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Introduction
This is a revision of R1-1713479 from last meeting RAN1 90. 
In Ran 1 86bis [1], it is agreed that both DFT-OFDM and CP-OFDM were mandatory for UEs, at least for eMBB uplink transmission. 
· NR Support DFT-S-OFDM based waveform complementary to CP-OFDM waveform, at least for eMBB uplink for up to 40GHz
· FFS additional low PAPR techniques 
· CP-OFDM waveform can be used for a single-stream and multi-stream (i.e. MIMO) transmissions, while DFT-S-OFDM based waveform is limited to a single stream transmissions (targeting for link budget limited cases)
· Network can decide and communicate to the UE which one of CP-OFDM and DFT-S-OFDM based waveforms to use
· Note: both CP-OFDM and DFT-S-OFDM based waveforms are mandatory for UEs

In RAN1 88 [2], the following has been agreed for UE UL power control
· NR supports beam specific power control as baseline.
· FFS details especially regarding handling layer/layer-group/panel specific/beam group specific/beam pair link specific power control
· FFS whether to apply open loop only, closed loop only, or both
· Waveform (CP-OFDM vs. DFT-s-OFDM) specific power control for a UE, e.g., PHR, offset needs to be studied in WI.

In RAN1 88bis [3], the following has been agreed for UE UL power control
· 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 RAN1 89 [4], the following were agreed for UL power control
Agreements:
· Support beam specific pathloss for UL PC

Agreements:
· The following DL RS can be used for PL calculation for UL PC 
· If the power offset between SSS and DM-RS for PBCH is known by the UE, both SSS and DM-RS for PBCH of SS block
· If the power offset between SSS and DM-RS for PBCH is not known by the UE, SSS only of SS block
· CSI-RS;
· FFS: the applicable case for above DL RSs; if both are used, whether/how to combine/handle the measurement

In RAN1 NR Ad-Hoc#2 [5], the following further agreements are made.
Agreements:
· UE’s power headroom report is based on the corresponding PUSCH transmission(s)
· FFS details

In this contribution, some open issues in power control and power headroom report for NR is discussed. 
[bookmark: _Ref473802466][bookmark: _Ref462669569]Waveform specific power control 
In NR, it is agreed that a UE needs to support two waveforms, CP-OFDM and DFT-S-OFDM, for UL transmission. The CP-OFDM waveform can be used for both single-stream and multi-stream UL transmission. DFT-S-OFDM waveform can be used for single-layer transmission only. Because DFT-S-OFDM has lower PAPR than CP-OFDM, DFT-S-OFDM can drive UE’s power amplifier to higher operation point than CP-OFDM, without creating Tx signal distortion issue. On the other hand, when using OFDM waveform, UE needs to back off the max Tx power a few dB (e.g. 2dB) to avoid the Tx signal distortion. Therefore, it is clear that waveform dependant power control is needed for CP-OFDM and DFT-S-OFDM waveform.

As mentioned above, DFT-S-OFDM can drive UE’s power amplifier to higher operation point than CP-OFDM. UE should set its configured maximum output power  differently for the two different waveforms. According to Section 6.2.5 in [6], PCMAX,c is set within the following bounds:
PCMAX_L,c ≤  PCMAX,c  ≤  PCMAX_H,c
PCMAX_L,c = MIN {PEMAX,c – TC,c,  (PPowerClass – ΔPPowerClass) – MAX(MPRc + A-MPRc + ΔTIB,c + TC,c + TProSe, P-MPRc)}
PCMAX_H,c = MIN {PEMAX,c,  PPowerClass – ΔPPowerClass}
In the above equations, PPowerClass is the maximum UE power based on UE’s power class, which should be independent of waveform. PEMAX,c is signaled by the network as maximum allowed Tx power. It is used only when the network wants to limit the UE output power, because of co-channel interference or emissions. Since conditions at the UE could change very rapidly and UE can switch waveform, the network is not likely to configure PEMAX,c unless needed. Even network configure PEMAX,c , it should not depend on the specific waveform. On the other hand, the MPR table should be waveform specific to allow different power reduction for different waveform. Since only DFT-S-OFDM based MPR tables are define in RAN4 spec for LTE, RAN4 need discuss to define additional MPR tables for CP-OFDM based waveform. Besides, the UE configured max output power PCMAX,c should be waveform specific to reflect the point that DFT-S-OFDM can drive to higher PA operation point. 
In summary, as shown in Figure 1, we propose use the same upper bound PCMAX_H,c  regardless of waveform type, waveform dependent lower bound PCMAX_L,c due to waveform specific TPR table, and waveform specific PCMAX,c  between the upper and lower bounds.  


[bookmark: _Ref477973495]Figure 1: waveform specific PCMAX,c

When the power caps are not hit, we still need different power to make sure that different PUSCH decoding operating point is achieved for different waveform. When waveform is switched from CP-OFDM to DFT-S-OFDM or vice versa, the accumulated power control commandis carried over to avoid “cold start” of power control loop. To make sure the power control loop converges to the correct operating point quickly. There are two options for faster convergence. 
· 
Option A: Use waveform specific 
· Option B: use larger power adjustment step size during transition period for up to N slots, where N is FFS.





 is introduced in LTE as a modulation dependent offset to adjust uplink power, which is perfect for the power adjustment due to waveform switch. For QPSK, the SNR operation point different between two waveforms are very small, normally around 0.3dB. For 16QAM, the SNR operation point different between two waveforms could be 1dB to 2dB. For 64QAM, the difference could be even larger. It makes sense to introduce waveform specificto NR. In other words, define  and  where the former is for CP-OFDM waveform and the latter is for DFT-S-OFDM waveform.

On equivalently, we can extendin LTE spec to the following 





where is a new introduced parameter depends on waveform type and MCS level. For DFT-S-OFDM waveform, for all MCS. For CP-OFDM waveform,  takes different values for different MCS. The exact values are still for further study. 
In option B, when waveform switch happens, a larger power adjustment step size is used to temporarily allow power control loop converges faster to correct operation point. After convergence, then the normal (smaller) power adjustment step is utilized to maintain the power control loop. 


Proposal 1: During waveform dynamic switch, carry over, and use either waveform specific  or temporarily larger step size to adjust power control loop.  
Power headroom report
[bookmark: _Ref463027406][bookmark: _Ref378529477][bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]UE sends power headroom report to indicate to the eNB how much transmission power is left for the UE to use, in additional to the power being used by the current transmission. eNB uses the power headroom report to decide the uplink bandwidth allocation for UEs in future uplink transmission. eNB also uses the power headroom report to decide whether switch to another waveform. In case the UE is stationary and the channel condition is also stable, UE does not switch waveform then a single power headroom report is enough. When UE is mobile or when the channel condition changes fast especially in mmW scenarios, UE will need to switch between two different waveforms very often in dynamically fashion. How to take care of power headroom report when UE switches waveform is the focus of the discussion.  We can consider two example cases as below
· Case A) UE move from cell center to cell edge. eNB sees no power headroom left and switch the waveform from CP-OFDM to DFT-S-OFDM
· Case B) UE move from cell edge to cell center. eNB switch the waveform from single stream DFT-S-OFDM to CP-OFDM MIMO for higher data rate.




For case A, ideally, because  is larger than  as shown in Figure 1, if UE can report two PHR simultaneously, then eNB can schedule that UE with more RBs when switching to DFT-S-OFDM waveform. If UE only report one PHR based on its current transmitting waveform which is CP-OFDM, then eNB will schedule less number of RBs than UE can actually support, when switching to DFS-OFDM waveform. Therefore, one single PHR causes some level of PUSCH data rate reduction during waveform switching. However, UE can send the correct PHR based on  within the scheduled to be transmitted PUSCH whose waveform just changed. If waveform switch happends during retransmisson, eNB can schedule UE to send the correct PHR in short PUSCH channel [7], which is a channel designed to transmit time critical short data packet. Short PUSCH channel is available in every slot regardless it is DL centric or UL centric. Therefore, the delay of the correct PHR report is only one slot during waveform switching. Considering the cost of signaling overhead if UE always report two PHRs for two waveforms separately, the delay of one slot for correct PHR report should be acceptable.  


Case B is a little worse than case A. When UE is switched from DFT-S-OFDM waveform to CP-OFDM waveform, if a single PHR is reported and it is based on , eNB may schedule more RBs that UE can actually support for PUSCH. The first transmission of PUSCH might fail due to no enough power. However, similar to case A, UE can send correct PHR based on  in the scheduled PUSCH with waveform switched or in short PUSCH if scheduled PUSCH with waveform changed is for retransmission. The loss due delay of correct PHR is very small. 
[bookmark: _Ref465963195][bookmark: _Ref466040522]In RAN1 NR Ad-Hoc#2 [5], it is already agreed “UE’s power headroom report is based on the corresponding PUSCH transmission(s)”. Therefore, to deal with the potential inaccurate PH report due to waveform switch with the single PHR, we have the following proposal.
Proposal 2: Waveform switching triggers a PHR. 
· If waveform switching occurs during PUSCH retransmission, eNB can schedule UE to send PHR based on switched waveform in a separate short PUSCH channel.
Power control for mmW
The closed loop power control is signaled from gNB to UE to adjust the UE tx power. The beam pair link between UE and gNB may have different beam width, e.g., narrow beam and broad beam. Due to rotation, movement or signal blockage, the received RSRP at UE may vary larger when using narrow beam rather than broad beam, which leads to a potential larger pathloss estimation error. To better compensate this estimation error for faster convergence of power control loops, network can configure a larger  (step size in the closed loop control) for narrow beam than broad beam. 
Proposal 3: NW can configure  (step size in the closed loop control) to be beam specific. 
Due to rotation, movement or signal blockage a UE may lose the active control beam and detect a beam failure event. Following which the UE uses a beam from the candidate beam set to send a beam failure recovery signal to the network. It is important to make the beam failure recovery signal more robust to channel fluctuations. To do so, the network may configure the UE with higher P0 for the beam failure recovery procedure to increase the decoding reliability. In addition, for grant free URLLC services, it can provide a real-time interaction between machines and people such as augmented reality, autonomous driving, etc. In order to realize such URLLC services, the data traffics need to be delivered with a very low latency and high reliability. Thus, network may configure the UE with higher P0 for grant free URLLC control channels. 
Proposal 4: NW can configure ULPC parameter P0 for beam failure recovery procedure and grant free URLLC control channels to increase decoding reliability.
The close loop control parameters f(i) and g(i) are used to compensate pathloss estimation error in the ULPC. When beam switch occurs, e.g., in P1 procedure, the pathloss for the new beam can be significantly different from the old beam, which may result in completely different pathloss estimation error. Thus, the closed loop parameter f(i) and g(i) for the previous beam could be not accurate for the new beam. Under which network should configure the UE to reset f(i) and g(i) to 0 after switching to the new beam. This can be used as a baseline scheme. 
For some cases, if new beam is close to the old beam, e.g., a slight refinement in P2 or P3 procedure, the pathloss estimation error is similar under the new beam and old beam. Under which network can configure the UE with some specific f(i) and g(i) values, e.g., carry over f(i) and g(i) from the old beam, i.e., f(i)=f(i-1), g(i)=g(i-1). 
Proposal 5: Whenever NW sends a beam switch signal, it can configure the UE to:
· (Baseline scheme) reset f(i) and g(i) after switching to the new beam, i.e., f(i)=0, g(i)=0
· (Optional scheme) specific f(i) and g(i) values, e.g., carry over f(i) and g(i) from the old beam, i.e., f(i)=f(i-1), g(i)=g(i-1)
Conclusions
The following proposals are for uplink power control and power headroom report. 


Proposal 1: During waveform dynamic switch, carry over, and use either waveform specific  or temporarily larger step size to adjust power control loop.  
Proposal 2: Waveform switching triggers a PHR. 
· If waveform switching occurs during PUSCH retransmission, eNB can schedule UE to send PHR based on switched waveform in a separate short PUSCH channel.
Proposal 3: NW can configure  (step size in the closed loop control) to be beam specific. 
Proposal 4: NW can configure ULPC parameter P0 for beam failure recovery procedure and grant free URLLC control channels to increase decoding reliability.
Proposal 5: Whenever NW sends a beam switch signal, it can configure the UE to:
· (Baseline scheme) reset f(i) and g(i) after switching to the new beam, i.e., f(i)=0, g(i)=0
· (Optional scheme) specific f(i) and g(i) values, e.g., carry over f(i) and g(i) from the old beam, i.e., f(i)=f(i-1), g(i)=g(i-1)
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