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1 Introduction
During the NR SI, agreements were reached with respect to UL power control. The conclusions are reported in [1], however some agreements during the SI led to FFS items that are not included in the TR. For completeness, in addition to what is in [1], the following agreements were reached:
At RAN1 #88:

Agreements:

· 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.

At RAN1 #87:

Agreements:
· For NR-PUSCH at least targeting eMBB,

· Open-loop power control based on pathloss estimate is supported.

· Pathloss is estimated using DL RS for measurement

· Fractional power control  is supported

· FFS: Which DL RS(s) for measurement is used (The RS may be beamformed).

· Closed-loop power control is supported, which is based on NW signaling.

· Dynamic UL-power adjustment is considered

· Further study on:

· Numerology specific power control

· e.g. numerology specific power control parameters

· Beam specific power control parameters

· Power control for other RSs and physical channels

· Power control for grant free PUSCH if supported
· Power control per layer (group)
Furthermore, in the NR WID [2], it is stated that the following should be specified:
-
Dual Connectivity between E-UTRA and NR, for which the priority is where E-UTRA is the master and the second priority is where NR is the master, and Dual Connectivity within NR, including:

-
Standardizing bearer types recommended in TR 38.804 [RAN2];

-
Necessary physical layer mechanisms including UL power control [RAN1];

-
Identify band combinations and corresponding requirements [RAN4].

This contribution analyzes issues that need to be considered for the design of power control to support multiple numerologies and waveforms.

2 Power control in NR

Power Control per Numerology
It has been agreed that a carrier can support multiple numerologies simultaneously. For example, a carrier can support different service types (e.g. eMBB, URLLC, mMTC), each using a different numerology. Hence, a UE may be required to use different numerologies for UL transmissions, possibly simultaneously, or in a dynamic manner. The requirements (e.g. BLER) of each service can differ. As such, there may be a different SINR target tied to each service type and therefore each subcarrier spacing.  Furthermore, in order to ensure that a power spectrum density at the receiver remains constant over possible subcarrier spacing values for a given number of physical resource blocks, it is beneficial to have power control per subcarrier spacing.
Proposal 1: NR supports numerology specific power control.

An NR UE can maintain multiple power control loops, one per numerology. Each such loop can use a different set of closed-loop parameters, and/or can use different values for the same parameters. For example, the desired received power PO in the power control formulas can depend on the service and hence the numerology used. In some deployments, different numerologies may be configured for different frequency regions of a carrier. In such cases, it is possible that there are different pathloss values for each region. Therefore, the UE may maintain different PL values per numerology. These two factors combined mean that it is possible that the power control correction provided by TPC command may also differ per numerology.
Furthermore, new parameters may be used in the power control formula for at least some numerologies. For example, an offset based on the ratio of a subcarrier spacing to a reference subcarrier spacing can be introduced. This can ensure that a power spectrum density at the receiver remains constant over different subcarrier spacing values for a given number of physical resource blocks. Alternatively, the power allocation for a transmission of a subcarrier spacing may be obtained as a function of the frequency allocation of the transmission as a number of physical resource blocks of a reference subcarrier spacing.

Proposal 2: The power control for a transmission of a numerology can depend on numerology specific power control formula parameters and scaling with respect to a reference numerology.
· The scaling can be performed using a numerology specific offset or a scaling of a parameter such as the frequency allocation.
Power Control per Waveform
It has been agreed that for UL transmissions, two waveforms need to be supported, CP-OFDM and DFT-S-OFDM. Each waveform type may be used for different reasons. For example, CP-OFDM is more flexible in terms of frequency allocation however, it has higher PAPR. DFT-S-OFDM, with lower PAPR, requires less power backoff and can thus better serve cell-edge UEs. It is possible that a UE performing UL transmissions needs to dynamically switch between the two waveforms. For example, a UE may move from cell center towards cell edge and may need to change its waveform. In another example, to enable scheduler flexibility, a UE needs to be capable of being paired in an MU-MIMO with UEs using different waveforms.
The appropriate UL waveform to use can be configurable and can be dynamically indicated to the UE. Given the different performance of each waveform, it makes sense to enable different UL power control for each waveform type. As such, a UE that can use the two waveforms, should maintain two UL power control loops. In its simplest form, the UE can maintain the same parameters for each loop except for an offset value applicable to at least one of the waveforms.
However, the difference in power backoff for each waveform should only have an effect on power limited transmissions. Therefore, it makes more sense that each waveform has a different PCMAX.
Proposal 3: The PCMAX value should be determined per waveform.
Furthermore, the required SINR of different MCS levels (or different PUCCH formats, if applicable) may not be constant between the different waveforms. Therefore, it is possible that such an offset value may also be configured dependent on the waveform.
Proposal 4: A UE should maintain separate power control for each waveform.
· FFS which parameters can be reused between the two power controls.
Given that the PCMAX should be defined per waveform, it is evident that the power headroom would also be obtained per waveform. Therefore, a UE should determine PHR values per waveform. Further study should be done to determine triggers for each waveform’s PHR. For example, should a virtual PHR be reported for a first waveform when a transmission is performed with a second waveform?

Proposal 5: A UE should calculate and report separate PHR per waveform.
3 Power sharing for simultaneous transmissions
In [1] it is stated that:
“For phase 1, carrier aggregation/dual connectivity operation within NR carriers over e.g. around 1GHz contiguous and non- contiguous spectrum from both NW and UE perspectives is supported. Carrier aggregation including different carriers having same or different numerologies is supported.”
In our companion contribution [3] we discuss power sharing for NR carrier aggregation, NR-NR and NR-LTE dual connectivity scenarios. It is possible that a UE be scheduled with multiple simultaneous transmissions using different numerology, or possibly different waveforms. In such a case, issues similar as those of LTE CA and DC exist. Namely that there exists a configured maximum total power across all transmissions (at least within a frequency range) and that multiple schedulers compete for the same resources.

Given this, it appears that the solutions adopted for LTE appear to constitute a good starting point for the design of power sharing in the scenarios of multiple numerologies and multiple waveforms.

Proposal 6: to support transmissions using different numerologies or waveforms:

· Adopt the following principles for power sharing between transmissions:

· Configuration of “guaranteed power” per numerology or waveform
· Prioritization by type of transmission and/or type of UCI carried by the transmission
4 Conclusion

This contribution discusses power control to support multiple numerologies and multiple waveforms. To support switching between numerologies or waveforms, the following is proposed:

Proposal 1: NR supports numerology specific power control.

Proposal 2: The power control for a transmission of a numerology can depend on numerology specific power control formula parameters and scaling with respect to a reference numerology.

· The scaling can be performed using a numerology specific offset or a scaling of a parameter such as the frequency allocation.
Proposal 3: The PCMAX value should be determined per waveform.
Proposal 4: A UE should maintain separate power control for each waveform.
· FFS which parameters can be reused between the two power controls.
Proposal 5: A UE should calculate and report separate PHR per waveform.
Furthermore, to support simultaneous transmissions with different numerologies or waveforms, we propose:
Proposal 6: to support transmissions using different numerologies or waveforms:

· Adopt the following principles for power sharing between transmissions:

· Configuration of “guaranteed power” per numerology or waveform
· Prioritization by type of transmission and/or type of UCI carried by the transmission
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