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Introduction
In RAN1#88bis, the beam-specific power control was agreed as follows,

Agreements:
· For beam specific power control, NR defines beam specific open & closed loop parameters. 
· FFS: details on beam common parameter(s)
· Note: Agreed on RAN1 #88 FFS details on “beam specific”, especially regarding handling layer/layer-group/panel specific/beam group specific/beam pair link specific power control
· gNB is aware of the power headroom differences for different waveforms, if the UE can be configured for both waveforms.
· FFS: offset configured/specified, reported, 
· FFS on the details of power control parameters for example, P_c, Max or other open/closed loop parameter


In this contribution, we discuss UL PUCCH power control in multi-beam configuration.   
UL Power Control Framework
UL Power control is designed to set the transmit power meet the desired QoS at the reception point(s) but minimize the interference to the neighboring reception points.  The UL PUCCH transmit power is also adjusted with the Tx bandwidth, types of UCI and closed-loop command.   For multi-beam configuration, the number of reception points could be more than one.   The UL PUCCH transmit power would be adapted to the target reception point(s) for link adaptation gain.   

Consideration of NR PUCCH Power Control 
The principle of PUCCH power control is to set the transmit power in full compensation of path loss of specific link in achieving the target SINR and minimizing the interference to the neighboring receiving points.  The PUCCH power control formula is as follows.


[bookmark: OLE_LINK13][bookmark: OLE_LINK14]	  
The PUCCH transmit power is set to achieve desired power in meeting the target SINR (PO_PUCCH) with full compensation of path loss.  

· 
is the configured UE transmitted power.
· 
 is the downlink path loss estimate calculated in the UE  in dB.  


· 


 is a parameter composed of the sum of a cell specific parameter  provided by higher layers and a UE specific component  provided by higher layers.
· 


 is a PUCCH format dependent value.  In LTE,  for PUCCH format 1/1a/1b/2/2a/2b/3 and  for PUCCH format 4 and 5.   
· 

The parameter  is provided by higher layers.  Each  value corresponds to a PUCCH format (F) relative to reference PUCCH format, e.g., PUCCH format 1a in LTE
· 

 where  is the current PUCCH power control adjustment 
· 
 is a UE specific close-loop power control correction value, which is also referred to as a TPC command included in a PDCCH. 
· 
The initial value of  is set from RACH procedure from Preamble power ramp-up and power correction in RACH Msg 2.  

The general principle of PUCCH power control in LTE takes into account of all factors, such the target SINR for the specific services, UL transmit bandwidth, the path loss to the serving cell, adjustment for different transport format (UCI), adjustment relative to the reference format and close-loop power correction.    PUCCH power control in LTE starts with PUCCH format 1a as the baseline for PUCCH power control.  Additional formats would have adjustment factor related to the reference PUCCH format 1a.   In NR, the power adaptation function for UCI should be designed to include all PUCCH transport formats.   The design principle of PUCCH power control in NR should also consider these factors with additional variables in consideration as follows,

· 

Different Numerologies – NR support different numerologies and operation of mixed numerologies in FDM/TDM.   It was agreed that one PRB contains 12 REs in frequency regardless what the numerology is.   When UL transmission is configured with different subcarrier spacing to the default subcarrier spacing, the bandwidth of PUSCH resource would be increased/decreased in proportion to the increase/decrease of subcarrier spacing.  UL power control should contain the adjustment factor  for subcarrier spacing different to the default subcarrier spacing.   The adjustment factor for different numerology is defined as follows,




where is the configured subcarrier spacing for UL transmission and is the default subcarrier spacing used for PRACH in the initial access.


Proposal 1: NR power control should include adjustment factor  when the numerology configured for UL transmission is different from the default numerology


· 


CP-OFDM and DFT-S-OFDM based waveforms - It was agreed in RAN1#86bis that both CP-OFDM and DFT-S-OFDM based waveforms are supported, at least for eMBB uplink for up to 40GHz.   CP-OFDM and DFT-S-OFDM based waveforms have different PAPR values.   To operate UE linear amplifier (LNA) for both waveforms without signal distortion, the maximum power for CP-OFDM waveform with high PAPR should be back off with factorbased on the measurement.  The value of the back off factor is determined by the difference of average PAPR between the measured PAPR of configured waveform and the average of reference DFT-S-OFDM waveforms.   



Proposal 2:   The maximum power should include the back-off factor for UL transmission with configured waveform based on measured PAPR with respect to the average PAPR of DFT-S-OFDM waveform

· Multi-beam configuration – In multi-beam configuration, UE would detect one or more DL beams above the detection threshold.  For IDLE mode UE, UE would select a DL beam for initial access.  For CONNECTED mode UE, UE could dynamic adapt to one of multiple detected beams with best channel quality for DL data services.   Similarly, UE could dynamically associate with a selected DL beam for UL PUSCH transmission with DL/UL beam correspondence as shown in Figure 1.   For beam specific power control, it was agreed in RAN1#88bis that NR defines beam specific open & closed loop parameters.   Power control would take UL link adaptation into account in multi-beam configuration.   Power controls for two types of dynamic UL link adaptation are discussed in the following,

   

[bookmark: _Ref481047957]Figure 1: Illustration of UL link adaptation in multi-beam configuraiton


· 







Dynamic UL link adaptation among beams -  For multi-beam configuration, the path loss function  associated with multiple measured path losses derived from individual, which is measured from beam m of M detected beams of the serving cell c, where .   The close-loop power correction factoris accumulated from previous one.  The close-loop power control is operated to adapt the single radio channel for link quality adaptation.  The path loss function needs to follow a single path loss of a selected beam as the reference link.  The path loss function of UL dynamic link adaptation of any DL beam m is calculated based on the reference path loss and additional path loss deviation of  path loss of beam m () comparing to the path loss of reference link ( )





where is the correlation factor between beams configured by higher layer and .   If the selected beam m is in the same TRP with the reference beam, the correlation factorcould be set close to 1.  


Proposal 3:   Path loss function should be based on single reference link with additional deviation function when multiple path losses are measured from multiple detected beams in multi-beam configuration. 


· 


UL Joint reception – When multiple beams are configured with little or no DL/UL beam correspondence, e.g., each beam transmitted from each TRP as shown in Figure 1, UL transmission could be received multiple reception points/beams.  The path loss function  would be defined as joint optimization of multiple measured path losses  Power control for joint reception of multiple reception points/beams in the cooperative set is to achieve the target SINR but minimize the interference to neighboring beams not in the cooperative set.    The optimization of the path loss function could be defined as follows,



where the path loss compensation is based on the minimum of all path loss measurement.   This optimization of joint reception is to ensure at least one reception point/beam getting desired power for the path loss compensation and minimize the interference to other received points/beams not in the cooperative set.  The received signals at other reception points/beams would be the enhancement after maximum ratio combining.     The other power control optimization of joint reception is based on the maximum path loss of multiple measured path losses to ensure each reception points/beams getting proper power compensation to achieve target SINR as follows,




Another power control optimization for joint reception is the average weigh combining of the path losses as follows,



The weighting factor could be equal or configured by higher layer for bias compensation toward some reception points/beams.


Proposal 4:   Path loss function for joint reception at multiple reception points/beam could be optimized based minimum, maximum or weighting average of multiple path losses measured from multiple detected points/beams in the cooperative set in multi-beam configuration. 

PUCCH Power Control Formula

After taking all system analysis of NR power control, NR PUCCH power control formula is summarized in the following,

	     
The transmit power is set to achieve the target SINR (PO_PUSCH) with fractional compensation of path loss (α).  
· 

 is the  back off factor of operating waveforms , such as  CP-OFDM and DFT-S-OFDM waveforms, of serving cell c at slot i.  


· 
  j=0,  is the back off factor of measured PAPR of configured DFT-S-OFDM waveform
· 
 j=1,  is the back off factor of measured PAPR of configured CP-OFDM waveform

· 
 is the numerology adjustment factor when the configured numerology of UL PUSCH transmission in slot i  is different to the default numerology.


· 
 is the path loss function.  For multiple path loss measurements from multiple detected beams in multi-beam configuration, path loss function is to support dynamic link adaptation or joint reception.  Path loss function of serving cell C could be defined as follows,

· For dynamic link adaptation,
· 

J=0,  is based on the path loss of reference link and the deviation of the desired link when the close-loop power correction factoris accumulated



and is the correlation factor between beams configured by higher layer and .   

· For joint reception at multiple reception points/beams,
· 
j=1, 
· 
j=2, 
· 

j=3,  where the weighting factor could be equal or configured by higher layer for bias toward selected reception points/beams


· 
  is a PUCCH format dependent value.  
· 

 where  is the current PUCCH power control adjustment 
· 
 is a UE specific close-loop power control correction value, which is also referred to as a TPC command included in a PDCCH. 
· M is the number of power control commands accumulated between previous and current UL transmission part within a slot
· 
is the offset with respect to the slot where the UL grant was received.
· 
The initial value of  is set from RACH procedure from Preamble power ramp-up and power correction in RACH Msg 2.  

Priority in Power Scaling


It is important to address the PUCCH power allocation for multiplexing with NR-PUCCH and NR-PUSCH.   PUCCH and PUSCH power controls are independently to meet individual target SINR.  Both PUCCH and PUSCH power control formulas include the operational ceiling at the maximum power .   Even maximum power is included in the power setting in baseband processor by power control formula, UE would still perform power scaling before LNA (Linear Line Amplifier) at the RF IC circuit to avoid signal distortion at non-linear region over maximum power if the transmit power of analog signals exceed the maximum power.   While multiplexing PUCCH and PUSCH in the same slot/mini-slot, power control would be optimized to set the transmit power jointly to meet both target SINRs and not to exceed maximum power.     However, both close-loop and open-loop power controls for PUCCH and PUSCH are operated independently with relative adjustment.    Operation of individual PUCCH and PUSCH power control would still meet the target SINR if the sum of PUCCH and PUSCH transmit power does not exceed the maximum power.   In LTE, the power allocation to PUCCH is prioritized over that to PUSCH when PUCCH and PUSCH are multiplexed in the same slot/mini-slot.   The prioritization of PUCCH transmit power would considerably increase the complexity of power setting at the baseband process, in particular in the multi-node reception scenarios, such as dual-connectivity and multiple TA groups.   Regardless the transmit power setting at the baseband to control the power not to exceed the maximum power, power scaling would still be performed before the LNA at UE to avoid distortion of the analog signals.  However, the prioritization of PUCCH in the power allocation would only require for power scaling when the total transmit power of PUCCH and PUSCH exceeds the maximum power.   However, the transmit power at the maximum power is only at the scenario when UE closes to the coverage hole, which is a corner case.  In LTE, it took a lot of effort and create a lot of complexity in power prioritization for the corner case of reaching maximum power.  Thus, the simple solution is to operate PUSCH and PUCCH power control independently without prioritization with UE implementation of power scaling at the RFIC circuit if the total transmit power exceeds maximum power while multiplexing PUSCH and PUCCH in the same slot/mini-slot.   

Proposal 5:  PUSCH and PUCCH power control should operate independently without prioritization with UE implementation of power scaling at the RFIC circuit if the total transmit power exceeds maximum power while multiplexing PUSCH and PUCCH in the same slot/mini-slot.   


Conclusion
In this contribution, we discuss PUSCH power control for NR based on LTE PUCCH power control with additional considerations of mixed numerologies, CP-OFDM and DFT-S-OFDM waveforms, and link adaptation/joint reception in multi-beam configuration.  Based on the discussion, we have the following proposals:
· 
Proposal 1: NR PUCCH power control should include adjustment factor  when the numerology configured for UL transmission is different from the default numerology
· 

Proposal 2:   The maximum power should include the back-off factor for UL transmission with configured waveform based on measured PAPR with respect to the average PAPR of DFT-S-OFDM waveform
· 
Proposal 3:   Path loss function should be based on single reference link with additional deviation function when multiple path losses are measured from multiple detected beams in multi-beam configuration. 
· 
Proposal 4:   Path loss function for joint reception at multiple reception points/beam could be optimized based minimum, maximum or weighting average of multiple path losses measured from multiple detected points/beams in the cooperative set in multi-beam configuration. 
· Proposal 5:  PUSCH and PUCCH power control should operate independently without prioritization with UE implementation of power scaling at the RFIC circuit if the total transmit power exceeds maximum power while multiplexing PUSCH and PUCCH in the same slot/mini-slot.   
· We proposed NR PUCCH power control formula as follows,
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