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Introduction
[bookmark: _Hlk66110521]The following objective has been agreed for the study item [1] on network energy savings in NR.
	RP-213554, HW
1. Definition of a base station energy consumption model [RAN1]
· adapt the framework of the power consumption modelling and evaluation methodology of TR38.840 to the base station side, including relative energy consumption for DL and UL (considering factors like PA efficiency, number of TxRU, base station load, etc.), sleep states and the associated transition times, and one or more reference parameters/configurations.

2. Definition of an evaluation methodology and KPIs [RAN1]
· The evaluation methodology should target for evaluating system-level network energy consumption and energy savings gains, as well as assessing/balancing impact to network and user performance (e.g. spectral efficiency, capacity, UPT, latency, handover performance, call drop rate, initial access performance, SLA assurance related KPIs), energy efficiency, and UE power consumption, complexity. The evaluation methodology should not focus on a single KPI, and should reuse existing KPIs whenever applicable; where existing KPIs are found to be insufficient new KPIs may be developed as needed.
· Note: WGs will decide KPIs to evaluate and how.

3. Study and identify techniques on the gNB and UE side to improve network energy savings in terms of both BS transmission and reception, which may include:
· How to achieve more efficient operation dynamically and/or semi-statically and finer granularity adaptation of transmissions and/or receptions in one or more of network energy saving techniques in time, frequency, spatial, and power domains, with potential support/feedback from UE, and potential UE assistance information [RAN1, RAN2]
· Information exchange/coordination over network interfaces [RAN3] Note: Other techniques are not precluded


A 5G network, despite its enhanced energy efficiency in bits per Joule due to its larger bandwidth and better spatial multiplexing capabilities, could typically consume over 140% more energy than a 4G network, with a similar coverage area [2]. As the power consumption for the gNB gets higher, network power saving is gaining more attention from companies. In NR Rel-18, the network energy efficiency is proposed by many to be studied. This contribution provides a template for the BS power consumption model, a table for potential scaling rules, and a methodology that is analogous to TR 38.840 [3] for the UE power saving study to conduct the system-level simulation and evaluate the network power consumption.
BS power consumption model 
BS power states and state transition modelling 
For a gNB to achieve power saving during data inactivity, the concept of sleep modes/states has been introduced in [7], in which the gNB can gradually deactivate different sets of its components in different sleep modes. For these sets of components, each of them requires a similar deactivation time to achieve a power-saving gain when there is no data transmission or reception, i.e., data inactivity. In general, when the gNB deactivates more of its components, the smaller power consumption can be expected, but meanwhile, it may cost larger latency to reactivate the muted/deactivated components. To handle this tradeoff, it is important to enable more than one power saving mode for a base station to have better flexibility to achieve its full potential either to achieve more power saving gains or to respond quickly to the need for data transmission.
In the Rel-16 UE power saving SI [3], there are three power-saving states, i.e., ‘Micro Sleep’, ‘Light Sleep’, and ‘Deep Sleep’. Since the proposed sleep models from companies’ contributions, e.g., [4], [5], and [6], are quite similar to the power consumption model used in TR 38.840, the same framework can be reused to organize the study for gNB power consumption. In addition to the ‘Active’ state that is intended for transmission/reception, we propose to have ‘Micro Sleep’, ‘Light Sleep’ and ‘Deep Sleep’ power-saving states at the base station side consistent with the model for UE power states. For the ‘Active’ state, we further propose to decompose it into ‘PDCCH + PDSCH transmission’ and ‘RS transmission’ to evaluate their impacts on the total gNB power consumption.
[bookmark: _Toc92786459]The base station energy consumption model should adapt the framework of the power consumption modelling and evaluation methodology of TR38.840 to the base station side.
[bookmark: _Toc92786460]The base station energy consumption model should include at least Deep Sleep, Light Sleep, and Micro sleep power states for FR1 and FR2.
[bookmark: _Toc92786461]The base station energy consumption model should further consider PDCCH + PDSCH transmission and RS transmission power states for FR1 and FR2.
To evaluate these power-saving modes and their corresponding gNB power consumption for a given period of time, it is necessary to define the proper power consumption and the transition time for each state. However, the power consumption of each state may be quite different according to the gNB types or capabilities. For companies to report the power values, the configuration of the corresponding gNB should also be reported. For the 3GPP study, it is desirable for companies to propose a table containing sets of power consumption based on different gNB types. Moreover, scaling factors like TX/RX antenna numbers, resource utilization for the ‘Active’ state could be considered in the model. Table 1 can serve as a template to show the power states and the corresponding power consumptions, where the proposed values are derived by the relative model referred to [7].
Reference setting
· Macro BS with 64 TxRU and 4 x 4 MIMO
· Number of carriers: 1CC
· System bandwidth: 100MHz
· Tx power: 49 dBm
· Fully loaded at data transmission
[bookmark: _Ref91671400]Table 1: Template for the gNB power model
	Power State
	Characteristics
	Power (W)

	Sleep 
	 Micro Sleep
	Immediate transition is assumed for power saving study purposes from or to a non-sleep state
	[25]

	
	 Light Sleep
	Transition is required whenever gNB leaves this state
	[2]

	
	 Deep Sleep
	Transition is required whenever gNB leaves this state
	[1]

	Active
	PDCCH + PDSCH transmission
	DL transmission. Potential scaling may depend on the current resource utilization
	[250]

	
	RS transmission
	RS transmission, e.g., SSB, occupies less time-frequency resource so potential scaling can be applied. FFS the scaling factor.
	[100]


gNB power state machine
For the implementation of the gNB power states in the system-level simulator, a state machine is proposed in [8] to control the transition of the power states as illustrated in Figure 1.
[image: Diagram

Description automatically generated]
[bookmark: _Ref91583167]Figure 1: Base station power state machine
For the gNB to transit from a sleep mode j (SM j) to a deeper sleep state j+1, there is a timer with a value equal to  starts when the gNB is considered to be idle. When the timer expires, the gNB starts to transit to a deeper sleep state with the deactivation time equal to  . The gNB wakes up from a sleep state if there is a need for data transmission or sending reference signals. The activation time is assumed to be equal to the deactivation time and the wake-up process will traverse all previous sleep states until the gNB becomes fully activated. For determining the values of the idle threshold as well as the transition delay, the numbers referred to [7] are provided in Table 2. Note that we do not consider the transition delay from the ‘ACTIVE’ state to the ‘Micro Sleep’ state for simplicity because the delay is very short and can be ignored.
[bookmark: _Ref91583292]Table 2: The transition threshold and delay in the gNB power state machine
	Sleep Mode
	Idle-time threshold,  [ms]
	Transition delay,  [ms] 

	Micro Sleep (SM 1)
	-
	-

	Light Sleep (SM 2)
	[1]
	[1]

	Deep Sleep (SM 3)
	[10]
	[9]


Despite the similarities between the gNB and UE sleep states, there still exist some differences. In the previous UE power saving study, the transition time from/to a sleep state is omitted, but modelled by additional transition energy, i.e., ramp-up and ramp-down. However, the transition time between states in the gNB state machine cannot be skipped/omitted. Therefore, it may impact the data latency and further evaluation should be considered. Note the transition energy is modelled in the transition delay inherently without additional ramp-up/-down assumption.
[bookmark: _Toc92786457]A transmission delay between power states should be considered. Immediate transition (given in TR 38.840) cannot be assumed.
BS Power consumption scaling for adaptation
In the gNB power model, the power consumption of each operation is based on the configuration of a reference gNB. After the reference gNB has proper power consumption evaluation based on basic configurations and loadings, the power scaling schemes can be applied to predict the power consumption values to simplify the analysis. Various parameters can affect the power consumption, e.g., resource utilization, number of carriers, and number of antennae. Table 3 captures the proposed parameters for adaptation with the potential equation for the scaling.
[bookmark: _Ref92098895]Table 3: gNB power consumption scaling
	Scaling for FR1 DL
	Proposal

	Comment

	Resource utilization (occupy X MHz)
	[Scaling of X MHz = 0.4 + 0.6 * (X - 20) / 80. Linear interpolation for intermediate bandwidths. Valid only for X = 10, 20, 40, 80, and 100.]
	UE power model in TR 38.840

	CA
	[2CC is 1.7x1CC
4CC is 3.4x1CC (i.e., 2x 2CC)]
	UE power model in TR 38.840

	Antenna scaling 
	[Scaling of Y Tx Antennae is 0.1 + 0.9 * Y/64]
	Linear scaling between ‘Micro Sleep’ and ‘PDCCH + PDSCH transmission’ power consumption


[bookmark: _Ref92375788][bookmark: _Toc92786462]The power scaling factors regarding resource utilization, TX/RX antenna numbers, and number of CCs should be considered in the model for the evaluation.
Simulation assumptions
General assumption and system metrics
In this section, we list the general assumption of the system-level evaluation for the NR network power saving study. The most important scenario we believe has been evaluated initially. In the previous study for UE power saving, Dense Urban is prioritized as the deployment. As mentioned in our companion contribution [9] in the UE power saving SI, Dense Urban deployment can contain UEs with a variety of SINR conditions with low speed and is of interference-limited environment. Such deployment can also be foreseen to dominate in the gNB power consumption characteristics and thus should be prioritized in the study.
[bookmark: _Toc92786463]In FR1, Prioritize Dense Urban deployment including TDD massive MIMO.
Table 4 summarizes the simulation assumptions for Dense Urban in FR1. 
[bookmark: _Ref92103700]Table 4: System-level simulation assumptions for Dense Urban in FR1
[image: Table

Description automatically generated]
On top of the power consumption at the base station side, other impacts to the network and UEs should be assessed. Other system metrics like UE power consumption, data latency, capacity, and resource utilization are suggested as KPIs to be considered. If the network power saving scheme involves any change of RS configuration, e.g., the periodicity of SSB, we should further investigate the evaluation methodology based on TR 36.839.
[bookmark: _Toc92786464]For the definition of KPIs, evaluate at least gNB power consumption, UE power consumption, data latency, capacity, and resource utilization.
[bookmark: _Toc92786465]If the network power saving scheme involves any change of RS configuration, e.g., the periodicity of SSB, further investigate the evaluation methodology based on TR 36.839 for the handover performance, call drop rate, and initial access performance.
Traffic models
Since the gNB’s activity is highly related to UE’s traffic, it is encouraged to evaluate the gNB’s power consumption under different traffic models. As a starting point, FTP, instant messaging (IM) and VoIP applications can be chosen to be the traffic models. The traffic assumptions from the previous UE power consumption evaluation [3] are captured in Table 5.
[bookmark: _Ref92103811]Table 5: Traffic models and the parameters
	Traffic type
	FTP traffic
	Instant messaging
	VoIP

	Model
	FTP model 3
	FTP model 3
	As defined in R1-070674.
Assume max two packets bundled.

	Packet size
	0.5 Mbytes
	0.1 Mbytes
	

	Mean inter-arrival time
	200 ms
	2 sec
	

	DRX setting (if exists)
	Period = 160 ms
Inactivity timer = 100 ms
	Period = 320 ms
Inactivity timer = 80 ms

	Period = 40 ms
Inactivity timer = 10 ms


[bookmark: _Toc92786466]Include at least FTP, Instant messaging and VoIP traffic given in TR 38.840.
Assumption for SSB
During data inactivity, SSB may still impede gNB from entering the sleep mode and thus should be considered in the evaluation. The periodicity of SSB may affect the level of sleep that gNB can achieve. When the SSB is too frequent, there is no adequate time gap for gNB to enter deeper sleep mode. We propose a reasonable choice of 20ms for the periodicity since it is the periodicity that UE assumes during initial access. 
[bookmark: _Toc92786467]The SSB periodicity of 20 msec is assumed for the baseline evaluation.
Joint assumption with UE power saving
Since UE power saving gain is also a metric to be evaluated in the study, joint consideration with the UE power saving technique could be considered. For example, CDRX is the most common UE power saving technique and should be included in the baseline. The reference DRX setting is captured in the traffic model section. Further power saving schemes like wake-up signal can be optionally evaluated.
[bookmark: _Ref92375809][bookmark: _Toc92786468]Include C-DRX in the baseline evaluation for the network power saving study.
Simulation Results
In this section, we provide the preliminary simulation results of the gNB power consumption. The power model is based on Table 1 and the additional assumption is listed as below:
Additional assumptions
· Scaling: scaling for RU is applied
· RS periodicity: 20ms
· DRX configuration: according to Table 5
· Number of users per cell: 10 (FTP), 40 (IM, VoIP)
· The idle time (no transmission of any data) of the baseline is assumed to be ‘Micro Sleep’
In this evaluation we have the following cases for comparison:
Cases
· Case 1 (baseline): Without BS power saving mode, C-DRX offset is multiples of 20ms
· Case 2: With BS power saving mode, C-DRX offset is multiples of 20ms
Note that in Case1 and Case 2, the C-DRX offset is chosen to be aligned with the RS periodicity to minimize the interruption of sleep. The simulation results of Case 1 and Case 2 are shown in Table 6, which demonstrates the benefits of the BS power-saving mode. With no or little impact on the other system metrics, the application of BS power-saving mode can achieve a large power saving gain under all evaluated traffics.
[bookmark: _Ref92117867]Table 6: Simulation results for Case 1 and Case 2 in FR1 with Dense Urban deployment
	Traffic type
	FTP,
Case 1
	FTP,
Case 2
	IM,
Case 1
	IM,
Case 2
	VoIP,
Case 1
	VoIP,
Case 2

	BS power consumption (/ms) 
	84.8622
	72.5745
	32.4946
	14.5903
	32.5099
	21.6989

	BS power-saving gain
	n/a
	14.48%
	n/a
	55.10%
	n/a
	33.25%

	UE power consumption (/ms)
	52.90
	52.94
	11.65
	11.65
	41.46
	41.33

	UE power saving gain
	n/a
	-0.08%
	n/a
	0.00%
	n/a
	0.31%

	Average packet latency (ms)
	50.99
	51.59
	141.97
	142.54
	11.91
	12.22

	Average latency increment
	n/a
	1.18%
	n/a
	0.40%
	n/a
	2.60%

	RU
	31.64
	31.46
	2.29
	2.29
	0.21
	0.21

	RU increment
	n/a
	-0.57%
	n/a
	0.00%
	n/a
	0.00%

	Non-zero RU 
(for scaling)
	95.49
	95.55
	77.53
	77.56
	1.12
	1.21


[bookmark: _Ref92375753][bookmark: _Toc92786458]With BS implementing dynamic short-term sleep, 14.48%, 55.10%, 33.25% power saving gain can be achieved under FTP, IM, and VoIP traffic, respectively, with no or little impact to other system metrics.
[bookmark: _Toc92786469]Use the BS power consumption in Table 6 as the baseline to compare network energy-saving enhancements.
Conclusion
Network power consumption issues have obtained attention from many companies and have become a new SI in Rel-18. This contribution provides fundamental materials for the evaluation of the power consumption, including the gNB power model, the corresponding scaling rules, a model for the gNB power state transition for SLS implementation, and the evaluation methodology with the assumptions and KPIs. 
In this contribution, we have the following observations
Observation 1	A transmission delay between power states should be considered. Immediate transition (given in TR 38.840) cannot be assumed.
Observation 2	With BS implementing dynamic short-term sleep, 14.48%, 55.10%, 33.25% power saving gain can be achieved under FTP, IM, and VoIP traffic, respectively, with no or little impact to other system metrics.
Based on observations, the following proposals are made
Proposal 1	The base station energy consumption model should adapt the framework of the power consumption modelling and evaluation methodology of TR38.840 to the base station side.
Proposal 2	The base station energy consumption model should include at least Deep Sleep, Light Sleep, and Micro sleep power states for FR1 and FR2.
Proposal 3	The base station energy consumption model should further consider PDCCH + PDSCH transmission and RS transmission power states for FR1 and FR2.
Proposal 4	The power scaling factors regarding resource utilization, TX/RX antenna numbers, and number of CCs should be considered in the model for the evaluation.
Proposal 5	In FR1, Prioritize Dense Urban deployment including TDD massive MIMO.
Proposal 6	For the definition of KPIs, evaluate at least gNB power consumption, UE power consumption, data latency, capacity, and resource utilization.
Proposal 7	If the network power saving scheme involves any change of RS configuration, e.g., the periodicity of SSB, further investigate the evaluation methodology based on TR 36.839 for the handover performance, call drop rate, and initial access performance.
Proposal 8	Include at least FTP, Instant messaging and VoIP traffic given in TR 38.840.
Proposal 9	The SSB periodicity of 20 msec is assumed for the baseline evaluation.
Proposal 10	Include C-DRX in the baseline evaluation for the network power saving study.
Proposal 11	Use the BS power consumption in Table 6 as the baseline to compare network energy-saving enhancements.
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