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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In this contribution, the consideration on self evaluation and evaluation results for energy efficiency on network side for both NR and LTE is provided.
[bookmark: _Ref129681832]Definition and requirements of energy efficiency 
In Report ITU-R M.2410 (see [1]), the following definition and requirements of energy efficiency are given.
	Network energy efficiency is the capability of a RIT/SRIT to minimize the radio access network energy consumption in relation to the traffic capacity provided. Device energy efficiency is the capability of the RIT/SRIT to minimize the power consumed by the device modem in relation to the traffic characteristics. 
Energy efficiency of the network and the device can relate to the support for the following two aspects:
a)	Efficient data transmission in a loaded case;
b)	Low energy consumption when there is no data.
Efficient data transmission in a loaded case is demonstrated by the average spectral efficiency (see Chapter 4.5). 
Low energy consumption when there is no data can be estimated by the sleep ratio. The sleep ratio is the fraction of unoccupied time resources (for the network) or sleeping time (for the device) in a period of time corresponding to the cycle of the control signalling (for the network) or the cycle of discontinuous reception (for the device) when no user data transfer takes place. Furthermore, the sleep duration, i.e. the continuous period of time with no transmission (for network and device) and reception (for the device), should be sufficiently long. 
This requirement is defined for the purpose of evaluation in the eMBB usage scenario.
The RIT/SRIT shall have the capability to support a high sleep ratio and long sleep duration. Proponents are encouraged to describe other mechanisms of the RIT/SRIT that improve the support of energy efficient operation for both network and device.


It is observed that the energy efficiency is measured in two cases, i.e., a loaded case and a unloaded case. For loaded case the performance is demonstrated by average spectral efficiency. For unloaded case, i.e., when there is no data to transmit or receive, the sleep ratio needs to be investigated. In the following, the evaluation methodology of energy efficiency is discussed. 
Evaluation methodology of energy efficiency 
From Report ITU-R M.2412 (see [2]), we can see the following evaluation methodology.
	The energy efficiency for both network and device is verified by inspection by demonstrating that the candidate RITs/SRITs can support high sleep ratio and long sleep duration as defined in Report ITU-R M.2410 when there is no data.
Inspection can also be used to describe other mechanisms of the candidate RITs/SRITs that improve energy efficient operation for both network and device.



Evaluation results of NR network energy efficiency 
From the definition and evaluation methodology of energy efficiency, we can see that sleep ratio and sleep duration are two important metrics to measure the performance of energy efficiency in unloaded case. When no data transmission occurs, the network still needs to keep the capability for UE to detect, access and get served. Therefore, the dominant power consumption in this stage is for the initial access signals and related reference signals. According to [3], we can see that in NR, SS/PBCH-block based initial access is used, where BS needs to transmit SS/PBCH blocks and RMSI periodically. 
SS/PBCH block transmission scheme
In both single beam and multi-beam scenarios, time division multiplexing of NR-PSS, NR-SSS, and NR-PBCH is supported. These initial access signals can be transmitted within an SS/PBCH block. One or multiple SS/PBCH block(s) compose an “SS burst set” (SSB set). 
The configuration of “SSB set” transmission is as follows.
· One SS/PBCH block occupies 4 OFDM symbols with 20 RBs in one slot.
· SSB set is confined to a 5 ms window
· UE assumed a default SSB set periodicity (PSSB): 20 ms, network can configure {5, 10, 20, 40, 80, 160} ms  
· The following mapping to slots in a half radio frame is used for 15, 30, 120 and 240kHz SCS
· L is the number of SS/PBCH blocks in an SSB set, where L can be 1~ 64. For below 3 GHz, the maximum value of L is 4; for below 6 GHz, the maximum value of L is 8.
· One slot can transmit up to 2 SS/PBCH blocks. And the L SS/PBCH blocks in an SSB set can be transmitted in successive slots from the first slot in one SSB set period.
In energy efficiency evaluation, the above transmission scheme of SS/PBCH block can be employed.
RMSI transmission scheme
RMSI transmission scheme can be assumed based on SS/PBCH block transmission. The following configuration can be used 
· One RMSI transmission occupies 2 OFDM symbols in one slot.
· Multiplexing with SS/PBCH block:
· For FR1 (below 6 GHz), RMSI is time division multiplexed (TDMed) with SS/PBCH block.
· For FR2 (above 24 GHz), RMSI can be frequency division multiplexed (FDMed) with SS/PBCH block. 
· SS/PBCH block and RMSI could be transmitted in the same slot for both TDM and FDM.
· RMSI periodicity (PRMSI): 
· 20ms for SSB set periodicity less than or equal to 20ms;  
· Otherwise RMSI periodicity equals to SSB set periodicity.
· The following mapping to slots is used 
· One RMSI transmission corresponds to one SS/PBCH block
· If L SS/PBCH block is transmitted, then L RMSI transmissions are required.
· One slot can accommodate up to 2 RMSI transmissions.
· The offset of RMSI transmission can be set as {0, 2, 5, 7}ms with respect to every 20ms time point. The offset value that allows the closest RMSI transmission to SS/PBCH block transmission is selected.
Note that the UE in RRC_idle state needs to monitor the paging occasion which is time interval over which a paging messaging is transmitted by the gNB. According to RAN2 agreement, the length of one paging occasion in case of beam sweeping is one period of beam sweeping, and it can be TDMed or FDMed with an SS block. Therefore in the following, we assume that the periodicity of paging occasion is the same as that of SSB set, and it is FDMed with an SS block, thus the paging occasion is expected to have ignorable impact on the overall energy efficiency performance.
The above SS/PBCH block and RMSI transmission scheme is illustrated in Figure 1 as one example. In this example, the number of SS/PBCH block in one “SSB set” is L=4. The first two slots are used for SS/PBCH block transmission, and 4 accompanying RMSI transmission occurs in the two slots right after the SS/PBCH block transmission by setting appropriate offset. 
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[bookmark: _Ref506364289]Figure 1 Illustration of SS/PBCH block and RMSI transmission
Evaluation of sleep ratio
Based on the above mechanisms, the sleep ratio (per slot basis) can be calculated as follows,
 	


where [image: ] is the numerology (as defined in TS38.211, e.g., =0 for 15 kHz SCS, =1 for 30 kHz SCS, =3 for 120 kHz SCS, and =4 for 240 kHz SCS), L is the number of SS/PBCH blocks in one SSB set, PSSB is the SSB set periodicity, PRMSI is the RSMI periodicity.
For the number of SS/PBCH blocks in one SSB set, L, it is considered to have L= 1 for FR1 (below 6 GHz), and L=16 for FR2 (above 24 GHz). The 16 SS/PBCH blocks correspond to 16 beam directions for FR2 considering the need of 3D coverage (both vertical and horizontal).  
Based on the above assumption, we can derive the sleep ratio of NR as in Table 1.
[bookmark: _Ref521620128]Table 1 Sleep ratio (%) performance of NR with different SSB set periodicity
	SSB configuration
	SSB set periodicity PSSB

	SCS [kHz]
	Number of SS/PBCH block per SSB set, L
	5ms
	10ms
	20ms
	40ms
	80ms
	160ms

	15kHz 
	1
	90.00%
	95.00%
	97.50%
	98.75%
	99.38%
	99.69%

	
	2
	80.00%
	90.00%
	95.00%
	97.50%
	98.75%
	99.38%

	30kHz 
	1
	95.00%
	97.50%
	98.75%
	99.38%
	99.69%
	99.84%

	
	4
	80.00%
	90.00%
	95.00%
	97.50%
	98.75%
	99.38%

	120kHz 
	8
	90.00%
	95.00%
	97.50%
	98.75%
	99.38%
	99.69%

	
	16
	80.00%
	90.00%
	95.00%
	97.50%
	98.75%
	99.38%

	
	32
	60.00%
	80.00%
	90.00%
	95.00%
	97.50%
	98.75%

	240kHz 
	16
	90.00%
	95.00%
	97.50%
	98.75%
	99.38%
	99.69%

	
	32
	80.00%
	90.00%
	95.00%
	97.50%
	98.75%
	99.38%

	
	64
	60.00%
	80.00%
	90.00%
	95.00%
	97.50%
	98.75%



The results in Table 1 demonstrate the sleep ratio of NR is highly dependent on the different SS/PBCH block and SSB set periodicity configuration, with different sub-carrier spacing (SCS) values. To be specific, we can see that longer SSB set periodicity could lead to larger sleep ratio due to self-contained initial access signal design principle. Note that for larger SSB set periodicity, e.g., 80ms or 160ms, the sleep ratio could be higher than 97%. For high frequency range, multi-beam based initial access is necessary due to the use of narrow beam to compensate the coverage, thus beam sweeping is introduced. In this case, multiple SS/PBCH blocks need to be configured, thus the sleep ratio would decrease to some extent. For example, for 120 kHz SCS and 32 SS/PBCH blocks per “SSB set”, the sleep ratio is about 80% if the SSB set periodicity is 10ms. 
Evaluation of sleep duration
The sleep duration can also be evaluated based on the proposed SS/PBCH block and RMSI transmission scheme. The appropriate offset is selected for RMSI transmission corresponding to one SS/PBCH block to maximize the longest sleep duration of the gNB. Table 2 demonstrated the evaluation results.
[bookmark: _Ref521620147]Table 2 Sleep duration (ms) performance of NR with different SSB set periodicity
	SSB configuration
	SSB set periodicity PSSB

	SCS [kHz]
	Number of SS/PBCH block per SSB set, L
	5ms
	10ms
	20ms
	40ms
	80ms
	160ms

	15kHz 
	1
	4.00 
	9.00 
	19.00 
	39.00 
	79.00 
	159.00 

	
	2
	4.00 
	9.00 
	19.00 
	39.00 
	79.00 
	159.00 

	
	4
	3.00 
	8.00 
	18.00 
	38.00 
	78.00 
	158.00 

	30kHz 
	1
	4.50 
	9.50 
	19.50 
	39.50 
	79.50 
	159.50 

	
	4
	4.00 
	9.00 
	19.00 
	39.00 
	79.00 
	159.00 

	
	8
	3.00 
	8.00 
	18.00 
	38.00 
	78.00 
	158.00 

	120kHz 
	8
	4.50 
	9.72 
	18.92 
	39.03 
	78.97 
	158.99 

	
	16
	4.00 
	9.88 
	18.77 
	39.05 
	78.96 
	158.99 

	
	32
	3.00 
	9.95 
	18.34 
	39.08 
	78.93 
	158.99 

	240kHz 
	16
	4.50 
	9.86 
	18.90 
	39.04 
	78.97 
	158.99 

	
	32
	4.00 
	9.94 
	18.76 
	39.06 
	78.96 
	158.99 

	
	64
	3.00 
	9.98 
	18.34 
	39.08 
	78.93 
	158.99 



We can see that similarly longer SS burst set periodicity could help to get longer sleep duration. It is because the initial access signals can be transmitted in adjacent symbols instead of distributed uniformly in the time domain. In this way, as long as the initial access signals are transmitted, the RF chains and connected PA components can be turned off to save energy. Combining the high sleep ratio and long sleep duration together, significantly energy saving is expected when the system is working in unloaded case.
Observation 1: NR can have high sleep ratio and high sleep duration by configuring the system with longer “SSB set” periodicity, and hence meet the energy efficiency requirement.
Observation 2: Lower frequency band has higher sleep ratio than higher frequency band where in the latter case beam sweeping is needed.
Evaluation results of LTE network energy efficiency
In LTE, due to the cell-specific reference signals in each sub-frame, it is expected that the network energy efficiency would be reduced compared with NR as the base station cannot go into long sleep duration mode or even cannot achieve high sleep ratio. However, it is worth mentioning that in Rel-14, two different new cell types were introduced, i.e., FeMBMS/Unicast-mixed cell and MBMS-dedicated cell. FeMBMS/Unicast-mixed cell supports MBMS transmission and unicast transmission as SCell, with at most 80% MBSFN sub-frames. MBMS-dedicated cell can support only MBMS transmission, and at most 97.5% MBSFN sub-frames can be used. More details on these two cell types will be provided as follows.
FeMBMS/Unicast-mixed cell
A FeMBMS/Unicast-mixed cell operates with at least one of the following:
· Sub-frame 4 or 9 or both configured as MBSFN sub-frames
· MBSFN sub-frames may or may not contain unicast control region
Note that this FeMBMS/Unicast-mixed cell supports unicast only as SCell, and sub-frame 0 and 5 are always used as non-MBSFN sub-frame for synchronization and SI acquisition. Therefore, even if there is no traffic requirement, these two sub-frames still need to transmit initial access signals for users to detect and camp on. For legacy cell or for PCell, the sub-frame 4 and 9 cannot be configured as MBSFN sub-frames. The major difference between FeMBMS/Unicast-mixed cell and the pre-Rel-14 LTE carrier with MBSFN subframes are shown in Figure 2.
[image: ]
[bookmark: _Ref506364472]Figure 2 Overview of the physical signal and physical channel upon FeMBMS/Unicast-mixed carrier
MBMS-dedicated cell
In a MBMS-dedicated cell, unicast is not supported, and this dedicated cell cannot be used as a PCell or PSCell. In order to support PSS/SS/CRS/PBCH/PDCCH and PDSCH for system information, at least one non-MBSFN sub-frame should be transmitted every 40ms. If necessary, additional non-MBSFN sub-frames following the non-MBSFN (i.e., sub-frame 0) can be indicated by PBCH. For legacy cell or for PCell, the sub-frame 4 and 9 cannot be configured as MBSFN sub-frames. The major difference between MBMS-dedicated cell and MBMS/Unicast-mixed cell is illustrated in Figure 3.
[image: ]
[bookmark: _Ref506364482]Figure 3 Overview of the physical signal and physical channel upon MBMS-dedicated carrier
Evaluation of sleep ratio
For FeMBMS/Unicast-mixed cell, since 8 sub-frames can be configured to be MBSFN sub-frames, and in the remaining 2 sub-frames, only PDCCH/SSS/PSSS and PBCH will be transmitted. Therefore the sleep ratio of FeMBMS/Unicast-mixed cell is 1-2/10=80% for sub-frame level sleep. Higher sleep ratio performance is expected with finer sleep granularity, e.g., in symbol level. To be specific, the sleep ratio of FeMBMS/Unicast-mixed cell is 1-(1+6+1+2)/14/10 = 92.86% if only one symbol is configured for PDCCH in each unicast sub-frame.
For MBMS-dedicated cell, only one-non-MBSFN sub-frame is transmitted every 40ms, thus the sleep ratio is 1-1/40=97.5%. Similarly, in symbol level the sleep ratio can be further improved to 1- (1+6)/14/40 = 98.75%.
For PCell, however, since sub-frames 4 and 9 cannot be configured as MBSFN sub-frames, the sleep ratio would grow to 1-4/10 = 60% for sub-frame level, and 1-(1+6+1+1+2+1)/14/10 = 91.43%.
The sleep ratio performance of LTE is summarized in Table 3.


[bookmark: _Ref521620200]Table 3 Sleep ratio (%) performance of LTE with different cell configurations
	Cell configuration
	Per sub-frame basis
	Per symbol basis

	FeMBMS/Unicast-mixed cell
	PCell
	60.00%
	91.43%

	
	SCell
	80.00%
	92.86%

	MBMS-dedicated cell 
	PCell
	97.50%
	98.75%



Observation 3: LTE can have high sleep ratio with MBSFN sub-frame configuration for both FeMBMS/Unicast-mixed and MBMS-dedicated cells, and hence could meet the energy efficiency requirement for SCell.
Evaluation of sleep duration
For FeMBMS/Unicast-mixed cell, the longest sleep duration exists only when 8 sub-frames are configured as MBSFN sub-frames, and the duration lasts from sub-frame #5 (after the PSS) to the start of next sub-frame #0 (before the PDCCH). Therefore, the longest sleep duration of FeMBMS/Unicast-mixed cell is 4ms for sub-frame level sleep and 0.5+4 = 4.5ms for symbol level sleep, respectively.
For MBMS-dedicated cell, as only one non-MBSFN sub-frame is transmitted every 40ms, the longest sleep duration can last from the end of PBCH in sub-frame#0 to the start of next sub-frame#0 in the coming 40ms cycle. Therefore, the longest sleep duration of MBMS-dedicated cell is 39ms for sub-frame level sleep and 3/14+39 = 39.2ms for symbol level sleep, respectively.
For PCell, the longest sleep duration would reduce to 3ms for sub-frame level and 13/14 = 0.9ms for symbol level.
The sleep duration performance of LTE is summarized in Table 4.
[bookmark: _Ref521620324]Table 4 Sleep duration (ms) performance of LTE with different cell configurations
	Cell configuration
	Per sub-frame basis
	Per symbol basis

	FeMBMS/Unicast-mixed cell
	PCell
	3.00
	0.90

	
	SCell
	4.00
	4.50

	MBMS-dedicated cell 
	PCell
	39.00
	39.20



Observation 4: LTE can have long sleep duration with MBSFN sub-frame configuration for MBMS-dedicated cell and thus could meet the energy efficiency requirement for SCell, while for FeMBMS /Unicast-mixed cell, the sleep duration is limited by the periodicity of initial access signals.
Conclusions
In this document, we discussed the definition, requirement and evaluation of network efficiency, and then analyzed the energy efficiency performance of NR and LTE system focusing on the network side. Based on the analysis we can see that the CRS-free design together with self-contained initial access signals significantly improve NR’s network energy efficiency performance. In addition, we observed that longer SS burst set periodicity and less SS/PBCH blocks per set could achieve better energy saving for unloaded case. For LTE network, the impact of MBSFN configuration enhanced in Rel-14 was analyzed, and the relevant sleep ratio and sleep duration performance were derived. Specifically, the following observations and proposal are made
Observation 1: NR can have high sleep ratio and high sleep duration by configuring the system with longer “SSB set” periodicity, and hence meet the energy efficiency requirement.
Observation 2: Lower frequency band has higher sleep ratio than higher frequency band where in the latter case beam sweeping is needed.
Observation 3: LTE can have high sleep ratio with MBSFN sub-frame configuration for both FeMBMS/Unicast-mixed and MBMS-dedicated cells, and hence could meet the energy efficiency requirement for SCell.
Observation 4: LTE can have long sleep duration with MBSFN sub-frame configuration for MBMS-dedicated cell and thus could meet the energy efficiency requirement for SCell, while for FeMBMS /Unicast-mixed cell, the sleep duration is limited by the periodicity of initial access signals.
Proposal: Capture the evaluation results in Section 4 and 5 into TR37.910.
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