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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Ref129681832]In RAN1#109e, various agreements on the parameters and scenarios needed for performance evaluations [1] were made. Still to be agreed is the definition and details of the BS power consumption model. In the sections below, we copied the various agreements and their FFS specifically on those related to the BS power consumption model. In this contribution, we focus on the BS power consumption model and its states including our views on the various FFS from the RAN1#109e meeting.   

Discussion
Energy/Power States
In TR38.840, the UE power consumption model power state consists of three different sleep states: Deep sleep, light sleep, and micro sleep. This is in addition of the 4 other power states consisting of PDCCH-only, SSB or CSI-RS processing, PDCCH + PDSCH and UL. Furthermore, additional transition energy and total transition time (Table 19 of TR38.840) for the three sleep states were adopted as working assumption during the UE power saving study phase. 
In RAN1#109-e, we reached some preliminary understanding of the BS power consumption model in the following:
Agreement
For evaluation purpose, the energy consumption modeling for a BS includes at least the following:
· Reference configuration
· FFS other details
· Note FR1 and FR2 to be separately considered for detailed parameters
· Multiple power state(s) including sleep/non-sleep mode(s) with relative power, and associated transition time/energy
· Scaling method to be applied at least for non-sleep mode.
· FFS other details including scaling for sleep mode

For the network/gNB power consumption model, similar approach as in the UE consumption model can be adopted. However, necessary adaptations towards the BS operations need to be considered. Starting from the extensive list, the possible BS power consumption states can be listed and described below:
· Complete Off: This represents a shutdown scenario where all Tx/Rx/BH are turned OFF. 
· Deep Sleep: Tx/Rx turned OFF. gNB monitors BH for trigger to turn ON. 
· Light Sleep: Tx turned OFF; part or all Rx are turned ON. gNB monitors UL ‘WUS’ and BH for trigger to turn ON. 
· It may include sub-states in which some subsets of the Rx resources are turned OFF.
· RACH-only: Tx turned OFF. gNB monitors RACH for trigger to turn ON.
· Tx/Rx ON: Default ON; part or all Tx/Rx/BH are turned ON. 
· It may include sub-states in which some subsets of the Tx/Rx resources are turned OFF.
Note that BH refers to the backhaul signaling. 
By default, Complete OFF and Tx/Rx ON states correspond to legacy gNB power consumption operation. If only these two states are present, then it corresponds to the scenario that there is no additional implementation of fine (such as transitions at the TTI level or even OFDM symbol level) or coarse adaptation of the gNB transmit power relative to what are already supported in current specifications.
We first consider the practicality of the three sleep states using an example of a conceptual gNB that can support maximum N antenna ports and M component carriers. Part or all of its Tx/Rx can be turned on/off, and it can adapt among a finite number of configurations between a minimum configuration of n antenna ports and m component carriers and its maximum configuration based on traffic demand or other factors. Adapting the number of antenna ports affords the BS opportunity to turn on/off TRXs for network energy saving. 
When the BS is in its minimum configuration, additional techniques such as common signals transmissions reduction (e.g., with increased SSB periodicity) whereby the TRX on/off slots/symbols etc., with the UE OFF period can be deployed to further increase the energy saving. Similarly, further energy savings such as frequency adaptation through optimizing the number of component carriers can also be implemented. If the component carriers are supported through shared RF chains, then adapting the number of component carriers can be viewed as some form of bandwidth scaling. It may also be assumed that all the component carriers that are turned on share the same number of antenna ports unless there is compelling reason not to. Therefore, transition between different configurations involves either turning the TRXs on/off, or scaling the bandwidth of the TRXs, or both. 
Observation 1: A BS power consumption reduction in Light Sleep state can be the results of the BS implementing the various combinations of power savings techniques such as by minimizing the usage of TRXs, common signals transmissions, and/or frequency or bandwidth, during which the BS transitions into and out of Light Sleep state. 
Observation 2: A BS power consumption in Light Sleep State is characterized by its L1 Rx that is still partially or completely operational and only the Tx chain has been turned off. 

In RAN1#109-e, the need for separating the DL and UL in terms of BS power consumption has been raised:  
Agreement
· For evaluation, at least for non-sleep mode and TDD, the BS power consumption for DL and UL are separately modelled, allowing DL-only transmission or UL-only reception.
· FFS: whether UL-only reception energy consumption model can be derived/simplified from DL-only transmission energy consumption model
· FFS: the impact of UL reception and/or DL transmission on sleep modes and associated transition time/energy
· FFS: whether/how to define an idle state, where BS is neither transmitting nor receiving but also doesn’t enter into any sleep mode or define it as sleep mode
· FFS: whether the model for FDD can be based on the model for TDD

In the context of the BS sleep states, whether to treat UL and DL separately would depend on the need to separate UL reception state as in RACH-only above. The need to treat them separately might be for the case when the UL power consumption is not insignificant compared to the DL. However, relatively speaking, BS power consumption is mostly about the power need on the DL. Defining a separate UL sleep state (e.g., RACH-only) seems to be just for convenience of discussions and is not strictly needed; a power consumption model for the BS that incorporates both the UL and DL in a single model is sufficient to study various combinations of UL and DL activity levels. For example, RACH-only may be viewed a sub-state of Light State.
Observation 3: The motivation for a separate UL-receive only sleep state is not clear. Unless the motivation is justified, there is no need to separately consider the DL-only and UL-only transmissions for the BS power consumption. The RACH-only state does not need to be separately defined. 
Proposal 1: A power consumption model for the BS that incorporates both the UL and DL in a single model is supported.

While gNB in the light sleep state is still monitoring the UL reception, a deep sleep state can be defined where no air interface or L1 monitoring is required i.e., both the Tx and Rx processing of gNB have been turned off. In this state, power adaptation is activated and/or deactivated through backhaul signaling such as in the form UE assistance data that is signaled through the backhaul from another gNB. 
[bookmark: _Hlk109544510]Observation 4: A Deep Sleep state is defined by a BS state of operation whereby no legacy air interface or legacy L1 monitoring is required since both the Tx and Rx processing of gNB have been turned off.
Based on the above discussions and considerations on the BS power states, we propose two sleep states consisting of the Deep Sleep and Light Sleep States to represent the BS different power consumption levels. Hence for evaluation purposes, the following states should be supported for the BS power consumption:
Proposal 2: The following BS power consumption states is supported for evaluation purposes:
· State 0: Complete Off; all Tx/Rx/BH are turned OFF.
· State 1 (Deep Sleep): Tx/Rx turned OFF. BH is turned ON. 
· State 2 (Light Sleep): Tx turned OFF. Rx and BH are turned ON. It may include sub-states in which a subset of the Tx resources is turned OFF.
· State 3: ON; Tx/Rx and BH are turned ON (to the desired active configuration)
Next, we consider the mechanism to transition of these two sleep states to the ON state and between each other using possibly a new Wake Up Signal (WUS) in the UL. If the WUS consists of a train of RF pulses and the WUS radio at the BS is a separate low power radio using envelope detection to receive the signal, then at least from BS implementation, it should be possible to receive the WUS even when the BS is in the Deep Sleep State, in addition to the Light Sleep State, since the difference in power consumption at the BS is not significant. The support of WUS reception at the BS can be a feature that could be particularly useful for small cell BS. If so, we propose the following definition for the Deep Sleep State when UL WUS is introduced:
Deep Sleep State: Tx and Rx turned OFF, gNB monitors BH and/or UL ‘WUS’ for trigger to turn ON. 
The Light Sleep State is differentiated from the Deep Sleep State strictly in terms of its Rx being turned ON:
Light Sleep State: Tx turned OFF, gNB monitors BH, UL, and/or WUS for trigger to turn ON.
Observation 5: Depending on the definition of WUS and network implementation of the WUS receiver, the WUS can be received either at the Deep Sleep or/and Light Sleep states.

When the WUS is received in either the Deep or Light sleep states, the BS transitions to the ON state (State 4).
Observation 6: The WUS can provide a quick signaling method for both Deep and Light Sleep States to transition to the default ON state (State 3).
As proposed above, when the gNB receives a WUS in a specific cell, the cell transitions from either the Deep Sleep (State 1) or Light Sleep (State 2) states into the ON state (State 3). A cell in Deep Sleep State (State 1) should also be able to transition to Light Sleep State (State 2) to allow its UL receiver to be turned on, based on either BH signals or UL WUS. 
Observation 7: The transition to the Light sleep state from Deep sleep state should be supported. This can be supported by a signaling or trigger sent over the BH. 
The allowed transitions between the above proposed States can be illustrated in Figure 1 below.

[image: ]
Figure 1: BS Power Consumption States and Transitions with UL WUS supported
The power consumption states as described above should be applicable at the gNB level, meaning a single power consumption model applies to the whole cell or even across multiple cells on multiple CCs of the same gNB. There is no strong justification to apply a different model or models to different CCs supported by the same gNB.  
Observation 8: A single BS power consumption model is applicable across the Cell and/or Multi-Cell of the same gNB.

In RAN1#109-e, whether to compute the BS power at the symbol or slot was also discussed. 
Agreement
For evaluation purpose, the BS energy consumption model should at least include the power consumption of BS on slot-level.
· Note that symbol-level power consumption to reflect different BW (or RB utilization) / time-occupancy / tx-rx direction of different symbols in a slot is considered.
· FFS details (e.g. explicit symbol-level power modelling, scaling slot-level power to symbol level power for various cases, etc.)
· Note: system simulation evaluations can be per slot regardless of detailed approach for calculating symbol-level power consumption.

In our view, BS power calculation at slot level with symbol scaling is straightforward at least in terms of evaluating the benefit of time domain adaptations. However, it should be noted that it could be technically possible to reduce the PA quiescent power dissipation at the symbol level since envelop tracking PAs amplifying wideband signals have existed for some time. Depending on the network/gNB implementations, symbol level power calculations could be supported as well. 
Observation 9: Slot-level calculation of the BS power consumption is supported. 
 
States Relative Power 
To complete the BS power consumption model, in addition to the definition of the different power states, the relative power and the transition between any 2 states should be defined. In RAN1#109-e, the FL listed the parameters needed [4]: 
Agreement
For evaluation purpose, 
· Study how to define sleep modes and determine the characteristics for each mode from one or multiple of the below
· Relative power 
· Transition time
· Transition energy
· Other approaches are not precluded
· Note: BS components that can be turned off can be considered for discussion purpose when defining the specific values of the characteristics for sleep modes.
· Study whether sleep mode is defined for DL(TX) and UL(RX) jointly or separately
· Study the assumption of order for BS entering/resuming from a sleep mode to another mode (sleep or non-sleep) and the associated transition time and energy, i.e. state machine which may have impact on the transition energy.

Agreement
For evaluation, the scaling in a BS energy consumption model can be considered based on one or more of the following,
· Number of used physical antenna elements, or TX/RX RUs
· FFS: Mapping between used TX/RX RUs and used antenna ports
· FFS: Mapping between physical antenna elements and TX/RX RUs
· Occupied BW/RBs for DL and/or UL in a slot/symbol in one CC
· number of CCs in CA
· FFS dependency of RF sharing 
· number of TRPs
· PSD or transmit power 
· FFS dependency on BW scaling
· FFS: PA energy efficiency value
· number of DL and/or UL symbols occupied within a slot
· FFS other domain scaling
· FFS scaling is linearly or else, for each domain
Above does not necessarily imply that BS energy consumption model that takes into account all listed scaling factors will be developed

In the previous section, we provided our view and proposed a BS power consumption model that consists of two Sleep States (Light and Deep) that represents the gNB/network power consumptions with the only differences between the two is the UL reception. The two Sleep States and the ON State are sufficient to model the different BS power consumptions due to the different power adaptations (TRX on/off, bandwidth etc.) in the DL. Many of these techniques can be implemented without or with minor additional changes to existing Rel-17 specifications. These considerations on the necessary specification’s enhancements are discussed in our companion contribution [3].
As an example, the mapping between TRX and antenna ports should not impact the Standards. The presence or absence of signal from one port should not impact the radiation pattern/power level of any other ports. However, the mapping does impact the energy saving benefit. For example, in a mapping where each port corresponds to a different set of TRXs; turning off ports affords opportunity to save energy by turning off those associated TRXs. When each port is mapped to the same set of TRXs, turning off a subset of the ports does not allow the TRXs to be turned off.
In another example, mapping between TRX and physical antenna elements should not impact the Standards since such mapping is purely passive. However, the mapping between TRX and antenna ports and physical antenna elements determines the radiation pattern/power level of the antenna ports. With regards to RF sharing consideration, a straightforward implementation would be with PA sharing. If the component carriers share the same PA, then the power scaling should be the same as the bandwidth scaling. If CCs use separate RF paths, then it’s equivalent to additional TRXs.  
Observation 10: The power savings associated with the Light Sleep State (State 2) is a function of the various gNB/network power savings techniques such as on the mapping among the TRXs/Antenna Ports/Elements.   
[bookmark: _Hlk109570324]Proposal 3: Details or assumptions of the different power savings techniques deployed should be provided or accompany the evaluation results to justify the different power consumption levels of the various sub-state(s) within the Sleep States and possibly also for the ON State.


Conclusions
In this contribution, we present our views on the applicability and definition of the various states for the gNB power consumption model. Based on the discussions in the previous sections, we have the following observations and proposals below.  
Observation 1: A BS power consumption reduction in Light Sleep state can be the results of the BS implementing the various combinations of power savings techniques such as by minimizing the usage of TRXs, common signals transmissions, and/or frequency or bandwidth, during which the BS transitions into and out of Light Sleep state. 
Observation 2: A BS power consumption in Light Sleep State is characterized by its L1 Rx that is still partially or completely operational and only the Tx chain has been turned off. 
Observation 3: The motivation for a separate UL-receive only sleep state is not clear. Unless the motivation is justified, there is no need to separately consider the DL-only and UL-only transmissions for the BS power consumption. The RACH-only state does not need to be separately defined. 
Observation 4: A Deep Sleep state is defined by a BS state of operation whereby no legacy air interface or legacy L1 monitoring is required since both the Tx and Rx processing of gNB have been turned off.
Observation 5: Depending on the definition of WU signal and the network implementation of the WU receiver, the WUS can be received either at the Deep Sleep or Light Sleep states.
Observation 6: The WUS can provide a quick signaling method for both Deep and Light Sleep States to transition to the default ON state (State 3).
Observation 7: The transition to the Light sleep state from Deep sleep state should be supported. This can be supported by a signaling or trigger sent over the BH. 
Observation 8: A single BS power consumption model is applicable across the Cell and/or Multi-Cell of the same gNB.
Observation 9: Slot-level calculation of the BS power consumption is supported. 
Observation 10: The power savings associated with the Light Sleep State (State 2) is a function of the various gNB/network power savings techniques such as on the mapping among the TRXs/Antenna Ports/Elements.   
Proposal 1: A power consumption model for the BS that incorporates both the UL and DL in a single model is supported.
Proposal 2: The following BS power consumption states is supported for evaluation purposes:
· State 0: Complete Off; all Tx/Rx/BH are turned OFF.
· State 1 (Deep Sleep): Tx/Rx turned OFF. BH is turned ON. 
· State 2 (Light Sleep): Tx turned OFF. Rx and BH are turned ON. It may include sub-states in which a subset of the Tx resources is turned OFF.
· State 3: ON; Tx/Rx and BH are turned ON (to the desired active configuration)
Proposal 3: Details or assumptions of the different power savings techniques deployed should be provided or accompany the evaluation results to justify the different power consumption levels of the various sub-state(s) within the Sleep States and possibly also for the ON State.
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