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RAN approved a new study item on Network Energy Saving [1]. The aim and justification of the study item is to reduce operational cost and greenhouse emissions associated with operating 5G base stations, while balancing the impact on network and user performance and limiting impact to legacy UEs. KPIs such as spectral efficiency, capacity, user perceived throughput, latency, UE power consumption, handover performance, call drop rate, and initial access performance must be considered. Network energy savings techniques to be studied should thus avoid having a large impact to such KPIs.
RAN1 approved a TR skeleton for network energy savings [2] and made agreements with regards to energy consumption modeling for BS, deployment scenarios, #TXRUs, KPIs etc. for performance evaluation modeling. Relevant agreements are summarized in Annex B.
This contribution provides a discussion on the gNB energy consumption model and modes, a discussion on the simulation methodology, and evaluation results for the prioritized Urban macro scenario for FR1. 
gNB energy consumption model
A preliminary model for gNB power consumption can be based on the model developed for E-UTRA in [3] and customized for NR gNBs. Power consumption for a transceiver can be broken down to [4]:
· Power amplifier: 57%: an antenna interface, a power amplifier.
· RF: 6%: a radio frequency small-signal transceiver section.
· BB: 13%: a baseband interface including a receiver (uplink) and transmitter (downlink) section.
· DC-DC: 6%: a DC-DC power supply.
· Cooling: 10%: an active cooling system and an AC-DC unit for connection to the electrical power grid.
· Main Supply: 8%

When the PA turns off, cooling systems, main supply and DC-DC converters scale with the power consumption and the remaining do not. The gNB can be either fully on, in micro-sleep where the transceiver is awake only for a portion of slots in a radio frame, in deep sleep where the transceiver is assumed to be off for much longer periodicities, or the PA can be completely shut off for best energy savings results. A gNB energy consumption model should therefore take those power saving states into account.
The relation between relative RF output power Pout and BS power consumption Pin is nearly linear, as illustrated in Figure 1 below. The following linear approximation of the downlink power model can be assumed for a given network transceiver:

        (1)

Pout: the load dependent RF output power. 
This can be approximated as , where Pmax is the maximum RF output power at maximum load.
P0: The linear model parameter to represent power consumption at the zero RF output power.
∆p: The slope of the cell load dependent power consumption.
: gNB power consumption per sleep mode relative to the ON state, which can be calculated based on the relative power (P) as part of the working assumptions from the last RAN meeting agreements. We utilize the gNB power consumption per sleep mode scaling based on the agreed Cat-2 (Set 2) parameters [Appendix B]. We consider an additional “WUS-only reception” state with WUS reception to account for the wake-up scheme, with a power level that is larger than the “light sleep” state and less than “Active UL”, which involves full blind decoding. The relative power levels are provided in Table 1 below. Based on these parameters, we use a power scaling of 2.1/26 for “light sleep” and 2.5/26 for “WUS-only reception”. For our evaluations, we consider gNB sleep durations of up to 160ms, and treat this as light sleep.   
Table 1: Relative power scaling, using agreed Cat-2 parameters
	NES state
	Power level, relative units

	Active transmission (100% PRB)
	26

	Active reception (100% PRB)
	5.8 

	WUS-only reception
	2.5

	“Micro”-sleep
	5.0

	“Light”-sleep
	2.1

	“Deep”-sleep
	1 





Figure 1: illustration of the gNB power model for 1 transceiver
The resultant energy consumed by the gNB in a given power savings state (on, off, or sleep) can therefore be:
 		(2)

Proposal 1: 	A power state for low power uplink reception (e.g., for WUS) can be added in the power state relative powers table, where the relative power for such state is between "light sleep" and full "Active UL".
Evaluation methodology
We consider an Urban macro deployment (which has been prioritized for FR1.) Details regarding the simulation assumptions can be found in the Appendix. We consider and evaluate downlink and uplink traffic scenarios separately. 
For downlink traffic, we consider activation and deactivation of macro cells based on traffic observations and load of neighboring cells. Deactivation of cells is done based on the load of neighboring cells, while activation/and or offloading of cells is done based on the load of the current cell increasing above a critical threshold. Cell load is measured by resource utilization (RU) (), defined as the number of available (frequency) resources utilized over total number of resources available. A high RU threshold (is used to indicate the critical value at which a cell is considered to be overloaded and needs to offload some traffic/activate a neighboring cell. A low RU threshold  is used to indicate the minimum RU below which a cell can be de-activated (as long as a neighboring cell can accommodate this cell’s load.) RU measured over a time window is used for making decisions regarding cell activation/deactivation and off loading. Utilizing a time average imparts hysteresis, preventing cells from switching states too frequently. For the purpose of these evaluations, we consider cells being in one of two states – “ON” or “PA OFF” as provided in Eqn. (1). We consider the following power model parameters as provided in [4] as a reference with the following parameters configured: 79.43 W (based on agreed assumptions for Set 2 FR1), (normalized), = 4.7 [4]. The energy consumed for the “ON” or “PA OFF” state is calculated using Eqn. (2), where  corresponds to the  relating to the “ON” or “PA OFF” equations from Eqn. (1). The power consumption for “PA OFF” is estimated as , based on relative power scaling for deep sleep vs. Active transmisson.  in Eqn. (1) is calculated based on cell load as measured by instantaneous RU for the cell: . 
For uplink traffic, we consider a network energy savings scheme where the macro cell will enter a sleep state if cell load falls below a low threshold. Similar to the downlink case, cell load is measured by RU (). A low RU  is used to indicate the minimum RU below which a cell may go to sleep for a certain sleep duration, before waking up. A UE that is served by a sleeping cell may send it a wake-up request, the timing of which may be based on or associated with traffic arrival occasions. This allows the UE to wake the gNB, instead of having to wait for the gNB to wake up. For power consumption, we consider the same model as above, with the following additional aspects for uplink. Uplink power in the ON (active reception) is estimated as , based on relative power level scaling for active reception vs. active transmission from Table 1, with the uplink cell load (RU) is used instead of DL load in a given slot. Uplink power in the (light) sleep state is estimated as  whereas uplink power consumption in the WUS-only reception state is estimated as             
Evaluation results
Downlink
For the following downlink evaluations, we utilize a low load RU threshold  of 10%, and a higher load RU threshold  of 40%. A cell for which the RU falls below the low load threshold is considered for deactivation (based on the load of neighboring cells). On the other hand, a cell whose RU goes above the high load threshold can consider activating neighboring cells for offloading. The time window for RU averaging is 20ms. We simulate two different user loading scenarios: user traffic load 1 offers lower combined load, while user traffic load 2 offers a higher combined load. The evaluation results are provided in Table 2. In the table, UPT and energy saving gain (ESG) are compared for the proposed Network Energy Saving (NES) scheme and the baseline.  


  Table 2: Downlink Evaluation results
	User traffic load 1: { = {0.14, 0.33}
	User traffic load 2: { = {0.33, 0.67}

	Baseline
(Always ON)
Mean UPT(Mbps)
	NES 
Mean UPT 
(Mbps)
	UPT gain/loss
(NES vs Baseline)
(%)
	ESG
(NES vs Baseline)
(%)
	Baseline
(Always ON)
Mean UPT
(Mbps)
	NES
Mean UPT
(Mbps)
	UPT gain/loss
(NES vs Baseline)
(%)
	ESG
(NES vs Baseline)
(%)

	40.32
	37.90
	-6.0%
	+61.82%
	20.99
	19.83
	-5.53%
	+29.57%



The results demonstrate that significant energy savings gain can be achieved while ensuring nearly comparable user level QoS (throughput). We can see that the achievable energy savings gain is higher when overall user traffic load on system is lower; the ESG is 61.82 % with user traffic load 1, and with user traffic load 2 it is 29.57 %. This is a result of the fact that lower user traffic loads allow for greater opportunities for cell de-activation, and hence greater energy savings gains.
Observation 1: Considerable energy savings gain can be achieved for low-medium cell loads while ensuring nearly comparable user level QoS (throughput).
Uplink
For the following uplink evaluations, we utilize a low load RU threshold  of 10% and 60% to evaluate the impact of different gNB sleep thresholds on system performance. A cell for which the RU falls below the low load threshold is a candidate for entering a sleep state. We consider sleep durations of 40ms and 160ms for the gNB. In the baseline scheme, gNB is always ON, meaning the UE can be served as soon as it has uplink traffic. In the NES scheme, the gNB may enter the sleep state (based on the low load threshold criteria). A UE that is served by a sleeping gNB will have to wait for the gNB to transition out of the sleep state (to an ON state) before its uplink traffic needs can be served. A UE may send a wake-up request to the gNB instead of waiting for the gNB to wake up (at the end of its sleep cycle). This wake-up signal (WUS) may be sent periodically in certain uplink slots and can be based on traffic arrival patterns, allowing the UE with multiple opportunities to request the gNB to wake up. Our results compare the performance of the (always ON) baseline with the NES (with WUS). As mentioned in Section 2, we consider sleep durations of up to 160ms, which we treat as light sleep.  
Table 3: Uplink Evaluation results – 40 ms gNB sleep cycle

	User traffic load:  = 0.24

	
	

	Baseline
(Always ON) 
Mean UPT (Mbps)

	NES
 (Sleep with WUS) 
Mean UPT (Mbps)
	 UPT gain/loss
(NES vs Baseline)
(%)

	ESG
(NES vs Baseline)
(%) 
	Baseline
(Always ON) 
Mean UPT (Mbps)

	NES
 (Sleep with WUS) 
Mean UPT (Mbps)
	 UPT gain/loss
(NES vs Baseline)
(%)

	ESG
(NES vs Baseline)
(%)

	23.95
	23.76
	-0.79%
	+19.14%
	
	
	23.95
	22.92
	-4.29%
	+20.27%



	User traffic load:  = 1.0

	
	

	Baseline
(Always ON) 
Mean UPT (Mbps)

	NES
 (Sleep with WUS) 
Mean UPT (Mbps)
	 UPT gain/loss
(NES vs Baseline)
(%)

	ESG
(NES vs Baseline)
(%) 
	Baseline
(Always ON) 
Mean UPT (Mbps)

	NES
 (Sleep with WUS) 
Mean UPT (Mbps)
	 UPT gain/loss
(NES vs Baseline)
(%)

	ESG
(NES vs Baseline)
(%)

	24.22
	24.11
	-0.45%
	+8.74%
	
	
	24.22
	22.90
	-5.44%
	+10.04%




Table 4: Uplink Evaluation results – 160 ms gNB sleep cycle

	User traffic load:  = 0.24

	
	

	Baseline
(Always ON) 
Mean UPT (Mbps)

	NES
 (Sleep with WUS) 
Mean UPT (Mbps)
	 UPT gain/loss
(NES vs Baseline)
(%)

	ESG
(NES vs Baseline)
(%) 
	Baseline
(Always ON) 
Mean UPT (Mbps)

	NES
 (Sleep with WUS) 
Mean UPT (Mbps)
	 UPT gain/loss
(NES vs Baseline)
(%)

	ESG
(NES vs Baseline)
(%)

	23.95
	23.76
	-0.79%
	+30.47%
	
	
	23.95
	22.92
	-4.29%
	+31.88%



	User traffic load:  = 1.0

	
	

	Baseline
(Always ON) 
Mean UPT (Mbps)

	NES
 (Sleep with WUS) 
Mean UPT (Mbps)
	 UPT gain/loss
(NES vs Baseline)
(%)

	ESG
(NES vs Baseline)
(%) 
	Baseline
(Always ON) 
Mean UPT (Mbps)

	NES
 (Sleep with WUS) 
Mean UPT (Mbps)
	 UPT gain/loss
(NES vs Baseline)
(%)

	ESG
(NES vs Baseline)
(%)

	24.22
	24.11
	-0.45%
	+14.28%
	
	
	24.22
	22.90
	-5.44%
	+15.40%




Tables 3 and 4 present results for 40ms and 160 ms sleep durations, respectively. We utilize two different user traffic arrival rates and low load RU thresholds  for each sleep cycle duration, allowing us to investigate the impact of varying sleep cycles as well as varying cell load and gNB sleep thresholds on system performance. The results demonstrate that significant energy savings gain can be achieved while ensuring nearly comparable user level QoS (throughput), where the ESG offered by the NES scheme is greater at lower user traffic loads vs. higher user traffic loads (~20.0 % vs. ~10%). This comes with a marginal drop UPT (of no more than 5%). The benefit of NES scheme is much more pronounced for the longer sleep (160ms) duration, where ESG gains of 30% and 15% are achieved with a marginal drop in UPT (no more than 5%), for low and high user traffic loads, respectively.
Observation 2: Utilizing a NES scheme with wake-up signal can yield significant energy savings gain, while ensuring nearly comparable user level QoS (throughput).
Conclusion.
This contribution has provided initial evaluation results for network energy savings and has proposed the following:
Proposal 1: 	A power state for low power uplink reception (e.g., for WUS) can be added in the power state relative powers table, where the relative power for such state is between "light sleep" and full "Active UL".
Observation 1: Considerable energy savings gain can be achieved for low-medium cell loads while ensuring nearly comparable user level QoS (throughput).
Observation 2: Utilizing a NES scheme with wake-up signal can yield significant energy savings gain, while ensuring nearly comparable user level QoS (throughput).
Appendix A
Table 3: Urban Macro scenario
	Attributes
	Values or assumptions

	Carrier Frequency
	4 GHz

	System bandwidth
	20 MHz

	Layout
	Single layer: Hex. Grid
7 site, 3 sectors per site

	ISD
	500m

	Duplexing
	FDD

	Numerology 
	15 KHz, 14 OFDM symbol slot

	BS antenna config.
	32 Tx/Rx RUs - (M, N, P, Mg, Ng) = (4, 4, 2, 1, 1), dH = dV = 0.5 λ

	UE antenna config
	4 Tx/Rx RUs - (M, N, P, Mg, Ng) = (1, 2, 2, 1, 1), dH = dV = 0.5 λ

	BS Tx Power
	49dBm 

	UE Tx Power
	23 dBm

	User distribution and UE speed
	20% Outdoor in cars: 30km/h,
80% Indoor in houses: 3km/h
DL: 10 users per TRxP
UL: 2 users per TRxP

	Traffic model
	Use 36.889 Table A.1.1. 
Downlink
Two packet arrival rates considered. 
One for a low user traffic load (𝜆1), another for a medium/higher user traffic load (𝜆2). Half the UEs are assigned 𝜆1, the other half 𝜆2. The user traffic loads are re-assigned every 20% of the simulation duration, to randomize arrival rates across the network. For the PSG, we count ON and OFF state for the micro cell and utilize Eqn. (1) for energy consumption
Uplink:
We consider a uniform packet arrival rate across all UEs (and cells). We use two user traffic load values (low and medium), to investigate impact of different user traffic loads on the system. 




Appendix B

	RAN1-110b Agreements

Agreement
Confirm the previous Working Assumption with the following update
· For RAN1 evaluation purpose, for reference configuration set 1/2/3, the values are provided as below.  
· The transition time is confirmed without update.
· FFS: The time unit to be used when calculating the energy consumption
	Power state
	Relative Power P for Category 1
	Relative Power P for Category 2

	
	Set 1
	Set 2
	Set 3
	Set 1
	Set 2
	Set 3

	Deep sleep
	1
	1
	1
	1
	1
	1

	Light sleep
	25
	23 25
	20 25
	2.1
	2.6 2.1
	1.8 2.1

	Micro sleep
	55
	50
	38
	5.5
	5
	3

	Active DL
	280
	240 200
	152
	32
	40 26
	8.4 17.6

	Active UL
	110
	90
	80
	6.5
	 5.8
	4.2




For set 1/2/3, the additional energy (unit in relative power*(duration in ms)) is 
	Power state
	Additional transition energy 

	
	Category 1
	Category 2

	Deep sleep
	1350 1000
	22500 17000

	Light sleep
	90
	1088



R1-2210303	FL summary#3 for R18 NW_ES	Moderator (Huawei)

R1-2210592	FL summary#4 for R18 NW_ES	Moderator (Huawei)

Agreement
Capture in TR that,
· The BS power model defined in this study is a simplified model for the purposes of evaluations, considering single-RAT NR BSs only. This does not mean a BS cannot benefit from the identified techniques when serving multi-RAT. 
Transition among power states, transition time, are implementation specific, and different BS types may support a different number of power states with different characteristics, i.e., power consumption values and required transition time.


Agreement
· All calculation of energy consumption should use the same time unit (companies to indicate which time unit they used)

Agreement
· The BS power consumption for active DL transmission is provided by

· : a static part of power for BS in active, which is not scaled based on reference configurations. 
· Baseline: 
· Optional: 
· : a dynamic part of power for BS in active, which is scaled based on reference configuration.
· Baseline: , where , , is the fraction of active TRxRUs, the ratio of RF bandwidth and maximum system BW and the ratio of PSD per TxRU between the DL transmission and reference configuration, respectively
· 
·  is the power part related to PA.
· For simplicity
· A = baseline: 0.4; optional: [0.1, 0.7]
· For 
· If one value of  is used for evaluation, = for any sf, sp
· If two values of  are used for evaluation,  = 0.76 if ; otherwise, 
· Companies to report the assumption used in evaluation. 
· The BS power consumption for active UL transmission is provided by

· : a static part of power for BS in active, which is not scaled based on reference configurations. 
· : a dynamic part of power for BS in active, which is scaled based on reference configuration and  is the percentage of active TRxRUs
· Baseline
· 
·  when no scaling is applied (i.e. scaling factor is 1)




RAN1-110 Agreements

For evaluation and BS energy consumption modeling purpose, for single CC case, at least the following in table should be considered for reference configuration
· Note: other TX-RX RU number and corresponding BS antenna configuration can be considered in SLS assumptions
	
	Set 1 FR1
	Set 2 FR1
	Set 3 FR2

	Duplex
	TDD
	FDD
	TDD

	System BW
	100 MHz
	20 MHz
	100 MHz

	SCS
	30 kHz
	15 kHz
	120 kHz

	Number of TRP
	1
	1
	1

	Total number of DL TX RUs
	64
	32

	2

	Total DL power level
	55dBm
	49 dBm

	33 dBm

EIRP limited to 63 dBm


	Total number of UL Rx RUs
	64
	32

	2



Agreement
For the purpose of evaluation, adopt the following as BS power consumption model. These entries for this table is per reference configuration set.
· FFS: One or multiple values for relative power and transition time.
	Power state
	Characteristic
	Relative Power
	Additional transition energy3
	Total transition time

	Deep sleep1
	There is neither DL transmission nor UL reception. 
Time interval for the sleep should be larger than the total transition time entering and leaving this state. 
	P1=1
	E1
	T1 

	Light sleep
	There is neither DL transmission nor UL reception. 
Time interval for the sleep should be larger than the total transition time entering and leaving this state.
(P2>P1)
	P2
	E2
	T2 

	Micro sleep
	There is neither DL transmission nor UL reception.
Immediate transition is assumed for network energy saving study purpose from or to a non-sleep state.
	P3
	0
	0

	Active DL
	There is only DL transmission.
	P4
	NA
	NA

	Active UL
	There is only UL reception.
FFS: Whether multiple P5 values are needed to address low power UL mode
	P5
	NA
	NA

	Note 1: Depending on implementations, there could be a state that the power is lower than deep sleep and requires larger total transition time, e.g. hibernating sleep or Quasi-off, which is not explicitly modeled in this study for evaluation purpose. 
Note 3: Unit in relative power times duration. FFS: Details on how transition energy is defined.



· For simultaneous DL and UL transmission for FDD, the power for UL reception is neglected in this study. 
· FFS: Optionally, a state machine where BS may transit between sleep modes without entering non-sleep mode can be considered. Companies are to report the involved sleep modes and the assumptions for inter-sleep mode transition time used in their evaluations.
· FFS: Details on how to use the above table for low power uplink reception (e.g. for WUS).

Working Assumption
For reference configuration set 1, the values are provided as below. FFS set2 and set 3.
	Power state
	Relative Power P
	Total transition time T

	Deep sleep
	1
	1
	Cat 1:

50ms 
	Cat 2: 

10s

	Light sleep
	Cat 1: 25

	Cat 2: 2.1

	Cat 1: 6 ms

	Cat 2: 640 ms

	Micro sleep
	Cat1: 55
	Cat 2: 5.5
	0
	0

	Active DL
	Cat 1: 280
	Cat 2: 32
	N.A.
	N.A.

	Active UL
	Cat 1: 110
	Cat 2: 6.5
	N.A.
	N.A.



Agreement
For evaluation purpose, 
· a load (L) of a cell is a percentage of resources used for UE specific PDSCH / PUSCH
· The following load scenarios are considered
	Load scenario
	Characteristics

	Idle/empty load
	· Include cell-specific signals and channels, and
· L = 0

	low load
	· Include cell-specific signals and channels, and
· 0 < L≤15

	Light load
	· Include cell-specific signals and channels, and
· 0 < L≤ [30]

	Medium load
	· Include cell-specific signals and channels, and
· [30] < L≤ [50]

	For CA, the companies report whether the load is defined per CC or across all CCs.




RAN1-109 Agreements
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 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.
For BS energy consumption evaluation, in addition to the energy saving gain,
· At least UPT/UE power consumption/access delay/latency should be considered for performance impact evaluation
· Note: this doesn’t necessarily mean that all the above are considered for all evaluation results. However, multiple KPIs are expected to be evaluated for a given technique. And this does not preclude to consider other KPIs when found appropriate for certain techniques/scenarios.
· 
At least urban macro is prioritized for FR1. FFS the baseline deployment assumption for FR2.


As a starting point,
· macro cell BS for FR1 is assumed for energy consumption model.
· FFS: micro cell BS for FR2 is assumed for energy consumption model.
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