96bis to support Option 3 for these UEs.
Transparent antenna virtualization (‘Option 2’)
Applying a relative delay between Tx chains can randomize the effective channel, and so avoid problems of destructive combination described below in option 1-1.  Since we address only codebook based UL MIMO in this contribution, all options must transmit using some precoding matrix.  Therefore, option 2 is considered here in combination with option 1-1, where a TPMI is provided by the gNB, but the UE is not expected to maintain the relative phase among at least a subset of its Tx chains.  
Option 2 can be implemented with SRS that are virtualized or not virtualized.  In the non-virtualized case, inter-element delays are applied to the SRS ports, but one SRS port is transmitted per Tx chain.  When virtualization is used, Tx chains are virtualized in the same way to form SRS ports and DMRS ports, such that the effective channel for PUSCH and DMRS can be directly measured from the SRS.  Since the SRS is virtualized, some Tx chains are already combined, and precoders can only be applied on top of this virtualizations.  The non-virtualized SRS case is suitable for use with Alt. 1, while virtualized SRS is used in Alt 3-1 and Alt3-2, and this is discussed further below.
[bookmark: _Ref7786377]Alt 1: Option 1-1 (New codebook subset for non- & partially-coherent UEs)
We first consider cases where the UE virtualizes multiple Tx chains where one or more has less than full power (i.e. ‘Capabilities’ 2 and 3).  For option 1-1 we would in the case of a non-coherent UE instead of transmitting only with the non-coherent subset of the codebook also allow the UE to transmit with, at least some of, the codewords that are intended to use for a fully coherent UE, for instance those that have all non-zero power elements for rank 1. We believe that this approach will come at a cost of several shortcomings. For instance:
· The gNB will recommend a precoder, for example [1 1] in case of a 2TX UE, but this will correspond to a random precoder at the UE side if we assume that there is no control over the phase coherency between the UE TX chains. Consequently, the resulting precoder will be equivalent to [1 ej] where  is some random value between -1 and 1. This will imply that the transmitted signals may be added coherently at the receiver side, combining either  constructively or destructively according to the channel and precoder phase.  This could be particularly problematic for correlated UE antennas, since a destructive combination could persist.  
· It is also possible to define a new UE capability that controls phase between Tx chains with less accuracy than a fully coherent UE.  Such a UE could have more gain from precoding than a non-coherent UE with no control over inter-element phase, and so is appealing from that perspective.  On the other hand, the amount of accuracy that can be offered by the UE drives the entire design, including which codebook elements are suitable, the performance of the codebook, etc.  UEs with such a capability need to be defined and understood if they are to be considered as a mechanism to support full power operation.
· Since the effective channel after precoding can’t be accurately estimated for either the non-coherent or a reduced accuracy coherent UE, it will be difficult for the gNB to correctly assess the quality of the channel and to determine the appropriate MCS and rank. We therefore expect inefficient link adaptation by using this approach.
· The approach may also degrade the performance of uplink MU-MIMO, since the effective channel will not be accurately known by the gNB, and so mutual interference cannot be taken into account as well as the Rel-15 fully coherent, partially coherent, and non-coherent cases where it is fully known. 
A UE can also indicate subsets of TPMIs that have only one non-zero entry per layer, which can be used by UEs that support full power on the corresponding Tx chain.  Using full power PAs (also as in option 3) is more straightforward to implement than virtualization approaches, and can have better performance, but its need for higher power PAs can increase cost and/or power consumption.  Another concern with these ‘selection’ TPMI subsets is that it is not clear how they support Tx chain virtualization.  For example, if 2 port TPMI [1 0] is a full power TPMI, and the UE delivers full power by virtualizing 2 Tx chains, the SRS ports should be virtualized in the same way as the DMRS ports.  This is illustrated on the left side of Figure 1 below.  The UE transmits a PUSCH on both antennas, virtualizing them to form antenna port 1 with a CDD precoding ‘C1’.  SRS1 is transmitted in the same way, so it can be used for channel estimation for port 1.  The second SRS port also needs to be transmitted, and it is virtualized to form antenna port 2 using CDD precoding ‘C2’.   We observe that each Tx chain carries a linear combination of SRS ports, which is not desirable from a PA efficiency perspective.
Rank 2 transmission is illustrated on the right side of the figure.  Rank 2 transmission does not normally use virtualization in non-coherent UEs: each Tx chain is normally directly mapped to each port.  Here, a first PUSCH layer, PUSCH1, is mapped to the first Tx chain along with SRS1, and the second layer, PUSCH2, is mapped to the second Tx chain with SRS2.  This direct mapping will result in different effective channels, and so the virtualized SRS used for rank 1 on the left side of the figure can’t be used for estimation of rank 2 channels on the non-virtualized right side.  
Therefore, TPMI subset indication with non-coherent subsets only seems to allow proper rank 2 operation with ‘Capability’ 1 UEs.
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[bookmark: _Ref4791485]Figure 1: Virtualized and Non-Virtualized 2 Port Capability 2 Transmission
[bookmark: _Ref534803470]1 SRS port per Tx chain with transparent delay (‘Option 1-1 + 2’)
For this alternative, our interpretation is that a procedure along the lines listed below would be carried out for a 4TX UE to deliver full power UL transmission: 
Step 1: The UE transmits SRS from its 4 TX ports in a non-virtualized manner using a 4 port SRS resource set. For each port a delay of k is applied where k is the port index and  is some delay that is small enough to be transparent to the gNB and not significantly degrade channel estimation.   Note that delay is strictly an example: UE implementations are allowed to adjust the relative gain and phase of the SRS ports in any way they wish so long as it is consistent with what could be expected for a UE in a channel with reasonable delay and angle spread.

[bookmark: _Hlk534613323]Step 2: The gNB measures and tests hypotheses for ranks 1-4. For example, given the measured SRS the gNB will evaluate (for the precoders that combine Tx chains):
· A rank 1 hypothesis using the codeword [1 1 1 -1]. 
· A rank 2 hypothesis using the codeword [1 0 1 0; 0 1 0 -j]. 
· A rank 3 hypothesis using the codeword [1 0 1 0; 0 1 0 0; 0 0 0 1]. 
· A rank 4 hypothesis using the identity matrix codeword. 
Based on this the gNB decides on a preferred rank (hypothesis) of the ones listed above.  Note that non-coherent codewords are also included in the codebook and evaluated.

Step 3: The gNB signals TRI/MCS/TPMI to the UE, where the TPMI can refer to the non-coherent codewords as well as the codewords listed in the previous Step 2. 

Step 4: The UE receives the information from the gNB and applies the codewords accordingly approximately maintaining the port delay k for each port. Note that the PUSCH transmission cannot be assumed to use the same relative phases between the TX chains as for the SRS for non-coherent tx chains.  The CQI and rank estimates are therefore less accurate than where relative phase is the same between SRS and PUSCH transmission, but since CDD is applied the effect of this is expected to be limited. 

Hence, by allowing the codewords [1 1 1 -1], [1 0 1 0; 0 1 0 -j], [1 0 1 0; 0 1 0 0; 0 0 0 1] for a non-coherent UE full UL power transmission would be enabled in a transparent way by utilizing CDD at the UE side. This approach will most likely mitigate some of the shortcomings with using only Option 1-1 since the gNB should be able to make a more correct assessment regarding MCS which then will result in more efficient link adaptation. However, since CDD is applied one cannot really expect a beamforming gain but rather only a diversity gain, hence only part of the potential gain of UL MIMO is obtained.

The codebook extensions for non- and partially-coherent transmission are somewhat different, since the partially coherent UE can maintain phase between antenna port pairs 0&2 and 1&3, but not between the other port pairs.  On the other hand, the non-coherent codebook will need to be designed assuming that no antenna ports pairs can have controlled phase.

Because the UE is not expected to maintain phase across all or a subset of antenna ports for non-coherent or partially-coherent transmission, respectively, only the absolute value of precoding matrices determine performance.  Consequently, precoding matrices having the same absolute value are redundant, and should not be used in the extended codebooks for option 2 + 1-1.  

Alt 3-1: SRS and DMRS virtualized across Tx chains
When antenna ports are virtualized from multiple Tx chains, each virtualized port can have higher power since it combines multiple Tx chains. This could be combined with applying a non-coherent codebook on top of the virtualized SRS ports. Codebook based operation could then follow these steps:
Step 1: We allow a set of 1 up to M SRS resources where the m:th resource has Nm ports. Hence, the UE may or may not virtualize the SRS by using multiple Tx ports per SRS port. Consider for instance the case of a 4Tx UE that has M=2 SRS resources with N1=2 ports and N2=4 ports; here a virtualization could be applied on the Tx chains in order to create the 2 port SRS resource whereas for the 4 port SRS resource no virtualization is needed. A delay of k may also be applied to each Tx chain where k is the Tx chain index and  is some delay that is small enough to be transparent to the gNB and not significantly degrade channel estimation. A given SRS may then be transmitted on multiple Tx chains, which forms an effective channel that is a combination of those of the Tx chains shifted by the delays.  Again, delay based virtualization is strictly an example: UE implementations are allowed to adjust the relative phase of the SRS ports in any way they wish so long as it is consistent with what could be expected for a UE in a channel with reasonable delay spread.

Step 2: The gNB measures and tests hypotheses for ranks 1-Nk for each configured SRS resource. The most straightforward approach is to only use the non-coherent codebook subsets, and so no assumptions on how the Tx chains are co-phased are needed.  For example, with an N1=2 ports SRS, a 4 Tx UE with 17 dBm Pas could virtualize to reach 23 dBm power, and the gNB would evaluate the following to determine their TRI, MCS, and TPMI.
· A rank 1 hypothesis using the codeword [1 0] or [0 1], where 2 Tx chains are virtualized together to form each of the two ports, reaching 20 dBm.
· A rank 2 hypothesis using the codeword [1 0; 0 1] and reaching 23 dBm.

Additional SRS resources can be configured to allow more virtualization flexibility or to achieve better performance.  For example, if the UE above transmitted a one port SRS as well as the 2 port SRS resource, the UE can virtualize all 4 of its Tx chains in the 1 port resource.  The UE could therefore transmit up to 23 dBm for a rank 1 transmission.  Four port SRS could also be transmitted, according to the gNB’s need for additional CSI (also reaching the full 23 dBm).

Step 3: The gNB signals TRI/MCS/TPMI/SRI to the UE 

Step 4: The UE receives the information from the gNB and applies the codewords accordingly.  The SRS should be virtualized such that the received power is stable (when the channel is constant); RAN4 specifications can set related requirements for how constant the power should be.  

This virtualized and the non-virtualized cases above are quite similar in how the PUSCH can be transmitted.  However, there are some differences:
· The gNB does not know the maximum power of each Tx chain.  However, since the UE does know its Tx chain powers, it can combine the stronger and weaker Tx chains together provide more even power among the virtualized ports.    If Tx chains have other power limitations, e.g. due to emission safety, that can be taken into account as well.
· The non-virtualized approach may be harder to specify, since the UE is expected to apply some transparent precoding or delay to each Tx chain.  Because the precoding is transparent, it is difficult to test that the right amount of precoding is used.  On the other hand, a virtualized port can be directly measured, and then used for MCS and TRI determination in RAN4 testing.
· The virtualized approach has merits also when CDD not is applied. If one for instance would utilize a non-coherent 4Tx UE with one 23dBm power PA and three 17dBm power PAs configuring the UE with M=2 SRS resources with N1=1 port and N2=4 ports would enable the UE to perform full power rank 1 transmission (from the full power PA corresponding to the 1 port SRS resource) and non-full power transmission on the other PAs for rank 1 (from the non full power PA corresponding to the 4 port SRS resource). 
· On the other hand, the virtualized approach requires an SRS resource for each TRI that the gNB would like to directly measure CSI for, which increases SRS resource overhead.  This could be managed e.g. through the use of aperiodic SRS and/or configuring 4 port SRS only in high SINR conditions.

One key application for virtualized transmission is to better support where a 4 Tx UE is configured for two port operation.  When the Rel-15 scaling is used, a two port antenna selection precoder such as [1 0] will only transmit with ¼ of the power, since the power scaling is according to the maximum number of SRS ports in an SRS resource that the UE supports.  If the two port operation is virtualized, however, the selection vector would transmit with 3 dB more power, while still using PAs transmitting one fourth of the power.  This feature is useful for not just partially- or non-coherent, but also for fully coherent UEs.   In fact, their better control of phase makes it easier for fully coherent UEs to virtualize, and such UEs could even exploit downlink measurements in their virtualization.  Therefore, it might be argued that full power operation through virtualized transmission is more useful for fully coherent UEs than the other coherence capabilities.
Given these differences, we prefer the virtualized over the non-virtualized approach, and therefore propose:

Proposal 1 (preferred):
· A UE capability is defined that supports ‘Capability 2’ and ‘Capability 3’ UE architectures.
· Alt 3-1: The UE can be configured with one or more SRS resources with the number of SRS ports less than the maximum number of SRS ports supported by the UE in one SRS resource
· The UE uses Rel-15 codebooks, codebook subsets, and coherence capabilities
· The UE may by implementation achieve full power by virtualizing Tx chains when an SRS resource has fewer ports than the maximum supported by the UE in an SRS resource
· Small delay CDD or other virtualization mechanism can be applied in spec transparent manner
· The UE is not expected to virtualize Tx chains when it is configured with a number of SRS ports equal to the maximum number of ports supported by the UE
· The UE divides the transmit power by the ratio of the number of antenna ports with a non-zero PUSCH transmission power to the number of SRS ports if one SRS resource is configured, otherwise to the number of SRS ports in the SRS resource indicated by SRI if multiple SRS resources are configured.

Alt 3-2: SRS and DMRS virtualized across Tx chains + Non-virtualized SRS
This alternative combines Alt 1-1 and Alt 3-1.  Such a combination can allow some tradeoffs according to the different benefits and drawbacks of Alt 1-1 and Alt 3-1.  Alt 3-1 may use multiple SRS resources in order to get CSI, in which case the SRS overhead is increased.  On the other hand Alt 1-1 may provide poorer quality channel estimation and reduces UE implementation flexibility, but allows a single SRS resource to be used.
As discussed in section 2.2 above, TPMI subset indication with non-coherent subsets only seems to allow proper higher rank operation with ‘Capability’ 1 UEs.  Therefore, we think that Alt 3-2 should use TPMIs from the coherent or partially coherent subsets.  
While coherent or partially coherent TPMIs should be used, such a UE should be assumed to not be capable of maintaining phase coherence between ports, also as discussed in section 2.2 above.
Finally, how the gNB is able to determine CQI/TPMI/RI should be clearly understood.  Since the UE is not capable of coherent transmission, a UE using a precoder that combines antenna ports should transmit SRS in such a way gNB can apply the precoder to determine CSI.  If the UE must use CDD to avoid destructive combining of ports, it should apply it in a transparent manner such that gNB can use the same CQI/PMI/RI calculation from SRS as it does for the partial and fully coherent TPMIs for in Rel-15.  Otherwise, the UE may be required to guess how UE has transmitted the SRS, which will lead to degraded CQI/PMI/RI determination.
This and the discussion for Alt 3-1 above leads to the following proposal for Alt 3-2.  
Proposal 2 (less preferred):
· Alt 3-2: A UE can be configured for one of two modes of full power operation to support ‘Capability 2’ and ‘Capability 3’
· Mode 1. The UE can be configured with one or more SRS resources with the number of SRS ports less than the maximum number of SRS ports supported by the UE in one SRS resource
· The UE uses Rel-15 codebooks, codebook subsets, and coherence capabilities
· The UE may by implementation achieve full power by virtualizing Tx chains when an SRS resource has fewer ports than the maximum supported by the UE in an SRS resource
· Small delay CDD or other virtualization mechanism can be applied in spec transparent manner
· The UE is not expected to virtualize Tx chains when it is configured with a number of SRS ports equal to the maximum number of ports supported by the UE
· The UE divides the transmit power by the ratio of the number of antenna ports with a non-zero PUSCH transmission power to the number of SRS ports if one SRS resource is configured, otherwise to the number of SRS ports in the SRS resource indicated by SRI if multiple SRS resources are configured.
· Mode 2.  The UE is configured with a number of SRS ports equal to the maximum number of SRS ports supported by the UE in one SRS resource
· gNB can configure the UE to use a subset of TPMIs that combine ports in a layer to produce full power transmission.
· A new codebookSubset is introduced only for the rank value(s) where full power transmission in UL is not achievable, includes the TPMI precoders in codebookSubset = partialAndNonCoherent and fullyAndPartialAndNonCoherent defined in Rel-15
· The number of non-zero ports in each precoding matrix is greater than or equal to maximum number of antenna ports in one SRS resource supported by the UE
· A UE is not capable of maintaining relative phase of antenna ports according to TPMI 
· E.g. UE does not differentiate [1 1] vs. [1 -1]
· FFS: the exact subset of TPMIs; strive to minimize the subset
· A different SRS port is transmitted on each Tx chain (small delay CDD may be transparently applied)
· gNB can coherently combine channel estimates from SRS according to TPMI when determining CQI/TPMI/RI

Alt 5: FDM multi-port simultaneous transmission
This approach was recently introduced in RAN1#96bis, and clarified further in email discussion following RAN1#96bis [3], which describes Alt 5 as the following
· Alt5: FDM multi-port simultaneous transmission
Summary:
· The scheduled RBs are divided into several RB sets, each of which is associated with a respective antenna port or antenna port set (ports of which should be coherent)
· E.g., four PRBs are allocated to the UE for one layer PUSCH transmission. UE only use antenna port 0 for PUSCH transmission in PRB#0 and PRB#1, while only use antenna port 1 for PUSCH transmission in PRB#2 and PRB#3. It also could be considered as that precoding matrix [1, 0] is applied for PRB#0 and PRB#1 while precoding matrix [0, 1] is applied for PRB#2 and PRB#3.
· This is applicable to both CP-OFDM and DFT-s-OFDM
· For DFT-s-OFDM, one DFT is applied to one RB set
· This does not have spec impact on PRB bundling
· The minimal size of a RB set is 1 RB

This alternative has the merit that phase coherence is not required among Tx chains, and so mechanisms like transparent CDD are not needed to avoid destructive combining.  However, its performance gains are not really known at this point, including how it compares to other schemes.  Its operation for ranks greater than 1 and 4 Tx needs to be clarified as well.  Finally, it is clear that the specification impact of such a scheme is relatively high. It introduces frequency selective precoding, which is not supported in Rel-15, and can be seen as a new transmission scheme. 
Observation Summary
We will here summarize our views and observations on the different proposed options motivated by the discussions in the previous sections. 
Observation 1:
· Alt 1: Option 1-1 (using a new codebook subset, possibly with transparent CDD): We find that this approach has performance shortcomings or the UE capabilities are unclear.
· Using a single random phase to virtualize Tx chains can result in destructive combining.
· If a UE supporting coherent TPMIs with reduced relative phase accuracy is to be introduced, it is unclear what this reduced accuracy should be and what UEs would look like that support it.
· Such a capability might be discussed in RAN4 as a fully coherent UE with relaxed performance requirements, but does not appear to be supported by the capabilities currently defined in RAN1.
· If full power is delivered for non-coherent TPMIs, it is not clear how ‘Capabilities’ 2 and 3 can be supported.
· TPMI codebook subset signalling can be complex to manage in gNB and have high overhead, 
· UE capability would be per band per band combination and can have up to 62 bits for each combination.
· If delay is applied to SRS without virtualization with extended codebook subset
· While a Rel-15 SRS configuration can be used, this limits UE implementation flexibility and may be difficult to test in RAN4.
· This option should avoid redundant TPMIs, since it assumes that the UE is not expected to control the relative phase among some or all of its antenna ports.
· Alt 3-1: SRS and DMRS virtualized across Tx chains: This approach is a simple extension of Rel-15 virtualization, allows accurate CSI at gNB, and maximizes UE implementation flexibility 
· Apply the delay to each Tx chain, virtualizing the SRSs, and use a Rel-15 codebook
· This is already supported for one port operation Rel-15 in Rel-15
· Virtualizing can solve the Rel-15 problem where a 4 Tx UE transmits on 2 antenna ports with 3 dB less power.
· UEs may virtualize Tx chains exploiting their implementation knowledge (e.g. PA powers or limitations due to e.g. emission safety).
· Using multiple SRS resources allows measurement of a full power, fully virtualized 1 port SRS resource in UEs that have a mix of PA powers.  This is not possible when only a single multi-port SRS resource can be used.
· SRS may be directly measured to determine TRI/MCS/TPMI/SRI, and straightforwardly tested.  
· Some additional SRS overhead may be needed, but can be managed if needed through aperiodic SRS and/or limiting use of large SRS resources to high SINR conditions.
· Alt 3-2: SRS and DMRS virtualized across Tx chains + Non-virtualized SRS: This combines the benefits of Alt 1 and Alt 3-2, but has higher spec impact.
· There can be some benefit in reduced SRS overhead from Alt 1
· Alt 3-1 is a simple extension of Rel-15 virtualization, allows accurate CSI at gNB, and maximizes UE implementation flexibility
· Alt 5: FDM multi-port simultaneous transmission: This approach has some promise, but needs further study, and will have high specification impact.
· It avoids destructive combining when virtualizing Tx chains, and has some performance potential
· However, limited study and simulation results are available, given its recent introduction
· Its introduction of frequency selective precoding will have significant specification impact.
· Option 1-2 (new codebook scale factors) and Option 3 (modifying power control scaling factors): We find that two options have equivalent behavior for codebook-based transmission.  Since option 3 is considerably simpler than option 1-2, option 3 is the better choice among the two.
· Option 4: It is not clear to us how full power UL transmission could be obtained using this approach. 
· Option 5: This approach is undesirable since it will make the scheduling at the gNB less efficient.  It is also unclear what the performance gain of such a UE over Rel-15 is, since the increase in power delivered is not specified.
[bookmark: _Hlk510732493]Simulations
In this section we will present results from full buffer system level simulations for UL codebook transmission. 
Simulation parameters
UE antenna setup
The antenna array topology of UEs is expected to be quite arbitrary with respect of antenna element radiation patterns, polarization properties, antenna element separations and pointing directions. For UE implementations, especially at higher frequencies, it is expected that the different antenna arrangements within a UE will experience channels with low or no correlation, for example due to radiation patterns pointing in different directions, large separation between the antenna arrangements or orthogonal polarizations.  Therefore, it is motivated to consider various UE configurations when investigating UL MIMO related enhancements. 
In what follows, performances are compared for four different UE antenna configurations, two configurations with two TX chains and two configurations with four TX chains, illustrated in the Figure 2. The left side antenna configurations are referred to as “2TX Omni UE” and “4TX Omni UE” and consist of one respective two dual polarized omni-directional antenna elements. The right side antenna configurations are referred to as “2TX Directional UE”  and “4TX Directional UE” and consist of two respective four directional antenna elements pointing in opposite directions (away from each other). The antenna element beamwidth is 90° vertical x 90° degrees horizontal and each antenna element has a radiation pattern gain of 7 dBi.
[image: ]
[bookmark: _Ref4791305]Figure 2: Two different UE antenna configurations: 1x2 ULA and diamond-shaped (DIAMOND) transmit antenna array
Simulation setup 
We list the used simulation parameters in appendix. We would from this set of simulations parameters like to emphasize that: 
· We use the full buffer traffic model. 
· We consider both rank adaptation and fixed rank 1 
· Ideal channel estimation from DMRS is considered. This may lead to optimistic performance results for the CDD approach, since channel estimation performance can degrade in the presence of (in this case artificially induced) delay spread.  
· We simulate with two BS antenna configuration, one with 4 TX and one with 32 TX, whereas the simulations in [1] we only simulated for 32 TX base station.
Simulation results
We will here simulate five different UE cases in case of codebook-based UL transmission for a 2Tx respective 4Tx UE:  
· Rel-15, non-coherent UE: This is the current specification of a non-coherent UE using the rel-15 codebook intended for a non-coherent UE. For this case, we assume that each PA can transmit half (2 Tx UE) respective a quarter (4 TX UE) of the maximum allowed output power, i.e. the maximum power per antenna element is [P/2 P/2] respective [P/4 P/4 P/4 P/4].
· Rel-15, coherent UE: This is the current specification for a fully coherent UE using the rel-15 codebook intended for a fully coherent UE.  For this case, we assume that each PA can transmit half (2 Tx) respective a quarter (4Tx) of the maximum allowed output power, i.e. the maximum power per antenna element is [P/2 P/2] respective [P/4 P/4 P/4 P/4]
· Option 1-1: This is the proposed option 1-1 enhancement for rel-16 where we allow a non-coherent UE to use codewords intended for a fully coherent UE. For this case, we assume that each PA can transmit  half (2 Tx) respective a quarter (4Tx) of the maximum allowed output power, i.e. the maximum power per antenna element is [P/2 P/2] respective [P/4 P/4 P/4 P/4].
· Option 1-1 and option 2: This is the approach described in section 2.2.1 where the Tx chains use different delays and the SRS are not virtualized. We will use  = CP/4 where CP is the cyclic prefix. For this case, we assume that each PA can transmit half (2 Tx) respective a quarter (4Tx) of the maximum allowed output power, i.e. the maximum power per antenna element is [P/2 P/2] respective [P/4 P/4 P/4 P/4].
· Option 2-2: This approach is described in section 2.2.2 where SRS and DMRS are virtualized across Tx chains. For this case, we assume that each PA can transmit half (2 Tx) respective a quarter (4Tx) of the maximum allowed output power, except one PA that can transmit with the maximum allowed output power, i.e. the maximum power per antenna element is [P P/2] respective [P P/4 P/4 P/4]. We further assume that the TRP has configured the UE with one single-port SRS resource and one two port SRS resource for the two TX UE, and one single-port SRS resource and one four-port SRS resource for the 4 TX UE. The single-port SRS resource can be used to attain full output power for the single antenna element connected to the full rated PA. Even though Option 2-2 can apply virtualization for an SRS port over multiple TX chains, no virtualization is needed in this specific case, since the single-port SRS resource only is applied to one antenna element. And for the two-port respective four-port SRS resource one SRS port is transmitted per antenna element as in normal case. 
· Option 3: This is a non-coherent UE where the UL power control power scaling has been modified such that the UE can deliver full power for all ranks when using the rel-15 codebook intended for a non-coherent UE. For this case, we assume that each PA can transmit with maximum allowed output power, i.e. the maximum power per antenna element is [P P] respective [P P P P].
In the figures below, we present system level simulations for the four considered UE configurations where performance is plotted relative a rel-15 non-coherent UE. The 2 TX UE results are presented for both adaptive rank and for fixed rank 1, while the 4 TX UE results are only presented for adaptive rank. All cases with adaptive rank are plotted both for a BS with 4 TX and a BS with 32 TX.
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Figure 3. Full buffer traffic simulations of a 2TX Omni UE utilizing codebook-based transmission for the UMi scenario. 32 TX BS. Adaptive rank is used.
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Figure 4. Full buffer traffic simulations of a 2TX Directional UE utilizing codebook-based transmission for the UMi scenario. 32 TX BS. Adaptive rank is used.
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Figure 5. Full buffer traffic simulations of a 2TX Omni UE utilizing codebook-based transmission for the UMi scenario. 32 TX BS. Rank is fixed to 1.
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 Figure 6. Full buffer traffic simulations of a 2TX Directional UE utilizing codebook-based transmission for the UMi scenario. 32 TX BS. Rank is fixed to 1.
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Figure 7. Full buffer traffic simulations of a 2TX Omni UE utilizing codebook-based transmission for the UMi scenario. 4 TX BS. Adaptive rank is used.
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 Figure 8. Full buffer traffic simulations of a 2TX Directional UE utilizing codebook-based transmission for the UMi scenario. 4 TX BS. Adaptive rank is used.
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[bookmark: _Hlk4677172]Figure 9. Full buffer traffic simulations of a 4TX Omni UE utilizing codebook-based transmission for the UMi scenario. 32 TX BS. Adaptive rank is used.
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Figure 10. Full buffer traffic simulations of a 4TX Directional UE utilizing codebook-based transmission for the UMi scenario. 32 TX BS. Adaptive rank is used.
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Figure 11. Full buffer traffic simulations of a 4TX Omni UE utilizing codebook-based transmission for the UMi scenario. 4 TX BS. Adaptive rank is used.
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Figure 12. Full buffer traffic simulations of a 4TX Directional UE utilizing codebook-based transmission for the UMi scenario. 4 TX BS. Adaptive rank is used.
One thing that can be noticed from the results is that the relative gain in throughput for the different power scaling proposals are much larger when having a 4 TX BS instead of 32 TX BS for adaptive rank. One reason for this is that the average used UL transmission rank is smaller for the 4 TX base station compared to 32 TX BS, and the gains with the power scaling proposals are mostly applicable for rank 1 transmission. The reason for the lower rank for a 4 TX BS compared to a 32 TX BS is partly based on decreased UL SINR caused by the inability to adapt the UL beams per UE. Another reason is that it is easier to separate multiple simultaneous UL transmission layers the more degrees of freedom the receiver has, hence the more TX (i.e. RX) chains at the BS the higher UL rank. It can also be seen for the cell-edge user throughput gain is extremely high for 4TX BS, as well as quite large for the 2 TX omni setup. One reason for this is that the reference case has very bad cell-edge user throughput driven in part by the lower rank 1 transmit power per transmit chain, so a small increase in absolute cell-edge user throughput will result in large relative gain in cell-edge user throughput.  Since the cell-edge gains are substantial, but hard to estimate accurately given the baseline, the results are clipped in order to focus on mean user throughput gain for the 4TX UE, 4 TX gNB results.
From these results we notice that option 1-1 is performance wise similar to the baseline which can be explained by the challenging link adaption this approach will result in. 
Combining option 1-1 with option 2 will to a large extent solve the link adaptation problem of option 1-1 and this approach gives moderate gains, at least for the UEs with omni directional antennas. It is however less efficient for directional antennas at the UE which makes intuitive sense. Here the gNB will most likely have a stronger channel to one of the UE ports than the others, and this should decrease the effect of the CDD; within each layer there will be one dominating port and the gNB will mainly receive the signal from this dominating port. Also, for 2 TX UEs, where the two antennas have mutually orthogonal polarization the effect of CDD is small since, the two UE antennas anyway experience more or less un-correlated channels. Option 2-2 performs slightly better than combining option 1-1 and option 2, especially for the UE with directional antennas.  In the 2 Tx case, option 2-2 with directional antennas performs substantially better than option 1-1 and 2.
For option 3 we observe larger gains. In fact, for the case of directional antennas at the UE, the gains from using a non-coherent UE with option 3 are larger than if one would use a coherent UE utilizing the coherent rel-15 codebook. This can be explained from the fact that there will be a set of “dominating ports” and the UE is then able to redistribute all its power to these ports this will be beneficial for system performance. Considering for instance the case that port 1 is the dominating port the precoder [1 0 0 0] should be more efficient for rank 1 than the precoder [1 1 1 1] if they are transmitted using the same total power. We also note that there is a large gain at cell edge for option 3 which comes from the fact that by going down in rank the option 3 UE will be able to increase its power on the remaining layers which is an ability the rel-15 non-coherent UE does not have.  
Observation 2:
· Option 1-1 is performance wise on par with the current Rel-15 specification. 
· Option 1-1 combined with option 2 gives some limited performance gains compared to the Rel-15 specification for the ULA structured UE. 
· Option 2-2 gives similar performance gains as combining option 1-1 and option 2 for 4 Tx, but gives substantially better performance for 2 Tx when directional antennas are used.
· Option 3 gives large performance gains in particular on cell edge for both investigated UE structures. 
· Gains with 4 gNB antennas are substantial with full power transmission, and greater with 4 Tx:
· Mean user throughput gains of 5-20% and 30-45% can be obtained for 2 and 4 Tx, respectively, depending on if directional or omni UE antennas are used.
[bookmark: _Ref534915620]Specifying power scaling and TPMI based full power solutions
TPMI subset based solutions
TPMI based solutions identify a subset of TPMIs that the UE supports with full power operation.  A fully flexible subset indication would require a bit for each of the codebook states as well as over all ranks, and so 6+3=9 bits for 2 Tx and 28+22+7+5=62 bits for 4 Tx.  In Rel-15, support for the UL MIMO codebook  and number of layers is per band per band combination.  Identifying a TPMI subset must then also be per band per band combination, and so each band of band combination signalled would require up to 62 bits.  It would be of course possible to use smaller subsets, but specifying such subsets in many cases becomes a codebook design exercise.  Even if a modest number of bits is added per band per band combination, this can add substantially to the RRC overhead, which is already quite high in NR.  It is also highly undesirable from a network viewpoint to have to track which PMIs of each UE in a given band combination the for each UE can support a given power level. 
Observations:
· Full power TPMI subset signalling can be complex and have high overhead 
· Codebook capability signalling is per band per band combination
· Fully flexible 4 Tx signalling can require 62 bits per band per band combination
· It is undesirable for a network to have to track many UEs all with different TPMIs that deliver different amounts of power and for different band combinations
Proposal:
· The number of values of full power UE capability is minimized
Power scaling based solutions

Option 3 may be implemented with the following text proposal to 36.213 section 7.1.  The ratio  can be thought of as the power lost in partially- and non-coherent transmission by turning off the Tx chains that is to be recovered by full power transmission.  This lost power is the greatest for rank 1.  For rank 1 non-coherent transmission, this lost power is equal to the number of antenna elements, while for rank 1 partially coherent transmission, the lost power is a factor of 2.  The factor K corrects for the lost power by assuming a proportionally higher delivered power and so is set to 2 or 4 for 2 or 4 port non-coherent transmission, and to 2 for partially coherent transmission.  Since higher power can be delivered per port, the power scaling factor  can exceed 1 for ranks greater than 1, which would mean that more than the maximum rated power could be transmitted.  This is corrected for by the  operation, so that at most  (i.e. full power) can be transmitted.
The power scaling for when ports are virtualized does not attempt to boost the power per Tx chain, but rather scales down the power by the number of configured ports.  This is similar to the the Rel-15 scaling, which splits the power equally among all the UEs Tx chains (as quantified by the maximum number of SRS ports in an SRS resource supported by the UE), but the virtualized scaling assumes the the power of the Tx chains can be combined when virtualizing down to the number of configured SRS ports.
-----------------------------------Begin Text Proposal-------------------------------
7.1	Physical uplink shared channel





For a PUSCH transmission on active UL BWP , as described in Subclause 12, of carrier  of serving cell , a UE first calculates a linear value  of the transmit power , with parameters as defined in Subclause 7.1.1. If the PUSCH transmission is scheduled by a DCI format 0_1 and when txConfig in PUSCH-Config is set to 'codebook'
When altPowerScaling is not configured, the UE scales the linear value by the ratio of the number of antenna ports with a non-zero PUSCH transmission power to the maximum number of SRS ports supported by the UE in one SRS resource. 
When altPowerScaling is set to ‘virtualized’, the UE scales the linear value by the ratio of the number of antenna ports with a non-zero PUSCH transmission power to nrofSRS-Ports in SRS-Config if one SRS resource is configured, otherwise to the number of SRS ports in the SRS resource indicated by SRI if multiple SRS resources are configured
When altPowerScaling is set to ‘nonVirtualized’ and codebookSubset is set to either ‘partialAndNonCoherent’ or ‘nonCoherent’,  the UE scales the linear value by  where
· 
 is the number of antenna ports  according to 38.211 6.3.1.5
· 
 is the number of non zero antenna ports in according to 38.211 6.3.1.5
· K is given from the table below
	[bookmark: _Hlk510777631]codebookSubset
	nrofSRS-Ports in SRS-Config
	K 

	partialAndNonCoherent
	4
	2

	nonCoherent
	2
	2

	nonCoherent
	4
	4


The UE splits the power equally across the antenna ports on which the UE transmits the PUSCH with non-zero power. 
-----------------------------------End Text Proposal-------------------------------
Conclusion
We have analysed the UE implementation options / ‘capabilities’ and considered the relative merits of the approaches currently under discussion after RAN1#96bis to specify codebook based UL MIMO full power transmission.  System level performance results are given for 2 Tx and 4 Tx operation using both omni and directional UE antennas, and for where gNB has 32 and 4 receive chains.  The following observations were made on the characteristics and performance of the various full power options:
Observation 1:
· Alt 1: Option 1-1 (using a new codebook subset, possibly with transparent CDD): We find that this approach has performance shortcomings or the UE capabilities are unclear.
· Using a single random phase to virtualize Tx chains can result in destructive combining.
· If a UE supporting coherent TPMIs with reduced relative phase accuracy is to be introduced, it is unclear what this reduced accuracy should be and what UEs would look like that support it.
· Such a capability might be discussed in RAN4 as a fully coherent UE with relaxed performance requirements, but does not appear to be supported by the capabilities currently defined in RAN1.
· If full power is delivered for non-coherent TPMIs, it is not clear how ‘Capabilities’ 2 and 3 can be supported.
· TPMI codebook subset signalling can be complex to manage in gNB and have high overhead, 
· UE capability would be per band per band combination and can have up to 62 bits for each combination.
· If delay is applied to SRS without virtualization with extended codebook subset
· While a Rel-15 SRS configuration can be used, this limits UE implementation flexibility and may be difficult to test in RAN4.
· This option should avoid redundant TPMIs, since it assumes that the UE is not expected to control the relative phase among some or all of its antenna ports.
· Alt 3-1: SRS and DMRS virtualized across Tx chains: This approach is a simple extension of Rel-15 virtualization, allows accurate CSI at gNB, and maximizes UE implementation flexibility
· Apply the delay to each Tx chain, virtualizing the SRSs, and use a Rel-15 codebook
· This is already supported for one port operation Rel-15 in Rel-15
· Virtualizing can solve the Rel-15 problem where a 4 Tx UE transmits on 2 antenna ports with 3 dB less power.
· UEs may virtualize Tx chains exploiting their implementation knowledge (e.g. PA powers or limitations due to e.g. emission safety).
· Using multiple SRS resources allows measurement of a full power, fully virtualized 1 port SRS resource in UEs that have a mix of PA powers.  This is not possible when only a single multi-port SRS resource can be used.
· SRS may be directly measured to determine TRI/MCS/TPMI/SRI, and straightforwardly tested.  
· Some additional SRS overhead may be needed, but can be managed if needed through aperiodic SRS and/or limiting use of large SRS resources to high SINR conditions.
· Alt 3-2: SRS and DMRS virtualized across Tx chains + Non-virtualized SRS: This combines the benefits of Alt 1 and Alt 3-2, but has higher spec impact.
· There can be some benefit in reduced SRS overhead from Alt 1
· Alt 3-1 is a simple extension of Rel-15 virtualization, allows accurate CSI at gNB, and maximizes UE implementation flexibility
· Alt 5: FDM multi-port simultaneous transmission: This approach has some promise, but needs further study, and will have high specification impact.
· It avoids destructive combining when virtualizing Tx chains, and has some performance potential
· However, limited study and simulation results are available, given its recent introduction
· Its introduction of frequency selective precoding will have significant specification impact.
· Option 1-2 (new codebook scale factors) and Option 3 (modifying power control scaling factors): We find that two options have equivalent behavior for codebook-based transmission.  Since option 3 is considerably simpler than option 1-2, option 3 is the better choice among the two.
· Option 4: It is not clear to us how full power UL transmission could be obtained using this approach. 
· Option 5: This approach is undesirable since it will make the scheduling at the gNB less efficient.  It is also unclear what the performance gain of such a UE over Rel-15 is, since the increase in power delivered is not specified.
Observation 2:
· Option 1-1 is performance wise on par with the current Rel-15 specification. 
· Option 1-1 combined with option 2 gives some limited performance gains compared to the Rel-15 specification for the ULA structured UE. 
· Option 2-2 gives similar performance gains as combining option 1-1 and option 2 for 4 Tx, but gives substantially better performance for 2 Tx when directional antennas are used.
· Option 3 gives large performance gains in particular on cell edge for both investigated UE structures. 
· Gains with 4 gNB antennas are substantial with full power transmission, and greater with 4 Tx:
· Mean user throughput gains of 5-20% and 30-45% can be obtained for 2 and 4 Tx, respectively, depending on if directional or omni UE antennas are used.
Given that it is a simple extension of Rel-15 virtualization, allows accurate CSI at gNB, and maximizes UE implementation flexibility, we prefer Alt 3-1, and therefore propose:
Proposal 1 (preferred):
· A UE capability is defined that supports ‘Capability 2’ and ‘Capability 3’ UE architectures.
· Alt 3-1: The UE can be configured with one or more SRS resources with the number of SRS ports less than the maximum number of SRS ports supported by the UE in one SRS resource
· The UE uses Rel-15 codebooks, codebook subsets, and coherence capabilities
· The UE may by implementation achieve full power by virtualizing Tx chains when an SRS resource has fewer ports than the maximum supported by the UE in an SRS resource
· Small delay CDD or other virtualization mechanism can be applied in spec transparent manner
· The UE is not expected to virtualize Tx chains when it is configured with a number of SRS ports equal to the maximum number of ports supported by the UE
· The UE divides the transmit power by the ratio of the number of antenna ports with a non-zero PUSCH transmission power to the number of SRS ports if one SRS resource is configured, otherwise to the number of SRS ports in the SRS resource indicated by SRI if multiple SRS resources are configured.
However, since there can be some reduction in SRS overhead by using Alt 1, it may also be beneficial to specify Alt 3-2 since it combines Alts 1-1 and 3-1, allowing the benefits of both. Our alternative proposal is then:
Proposal 2 (less preferred):
· Alt 3-2: A UE can be configured for one of two modes of full power operation to support ‘Capability 2’ and ‘Capability 3’
· Mode 1. The UE can be configured with one or more SRS resources with the number of SRS ports less than the maximum number of SRS ports supported by the UE in one SRS resource
· The UE uses Rel-15 codebooks, codebook subsets, and coherence capabilities
· The UE may by implementation achieve full power by virtualizing Tx chains when an SRS resource has fewer ports than the maximum supported by the UE in an SRS resource
· Small delay CDD or other virtualization mechanism can be applied in spec transparent manner
· The UE is not expected to virtualize Tx chains when it is configured with a number of SRS ports equal to the maximum number of ports supported by the UE
· The UE divides the transmit power by the ratio of the number of antenna ports with a non-zero PUSCH transmission power to the number of SRS ports if one SRS resource is configured, otherwise to the number of SRS ports in the SRS resource indicated by SRI if multiple SRS resources are configured.
· Mode 2.  The UE is configured with a number of SRS ports equal to the maximum number of SRS ports supported by the UE in one SRS resource
· gNB can configure the UE to use a subset of TPMIs that combine ports in a layer to produce full power transmission.
· A new codebookSubset is introduced only for the rank value(s) where full power transmission in UL is not achievable, includes the TPMI precoders in codebookSubset = partialAndNonCoherent and fullyAndPartialAndNonCoherent defined in Rel-15
· The number of non-zero ports in each precoding matrix is greater than or equal to maximum number of antenna ports in one SRS resource supported by the UE
· A UE is not capable of maintaining relative phase of antenna ports according to TPMI 
· E.g. UE does not differentiate [1 1] vs. [1 -1]
· FFS: the exact subset of TPMIs; strive to minimize the subset
· A different SRS port is transmitted on each Tx chain (small delay CDD may be transparently applied)
· gNB can coherently combine channel estimates from SRS according to TPMI when determining CQI/TPMI/RI

Regardless of which alternative is specified UE, complex configurations and UE capabilities for UE full power operation will complicate both UE and network operation, and should be avoided.  Consequently, we propose:
Proposal 3:
· The number of values of full power UE capability is minimized
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Appendix: Analysis of options 1-2, 3, 4, and 5
[bookmark: _Ref534810472][bookmark: _GoBack]Option 3 and 1-2: Modify the power scaling
We find that option 3 and option 1-2 are very similar since they will generate equivalent solutions. One should however keep in mind that the actual power scaling occurs in 38.213, and the coefficients of the codewords in the codebooks do not impact UL transmission power. Hence, in order to adopt option 1-2 we would need to rewrite the codebooks as well as the power scaling in 38.213. For option 3 we would instead only need to rewrite the power scaling part of 38.213. Therefore, we find option 3 clearer and cleaner from a spec perspective.  Moreover, since option 3 is equivalent to 1-2, but simpler to specify, we see no benefit to specifying option 1-2.
Option 4: Up to UE implementation
It is not clear to us how full power UL transmission for all ranks could be obtained for codebook based transmission in a transparent way given the current text in 38.213.   A non-coherent UE does not expect to transmit using (the partially or fully coherent) precoders that deliver full power, and so the current scaling in 38.213 precludes that full power is transmitted for such UEs.  Similar behavior applies to partially coherent UEs.  This is in conflict with the RAN1#95 agreement below to support full power for non- and partially-coherent capable UEs.
Option 5: Let the UE deliver full power in a transparent way
Since we have the agreement 
Agreement
Full TX power UL transmission with multiple power amplifier is supported at least for codebook based UL transmission for non-coherent and partial/non-coherent capable UEs
· This specification support is a UE optional feature
· FFS: Whether this applies for the entire codebook or subset of codebook
our interpretation is that a rel-16 UE that has the capability to transmit full UL power may behave as a full power UE, as in option 3, but it may also behave as a rel-15 UE if Option 5 is adopted. This will hence make the scheduling procedure at the gNB very challenging since the gNB will not know if the UE will have “rel-15 behavior” or “full power behavior”. 
For instance, the gNB may in the scheduling choose between scheduling the rank 1 precoder [1 0 0 0] and the rank 4 identity matrix precoder. The gNB will however not be able to know if transmission will be carried out according to example #1 or example #2 in table 1 below in the rank 1 case. And since these two examples will have a difference of 6dB in terms of total output power this makes link adaptation highly inaccurate, substantially degrading throughput. We therefore find that this approach undesirable since it comes with severe drawbacks. 
Table 1. Examples of Option 5 behavior.
	Example
	Rel-16
	Rank
	Precoder 
	Effective precoder after power control.  
	Total transmit power

	#1
	Rel-15
	1
	

	
sqrt(P/4) * 
	P/4

	#2
	1
	1
	

	
sqrt(P) * 
	P

	#3
	Rel-15
	4
	
	
	P

	#4
	1
	4
	
	
	P




Appendix: Simulation parameters
	Simulation parameters

	Carrier frequency
	3.5 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMi 200m ISD

	BS antenna configuration 1
	(M, N, P, Mg, Ng) = (4,4,2,1,1), (0.8, 0.5)λ (V,H)-element spacing and 32 ports (hence no subarray virtualization)


	BS antenna configuration 2
	(M, N, P, Mg, Ng) = (1,2,2,1,1), (0, 0.5)λ (V,H)-element spacing and 4 ports (hence no subarray virtualization).
Each element is a column antenna with vertical beamwidth=10 deg, horizontal beamwidth=70 deg and an electrical downtilt of 10 degrees.


	UE antenna configuration
	ULA: (M,N,P)= (1,2,2) with 0.5λ spacing with omni-directional antenna elements. 
DIAMOND: Placement according to Figure 2 where each antenna element is directional with HPBW=90° and directivity 7 dBi (and all antenna elements are directed outwards).  

	Cell layout
	21 sectors in total

	Wrapping
	Radio distance based

	UE Tx power 
	Pcmax = 23dBm

	Traffic model
	Full buffer traffic

	UE speed 
	3 km/h

	Scheduling 
	Round robin

	HARQ
	Max 5 retransmissions

	Handover margin
	3 dB

	
	0.8

	Transmission scheme
	Codebook based

	Rank adaptation
	Rank 1-4 used for transmission. 

	Channel estimation from SRS and DMRS
	Ideal

	UE coherence model
	The output signal from UE antenna port i is multiplied with  where =0 for a coherent UE and for a non-coherent UE  is drawn from a uniform distribution between -1 and 1. 
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