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Introduction
In RAN1#97, a working assumption was reached to support two modes of full power operation for two PA architectures where all or some PAs have less than full power (so-called ‘Capability 2’ and ‘Capability 3’, respectively.
Working Assumption
Support following scheme for UL full power Tx for UE capability 2 and 3:
· A UE can be configured for one of two modes of full power operation to support ‘Capability 2’ and ‘Capability 3’ subject to UE capability
· A UE can be configured by the network to support full power transmission 
· [bookmark: _Hlk16804885]Mode 1: The UE can be configured with one or more SRS resources with same number of SRS ports (according to Rel-15) within an SRS resource set which usage is set to ‘codebook’
· 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 fullyAndPartialAndNonCoherent defined in Rel-15
· FFS: At least a subset of the non-antenna selection TPMI precoder(s) is(are) supported 
· FFS: Additional support of antenna selection TPMI precoders
· Note: as non-coherent UE, it is not capable of maintaining relative phase of antenna ports according to TPMI
· Mode 2: The UE can be configured with one SRS resource or multiple SRS resources with different number of SRS ports within a SRS resource set which usage is set to ‘codebook’
· UE transmits SRS and PUSCH in same manner, whether antenna virtualization is used or not
· Rel-15 codebooks and codebook subsets are used
· Note: Antenna selection precoder can be used to enable full power related PA(s) to produce full power transmission for Capability-3 UE.
· UL full power Tx is achieved for PUSCH transmission according to indicated SRI and/or TPMI
· A set of TPMIs that deliver full power can be signalled by the UE in order to support at least  UEcap3, for SRS resource with more than 1 ports, 
· e.g. For SRI indicating SRS resource with 1 port then single layer PUSCH is transmitted with full power in same manner as single port SRS, if SRI indicating SRS resource with multiple ports is signalled based on Rel-15 MIMO behaviour (transmission rank indicator, TPMI indicator, etc) except the power scaling aspects
· The following cases are not precluded
· For example, for 4TX on UE side (with 20+20+17+17dBm) virtualized as 2 SRS ports, full uplink power transmission can be enabled by precoder [1 0] or [0 1]
· FFS: number of SRS resources supported 
· 2 
· 3 
· FFS: for 4 Tx, how many different TPMIs/TPMI groups support full power
· FFS: any rules for spatial filter update for the SRS resources with different number ports
Note: How to capture the behaviour for ‘Mode 1’ and ‘Mode 2’ in specifications is TBD
Note: For single port, there is no SRI and TPMI
Note: Support of Mode 1, Mode 2 have separate UE capability 

It was also earlier agreed in RAN1#96bis to support PA architectures where all PAs can transmit the UE’s rated power (so-called ‘Capability 1’ UEs) using a power scaling solution:
Agreement
Supported UE capabilities and supported scheme for UE capability 1
· Option 3
· FFS: Whether to additionally support Option 1-2
Therefore, the high level solutions are identified for all the UE PA architecture options, and the remaining issues are primarily:
· How the power scaling is to be specified for the schemes supporting the different UE ‘Capabilities’ 
· Details of mode 1 and 2 schemes
· Content of the new codebookSubset supported for mode 1
· Which TPMIs/TPMI groups support full power for mode 2
· Number of SRS resources to be supported in mode 2
· UE capabilities needed for the 3 UE architectures (corresponding to ‘Capabilities’ 1-3)
This contribution investigate these open issues, provides system level results on different solutions, and then makes recommendations accordingly.
[bookmark: _Hlk510732493]Power scaling and TPMI based full power scheme details
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.  While this terminology is somewhat confusing now that we will discuss what UE capabilities we will actually specify, we will refer to the PA power architectures as ‘Capability 1’, ‘Capability 2’, and ‘Capability 3’  to be consistent with the RAN1 terminology, but use the quotation marks to differentiate from the capabilities to be specified. 
[bookmark: _Ref16812542]Power scaling for ‘Capabilities’ 1-3
We first briefly review Rel-15 power scaling in order to see what changes are needed to support full power operation for the 3 ‘Capabilities’.  Section 7.1 of 38.213 scales the transmitted power in UL MIMO operation according to the following:





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. For a PUSCH transmission scheduled by a DCI format 0_1 or configured by ConfiguredGrantConfig or semiPersistentOnPUSCH, if txConfig in PUSCH-Config is set to 'codebook' and each SRS resource in the SRS-ResourceSet with usage set to 'codebook' has more than one SRS port, 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. The UE splits the power equally across the antenna ports on which the UE transmits the PUSCH with non-zero power. 
This can be expressed as scaling  by , where is the number of non-zero power ports and  is the maximum number of SRS ports supported by the UE in one SRS resource, which can be understood as the number of Tx chains the UE has.  Noting that  is at most the rated maximum power of the UE () according to section 7.1.1 of 38.213, the maximum power a UE transmits on one Tx chain in Rel-15 is .  Therefore, a 2 Tx or 4 Tx UE can transmit at most ½ or ¼ of its power, respectively, on one Tx chain in UL MIMO operation.
The idea behind using power scaling to enable full power (‘Option 3’) is to adjust the Rel-15 formulation in 38.213 to allow those UEs with higher power PAs on their Tx chains UEs to exploit this extra power.  If we assume that all PAs are capable of transmitting at the maximum power , then simply increasing the scaling ratio  to  will increase the power by a factor of , allowing full power.  However, as the number of non-zero ports  grows, the ratio may exceed one, which would mean the UE should transmit more than its maximum power.  This can be remedied by limiting the ratio to be at most unity, and then the scaling ratio becomes .
Observation
· A UE with full power on all Tx chains can scale its transmit power by  to reach full power, where
·  is a real valued scale factor.
·  is the number of non-zero PUSCH ports being transmitted
·  is the number of UE transmit antennas.
Mode 2 of the working assumption uses an SRI to indicate SRS resources with different numbers of SRS ports.  This can be implemented by altering the denominator of the Rel-15 power scaling, such that the scaling becomes , where  is the number of ports corresponding to the PUSCH transmission (those indicated by SRI and/or those used to select the UL MIMO codebook).  (Note that the min( ) function is still needed in this case to avoid scaling above the maximum power.)  Then a ‘Capability’ 2 or 3 UE can virtualize its Tx chains from say 4 ports to 2 ports or 1 port, combining the power of those Tx chains, or selecting the Tx chains with the greatest power.  In that way, a UE with full power on a subset of its Tx chains and/or that can virtualize its Tx chains can deliver full power for lower rank operation while not requiring all of its Tx chains to be full power.
By its nature, virtualization produces fewer antenna ports than Tx chains.  Furthermore, UEs may not be able to virtualize all pairs of antennas and/or may have antennas with varying maximum power.  This means that a single value of  may not deliver the power the UE is capable of for all 3 potential SRS resource sizes (of 1, 2, and 4 ports).  For example, a 4 Tx UE with {23, 23, 20, 17} dBm PAs would need  for SRS resources with 1, 2, and 4 ports. This is because rank 1 transmission on one port can be 23 dBm, so .  Rank 2 transmission on the first two Tx chains can reach 23 dBm as well, and so with , we need .  For 4 port transmission, the weakest ports can only transmit ¼ of the power and then , we need .  This also implies that rank 3 transmission deliver  of full power rather than full power.
Observation
· A UE that has at least some Tx chains with less than full power can scale its transmit power by  to reach full power, where
·  is a real valued scale factor associated with  SRS ports corresponding to the PUSCH transmission
From the example calculation above, it can be seen that a rank 1 or rank 2 transmission for a non-coherent UE based on the 4-port SRS resource is 3 or 6 dB less than the full power transmission that is available for rank 1 or rank 2 TPMIs using the 1-port or 2 port SRS resources, since the scale factor is  in the rank {1,2} cases.  This is because the weakest (or less virtualized) antenna ports limit the available power.  This means the total transmitted power can be further optimized by selecting certain TPMI subsets for which higher values of K can be supported.  Continuing with the {23, 23, 20, 17} dBm example above for ,  for rank 1 TPMIs selecting the first or second ports (TPMIs 0 and 1 in the Rel-15 4 port codebook), while  for rank 2 for TPMIs combining any of the first three ports (TPMIs 0, 1, and 4 in the Rel-15 4 port codebook).  Note that according to agreements UEs must split power equally among Tx ports, and so rank 2 TPMIs such combining 17 dBm ports with a 23 dBm port will produce 20 dBm, and so still have .  Consequently, TPMIs 2 and 4 can’t be used for full power in this example.
Observation
· A UE that has a mixture of PA powers on its Tx chains that are less than full power can further optimize the conditions under which it can transmit full power by associating the scaling with a TPMI having a given rank when the UE scales its transmit power by , where
·  is a real valued scale factor associated with  SRS ports corresponding to the PUSCH transmission and an th TPMI with rank .
Overall, we can see that it is possible to use a relatively simple scaling function to support all of UE ‘Capabilities’ 1-3.  This can be described by the proposal below:
Proposal:
· A UE can scale its transmit power by  to reach full power, where
·  is a scale factor associated with  SRS ports corresponding to the PUSCH transmission and an optional th TPMI with rank .
· If a TPMI is not associated with , then  is determined without regard to  and . 
· If  is not configured by higher layers, a set of fixed values are defined for .
·  is the number of non-zero PUSCH ports being transmitted
· Rel-16 supports configuring a UE with 3 SRS resources for codebook based operation, each of which has a different number of SRS ports.
Therefore, we make the following text proposal for power scaling:
-----------------------------------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. For a PUSCH transmission scheduled by a DCI format 0_1 or configured by ConfiguredGrantConfig or semiPersistentOnPUSCH, if txConfig in PUSCH-Config is set to 'codebook' and each SRS resource in the SRS-ResourceSet with usage set to 'codebook' has more than one SRS port, 
· 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 configured, 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
· If a set of TPMIs is associated with ,  is the index of the set of TPMIs for rank  for which the scaling applies, otherwise  is determined without regard to  and . 
·  may be given by higher layer signalling.  Otherwise,  is used from the table below, where 
	codebookSubset
	
	

	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-------------------------------
As can be seen in the text proposal, power scaling for all 3 UE ‘Capabilities’ can be supported with one scaling method. The scaling method may optionally have TPMIs associated, since UEs may not have PA architectures that support the additional TPMIs with a full power scaling.  This leads us to the following:
Proposal:
· Support the behaviour according to ‘altPowerScaling’ in the text proposal above is a UE capability
· Support for TPMIs with altPowerScaling is a UE capability.

UE Capability
UE PA power combinations
As observed in the previous section, the power scaling and/or TPMI subsets that provide full power vary according to the combination of maximum powers supported by the UE on its Tx chains.  It is not possible or desirable to support an arbitrarily large number of combinations.  One reason is that exactly identifying transmission power on each of the UEs Tx chains may limit how the UE can virtualize those Tx chains to provide full power.  Another reason is that such power can vary according to e.g. bands of band combinations, which can lead to very high signalling overhead and complexity.  Furthermore, it is desirable from a network perspective that the UE power varies with as few parameters as possible to simplify scheduling.  Therefore, some notion of what UE power combinations can be supported should be understood, such that minimum complexity capabilities can be defined.  
In the following, we mostly focus on non-coherent UE operation, since that is the most challenging case to provide full power for.  Unless otherwise mentioned, non-coherent operation is assumed.
A few principles may be used to select the PA power combinations:
1. As few as possible distinct PA powers should be supported, 
2. Candidate PA power ratios should be Pcmax/L, for L={1,2,3,4} layers 
3. Combinations have as many high power PAs as is practical and cost efficient in UE implementations
4. PA power combinations have a minimum of distinct values.
5. A single combination of PA values need only be considered once, since UEs can map their Tx chains to any port by implementation.
We note that PA power requirement 2 above for 3 layers implies that power class 3 UEs have 23-10*log10(3)=18.23 dBm PAs.  While this seems an unusual value for a PA power, if we instead for example have a power class 3 UE with four 17 dBm PAs, such a UE can at most reach 21.8 dB for rank 3 transmission, i.e. 1.23 dB less than its rated power.  A UE with four 18.23 dBm PAs would be able to support rank 3 with full power, however.   Since rank 3 operation is not uncommon (observed with some frequency in UMI scenarios), we think this PA power value should be given consideration.
Table 1 shows a variety of possible PA combinations varying from where all PAS of a power class three 4 Tx UE are full power (23 dBm) to where they all are ¼ power (17 dBm).  All 3 possible port combinations are listed in order to account for PA selection and/or virtualization.  Using more smaller PAs might be desirable to save UE cost and power consumption, but must be balanced against the complexity required to virtualize PAs.  A number of these combinations seem more likely than others (and more in line with the principles above).  For example, PA Power combination 1 corresponds to ‘Capability 1’, and seems to be a logical choice for a high end UE.  Similarly, combinations 3 and 6 allow full power for single port operation and for all ranks (although not for all TPMIs, as that is only possible with ‘Capabilty 1’).  By contrast, combination 15 is probably the most difficult to use for a non-coherent UE, requiring virtualization to reach full power for 1 and 2 ports and being unable to achieve full power for rank 3.  Still, its low cost and/or power consumption may recommend it as a possible implementation.
Combinations 4 and 7 have 3 different power values, including a single 17 dBm PA.  The presence of this 17 dBm value complicates full power scaling for rank 3, given the requirement that all layers split power equally.  Moreover, the benefit of building UEs with 3 different PA values seems hard to justify.  So at least these combinations could be eliminated if they complicate UE capability designs.  On the other hand, since PA powers should not directly be indicated as capabilities, supporting such combinations may not be problematic if they do not impact UE capability.  Also, capabilities 12, 14, and (especially) 16 are not ‘full power’ UE, since they do not deliver 23 dBm in any number of ports for rank 1 transmission.  They are included here as other possibilities that could be debated.
[bookmark: _Ref16434642]Table 1: PA Power Combination List, with PA powers indicated in dBm
	
	
	PA Power Combination Number

	
	Antenna Port
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16

	4 Port Configuration
	0
	23
	23
	23
	23
	23
	23
	23
	23
	23
	23
	20
	20
	20
	20
	17
	17

	
	1
	23
	23
	23
	23
	23
	20
	20
	20
	17
	17
	20
	20
	17
	17
	17
	17

	
	2
	23
	23
	20
	20
	17
	20
	20
	17
	17
	17
	17
	17
	17
	17
	17
	17

	
	3
	23
	20
	20
	17
	17
	20
	17
	17
	17
	17
	17
	17
	17
	17
	17
	17

	2 Port Configuration
	0
	23
	23
	23
	23
	23
	23
	23
	23
	23
	23
	23
	20
	20
	20
	20
	17

	
	1
	23
	23
	23
	23
	23
	20
	20
	20
	20
	17
	20
	20
	20
	17
	20
	17

	1 Port Configuration
	0
	23
	23
	23
	23
	23
	23
	23
	23
	23
	23
	23
	20
	23
	20
	23
	17



Table 2 and Table 3 provide another alternative, where 17 dBm PAs are replaced with 18.25 dBm PAs in order to support rank 3 operation for all combinations.
[bookmark: _Ref16693375]Table 2: PA Combinations with 18.25 dBm, Part 1
	
	
	PA Power Combination Number

	
	Antenna Port
	1
	2
	3
	4
	5
	6
	7
	8

	4 Port Configuration
	0
	23
	23
	23
	23
	23
	23
	23
	23

	
	1
	23
	23
	23
	23
	23
	20
	20
	20

	
	2
	23
	23
	20
	20
	18.25
	20
	20
	18.25

	
	3
	23
	20
	20
	18.25
	18.25
	20
	18.25
	18.25

	2 Port Configuration
	0
	23
	23
	23
	23
	23
	23
	23
	23

	
	1
	23
	23
	23
	23
	23
	20
	20
	20

	1 Port Configuration
	0
	23
	23
	23
	23
	23
	23
	23
	23



[bookmark: _Ref16693383]Table 3: PA Combinations with 18.25 dBm, Part 2
	
	
	PA Power Combination Number

	
	Antenna Port
	9
	10
	11
	12
	13
	14
	15
	16

	4 Port Configuration
	0
	23
	23
	20
	20
	20
	20
	18.25
	18.25

	
	1
	18.25
	18.25
	20
	20
	18.25
	18.25
	18.25
	18.25

	
	2
	18.25
	18.25
	18.25
	18.25
	18.25
	18.25
	18.25
	18.25

	
	3
	18.25
	18.25
	18.25
	18.25
	18.25
	18.25
	18.25
	18.25

	2 Port Configuration
	0
	23
	23
	23
	20
	20
	20
	20
	18.25

	
	1
	20
	18.25
	20
	20
	20
	18.25
	20
	18.25

	1 Port Configuration
	0
	23
	23
	23
	20
	23
	20
	23
	18.25


Observation
· Applying a few design principles can provide a limited number of PA power combinations for which full power UE capabilities can be designed.
Proposal
· RAN1 considers what PA combinations should be in the scope of the UL full power work.
Scale factors to support UE PA Power Combinations
Given a set of PA power combinations to be supported, we can select the scale factors needed.  Since there is a single set of PAs, the scale factors for different numbers of antenna ports are interrelated, which means that the total number of scale factor combinations is less than the number of PA power combinations.  For example, the scale factors  for Table 1 are below, where we can see that only 9 combinations are needed to support the 16 different PA power combinations:
[bookmark: _Ref16437972]Table 4: Power scaling values suitable for UE PA configurations in Table 1.
	Power Scaling Combination #
	
	
	

	1
	0.25
	0.5
	1

	2
	0.5
	0.5
	1

	3
	0.5
	1
	1

	4
	1
	0.5
	1

	5
	1
	1
	1

	6
	1
	1
	2

	7
	1
	2
	1

	8
	1
	2
	2

	9
	1
	2
	4



It is possible to signal the power scaling combinations above directly as capabilities.  More flexible signalling is also possible that supports the 5 scaling values {0.25, 0.5, 1, 2, 4} independently for each number of SRS ports, which would require 5x5x5=125 states as compared to 9 above.
Similarly, the values for Table 2 and Table 3 are:
Table 5: Power scaling values suitable for UE PA configurations in Table 2 and Table 3.
	Power Scaling Combination #
	
	
	

	1
	0.25
	0.75
	1.25

	2
	0.5
	0.75
	1.25

	3
	0.5
	1
	1.25

	4
	1
	0.75
	1.25

	5
	1
	1
	1.25

	6
	1
	1
	2

	7
	1
	2
	1.25

	8
	1
	2
	2

	9
	1
	2
	4



We observe that 9 different combinations are again present, but the scale factors values have increased to  7, i.e. {0.25, 0.5, 0.75, 1, 2, 1.25, 4}.  Signaling these independently per number of ports would require 7x7x7=343 states compared to 9 when combinations are signalled.
Observation
· Signaling scale factor ratios supported by the UE can require about 9 states while supporting a wide variety of UE PA power combinations.
· Virtualizing to 3 SRS resources with 1, 2, or 4 ports allows full power for variety of UE PA power combinations
Proposal
· Rel-16 supports configuring a UE with 3 SRS resources for codebook based operation, each of which has a different number of SRS ports.
TPMI subsets to augment scaling factors
Since only subsets of PAs may have greater power than others, only a subset of TPMIs need be indicated as providing greater power.  Furthermore, particular subsets are suitable for particular power ratios.  Therefore, a limited number of additional states are needed to support which TPMIs can provide the greater power ratios.
Table 6 has an example where the PA power combinations from Table 2 and Table 3 are supported with a power scaling value and also a TPMI set.  Each power scaling combination can correspond to one or more TPMI combinations in Table 7.  Each combination in Table 7 lists  which TPMIs a UE can support with full power.  When TPMI  with rank  is used for  antenna ports that has full power,   The starred combinations are those that TPMI indication does not help performance, because either only rank 3 and 4 are supported (which is true for all scaling ratios), all TPMIs always deliver full power for a given number of ports, or virtualized subset(s) can deliver the same power as the full power TPMI.  Note that these starred combinations may be a partial list, and is shown for illustration.
As example of determining the TPMI subsets, we consider power scaling combination 5.  This scaling combination can achieve full power with TPMI combinations 3, 4, 6, 7, and 9.  UEs will indicate which one of these 5 combinations for which it supports full power.  If the UE reports, say combination 6, it will be capable of providing full power for TPMI set  for one SRS port,  for rank 1 with 2 SRS ports,  for rank 2 with 2 SRS ports, no TPMIs for rank 1 with 2 SRS ports,  for rank 2 with 4 SRS ports, as well with the single TPMI used for non-coherent UEs in rank 3 & 4.  The TPMI sets are then identified by Table 7.
Observing that there are 16 different combinations of power scaling and TPMI together (that is, there are 16 numbers in the ‘TPMI Combinations’ column of Table 6), there are 16 different potential capabilities when TPMI signalling is added, which is 7 more states than is needed to signal the power scaling ratio combinations alone.  This does not remove the combinations where TPMI is not beneficial, and so is an upper bound.
[bookmark: _Ref16706784]Table 6: Combination of power scaling values and TPMI sets suitable for UE PA configurations in Table 2 and Table 3.
	Power Scaling Combination #
	
	
	
	TPMI Combinations with


	1
	0.25
	0.75
	1.25
	1*

	2
	0.5
	0.75
	1.25
	1*

	3
	0.5
	1
	1.25
	5

	4
	1
	0.75
	1.25
	2

	5
	1
	1
	1.25
	3,4,6,7,9

	6
	1
	1
	2
	11

	7
	1
	2
	1.25
	8*,10

	8
	1
	2
	2
	12*,13*

	9
	1
	2
	4
	14*



[bookmark: _Ref16706633]Table 7: TPMI combinations for UE PA configurations in Table 2 and Table 3.
	
	1 Port
	2 Ports
	4 Ports

	TPMI Combination #
	 Rank 1
	Rank 1
	Rank 2
	Rank 1
	Rank 2
	Rank 3
	Rank 4

	1
	--
	--
	--
	--
	--
	
	

	2
	
	
	--
	
	--
	
	

	3
	
	--
	
	--
	--
	
	

	4
	
	
	
	
	--
	
	

	5
	--
	--
	
	--
	
	
	

	6
	
	
	
	--
	
	
	

	7
	
	
	
	
	
	
	

	8
	
	
	
	
	
	
	

	9
	
	
	
	
	
	
	

	10
	
	
	
	
	
	
	

	11
	
	
	
	
	
	
	

	12
	
	
	
	
	
	
	

	13
	
	
	
	
	
	
	

	14
	
	
	
	
	
	
	



[bookmark: _Ref16456490]Table 8: TPMI sets used in Table 7
	1 Port
	2 Ports
	4 Ports

	1
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	



Observations
· TPMI signalling can be added to power scaling ratio capability with a limited number of additional states.
· In the example studied, the number increases from 9 to 16 when TPMI signalling is added.
An alternative way to indicate full power is to only indicate TPMI subsets without regard to what scaling factors are supported.  Indication of full power / not full power is less information than what power increase or reduction is possible, which is available from a power scaling indication.  For example, if a UE signals full power for a non-coherent 4 port rank 2 precoder, we do not know whether it can support half power for rank 1 or if one quarter power (i.e. Rel-15 scaling) would be used for rank 1.
One example where TPMI indication is where a UE might be able to virtualize pairs of antennas but not all 4.  In such cases, the UE might have {20, 20, 20, 20} dBm PAs so that pairs would combine to 23 dBm.  Such a UE would have power ratios  for 1, 2, 4} ports.  If only TPMI signalling is used for the 4 port case, no TPMIs can deliver full power.  On the other hand, if the power scaling ratio is used, UEs can deliver 3 dB more power for all 4 port rank 1 TPMIs than if only TPMI signalling is used.
Observation
· Signalling only if full power is supported for a TPMI does not allow a UE to exploit its ability to transmit additional power that is less than full power, whereas combining TPMI with a scale factor does.
Capabilities for Mode 1 operation with ‘fully coherent’ TPMIs in partial- or non-coherent operation
The working assumption below from RAN1#97 leaves two FFS issues, which we address in the following.
· Mode 1: The UE can be configured with one or more SRS resources with same number of SRS ports (according to Rel-15) within an SRS resource set which usage is set to ‘codebook’
· 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 fullyAndPartialAndNonCoherent defined in Rel-15
· FFS: At least a subset of the non-antenna selection TPMI precoder(s) is(are) supported 
· FFS: Additional support of antenna selection TPMI precoders
· Note: as non-coherent UE, it is not capable of maintaining relative phase of antenna ports according to TPMI

Issue 1: If at least a subset of the non-antenna selection TPMI precoder(s) is(are) supported
Firstly, it is necessary to define what a ‘non-antenna selection’ precoding matrix is, since this has not been formally defined in our understanding.   One definition is that a ‘non-antenna selection’ precoding matrix is one that has at least one non-zero magnitude element for each row of the matrix.  In this case, all ports are used in a transmission.  Therefore, rank 2 TPMIs 6-13 are ‘non-antenna selection’ TPMIs by this definition, as well as rank 2 TPMIs 14-21.   TMPIs 0-5 would be ‘antenna selection’ TPMIs.  
An alternative definition is that a ‘non-antenna selection’ TPMI unit magnitude elements for all elements in the matrix.  Then e.g. for rank 2 only TPMIs 14-21 would be ‘non-antenna selection’.  The logic for this definition is that all ports are used in each layer rather than simply used for transmission.  It further implies that virtualization is supported between all ports.
Since the alternative definition would only allow the UE to virtualize all its antennas, rather than virtualizing the pairs of antennas that is allowed in the first definition, the alternative definition restricts implementations for Mode 1.  On the other hand, the working assumption only defines one codebook subset.  UEs that can only combine pairs of antennas would not be able to support subsets of the codebook with all unit magnitude elements.  Therefore, if only one new codebook subset is introduced, the first definition is sufficient.
Observations:
· If at most one new codebook subset is introduced in Rel-16 for Mode 1 full power operation, a ‘non-antenna’ selection precoding matrix can be defined as one that has at least one non-zero magnitude element for each row of the matrix.
· If instead two new codebook subsets are introduced in Rel-16 for Mode 1 full power operation, a ‘non-antenna’ selection precoding matrix can be defined as one that has at least one non-zero magnitude element for each row of the matrix.
Since according to the definition of Mode 1, UEs do not maintain relative phase, phase can be considered to be random between elements, and varying the phase of elements in the precoder will not affect performance.  Therefore, precoders with the same number of non-zero magnitude elements will produce the same power, and only one precoder with a given number of non-zero elements needs to be specified per rank.  
In the rank 2 example TPMIs above, we observe that TPMIs 6-13 have 4 non-zero elements, while TPMIs 14-21 have 8 non-zero elements.  One precoder could be selected from each of these sets without introducing redundant precoders, and so two matrices are needed for rank 2.   Similarly, ranks 1, 3, and 4 would have two TPMIs each.
Due to the structure of the Rel-15 UL MIMO codebook where UEs that are non-, partially-, or fully-coherent can use different TPMI subsets, each of the matrices in the precoder subsets has a fixed number of non-zero elements according to whether the matrix is used by non-, partially-, or fully-coherent UEs.  Therefore, two codebook subsets are possible, each with one TPMI per rank, where the TPMI is taken from one of the partially- or fully-coherent matrices.  Again, whether more than one codebook subset is defined in Rel-16 needs to be decided.
Proposal:
· Codebook subset(s) introduced in Rel-16 for Mode 1 full power operation contain one TPMI for each of ranks 1-4.
· Each precoding matrix has at least one unit magnitude element per row.

Issue 2: Additional support of antenna selection TPMI precoders
Mode 2 explicitly includes the support for antenna selection precoders.  Supporting them also in Mode 1 would introduce duplicate functionality, unnecessarily complicating the specification.  Antenna selection typically also implies different UE architectures, such as those that can’t virtualize their Tx chains.  Mode 1 was driven by the desire to virtualize Tx chains, and so mixing modes 1 and 2 may preclude designs of UEs that only support one of virtualization or higher power Tx chains to provide full power.
Observations:
· Supporting antenna selection precoders in Mode 1 is contrary to the design of mode 1, which targeted Tx chain virtualization.
· Mixing modes 1 and 2 may preclude designs of UEs that only support one of virtualization or higher power Tx chains to provide full power
Proposal:
· Mode 1 does not support antenna selection precoders.
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 two different UE antenna configurations with four TX chains, illustrated in the Figure 1. The left antenna configuration is referred to as “4TX Omni UE” and consists of two dual polarized omni-directional antenna elements. The right antenna configuration is referred to as “4TX Directional UE” and consists of 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.
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[bookmark: _Ref4791305]Figure 1: Two different UE antenna configurations: 
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 have rank adaptation (1-4 layers) 
· 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 one BS antenna configuration with 32 TX.
Simulation results
We will here simulate ten different UE cases in case of codebook-based UL transmission for a 4Tx UE with power class 3 (max 23 dBm), however the same techniques apply to any power class.
1. 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 [20 20] dBm respective [17 17 17 17] dBm.
2. 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 [20 20] dBm respective [17 17 17 17] dBm.
3. 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 [20 20] dBm respective [17 17 17 17] dBm.
4. Option 1-1 and option 2: This is the approach described in section 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 [20 20] dBm respective [17 17 17 17] dBm.
5. 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 [23 20] dBm respective [17 17 17 17] dBm . 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. 
6. 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 [23 23] dBm respective [23 23 23 23] dBm .
7. “SRI case [23 23 20 20]” and “SRI case [23 23 20 17]”. These two cases are similar as Option 2-2, except that the PA implementation is [23 23 20 20] dBm or [23 23 20 17] dBm instead of [23 17 17 17]. Note that two different PA architectures are simulated for this case, and that the results for the two cases will be shown in different figures.
8. “TPMI subset [23 23 20 20]” and “TPMI subset [23 23 20 17]”. These cases correspond to Alt.1 where the UE indicates to the TRP which TPMIs that can be used for full power transmission and where the UE has a PA implementation of [23 23 20 20] dBm or [23 23 20 17] dBm. Note that two different PA architectures are simulated for this case, and that the results for the two cases will be shown in different figures.
9. “Hybrid TPMI + SRI [23 23 20 20]” and “Hybrid TPMI + SRI [23 23 20 17]”. These cases correspond to a combination of “SRI+Delta K” and “TPMI subset”, i.e. the UE can signal both a power scaling factor for each SRS resource and which TPMIs that can be transmitted with full power. Note that two different PA architectures are simulated for this case, and that the results for the two cases will be shown in different figures. 
10. “SRI + Delta K [23 23 20 20]” and “SRI + Delta K [23 23 20 17]”. These cases correspond to the updated proposal of Option 2-2 described in this contribution where the UE can signal one scaling factor for each number of SRS ports in the SRS resources.  Note that two different PA architectures are simulated for this case, and that the results for the two cases will be shown in different figures.   

In the figures below, we present system level simulations for the two considered UE configurations where performance is plotted relative a rel-15 non-coherent UE. 
The first four figures below show the performance for case 1-6 together with cases 7-10 for a PA architecture of [23 23 20 20] dBm. 
The last four figures show the performance for case 1-6, together with cases 7-10 for a PA architecture of [23 23 20 17] dBm.
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Figure 2. 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 3. 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 4. Full buffer traffic simulations of a 4TX Omni UE utilizing codebook-based transmission for the UMa scenario. 32 TX BS. Adaptive rank is used.
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Figure 5. Full buffer traffic simulations of a 4TX Directional UE utilizing codebook-based transmission for the UMa scenario. 32 TX BS. Adaptive rank is used.
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Figure 6. 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 7. 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 8. Full buffer traffic simulations of a 4TX Omni UE utilizing codebook-based transmission for the UMa scenario. 32 TX BS. Adaptive rank is used.
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Figure 9. Full buffer traffic simulations of a 4TX Directional UE utilizing codebook-based transmission for the UMa scenario. 32 TX BS. Adaptive rank is used.
[bookmark: _Hlk16678182]
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. 
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.  
Another thing that can be noticed from the results is that the “SRI case” (i.e. Option 2-2 for PA architecture [23 23 20 20] or [23 23 20 17] dBm) have some reduction in performance compared to TPMI subset. It can also be seen that the updated version of Option 2-2 (SRI + Delta K) gives similar performance as the TPMI subset method for PA architecture [23 23 20 20] but has some reduction in performance for the PA architecture [23 23 20 17]. The case “Hybrid TPMI and SRI” performs on the same level as “TPMI subset” for the simulated cases.   
[bookmark: _Hlk16678765]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.
· Option 3 gives large performance gains in particular on cell edge for both investigated UE structures. 
· “SRI case” (i.e. Option 2-2) gives worse performance than TPMI subset for some PA architectures. 
· The update version of Option 2-2 (i.e. SRI + Delta K) seems to give similar performance as TPMI subset, except for some rare PA architecture implementations like [23 23 20 17]. 
· “Hybrid TPMI and SRI” performs on the same level as “TPMI subset” for the simulated cases

Conclusion
In this contribution, we considered UE PA power combinations, power scaling and UE capability for full power UL transmission for ‘UE Capabilities’ 1-3, and for Mode 1 and Mode 2 in the working assumption of RAN1#97.  We list the observations made and their corresponding proposals below.

Observation on UE PA power combinations:
· Applying a few design principles can provide a limited number of PA power combinations for which full power UE capabilities can be designed.
Proposal on UE PA power combinations:
· RAN1 considers what PA combinations should be in the scope of the UL full power work.
Observations on power scaling:
· A UE with full power on all Tx chains can scale its transmit power by  to reach full power, where
·  is a real valued scale factor.
·  is the number of non-zero PUSCH ports being transmitted
·  is the number of UE transmit antennas.
· A UE that has at least some Tx chains with less than full power can scale its transmit power by  to reach full power, where
·  is a real valued scale factor associated with  SRS ports corresponding to the PUSCH transmission
· A UE that has a mixture of PA powers on its Tx chains that are less than full power can further optimize the conditions under which it can transmit full power by associating the scaling with a TPMI having a given rank when the UE scales its transmit power by , where
·  is a real valued scale factor associated with  SRS ports corresponding to the PUSCH transmission and an th TPMI with rank .
Observations on UE capability for Mode 2
· Signaling scale factor ratios supported by the UE can require about 9 states while supporting a wide variety of UE PA power combinations.
· Virtualizing to 3 SRS resources with 1, 2, or 4 ports allows full power for variety of UE PA power combinations
· TPMI signalling can be added to power scaling ratio capability with a limited number of additional states.
· In the example studied, the number increases from 9 to 16 when TPMI signalling is added.
· Signalling only if full power is supported for a TPMI does not allow a UE to exploit its ability to transmit additional power that is less than full power, whereas combining TPMI with a scale factor does.
Proposals on power scaling and UE capability:
· Rel-16 supports configuring a UE with 3 SRS resources for codebook based operation, each of which has a different number of SRS ports.
· A UE can scale its transmit power by  to reach full power, where
·  is a scale factor associated with  SRS ports corresponding to the PUSCH transmission and an optional th TPMI with rank .
· If a TPMI is not associated with , then  is determined without regard to  and . 
· If  is not configured by higher layers, a set of fixed values are defined for .
·  is the number of non-zero PUSCH ports being transmitted
· Power scaling is defined according to the text proposal in section 2.1.
· Support for the behaviour according to ‘altPowerScaling’ in the text proposal in section 2.1  is a UE capability.
· Support for TPMIs with altPowerScaling is a UE capability.
Observations on the performance of different full power schemes:
· 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.
· Option 3 gives large performance gains in particular on cell edge for both investigated UE structures. 
· “SRI case” (i.e. Option 2-2) gives worse performance than TPMI subset for some PA architectures. 
· The update version of Option 2-2 (i.e. SRI + Delta K) seems to give similar performance as TPMI subset, except for some rare PA architecture implementations like [23 23 20 17]. 
· “Hybrid TPMI and SRI” performs on the same level as “TPMI subset” for the simulated cases

Observations on UE capability for Mode 1
· If at most one new codebook subset is introduced in Rel-16 for Mode 1 full power operation, a ‘non-antenna’ selection precoding matrix can be defined as one that has at least one non-zero magnitude element for each row of the matrix.
· If instead at two new codebook subsets are introduced in Rel-16 for Mode 1 full power operation, a ‘non-antenna’ selection precoding matrix can be defined as one that has at least one non-zero magnitude element for each row of the matrix.
· Supporting antenna selection precoders in Mode 1 is contrary to the design of mode 1, which targeted Tx chain virtualization.
· Mixing modes 1 and 2 may preclude designs of UEs that only support one of virtualization or higher power Tx chains to provide full power
Proposals for Mode 1
· Codebook subset(s) introduced in Rel-16 for Mode 1 full power operation contain one TPMI for each of ranks 1-4.
· Each precoding matrix has at least one unit magnitude element per row.
· Mode 1 does not support antenna selection precoders.
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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 1 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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