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1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 

In RAN1#88bis, the following agreements on downlink channel power efficiency were reached [1]:
· Techniques to be evaluated: 
· Wake-up signal/channel (either relying or not relying on DL synchronization)
· Go-to-sleep signal/channel (either relying or not relying on DL synchronization)
· Compact DCI
· Reduced-bandwidth MPDCCH
· Dynamic UESS periodicity

· The evaluation of the above techniques to be based on the simulation assumptions and metrics in [2]. 
According to these agreements, the proposed performance metrics for the evaluation of the above techniques are:
· Power efficiency, , in terms of % (reduced power consumption)
· Miss and false detection rate  in terms of % (expressed as 100 – percentage of successful detection and false detection events)
· System overhead in terms of % (as used part of all Res per radio frame),
And the proposed reference power consumption for a UE in different operational states: receive, light sleep, and deep sleep are 100, 1, and 0.015 [units/msec] respectively.
This contribution provides an evaluation of the first technique (wake up signal) based on its power consumption performance. In our evaluation, we follow the reference power consumption model of a UE in different states and use the proposed numerical values and assumptions. 
2. Power consumption calculation
We first calculate the total energy consumption for the reference scenario, i.e., a UE monitors the MPDCCH transmission, but does not receive a PDSCH, for the following scenario:
· idle mode when UE in DRX and eDRX, (while we focus on idle mode, our analysis can also be used for connected mode)

We then analyse the impact on the total power consumption from adding our candidate techniques to the reference scenario. 

Reference scenario
Let us start with the power calculation of the reference scenario 
 	(1)

in idle mode and for one eDRX cycle. As shown in Fig.1 the total energy consumption  is the sum of the energy consumption during the paging transmission window (PTW), and energy consumption of a UE in deep sleep,
.	(2)


Figure 1: Idle mode MPDCCH monitoring (X% of paging belongs to another UE(s))
During PTW, the UE needs to periodically, with a period equal to DRX-cycle, activate its receiver to monitor MPDCCH in paging occasions for a paging indicator from eNB. The UE needs to wake-up slightly earlier prior to its paging occasions for time/frequency synchronization purposes and also to re-confirm the serving cell. The CRC of the paging indicator is scrambled by P-RNTI, commonly used for all UEs, to identify if there exists a paging message. Therefore, only after the UE successfully decodes the MPDCCH and the subsequent MPDSCH (not shown in the figure), the UE realizes that the paging can belong to other UEs. In this case, the UE has performed an unnecessary operation by overhearing an MPDCCH and MPDSCH targeted to other UEs. Additionally, in extended coverage conditions, the paging indicator is transmitted with a certain number of repetitions to accumulate enough energy to decode the MPDCCH. 
Taking into account the UE operation in all the states mentioned above, the total energy consumption during PTW,  becomes the sum of the periodic energy cost of the receiver ramp-up, sync., MPDCCH monitoring (including repetition for CE and the cost of overhearing), receiver ramp-down and the energy consumption in light sleep mode. Note that the energy consumption of receiver ramp-up/ramp-down and synchronization can be different when the UE wakes up from deep sleep (j = “DS”) and light sleep (j = “LS”). 

		(3)
 
In this equation,  denotes the highest number of repetitions to reflect the maximum extended coverage used in a cell,  the number of paging occasions in PTW, and  the percentage that paging belongs to another UE(s). The time spent in a certain operational state and the corresponding power consumption are denoted by  and , respectively. More detailed parameters description can be found in the Appendix. Replacing equations (3) and (2) back in equation (1) we calculate the total power consumption of the reference scenario. 
Wake-up signal/channel (either relying or not relying on DL synchronization)
In order to improve energy efficiency of the paging in idle mode, the use of a wake-up signal to indicate the presence of the MPDCCH is introduced [3]. 


Figure 2: Idle mode processing with wake-up signal (X% of paging belongs to another UE(s))
The wake-up signal has a length much shorter than MPDCCH, carries very limited information related to the target UE (or group of UEs) and is transmitted prior to the MPDCCH transmission, as shown in Fig. 2. As opposed to legacy MTC (the reference scenario), a UE continues to decode the subsequent MPDCCH transmission only if it detects a wake-up signal carrying its identity. By doing this, the UE can save energy by both increasing the “sleep time” period and avoiding unnecessary MPDCCH decoding. 
Taking into account the energy saving mechanism introduced above, the total energy consumption during one eDRX cycle becomes
	(4)
where
.	(5)
In equation (5) the first term  denotes the energy consumption during PTW when wake-up signal technique is used and the second term energy consumption of a UE in deep sleep. Similar to the reference scenario, the total energy consumption of wake-up signal technique in PTW, , is the sum of periodic energy cost of the receiver ramp-up, wake-up signal monitoring, MPDCCH decoding (only if a wake-up signal is detected), the receiver ramp-down and the energy cost in light sleep mode. Note that the wake-up signal provides both synchronization, when waking up from deep and light sleep, and coverage enhancement, under extended coverage conditions. Moreover, while a wake-up signal miss detection will not directly influence the UE power consumption, a wake-up signal false-alarm leads to an unnecessary decoding of the MPDCCH and extra energy cost in UE. Taking into account all the above energy cost  becomes
	(6)

Again replacing equations (6) and (5) back in (4) we calculate the total power consumption of our candidate technique. 
3. Performance Evaluation
We evaluate the power consumption performance of our candidate approach. i.e., a use of wake-up signal/channel technique, by calculating the percentage of reduced power consumption 
,
for the scenarios listed in Table 1. Power consumption parameters needed to calculate  (equation (3)) and  (equation (1)) are replaced by the nominal values proposed in [2]. Time interval parameters are replaced by nominal values listed in Table 2. 
Table 1 – Studied scenarios 
	
	Case 1
	Case 2
	Case 3
	Case 4**

	eDRX-cycle ()
	43.69 min
	43.69 min
	43.69 min
	10.24 sec

	DRX-cycle
	1.28
	1.28
	1.28
	0.32

	Paging transmission window ()
	10.24 sec
	10.24 sec
	10.24 sec
	2.56* sec

	False-alarm probability ()
	0
	0
	0.01
	0.01

	% of the paging belong to another UE(s)
	0
	90%
	90%
	90%


* The number of paging occasions is the same as the other cases.
**It also covers connected mode

Table 2 – Time interval when UE operates in different states
	Parameter
	Value
	Description

	MPDCCH [4]
	MCL =144
	1 msec (One repetition)
	Total time  spent to decode MPDCCH

	
	MCL =164
	96 msec (96 repetitions)
	

	Sync [4]
	MCL =144
	10 msec (light sleep, rely on DL synchronization)
	Time interval spent to re-acquire frequency/time synchronization. (reference scenario)

	
	
	100 msec (deep sleep, not rely on DL synchronization)
	

	
	MCL =164
	850 msec (extended coverage, not rely on DL synchronization)
	

	wake-up signal*
	MCL =144
	1/14 msec (one OFDM symbol and 6 RB, light sleep)
	Time interval spent to synchronize and to indicate whether there is a paging message available.   (wake-up signal technique)

	
	
	1 msec (one subframe and 6 RB, deep sleep)
	

	
	MCL =164
	1 msec (one subframe and 6 RB, extended coverage)
	

	Ramp-up/ramp-down from/to deep sleep
	150/14 msec
	

	Ramp-up/ramp-down from/to light sleep
	14/6 msec
	


* In our proposal, the wake-up signal length is a function of DRX length and coverage conditions. For details we refer to Section 4.
The resulting reduced power consumption for the studied scenarios is shown in Fig. 3. As we observe the use of a wake-up signal before paging occasions can lead to a reduced power consumption of 7967% in good coverage and 3014% in extended coverage conditions. This translates to 2133% and 7086% energy saving at the UE in good coverage and extended coverage conditions, respectively. As we can see, the power saving is more pronounced for the extended coverage scenario and when the number of occasions that paging belongs to another UE(s) increases. Note that the energy saving would be higher if the analysis also included the reading of MPDSCH when other UEs are paged.

[image: ][image: ] 
Observation 1: 
A use of a wake-up signal before paging occasions can lead to a reduced power consumption (compared to the reference scenario). The power saving is more pronounced for extended coverage scenario and when the number of occasions that paging belongs to another UE(s) increases.

Proposal 1: A wake-up signal, as a new signal/channel, needs to be used with the purpose to detect the presence of the subsequent MPDCCH.
4. Wake-up Signal Design
The wake-up signal should be designed with certain properties. Specifically, in order to be decoded in a short time interval, it should carry a minimum of information. We consider the wake-up signal only represents an identifier. The identifier may not necessarily correspond to a single UE, but may correspond to a group of UEs. A UE that can detect that wake-up signal with a matching identifier should expect a subsequent transmission (e.g. MPDCCH and MPDSCH). Moreover, the wake-up signal is used to re-acquire time/frequency synchronization when waking up from a deep or light sleep mode. The coverage range of wake-up signal transmission should be considered as well. Therefore, the wake-up signal length can be adaptively selected to provide sufficient synchronization in different DRX modes and under different coverage conditions.
The Wake-up signal can be generated using certain known sequences (e.g. Zadoff-Chu sequence, M-sequence, etc) or a random bit sequence. At the receiver side, the detection complexity which usually relates to the UE power consumption should be kept low, significantly lower than the complexity of MPDCCH itself. From the network side, it is important to keep the network utilization as optimized as possible, e.g., the number of physical resources should be kept minimum and the possibility on the usage of common resources for more than one UE. 
Proposal 2: The wake-up signal is used to indicate whether there is a paging message for a UE and also used for synchronization purposes when a UE wakes up from deep sleep or light sleep. The length of the wake-up signal is a function of DRX length and coverage conditions and is selected according to the DRX time interval and/or coverage conditions.
Proposal 3: When designing a wake-up signal, we also need to consider how wake-up signal properties influences the UE detection complexity, the required size/resource allocation of the wake-up signal transmission, targeted received signal sensitivity, and the wake-up signal detection performance.  
5. Conclusion
In this contribution we evaluated energy efficiency of wake-up signal technique. 
Observation 1: A use of a wake-up signal before paging occasions can lead to a reduced power consumption (compared to the reference scenario). The power saving is more pronounced for extended coverage scenario and when the number of occasions that paging belongs to another UE(s) increases.A use of a wake-up signal before paging occasions can lead to a reduced power consumption  (compared to the reference scenario) of 79% in good coverage and 30% in extended coverage conditions (for the studied scenarios). This translates to 21% and 70% energy saving at the UE in good coverage and extended coverage conditions, respectively. As we can see, the power saving is more pronounced for extended coverage scenario and when the number of occasions that paging belongs to another UE(s) increases. 
Proposal 1: A wake-up signal, as a new signal/channel, needs to be used with the purpose to detect the presence of the subsequent MPDCCH.
Proposal 2: The wake-up signal is used to indicate whether there is a paging message for a UE and also used for synchronization purposes when a UE wakes up from deep sleep or light sleep. The length of the wakeup signal is a function of DRX length and coverage conditions and is selected according to the DRX time interval and/or coverage conditions.
Proposal 3: When designing a wake-up signal, we also need to consider how wake-up signal properties influences the UE detection complexity, the required size/resource allocation of the wake-up signal transmission, targeted received signal sensitivity, and the wake-up signal detection performance.  
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7. Appendix

Table 3 – Parameter description
	Variable
	Description
	Variable
	Description

	
	UE’s receiver ramp-up time from deep sleep
	
	Receiver ramp-up power consumption in deep sleep

	
	UE’s receiver ramp-down time to deep sleep
	
	Receiver ramp-down power consumption in deep sleep

	
	UE’s receiver  ramp-up time from light sleep
	
	Receiver ramp-up power consumption in light sleep

	
	UE’s receiver  ramp-down time to light sleep
	
	Receiver ramp-down power consumption in light sleep

	
	Synchronization time when UE wakes up from deep sleep
	
	Number pf paging occasions in one PTW

	
	Synchronization time when UE wakes up from light sleep
	
	Receive power consumption 

	
	Wake-up signal time when UE wakes up from deep sleep
	
	Deep sleep power consumption 

	
	Wake-up signal time when UE wakes up from deep sleep
	
	Light sleep power consumption

	
	Paging occasion length
	
	Percentage that paging belongs to another UE(s) in one PTW

	
	Paging transmission window length
	
	Repetition

	
	eDRX-cycle length
	
	Wake-up signal false-alarm probability
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