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[bookmark: _Toc516617887][bookmark: _Toc516619070]5.8	Energy efficiency
As defined in Report ITU-R M.2410, 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. 
The RIT/SRIT shall have the capability to support a high sleep ratio and long sleep duration. 
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 signaling (for the network) or the cycle of discontinuous reception (for the device) when no user data transfer takes place. The sleep duration is the continuous period of time with no transmission (for network and device) and reception (for the device).
5.8.1	Network side
5.8.1.1	NR
The sleep ratio and sleep duration for NR network under unloaded case are evaluated.
When no data transfer takes place, NR network will keep periodical transmission of SS/PBCH blocks and RMSI (remaining minimum system information), as well as paging signal in order for UEs to detect and access the radio network. The following mechanisms for SS/PBCH block, RMSI and paging are assumed for the evaluation. 
For SS/PBCH block transmission, the following configurations are considered in evaluation.
· One SS/PBCH block occupies 4 OFDM symbols with 20 RBs in one slot.
· One or multiple SS/PBCH block(s) compose an “SS burst set” (SSB set).
· Denote L as 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 SSB set transmission is confined to a half radio frame (5 ms) window
· The SSB set periodicity (PSSB) can be configured to be {5, 10, 20, 40, 80, 160} ms  
· The following mapping is used in a half radio frame for 15, 30, 120 and 240kHz SCS
· 2 SS/PBCH blocks is transmitted in one slot. And the L SS/PBCH blocks in an SSB set is transmitted in successive slots from the first slot in one SSB set period.
For RMSI transmission, the following configurations are considered in evaluation.
· One RMSI transmission occupies 2 OFDM symbols in one slot.
· RMSI is multiplexed with SS/PBCH block using the following ways:
· [bookmark: _GoBack]For FR1 (below 6 GHz), RMSI is time division multiplexed (TDMed) with SS/PBCH block. That is, SS/PBCH block and RMSI could not be transmitted in the same slot.
· For FR2 (above 24 GHz), RMSI can be frequency division multiplexed (FDMed) with SS/PBCH block. That is, the SS/PBCH block and RMSI could be transmitted in the same slot.
· SS/PBCH block and RMSI could be transmitted in the same slot for both TDM and FDM.
· RMSI periodicity (PRMSI) is assumed as follows: 
· 20ms for SSB set periodicity less than or equal to 20ms;  
· Otherwise RMSI periodicity equals to SSB set periodicity.
· The following mapping 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 accommodates 2 RMSI transmissions.
· The offset of RMSI transmission can be set as {0, 2, 5, 7}ms with respect to every 20ms time point. In the evaluation, the offset value that allows the closest RMSI transmission to SS/PBCH block transmission is selected.
For paging occasion, 
· The periodicity of paging occasion is the same as that of SSB set, and it is FDMed with an SS block.
Figure 5.8.1.1-1 illustrates NR SS/PBCH block and RMSI transmission which employs the above mentioned mechanism.
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[bookmark: _Ref515637446]Figure 5.8.1.1-1 Illustration of NR SS/PBCH block and RMSI transmission
5.8.1.1.1	Evaluation of sleep ratio
Based on the above mechanisms, the sleep ratio per slot basis and per symbol basis are given 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, and  is the flag variable (=1 for FR1, and =0 for FR2).
Evaluation results are shown in Table 5.8.1.1.1-1 and Table 5.8.1.1.1-2, respectively, for slot level and symbol level sleep ratio. It is observed that with SSB set period of 5ms, more than 80% of sleep ratio can be obtained by NR network; with SSB set period of larger than 10ms, more than 90% of sleep ratio can be obtained by NR network. Higher sleep ratio is expected with finer sleep granularity, e.g., in symbol level. 
Therefore NR network can achieve high sleep ratio in unloaded case. 
Table 5.8.1.1.1-1 NR network sleep ratio in slot level
	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%



Table 5.8.1.1.1-2 NR network sleep ratio in symbol level
	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
	93.57%
	96.43%
	97.86%
	98.93%
	99.46%
	99.73%

	
	2
	87.14%
	92.86%
	95.71%
	97.86%
	98.93%
	99.46%

	30kHz 
	1
	96.79%
	98.21%
	98.93%
	99.46%
	99.73%
	99.87%

	
	4
	87.14%
	92.86%
	95.71%
	97.86%
	98.93%
	99.46%

	120kHz 
	8
	94.29%
	97.14%
	98.57%
	99.29%
	99.64%
	99.82%

	
	16
	88.57%
	94.29%
	97.14%
	98.57%
	99.29%
	99.64%

	
	32
	77.14%
	88.57%
	94.29%
	97.14%
	98.57%
	99.29%

	240kHz 
	16
	94.29%
	97.14%
	98.57%
	99.29%
	99.64%
	99.82%

	
	32
	88.57%
	94.29%
	97.14%
	98.57%
	99.29%
	99.64%

	
	64
	77.14%
	88.57%
	94.29%
	97.14%
	98.57%
	99.29%


5.8.1.1.2 Evaluation of sleep duration
Based on the above mechanisms, evaluation results of sleep duration is provided in Table 5.8.1.1.2-1. It is observed that with SSB set period of 160 ms, more than 150ms sleep duration can be obtained by NR network. Therefore NR network can achieve long sleep duration in unloaded case. 
Therefore, NR meets network side energy efficiency requirement.
Table 5.8.1.1.2-1 NR network sleep duration (ms) in slot level
	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 


5.8.1.2	LTE
The sleep ratio and sleep duration for LTE network under unloaded case are evaluated.
For LTE, the FeMBMS/Unicast-mixed cell and MBMS-dedicated cell are employed in LTE network evaluation.
For FeMBMS/Unicast-mixed cell, 
· Sub-frame 0 and 5 are always used as non-MBSFN sub-frame for synchronization and SI acquisition. 
· Sub-frame 4 and 9 are assumed to be configured as MBSFN sub-frames.
· MBSFN sub-frames are assumed not to contain unicast control region.
The above mechanism is illustrated in Figure 5.8.1.2-1.
[image: ][image: ][image: ]
Figure 5.8.1.2-1 Illustration of LTE FeMBMS/Unicast-mixed cell transmission
For MBMS-dedicated cell,
· It is assumed that one non-MBSFN sub-frame is transmitted every 40ms.
· Other subframes do not contain synchronization signal, PBCH and control region for unicast in unloaded case.
The above mechanism is illustrated in Figure 5.8.1.2-2.
[image: ][image: ][image: ]
Figure 5.8.1.2-2 Illustration of LTE MBMS-dedicated cell transmission
5.8.1.2.1	Evaluation of sleep ratio
For FeMBMS/Unicast-mixed cell, 8 sub-frames are configured to be MBSFN sub-frames, and in the remaining 2 sub-frames, only PDCCH/SSS/PSSS and PBCH are transmitted. Therefore the sleep ratio of FeMBMS/Unicast-mixed cell is 1-2/10=80% for sub-frame level. Higher sleep ratio 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, one-non-MBSFN sub-frame is transmitted every 40ms, thus the sleep ratio in subframe level 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%.
Table 5.8.1.2.1-1 demonstrates the evaluation results of sleep ratio for the above two cell types. 
Therefore LTE network can achieve high sleep ratio for FeMBMS/Unicast-mixed cell and MBMS-dedicated cell in unloaded case. 
Table 5.8.1.2.1-1 LTE network sleep ratio in subframe level
	Cell type
	Sleep ratio

	FeMBMS/Unicast-mixed cell
	80%

	MBMS-dedicated cell
	93.75%


5.8.1.2.2	Evaluation of sleep duration
For FeMBMS/Unicast-mixed cell, the longest sleep duration lasts from sub-frame #5 (after the PSS) to the start of next sub-frame #0 (before the PDCCH). In this case, the longest sleep duration is 4ms for sub-frame level sleep and 0.5+4 = 4.5ms for symbol level sleep, respectively.
For MBMS-dedicated cell, the longest sleep duration lasts from the end of PBCH in sub-frame#0 to the start of sub-frame#0 in the next 40ms cycle. In this case, 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.
Table 5.8.1.2.2-1 demonstrates the evaluation results of sleep duration for the above two cell types.
It is observed that MBMS-dedicated cell can achieve as long sleep duration as 39 ms in unloaded case. 
Therefore LTE meets network side energy efficiency requirement for FeMBMS/Unicast-mixed cell and MBMS-dedicated cell.
Table 5.8.1.2.2-1 LTE network sleep duration (ms) in subframe level
	Cell type
	Sleep duration (ms)

	FeMBMS/Unicast-mixed cell
	4.00

	MBMS-dedicated cell
	39.00


5.8.2	Device side
5.8.2.1	NR
The sleep ratio and sleep duration for NR UEs under unloaded case are evaluated.
For NR, DRX is supported for UEs in idle, inactive and connected states.
5.8.2.1.1	Evaluation of sleep ratio
For idle state and inactive state, the UE should monitor one paging occasion per discontinuous reception (DRX) cycle (which equals to the paging cycle), and the UE can use DRX to reduce power consumption. Therefore the sleep ratio is determined by the length of paging occasion and the length of one paging cycle. 
When DRX is used, the UE wakes up and listens to PDCCH only on specific paging occasion defined in-terms of paging frame and subframe within period of NPC_RF radio frames defined by the DRX cycle (paging cycle) of the cell. The UE can remain in sleep mode for remaining duration within DRX cycle.
In NR, A paging occasion can consist of multiple time slots (e.g. slot or OFDM symbol) where paging DCI can be sent. In the evaluation, it is assumed that one paging occasion consists of one slot.
On the other hand, one paging cycle consists of one or multiple Paging Frames. One Paging Frame may contain one or multiple paging occasion(s) or starting point of a PO. In the evaluation, it is assumed that one Paging Frame contains one paging occasion.
In this case, the sleep ratio in slot level is dependent on the paging cycle as 1-1/(10×TPC_RF)  where TPC_RF is the paging cycle in unit of radio frames. The default paging cycle (either cell-specific or UE-specific) includes {32, 64, 128, 256} radio frames. The idle mode sleep ratio is shown in Table 5.8.2.1.1-1. It is observed that more than 99% sleep ratio is achieved in idle mode by NR device.
[bookmark: _Ref520797049]Table 5.8.2.1.1-1 NR device sleep ratio in slot level (for idle / inactive mode)
	Idle mode
	Paging cycle NPC_RF 
(Number of radio frames)

	
	32
	64
	128
	256

	Sleep ratio (%)
	99.69%
	99.84%
	99.92%
	99.96%



For connected state, if there is no data transmission in either downlink or uplink direction, the DRX mode is switched on. 
The DRX cycle consists of an “On Duration” during which the UE should monitor the PDCCH and an “Off Duration” during which the UE can skip reception of downlink channels to save energy. It is illustrated in Figure 5.8.2.1.1-1. When there is no data transfer, the DRX cycle configuration is primarily determined by drx-onDurationTimer, drx-ShortCycle and drx-ShortCycleTimer.
[image: ]
Figure 5.8.2.1.1-1 Illustration of DRX cycle in connected state
The sleep ratio of NR UE in connected mode can be expressed as


where TSC_ms is the short cycle length in ms, MSC is the short cycle timer (number of short cycles) and TON_ms is the on duration time in ms, and  is the DL/UL ratio. The connected mode sleep ratio for different DRX cycles is shown in Table 5.8.2.1.1-2. Therefore NR device can achieve high sleep ratio for both idle/inactive state and connected state in unloaded case.
Table 5.8.2.1.1-2 NR device sleep ratio in slot level (for connected mode) 
	onDurationTimer TON_ms (ms)
	1/32
	1/32
	1/32
	800
	1600

	drx-ShortCycle TSC_ms (ms)
	2
	320
	640
	640
	640

	drx-ShortCycleTimer MSC
	16
	16
	16
	16
	16

	FDD (=1)
	99.90%
	~100.00%
	~100.00%
	92.19%
	84.38%

	TDD (=0.8)
	99.88%
	~100.00%
	~100.00%
	90.23%
	80.47%


5.8.2.1.2	Evaluation of sleep duration
The sleep duration for NR UE in idle mode is 10×TPC_RF-1 in sub-frames, which is about 2.56s. 
The sleep duration of NR UE in connected state can be expressed as TSC_ms ×MSC in ms. The longest sleep duration of NR UE in connected state can be as long as 640ms×16 = 10.24s. 
Consequently NR device can achieve very long sleep duration in both idle mode and connected mode. 
It is therefore concluded that NR meets device side energy efficiency requirement.
5.8.2.2	LTE
The sleep ratio and sleep duration for NR UEs under unloaded case are evaluated.
For LTE, DRX is supported for UE in both idle and connected modes.
5.8.2.2.1	Evaluation of sleep ratio
For idle mode, the UE should monitor one paging occasion per discontinuous reception (DRX) cycle (which equals to the paging cycle), and the UE can use DRX to reduce power consumption. 
When DRX is used, the UE wakes up and listens to PDCCH only on specific paging occasion defined in-terms of paging frame and subframe within period of NPC_RF radio frames defined by the DRX cycle (paging cycle) of the cell. The UE can remain in sleep mode for remaining duration within DRX cycle.
For LTE, the similar configurations to NR can be assumed. Therefore the idle mode sleep ratio in subframe level is given by 1-1/(10×NPC_RF), where NPC_RF is the paging cycle (number of radio frames). The default paging cycle (either cell-specific or UE-specific) includes {32, 64, 128, 256} radio frames. The idle mode sleep ratio is shown in Table 5.8.2.2.1-1. It is observed that more than 99% sleep ratio is achieved in idle mode by LTE device.
[bookmark: _Ref510541207]Table 5.8.2.2.1-1 LTE device sleep ratio in subframe level (for idle mode) 
	Idle mode
	Paging cycle NPC_RF 
(Number of radio frames)

	
	32
	64
	128
	256

	Sleep ratio (%)
	99.69%
	99.84%
	99.92%
	99.96%


For LTE UE in RRC connected mode, if there is no data transmission in either downlink or uplink direction, the DRX mode is switched on. The DRX cycle consists of an “On Duration” during which the UE should monitor the PDCCH and an “Off Duration” during which the UE can skip reception of downlink channels to save energy. The DRX cycle is configured by the LTE network in RRC Connection Setup request and RRC Connection Reconfiguration request. When there is no data transfer, the DRX cycle configuration is primarily determined by onDurationTimer and longDRX-Cycle. 
For UE in connected mode, denote the value of onDurationTimer and drx-Cycle as TON_PSF and TCYCLE_SF (number of sub-frames), respectively. The sleep ratio is given by


where  is the DL/UL ratio in one radio frame.
The connected mode sleep ratio for different DRX cycles is shown in Table 5.8.2.2.1-2. It is observed that more than 80% sleep ratio is achieved in connected mode by LTE device. Therefore LTE device can achieve high sleep ratio for both idle mode and connected mode in unloaded case.
Table 5.8.2.2.1-2 LTE device sleep ratio in subframe level (for connected mode) 
	OnDurationTimer TON_PSF (sub-frame)
	1
	1
	1
	800
	1600

	drx-Cycle TCYCLE_SF (sub-frame)
	40
	5120
	10240
	5120
	10240

	FDD (=1)
	97.50%
	99.98%
	99.99%
	84.38%
	84.38%

	TDD ( =0.8)
	96.88%
	99.98%
	99.99%
	80.47%
	80.47%


5.8.2.2.2	Evaluation of sleep duration
Based on LTE DRX mechanism for idle mode and connected mode, the sleep duration for idle mode is 10×NPC_RF-1 (ms) and for connected mode is TCYCLE_SF - TON_PSF / (ms), respectively. Therefore, the longest sleep duration for idle mode is 2.56s and for connected mode is 10.24s. 
Consequently LTE device can achieve very long sleep duration in both idle mode and connected mode. 
It is therefore concluded that LTE meets device side energy efficiency requirement.
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