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Introduction
As has been discussed in RAN1 #92bis and RAN1 #93 [2,3], the introduction of many different SRS use cases (e.g. non-codebook and codebook based transmission, antenna switching, and beam management) make SRS power scaling for NR more complicated than for LTE.  Since UE architectures are quite sensitive to PUSCH power scaling requirements, it is necessary that SRS power scaling be clearly specified as well as work for the new SRS use cases in NR.  However, since the current power scaling in NR is essentially that used by LTE, there is ambiguity in how the scaling works and to what extent different UE power amplifier implementations are supported.  In this contribution, we propose a correction to the current specifications that supports the UE power amplifier configurations with reduced power on some Tx chains that are anticipated for NR in Rel-15.  Full power UE implementations can then be supported by a feature included in the Rel-16 NR UL MIMO work item [4].  A text proposal is provided for the Rel-15 correction.
Current power scaling in 38.213
For SRS power control the following is specified in TS 38.213 section 7.3:




For SRS, the linear value  of the transmit power  on UL BWP  of carrier  of serving cell  is split equally across the configured antenna ports for SRS.

We find this formulation ambiguous; should it be interpreted as 
· Split the power equally over all SRS ports transmitted in an OFDM symbol? Or, 
· Split the power equally over all SRS ports within an SRS resource? Or, 
· Split the power equally over all SRS ports within an SRS resource set? Or, 
· Split the power equally over all SRS ports belonging to an SRS resource set transmitted in transmission period i? 
Hence, there are many potential interpretations of this statement and the most natural interpretation may furthermore depend on the use case of the SRS since for instance SRS for codebook based transmission is configured and transmitted in another way than for non-codebook transmission etc. 
Observation: 
· The current SRS power scaling specification is ambiguous in TS 38.213 with respect to how SRS power is split over time, SRS resources, and SRS resource sets.
[bookmark: _Hlk517855914]Impact of overlapping SRS resource sets





Since the SRS framework is designed such that an SRS resource can be shared between different SRS resource sets this has implications on the SRS power control. Consider the examples in Figure 1 below. In the left example there are two SRS resource sets configured and they both share the same single SRS resource. However, the SRS power control is connected to the SRS resource set  and it is hence possible that , since different SRS power control parameters can be configured for the different sets, implying that the sets should be transmitted with different powers. This will however not be possible since the sets are built up by the same resource. For the right example of Figure 1 we realize that there is a similar problem, in order to transmit the SRS resource sets with power  and  respectively this will impact the way SRS resources 3 and 4 can be transmitted in a potentially complex way even if the sets are configured such that  . 
Observation: 
· Different SRS resource sets utilizing shared SRS resources does not work together with SRS power control per SRS resource set. 
[image: ]
[bookmark: _Ref519853061]Figure 1. Two example configurations of a set of SRS resource sets. 
Impact of UE structure on the SRS power scaling
In Figure 2 we have illustrated two potential structures for a 4Tx UE. In Figure 2(a) we have illustrated a UE with the capability to transmit Pcmax per antenna port and in Figure 2(b) we have illustrated an alternative building practice where only one antenna port is able to transmit with Pcmax; the other ports transmit with Pcmax/4. We will refer to these structures as “full power UE” and “non-full power UE” in the following analysis since the second UE structure only can transmit full power Pcmax for certain precoders. Consider for instance the precoder [0 1 0 0]; such a precoder could not transmit Pcmax with the non-full power UE whereas a full power UE could transmit this precoder with full power Pcmax.  
Observation: 
· The underlying assumption on a UE’s antenna port capabilities, in terms of maximal transmitted power per antenna port, will have an impact on the PUSCH and SRS power scaling in the UL power control.  
[image: ]
(a)                                    (b)                                           
[bookmark: _Ref515880457][bookmark: _Ref515880452]Figure 2. (a) Full power UE and (b) non-full power UE. 
Supported SRS resource set configurations in NR and their implications on the power scaling
In this section we will go through different configurations possible for SRS in NR and discuss their implications on power scaling assuming both the full power UE structure as well as the non-full power structure as described in the previous section. We will discuss these configurations from an SRS power control perspective in terms of a set of physical resources as presented in Figure 2. 
[image: ]
[bookmark: _Ref516828541]Figure 3. NR physical resources 
[bookmark: _Ref517078621]Higher layer parameter SRS-SetUse set to ‘codebook’
When SRS-SetUse is set to ‘codebook’ the intended use case is codebook-based UL MIMO where one or two SRS resources can be configured within an SRS resource set and each SRS resource contains up to 4 antenna ports. Three potential configurations are illustrated in Figure 3 where it is assumed that an SRS resource set containing two SRS resources has been configured. Each SRS resource is represented with a color in the figures. In example 3, a repetition factor of two is configured, the SRS resources are starting in different OFDM symbols, and they are transmitted simultaneously in one OFDM symbol. Consequently, the number of SRS ports and SRS resources transmitted per OFDM symbol will vary over the SRS resource set. One option for the power scaling would then be to let the power per SRS port vary over the OFDM symbols, such that a power P is transmitted in each OFDM symbol, but that would introduce a transient and will make it difficult for the UE to keep the phase coherence between the OFDM symbols. To avoid this the power per SRS port should therefore be kept constant over the OFDM symbols. Therefore, only P/2 will be transmitted in two of the OFDM symbols. 
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[bookmark: _Ref513129159][bookmark: _Ref513129149]Figure 4. Three potential configurations of two SRS resources of one SRS resource set for codebook-based transmission. 

In terms of full power or non-full power structure for the UE, the power scaling could be designed in the same way regardless of structure. Since the antenna ports from an SRS resource will be transmitted in the same ODFM symbol, the ports will need to equally share the total power. Hence, if P= in the above examples, it will lead to that when P=Pcmax in the case of the 4TX UE, each antenna port will transmit with Pcmax/4 which is feasible for both the considered UE structures. 
Observations: 
· The number of SRS ports and SRS resources transmitted per OFDM symbol for an SRS resource set may vary over the OFDM symbols corresponding to the SRS resource set.  
· An SRS port transmitted over multiple OFDM symbols, within a slot, should keep a constant power over these symbols. 
· 
A total power of   should at most be transmitted per OFDM symbol in transmission period i from the transmitted SRS resource set qs. 
· For codebook configuration of the SRS the power scaling rule does not need to depend on if all of the UE’s PAs can transmit full power. 
Higher layer parameter SRS-SetUse set to ‘nonCodebook’

In Figure 4 we illustrate two potential SRS configurations for non-codebook-based transmission. For the second example it appears natural to equally share the total power over the transmitted antenna ports, hence over the SRS resources. Therefore, if =Pcmax, in the case of the 4TX UE, each antenna port will transmit with Pcmax/4 which is feasible for both full and non-full power UE structures.

For the first example the UE structure will have an impact; for a full power UE structure  could be transmitted on each SRS resource. For the non-full power UE we identify two cases: 
i. 


The UE is configured to perform antenna selection: Here only /4 could be transmitted per SRS antenna port since  may equal Pcmax. Hence, here one should divide  equally within the SRS resource set. 
ii. 
The UE is configured to perform reciprocity-based precoding: Here the UE will generate the precoders in a transparent fashion by measuring on a DL RS. However, since the UE will decide on the precoders it could make sure to only pick precoders that can be transmitted with full power Pcmax, at least if the UE is capable of fully coherent transmission. Hence, a UE with non-full power structure could preclude precoders as [0 1 0 0] whereas a UE with full power structure could utilize such a precoder. By doing so  could be transmitted on each OFDM symbol. 
[image: ]
[bookmark: _Ref516760084]Figure 5. Two potential configurations of an SRS resource set. 
Observation:
· For non-codebook use of the SRS the power scaling rule is affected by the UE structure: 
· 
For a full power UE structure  should be transmitted per OFDM symbol for maximal performance.
· 
For a non-full power UE structure  should be equally divided over the SRS resource set for maximal performance. 
Higher layer parameter SRS-SetUse set to ‘beamManagement’
Here the intended use case is beam management where several SRS resources can be configured within potentially several SRS resource sets and each SRS resource contains, for example, 1 antenna port. At each OFDM symbol, only one SRS resource in each of the SRS sets can be transmitted. Two potential configurations are illustrated in Figure 5.  
[image: ]
[bookmark: _Ref516762918]Figure 6. Two potential configurations of four SRS resources in either one or two SRS resource set(s) for beam management transmission. 

For beam management the transmission of PUCCH and PUSCH will have an impact on the SRS power scaling design as illustrated in Figure 6. In this example a UE is configured to perform a beam sweep using N SRS resources. Any of these resources could then be referenced by using the spatialRelationInfo and for instance PUCCH, and/or PUSCH, could be instructed to perform transmission using the corresponding spatial filter. In the example the UE has been configured to perform PUCCH transmission using the precoder used for transmitting SRS resource 2. And since PUCCH will be transmitted with power , which may equal Pcmax, the UE will need to make sure that all precoders used in the SRS beam sweep are able to transmit with Pcmax. Hence, it can be concluded that SRSs can only be transmitted using precoders that can transmit with full power Pcmax for the case of beam management. 
[image: ]
[bookmark: _Ref516830190]Figure 7. Illustrating the connection between SRS and PUCCH. 

Observation:
· 
For beam management SRS only precoders that can be transmitted with full power, Pcmax, can be used. This implies that  can be transmitted per OFDM symbol regardless of UE structure.  
SRS used for DL CSI acquisition

Here the intended use case is to obtain knowledge of the entire downlink MIMO channel matrix from uplink measurements, under the assumption of uplink-downlink channel reciprocity. (This is supported with SRS resource sets configured with higher layer parameter SRS-SetUse set to ‘AntennaSwitching’, even though in some cases a switch is not needed.)  As UEs have typically more RX chains than TX chains, the procedure of antenna switching is used to sound all antennas. A potential UE structure for this case is illustrated in Figure 7. As can be seen Pcmax can be transmitted per antenna port. It should hence be feasible that the full power  is transmitted per OFDM symbol in this case. 
[image: ]
[bookmark: _Ref516823570]Figure 8. Structure of a 1T4R UE. A shared PA enables full power transmission per antenna port in a TDM fashion. 
Note that when there is more than one Tx chain (i.e. ‘{2,4}T{2,4}R’ cases), then 2 or 4 port SRS resources, respectively, are transmitted in the same OFDM symbol.  Therefore, each port is transmitted with Pcmax/2 or Pcmax/4.  In this case, non-full power UE structures should be able to transmit all needed power even when transmitting Pcmax, and so as long as all Tx chains can transmit at least Pcmax/Ntx, sounding for DL CSI acquisition does not seem to impose any special constraints on what power is needed per Tx chain.
Finally, we observe that the Tx power on all antennas should be the same in order to not distort DL CSI estimates of the relative power of the receive antennas.
Observations:
· Supporting SRS used for DL CSI acquisition does not seem to impose any special constraints on what power is needed per Tx chain. 
· Equal power should be transmitted on all antennas for SRS resources sets configured with ‘antenna switching’ in order to avoid distorting DL CSI estimates.
Intra SRS resource set power scaling 
We will here present a set of potential design alternatives for intra SRS resource set power scaling. Based on the above analysis we find it appropriate to use the same power for all SRS antenna ports that are transmitted in transmission period i and corresponding to a certain SRS resource set. We therefore make the following proposal: 
Proposal: 
· 
The antenna ports from SRS resource set , transmitted in transmission period i, are transmitted with the power i,  per antenna port. 
Hence, all the antenna ports are scaled with the same scaling factor i,. This scaling factor will however depend on the assumption on the UE structure and will be discussed further in the following sections.  
Full power UE structure
Alternative 1

Given the assumption of a full power UE structure we should transmit up to  per OFDM symbol in transmission period i from the transmitted SRS resource set qs in order to optimize the performance. However, as pointed out in section 4.1 the scaling factor i, needs to depend on the most loaded OFDM symbol corresponding to the SRS resource set. Based on this we identify the following power scaling rule
· For a full power UE structure i, is the maximum number of antenna ports transmitted in one of the OFDM symbols corresponding to SRS resource set  in transmission period i
Non-full power UE structure
We here identify three different alternatives for the non-full power UE structure. 
Alternative 2
One conservative alternative would be to set i,to equal the number of UE antenna ports. Hence, if the UE would have 4 antenna ports one would set i,This approach would hence ensure that Pcmax/4 would be the maximal power that could be transmitted per antenna port. On the other hand, it will also prevent full power transmission; no antenna port can be transmitted with full power which will lead to a performance loss. Hence, a precoded SRS port, utilizing the precoder [1 1 1 1], would still be transmitted with Pcmax/4.
Alternative 3
One other alternative would be to set i,to equal the number of SRS ports within the SRS resource set. A difference compared to the previous alternative would be that this for instance enables a UE with 4 physical antenna ports to configure a one port SRS resource set for codebook based transmission which would result in i,, hence full power transmission. Hence, in certain cases it allows configurations such that full power transmission is enabled for the case of a virtualized SRS port. 
On the other hand, if we consider SRS for beam management the maximal total number of SRS ports within an SRS resource set is N (where N is TBD). Hence, applying this rule will result in i,for this case which will result in a substantial performance loss if N is large. 
Alternative 4
One more detailed alternative would be to consider each use case and design the power scaling rule depending on the use case. The rationale behind this is that the SRS configurations varies with the use cases and so should the power scaling. Based on the analysis in previous sections we identify the following alternative: 
For the following use cases: 
· SRS-SetUse is set to ‘codebook’, or
· SRS-SetUse is set to ‘beamManagement’, or
· SRS-SetUse is set to ‘AntennaSwitching’ 
apply the following power scaling rule
· For a non-full power UE structure i, is the maximum number of antenna ports transmitted in one of the OFDM symbols corresponding to SRS resource set  in transmission period i
For the following use case: 
· SRS-SetUse is set to ‘nonCodebook’ 
apply the following power scaling rule
· For a non-full power UE structure i, is the number of SRS ports within the SRS resource set  
Analysis and proposal
In Table 1 we have analysed and categorize the above proposals and use cases into the following categories: 

· 
Efficient – in this case the power scaling rule and UE structure will be able to transmit with    in an OFDM symbol. Hence, this should be interpreted that the UE will be able to transmit full power since one would transmit the maximal output power as specified by the UL power control framework. 
· 


Non-efficient – in this case the power scaling rule and UE structure will, in the general case, not be able to transmit with  per OFDM symbol due to the UE structure. However, for the given UE structure it will on the other hand not be possible to transmit with  in an OFDM symbol when =Pcmax. This should thus be interpreted as a power backoff is required due to the UE structure. 
· 
Conservative – in this case the power scaling rule is designed in a conservative fashion in the sense that less than  is transmitted per OFDM symbol and the UE structure would allow for a power scaling rule that transmitted with higher power. This should thus be interpreted as a power backoff is not required.  

[bookmark: _Ref517086731]Table 1. The identified power scaling options and use cases. 
	SRS use case
	Alternative 1
	Alternative 2
	Alternative 3
	Alternative 4

	Codebook based
	Efficient
	Efficient 
	Efficient 
	Efficient

	Non codebook, antenna selection
	Efficient
	Non-efficient
	Non-efficient
	Non-efficient

	Non codebook, reciprocity based
	Efficient
	Conservative
	Conservative
	Conservative

	Beam management
	Efficient
	Conservative
	Conservative
	Efficient

	Antenna switching
	Efficient
	Conservative
	Conservative
	Efficient



As observed above both alternative 2 and alternative 3 are conservative which leads to a suboptimal solution.  Alternative 1, which requires a full power UE structure, as well as Alternative 4, requiring a non-full power structure, are however appropriate and high performing designs. Unfortunately, it is late in Rel-15 to introduce a separate UE capability and corresponding power control with respect to full power multiple PA transmission.  However, such a capability can be supported in the Rel-16 NR MIMO work item [4], which will specify enhancement to allow full power transmission in case of uplink transmission with multiple power amplifiers.
Observations:
· It is late in Rel-15 to introduce a separate UE capability and corresponding power control with respect to full power multiple PA transmission
· Such a capability can be supported in the Rel-16 NR MIMO work item, which will specify enhancement to allow full power transmission in case of uplink transmission with multiple power amplifiers.
· For a full power UE structure, i, should be the maximum number of antenna ports transmitted in one of the OFDM symbols corresponding to SRS resource set  in transmission period i
· Such a scaling method could be appropriate in Rel-16
Based on this we propose: 
Proposals:
· Clarify Rel-15 NR PUSCH power scaling specifications such that per-PA full power capacity for all PAs in the UE is not required for any MIMO UE capability.
· For a non-full power UE structure: 
· In case that SRS-SetUse is set to ‘codebook’, ‘beamManagement’ or ‘AntennaSwitching’ let i, be the maximum number of antenna ports transmitted in one of the OFDM symbols corresponding to SRS resource set  in transmission period i
· In case that SRS-SetUse is set to ‘nonCodebook’ let i, be the number of SRS ports within the SRS resource set  
Inter SRS resource set power scaling 

In the previous section we focused on the discussion on how to split a given power  within an SRS resource set. It is however possible to configure a set of SRS resource sets such that multiple SRS resource sets are transmitted within one slot and within overlapping OFDM symbols. Consider for instance Figure 8 where a potential SRS configuration with two SRS resource sets are illustrated. It is assumed that the system is operating with non-codebook based PUSCH and reciprocity based PDSCH. SRS resource set 1 therefore originates from non-codebook SRS and SRS resource set 2 originates from antenna switching for the case where T=R. 
[image: ]
[bookmark: _Ref516839600]Figure 9. One potential configuration of two SRS resource sets. 
Inter slot dependency between multiple SRS resource sets 
One of the SRS resource sets in Figure 8 is spread over multiple slots whereas one is only present in one slot. For this we conclude that the analysis on the transmitted SRS power needs to be done within a single slot; if for instance one would like to keep the power of the ports within the entire SRS resource set constant such that  it would be imply that “set 2” in the below example would need to be considered when the output power scaling of the first set, , is decided. This will imply an inter slot dependency in the SRS scaling that is unfeasible since “set 2”, consider for instance the case that set 2 is triggered in an aperiodic fashion – this implies that its presence is not necessarily know when deriving . 
Observation: 
· The procedure on how to determine the power scaling for an SRS resource set in transmission period i should not depend on other SRS resource sets transmitted outside transmission period i. 
Intra slot dependency between multiple SRS resource sets 





When multiple SRS resource sets are transmitted in the same slot this needs to be considered in the SRS power scaling. Hence, in addition to a power scaling rule describing how  should be divided within an SRS resource set there is also a need for a rule how to apply for instance  and  when set q1 and q2 are transmitted simultaneously and +>Pcmax. A functionality is this needed that scales down the power when overlapping SRS sets are configured and transmitted with a total power exceeding Pcmax.  
Observation: 
· The number of SRS resource sets transmitted per OFDM symbol within a transmission period may vary over the OFDM symbols.  
Proposal: 
· 
When multiple SRS resource sets are present in transmission period i scale the transmit power of SRS resource set qs such that it is transmitted with power iwhere 
·  where s denotes the OFDM symbol index in transmission period i and
·  with 
·  if a transmission corresponding to SRS resource set  is transmitted in symbol s in transmission period i, and
·  if no transmission corresponding to SRS resource set  is transmitted in symbol s in transmission period i. 
The above proposal will hence make sure that when multiple SRS resource sets are transmitted in the transmission period the power of all of them are scaled such that Pcmax is not exceeded in any OFDM symbol when multiple SRS resource sets are being transmitted on the same OFDM symbol. Furthermore, this rule will not need to depend on the UE structure since the proposal presented on intra SRS resource set power scaling will ensure that the UE will be transmitted with the specified output power. 
[bookmark: _Ref521503113]Text proposals
The proposals made herein may be summarized with the following two alternative proposals for 36.213, section 7.3.  The first alternative is more elaborate in order to support where multiple simultaneously transmitted SRS resource sets have different numbers of SRS ports in over their transmission periods.  The second alternative precludes this operation, and simplifying the text while limiting configurability somewhat.

Alt 1: If SRS configurations are restricted such that a UE can’t be configured with SRS multiple resource sets , such that the number of SRS ports varies within a transmission period :
>>>>>>>>>>>> Start text proposal >>>>>>>>>>>>




For SRS, the antenna ports from SRS resource set  transmitted in transmission period i on UL BWP  of carrier  of serving cell  are transmitted with the power f,cii,  per antenna port where 
· 

 is the linear value of the transmit power , and 
· If SRS-SetUse is ‘non-codebook’, i, is the number of SRS ports within the SRS resource set  
· Otherwise, i, is the maximum number of antenna ports transmitted in one of the OFDM symbols corresponding to SRS resource set  in transmission period i
·  where s denotes the OFDM symbol index in transmission period i and
·  with 
·  if a transmission corresponding to SRS resource set  is transmitted in symbol s in transmission period i, and
·  if no transmission corresponding to SRS resource set  is transmitted in symbol s in transmission period i. 
>>>>>>>>>>>> End text proposal >>>>>>>>>>>>>

Alt 2: If SRS configurations are restricted such that a UE can’t be configured with SRS multiple resource sets , such that the number of SRS ports varies within a transmission period :
>>>>>>>>>>>> Start text proposal >>>>>>>>>>>>





For SRS, the linear value  of the transmit power  on UL BWP  of carrier  of serving cell  is first split equally across the configured antenna ports for SRS. the number of SRS ports within the SRS resource set , when SRS-SetUse is ‘non-codebook’, otherwise power is split equally across the maximum number of antenna ports transmitted in one of the OFDM symbols corresponding to SRS resource set  in transmission period .  The resulting scaled power is then split equally across the SRS resource sets  transmission period i. A UE does not expect to be configured with multiple SRS resource sets , such that the number of SRS ports varies within a transmission period .
>>>>>>>>>>>> End text proposal >>>>>>>>>>>>>

Conclusions
Our observations in this contribution can be summarized:  
Observations: 
· [bookmark: _Hlk521505769]The current SRS power scaling specification is ambiguous in TS 38.213 with respect to how SRS power is split over time, SRS resources, and SRS resource sets.
· Different SRS resource sets utilizing shared SRS resources does not work together with SRS power control per SRS resource set.
· The underlying assumption on a UE’s antenna port capabilities, in terms of maximal transmitted power per antenna port, will have an impact on the PUSCH and SRS power scaling in the UL power control.
· The number of SRS ports and SRS resources transmitted per OFDM symbol for an SRS resource set may vary over the OFDM symbols corresponding to the SRS resource set according to the current specifications  
· An SRS port transmitted over multiple OFDM symbols should keep a constant power over these symbols. 
· The procedure on how to determine the power to be used for transmitting an SRS port in transmission period i should not depend on SRS transmissions outside of transmission period i. 
· The number of SRS resource sets transmitted per OFDM symbol within a transmission period may vary over the OFDM symbols according to the current specifications.  

We therefore propose: 

Proposals: 
· Clarify Rel-15 NR PUSCH power scaling specifications such that per-PA full power capacity for all PAs in the UE is not required for any MIMO UE capability.
· Note: NR rel-16 MIMO WI includes full power capability 
· 
A total power of   should at most be transmitted per OFDM symbol in transmission period i from the transmitted SRS resource set qs. 
· All of the SRS ports transmitted from SRS resource set qs, in transmission period i, are transmitted with the same power per port.
· 
When multiple SRS resource sets are present in transmission period i scale the transmit power of SRS resource set qs such that it is transmitted with power i, where 
·  where s denotes the OFDM symbol index in transmission period i and
·  with 
·  if a transmission corresponding to SRS resource set  is transmitted in symbol s in transmission period i, and
·  if no transmission corresponding to SRS resource set  is transmitted in symbol s in transmission period i. 
· Adopt one of the text proposals provided in section 8.
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