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Introduction
In RAN1 88bis [1], the following has been agreed for PUCCH multiplexing:
Agreements: 
· Two NR-PUCCHs can be transmitted from one UE on the same slot in TDM manner.
· The two NR-PUCCHs can be short-PUCCH.
· The two NR-PUCCHs can be long-PUCCH + short-PUCCH.
· FFS whether or not to have the two NR-PUCCHs as long-PUCCH + long-PUCCH

Also in RAN1 88bis, the following agreements were made for PUSCH 
Agreements:
· Data channel (PDSCH, PUSCH) duration and starting position
· Specification supports data channel having minimum duration of 1 OFDM symbol of the data and starting at any OFDM symbol to below-6GHz, in addition to above-6GHz
· Note: This may not be applied to all type of UEs and/or use-cases
· UE is not expected to blindly detect the presence of DMRS or PT-RS
· FFS: Whether a 1 symbol data puncturing can be indicated by preemption indication
· FFS: combinations of data duration and granularities of data position
· Specification supports data having frequency-selective assignment with any data duration

The above shows that NR supports non-slot based transmissions and allows TDM of multiple PUCCH and PUSCH in one slot. This makes power control for NR CA significantly more challenging than for LTE CA. In this document, we discuss power control for NR CA. 
[bookmark: _Ref473802466][bookmark: _Ref462669569]Transmitter architecture and limitations
For NR CA, there could be different UE transmitter architectures depending on the CA configuration:
· A1: Single FFT/IFFT and shared RF chain(s)
· Typically applicable for intra-band contiguous CA with a single TAG
· A2: Separate FFT/IFFT engines and RF chains
· Typically applicable for intra-band noncontiguous CA, inter-band CA, or CA with multiple TAGs
· A3: Multiple FFT/IFFT engines with configurable connection to one or multiple RF chains
· Most flexible and can be used to support all above scenarios.
	
Among the above options, A1 is the simplest and but has the most limitations. NR power control must consider the limitations due to transmitter architecture and support the flexibility provided by more advanced transmitter architecture as well.  Since NR supports non-slot based transmissions, two limitations need to be considered:
· To ensure phase continuity, no transmit power change is allowed in the middle of a transmission.

· UE must have sufficient time to calculate power before the actual transmission starts.	 

For transmitter architecture A1, unless all simultaneous transmissions of multiple CCs start at the same time and have the same duration, change of PA setting is most likely required in the middle of a transmission and hence causing phase discontinuity. Hence it is necessary to signal to the network if the UE supports partially overlapped transmissions.

[bookmark: _Hlk498681772]Proposal 1: Support of overlapping transmissions within a TAG that don’t start at the same time or have different durations is a UE capability to be reported per band/band combination.
· In case of PUCCH/PUSCH frequency hopping, necessary power reduction, if there is any, is considered.

For a UE that reports “no” to the above capability, examples that supported and not supported are depicted in Figure 1.


Figure 1 Overlapped transmissions supported/not supported by a UE with shared RF chain(s).

Power control mechanisms
NR supports non-slot based transmissions. As a result, there could be PUSCH, PUCCH, and SRS scheduled in one slot in a TDM fashion. In addition, without additional limitation, transmissions of different CCs can partially overlap as shown in the figure below. 


Figure 2 Partially overlapped transmissions.
In the above figure, actual transmit power P3 and P4 may depend on the transmit power P2 in CC1. In general, the power of a transmission may depend on the transmit power of a transmission that starts later, i.e., lookahead may be required.
In the sequel, we discuss power control with and without look-ahead.
Power control without lookahead
Power control without lookahead does not need any additional timeline requirements. An example power allocation is the following:
· UE performs power allocation symbol by symbol 
· At each symbol, UE decides to include transmissions to be transmitted till no power left based on following principles
· On-going transmissions are included with the same power levels as in the previous symbol or dropped.
· New transmissions are added sequentially with higher priority transmission(s) are included first.
· Power scaling may be applied to newly included transmissions to fit the power budget.
· Or alternatively, one or more ongoing transmissions of lower priority may be dropped to fit the power budget.
· In case dropping, all ongoing transmissions that share RF chain(s) must be dropped together.


Without lookahead, the above power control mechanism is suboptimal. A short transmission may be unnecessarily dropped/scaled due to another ongoing transmission that is forced to be dropped/scaled later. In addition, it is incapable of differentiate different priority levels of the ongoing transmissions shared RF chain(s).
Power control with lookahead
Better power control mechanisms can be devised with lookahead. In such a case, however, UE timeline must be considered. To accommodate different UE processing timeline, we introduce the concept of power control determination period (PCDP) which can be understood as the period during which UE calculates the power of a transmission. As such, transmissions can be treated with different priority depending on their PDCP.
[bookmark: _Hlk498705469]Proposal 2: Define the power control determination period (PCDP) of an UL transmission as below 
· for self-contained PUCCH/PUSCH, the PCDP is the duration from the end of the associated grant to the beginning of the transmission, and
· for all other cases with UE capability K2=1, the PCDP is the duration from the end of the control region of the slot immediately prior to the slot of transmission to the end of the slot immediately prior to the slot of transmission.


In Figures 3-5, the PCDP for different cases are depicted. 

Figure 3 PCDP of PUSCH of different numerology.


Figure 4 PCDP of self-contained and cross-slot scheduled PUSCH


Figure 5 PCDP of SRS and HARQ-ACK.

Depending on the timing relationship of the PCDPs of two transmissions, we propose the following for UE power control
Proposal 3: For NR CA power control
· If for two transmissions of different numerology the PCDP fully or partially overlaps
· Channel prioritization between the different numerologies is up to UE implementation
· If for two transmission of different numerology the PCDP is fully disjoint
· The transmission corresponding to the earlier PCDP is considered ongoing and has higher priority
· If for two transmission of the same numerology the PCDP partially overlaps
·  Channel prioritization between the different numerologies is up to UE implementation
· If for two transmission of the same numerology the PCDP is identical and fully overlaps
· Power control is handled jointly
       
         With the above rules for power control depending on PCDP, power control with look ahead is allowed and UE can allocate power to a transmission depending on all other overlapped transmissions.
Proposal 4:  For NR CA power control, power allocation and scaling follows the following steps and principle 
· Transmissions are added one-by-one based on priority order, highest priority first
· Every transmission is scaled to fit in available leftover power
· Available leftover power is a function of symbol index but it is assumed that all symbols of one transmission have the same power after scaling
· When there are multiple transmissions with same priority with non-identical transmission durations
· Power scaling/dropping is up to UE   

An example power control procedure based on the above principles are depicted in Figure 6.


Figure 6 Example power control procedure.

Power control with multiple TAGs
In case a UE is configured with more than one TAGs, different transmissions that are allocated with disjoint sets of symbols can overlap with each other. Likewise, two consecutive slots of different TAGs can also overlap with each other. This requires additional handling on the edge of transmissions and slots. For this purpose, we propose the following.

Proposal 5: For a UE configured with more than one TAGs
· If there is an overlap across different slots due to different TAGs, earlier slot transmission(s) takes full priority over later slot
· If any symbol overlap is shorter than the allowed power transient for either of the overlapped parts, the overlap is absorbed in the power transient
· If the symbol overlap is larger than the allowed power transient, the power scaling/dropping is up to the UE implementation
· UE is allowed to drop the first symbol(s) or last symbol(s) of a transmission of an equal or lower priority transmission in this case
· Alternatively, the UE is allowed to scale down the power of lower or equal priority transmissions
· If the UE dropped any of the DMRS symbols, it is allowed to drop the full transmission of the channel

Conclusions
In this document, we have discussed power control for NR CA and made following proposals.
Proposal 1: Support of overlapping transmissions within a TAG that don’t start at the same time or have different durations is a UE capability to be reported per band/band combination.
· In case of PUCCH/PUSCH frequency hopping, necessary power reduction, if there is any, is considered.

Proposal 2: Define the power control determination period (PCDP) of an UL transmission as below 
· for self-contained PUCCH/PUSCH, the PCDP is the duration from the end of the associated grant to the beginning of the transmission, and
· for all other cases with UE capability K2=1, the PCDP is the duration from the end of the control region of the slot immediately prior to the slot of transmission to the end of the slot immediately prior to the slot of transmission.


Proposal 3: For NR CA power control
· If for two transmissions of different numerology the PCDP fully or partially overlaps
· Channel prioritization between the different numerologies is up to UE implementation
· If for two transmission of different numerology the PCDP is fully disjoint
· The transmission corresponding to the earlier PCDP is considered ongoing and has higher priority
· If for two transmission of the same numerology the PCDP partially overlaps
·  Channel prioritization between the different numerologies is up to UE implementation
· If for two transmission of the same numerology the PCDP is identical and fully overlaps
· Power control is handled jointly
       
Proposal 4:  For NR CA power control, power allocation and scaling follows the following steps and principle 
· Transmissions are added one-by-one based on priority order, highest priority first
· Every transmission is scaled to fit in available leftover power
· Available leftover power is a function of symbol index but it is assumed that all symbols of one transmission have the same power after scaling
· When there are multiple transmissions with same priority with non-identical transmission durations
· Power scaling/dropping is up to UE   


Proposal 5: For a UE configured with more than one TAGs
· If there is an overlap across different slots due to different TAGs, earlier slot transmission(s) takes full priority over later slot
· If any symbol overlap is shorter than the allowed power transient for either of the overlapped parts, the overlap is absorbed in the power transient
· In the symbol overlap is larger than the allowed power transient, the power scaling/dropping is up to the UE implementation
· UE is allowed to drop the first symbol(s) or last symbol(s) of a transmission of an equal or lower priority transmission in this case
· Alternatively, the UE is allowed to scale down the power of lower or equal priority transmissions
· If the UE dropped any of the DMRS symbols, it is allowed to drop the full transmission of the channel
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