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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In this contribution, the consideration on self evaluation and the evaluation results for energy efficiency on UE 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.


From UE’s perspective, energy efficiency capability can be reflected by its capability of discontinuous reception (DRX) especially when there is no user data transferred. Here two cases need to be considered, one is the DRX in idle mode, e.g., paging, and the other is DRX in connected mode. Regarding this observation, in the following we will focus on the discontinuous reception mechanism for both NR and LTE and then derive the evaluation results of UE energy efficiency.
Evaluation results of LTE UE energy efficiency
In LTE, DRX is supported for UE in both idle and connected modes. The analysis and evaluation results in terms of UE energy efficiency are given as below.
DRX for UE in idle mode
For UEs in idle mode, in order to receive paging messages from eNBs, they need to monitor the PDCCH channel for a specific P-RNTI. Paging message for the UE is carried on the PDSCH in the resource blocks indicated by the PDCCH. The UE needs to monitor the PDCCH only at certain specific paging occasion, e.g., only at specific subframe in specific radio frame. One paging frame is one radio frame which may contain one or multiple paging occasion(s). When DRX is used the UE needs only to monitor one paging occasion per DRX cycle. At other times, the UE can apply DRX to switch off its receiver in order to save battery power.
The eNB can configure which radio frames and subframes are used for paging with cell-specific paging cycle broadcasted and a UE-specific paging cycle indicated by upper layers. If both cycles are configured, the UE applies the lowest value. Note that the cell-specific default paging cycle includes {32, 64, 128, 256} radio frames, and the UE-specific paging cycle included {32, 64, 128, 256} radio frames, respectively. It is straight forward that longer paging cycles can help a UE into power saving mode with larger sleep ratio and longer sleep duration, thus higher energy efficiency can be achieved.
DRX for UE in connected mode
[image: ]
Figure1 The illustration of DRX cycle.
For a UE in RRC connected mode, if there is no data transmission in either direction, the UE goes into DRX mode in which it is in sleep and wake cycle as shown in the figure above. 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 configurations are configured by the network in RRC Connection Setup request and RRC Connection Reconfiguration request. As defined in TS 36.231, RRC controls DRX operation by configuring the timers onDurationTimer, drx-InactivityTimer, drx-RetransmissionTimer (one per DL HARQ process except for the broadcast process), drx-ULRetransmissionTimer (one per asynchronous UL HARQ process), the longDRX-Cycle, the value of the drxStartOffset and optionally the drxShortCycleTimer and shortDRX-Cycle. As mentioned in Section2, in order to evaluate the energy efficiency it is assumed that there is no data transfer, thus the DRX can be dominated by two key parameters, i.e., onDurationTimer and longDRX-Cycle. In TS 36.331, the definitions and supported values of onDurationTimer and longDRX-Cycle are presented as below.
Table 1 The definitions and values of DRX related key parameters for LTE.
	Parameters
	Definitions
	Values

	onDurationTimer
	Timer for DRX in TS 36.321 [6]. Value in number of PDCCH sub-frames.
	psf1, psf2, psf3, psf4, psf5, psf6,
psf8, psf10, psf20, psf30, psf40, psf50, psf60, psf80, psf100, psf200, psf300, psf400, psf500, psf600, psf800, psf1000, psf1200, psf1600. Value psf1 corresponds to 1 PDCCH sub-frame, psf2 corresponds to 2 PDCCH sub-frames and so on.

	drx-Cycle
	longDRX-Cycle in TS 36.321 [6]. The value of longDRX-Cycle is in number of sub-frames.
	sf40, sf64, sf80, sf128, sf160, sf256, sf512, sf1024, sf1280, sf1536, sf2048, sf2560, sf3072, sf4096, sf4608, sf5120, sf6144, sf7680, sf8192, sf9216, sf10240. Value sf40 corresponds to 40 sub-frames, sf64 corresponds to 64 sub-frames and so on.



Evaluation of sleep ratio


For UE in idle mode, the sleep ratio is dependent on the paging cycle as   where  is the paging cycle in unit of radio frames. Therefore, according to the specification, the sleep ratio can be as high as almost 100% as shown in Table 2.
[bookmark: _Ref510541207]Table 2 The sleep ratio of LTE UE in idle mode with different paging cycles
	Idle mode
	Paging cycle (in radio frame)

	
	32
	64
	128
	256

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











For UE in connected mode, without loss of generality, we denote the value of onDurationTimer and drx-Cycle as  and  in sub-frames, respectively. Note that  actually corresponds to a specific number of PDCCH sub-frames, which is related to different sub-frame duration depending on the frame structure. For example, with FDD radio frame, [image: ] is equivalent to the sub-frame and thus we can derive the monitoring duration of downlink control channel, i.e., the UE’s potential ON duration for the transceiver. However, with TDD radio frame,  might be connected with different ON duration related to different DL-UL configurations. For downlink dominated DL-UL configuration, it is expected that the ON duration for the transceiver is similar to the . On the contrary, for uplink dominated DL-UL configuration, since only a small portion of sub-frames contain PDCCH, thus the UE need to monitor for a longer duration in order to achieve . Therefore, we use  to denote the downlink ratio of sub-frames in each radio frame ( for FDD) and then we can get the sleep ratio of LTE in terms of UE energy efficiency as below.

	 

[bookmark: _Ref510541233]Table 3 The sleep ratio of LTE UE in connected mode with different DRX parameters
	OnDurationTimer (sub-frame)
	1
	1
	1
	800
	1600

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

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

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

	TDD (a=0.5)
	95.00%
	99.96%
	99.98%
	68.75%
	68.75%




For an extreme case where  and supported by the specification, almost 100% sleep ratio at UE side can be achieved. It is also observed that for TDD DL-UL configuration, larger DL sub-frame ratio could achieve higher sleep ratio performance.
Observation1: LTE can achieve up to 99.96% and 99.98% sleep ratio for UE in idle and connected modes, respectively.
Observation2: For TDD frame structure, larger DL sub-frame ratio could achieve higher sleep ratio.
Evaluation of sleep duration


Based on the discussion of sleep ratio, we can get the sleep duration for UE in idle mode as  in sub-frames and for UE in connected mode as  in sub-frames, respectively. For LTE, according to the specification, the longest sleep duration for UE in idle mode is 2.56s and for UE in connected mode is 10240 sub-frames, i.e., 10.24s.
Observation3: The longest sleep duration for LTE is 2.56s and 10.24s for UE in idle and connected modes, respectively.
Evaluation results of NR UE energy efficiency 
In NR, DRX is also supported for UEs in idle, inactive and connected states. Similarly, we present the capability of NR in terms of DRX and provide the evaluation results as follows.
DRX for UE in idle/inactive mode
As specified in [4], the UE may use Discontinuous Reception (DRX) in RRC_IDLE and RRC_INACTIVE state in order to reduce power consumption. The UE monitors one paging occasion (PO) per DRX cycle. A PO is a set of PDCCH monitoring occasions and can consist of multiple time slots (e.g. subframe or OFDM symbol) where paging DCI can be sent. One Paging Frame (PF) is one Radio Frame and may contain one or multiple PO(s) or starting point of a PO.
PF, PO are determined by the following formulae:
SFN for the PF is determined by:
(SFN + PF_offset) mod T = (T div N)*(UE_ID mod N)
Index (i_s), indicating the start of a set of PDCCH monitoring occasions for the paging DCI, is determined by:
i_s = floor (UE_ID/N) mod Ns; where, Ns = max (1, nB/T)
The following parameters defined in [5] are used for the calculation of PF and i_s above:
T: DRX cycle of the UE (T is determined by the shortest of the UE specific DRX value, if configured by RRC or upper layers, and a default DRX value broadcast in system information. If UE specific DRX is not configured by upper layers, the default value is applied)
nB: number of total paging occasions in T
N: min(T,nB)
PF_offset: offset used for PF determination
UE_ID: IMSI mod 1024
Table 4 The definitions and values of paging related key parameters for NR
	Parameters
	Definitions
	Values

	defaultPagingCycle
	Default paging cycle, used to derive ‘T’ in TS 38.304.
	rf32, rf64, rf128, rf256. Value rf32 corresponds to 32 radio frames, rf64 corresponds to 64 radio frames and so on.

	n
	Number of total paging frames in T.
	halfT, quarterT, oneEighthT,
oneSixteenthT.

	ns
	Number of paging occasions in paging frame.
	four, two, one.

	pf-Offset
	Paging frame offset, corresponding to parameter PF_offset in TS 38.304.
	0..255.



DRX for UE in connected mode
Similar DRX mechanism as LTE is adopted in NR, and the key parameters that impact the energy efficiency performance at UE side are drx-onDurationTimer, drx-ShortCycle and drx-ShortCycleTimer. The definitions and values of these parameters are listed as below.
Table 5 The definitions and values of DRX related key parameters for NR.
	Parameters
	Definitions
	Values

	drx-onDurationTimer
	Timer for DRX. Value in ms.
	ms1-32, ms2-32, ms3-32, ms4-32, ms5-32, ms6-32, ms7-32, ms8-32, ms9-32, ms10-32, ms11-32, ms12-32, ms13-32, ms14-32, ms15-32, ms16-32, ms17-32, ms18-32, ms19-32, ms-20-32, ms21-32, ms22-32, ms23-32, ms24-32, ms25-32, ms26-32, ms27-32, ms28-32, ms29-32, ms30-32, ms31-32, ms1, ms2, ms3, ms4, ms5, ms6, ms8, ms10, ms20, ms30, ms40, ms50, ms60, ms80, ms100, ms200, ms300, ms400, ms500, ms600, ms800, ms1000, ms1200, ms1600. ms1-32 corresponds to 1/32ms, ms2-32 corresponds to 2/32ms, and so on. ms1 corresponds to 1ms, ms2 corresponds to 2ms, and so on.

	drx-ShortCycle
	Short DRX cycle length. Value in ms.
	ms2, ms3, ms4, ms5, ms6, ms7, ms8, ms10, ms14, ms16, ms20, ms30, ms32, ms35, ms40, ms64, ms80, ms128, ms160, ms256, ms320, ms512, ms640. ms1 corresponds to 1ms, ms2 corresponds to 2ms, and so on.

	drx-ShortCycleTimer
	Short Cycle timer, value in multiples of drx-ShortCycle.
	INTEGER (1..16). A value of 1 corresponds to drx-ShortCycle, a value of 2 corresponds to 2 * drx-ShortCycle and so on.



Evaluation of sleep ratio


For UE in idle mode, the sleep ratio is dependent on the paging cycle as   where  is the paging cycle in unit of radio frames. Therefore, according to the specification, the sleep ratio can be as high as almost 100% as shown in Table 6.
[bookmark: _Ref520797049]Table 6 The sleep ratio of LTE UE in idle mode with different paging cycles
	Idle mode
	Paging cycle (in radio frame)

	
	32
	64
	128
	256

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



Similar to the analysis of sleep ratio above, the sleep ratio of NR UE in connected mode can be expressed as





Where  is the short cycle length in ms,  is the short cycle timer and  is the on duration time in ms.
According to the specification, the sleep ratio of NR UE in connected mode is shown in Table 5, from which we can see that with short duration length and long cycle length, very high sleep ratio for UE in connected mode can be achieved.

[bookmark: _Ref510542172]Table 7 The sleep ratio of NR UE in connected mode with different DRX parameters
	onDurationTimer (ms)
	1/32
	1/32
	1/32
	800
	1600

	drx-ShortCycle (ms)
	2
	320
	640
	640
	640

	drx-ShortCycleTimer
	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%

	TDD (=0.5)
	99.80%
	~100.00%
	~100.00%
	84.38%
	68.75%



Observation4: NR can achieve up to almost 100% sleep ratio for UE in idle/inactive and connected mode.
Evaluation of sleep duration


Based on the discussion of sleep ratio, we can get the sleep duration for UE in idle mode as  in sub-frames, which is about 2.56s. Similarly, the sleep duration of NR UE in connected mode can be expressed as  in ms. According to the specification, the longest sleep duration of NR UE in connected mode can be as long as 640ms*16 = 10.24s.
Observation5: The longest sleep duration for NR is 2.56s for UE in idle/inactive mode, and is 10.24s for UE in connected mode.
Conclusions
In this document, we discussed the definition, requirement and evaluation of energy efficiency, and then analyzed the energy efficiency performance of NR and LTE system focusing on the device side. Specifically, the following observations and proposal are made
Observation1: LTE can achieve up to 99.96% and 99.98% sleep ratio for UE in idle and connected modes, respectively.
Observation2: For TDD frame structure, larger DL sub-frame ratio could achieve higher sleep ratio.
Observation3: The longest sleep duration for LTE is 2.56s and 10.24s for UE in idle and connected modes, respectively.
Observation4: NR can achieve up to almost 100% sleep ratio for UE in idle/inactive and connected mode.
Observation5: The longest sleep duration for NR is 2.56s for UE in idle/inactive mode, and is 10.24s for UE in connected mode.
Proposal: Capture the evaluation results in Section 4 and 5 into TR37.910.
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