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Introduction
The objective of full transmission power of UL in the WID of R16 MIMO is as follows [1]:
· Specify enhancement to allow full power transmission in case of uplink transmission with multiple power amplifiers (assume no change on UE power class)
In RAN1 #94bis meeting, 4 candidate solutions for UL full Tx power were provided. In RAN1 #95 meeting, option 4 was revised and a new additional solution was added. Currently, the candidate solutions are as follows:
	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 apply 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 with UE capability signalling of full power transmission in UL
Option5: For the precoders with 0 entries, the linear value [image: ] of a PUSCH transmission power is scaled by a ratio Rel-16.The value of Rel-16 is selected up to UE implementation within the range of [Rel-15, 1],  where Rel-15 is the ratio of the number of antenna ports with a non-zero PUSCH transmission power to the number of configured antenna ports for the PUSCH transmission scheme as defined in NR Rel-15 specification.  
UE is required to maintain consistent Rel-16 value on different occasions of PUSCH transmissions with the same precoder for PUSCH.



In RAN1 #95 meeting, the following agreement was also achieved:
	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



In RAN1 Adhoc#1901 meeting, the following agreement was also achieved and a LS to RAN4 [2] was sent to ask RAN4 to provide their view on PC 2 applicability of the new UE capability:
	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 signaling/reporting details
Note: Two or more of the above capabilities could be merged depending on the further details


 In this contribution, we share our views on the enhancement of full Tx power of UL MIMO.
Discussion
Candidate schemes
In order for Rel-16 UE to be able to achieve full power transmission, the following solutions are summarized in RAN1 #94bis and RAN1 #95 meetings for down-selection:
· 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 apply 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 with UE capability signaling of full power transmission in UL
· Option5: For the precoders with 0 entries, the linear value [image: ] of a PUSCH transmission power is scaled by a ratio Rel-16.The value of Rel-16 is selected up to UE implementation within the range of [Rel-15, 1],  where Rel-15 is the ratio of the number of antenna ports with a non-zero PUSCH transmission power to the number of configured antenna ports for the PUSCH transmission scheme as defined in NR Rel-15 specification.  
· UE is required to maintain consistent Rel-16 value on different occasions of PUSCH transmissions with the same precoder for PUSCH

Option 1-1 is to allow the non-/partial coherent capable UE to be indicated with precoder(s) that exceeds the UE’s coherent capability. For instance, for non-coherent capable UE (which in Rel-15 can only have 1 antenna activated at a time for rank-1), fully coherent precoders are allowed to be used (even though the antennas are not coherent). Since UE is not able to hold phase coherency across non-coherent antenna groups, if gNB selects a TPMI exceeding the UE’s capability, the actual SNR of PUSCH may be severely mismatched with the SNR during TPMI/MCS selection. 

Observation 1:
· With option 1-1, UE is not able to hold phase coherency across non-coherent antenna groups, the actual SNR of PUSCH may be severely mismatched with the SNR during TPMI/MCS selection. 

Option 1-2 doesn’t make sense as the PUSCH transmission power is unrelated to the scaling factor of the precoder. Changing the PMI scaling factor will not change the transmit power, but only introduce new uplink codebooks. It is our understanding that the intention of option 1-2 is to scale the transmit power (differently with different ranks/precoders), hence it is more straightforward to capture the intention in the power scaling procedure, which is in line with the current RAN1 specification. 

Observation 2: 
· Option 1-2 is inapplicable as the codebook scaling factor does not affect transmit power.

Option 2, in our view, does not operate by itself, but is intended to be used together with option 1-1. 
The main idea of small delay CDD is to let the sequence of signal cyclic shifted with given samples in each Tx antenna (or port) before CP addition. Cyclic shift in time domain is equivalent to phase shift in frequency domain. The signal model for small delay CDD can be expressed as follows:
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where i is the index of the signal before IFFT transform,  is the precoding matrix and  is a phase shift diagonal matrix. Table 1 shows an example for the phase shift diagonal matrix  according to the number of transmit antennas (or ports), where  denotes the number of samples shifted in time domain and denotes the length of IFFT transform.

Table 1: An example of  for small delay CDD 
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According to the mathematical model of small delay CDD, the following two schemes can be considered for option 2:
Alt 1: One PUSCH antenna port is virtualized by multiple physical antennas, with small delay CDD applied in these physical antennas.
Alt 2: Small delay CDD is applied in multiple PUSCH antenna ports.

For low rank (e.g. rank-1) transmission of Alt 1 for non-coherent or partial-coherent capable UEs, full power transmission cannot be achieved according to the power control scheme specified in TS38.213. That is because only part of antenna ports have non-zero elements due to codebook subset. In order to achieve full power transmission, Alt 1 has to be combined with option 3, i.e., power control mechanism has to be modified to allow PUSCH transmission with part of non-zero antenna ports to transmit with full power. Then, from the view point of gNB, Alt 1 combined with option 3 is the same as option 3. Although antenna port virtualization is up to UE implementation (including CDD as a possibility), this is not mandatory to meet the full power transmission requirement. .

Alt 2 can be combined with option 1-1 to achieve full power transmission for non-coherent or partial-coherent capable UEs. In brief, option 1-1 suffers from poor link adaptation because phase coherency cannot be maintained across non-coherent antenna port groups which results in a mismatch between the gNB-selected TPMI and the actual channel seen by PUSCH. By introducing a small delay factor, Alt 2 intends to average out the channel mismatch over multiple PRBs, potentially removing the performance degradation. SRS of Alt 2 may be transmitted with small delay CDD applied among SRS antenna ports or not. If small delay CDD is not applied among SRS antenna ports, mapping from PUSCH layers to the SRS antenna ports should follow (1). It means a new transmission scheme has to be specified in the specification. This is beyond the WID scope and should be precluded. If small delay CDD is applied among SRS antenna ports with the same delay as PUSCH, Alt 2 combined with option 1-1 is the same as option 1-1 from the view point of gNB, and whether Alt 2 is used is up to UE’s implementation. 

Observation 3: 
· There is not sufficient details to evaluate option 2 in terms of satisfying the full-power transmission requirement, and more important, the impact on system-level performance. 

Option 3 has little specification effort and implementation.  Hence this option is preferable.

In our interpretation, option 5 is a special case of option 4. For option 4 and option 5, if it is up to UE implementation on the scaling factors for the transmission power of precoders, the power scaling factors of precoders are unknown to gNB. Since the fading of channel always changes rapidly, it is hard for gNB to estimate the power scaling factor difference among precoders based on the headroom reporting or other parameters. Hence, gNB has to select TPMI based on assumed power scaling factors for precoders which are properly different to the ones that UE used. Then the actual SNR of PUSCH may be mismatched with the SNR during TPMI/MCS selection, and the performance of UE can’t be guaranteed.

Observation 4:
· For option 4 and option 5, the power scaling factors for precoders are unknown to gNB, the performance of UE cannot be guaranteed. 
UE capability
For UE capability signaling for full UL Tx power, the following candidates were provided in RAN1 Adhoc #1901 meeting 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

For UE capability 1, all Tx schemes discussed in section 2.1 can be supported. As some Tx schemes that only applied to UE capability 1 may achieve better performance than other schemes that applies to UE with other Tx capabilities, UE capability 1 should be specified to let UEs with such capability to get the benefits. 
Proposal 1:
· UE capability 1 is specified in Rel-16.

For UE capability 2, no PA is assumed to deliver full power, hence multiple PAs have to transmit simultaneously to achieve full Tx power. Whether capability 2 is specified is highly depend on the full power transmission scheme. In our opinion, whether UE capability 2 is introduced should be determined after the decisions on candidate transmission schemes are made.
Proposal 2:
· Whether UE capability 2 is specified should be determined based on the decision on the full power transmission scheme for Rel-16.

Similar as UE capability 1, it is beneficial for a UE to report its capability of capability 3. 
Proposal 3:
· UE capability 3 is specified in Rel-16.

It was discussed in the previous meeting whether full power transmission should be supported when a fully-coherent capable UE is scheduled with a non-coherent/partial-coherent TPMI. Note that full power transmission is already supported in Rel.15 when a fully-coherent UE is scheduled with fully-coherent TPMI, so this is a step further in Rel.16 to allow full-power in broader use cases. In our view this is an important enhancement with realistic benefits. Note that different TPMIs entail different beamforming directions, beam shapes that must cope with the instantaneous propagation channels (e.g. UE orientation, location, blockage). If full-power transmission is artificially constrained to only a subset of beamforming matrices, scheduling flexibility and system performance would be severely limited. It would be ideal if the Rel.16 WI could resolve this issue once and for all, instead of stopping half-way (e.g. supporting full power only for fully-coherent precoders). 

Proposal 4:
· Full power transmission should be supported when a fully-coherent UE is scheduled with non-coherent/partial-coherent TPMIs. 

In RAN 1 Adhoc#1901 meeting, a LS was send to RAN4 to ask RAN4 to provide their view on PC 2 applicability of UE capability of full power transmission. In our view,  it is benefit to allow PC 2 UEs to transmit with full Tx power. 
Proposal 5:
· UE capability on full power transmission applies to all types of power class.
New power scaling rule
As the full power transmission would be an optional UE feature, the power scaling rule for UL can be modified according to the definition of the feature. 
If UE capability 1 or UE capability 3 in section 2.2 is specified, a new power scaling rule can be specified as follows:
· For the precoders with all non-zero antenna ports are full rated PAs, no power scaling
· For the precoders with at least one antenna port are not full rated PAs, the linear value [image: ] of a PUSCH transmission power is scaled by scaling factor β = N/M where N is number of activated antennas that are associated with any PUSCH layer, M is the maximum number of SRS ports supported by the UE in one SRS resource.
For a UE with full power transmission capability, it is benefit to let UE transmit PUSCH with full power when the UE is in cell edge. However, if the UE is with good channel quality and with high SINR, transmitting PUSCH according to the new power control scheme for full power transmission may get little performance gain for the UE and increase the interference to other UEs. Therefore, it is benefit to allow gNB to schedule UEs with full power capability to transmit PUSCH with legacy power control scheme. 
Proposal 6:
· Consider the following power control scheme for Rel-16 UEs with full power capability:
· For the precoders with all non-zero antenna ports are full rated PAs, no power scaling
· For the precoders with at least one antenna port are not full rated PAs, the linear value [image: ] of a PUSCH transmission power is scaled by scaling factor β = N/M where N is number of activated antennas that are associated with any PUSCH layer, M is the maximum number of SRS ports supported by the UE in one SRS resource.
Proposal 7:
· For a UE with full power capability, whether the power control scheme for full power transmission is used is explicitly indicated.
Simulations
We provide the performance comparison of 4Tx UEs with different coherent capabilities under different codebook subsets. In the simulation, Rank 1 is simulated because these are coverage limited UEs and are the most relevant use case. MCS and TPMI are dynamically selected based on the measurement of SRS. The relative phase error of PUSCH among non-coherent Tx antenna groups follow a uniform distribution where a non-coherent UE has 4 coherent Tx antenna groups, a partial-coherent capability UE has 2 coherent Tx antenna groups, and a fully-coherent UE has only one coherent Tx antenna groups. Other simulation assumptions are given in Table AI in the Appendix. In figure 1, ‘FC-UE’, ‘ PC-UE’ and ‘ NC-UE’ denote fully-coherent UE, partial-coherent UE and non-coherent UE, respectively. ‘FC-CBS’, ‘PC-CBS’ and ‘NC-CBS’ denote codebooksubset of 'fullyAndPartialAndNonCoherent' , 'partialAndNonCoherent' and nonCoherent' , respectively.
From Figure 1, it can be seen that
· For a partial-coherent UE with 4Tx, the codebooksubset of 'partialAndNonCoherent' outperforms the other two codebooksubsets, and the codebooksubset of 'fullyAndPartialAndNonCoherent' has the worst performance;
· For a non-coherent UE with 4Tx, the codebooksubset of 'nonCoherent' performs best compared to the other codebooksubsets, and similar performance is achieved by the codebooksubsets of  'partialAndNonCoherent'  and 'fullyAndPartialAndNonCoherent'.

Observation 5:
· The performance would be degraded by allowing the non-/partial coherent capability UE to be indicated with precoder(s) that exceeds the UE’s coherent capability. 


[image: ]
Figure 1: Performance comparison for UEs with different codebook subsets.

Conclusion
In this contribution, we discussed the full transmission power for UL MIMO, it is observed that:
Observation 1:
· With option 1-1, UE is not able to hold phase coherency across non-coherent antenna groups, the actual SNR of PUSCH may be severely mismatched with the SNR during TPMI/MCS selection. 
Observation 2: 
· Option 1-2 is inapplicable as the codebook scaling factor does not affect transmit power.
Observation 3: 
· There is not sufficient details to evaluate option 2 in terms of satisfying the full-power transmission requirement, and more important, the impact on system-level performance. 
Observation 4:
· For option 4 and option 5, the power scaling factors for precoders are unknown to gNB, the performance of UE cannot be guaranteed. 
Observation 5:
· The performance would be degraded by allowing the non-/partial coherent capability UE to be indicated with precoder(s) that exceeds the UE’s coherent capability. 
We propose that:
Proposal 1:
· UE capability 1 is specified in Rel-16.
Proposal 2:
· Whether UE capability 2 is specified should be determined based on the decision on the full power transmission scheme for Rel-16.
Proposal 3:
· UE capability 3 is specified in Rel-16.
Proposal 4:
· Full power transmission should be supported when a fully-coherent UE is scheduled with non-coherent/partial-coherent TPMIs. 
Proposal 5:
· UE capability on full power transmission applies to all types of power class.
Proposal 6:
· Consider the following power control scheme for Rel-16 UEs with full power capability:
· For the precoders with all non-zero antenna ports are full rated PAs, no power scaling
· For the precoders with at least one antenna port are not full rated PAs, the linear value [image: ] of a PUSCH transmission power is scaled by scaling factor β = N/M where N is number of activated antennas that are associated with any PUSCH layer, M is the maximum number of SRS ports supported by the UE in one SRS resource.
Proposal 7:
· For a UE with full power capability, whether the power control scheme for full power transmission is used is explicitly indicated.
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Appendix
Table A1．Simulation assumptions
	Parameters
	Values

	Waveform
	CP-OFDM

	Carrier frequency
	4GHz

	PUSCH bandwidth
	20RB

	Channel model
	CDL_A

	UE antenna configuration
	4

	BS antenna configuration
	16

	Transmission rank
	Rank-1 fixed

	Link adaption
	On

	Mobile speed
	3 km/h

	Receiver
	MMSE
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